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Il Prefacelll

Mangrove forests are the most productive and bio-diverse wetlands on
earth. It generate a large amount of litter in the form of leaves, branches, twigs,
inflorescence and other debris and provides habitat for diverse flora and fauna of
marine and terrestrial origin such as bacteria, fungi, algae, lichens, zooplankton,
benthos, birds, reptiles and mammals. These systems act as nursery for many
fishes and shellfishes. The other sources may also provide important organic
carbon inputs; including allochthonous riverine or marine material, autochthonous
production by benthic or epiphytic micro- or macroalgae, and local water
column production by phytoplankton. Since mangrove sediments are very
complex which receives autochthonous and allochthonous organic matter inputs,
the information extracted from the analysis of mangrove sediments is the

fingerprint of both natural and human-induced changes.

Bulk organic matter characterisation (stable carbon analysis and elemental
composition) along with analysis of biochemical components can be used as a tool
to characterize sources of organic matter. Due to the complexity of organic matter
sources, biogeochemistry of mangrove sediments could not be explained
effectively by using bulk organic matter characterisation or biochemical
composition and hence the application of chemical biomarkers has become
widespread. This molecular information is more specific and sensitive for
characterising sources of organic matter, and further allows for the identification
of multiple sources. Lipids can be used as effective biomarkers of organic matter
in coastal systems, which represent an important component of organic matter
with a diversity of compound classes (e.g., hydrocarbons, fatty acids, n-alkanols

and sterols).

The mangrove forest in North Malabar extend from Calicut to Kasaragod
districts represents about 83 % of mangrove cover in the State, but the scientific
investigations on these mangrove ecosystems are scanty. So mangrove ecosystems
of northern Kerala Coast were selected for the present study which includes:

Kunjimangalam, Pazhayangadi, Pappinissery, Thalassery and Kadalundi.



The thesis is divided into 8 chapters. Chapter 1 provide the introduction of
the research work and review the biomarker compounds used for source
characterization. The chapter also comprises aim and scope of the present study.
Chapter 2 deals with description of the study region and also includes the general
methods adopted for the present study. Chapter 3 Described general water
quality parameters and sedimentary characteristics such as grain size and
elemental characteristics. This chapter also devoted to phosphorus fractionation
using sequential extraction methods. In Chapter 4 stable carbon isotope and
biochemical composition is used to recognize origin and quality of organic
matter. Stable carbon analysis and biochemical composition of the sediment was
unsuccessful in explaining organic matter sources in the selected mangrove
ecosystems, so biomarker concept was introduced. Chapter 5 discussed the use
of hydrocarbon as biomarkers to identify sources of organic matter. The
difference in characteristic chain lengths of marine and terrestrial plants made
the distribution of n-alkanes an effective biomarker tool. But significant
mangrove, marine macrophyte, and/ or significant riparian—aquatic inputs
introduce sources with non- unique n-alkane compositions, making difficult the
sources determination by n-alkane chain length alone. In Chapter 6 fatty acids
are employed as biomarkers for assessing the sources and fates of organic matter
in these complex systems. Fatty acids used to trace origin of organic matter in
different environments structural diversity, source specificity and relative stability.
But poly unsaturated fatty acids can be degraded by heterotrophs that affect
concentrations as well as their relative proportions. Therefore Chapter 7,
pentacyclic triterpenoids and sterols, a common chemical constituents of marine
and terrigenous plants and have been employed as biomarkers since they are
structurally diverse and have long term stability. Finally Chapter 8 includes the
overall summary of the present study. This chapter also try to extract the use of

muti-marker approach for assessing source characteriation.
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Chapter 1

INTRODUCTION

1.1 General Introduction
N 1.2 Molecular Biomarkers
& 1.3 _Aim and Scope of the study

1.1 General Introduction

Mangrove forests, the coastal intertidal habitats in the tropical and
subtropical region, generate litter in large amounts in the form of leaves,
branches, twigs, inflorescence and other debris. They possess precious
natural resources and fulfil important ecological functions (Ronnbick, 1999;
Wang et al., 2011; Weng et al., 2013) such as shoreline protection, entrapment
of heavy metals (Harbison, 1986; Clark et al., 1998), litterfall subsidy
(Twilley et al., 1986), nursery grounds (Robertson and Duke, 1987, Mumby
et al,, 2004; Siple and Donahue, 2013) and sediment stabilisation (Posey,
1987). Sedimentation in mangrove ecosystems may develop the new land and
drive back the sea coast, e.g., in Palembang of Indonesia (north coast of
Sumatra- Wolters, 1979). Mangroves show high adaptability to extreme
environmental conditions, such as broad range of salinity, water-logged

environments, and contrasting redox conditions (Ranjan et al., 2011).
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Mangroves, acting as net sinks or sources of dissolved and suspended
organic matter, supplies nutrients to estuaries and adjacent coastal systems
(Boto and Bunt, 1981; Alongi, 1996; Alongi et al., 1998; Dittmar and Lara,
2001). A fraction of mangrove detritus escapes degradation and retains within
their sediments, and the other fraction lose to adjacent coastal waters by tidal
forcing. Crab burrows, which shields organic carbon to wash away by tides
(Kristensen, 2008) enhance organic carbon retention by storing leaf litter,
mangrove propagules and other organic material from different sources (Dye
and Lasiak, 1987; Micheli et al., 1991; Micheli, 1993; Dahdouh-Guebas et al.,
1997). Mangrove forests may be similar to tropical rainforests (Alongi et al.,
2001), but contain stocks of organic carbon larger than upland forests (Donato
et al., 2011). So mangrove forests have also importance in the global carbon
budget (Chmura et al., 2003; Bouillon et al., 2008; Breithaupt et al., 2012) with
net primary production of 218 Tg yr ', =21 Tg for particulate organic carbon
(OC) export, 24 Tg to dissolved OC export, 42 Tg to CO, efflux (Bouillon
et al., 2008) and between 26 and 34 Tg to OC burial (McLeod et al., 2011;
Breithaupt et al., 2012).

A range of other sources may also provide important organic carbon
inputs; including allochthonous riverine or marine material (e.g., sea grasses),
autochthonous production by benthic or epiphytic micro- or macro-algae,
and local water column production by phytoplankton (Twilley et al., 1992;
Bouillon et al., 2004; Kristensen, et al., 2008). These processes generate
debris of phytoplankton, and also support organisms that feed directly or
indirectly on phytoplankton. Though mangrove detritus also act as a food
resource (Tenore, 1977; Rice, 1982; Tenore et al., 1982; Mann and Lazier,

1991), nutritive value of mangrove litter is low. Microbial processing, which

Department of Chemical Oceanograplty , School of Marine Sciences, CUSAT
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makes detritus nutrient-rich (Odum, 1971; Lee, 1990; Ashton et al., 1999;
Kathiresan and Bingham, 2001; Rajendran and Kathiresan, 2000, 2004, 2007),
is accompanied by the flow of carbon and nitrogen from primary producers to
consumers, but the mechanism is not clearly understood. Denitrifying bacteria
(Flores-Mireles et al., 2007), N, fixing bacteria (Toledo et al., 1995; Rojas et al.,
2001; Flores-Mireles et al., 2007), anaerobic ammonia oxidising (ANAMMOX)
bacteria (Meyer et al., 2005), sulphur reducing and oxidising bacteria have
been detected in mangrove ecosystems. Since mangrove sediments receive
autochthonous and allochthonous organic matter inputs, the information
extracted from the analysis of mangrove sediments is the fingerprint of both

natural and human-induced changes.

The redox status of mangrove soil is controlled by a number of factors;
the composition and concentration of the inorganic and organic components,
tidal elevation, water content, microbial activity, and extent of anthropogenic
input (Alongi, 2009). The stability and chemical form of phosphorus is a
function of the redox status and other environmental conditions, which regulate
its retainment and release from the sediment phase (Pardo et al., 2003; House,
2003; Jarvie et al., 2005; Katsaounos et al., 2007). Under oxic conditions
phosphate adsorbs onto positively charged clay particles, iron and aluminium
oxides, but release at the sediment—water interface in the event of anoxia.
Therefore, different forms of sedimentary phosphorus have been reported as a
key to understanding the redox status of the system, which can be achieved by

sequential extraction of sedimentary phosphorus.

Bulk organic matter characterisation (stable carbon analysis and
elemental composition) along with analysis of biochemical components can

be used as a tool to characterize the sources of organic matter. C;; and Ci3
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have natural abundance of 98.9% and 1.1% respectively, but during biologically
mediated kinetic fractionation the products get enriched with lighter isotope due
to differential partitioning from higher energy properties (Emerson and Hedges,
2008). It will result in the depletion of heavy isotope in the product and these
processes are controlled by: (1) carbon sources, (2) isotopic effects during
assimilation processes in producer organisms, (3) isotopic effects during
metabolism and biosynthesis, and (4) cellular carbon budgets (Hayes, 1993;
Bianchi, 2007). Thus, carbon isotopic ratios are useful in distinguishing the
marine and terrestrial organic matter sources in sediments. But, these general
trends get more complicated when factors such as different food sources (e.g.,
terrestrial versus aquatic), size and physiology of the organisms involved (Incze

etal., 1982; Hughes and Sherr, 1983; Goering et al., 1990; Megens et al., 2002).

Elemental ratios of sediments, may be altered to different extents by
one of the following ways; selective decomposition of organic matter during
(Meyers, 1997) or the colonization of bacterial and fungal populations on
“ageing” of vascular plant detritus (due to the typically low (e.g., 3 to 4) C:N
ratios found in bacteria) (Tenore et al., 1982). Due to the complexity of
organic matter sources, biogeochemistry of mangrove sediments cannot be
explained effectively by using bulk organic matter characterisation or
biochemical composition and the application of chemical biomarkers has
become widespread. The molecular information extracted from biomarkers,
which is more specific and sensitive, helps for source characterisation of
organic matter with multiple or complex origins. Lipids can be used as an
effective biomarker of organic matter in coastal systems, which represent an
important component of organic matter with a diverse compound class

(e.g., hydrocarbons, fatty acids, n-alkanols, and sterols).

m Department of Chemical Oceanograplty , School of Marine Sciences, CUSAT
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1.2 Molecular Biomarkers

The term “biomarker” originated in 1960s from early product precursor
relationships (Streibl and Herout, 1969) and then Eglinton and Calvin
(1967) introduces the term as “chemical fossils”. Then evolved the term
“biological markers” (Hunt, 1979), and was then contracted to the popular
term “biomarker”. . Molecular organic biomarkers, whose extensive use as
proxies for both sources and process of organic matter in natural systems
(Meyers, 1997; Volkman et al., 1998; Volkman, 2006) can be related to
geological and environmental transformations. These compounds undergo
chemical transformations while retaining enough structural characteristics.
Many of these compounds, which can be related to particular groups of
organisms (e.g., terrestrial plants, bacteria, microalgae, heterotrophs, etc.)
sometimes used to distinguish specific sub-groups of organisms (e.g.,
mangroves, sulphate reducing bacteria, diatoms and dinoflagellates).
Biomarkers can be identified (if present) in macro- and microfossils (Otto
and Simoneit, 2001), and also in volatile, liquid, and solid carbonaceous
matter (Summons, 1993). Cyclic and branched hydrocarbons, acids, and
hetero compounds (e.g., terpenoids) are generally stable over long periods,
and thus are useful indicators of biosynthesis in the older geological
record. The use of biomarkers as indicators of biogenic, paleoenvironmental,
and geochemical processes on Earth has been widely accepted (Mackenzie
et al., 1982; Johns, 1986; Simoneit et al., 1986; Brassell, 1992; Imbus and
McKirdy, 1993; Mitterer, 1993; Simoneit, 1998).

Lipids, among biomarkers, are particularly useful because they can reveal
valuable information on OM sources at the molecular level (Meyers, 2003).

Aliphatic lipids such as alkanes, alkenes, fatty acids, fatty alcohols, alkenones,

Fingerprinting of Mangrove Ecosystems along Northern Kerala Coast using Biomarker Approach
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esters, wax esters, amides, etc carry a strong carbon number predominance
inherited from their biosynthesis, and their homolog distribution can reflect
biogenic origin (e.g., marine vs. terrestrial vegetation; Simoneit, 1977a, b). Mass
spectrometry is an important method to identify these homologous lipids
(Simoneit and Mazurek, 1982; Evershed, 1992; Murphy, 1993; White et al.,
1997; Simoneit et al, 1999; Simoneit, 2005). The same precursor-product
relationship has also been documented for steroids (Simoneit, 1995) and

numerous other natural product precursors (Johns, 1986; Simoneit, 1998).

Higher-plant biomarkers were discovered initially in brown coals, peat,
and resins (amber) (Johns, 1986). The homologous aliphatic compounds such
as n-alkanes (C27, C29, C31, C33), n-alkanols, and n-alkanoic acids (both
homologous series have dominant C24, C26, C28, or C30), with lesser amounts
of other oxygenated homologous species have strong carbon number pre-
dominances and are derived from the epicuticular waxes and related lipids of
higher plants. The terpenoid biomarkers and its derivative products, originating
from higher plants, are formed by the reductive and oxidative alteration during
their transport by diagenesis in sedimentary environments, or by thermal
transformation processes (Currie and John, 1989; Poinsot et al., 1995; Versteegh
et al., 2004). Reductive alteration generally yields the parent compound
skeleton with various isomerisations of chiral centers and, in some cases, loss
of carbon due to decarboxylation and other reactions. Oxidative alteration,
mainly occurs, by successive ring aromatizations, usually commence from a
ring that has a functional group (e.g., OH, C=C, C=0; typically on ring-A) by
direct dehydrogenation, dehydration, ring rearrangement, or ring opening and
subsequent loss. Thus, one would expect to find oxidized and reduced products,

as well as unknown and novel substances during organic geochemical analysis.

m Department of Chemical Oceanograplty , School of Marine Sciences, CUSAT



Introduction

The tetracyclic triterpenoids, such as lanostane, euphane, onocerane,
dammarane, limonin, and cucurbitacin, are found in vascular plants, and the
first four have been reported in sedimentary rocks also (Kimble et al., 1974;
Johns, 1986). The phytosterols (mainly C29, minor C28 skeletons) have been
used as indicators for higher plants, though many marine algae also produce
these sterols with same or different side chain alkyl substitutions (Johns, 1986;
Simoneit, 2005). Many pentacyclic triterpenoids (e.g., the oleanane, ursane,
taraxerane, lupane, friedelane, serratane, or bauerane skeletons) are higher
plant biomarkers and the most frequently encountered in sedimentary
environments are ursanes and oleananes (Johns, 1986; Wang and Simoneit,
1990). Higher plant biomarkers, a geochemical tool to identify terrestrial
organic detritus in global compartments (e.g., atmosphere, sediments, etc.),
helps to study the export of carbon by rivers to the ocean (Prahl et al., 1994)
and the source identification of petroleum and the correlation of oils with their
source rocks (Ekweozor and Telnaes, 1990; ten Haven, et al., 1992; Peters
and Moldowan, 1993). Higher plant biomarkers are also useful in
paleoenvironmental (Conte and Weber, 2002a, b) and environmental studies
(e.g., source characterisation of atmospheric organic matter) (Simoneit, 1977a,
1989; Peltzer and Gagosian, 1989; Schauer et al., 1996). Along with naturally-
derived saturated and aromatic hydrocarbons (and sometimes oxygenated
analogs), polynuclear aromatic hydrocarbons (PAHs) from anthropogenic
origins were also found in contemporary studies (Simoneit, 1977a; LaFlamme

and Hites, 1979; Wakeham et al., 1980; Tan and Heit, 1981).

Mid chain length aliphatic lipids such as alkanes, n-alkanoic acids,
n-alkenoic acid and n-alkanols <C19 in sedimentary mixtures have been
attributed predominantly to microorganism inputs (Simoneit, 1977b; Cranwell

et al, 1987; Medeiros and Simoneit, 2008) such as algae and bacteria.
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Planktonic inputs such as dinoflagellates and diatoms can also be predicted
by the identification of related sterols like dinosterol (Volkman et al., 1993)
and brassicasterol (Volkman, 1986).

The hopanoids are widely used as cyclic biomarkers for bacteria
(Ensminger et al., 1974; Ourisson et al., 1979, 1982; Kajukova et al., 1981). The
17a(H),21B(H)-hopanes that range from C27 to C35 (no C28) were encountered
in numerous ancient sediments and petroleum, and diagenesis and maturation of
the microbial precursors were elucidated (Ourisson et al., 1982; Rohmer,
1993). The extended hopanes or homohopanes (C31-C35) is related to the
bacteriohopanepolyols in bacteria and lower hopane pseudo-homologs related to
C30 precursors such as diploptene and diplopterol (Peters and Moldowan, 1991).
Diploptene (17a(H),21B(H)-hop-22(29)-ene), a wide spread hopane, whose
occurrence is attributed to multiple bacterial sources (Rohmer et al., 1992) such
as cyanobacteria, purple non-sulfur bacteria, acetic acid bacteria, nitrifying
bacteria, methylotrophic and methanotrophic bacteria, is originated either direct
or from its diagenetic precursor diplopterol (Summons et al., 1994; Elvert
et al, 2001). Hopanes, which undergo reduction during diagenesis, whose
17 B(H),21B(H)-22R configuration is thermally unstable, undergo epimeric
transformations to Po-hopanes (moretanes) and of-hopanes (Peters and

Moldowan, 1991).

1.3 Aim and Scope of the Study

Mangroves, which dominate coastal vegetation in tropical ecosystems,
cover about 161,000 km? (Spalding et al., 1997) and produce high amounts of
organic carbon especially in the form of leaf litter (Dittmar and Lara, 2001).
Total area of mangroves in India is about 4461 km?’, constituting 0.41% its

geographical area (Jagtap et al., 2002) and Kerala, southernmost state on the
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coast of Arabian Sea, have a mangrove cover of 17 km® (Chand Basha, 1992).
Wetlands of southern Kerala have been lost over years due to reclamation,
conversion for industrial use, dumping of solid waste, discharge of untreated
municipal sewage and industrial effluents (Manju et al., 2012). A recent study
by Radhakrishnan et al., 2006 pointed out 83% of the mangrove cover in the
state is spread over four northern districts - Kasargod, Kannur, Kozhikode and
Malappuram, and Kannur District has the major share. The focus of the study
is restricted to mangroves occurring in the northern Kerala coast since reported
works on these systems are scanty. Quantitative information on true mangroves
of Thalassery, Pappinissery and Kunjimangalam (Khaleel, 2005) and Frequency
and abundance of Marine fungi of Kadalundi and Kunjimangalam mangroves
were reported (Gayatri and Raveendran, 2009). Other earlier reported works
were Environmental challenges to the mangrove wetlands of North Malabar
(Khaleel and Jaleel, 2009) and studies on water quality parameters of five

mangrove ecosystems of northem Kerala coast (Manju et al., 2012).

Litter production, a significant process in carbon dynamics of mangrove
ecosystems, was evident from the literature. A litter production of 1350 g of
dry weight (DW) m® in northern Brazil (Mehlig, 2001) and net primary
production of 3000 g C m” yr'' in Australia (Clough, 1998) were reported.
Bacterial abundance in mangrove sediments of tropical Australia was
reported as 1011 cells per gram in dry surface sediment (Gillan and Hogg,
1984; Koch et al., 2005), hence Microbial processes are vital components in
mangrove sediments. Along with litter production and bacterial abundance,
organisms such as fungi, algae, lichens, zooplankton, benthos, birds, reptiles
and mammals were also found to be associated with the mangrove systems.

Apart from the autochthonous production marine and riverine organic matter
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can also be brought into the system. The different sources of the organic pool
and its burial in mangrove systems, which is a critical issue when constructing

the C budget, have been rarely studied in Indian scenario.

Stable isotopes have long been used to distinguish among different OM
sources (Bouillon et al., 2001, 2004; Dittmar et al., 2001; Cook et al., 2004)
but bulk organic carbon pools entering these environments, make the
understanding of controls on the isotopic composition complex. Therefore,
instead of stable isotopes, identification biomarkers (lipids, e.g., n-alkanes,
n-alkanoic acids, terpenoids, steroids) augment valuable information such as
sources, transport and diagenetic state of sedimentary, particulate and
dissolved organic carbon in coastal systems (Cunha et al., 2002; McCallister

et al., 2006a,b; Medeiros and Simoneit, 2008).

The objectives of the present study are as follows

»= To find the redox characteristics of the mangrove ecosystems using

P fractionation

= To assess the nature and quality of bulk sedimentary organic matter

using biochemical composition

= To explore the spatio-temporal distributional dynamics of stable
carbon isotopes and elemental compositions in surface sediments
from the mangrove ecosystems and to calculate the relative

contribution of terrestrial derived organic matter in sediments

= To identify the sources of sedimentary organic matter using multi-proxy

approach- using the qualitative and quantitative lipid biomarker data

= To evaluate seasonal variation of biomarkers in the mangrove

ecosystems.

m Department of Chemical Oceanograplty , School of Marine Sciences, CUSAT



Introduction

References

Alongi, D. M., 1996. The dynamics of benthic nutrient pools and fluxes in
tropical mangrove forests. Journal of Marine Research, 54, 123—148.

Alongi, D. M., Ayukai, T., Brunskill, G J., Clough, B. F., Wolanski, E., 1998.
Sources, sinks, and export of organic carbon through a tropical, semi-
enclosed delta (Hinchinbrook Channel, Australia). Mangroves and Salt
Marshes, 2, 237-242.

Alongi, D. M., Wattayakorn, G, Pfitzner, J., Tirendi, F., Zagorskis, I., Brunskill,
GJ., Davidson, A., Clough, B.F., 2001. Organic carbon accumulation and
metabolic pathways in sediments of mangrove forests in southern
Thailand. Marine Geology, 179, 85-103.

Alongi, D. M., 2009. The Energetics of Mangrove Forests. Springer Science 216.

Ashton, E. C., Hogarth, P. J., Ormond, R., 1999. Breakdown of mangrove litter in a
managed mangrove forest in Peninsular Malaysia. In: Dodd, R.S. (Ed.),
Diversity and Function in Mangrove Ecosystems. Hydrobiologia, 413,77-88.

Bianchi, T. S., 2007. Biogeochemistry of Estuaries. Oxford University Press,
New York.

Boto, K. G, Bunt, J. S., 1981. Tidal export of particulate organic matter from a
northern Australian mangrove system. Estuarine, Coastal and Shelf
Science, 13, 247-255.

Bouillon, S., Mohan, P. C., Sreenivas, N., Dehairs, F., 2001. Sources of
suspended organic matter and selective feeding by zooplankton in an
estuarine mangrove ecosystem as traced by stable isotopes. Marine
Ecology Progress Series, 208, 79-92.

Bouillon, S., Koedam, N., Baeyens, W., Satyanarayana, B., Dehairs, F., 2004.
Selectivity of subtidal benthic invertebrate communities for local
microalgal production in an estuarine mangrove ecosystem during the

post-monsoon period, Journal of Sea Research, 51, 133-144.

Fingerprinting of Mangrove Ecosystems along Northern Kerala Coast using Biomarker Approach



Chapter 1

Bouillon, S., Connolly, R. M., Lee, S. Y., 2008. Organic matter exchange and
cycling in mangrove ecosystems: Recent insights from stable isotope
studies. Journal of Sea Research, 59, 44-58.

Brassell, S. C., 1992. Biomarkers in recent and ancient sediments: The importance of
the diagenetic continuum. In: Whelan JK, Farrington JW, editors. Organic
matter—Productivity, accumulation, and preservation in recent and ancient

sediments. Columbia University Press, New York.

Breithaupt, J. L., Smoak, J. M., Smith, T. J., Sanders, C. J., Hoare, A., 2012.
Organic carbon burial rates in mangrove sediments: Strengthening the
global budget. Global Biogeochemical Cycles, 26, 1-11.

Chand Basha, S., 1992. Mangroves of Kerala-A fast disappearing asset. Indian
Forester, 118, 175-190.

Chmura, G L., Anisfeld, S. C., Cahoon, D. R., Lynch, J. C., 2003. Global carbon
sequestration in tidal, saline wetland soils. Global Biogeochemical
Cycles, 17, 1111.

Clark, M. W., Mc Conchie, D., Lewis, D. W., Saenger, P., 1998. Redox stratification
and heavy metal partitioning in Avicennia-dominated mangrove sediments: a

geo- chemical model. Chemical Geology, 149, 147-171.

Clough, B., 1998. Mangrove forest productivity and biomass accumulation in
Hinchinbrook Channel, Australia. Mangroves and Salt Marshes, 2, 191-198

Conte, M. H., Weber, J. C., 2002a. Plant biomarkers in aerosols record isotopic
discrimination of terrestrial photosynthesis. Nature, 417, 639-641.

Conte, M. H., Weber, J. C., 2002b. Long-range atmospheric transport of terrestrial
biomarkers to the Western North Atlantic. Global Biogeochemical Cycles,
16, 1-17.

Cook, P. L. M,, Revill, A.T., Clementson, L. A., Volkman, J. K., 2004. Carbon
and nitrogen cycling on intertidal mudflats of a temperate Australian estuary.

IL. Nitrogen cycling. Marine Ecology Progress Series, 280, 39-54.

Department of Chemical Oceanograplty , School of Marine Sciences, CUSAT



Introduction

Cranwell, P. A., House, T. F.,, Organic, U. K., Unit, G, Close, C., 1987. Lipids of
aquatic organisms as potential contributors to lacustrine sediments—II.
Organic Geochemistry, 11, 513-527.

Cunha, L. C., Serve, L., Blazi, J. L., 2002. Neutral sugars as biomarkers in the
particulate organic matter of a French Mediterranean river. Organic
Geochemistry, 33, 953-964.

Currie, B. R., Johns, R. B., 1989. An organic geochemical analysis of terrestrial
biomarkers in a transect of the Great Barrier Reef Lagoon. Australian
Journal of Marine & Freshwater Research, 40, 275-284.

Dahdouh-Guebas, F., Verneirt, M., Tack, J. F., Koedam, N., 1997. Food
preferences of Neosarmatium meinerti de Man (Decapoda: Sesarminae)
and its possible effect on the regeneration of mangroves. Hydrobiologia,
347, 83-89.

Dittmar, T., Lara, R. J., 2001. Driving Forces behind Nutrient and Organic
Matter Dynamics in a Mangrove Tidal Creek in North Brazil. Estuarine,
Coastal and Shelf Science, 52, 249-259.

Dittmar, T., Fitznar, H. P., Kattner, G, 2001. Origin and biogeochemical cycling
of organic nitrogen in the eastern Arctic Ocean as evident from D-and L-

amino acids. Geochimica et Cosmochimica Acta, 65, 4103-4114.

Donato, D. C., Kauffman, J. B., Murdiyarso, D., Kurnianto, S., Stidham, M.,
Kanninen, M., 2011. Mangroves among the most carbon-rich forests in
the tropics. Nature Geoscience, 4, 293—297.

Dye, A. H., Lasiak, T. A., 1987. Assimilation efficiencies of fiddler crabs and
deposit feeding gastropods from tropical mangrove sediments.

Comparative Biochemistry and Physiology, 87, 341-344.
Eglinton, G, Calvin, M., 1967. Chemical fossils. Scientific American, 216, 32-43.

Ekweozor, C. M., Telnaes, N., 1990. Oleanane parameter: Verification by
quantitative study of the biomarker occurrence in sediments of the Niger
delta. Organic Geochemistry, 16, 401-413.

Fingerprinting of Mangrove Ecosystems along Northern Kerala Coast using Biomarker Approach



Chapter 1

Elvert, M., Whiticar, M. J., Suess, E., 2001. Diploptene in varved sediments of
Saanich Inlet : indicator of increasing bacterial activity under anaerobic
conditions during the Holocene. Marine Geology, 174, 371-383.

Emerson, S. R., Hedges, J. 1., 2008. Chemical oceanography and the marine
carbon cycle. Cambridge University Press Cambridge, New York.

Ensminger, A, van Dorsselaer, A, Spyckerelle, C, Albrecht, P, Ourisson, G, 1974.
Pentacyclic ftriterpenes of the hopane type as ubiquitous geochemical
markers: Origin and significance. In: Tissot B, Bienner F, editors.
Advances in organic geochemistry, 1973. Paris: Editions Technip, 245—
260.

Evershed, R. P., 1992. Mass spectrometry of lipids. In Lipid Analysis. A Practical
Approach. Hamilton R, Hamilton S. (eds). IRL Press, Oxford.

Flores-Mireles, A. L., Winans, S. C., Holguin, G, 2007. Molecular characterization
of diazotrophic and denitrifying bacteria associated with mangrove roots.

Applied and environmental microbiology, 73, 7308-7321.

Gayatri, R. N., Raveendran, K., 2009. Frequency and Abundance of Marine
Mycoflora in Mangrove Ecosystem of North Malabar, Kerala (India).
Academic Journal of Plant Sciences, 2, 65-68.

Gillan, F. T., Hogg, R. W.,, 1984. A method for the estimation of bacterial
biomass and community structure in mangrove- associated sediments.
Journal of Microbiological Methods, 2, 275-293.

Goering, J., Alexander, V., Haubenstock, N., 1990. Seasonal variability of stable
isotope ratios of organisms in a north Pacific Bay. Estuarine, Coastal and
Shelf Science, 30, 239-260.

Harbison, P., 1986. Mangrove muds - a sink and a source for trace-metals.
Marine Pollution Bulletin, 17, 246-250.

Hayes, J. M., 1993. Factors controlling °C contents of sedimentary organic

compounds: Principles and evidence, Marine Geology, 113, 111-125.

m( Department of Chemical Oceanograplty , School of Marine Sciences, CUSAT



Introduction

House, W., 2003. Geochemical cycling of phosphorus in rivers. Applied
Geochemistry, 18, 739-748.

Hughes, E. H., Sherr, E. B., 1983. Subtidal food webs in a Georgia estuary: 8"°C
analysis. Journal of experimental marine biology and ecology, 67, 227-
242.

Hunt, J. M., 1979. Petroleum Geochemistry and Geology, W. H. Freeman, San

Francisco.

Imbus, S. W., McKirdy, D. M., 1993. Organic geochemistry of pre-cambrian
sedimentary rocks. In: Engel MH, Macko SA, editors. Organic geochemistry.
Pergamon Press, New York.

Incze, L. S., Mayer, L. M., Sherr, E. B., Macko, S. A., 1982. Carbon inputs to
bivalve mollusks: a comparison of two estuaries. Canadian Journal of
Fisheries and Aquatic Sciences, 39, 1348-1352.

Jagtap, T. G, Murthy, P., Komerpant, D., 2002. Mangrove ecosystems of India:
major biotic constituents conservation and management, In: Wetland
conservation and management, Hosetti. B. B (Ed.), Pointer publishers,

Jaipur, India.

Jarvie, H. P., Jurgens, M. D., Williams, R. J., Neal, C., Davies, J. J. L., Barrett,
C., White, J., 2005. Role of river bed sediments as sources and sinks of
phosphorus across two major eutrophic UK river basins: the Hampshire
Avon and Herefordshire Wye. Journal of Hydrology, 304, 51-74.

Johns, R. B., 1986. Biological markers in the sedimentary record. Amsterdam:
Elsevier.

Kajukova, G 1., Pustulnikova, C. D., Abruitina, N. N., Golovkina, L. S.,
Meshtueva, V. L., Petrov, A. A., 1981. Structural variations in hopane
type hydrocarbons. Neftechimiya, 21, 803—811.

Kathiresan, K., Bingham, B. L., 2001. Biology of mangroves and mangrove
ecosystems. Advances in Marine Biology, 40, 81-251.

Fingerprinting of Mangrove Ecosystems along Northern Kerala Coast using Biomarker Approach



Chapter 1

Katsaounos, C. Z., Giokas, D. L., Leonardos, I. D., Karayannis, M. 1., 2007.
Speciation of phosphorus fractionation in river sediments by explanatory
data analysis, Water Research, 41, 406-418.

Khaleel, K. M., 2005. Study of the quantitative structure of true mangroves
present in mangal forest of Thallichery, Pappinissery and Kunjimangalam
of Kannur district. Indian forestor, 131, 81-89.

Khaleel, K. M., Jaleel, C. A., 2009. Environmental challenges to the mangrove
wetlands of North Malabar (Kerala), India: Their sustainable development
and influence on local people. Knowledge and Management of Aquatic
Ecosystems, 392, 03.

Kimble, B. J., Maxwell, J. R., Philp, R. P., Eglinton, G., Albrecht, P., Ensminger, A.,
Arpino, P., Ourisson, G., 1974. Tri- and tetra-terpenoid hydrocarbons in the
Messel oil shale. Geochimica et Cosmochimica Acta, 38, 1165-118]1.

Koch, B. P, Lara, J., Kattner, G, Harder, J., 2005. The effect of selective
microbial degradation on the composition of mangrove derived
pentacyclic triterpenols in surface sediments. Organic geochemistry, 36,
273-285.

Kristensen, E., 2008. Mangrove crabs as ecosystem engineers; with emphasis on

sediment processes. Journal of Sea Research, 59, 30-43.

Kristensen, E., Bouillon, S., Dittmar, T., Marchand, C., 2008. Organic carbon
dynamics in mangrove ecosystems : A review. Aquatic botany, 89, 201-219.

LaFlamme, R. E., Hites, R. A., 1979. Tetra-and pentacyclic, naturally-occurring,
aromatic hydrocarbons in recent sediments. Geochimica et Cosmochimica
Acta, 43, 1687-1691.

Lee, S. Y., 1990. Primary productivity and particulate organic matter flow in an
estuarine mangrove-wetland in Hong Kong. Marine Biology, 106, 453-463.

Mackenzie, A. S., Brassell, S. C., Eglinton, G, Maxwell, J. R., 1982. Chemical
fossils: the geologic fate of steroids. Science, 217, 491-504.

m Department of Chemical Oceanograplty , School of Marine Sciences, CUSAT



Introduction

Manju, M. N., Resmi, P., Gireesh Kumar, T. R., Ratheesh kumar. C.S., Rahul, R.,
Joseph, M. M., Chandramohanakumar, N., 2012. Assessment of water
quality parameters in mangrove ecosystems along Kerala coast: a statistical

approach. International Journal of Environmental Research, 6, 893-902.

Mann, K. H., Lazier, J. R. N., 1991. Dynamics of Marine Ecosystem, Blackwell

Scientific Publications Inc., Boston, United States.

McCallister, S. L., Bauer, J. E., Canuel, E. A., 2006b. Bioreactivity of estuarine
dissolved organic matter: a combined geochemical and microbiological

approach. Limnology and Oceanography, 51, 94-100.

McCallister, S. L., Bauer, J. E., Ducklow, H. W., Canuel, E. A., 2006a. Sources
of estuarine dissolved and particulate organic matter: a multi-tracer
approach. Organic Geochemistry, 37, 454-468.

McLeod, E., Chmura, G L., Bouillon, S., Salm, R., Bjork, M., Duarte, C. M.,
Lovelock, C. E., Schlesinger, W. H., Silliman, B. R., 2011. A blueprint for
blue carbon: toward an improved understanding of the role of vegetated
coastal habitats in sequestering CO,. Frontiers in Ecology and the
Environment, 9, 552-560.

Medeiros, P. M., Simoneit, B. R. T., 2008. Multi-biomarker characterization of
sedimentary organic carbon in small rivers draining the Northwestern
United States, 39, 52-74.

Megens, L., van der Plicht, J., de Leeuw, J.W., Smedes, F., 2002. Stable carbon and
radiocarbon isotope compositions of particle size fractions to determine
origins of sedimentary OM in an estuary. Organic Geochemistry 33, 945-952.

Mehlig, U., 2001. Aspects of mangrove tree primary production in an equatorial
mangrove forest in Brazil, Ph.D Thesis submitted to Center for Tropical

Marine Ecology, University of Bremen, Germany.

Meyers, P. A., 1997. Organic geochemical proxies of paleoceanographic,
paleolimnologic and paleoclimatic processes. Organic Geochemistry, 27,
213-250.

Fingerprinting of Mangrove Ecosystems along Northern Kerala Coast using Biomarker Approach



Chapter 1

Meyers, P. A., 2003. Applications of organic geochemistry to paleolimnological
reconstructions: a summary of examples from the Laurentian Great
Lakes. Organic Geochemistry, 34, 261-289.

Meyer, R. L., Risgaard-Petersen, N., Allen, D. E., 2005. Correlation between
anammox activity and microscale distribution of nitrite in a subtropical
mangrove sediment. Applied and Environmental Microbiology, 71, 6142-
6149.

Micheli, F., Gherardi, F., Vannini, M., 1991. Feeding and burrowing ecology of
two East African mangrove crabs. Marine Biology, 111, 247-254.

Micheli, F., 1993. Feeding ecology of mangrove crabs in North Eastern
Australia: mangrove litter consumption by Sesarma messa and Sesarma
smithii. Journal of Experimental Marine Biology and Ecology, 171,
165-186.

Mitterer, R. M., 1993. The diagenesis of proteins and amino acids in fossil shells.
In: Engel MH, Macko SA, editors. Organic geochemistry. Plenum Press,
New York.

Mumby, P. J., Edwards, A. J., Arias-Gonzalez, J. E., Lindeman, K. C., Blackwell,
P. G, Gall, A., Gorczynska, M. 1., Harborne, A.R., Pescod, C.L., Renken,
H., Wabnitz, C. C. C., Llewellyn, G, 2004. Mangroves enhance the
biomass of coral reef fish communities in the Caribbean. Nature, 427, 533—
536.

Murphy, R. C., 1993. Mass spectrometry of lipids. Handbook of Lipid Research
Vol. 7, Plenum Press, New York.

Odum, E. P, 1971. Fundamentals of Ecology. Philadelphia: WB Saunders
Company, USA.

Otto, A., Simoneit, B. R. T., 2001. Chemosystematic and diagenesis of
terpenoids in fossil conifer species and sediment from the Eocene Zeitz

formation. Saxony, Germany. Geochimica et Cosmochimica Acta, 65,
3505-3527.

m Department of Chemical Oceanograplty , School of Marine Sciences, CUSAT



Introduction

Ourisson, G, Albrecht, P., Rohmer, M., 1979. The hopanoids. Paleochemistry
and biochemistry of a group of natural products. Pure and Applied
Chemistry, 51, 709-729.

Ourisson, G, Albrecht, P., Rohmer, M., 1982. Predictive microbial biochemistry—
From molecular fossils to prokaryotic membranes. Trends in Biochemical
Sciences, 7, 236-239.

Pardo, P., Rauret, G, Lopez-Sanchez, J. F., 2003. Analytical approaches to the
determination of phosphorus partitioning patterns in sediments. Journal

of Environmental Monitoring, 5, 312-318.

Peltzer, E. T., Gagosian, R. B., 1989. Organic geochemistry of aerosols over the
Pacific Ocean. In: Duce RA, Riley JP, Chester R, editors. Chemical
oceanography. Vol. 10, Academic Press, New York.

Peterst, K. E., Moldowan, J. M., 1991. Effects of source , thermal maturity , and
biodegradation on the distribution and isomerization of homohopanes in

petroleum. Organic Geochemistry, 17, 47-61.

Peters, K. E., Moldowan, J. M., 1993. The biomarker guide—Interpreting
molecular fossils in petroleum and ancient sediments. Englewood Cliffs,
Prentice Hall, NJ.

Poinsot, J., Adam, P, Trendel, J. M., Connan, J., Albrecht, P., 1995. Diagenesis
of higher plant triterpenes in evaporitic sediments. Geochimica et
Cosmochimica Acta, 59, 4653—4661.

Posey, M. H., 1987. Influence of relative mobilities on the composition of

benthic communities. Marine Ecology Progression Series, 39, 99-104

Prahl, F. G, Ertel, J. R., GonI, M. A., Sparrow, M. A., Eversmeyer, B.. 1994.
Terrestrial organic carbon contributions to sediments on the Washington
margin. Geochimica et Cosmochimica Acta, 58, 3035-3048.

Radhakrishnan, C., Gopi, K. C., Palot, M. J., 2006. Mangroves and their faunal
associates in Kerala. Occasional paper No 246. Records of Zoological
Survey of India. Zoological Survey of India, Calicut, Kerala, 81.

Fingerprinting of Mangrove Ecosystems along Northern Kerala Coast using Biomarker Approach



Chapter 1

Rajendran, N., Kathiresan, K., 2000. Biochemial changes in decomposing leave
of mangrove. Chemistry and Ecology, 17, 91-102.

Rajendran, N., Kathiresan K., 2004. How to increase juvenile shrimps in

mangrove waters? Wetland Ecology and Management, 12, 179-188.

Rajendran, N., Kathiresan, K., 2007. Microbial flora associated with submerged
mangrove leaf litter in India. Revista de Biologia Tropical, 55, 393—
400.

Ranjan, R. K., Routh, J., Ramanathan, A., Klump, J. V., 2011. Elemental and
stable isotope records of organic matter input and its fate in the
Pichavaram mangrove—estuarine sediments (Tamil Nadu, India). Marine
Chemistry, 126, 163-172.

Rice, D. L., 1982. The detritus nitrogen problem: new observations and
perspectives from organic geochemistry. Marine Ecology Progression
Series, 9, 153—-162.

Robertson, A. 1., Duke, N. C., 1987. Mangroves as nursery sites — comparisons
of the abundance and species composition of fish and crustaceans in
mangroves and other near-shore habitats in tropical Australia. Marine
Biology, 96, 193-205.

Rohmer, M., Bisseret, P., Neunlist, S., 1992. The hopanoids, prokaryotic
triterpenoids and precursors of ubiquitous molecular fossils. In Biological
Markers in Sediments and Petroleum (Edited by Moldowan J. M.,
Albrecht P. and Philp R. P.), Prentice-Hall, Englewood Cliffs, New York.

Rohmer, M., 1993. The biosynthesis of triterpenoids of the hopane series in the
eubacteria: A mine of new enzyme reactions. Pure and applied chemistry,
65, 1293-1298.

Rojas, A., Holguin, G, Glick, B. R., Bashan, Y., 2001. Synergism between
Phyllobacterium sp.(N2-fixer) and Bacillus licheniformis (P-solubilizer),
both from a semiarid mangrove rhizosphere. FEMS Microbiology
Ecology, 35, 181-187.

Department of Chemical Oceanograplty , School of Marine Sciences, CUSAT



Introduction

Ronnbidck, P., 1999. The ecological basis for economic value of seafood
production supported by mangrove ecosystems. Ecological Economics,
29, 235-252.

Schauer, J. J., Rogge, W. F., Hildemann, L. M., Mazurek, M. A., Cass, G R,,
Simoneit, B. R. T., 1996. Source apportionment for airborne particulate
matter using organic compounds as tracers. Atmospheric Environment, 30,
3837-3855.

Simoneit, B. R. T., 1977a. Diterpenoid compounds and other lipids in deep-sea
sediments and their geochemical significance. Geochimica et Cosmochimica
Acta, 41, 463-476.

Simoneit, B. R. T., 1977b. The Black Sea, a sink for terrigenous lipids. Deep-Sea
Research, 24, 813-830.

Simoneit, B. R. T., Mazurek, M. A., 1982. Organic matter of the troposphere—II.
Natural background of biogenic lipid matter in aerosols over the rural
Western United States. Atmospheric Environment, 16, 2139-2159.

Simoneit, B. R., Grimalt, J. O., Wang, T. G, Cox, R. E., Hatcher, P. G,
Nissenbaum, A., 1986. Cyclic terpenoids of contemporary resinous plant
detritus and of fossil woods, ambers and coals. Organic Geochemistry,
10, 877-889.

Simoneit, B. R. T., 1989. Organic matter of the troposphere—V: Application of
molecular marker analysis to biogenic emissions into the troposphere for

source reconciliations. Journal of Atmospheric Chemistry, 8, 251-275.

Simoneit, B. R. T., 1995. Evidence for organic synthesis in high temper- ature
aqueous media—tfacts and prognosis. ISSOL 1993. Origins of Life and
Evolution of Biospheres, 25, 119-140.

Simoneit, B. R. T., 1998. Biomarker PAHs in the environment. In: Hutzinger O,
editor-in-chief, Neilson AH, editor. The handbook of environmental
chemistry. PAH sand related compounds. Vol. 3. Part . Springer- Verlag,
Berlin

Fingerprinting of Mangrove Ecosystems along Northern Kerala Coast using Biomarker Approach



Chapter 1

Simoneit, B. R., Schauer, J. J., Nolte, C. G, Oros, D. R., Elias, V. O., Fraser,
M. P, Rogge, W. F., Cass, G R., 1999. Levoglucosan, a tracer for
cellulose in biomass burning and atmospheric particles. Atmospheric
Environment, 33, 173-182.

Simoneit, B. R. T., 2005. A Review of Current Applications of Mass Spectrometry
For Biomarker/ Molecular tracer elucidations. Mass Spectrometry Reviews,
24, 719-765.

Siple, M. C., Donahue, M. J., 2013. Invasive mangrove removal and recovery :
Food web effects across a chronosequence. Journal of Experimental
Marine Biology and Ecology, 448, 128-135.

Spalding, M. D., Blasco, F., Field, C. D., 1997. World Mangrove Atlas. International

Society for Mangrove Ecosystems, Okinawa, Japan.

Streibl, M., Herout V., 1969. Terpenoids-especially mono-, sesqui-, di- and
triterpanes. In Organic Geochemistry--Methods and Results (Edited by
Eglinton G and Murphy M. T. J.), Springer, Berlin.

Summons, R. E., 1993. Biogeochemical cycles: a review of fundamental aspects
of organic matter formation, preservation and composition. In: Engel MH,
Macko SA, editors. Organic geochemistry, principles and applications.

Plenum Press, New York.

Summons, R. E., Jahnke, L. L., Roksandic, Z., 1994. Carbon isotopic fractionation
in lipids from methanotrophic bacteria: relevance for interpretation of the

geochemical record of biomarkers. Geochimica et Cosmochimica Acta,
58, 2853-2863.

Tan, Y. L., Heit, M., 1981. Biogenic and abiogenic polynuclear aromatic hydro-
carbons in sediments from two remote Adirondack lakes. Geochimica et
Cosmochimica Acta, 45, 2267-2279.

ten Haven, H. L., Rohmer, M., Rullko tter, J., 1992. Early diagenetic transformation
of higher-plant triterpenoids in deep-sea sediments from Baffin Bay.
Geochimica et Cosmochimica Acta, 56, 2001-2024.

Department of Chemical Oceanograplty , School of Marine Sciences, CUSAT



Introduction

Tenore, K. R., 1977. Growth of Capitella capitata cultures on various levels of
detritus derived from different sources. Limnology and Oceanography, 22,
936-941.

Tenore, K. R., Cammen, L., Findlay, S. E. G, Phillips, N., 1982. Perspectives of
research on detritus: do factors controlling the availability of detritus to
macro-consumers depend on its source? Journal of Marine Research, 40,
473-490.

Toledo, G, Bashan, Y., Soeldner, A., 1995. In vitro colonization and increase in
nitrogen fixation of seedling roots of black mangrove inoculated by a
filamentous cyanobacteria. Canadian journal of microbiology, 41, 1012-
1020.

Twilley, R. R., Lugo, A. E., Pattersonzucca, C., 1986. Litter production and turnover
in basin mangrove forests in southwest Florida. Ecology, 67, 670-683.

Twilley, R. R., Chen, R. H., Hargis, T., 1992. Carbon sinks in mangroves and
their implications to carbon budget of tropical coastal ecosystems. Water,
Air and Soil Pollution, 64, 265-288.

Versteegh, G J. M., Scheful3, E., Dupont, L., Marret, F., Sinninghe Damste, J.S.,
Jansen, J.H.F., 2004.Taraxerol and Rhizophora pollen as proxies for
tracking past mangrove ecosystems. Geochimica et Cosmochimica Acta,
68, 411-422.

Volkman, J. K. 1986. A review of sterol markers for marine and terrigenous

organic matter. Organic Geochemistry, 9, 83—-99.

Volkman, J. K., Barrett, S. M., Dunstan, L. G A., Jeffrey, S. W.,, 1993. Geochemical
significance of the occurrence of dinosterol and other 4-methyl sterols in

a marine diatom, Organic Geochemistry, 20, 7-15.

Volkman, J. K., Barrett, S. M., Blackburn, S. I., Mansour, M. P., Sikes, E. L.,
Gelin, F., 1998. Microalgal biomarkers: a review of recent research

developments. Organic Geochemistry, 29, 1163—1179.

Fingerprinting of Mangrove Ecosystems along Northern Kerala Coast using Biomarker Approach



Chapter 1

Volkman, J. K., 2006. Marine OM: Biomarkers, isotopes and DNA; Springer-
Verlag, Heidelberg.

Wakeham, S. G, Schaffner, C., Giger, W., 1980. Polycyclic aromatic hydro-
carbons in recent lake sediments-II. Compounds derived from biogenic

precursors during early diagenesis. Geochimica et Cosmochimica Acta,
44, 415— 429.

Wang, T. G, Simoneit, B. R.T., 1990. Organic geochemistry and coal petrology
of Tertiary brown coal in Zhoujing Mine, Baise Basin, South China: 2.

Biomarker assemblage and significance. Fuel, 69, 12-20.

Wang, Y., Huang, Y., Qiu, Q., Xin, G, Yang, Z., Shi, S., 2011. Flooding greatly
affects the diversity of arbuscular mycorrhizal fungi communities in the
roots of wetland plants. PLoS ONE, 6, 24512.

Weng, B., Xie, X., Yang, J., Liu, J., Lu, H., Yan, C., 2013. Research on the
nitrogen cycle in rhizosphere of Kandelia obovata under ammonium
and nitrate addition. Marine Pollution Bulletin, 76, 227-240.

White, D. C., Ringelberg, D. B., Macnaughton, S. J., Alugupalli, S., Schram, D.,
1997. Signature lipid biomarker analysis for quantitative assessment in
situ of environmental microbial ecology. In: Eganhouse RP, editor.
Molecular markers in environmental geochemistry. American Chemical
Society, Symp Ser, 671, 22-34.

Wolters, O. W., 1979. A note on Sungsang village at the estuary of the Musi river
in southeastern Sumatra: A reconsideration of the historical geography of
the Palembang region. Indonesia, 33-50.

Department of Chemical Oceanograplty , School of Marine Sciences, CUSAT



Chapter 2

MATERIALS AND METHODS

(2.1 Description of Study Area
2.2 Sampling

g 2.3 Analytical Methodology

2.4 Statistical Analysis of Data

2.1 Description of Study Area

The mangrove ecosystems mainly restricted to the tropical and sub-
tropical zones, between latitude 32° N and 33° S (Macintosh, 1984). World’s
dominant mangrove zones are constrained by Indo-West Pacific region, and
are largely distributed in South-East Asia, North-East Australia and south
East Africa (Naskar and Mandal, 1999). A “World Mangrove Atlas” has been
constructed delineating the geographical distribution of existing mangroves
around the world (Spalding, 2010) and it roughly covers 137,760 km® along
the coasts of the world (Giri et al., 2011). Rodin, et al. (1975), estimated that
mangrove area in Asia and Oceania is 478 X 10°hectare, excluding those
from many Oceanic Islands and in the Indian sub-continent, the Sundarbans

comprises about 60% and the rest is distributed in the Bay Islands and

8 maritime States of India (Naskar and Mandal, 1999; Mukhopadhyay, 2000).

There are only a few comprehensive baseline studies which have
documented the status of mangroves in Kerala. It has been reported that, in

the recent past Kerala, had 70,000 ha under mangrove cover (Mohanan,
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2004). Wetlands around the central region have been lost over years due to
reclamation, conversion to industrial use, dumping of solid waste, discharge
of untreated sewage from municipal waste, effluents from industries and
encroachment for construction. A recent study by Radhakrishnan et al., 2006
pointed out mangrove vegetation in four northern districts of Kerala -
Kasargod, Kannur, Kozhikode and Malappuram - is approximately 3,500
hectare, which represents about 83 % of mangrove cover in the State (Manju
et al.,, 2012). Kannur District has the major share of it. The mangrove
wetlands of Northern Kerala coast, containing 14 true mangrove species and

40 mangrove associates, has been the main focus of the present study.

A reconnaissance survey was conducted to find the true mangrove
forest systems and five sampling sites were identified (Fig. 2.1 and Table 2.1)
as Kunjimangalam, Pazhayangadi, Pappinissery, Thalassery and Kadalundi.
Kunjimangalam is the estuarine environment formed by Pullamcode River
and Kunjimangalam River (station 1) which is located 2 km away from
coastline. Abundant species diversity is found in the Kunjimangalam belt,
25 species of mangrove associates are also observed in these regions. Many
areas, including Kunjimangalam, still have a vast extent of mangroves that
are untouched. Kunjimangalam is rich in rare species of mangroves
including Avicennia sp., Excoecaria sp., Rhizophora sp. and Lumnitzera
racemosa. Pazhayangadi (station 2) is situated about 3-4 km away from
coastline, and was found to be almost free from human activities. Avicennia
marina, Avicennia officinalis, Aegiceras corniculatium and Rhizophora
mucronata are the major species found at this station. Pappinissery (station 3) is
at a distance of 4 to 5 km from the coastline and the sources of contamination

here are mainly attributed to urban and sewage runoff. Out of the 12 species
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of true mangrove plants (Avicennia officinalis, Avicennia marina, Rhizophora
mucronata, Rhizophora apiculata, Sonneratia caseolaris, Sonneratia alba,
Aegiceras corniculatum, Excoecaria agallocha, Kandelia candel, Bruguiera
cylindrica, Bruguiera sexangula and Lumnitzera racemosa) observed, 5 are in
common occurrence in most of the places while 3 species are very rare.
Thalassery (Station 4), where mangrove area spans over 0.313 sq kilometres,
which is in the vicinity of estuarine mouth, has large population of Rhizophora,
Avicennia officinalis, Acanthus illcifolius, Excoecaria agallocha, Aegiceras
corniculatum and Thespesia populnea. Kadalundi estuary, a notable destination
for migratory birds in Kerala, the mangrove cover is estimated to be 28 ha with
ten mangrove species. It is situated near the bar mouth of Kadalundi river
consist of mangrove plants such as Rhizophora mucronata, Excoecaria
agallocha, Aegiceros corniculatum, and Acanthus ilicyfolius etc. (CMFRI,
2002; Manju et al., 2012). Thalassery and Kadalundi are situated in the close
proximity of Arabian Sea and are subjected to the semi-diurnal tidal action in

the range 0.09 to 1.48 m.

Table 2.1 Details of sampling sites selected for the study

SINo Station Name Latitude Longitude
1 Kunjimangalam 12°03' 14" 75° 14' 28"
2 Pazhayangadi 12°01'39"  75°16' 17"
3 Pappinissery 11°56' 8" 7521 13"
4 Thalassery (Dharmadam) 11° 45' 59" 75°28' 52"
5 Kadalundi 11°07' 51" 75°49' 58"

2.2 Sampling

Sediments and water samples were collected from 5 locations in Calicut,

Kannur districts during October 2009, May 2010 and August 2010 representing
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post-monsoon pre-monsoon and monsoon, seasons respectively. Among these
seasons, monsoon period accounts for the 65 - 70% of total annual rainfall, and

in pre-monsoon the rainfall is minimum (Aype, 2005).

Water samples were collected using a clean plastic bucket, transferred
to clean plastic bottles and transported to the laboratory on ice and stored in a
deep freezer (-20°C) till analysis. Sediment samples were collected using a
Van Veen grab (0.042 m?). Samples were collected in triplicate from each
station and the average value for each parameter was reported. pH measurements
and fixing of water samples for dissolved oxygen were done in situ and other

parameters were determined in the laboratory without delay.

1l

11*30°

1

TEM® TEE
Fig. 2.1 Map showing sampling stations
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2.3 Analytical Methodology

2.3.1 General Water and Sediment Characteristics

The water samples were analysed following methods suggested by
Grasshoff, 1999 and APHA, 1999. All the colorimetric estimations were done
using double beam spectrophotometer (Analytik jena Specord 200).

pH was measured using a portable pH meter (Eutech pH tester 10).
Salinity was computed from chlorinity values, estimated by Argentometric
(Mohr-Knudsen) titration. The Winkler’s method was employed for estimation
of dissolved oxygen. Nitrite was estimated by colorimetric method after
complexation with N-naphthyl ethylene diamine and sulphanilamide. Nitrate
was reduced to nitrite in cadmium column and estimated spectrophotometrically.
Estimation of ammonia and phosphate were carried out using indophenol blue
and molybdenum blue methods respectively. For the estimation of total nitrogen,
the sample was first oxidized with alkaline persulphate and estimated as nitrite

after reduction (Strickland and Parsons, 1972; Grasshoft, 1999).

The textural characteristics of the sediments were determined by pipette
analysis after removing the inorganic carbonates using 10% HCI and organic
matter using H,O, (Folk, 1980). Vario EL IIT CHN-S Analyser was used for the
analysis of Total Nitrogen (TN) and Total Sulphur (TS). For the analysis of
Total Organic Carbon (TOC), the sample was pre-treated using 1M HCI to
remove carbonates. The process was repeated two/three times in order to ensure
the complete removal of carbonates, washed with Milli-Q to remove salts and
finally freeze-dried and analysed using CHN-S analyser. Samples were run with
blank cups in order to correct the carbon and nitrogen associated with tin/silver
cups and the elemental analyser was calibrated using acetanilide standards. The

detection limits for TOC and TN are 0.07 and 0.01 % respectively.
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2.3.2 Sequential extraction of sedimentary phosphorus

The sequential extraction scheme by De Groot and Golterman (1993)
was employed for estimating different P fractions. Compared with other
methods, chelating agents allow a specific extraction of inorganic phosphorus

with less destruction of organic phosphorus.

1g sediment 25 ml H,Ofor 30m Exchangeable P

l Centrifugation
Pellet 1

Buffered Ca-EDTA/dithionite Fe (OOH)= P

Centrifugation
v

Pellet 2

v

Na-EDTA CaCOs=P
"Centrifugation

Pellet 3

H,SO42M
"Centrifugation

Pellet 4
2M NaOH 90°C for 2 hrs

v

v

Acid-OP

v

Alkali-OP

v
Residual -P
Centrifugation, digestion with K;S,0s for 1 hr

Fig. 2.2 Extraction scheme for the phosphorus fractionation in surface
sediments

The extraction scheme is given in Fig. 2.2. Exchangeable phosphorus
was extracted using distilled water. Iron-bound P was extracted with buffered

Ca-EDTA/dithionite and calcium bound fraction (CaCO3=P) subsequently
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with Na-EDTA. The Na-EDTA extraction step was repeated twice to ensure
the complete dissolution of CaCO3=P.

In the next step, acid soluble organic P (Acid-OP) was extracted with
H,SO4 and then the alkali soluble organic P (Alkali-OP) with 2 M NaOH at
90°C for 2 hrs. Residual organic phosphorus (R-OP) was measured after
digestion with K;S;0s for 1 hr in acid medium. All the extractions were carried
out under mild continuous shaking, and the results were expressed on the dry

weight basis.

2.3.3 Biochemical Composition

Total protein (PRT) analysis was carried out after extraction with
NaOH (1M, 2hrs at 80°C) and determined according to Hartree (1972)
modified by Rice (1982) using bovine serum albumin (BSA) as the standard.
Carbohydrate was extracted using 2M H,SO,4 (2hrs at 100°C) and were
determined as glucose equivalents, described by Gerchacov and Hatcher
(1972). Total lipids (LPD) were expressed as cholesterol equivalents,
determined by extracting 1g freeze-dried homogenised sediment samples at
60°C (30 min), using 30 ml 2:1 chloroform: methanol (Bligh and Dyer,
1959) and analysed by the method of Barnes and Blackstock (1973). Tannin
and lignin in sediments were extracted using 0.05M NaOH at 60° for
90 minutes and estimated spectrophotometrically by the sodium tungstate-
phosphomolybdic acid method (Nair et al., 1989; APHA, 1995), using
tannic acid as the standard. Blanks for each analysis were performed with
pre-combusted sediments at 450-480°C for 4 hrs. All analyses were carried
out in triplicate. PRT, CHO and LIP concentrations were converted to
carbon equivalents assuming a conversion factor of 0.49, 0.40 and 0.75 mg,

respectively (Fabiano and Danovaro, 1994). The biopolymeric carbon (BPC),
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a reliable estimate of the labile organic matter expressed as the sum of
protein, lipid and carbohydrate carbon equivalents (Fabiano et al., 1995)

was also determined.

Chlorophyll and Pheopigments (Pheo) were then measured according to
the method of Lorenzen (1967) following the extraction with 90% acetone
(24 hrs in the dark at 4°C). After centrifugation, the supernatant was used for
the determination of Chlorophyll a (Chl a), Chlorophyll b (Chl b) and
Chlorophyll ¢ (Chl ¢) and then acidified with 0.1 N HCI to estimate the
amounts of Pheopigments (Plante-Cuny, 1974).

Also, the protein to carbohydrate (PRT: CHO) and lipid to carbohydrate
(LPD:CHO) ratios were calculated and used as indicators of biochemical

degradation processes (Galois et al., 2000).

2.3.4 Stable Carbon Isotope Analysis

Stable carbon isotope analysis of Total Organic Matter (3"°C) was
carried out using Flash EA interfaced with IRMS (FINNIGAN DELTA
PLUS XP, Thermo Electron Corporation) at IIT, Kharagpur. Before the
analysis, sediment sample was treated with 2N HCI to remove inorganic
carbon present in the sample and was washed with distilled water until
traces of chlorine removed. Stable carbon isotope abundances are
presented as 6'°C values and are expressed relative to the PDB (Pee Dee

Belemnite) standard:

o (%0) = {(Rsample - Rreference) / Rreference }X 1000

Where & %o stands for 8"°C, and R gumple and R regerence are the isotopic

ratios of the sample and reference, respectively.
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2.3.4 Extraction of Molecular Biomarkers

The method described by Harvey (1994) was selected for the
biomarker analysis. Freeze dried sediment samples were soxhlet extracted
for 72 hrs with a mixture of 2:1 dichloromethane (DCM): methanol
(MeOH). The extracts were combined and evaporated to dryness using
rotary evaporation. The extracted residue was subjected to mild alkaline
hydrolysis by refluxing using 6 % methanolic KOH (70 °C for 6 hours).
After the sample was cooled, the neutral lipids were partitioned from the
alkaline solution into hexane, which was separated and used for the
analysis of neutral lipids. The neutral fraction was separated into individual
compound classes using silica gel column chromatography by eluting with
hexane, hexane and DCM mixture (1:1), dichloromethane and methanol,
respectively viz. saturated hydrocarbons, aromatic hydrocarbons, and polar
compounds (Otto and Simoneit, 2001). The fractions were dried under
nitrogen. The fraction eluted with dichloromethane was converted to
trimethyl silyl derivative using N, O-Bis(trimethyl silyl) trifluroacetamide
(BSTFA) and pyridine for 3 hrs at 70°C.

The remaining aqueous layer containing the fatty acid salts was
acidified to pH 2. Fatty acids in this polar lipid fraction were recovered
separately into DCM. The polar lipid fraction containing the fatty acids was
evaporated to dryness using rotary evaporation. It is then converted to fatty
acid methyl esters (FAMEs) by treating with 10 ml of 12% BF3;/MeOH
(Sigma Aldrich) (70°C for 30 minutes). The FAMEs were subsequently
extracted from the reaction solution using DCM. The DCM layer was
evaporated to dryness, and the extract was then re-dissolved in Iml acetone

for chromatographic analysis.
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2.3.4.1 Gas chromatography-flame ionisation detector (GC-FID) analysis
of n-alkanes

The n-alkanes were separated from neutral fraction by silica column
chromatography (Otto and Simoneit, 2001). The alkanes fraction was then
evaporated to Iml under ultra high purity nitrogen prior to concentration
determination on gas chromatograph (GC-FID) equipped with a 30mx0.25mm
i.d. DB-5 column, 0.25 pm film thickness. Oven temperature was held at 50°C
for 5 min and then increased to 300°C at 3°C/min and kept at 300°C for 5m.
The injector temperature was held at 250°C with detector temperature of 325 °C;
N, was the carrier gas with flow rate 2 ml/min. Identification of individual
compounds was achieved by comparison of GC retention times with those
of standard compounds. Quantification was made in comparison with

authentic standards (C7-Cs Sigma Aldrich).

2.3.4.2 Gas chromatography-Mass spectrometry (GC-MS) analysis of
hydrocarbons

The hydrocarbon fraction eluted with n-Hexane was evaporated to 1ml
under ultra high purity nitrogen prior to concentration determination by GC-
MS using a Perkin Elmer Clarus GC 620 GC, equipped with MS detector and
a non-polar HP ultra-double- fused silica capillary column (30 m, 0.32 mm
internal diameter, 0.25 pum film thickness). Operating conditions were as
follows: ion source of electron voltage 70eV kept at 200°C. Spectra were
scanned from 50 to 600 m/z with a scan time of 1.50s. Initially, the
temperature was held at 40°C for 3min and was increased to 180°C at a rate
of 4°C per min and held for 5 min. Then the temperature was again increased
to 290°C at a rate of 4°C per min and held for 10 min. The detector was held at
290°C and helium was used as the carrier gas. Full data acquisition was obtained

with the use of MS Turbo Mass version 5.3.2. Branched hydrocarbons, alkenes,
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n-alkyl cyclohexane (m/z 83) and hopanes (m/z 191) were identified from the
mass spectra. Compounds are identified by comparing mass spectra obtained
with literature and library data and interpretation of mass spectrometric

fragmentation patterns

2.3.4.3 Gas chromatography-Mass spectrometry (GC-MS) analysis of
fatty acids

FAMEs analysis was carried out by gas chromatography-mass
spectrometry (GC-MS) using a Perkin Elmer Clarus GC 620 GC, equipped
with MS detector and a non-polar HP ultra-double-fused silica capillary
column (30 m, 0.32 mm internal diameter, 0.25 mm film thickness).
Operating conditions were as follows: ion source of 200°C electron voltage
70 eV. Spectra were scanned from 50 to 600 m/z with a scan time of 1.50 s.
A two-step temperature program was used: from 50°C to 200°C at 2°C per min
and held for 5Smin. Then the temperature was again increased from 200°C to
280°C at 10°C per min. It is then again held for 10min. The detector was
held at 290°C and helium was used as carrier gas. Full data acquisition was

obtained with the use of MS Turbo Mass version 5.3.2.

Quantification was achieved by calibration of FAMEs standards
supplied by Sigma Aldrich (Supelco 37 Component FAME Mix, 18919-
1AMP, Bacterial Acid Methyl Esters BAMEs-47080-U). Sample FAMEs
were also injected in the above-mentioned condition and their concentrations

were determined from the calibration plot.

2.3.4.4 Gas chromatography-Mass spectrometry (GC-MS) analysis of
triterpenoids and fatty alcohols

Analysis was carried out by GC-MS using a Perkin Elmer Clarus
GC 620 GC, equipped with MS detector and a non-polar HP ultra-double-

Fingerprinting of Mangrove Ecosystems along Northern Kerala Coast using Biomarker Approach )



Chapter 2

fused silica capillary column (30 m, 0.32 mm internal diameter, 0.25 pm
film thickness). Operating conditions were as follows: ion source of
electron voltage 70eV kept at 200°C. Spectra were scanned from 50 to 600 m/z
with a scan time of 1.50s. Initially, the temperature was increased from
50°C to 220°C at a rate of 10°C per min and held at 220°C for 5 min.
Then the temperature was again increased from 220°C to 290°C at a rate
of 1°C per min and held at 290°C for 10 min. The detector was held at
290°C and helium was used as carrier gas. Full data acquisition was obtained
with the use of MS Turbo Mass version 5.3.2. Individual compounds were
identified by comparison of mass spectra with literature and library data,
retention time of authentic standards and interpretation of mass spectrometric

fragmentation patterns (Philp, 1985; Logan and Eglinton, 1994).

2.4 Statistical Analysis of Data

One way analysis of variance (ANOVA), correlation analysis and
factor analysis were done using Statistical Package for Social Sciences
(SPSS), version-13'. Spatial and seasonal variations were assessed by
ANOVA. The log (x+1) transformation was used to obtained normal
distribution of the data set. Factor analysis was used to extract information
from the most meaningful parameters (Katsaounos et al, 2007) and
varimax rotation was used for deriving Principal Components (PC). Factor

loadings were considered significant if the components were >0.50.
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WATER QUALITY PARAMETERS, GENERAL
SEDIMENTARY CHARACTERISICS AND PHOSPHORUS
FRACTIONATION

k3.1 Water Quality Parameters

R3.2 General Sedimentary Characteristics

N 3.3 Sequential Extraction of Sedimentary Phosphorus
3.4 Conclusion

3.1 Water Quality Parameters
3.1.1 Introduction

Mangrove ecosystems are considered to be the most complex ecosystems
(Naskar and Mandal, 1999) for its ambience being rich in organic production
and nutrients (Manson et al., 2005). Moreover, in mangrove water system,
concentration gradient of dissolved compounds or nutrients with temporal
and spatial variation become more complex, when primary production by
microalgae is active (Harrison et al.,, 1997; Trott and Alongi, 1999). The
nutrients such as inorganic phosphorus, nitrogen, potassium, and organic
carbon are distributed to adjacent coastal, marine and terrestrial ecosystems
through active and passive transport (Odum, 2000; Gonneea et al., 2004).
Changes in proportions of dissolved nutrients in the mangrove water caused by
supply from agricultural seepage, aquaculture effluents, human settlements,

etc., may lead to changes in nutrient stoichiometric ratios (Si:N, N:P and
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Si:P) and have its impacts on the coastal food web dynamics (Moncheva
et al., 2001; Zhao et al, 2005). Hence, water quality parameters are

indicative of various hydrodynamic processes in and around the system.

3.1.2 Results

Results of water quality parameters and ANOVA are shown in
Table 3.1 and are depicted in Fig. 3.1. pH displayed significant seasonal
variation (P< 0.01) and the lower values were observed in post-monsoon
(avg.£ stdv:7.2440.11). Lower values of salinity were observed in monsoon
except for Thalassery and Kadalundi and higher values in pre-monsoon
season (avg. + stdv:33.65+2.54 ppt). Except Kunjimangalam, (avg.+stdv:
5.64+3.20 mgL") higher concentration of Dissolved Oxygen (DO) was
observed in monsoon (avg.+ stdv:5.81+1.42 mgL™") and lower concentration in
pre-monsoon (avg.+ stdv:4.52+3.35 mgL™"). Alkalinity displayed significant
seasonal variation (P <0.01), exhibiting much higher values in pre-monsoon
(avg+ stdv:135.80 + 18.78 mg CaCO3L™") and lower values in monsoon
(avg.+ stdv:42.49+24.51 mg CaCO3L™).

Nitrate, dissolved inorganic phosphate (DIP), Total Dissolved Nitrogen
(TDN) and Total Dissolved Phosphorus (TDP), all of which recorded the
highest concentration in monsoon, displayed a significant seasonal variation
(P<0.01). Lower concentrations of nitrate and TDP were associated with
pre-monsoon (except Thalassery), but DIP was lower in post-monsoon. Nitrite
concentration ranged from 0.15 to 0.55 pmL™" (avg.+ stdv:0.284+0.16 pmL™)
in post- monsoon, 0.29 to 0.99 pumL'(avg.+ stdv:0.64+0.25 umL™") in
pre-monsoon and 0.31 to 0.99 umL ' (avg.+ stdv:0.50+0.28 umL™") in monsoon.

( Department of Chemical Oceanography , School of Manine Sciences, CUSAT
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Fig. 3.1: Variation of water quality parameters in the present study region

Appreciably higher concentration of ammonia was reported from Pappinissery
(avg.+stdv:67.10+ 39.33 pmL ") and lower concentration from Kunjimangalam
(avg.+stdv:6.04 £ 1.64 pmL™). DIP showed significant seasonal variations
with much higher concentration in monsoon (avg.+ stdv:13.09 + 2.37 umL™)
and lower concentration in post-monsoon (avg.+stdv:0.86+0.32 umL™"). Silicate

also followed the same trend except in Pappinissery. TDN was found to

44 (4
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vary from 34.55 to 63.69 umL™' (avg.+ stdv:46.17+ 12.20 umL™"), 10.26 to
102.78 ymL™" (avg+stdv:55.19+40.10 pmL™") and 124.78 to 188.38 pmL™"
(avg.+stdv:163.68+29.67 pmL™")in post monsoon, pre monsoon and monsoon

respectively.

Significant seasonal variation for chlorophyll pigments were observed
from ANOVA (P <0.05). The samples collected in pre-monsoon recorded
comparatively higher chlorophyll pigments, but in monsoon lower
concentration of Chl a and Chl ¢ was reported and lower concentration of
chl b was observed in post-monsoon. In post monsoon, comparatively
higher Pheopigments were recorded in all stations. High value of Chl a was
reported from Kunjimangalam (avg.+stdv:20.41£19.08 umL™") followed by
Pazhayangadi (avg+stdv:8.5249.01 umL™). Highest concentration of
pheopigments was observed at Pazhayangadi (avg.+stdv:19.44 + 7.75umL™")
followed by Kunjimangalam (avg.+stdv:18.86 + 14.16 pmL™).

3.1.3 Discussion

Salinity exhibited minimum values in monsoon due to freshwater
runoff. The highest salinity was reported in Kunjimangalam, due to the
landlocked nature of the sampling site. Compared to other stations, Thalassery
and Kadalundi situated in the close proximity of Lakshadweep Sea,
therefore prominent tidal activity can alter salinity of these systems. In
aquatic systems, oxygenation is the result of the balance between the
process of photosynthesis, degradation of organic matter, re-aeration (Granier
et al., 2000), and physicochemical properties of water (Aston, 1980). The
organic pollution by domestic sewage at Pappinissery resulted in the

depletion of dissolved oxygen. The dissolved oxygen supersaturation
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Chapter 3

(132 %) was observed at Kunjimangalam (pre-monsoon) resulted from the
phytoplankton photosynthesis and is confirmed by the higher chlorophyll
content. Limited tidal rhythm and flushing also contributed to the dissolved
oxygen super saturation. Dissolved gas supersaturation (DGS) can be
produced in rivers and lakes which have high densities of plankton, aquatic

plants, and algae (White et al., 1991).

According to Solanki et al., 2010, the proportion of different forms of
nitrogen in any water body is determined by the balance between assimilation,
mineralization, nitrification, denitrification and nitrogen fixation. Pappinissery
received large quantity of domestic garbage and poultry waste, which resulted
in the reducing environment and recorded elevated concentration of nutrients
(especially NH;") and low DO. In Pappinissery and Pazhayangadi, burrowing
crabs produced sediment micro-pores which are reducing in nature resulting in
the building-up of ammonium concentration, by the process of anaerobic

ammonification (Smith et al., 1991).

In monsoon, concentration of nitrate and phosphate increases considerably
due to land drainage and anthropogenic input. Faecal contamination and
excreta of birds enhanced the phosphate concentration in these mangrove
ecosystems. The lower content observed in post monsoon and summer
seasons might be due to decreased runoff, adsorption to sediments and
phytoplankton intake (Ramakrishnan et al., 1999). Inorganic phosphate (DIP)
was positively correlated with pH (Table.3.2), which may be due to the
release of phosphorus from iron and aluminium oxides by ligand exchange
reactions (Boers, 1991) under favourable conditions. Weathering process and
land run-off mainly contribute to silicate concentration in these mangrove

ecosystems.
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Maximum and minimum in the DIN: DIP ratio (dissolved inorganic
nitrogen to dissolved inorganic phosphate ratio) was reported from Pappinissery
(post monsoon) and Pazhayangadi (pre-monsoon season) respectively. Low
values in pre-monsoon and monsoon are characterised by the nitrogen depletion,
which might be accounted by the condition of slow regeneration of NOs’, when
compared to PO, In Pazhayangadi, major portion of TDN was in organic form
because organic nitrogen from decaying plant remains are slowly converted to
NH," by biological degradation (Valentina and Joseph, 2005). Sewage from
excreta being richer in nutrients seemed to enhance eutrophication process in the
study region. Sorption of nutrients into the sediment matrix followed by its
absorption by trees and benthic microorganisms may reduce their concentrations
in pore-water and make the mangrove forest an effective sink for nutrients
(Alongi, 1996). From the interrelationships between nutrients (Table.3.2), it

could be inferred that these nutrients originated from the same source.

Chlorophyll is considered as the most reliable index of phytoplankton
biomass and the ratio of Chl a to pheopigments provides the first-hand
information on the physiological status of phytoplankton. Higher
pheopigments, compared to Chl a, in post-monsoon and monsoon seasons,
indicated the presence of more detrital matter in these environments. This
could be attributed to the decomposition of mangrove leaf litter and other
organic matter, from the sediment and community structure, harbouring in
the surrounding water (Tripathy et al., 2005). The pre-monsoon season
showed the reverse trend due to the growth of phytoplankton in the high
light intensity and low turbulent waters of mangrove ecosystems (Manju

etal., 2012).
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The positive correlations obtained between salinity and cation
concentrations pointed towards the same origin of investigated elements
possibly by the intrusion of sea water. In Pappinissery, Pazhayangadi and
Kunjimangalam seasonal patterns of measured parameters were modulated by
precipitation, evaporation and temperature, but in Thalassery and Kadalundi
along with these factors, tidal influx of sea water also had a profound
influence. Negative correlation of calcium with DO in the present study,
suggests the uptake of calcium by primary producers (Cohen et al., 1999).
Sodium, potassium, lithium, calcium and sulfate contents varied seasonally
while concentration of magnesium displayed both seasonal and spatial

variation and iron exhibited a significant spatial variation only.

3.1.4 Principal Component Analysis

Principal component analysis (PCA), one of the best statistical techniques
to identify different processes such as natural or anthropogenic flux operating
in the system, is established by employing linear relationships from selected
set of variables (Iyer et al., 2003). Principal components are eigenvectors
formed from the linear combinations of original variables (Wunderlin et al.,
2001) and Varimax rotation is applied to separate PC loadings so that the
dispersion is maximum and the number of large and small coefficients are
minimum (Richman, 1986). Major processes operating in the system may be
identified as sea water intrusion, mangrove diagenesis, river runoff, primary
production etc. Seawater intrusion and signatures of primary production may
be inferred from the analysis of cations and anions and pigment analysis

respectively.

The 85% of the total variance was explained by four factors. The first

factor contributed 40.76% of the total variance (Table 3.3 and 3.4) and
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depicted strong positive loadings on all major elements, alkalinity and
salinity, and negative loading on TDP. It suggested the intrusion of sea water
was the important variable controlling the distribution of major elements.
Negative loadings on TDP, which gave the information that higher concentration
of TDP occurred in lower salinity waters, is attributed to increased precipitation
and high runoff during the wet season (Valentina and Joseph, 2005).

Table 3.3: Total Variance Explained for water quality parameters using
principal component analysis

Extraction Sums of Rotation Sums of

Initial Eigenvalues Squared Loadings Squared Loadings

ot %] %] %]

3 = = 2z

= ¥ = ¥ = ¥ =

=} o — o

= o . g = o . g = o Q. § =

g S S £ g 8 S £ g g ST g

O = X5 o £ 8f O & 8F o=
1 10.66 48.46 4846 10.66 4846 48.46 897 40.76 40.76
2 345 1570 64.16 3.45 1570 64.16 3.64 16.53 57.29
3 291 1324 7740 291 1324 7740 3.57 1621 73.50
4 167 7.61 8501 1.67 7.61 8501 253 11.51 85.01
5 089 4.03 89.03
6 081 3.67 9270
7 0.62 2.82 95.52
8 043 195 9747

The variables in the second factor were characterised by strong positive
loadings on ammonia, DIP, silicate and total nitrogen and very weak negative
loading on DO which accounted for 16.53 % of the total variance. Second
factor can be considered as a consequence of the nutrient input from
mangrove diagenesis. The third factor contributed 16.21% of the total
variance exhibiting strong positive loadings on chlorophyll pigments.
Chlorophyll pigments formed a separate group which gives the inference that

nutrient concentrations have no control over primary production.
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Table 3.4: Factor loading for Principal component analysis using Varimax

Component
1 2 3 4
pH -.097 125 212 .892
Salinity 831 -.241 -.009 207
DO -.465 -.489 -.080 .600
Alkalinity .896 -.016 301 .062
Nitrite .449 205 -.003 .666
Nitrate -.570 283 -.492 417
Ammonia -.223 .612 -.361 -.263
Phosphate -.325 .739 -.094 512
Silicate -.176 .886 -.050 .166
TDN -.505 673 -.193 137
TDP -.707 .588 -.302 .081
Chla 284 -351 .824 -.003
Chlb 244 158 791 .365
Chlc .409 -.149 .838 .103
Pheophytin -.182 -.435 728 -.357
Magnesium 951 =237 -.009 -.087
Calcium 924 -.162 .088 -.169
Na 951 -.250 .059 -.058
K .959 -.199 .038 -.069
Li 957 .098 119 .100
Sulphate .887 -379 150 .023
Fe -.396 .004 571 .033

Fourth factor reflected 11.51 % of the total variance that have a loading
on pH, DO and nitrite. The positive influence of dissolved oxygen and pH on

nitrification rates can be predicted by this factor.

The plot between PC1 and PC2 is drawn (Fig.3.2), in which the loadings
of variables have been plotted. Nutrients (except nitrite) along with pH are
present in the IV" quadrant. The results showed that major ions formed a

group that reflected the sea water intrusion. Hence, autogenic production,
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mainly from mangrove litter diagenesis associated with pH variations is the

major processes governing the concentration of nutrients.
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Fig. 3.2: Output of PCA analysis

3.2 General Sedimentary Characteristics

Textural characteristics along with bulk elemental analysis were carried

out to evaluate the general sedimentary parameters of the system.

3.2.1 Bulk parameters-elemental composition

The abundance and ratios of important elements in biological cycles
(e.g., C, H, N, O, S and P) provide a basic understanding of organic matter
cycling. The Nitrogen (N) content reflects the nutritional status and the
carbon (C) content reflects both energy flow and the material recycling, thus
C and N are key elements for wetland biogeochemistry research (Bouillon

et al., 2002; Zhou et al., 2007). Organic matter is usually quantified based
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on its total organic carbon (TOC) content and its profiles in a sedimentary
sequence (Stein and Rack, 1992), provides direct evidence for changes in

depositional patterns (Schulz and Zabel, 2009 ).

The bulk C information in combination with other biologically important
elements (e.g., C-to-N ratio) was used for the investigation of source
characterisation of sediments (Meyers, 1997). The characteristics C:N ratios of
vascular plants (>20) and microalgae (5—7) are due to their carbohydrate-
rich or protein-poor and protein-rich or carbohydrate- poor nature, respectively.
Hence, elemental analyses were widely used for the source characterisation
of mangrove ecosystems and some of the previous studies are given in

Table 3.5.

3.2.2 Results

Results of variation of textural characteristics and ANOVA are shown
in Table 3.6 and are depicted in Fig. 3.3. In the present study, textural
characteristics showed significant spatial variation for sand and silt
(P value<0.05) but no seasonal variation was observed. In pre-monsoon
Kunjimagalam, Thalassery and Kadalundi were more sandy than post-
monsoon, while Pappinissery and Pazhayangadi were shifted to clayey end of
the tri-linear diagram. In monsoon Pappinissery again shifted to sandy end

while Kadalundi shifted to clayey end.

The results of analysis of TOC (Total organic carbon), TN (Total
Nitrogen) and TS (total Sulfur) are depicted in Fig. 3.4 and results of ANOVA
are shown in Table 3.6. The behaviour of TOC and TN was almost similar and
they displayed spatial variation (P value <0.01) in the present study. Pappinissery
and Pazhayangadi showed higher concentration of TOC and TN.
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Table 3.5: Previous works on elemental analysis of mangrove sediments

Parameter  Study Area Concentration Reference

C/N ratio sea grass meadow in  7.1£0.4 to 15.0+2.9 %  Dubois et al.,
Arcachon Bay 2012

Corg Pichavaram 1.2 £0.52% Ranjan et al.,
mangrove sediments 2011

Ntotal 0.08+0.03%

C/N ratio 16.6+4.1%

C-org (%) mangrove soils 2-80 % Lacerda et al.,
under R. mangle 1995

Nitrogen (%) 0-16 %

C/N 17-5 %

TOC mangrove-fringed 0.7 t0 19 % Marchand et al.,
coast in French 2003

Total N Guiana around 0.1 %

TS 0to1.2%

SOC Three stations from  71.46 mg/g, 8§7.92 Sebastian and
mangrove ecosystem mg/gand 32.97 mg/g  Chacko, 2006
in cochin

Table 3.6: Variations of general sedimentary characteristics and the results
of ANOVA in the present study region

Spatial Seasonal

Variation Variation

P-
Max Min Avg Stdv F P-value F value
sand, % 83.20 1.65 44.70 26.37 5.08 0.02*  0.32 0.73
Clay, % 80.06 15.99 34.74 17.86 3.28 0.07 0.53 0.61
Silt, % 42,52 0.81 20.55 15.15 3.88 0.05*  2.75 0.12
TOC, % 9.02 0.60 3.87 323 13.87 0.00** 1.78 0.23
TN, % 0.58 0.07 0.27 0.18 11.00 0.00** 1.09 0.38
TS, % 223 015 087 0.87 3.62 0.06 0.19 0.83
TOC/TS 28.73  2.60 7.63 730 0.94 0.49 097 0.42
TOC/TN 20.61 599 1345 475 1.05 0.44 3.19 0.10

TOC/TNeoreced 27.69  9.60 17.40 574 1.10 0.42 0.31 0.85

*significant at 0.05 level, **significant at 0.01 level, Fcrtitical spatial variation3.84,
Fertitical seasonal variation4.46

( Department of Chemical Oceanography , School of Manine Sciences, CUSAT



Water Quality Parameters, General Sedimentary Characteristics and Phosphorus Fractionation

The concentration of TOC and TN in Pazhayangadi remains almost
invariant throughout the study (avg. + stdv:7.63 + 0.18 % and 0.46 + 0.05 for
TOC and TN respectively). TS concentrations were below detectable limit for
the sediment samples from Kunjimangalam in post-monsoon and pre-monsoon,

and Kadalundi in pre-monsoon.

3.2.3 Discussion

3.2.3.1 Textural characteristics

Seven types of textural facies have been observed in the study area
namely, sandy, clayey, clayey sand, sandy clay, silty clay and mixed type
(more or less in equal proportion of sand, silt and clay). Among these, clayey
sand followed by mixed type was the dominant one. Kunjimangalam in
monsoon belongs to the sand domain while Pazhayangadi in pre-monsoon
season occupies clayey domain. With the reduction of tidal flow and a
decrease in turbulence, a higher amount of fine sediments would be expected
to settle in Pappinissery and Pazhayangadi. Tidal rhythm modifies the
sediments in Kadalundi mangrove ecosystem; hence it displayed greater

variation in texture compared to other areas.

Post monsoon Pre monsoon Monsoon
100

Sandy
Silt

7
25 50
Sand, % Sand, % Sand, %

Fig. 3.3: Tri-linear diagram showing Textural facies in the present study region
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3.2.3.2 Elemental composition

Elevated concentration of TOC may be related to decomposition of
dead organisms and mangrove detritus, domestic sewage and anthropogenic
inputs. Much higher concentration was observed in pre-monsoon at
Pappinissery. Pazhayangadi also showed comparatively high concentration
of TOC. The higher concentration of TOC associated with clayey nature of
sediment, thick vegetation followed by large net primary production
(Wang et al., 2013a). Along with these factors, restricted tidal activity may
also contribute to higher TOC at Pappinissery and Pazhayangadi.
Pappinissery and Kunjimagalam showed higher TOC in pre-monsoon and
lower in monsoon. Manju et al., 2012 reported the presence of sewage
pollution at Pappinissery, which received large quantity of domestic
garbage and poultry waste, resulted in a reducing environment which recorded
elevated concentration of nutrients (especially NH;") in combination with low
DO in water column. Hence, domestic sewage may also be a contributing
factor at Pappinissery. TOC, in the present study, showed positive
correlation with clay (R*=0.69, n=15) and negative correlation with sand
(R?=-0.60, n=15). Accordingly, organic carbon in the sediment is
controlled by textural attributes and largely associated with finer particles

than the coarser.

On seasonal basis, Thalassery and Kadalundi displayed higher TOC
in pre-monsoon and post-monsoon respectively. Thalassery and Kadalundi
are situated in the close proximity of Lakshadweep Sea and are subjected
to the semi-diurnal tidal action in the range 0.09 to 1.48 and caused
observed variations in TOC. It creates conditions unfavourable to soil

development, in particular by stripping the litter and remobilizing the
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organic particles and nutrients further downstream (Bailey and Guimond,
2009; Saint- Laurent et al., 2008). This was in line with lower TOC
found for Thalassery and Kadalundi.
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Fig. 3.4: Variation of elemental composition in the study region
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Fig. 3.5: Plot showing correlation of TOC with TN and TS
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Fig. 3.6: Variation of TOC to TN ratio in the study region

TN displayed highly significant spatial variation (p < 0.01).Generally,
soils richer in organic carbon have higher total nitrogen content also (Calvert,
2004; Brady and Weil, 2008). This might be due to the mineralization of
organic matter (Cookson et al., 2005; Brady and Weil, 2008) and was found to
be true for the present study also. The positive correlation between TOC and TN
indicated that the quantity of organic carbon and nitrogen were similar during
their removal or conversion (Ye et al., 2013). Moreover, it appears that the TOC
and TN were related to clay as evident from their positive correlation. It might be
thought that the large surface area of the clay can be accounted for significant

adsorption of elements such as C and N (Alvarez et al., 2003).

Pazhayangadi showed appreciably high concentration of TS in the
monsoon season. TOC and TS was positively correlated in pre-monsoon
(R?=0.95, n=15) and monsoon (R*=0.92, n=15) which might be due to the
increased proliferation of sulfate-reducing bacteria with metabolizable
organic matter (Leventhal, 1983; Berner and Raiswell, 1983). This was
evident from the scatter plots of TOC (%) and TS (%) for pre-monsoon and
monsoon as shown in the Fig.3.5. In post-monsoon, the relationship was

not linear which indicate TOC and TS were independent of each other. In

( Department of Chemical Oceanography , School of Manine Sciences, CUSAT



Water Quality Parameters, General Sedimentary Characteristics and Phosphorus Fractionation

pre-monsoon the plot showed linear relationship (R*=0.95). But when the
scatter plot extrapolates to x- axis it did not pass through the origin
representing accumulation of metal sulfides in the sediment (Rosenbauer.,
2009). Under anoxic conditions, the SO,* in top soil could be easily
deoxidized (Li et al., 2009) and the reactive sulfide was produced as a by-
product of microbial sulfate reduction. It may then react with iron, and gets
precipitated as iron sulfide minerals which settle down on the underlying
sediment  (Lin and Morse, 1991; Huerta-Diaz and Morse, 1992; Morse and
Rowe, 1999). Monsoon also followed the same trend (R*=0.92).

The accumulation of organic carbon in the mangrove ecosystems is
primarily controlled by two competing contributions, autochthonous (input from
mangrove litter addition and primary production) and allochthonous (terrestrial
input from land runoff and marine sources) input. Stoichiometric ratios of
nutrients are employed to determine the origin and transformation of organic
matter based on the generalization that organic matter derived from marine
plankton has an atomic C/N ratio between 4 and 10 while that from mangrove
plants have TOC/TN ratio is above or equal to 20 (Prahl et al, 1994;
Yamamuro., 2000). The TOC/TN ratio ranged from 7.31 to 19.05 in post-
monsoon, 14.44 to 20.60 in pre-monsoon and 5.99 to 16.75 in monsoon pointing
towards the contributions from both marine and terrestrial input (Fig. 3.6).
Thalassery in all seasons, Kunjimangalam in monsoon and Kadalundi in post-
monsoon and monsoon showed the ratio, less than 10. TOC/TN in Thalassery
and Kadalundi reflected the predominance of organic matter derived from the
marine input. Sandy sediments of Kunjimangalam permit the penetration of
oxygenated water, which helps to intensify the oxidation of organic matter. The

wide range of TOC/TN from 5.99 to 20.60 indicate a highly complex ecosystem.
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Though we expect mangrove litter addition as the major source of
sedimentary organic matter in the system, the ratio was less than 20 in almost
all the samples. Generally, lower values of C/N ratios in sediments are most
likely contributed by microbial biomass which are nitrogen rich (Muzuka and
Shunula, 2006). During mangrove leaf decomposition, bacteria colonized in
decaying leaves may cause depletion in the dissolved organic matter (Benner
et al., 1986, 1988) and carbon or nitrogen is released preferentially according
to the oxic/anoxic conditions (Meyers et al., 1996; Liu et al., 2006). Selective
decomposition of organic matter during humification and early diagenesis
may alter the ratio, and thus providing false source signatures (Meyers, 1997;

Jia and Peng, 2003; Hsieh, 2006; Liu et al., 2006).

During degradation or remineralisation of organic matter ammonia is
released, and that can be re-absorbed to the soil resulting in a fall in TOC/TN
ratio (Meyers, 1997; Yang et al., 2011). This adsorption may violate major
assumption that sedimentary TN exclusively reflects N bound to organic matter
for calculating TOC/TN ratio. Accordingly, a close covariance between TOC
and TN of sediments is expected and regression of these two variables must
result in a line that intersects at zero values of TOC and TN (Fig. 3.5). The plot
between TOC and TN in post-monsoon showed a linear relationship (R*=0.86)
with positive slope, but the regression did not pass through the origin. It
suggests that a significant fraction (26.99%) of the TN in these sediments is
inorganic (presumably as NH," adsorbed on clays, Muller, 1977; Meyers,
1997). Monsoon season also showed the same trend (R*=0.92) with 39.93 % of
inorganic nitrogen. Pre-monsoon season also exhibited a good linear
relationship (R’=0.98), but the intercept of regression line passes through the

origin which indicates very less adsorbed NH," ions. Consequently, measured
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TN concentration as a rational estimate of organic nitrogen can only be used in
pre-monsoon (Liu et al., 2006; Rumolo et al., 2011; Gireeshkumar et al., 2013).
So in order to evade the inference of adsorbed NH," ions, TOC/TN was
recalculated from the scatter plot. TOC/TNcomrected Was ranged from 10.21 to
27.21 in post-monsoon and 9.60 to 27.69 in monsoon. By comparing the plots of
TOC/TN and TOC/TNcomected in figure 3.6 it is obvious that a significant
improvement was obtained in majority of the cases. By applying this
correction more samples showed TOC/TN ratio above 20, including
Pazhayangadi (monsoon and post-monsoon) Pappinissery and Kunjimangalam

(post-monsoon).

In theory, the C:S ratios in sediment should be a useful indicator of
anoxic and hypoxic conditions in aquatic systems (Cornwell and Sampou,
1995). TOC/TS ratio ranged from 2.60 to 28.24 in post-monsoon, 3.73 to
6.82 in pre-monsoon and 2.85 to 11.90 in monsoon. Higher TOC/TS ratio
was observed at Pazhayangadi in post-monsoon. Pappinissery and Pazhayangadi
presented with crab burrows which are reductive in nature. The main product
of sulfate reduction, hydrogen sulfide, is volatile and can escape from the
sediment, particularly when bioturbation of the surface sediment supports this

transport (Clark et al., 1998).

3.3 Sequential Extraction of Sedimentary Phosphorus

Mangrove forests can actively influence the mobility of nutrients
(Nielsen and Andersen, 2003; Bosire et al., 2005), among them phosphorus
and nitrogen has received much attention owing to their effects on estuarine
organisms (Kennish, 1991; Ferreira et al., 1996). Sedimentary phosphorus can
exist in various bioavailable forms (Reddy and D’Angelo, 1994; Kufel and

Kufel 1997) and in shallow wetlands it can function either as a temporary sink or
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as the source for P depending on their physicochemical properties (Richardson,
1985). Phosphorus retention and release in mangrove sediments depends on
several factors including pH, redox potential, tidal inundation, the nature of
phosphorus compounds supplied to the sediment—water interface, sedimentation
rate, bioturbation, diagenetic processes, etc. (Ingall and Van Cappellen, 1990;
Ruttenberg and Berner, 1993; Silva and Sampaio, 1998; Schenau and de
Lange, 2001). The sedimentary phosphorus cycle is characterized by the burial
of inorganic phosphorus which is found in combination with amorphous and
crystalline forms of iron, magnesium, aluminium, and calcium (Lukkari et al.,
2009) via precipitation or adsorption (clay particles and iron and aluminium

oxides) under oxic conditions.

Phosphorus release in shallow ecosystems are characterised by the
event of anoxia on the sediment surface or diffusion of dissolved phosphate
into the water column (Selig, 2003) or by re-suspension (Tessenow, 1972;
Schindler et al., 1977) of bottom material erosion (Bengtsson and Hellstrom,
1992). Generally phosphorus release from iron oxides is in parallel with
sulfide production (Caraco et al., 1989) in which reduction of iron-oxides
promotes phosphorus release (Jensen et al., 1995; Howarth et al., 1995).
Through the decomposition of organic matter, a large amount of phosphorus
can be re-released leaving behind refractory organic matter which can store

phosphate for a relatively long period (Arias et al., 2001).

Numerous methods for chemical sequential extraction procedures
have been available in order to identify different phosphorus forms
(Williams et al., 1971; Hieltjes and Lijklema, 1980; Psenner et al., 1988;
Golterman and Booman, 1988) and the method proposed by De Groot and

Golterman (1993) was used in the present study. Compared to other
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methods, chelating agents allow specific extraction of inorganic phosphorus
leaving organic phosphorus (Golterman, 1996) with no destruction. This
method allows to identify six fractions which includes: Water soluble
fraction (Exchangeable-P), Iron bound phosphorus (Fe(OOH)=P), calcium
bound fraction (CaCO3=P), acid soluble organic phosphorus (Acid-OP),
alkali soluble organic phosphorus (Alkali-OP) and Residual organic
phosphorus (ROP). Iron- and calcium-bound inorganic fractions and acid
soluble organic fractions of phosphorus are generally considered to be
bioavailable (Diaz-Espejo et al, 1999). Alkali-OP includes organically
bound P attached to the humic / fulvic acids along with inorganic P
compounds soluble in bases (Kozerski and Kleeberg, 1998). The R-OP,
which can be considered as the immobile fraction of phosphorus, is

generally constituted by organic phosphorus.

3.3.1 Results
Total phosphorus (range 272.75- 1781.85 mgkg ') in surface sediments of

mangrove ecosystems along northern Kerala Coast displayed spatial variation
(P value <0.05) and lies within the global range (100-1600 mgkg™; Alongi et al.,
1992) except for Kadalundi during monsoon season (1781.85 mgkg'). The
results of ANOVA are shown in Table 3.7. Thalassery, Pazhayangadi and
Kadalundi followed similar trend with higher values during monsoon and
lower during pre-monsoon (Fig.3.7). Comparatively lower concentration of
TP was reported from Kunjimangalam and for this station a maximum and
minimum value of TP was recorded in monsoon and post-monsoon. Trend in
Pappinissery was opposite to Kunjimangalam, for it higher values were in

post-monsoon and lower in monsoon.
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Table 3.7: Variations of Phosphorus fractions and the results of ANOVA in
the present study region

Spatial Seasonal
Variation Variation
Max Min Avg Stdv F P-value F P-value

Exchangeable-P, mgkg™ 14.78 198 6.60 3.66 0.85 3.60 0.53 0.08

Fe(OOH)~P, mgkg' 557.70  36.50 255.64 154.66 2.77 0.10 10.23 0.00**
CaCO3~P, mgkg 326.84 78.03 133.87 63.10 1.73 024 222 0.17
Acid-OP, mgkg 194.89 35.10 92.84 4252 1.84 022 3.20 0.10
Alkali-OP, mgkg'' 905.22  19.76 259.68 272.55 2.80 0.10 549 0.03*
Res-OP, mgkg 91.85 10.79 39.81 2583 12.72 0.00** 0.92 0.44
TP, mgkg™ 1781.85 272.75 788.45 451.17 4.06  0.04* 3.51 0.08
Bioavilable-P, mgkg™ 948.47 236.39 482.36 205.21 2.29 0.15 7.76 0.01%**

*significant at 0.05 level, **significant at 0.01 level,
Fertitical spatial variation 3.84, Fcrtitical seasonal variation4.46

Fe(OOH)~P (Fig.3.8) which represented 9 to 44.86% of total P followed
the similar seasonal variation as that of TP. Fe(OOH)=P and Alkali-OP
displayed seasonal variations (P value <0.05) and residual-P showed spatial
variation(P value <0.01). Concentration of CaCOs;~P was found to be almost
invariant in the entire systems except Kadalundi. Acid-OP was found to be
higher during pre-monsoon season in all stations except Kadalundi. In
Kadalundi, the fraction of Acid-OP was found to be higher during post-
monsoon season (113.21 mgkg ™), but remained invariant during pre-monsoon
(71.10 mgkg ") and monsoon (70.29 mgkg™). Lower concentration of Acid-OP
was observed in post-monsoon except Pappinissery and Kadalundi. Except for
Pappinissery, monsoon was earmarked for comparatively higher concentration
of Alkali-OP (humic-P) and the maximum concentration was observed in
Kadalundi (90522 mgkg'). Comparatively lower Alkali-OP was observed
during pre-monsoon at Pappinissery, Pazhayangadi and Kadalundi, but in post-

monsoon at Thalassery and Kunjimangalam. Kunjimangalam during post-
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monsoon showed minimum concentration for this fraction (19.76 mgkg™").
R-OP showed highest concentration during pre-monsoon in all stations except

Kadalundi and similar patterns were observed for Acid-OP.

Exchangeable-P contribution to the TP pool was very low and was below
2.5%. ROP in post-monsoon and monsoon represent <6% of the TP pool. But
ROP fraction was appreciably higher during pre-monsoon season (<12%).
Exchangeable-P followed by ROP fraction represented the lowest contributor
towards TP in all seasons. Fe(OOH)=P contribution to the TP pool, was
considerably high in post-monsoon and low in pre-monsoon. Thalassery in
post-monsoon (30.86%) and pre-monsoon (32.84 %) and Kunjimangalam in
post-monsoon season (40.54 %) showed considerably higher contribution of
CaCOs=P to the TP pool and all other stations recorded <24 %. Acid-OP
showed comparatively higher contribution to the TP pool in pre-monsoon and
fairly low (<14 %) contribution in post-monsoon and monsoon. Alkali-OP
contributed higher concentration to the TP pool in monsoon (except at
Thalassery) and was fairly high at Pazhayangadi (55.18%), Kunjimangalam
(47.54 %) and Kadalundi (50.80 %). Fe(OOH)~P was the highest contributor
to the TP in post-monsoon except Kunjimangalam where the CaCO3;~P was the
major contributor. During pre-monsoon Fe(OOH)~P was the major fraction
except Thalassery (CaCOs;~P was the major contributor) and Kunjimangalam
(Acid-OP was the major contributor). In monsoon, (Fe(OOH)~P was the major
contributor except for Thalassery and Pappinissery where Alkali-OP was the

major fraction.

3.3.2 Discussion

The mangroves (intertidal, subtidal zones) and the coral reef platforms,

have the highest P accumulation rates per unit area (Monbet et al., 2007), so
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the remobilization from these systems are most significant (Alongi et al.,
2005) with >30% can be recycled by diagenetic processes. Total phosphorus
displayed significant spatial variation and was comparatively higher at
Pazhayangadi and Kadalundi which may be due to the difference in geographical
and geomorphological locations. These results indicated the occurrence of
different trapping mechanism and the capacity to retain phosphates by
mangrove sediments. The existence of denser vegetation, low flow rate and
clayey sediment nature at Pazhayangadi facilitates the trapping of nutrients.
According to Wang et al., (2013b), a significantly higher phosphorus adsorption
capacity was found in higher vegetated region, and this situation resulted from
the oxidative environment of roots, which caused the higher ratio of active

Fe/Al oxides in the vegetated than in the mudflat region.

Influences of biotic processes like bioturbation, plant uptake, transpiration
and root zone decomposition are some factors which affect the mobilization
of P in wetlands (Renjith, 2006). Bioturbation was active at Pappinissery and
Pazhayangadi that affect the fractionation by bringing material from surface

layer down into the underlying reducing sediment and vice versa.

The close proximity of Thalassery and Kadalundi to the Lakshadweep
Sea results in the modification of nutrients by suspension events. In
Kadalundi (except pre-monsoon season) silt and muddy sand was dominant
textural facies. A shift to sandy texture in concomitance with decrease in TP
concentration was noticed during pre-monsoon. Because when grain size
becomes finer, the surface area of sediment increases and the various forms
of phosphorus are easily adsorbed (Carman and Wulff, 1989; Frankowski and
Bolatek, 1997). Sand has typically a very low P sorption potential because of
its low concentration of amorphous Fe and Al (Bridgham et al., 2001).
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Kunjimangalam also associated with low phosphorus concentration due to its

sandy texture.
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Fig. 3.8: Variation of phosphorus fractions in the study region

TP was comparatively higher in monsoon, except for Pappinissery. In

water column also DIP was higher in monsoon and lower in post-monsoon.

Phosphorus from land runoff and decaying leaves may enter the water column
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and get accumulated in the sediment. Holmboe et al., (2001) states that excess
DIP was efficiently taken up by the sediment particles and primarily retrieved

in the iron bound fractions; hence the sediment may act as a phosphorus sink.

TP was comparatively lower in pre-monsoon except for Pappinissery
and Kunjimangalam. Increase in microbial activity (Vicente et al., 2003;
Sinke and Cappenberg, 1988), the reduction of Fe oxide-bound phosphate in
anoxic sediment (Fe(OOH)=P), mineralization of organic matter and
enhanced primary production in connection with improved light penetration
(van Luijn et al., 1995; Woodruff et al., 1999; Sendergaard et al., 2003) are

the possible reasons for lower concentration of TP during pre-monsoon season.

Exchangeable-P fraction was very low since it might be escaped into the
water column as it is formed. Higher Exchangeable-P during pre-monsoon in
Pappinissery, Pazhayangadi and Kunjimangalam may be linked with phosphorus
release from different fractions. Froelich et al. (1979), has been observed large
increase in pore water phosphate during mobilization of iron bearing oxy
hydroxy coatings. Lower concentration of exchangeable-P is observed in post-

monsoon which might be linked with phosphorus adsorption to the sediment.

Bioassay results revealed that Fe(OOH)~P is a bioavailable P source for
phytoplankton growth (Mesnage and Picot, 1995) and is considered to be
more a redox-sensitive P fraction. Most of the sediments in the estuary or
wetland may originate from the erosion of red soil in the upstream, and the
red soil is rich in Fe/Al oxides. The presence of oxic layer in the surface
sediment favored adsorption of P by the ferric hydroxide-bound fraction
which agrees with the observations of numerous authors (Gomez et al., 1998;

Detenbeck and Brezonik, 1991; Nair and Balchand, 1993).
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The Fe(Ill) concentration in mangrove sediments may cycle seasonally
due to Fe-sink imposed by microbial sulfate reduction and the production of
pyrite (FeS;) and iron-monosulfides (FeS), alternating with a season of net
oxidation. In Kadalundi and Kunjimangalam higher Fe(OOH)=P was noticed
in monsoon which might be due to the presence of an oxic layer favoring
phosphorus adsorption. Metal oxides (e.g., of Fe(Ill) and Al) carry a net
positive charge at low pH favouring the association between metal oxides and
anions such as phosphate, though this trend is counteracted by increased
electrolyte concentrations (Barrow et al., 1980; Hawke et al., 1989; Morris
and James, 1999). In Thalassery, Pappinissery and Pazhayangadi higher
concentration was associated with post-monsoon, which might be due to the
presence of an oxic layer or due to increased sedimentation rate resulted from
the reduced flow (Katsaounos et al., 2007). Statistical analysis reflected a
good correlation between Fe and P (Table 3.8), confirming the prevalence of

Fe(OOH)~P, and conversely the thorough enrichment of P in Fe-rich phase.

Fe(OOH)~P displayed identical seasonal variation except for Pappinissery
and Kunjimangalam, with lowest values in pre-monsoon. Alkaline conditions
promoted by sulfate reduction and charge shift of Fe-oxides from positive to
negative by increased salinity (Stumm and Morgan, 1981) reduces phosphorus
adsorption. Recent studies in mangrove sediments have shown that more than
80% of the anaerobic carbon oxidation is mediated by microbial iron
reduction, when reactive Fe(Il) exceeds about 35 pmol/cm’® (Kristensen
et al., 2008). The mangrove sediments, continuously receives high amount of
freshly produced organic material. High organic input creates the potential
for a high mineralization rate, but when the supply of oxiders are insufficient,

de-sulfurication and sulfur cycling may become important (Holmer and
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Storkholm, 2001). Reactive iron immobilises sulfides as highly insoluble FeS
and FeS,, which decreases the potential of phosphorus sorption and thereby
the potential phosphorus release from the sediment (Kleeberg and Schubert,
2000; Perkins and Underwood, 2001; Sendergaard et al., 2003).
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Fig. 3.9: Scatter plot between Fe and TP in the present study

From scatter plot of Iron and TP (Fig. 3.9), it could be possible to inference

FeS production since the regression line does not pass through the origin.

The Fe:P ratio is considered as a measure of free sorption sites for
phosphate ions on iron oxyhydroxide surfaces and the total Fe:P ratio above
15 (w:w) is enough for Fe to control the benthic flux of P from sediment to
oxic water (Jensen et al., 1992). But according to Caraco et al., 1993, Fe:P
ratio should exceed 10 if it was to regulate phosphorus release. Rydin and
Brunberg, 1998, also described the formation of an effective oxic barrier with
the above Fe:P ratio. The ratio was above 25 in all stations. Therefore, there
seems to be enough Fe in surface sediments to bind P in the present study
region. The presence of threshold in the present study can be supported by
the strong positive relationship between the concentrations of phosphorus and

iron (Sendergaard et al., 2001).
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Lower values of Fe:P were observed in monsoon. Thalassery,
Pazhayangadi and Kadalundi showed higher values during pre-monsoon,
whereas others during post-monsoon. Pre-monsoon is characterised by Fe:P
above the threshold limit, even though it may control phosphorus release.
Monsoon season showed lower ratio which may due to higher Fe(OOH)~P

from mineralisation of organic matter.

Fe(OOH)~P followed by CaCOs;~P was the highest contributor to the TP
during post-monsoon except Kunjimangalam (CaCOs;=P was the major
contributor). Generally it is found that Fe(OOH)~P is dominant with a more
acidic pH, while CaCO3s=P becomes dominant in alkaline pH. However, a
relatively constant profile was observed which might be necessarily due to
masking of precipitation by bioturbation or other processes occurring at the
sediment— water interface (Van der Zee et al., 2002). Concentration of CaCO3;=~P
was found to be almost invariant in the entire systems except Kadalundi. In
Kadalundi the fraction was modified by texture of sediments and showed higher
concentration in post-monsoon and lower concentration in pre-monsoon.
CaCO3~P was found to be positively correlated with silt, but the negative
correlation with sand is not significant. Absence of correlation between
CaCO3~P and Ca suggested that CaCO3~P was almost inert phosphorus form.
This observation was also noticed by Gonsiorczyk et al., (1998) in German hard
water lakes. In the opinion of Golterman, (1988) in lakes with high CaCO;
content (10-30%) phosphorus will be absorbed first by iron hydroxide even if it
present in small quantities and only when the sorption capability of iron
hydroxide is depleted, it will bind with calcium. There is no significant
correlation between TP and Ca, as P geochemistry appears to be controlled

mainly by Fe. CaCO;~=P was positively correlated with silt, Fe and Mn.
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The phosphorus which fixes on the fresh organic material gives
compounds of the acid soluble organic phosphorus while the phosphorus
which associates with more stable forms of organic material gives humic acid
bound phosphorus forms. Acid-OP includes apatite-bound phosphate and
biochemical components such as nucleic acids, lipids and sugars which
bound to phosphate (De Groot and Golterman, 1990) which could be easily
mineralized by microbes, hence becomes bioavailable easily (De Groot and
Golterman, 1993). This fraction usually represents only a small part of the
sediment phosphorus (Mesnage and Picot, 1995) and in the present study the
fraction was appreciably higher in pre-monsoon (except Kadalundi). The
higher concentration of Acid-OP in the sediments in an ecosystem of France
(Seine estuary) is interpreted as input of organic material from microalgae

(Mesnage et al., 2002) was in good agreement with the present study.

Alkali-OP compounds or most probably organically bound P attached to
the humic / fulvic acids and phytate phosphate which require strong alkaline
media to solubilize, along with inorganic P compounds soluble in bases
(Kozerski and Kleeberg, 1998). Phytate or phytic acid (inositol hexaphosphate)
is an organic phosphate that is widely spread in plants, soils, and aquatic
sediments (Joseph et al., 2010), which can form complexes that are highly
resistant to bacterial action (De Groot and Golterman, 1993; Newman and
Reddy, 1993). But some bacterial strains also contain phytase, which may be
involved in the production or mineralization of phytate (Golterman, 2001; Garc
and lorio, 2003). Mangroves are expected to contain a high proportion of org-P
due to their high organic matter content (Boto, 1988; Alongi et al., 1992), but the
labile fraction was very low in these mangrove sediments signalling to the dead

organic matter accumulation (Joseph et al., 2008). Similar enrichment of organic
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phosphorus in the mangrove zone because of high rate of organic matter
production and retention were observed by Prasad and Ramanathan, (2010) in

Pitchavaram mangrove sediments.

The highly coloured NaOH extracts from the surface sediments indicated
the presence of large amounts of humic compounds (Golterman et al., 1998).
Alkali-OP displayed significant seasonal variation with highest concentration
during monsoon season, which might be due to the fact that the ability of
sediment humic acids to bind P decreases in response to increasing salinity
(Paludan and Morris, 1999). The land-derived materials carried by runoff also
contributed towards the Alkali-OP. In monsoon Alkali-OP was the major
fraction of TP in all stations except Thalassery and Pappinissery (Fe(OOH)~=P

is the major contributor).

Alkali-OP displayed positive correlation (Table 3.8) with Fe(OOH)~<P
(R’=0.66) and Fe (R?=0.77) suggesting an interaction between those two
fractions. In freshwater environments oxides of Fe and A1 form complexes with
dissociated and negatively charged surfaces of humic acids, and phosphate may
bind to these complexes by ligand exchange on the oxide surfaces thus forming

organic-metal complexes of large molecular size (Gerke and Hermann, 1992).

R-OP exhibited higher concentration in pre-monsoon for except
Kadalundi and follows similar seasonal variation as Acid-OP. R-OP
represents <6% during post-monsoon and monsoon season to the TP pool.
But it was comparatively higher during pre-monsoon season which represent
<12% to the total phosphorus pool. No seasonal variation was observed in the
R-OP fraction of sediments. This fact reinforces the non- available nature of

the R-OP fraction as found in other similar studies (Diaz-Espejo et al., 1999;
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De Groot and Fabre, 1993). R-OP fraction found to be correlated with SOC,
clay, silt, Acid-OP, TN, TS, Fe, Mn, Ca, and Chl a.

The correlation of Chl a with Acid-OP and R-OP suggested that these P
forms consists of phyto- and/or zooplankton- or detritus-derived P. Either Silt
(no significant correlation exist with WP, Fe(OOH)~P, Acid-OP, TN and TS)
or clay (no significant correlation with WP, Fe(OOH)~P, CaCOs~P, Acid-OP)
showed positive correlation with almost all parameters. Sand showed
negative correlation with all parameters. These indicate that the main factor
influencing the geochemistry of the surficial sediments in the study region
could be the sediment texture (Renjith et al., 2011). TDP was found to be
positively correlated with Alkali-OP, Dissolved inorganic phosphorus and TP

in sediment and it showed negative correlation with salinity.

Iron- and calcium-bound inorganic fractions and acid soluble organic
fractions of phosphorus are generally considered to be bioavailable (Diaz-
Espejo et al., 1999).But Fe(OOH)=P is more important than CaCOs;=P in
terms of potential availability of phosphorus under the redox (Eh) variations
observed in the mangroves sediments (Caraco et al., 1989; Silva and Mozeto,
1997). Bioavailable fractions of phosphorus displayed significant seasonal
variation and were above 60% of TP during post-monsoon and pre-monsoon
seasons. During monsoon, all stations except Thalassery (71%) and
Pappinissery (64%) showed lower concentrations. Since the bulk of the total
phosphorus is bioavailable, these mangrove sediments have the potential to
act as source of phosphorus to the overlying water column (Joseph et al.,
2010). At Thalassery and Kunjimangalam during post-monsoon followed by
monsoon contributed more bioavailable-P to the TP. Concentration of

bioavailable-P was found to be higher in Kadalundi followed by Pazhayangadi.
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Except R-OP all phosphorus fractions are considered to be refractory.
In post-monsoon and monsoon refractory fraction was found to be exceed
94% of the TP pool, but in pre-monsoon it was slightly lower but still showed
much higher contribution (>88 %). Kadalundi followed by Pazhayangadi

have comparatively higher concentration of refractory fraction (Fig. 3.10).
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Fig. 3.10 Variation of refractory-P in the study region

Thalassery and Kadalundi are regularly flooded by the tide; the
repeated re-suspension of the sediments caused by the wave action can favour
exchange of orthophosphate from the solid to the liquid phases. Active
recycling of organic matter is taking place at Thalassery. It does not show any
build-up of Alkali-OP in any season and the organic forms may get converted
to inorganic forms. Since Thalassery is in the vicinity of Lakshadweep Sea
salinity played an active role in determining the formation of inorganic forms
i.e., Fe(OOH)=P or CaCOs~P. In post-monsoon and monsoon Fe(OOH)~P
was dominated whereas during pre-monsoon CaCOs;=~P was dominant
fraction. The system may not be completely anoxic due to tidal rhythms,

bioturbation activities and root nodules of mangrove micro-pores. During

( Department of Chemical Oceanography , School of Marine Sciences, CUSAT



Water Quality Parameters, General Sedimentary Characteristics and Phosphorus Fractionation

high tide, the system may be saline and anoxic but during low tide it may be
in direct contact with the atmosphere. The highly dynamic condition exists in
the system and the Fe(OOH)=P was found to be the dominant one. In
Pappinissery also such build of Alkali-OP was not found and Fe(OOH)~=P

was the dominant inorganic fraction.

In Pazhayangadi, monsoon season showed build-up of Alkali-OP either
from mangrove litter addition or from land runoff. Such build-up of Alkali-
OP was also found in Kunjimangalam and Kadalundi, but its concentration
was not too high in Kunjimangalam. In Kunjimangalam, CaCOs=P was the
dominant inorganic fraction during post-monsoon, but it was Fe(OOH)=P
during pre-monsoon and monsoon. The system was sandy in nature which
decreases adsorption of phosphorus onto the sediment and also resulted in the
oxidation of organic matter. In Kadalundi, major inorganic fraction was found
to be Fe(OOH)~P in all seasons. Even in the most saline sites, it is possible
that the supply of Fe exceeds the availability of sulfides in the sediments,
allowing for the formation of ferrous phosphate minerals (Hartzell et al.,
2010). The dissolved P released from organic matter is absorbed during Fe
oxide precipitation in the oxidized layer, thereby fixing most of the
dissolved P in solid phase and concurrently prevent it from diffusing to the

overlying water column (Cha et al., 2005).

Retention and cycling of organic matter is high in the interior mangrove
zone, therefore, significant amount of P is adsorbed into the organic matrix
and subsequently released by the microbial degradation into the overlying
water column influencing the dissolved phosphorus dynamics (Prasad and
Ramanathan, 2010). Although anoxic conditions enhance release of phosphorus

associated with metal oxides and oxy-hydroxides (Wetzel, 2001; Kalff,
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2002), release of organic bound P gets decreased under anoxic conditions
leading to its accumulation at higher rates than less stable fractions (Gale

etal., 1992).

3.3.3 Principal component analysis

Principal component analysis with varimax rotation is used to identify
major geochemical processes operating in the system by grouping the
parameters under observation with their interrelationship. Major identifiable
processes in the system are diagenetic process, redox conditions favoring
precipitation and dissolution along with the adsorption to clay minerals or
organic matrix. The association between clay minerals and phosphorus
fractions gives the information about the control of sediment granulometry

over phosphorus. TOC, TN and TS indicates the redox status of the system.

Table 3.9 Total Variance Explained for phosphorus fractions using principal
component analysis

Extraction Sums of Rotation Sums of
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2 X X X

S 2 ) 2 g 2

e 3 sf§ E 3z £ E =z 2 &

© e £ 5 £ =% S & =% &

1 7.984 53.22 53.22 7984 53.225 53.225 5.935 39.56 39.56

2 2.373  15.81 69.04 2.373 15.817 69.042 4.389 29.25 68.82
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The 78.03 % of variance was explained by three factors (Table 3.9 and
3.10). First factor explained 39.56% of the total variance which showed positive
loading on TOC, clay, TN, TS, Acid-OP, ROP and calcium with negative loading
on sand. This factor pointed towards the adsorption which is controlled by the
fine fractions of sediments and diagenetic process (Hou et al., 2009). Second
factor explained 29.25% of the total variance with positive loading on silt,
Fe(OOH)=P, CaCO3~P, Alkali-OP, Fe and Mn along with weak negative loading
on sand.This factor gives the inference of adsorption processes. Association
between Fe(OOH)~P, Alkali-OP and Fe indicated the adsorption of Fe onto
the humic acid matrix to form humic acid metal complex. Third factor

explained 9.21 % of total variance with loading only on exchangeable-P.

Table 3.10 Factor loading for Principal component analysis using varimax
rotation for phosphorus fractions

Component

1 2 3
TOC 901 152 .045
Sand -.675 -.524 .018
Clay .832 234 -.178
Silt 263 783 -.251
Exchangeable-P .026 .038 .809
Fe(OOH)~=P .184 .801 .102
CaCO3~P -.029 728 -.561
Acid-OP 742 .096 182
Alkali-OP .095 .824 361
R-OP 784 518 .091
TN .837 319 .065
TS 816 125 141
Fe .392 901 -.027
Mn .630 .603 -.151
Ca .883 .034 -.291
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In the plot between factor 1 and 2 (Fig. 3.11) almost all parameters
under investigation lies in the I quadrant in two clusters. Variables with
positive loadings in PC1 forms the I*' cluster and those in PC2 forms the
second cluster. Sand lies in the IIT" quadrant since sandy nature significantly
reduces the phosphorus adsorption due to the reduction in surface area.
Exchangeable — P lies in the centre of the plot which gives the inference that
it can be formed from any process such adsorption, desorption, redox or

diagenetic alterations.

Component Plot in Rotated Space

0.5

WaterP
L]

oo

Factor 2

05 sand

A0 .05 0.0 05 10
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Fig. 3.11: Plot between PC1 and PC2

3.4 Conclusion

Water quality analysis, general sedimentary characteristics and
phosphorus fractionation were carried out in five mangrove ecosystems along
northern Kerala Coast. The dissolved oxygen supersaturation (132 %) was

noticed at Kunjimangalam during pre-monsoon which might be due to higher
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rate of photosynthesis and limited flushing. All major elements showed
positive correlation with salinity indicating saline influx from adjacent
estuarine system. Higher amount of fine sediments would be expected to
settle in Pappinissery and Pazhayangadi with the reduction of tidal flow and a
decrease in turbulence while tidal rhythm modifies the texture in Kadalundi.
Scatter plot between TOC and TN showed the inference of inorganic nitrogen
during post-monsoon and monsoon while plot between TOC and TS gives
accumulated metal sulfide in the sediment, but the effect was more pronounced
during pre-monsoon season. Textural characteristics, vegetation, and
geographical and geomorphological locations were found to modify TP in the
study region. For almost all stations Fe(OOH)=P and/or Alkali-OP was
major fraction. The Alkali-OP was found to be higher in sediments from
Pazhayangadi, Kunjimangalam and Kadalundi during monsoon season since
fresh water condition favors its complexation. From the PCA analysis, we can
infer that the adsorption and diagenetic alterations along with complex formation
with metals are the major processes controlling the phosphorus dynamics in the

sediment.
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STABLE CARBON ISOTOPES AND BIOCHEMICAL
COMPOSITION OF SEDIMENTS

4.1 Introduction

4.2 Results

4.3 Discussion

4.4 Principal component Analysis
4.5 Conclusions

4.1 Introduction

Two general approaches used to characterize organic matter in natural
mixtures are bulk and molecular-level techniques. Bulk elemental ratios such
as C/N and C/S, are the representative of the major component of organic
matter that provides an overview of the system. But, these ratios, for
example, TOC/TN ratios of sediments, may be altered to different extents by
one of the following ways; selective decomposition of organic matter during
humification and early diagenesis (Thornton and McManus, 1994; Meyers,
1997, Jia and Peng, 2003; Hsieh, 2006; Liu et al., 2006) or the colonisation of
bacterial and fungal populations on “ageing” of vascular plant detritus (due to
the typically low (e.g., 3 to 4) C to N ratios found in bacteria) (Tenore et al.,
1982; Rice and Hanson, 1984). The elemental ratios are also affected by

artifacts in the standard procedure like carbonate carbon removal (Meyers,
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2003), or poor sorting in coarse-grained sediments (Schulz and Zabel, 2006).
Hence, techniques like stable isotopic carbon analysis, biochemical composition
and pigment analysis, were employed to investigate the diagenetic state of

organic matter in surface sediments.

4.1.1 Stable Carbon Isotope

Stable isotopic carbons of organic substances are measured via isotope
ratio mass spectrometry in which samples are combusted to convert organic
matter into gases (e.g. CO,, N;) which are then ionized and the ratios of the
isotopes quantified. The use of isotopes as tracers of biological, physical and
geological processes helps to identify different ocean water masses, and marine
versus terrestrially derived organic matter (Deegan and Garritt, 1997; Vizzini
and Mazzola, 2003; Ogrinc et al., 2005; Vizzini et al., 2005; Usui et al., 2006;
Tesi et al., 2007; Gao et al., 2008). They also integrate the results of on-going
processes such as the passage of organic elements up the trophic levels, climate
change, marine productivity, and the formation and melting of continental
glaciers. Stable isotopic signatures carry over geologic time and cannot be
readily altered by equilibration or degradation processes, even though severe

changes occur in its chemical composition (Emerson and Hedges, 2008).

8"°C values can be used as a tool for distinguishing C; and C4 plants
due to the non-overlapping distribution along their photosynthetic pathways
(O'Leary, 1981). Studies focusing on the natural abundances of carbon and
nitrogen isotopes have been successfully used in the sediments of mangrove
ecosystems to trace source inputs of terrestrial and aquatic organic matter
(Bouillon et al., 2002a, b; Lehman et al., 2002; Fourqurean and Schrlau,
2003; Rundegren et al., 2003) and a few of them are listed in Table 4.1.
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4.1.2 Biochemical analysis

All organisms are composed of the same basic chemical classes, of
these carbohydrates, proteins and lipids are geochemically more important.
In addition, higher plants contain significant quantities of lignin, a major

component of their supportive tissue.

Only a small fraction of the mangrove leaf litter is directly consumed
by benthic organisms and the rest must be fractionated before entering the
food chain (Velimirov, 1986). Labile fraction of organic matter mainly
consists of carbohydrates, lipids and proteins, and is more readily available to
benthic consumers (Fabiano et al., 1995; Dell’ Anno et al., 2002). The
carbohydrate was the major biochemical component determined since it is a
reliable index of the readily assimilable organic matter in sediments
(Verlencar et al., 2006). Carbohydrates are important in the production of
fats, proteins etc. and proteins account for most of the nitrogen present in
organisms. Lignins, tannins and related compounds are characterized by
phenolic (hydroxy-aromatic) structures. They derive from monosaccharide

units, which are common in plants, but animal tissues do not have.

Quantity and quality of organic matter in surface sediments, accomplished
with the use of biochemical indices like protein, carbohydrate, lipids, protein
to carbohydrate ratio and lipid/carbohydrate, affects benthic fauna dynamics
and metabolism (Grant and Hargrave, 1987; Grémare et al., 2002). Thus,
origin of particles, the factors controlling their diagenesis (Colombo et al.,
1996), quality of organic materials as a food source for benthic consumers
(Fabiano and Danovaro, 1994; Mayer et al., 1995; Danovaro and Fabiano,
1996; Gremare et al., 1997; Rossi et al.,, 2001; Rossi and Lardicci, 2002;

Cividanes et al., 2002) and the trophic status of coastal marine systems
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(Dell Anno et al.,, 2002; Pusceddu et al., 2003) can be explored using
biochemical indices. For e.g., since bacterial metabolism largely involves
proteins than carbohydrates (Newell and Field, 1983), the protein to
carbohydrate ratio (PRT: CHO) in sediments can be assigned to determine the
age of sedimentary organic matter (Danovaro et al., 1993; Cividanes et al.,
2002). High PRT:CHO ratios describes a living organic matter or newly
generated detritus (Danovaro et al., 1993) and low ratios suggest the presence
of aged organic matter (Danovaro et al., 1993; Joseph et al., 2008). Thus the
biochemical composition of sedimentary organic matter has valid significance
in determining origin, and the quality and quantity of organic matter, (Joseph

etal., 2008) in different marine ecosystems ( Dell'Anno et al., 2002).

Table 4.1 List of previous studies on stable carbon isotope

Study Area Concentration Reference
Plum Island salt marsh sediments -19.4%0 £0:1 to Wang et al., 2003
-23.3%0%0.3 %o

Muzuka and Shunula,

- 0,

Bagamoyo mangrove forest average 25.5%0 2006
Kisakasaka mangrove forest average -9.4%o
Mangroves of Celestun lagoon -28.79%o Gonneea et al., 2004
Mangroves of Chelem -26.55%o
Mangroves of Terminos -28.93%o

. -26.1%o to
Columbia lake 90.9%, Dunn et al., 2008

-28.92 %o to Bala Krishna Prasad and

Pichavaram mangrove sediments 9534 %, Ramanathan, 2009

Pichavaram mangrove sediments -24.3%0%+1.8%0  Ranjan et al., 2011
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Microphytobenthos and macroalgae contribute more to the primary
production in shallow coastal ecosystems than by phytoplankton (Barranguet
et al.,, 1996; Lucas et al., 2000), hence the present study envisage sediment
phytopigment concentrations as a mode for tracing the amount of organic
matter produced by photosynthesis (Cahoon and Cooke, 1992; Lucas et al.,
2000; Manini et al., 2001). Previous studies on chlorophyll pigments are
shown in Table 4.2.

Table 4.2 List of previous studies on Chlorophyll a

Study area Concentration Reference
Northrern Adriatic Sea 1.5t0 21.9 pgg’ Denovaro et al., 2001
1to31.6 pgg’
17.7 to 5.6 and 8.3 to
4.9 mgg’,
28.8 + 7.7 ugg"' and
Mattarelle 19.9 +3.9 pgg ™! Dell’Anno et al., 2002
intertidal sediments of
Coombabah Lake 0.43 to 14.4 pgg’ Dunn et al., 2008
Alaskan Beaufort Sea ~11.5ug m™ Belicka et al., 2009
mangrove sediments Tanzania  13.9 + 3.9 pgg’' Penha-Lopes et al., 2010
Arcachon Bay 8.9+3.7 ugg’" Dubois et al., 2012
New Caledonia mangrove
sediments 83.4 + 49.6 pgg’ Leopold et al., 2013

4.2 Results

Variation of stable carbon isotopes and biochemical composition are

shown in Table 4.3.

4.2.1 Stable isotope Analysis and Biochemical Composition

The & "*C for mangrove leaf was -32.49 %o while that of phytoplankton
it was -20.71%o. The results of analysis of & >C from surface sediments

are shown in annexure 3. Most enriched values of & '*C has reported
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from Kadalundi (avg.4stdv:25.15 %o £ 0.24 %) followed by Thalassery
(avg.tstdv:27.47%o0 £ 0.27 %o). All stations, except Kunjimangalam, showed
more depleted values during pre-monsoon season (avgEstdv:27.14 %o).
In Pappinissery (avg.£stdv:28.23%0+0.16%0), Pazhayangadi (avg.+stdv:
28.79+0.36%0) and Kunjimangalam (avg.£stdv:27.924+0.70%0) seasonal

variation follows the order post-monsoon< pre-monsoon <monsoon.

Table 4.3: Variation of Biochemical components and Stable Carbon isotopes
and the results of ANOVA

Spatial Seasonal

Variation Variation
Max Min Avg Stdv F P-value F P-value
CHO, mgg’ 71.61 3.34 17.23 1739 2.68 0.11 4.22 0.06
LPD, mgg" 13.01 1.03 431 345 6.12 0.01** 0.10 0.91
PRT, mgg 33.00 0.18 6.54 10.38 1.36 0.33 995  0.01**
Chl a, pgg’ 26.27 3.53 1035 6.17 1.68 0.25 0.82 0.47
Chl b, pgg” 502 096 272 133 3.64 0.06 0.71 0.52
Chl ¢, pgg’ 6.19 084 281 1.53 1.64 0.26 0.63 0.55
Pheo , pgg’ 3294 371 14.62 8.65 2.49 0.13 1.14 0.37
T&L, mgg’ 520 029 222 148 1331 0.00%* 2.01 0.20
PRT/CHO 221 004 051 070 1.31 0.35 17.29  0.00**
LPD/CHO 0.71 0.10 038 0.18 3.70 0.05* 0.03 0.97
BPC, mgg’ 35.16 2.28 10.69 854 6.17 0.04* 4.46 0.05%*
8C, %o -25.01 -29.19 -27.51 134 52.85 0.00%* 297 0.11

*P value significant at <0.05 level ** P value significant at <0.01 level
Feritical spatial variation 3.84 F critical spatial variation 4.46

Carbohydrates followed by Lipids were the major biochemical
component in the present study region. CHO recorded higher concentration

during post-monsoon (except Thalassery) but did not display significant spatial

or temporal changes. All stations except Thalassery and Pappinissery showed
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minimum concentration during pre-monsoon. PRT displayed significant
seasonal variations (p<0.01), while LPD displayed significant spatial in the
study region. Compared to other seasons the post monsoon showed very high
concentration for protein especially at Pappinissery and Pazhayangadi. T & L
also showed higher concentration during post-monsoon (except Thalassery and
Pappinissery) and lower concentration during the pre-monsoon season (except
Pappinissery). T & L displayed significant spatial variation and showed much
higher concentration in Pazhayangadi (avg+stdv:4.06+1.19 mgg") followed
by Pappinissery (avg+stdv:3.47+0.83 mgg') and lowest concentration at
Kunjimangalam (avg. + stdv:-0.97+.59 mgg™).

BPC displayed significant spatial variation (p <0.01) with highest
concentration during monsoon. Concentration of BPC ranged from 3.75 to
35.16 mgg' (avg+stdv:16.10+11.62 mgg'), 2.28 to 13.44 mgg' (avgtstdv:
7.30+4.91 mgg), 3.65 to 19.21 mgg ' (avg.+stdv:8.66+6.31 mgg') in post-

monsoon, monsoon and pre-monsoon respectively.

4.2.2 Pigment Analysis

Thalassery and Kadalundi were characterised by higher chlorophyll
pigment during post-monsoon, but all other stations had higher concentration of
chlorophyll pigment during pre-monsoon. Pappinissery (avg. +stdv: 14.90 +
10.02 pgg', 3.26 + 1.64 ugg', 3.88 £ 2.19 pgg' respectively for Chl a, b & ¢)
followed by Pazhayangadi (avg.+stdv: 13.88 £ 5.03 pgg’, 4.23 £ 0.50 pgg-',
3.92 + 0.30 pgg’ respectively for Chl a, b & ¢) showed comparatively higher
concentration for pheopigments. Much lower concentration of chlorophyll
pigment was reported in Kunjimangalam (avg.+stdv: 5.21 + 1.59 ngg’,
1.24 £ 0.2 pgg', 1.57 £ 0.71 pgg' respectively for Chl a, b & c) during

monsoon season. In the present study, Chl a concentration is comparable to
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that of highly productive areas. But compared to the higher input of labile
components from mangrove leaf litter, its contribution to the biopolymeric

fraction is low.

4.3 Discussion

4.3.1 Stable isotopic carbon analysis

Carbon isotopes constitute a powerful tool for identifying carbon
sources (Peterson et al., 1985; Lepoint et al., 2000; Pinnegar and Polunin,
2000; Vander Zanden and Rasmussen, 2001; Vizzini et al., 2002; Vizzini and
Mazzola, 2003, 2006; Augley et al., 2007; Carlier et al., 2007), produced by
various processes photosynthesis, sedimentation, degradation and transformation
(Boutton, 1991). Terrestrial primary producers generally have lower §"C
values than marine producers (Haines and Montague, 1979; Riera and
Richard, 1996; Bouillon et al., 2000) due to the differences in the isotopic
composition of inorganic and organic nutrient sources (Ostrom and Fry,
1993). Terrestrial organic matter produced by Cs and C,4 pathway have 5"°C
values ranging from -30 to -26%o and -16 to -9%o (Pancost and Boot, 2004)
respectively, but for marine phytoplankton it ranged from -22 to -18%o
(Cifuentes and Eldridge, 1998).

8 °C values of sediments (Fig. 4.1) are found to be enriched relative to
mangrove plant materials (unpublished data by Nebula), an observation that
is in agreement with other reported works (Bouillon et al., 2002a; b, Muzuka
and Shunula, 2006). This suggests the possibility of dilution of mangrove
signature through mixing with material enriched in & *C. The material is
probably derived from microbial biomass, oceanic nitrate, planktonic
production and macrophytes that thrive well in near-shore waters (Fry and

Sherr, 1984; Gearing, 1988).
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Most depleted values were observed from Pazhayangadi followed by
Pappinissery and most enriched values from Kadalundi followed by
Thalassery. The distance from Lakshadweep Sea has a great influence in
controlling & '°C value of present study region. In mangrove ecosystems,
large quantities of organic material may be deposited particularly in those
areas that are frequently inundated by tides (Muzuka and Shunula, 2006).
Hence, enrichment of & '’C signature in Kadalundi and Thalassery
vindicate that there is a subtle contribution of marine organic matter into
these mangrove ecosystem from the adjacent coastal water. Kunjimangalam
in pre-monsoon and Pappinissery and Pazhayangadi through all the season
showed comparatively depleted values of & "°C, pertaining to the input of
terrestrially derived organic matter. In Kunjimangalam, during pre-monsoon
season, a dissolved oxygen supersaturation due to excessive algal growth
has been reported for the water column. This excessive algal growth may be

accounted for the depletion of 6'°C during pre-monsoon season.
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Fig. 4.1: Variation of "C and terrestrial contribution calculated from two end
member model in the mangrove ecosystems of northern Kerala coast
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Sackett and Thompson, 1963 observed a gradient for the 8'°C value of near-
shore sediment samples as a function of marine and terrestrial organic carbon

due to mixing, and developed an isotopic mixing equation

81 C= Fi 8 CrtFin 8 Cim coeeeeeeeeeeeeeee e, (1)

where, 8"°C = §'"°C of the sediment sample, 8'°C; = §"°C of terrestrial organic
carbon in the region, 8°Cy, = 8°C of marine sediments in the region,
F= fraction of terrestrial organic carbon in the sediment sample, Fy, = fraction

of marine organic carbon in the sediment sample (1 - F;).

In order to evaluate the fraction of terrestrially derived organic matter

(F%), Schultze and Calder, 1976 rearrange (1) as:
F (%) = (8 13C marine™ ) 13C measured)/( ) 13Cmarine‘ ) lscterrestrial)*loo (2)

For the calculation of terrestrial organic matter F%, in the mangrove
ecosystems of the present study region terrestrial end member is taken as
-32.49 %o (8 Cemmestrial -8"°C of mangrove leaf from Kerala, unpublished data
by Nebula) and marine end member as -20.5 %o (5'°Cmarine) (Jia and Peng,

2003).

The terrestrial contribution in the present study region (Fig. 4.1) showed
significant spatial variation (P value <0.01) and was varied from 41.83 to
73.80 % (avg+stdv:61.85+12.05 %), 38.25 to 69.14 % (avgtstdv:
57.51£12.87 %) and 38.35 to 68.15 % (avg.+stdv:59.22+£12.50 %) during
post-monsoon, pre-monsoon and monsoon season respectively. Kadalundi,
which has showed clear distinction among the selected stations with
comparatively lower terrestrial contribution (avg.+stdv:39.47+2.04 %), is

situated near the estuarine mouth and more contribution from marine organic
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matter in this station substantiates the above observation. All other stations
showed higher values (>55%) indicated predominance of terrestrially derived
organic matter. Pazhayangadi (avg4stdv:70.35+£3.04 %) followed by
Pappinissery (avg.+stdv:65.60+ 1.38 %) showed appreciably higher F%
reflect the preservation of mangrove signatures due to clayey texture and/or
thick mangrove vegetation in these stations. In Kunjimangalam, lower F%
was noticed in pre-monsoon, which corresponds to dissolved oxygen
supersaturation produced by phytoplankton production. All stations except
Kunjimangalam showed higher terrestrial contribution during post-monsoon,
which may be accounted for the litter fall season of mangroves. Previous
studies showed a highest leaf litter fall between December and March and
higher fruit fall between December and January (Duke, 1990; Imgraben and
Dittmann, 2008).

The contribution of marine algae (F’) could be estimated by the

following expression (Hu et al., 2006):
F'=T100-F (90) eeoeeieieieeseeeeeeeeee e (3)

From this the content of algal-derived organic carbon (Al-OC) can be

calculated according to the following equation,
AIFOC = TOC X F' oot 4)

Algal derived organic carbon contribution (Fig. 4.2) to the TOC was
found to be higher at Pappinissery (avg.£stdv:-.2.404 1.13 %) and Pazhayangadi
(avgastdv:-2.26 = 0.21 %), since these stations are organically rich.
Kunjimangalam (avg.+stdv:-0.48 = 0.31 %) contributed lowest algal organic

carbon to the total pool because of its sandy nature.
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Fig. 4.2: Spatial and seasonal variation of AFOC in the study region

4.3.2 Biochemical composition

Proteins, carbohydrates and lipids were analysed to assess the origin,
quality and quantity of sedimentary organic matter present in the mangrove
ecosystems. Carbohydrates represent the largest fraction of photosynthetically
assimilated carbon in the biosphere (Cowie and Hedges, 1984). Carbohydrates
include poly-hydroxyllated compounds ranging in size from 5-6 carbon
sugars to large biopolymers (starch, cellulose), are much higher in vascular
plants than in algae (Cowie and Hedges, 1984). In mangroves, litter is
primarily composed of non-nutritive complex carbohydrates that are difficult
or impossible for detritivores to digest (Kofoed, 1975; Bianchi and Levinton
et al., 1984). Sedimentary protein concentrations reflect the productivity of
marine ecosystems and it appears to be a good descriptor of the trophic status
of the benthic systems at different spatial scales (Danovaro et al., 1999; 2000;
Dell” Anno et al., 2002). Lipids in sediments are derived not only from
aquatic biota but also from higher plant wax. Lipids in surface sediments are
abundant in eutrophic systems than in oligotrophic systems. Like proteins, it

also indicates the productivity of the system (Gremare et al., 1997).
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Carbohydrates, which are the main biochemical component in the
present study region (Fig. 4.3), did not display significant spatial or temporal
changes. CHO in the present study region could be supplied from mangroves
since it represents 65% of organic carbon in mangrove wood (Opsahl and
Benner, 1999). The adsorption to clay minerals and less susceptibility to
enzymatic degradation (Fabiano and Danovaro, 1998; Turley and Lochte,
1990) leads to the accumulation of complex polymers (Khodse et al., 2007)
in the sedimentary organic matter. The higher concentration at Pazhayangadi
may be due to the restricted tidal activity as well as clayey texture prevailed
at this station. Pre-monsoon was characterised by low concentration of
carbohydrate at Pazhayangadi, Kunjimangalam and Kadalundi. Carbohydrate
concentration in mangroves is affected by salt stress (Mrunalini and Chavan,

2011) which may be reflected in sediment samples also.

The concentration of sedimentary proteins is a key parameter to define
the trophic characteristics of the system (Danovaro et al., 1999). Sewage
input might be resulted in the accumulation of protein at Pappinissery while
sandy nature at Kunjimangalam leads to intense diagenesis. The tidal flushing
can restrict the accumulation of protein to a certain extent (Ding and
Henrichs, 2002) at Thalassery and Kadalundi. The low PRT concentration in
monsoon might be due to its intense leaching from sediment, since it is more
labile than CHO. Total lipids showed significant spatial variations
(P value<0.01) but did not display any seasonal variations. Pappinissery and
Pazhayangadi showed comparatively higher lipid concentration indicates
their productive nature. Pre-monsoon characterised by lower lipid (except
Pappinissery and Kadalundi) and protein (except Thalassery and Pappinissery)

concentration which could be due to higher extracellular enzymatic activities
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induced by high temperature and faster organic matter degradation rates

(Dell'anno et al., 2008).
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Fig. 4.3: Variation of biochemical composition in the present study region

The biopolymeric carbon (BPC) displayed significant spatial variation

(P value<0.05) and showed much lower concentration in pre-monsoon except

for Pappinissery and higher concentration in post-monsoon. Recent studies

have shown that the BPC results are less conservative than TOC and better

describe the nutritional status of a given ecosystem (Dell’Anno et al., 2002;

Vezzulli et al., 2003). In the present study carbohydrates predominated in the

BPC pool followed by lipids and proteins. Carbohydrates contribute 35.59 to

91.05 % in post monsoon, 44.64 to 70.94 % in pre-monsoon and 43.85 to
74.61 % in monsoon to the total BPC pool. Lipids contribute 7.01 to 47.06 %,

23.64 to 46.62 % and 21.39 to 50.82 % in post monsoon, pre-monsoon and
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monsoon respectively to the total BPC pool. Protein contribution to the total
BPC pool was comparatively very low and was ranged from 1.93 to 17.35 %,
3.78 to 11.13 % and 3.99 to 8.95 % during post-monsoon, pre-monsoon and

monsoon respectively.

Lignin has proven to be a useful chemical biomarker for vascular plant
inputs to estuarine/coastal margin sediments (Gardner and Menzel, 1974
Hedges and Parker, 1976; Goni and Hedges, 1992; Hedges et al., 1997;
Louchouaran et al., 1997; Bianchi et al., 1999, 2002). Lignins are a group of
macromolecular heteropolymers (600—-1000 kDa) found in the cell wall of
vascular plants that are made up of phenylpropanoid units (Sarkanen and
Ludwig, 1971; de Leeuw and Largeau,1993) and tannins can make up as much

as 20% of leaf and bark tissue (Kelsey and Harmon, 1989; Benner et al., 1990).

Pappinissery and Pazhayangadi exhibited comparatively higher
concentration of tannin and lignin reflecting thick mangrove vegetation in this
region (Fig. 4.4). Except Pappinissery, all other stations showed lower
concentration of T & L in pre-monsoon, and it indicate lower contribution from
litter falling. The positive correlation (Table 4.4) of T & L with all parameters
except silt and BPC, indicates their fate or diagenetic alteration is identical.
Microbial decomposition is generally slow in mangrove sediments because most
of the detritus is of poor nutritious value and contains high levels of retarding
compounds (Kristensen, 2008) such as tannins, lignin and structural
carbohydrates (cellulose), which inhibits microbial degradation (Lee et al., 1990;
Benner et al., 1990; Marchand et al., 2005). While cellulose and lignin can
readily be degraded in oxic environments, these compounds are only degraded

slowly under anoxic conditions (Kristensen, 2008).
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Fig. 4.4: Variation of Tannin and Lignin in the study region

Dell’Anno et al., 2002, defined hypertrophic, eutrophic and meso-
oligotrophic condition according to their protein and carbohydrate
concentration for the application to estuarine systems. Concentration of protein
& carbohydrate for hyper-trophic, Eutrophic and meso-oligotrophic systems
were >4 & >7mg/g 1.5to 4 mg/g& 5to7 mg/g, <1.5mg/g& <5 mg/g
respectively. According to this classification post-monsoon is hypertrophic at all
stations. During pre-monsoon and monsoon Pappinissery and Pazhayangadi

were eutrophic and all others were meso-oligotrophic.

The protein to carbohydrate ratio is used as an index to determine the
origin of materials present in sediment, and to distinguishing “fresh materials”
from the aged organic matter (Cauwet, 1978; Danovaro et al, 1993;
Cividanes et al., 2002). It was based on the assumption that proteins tend to
be mineralized faster than carbohydrates (Newell and Field, 1983), and hence
“fresh compounds” show high values for this index. Typically they are
reported immediately after a micro-phytobenthic bloom (Fabiano et al., 1995)
or after the deposition of freshly produced phytoplankton (Pusceddu et al.,

2003). The high protein: carbohydrate in Pappinissery mangrove system may
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be due to the anthropogenic input of large amount of decaying meat wastes.
Thalassery and Pazhayangadi mangrove stations showed higher protein:
carbohydrate ratio in post monsoon season indicating large amount of
recently produced organic matter. All other mangrove stations revealed

protein to carbohydrate ratio less than 1.

Dominance of carbohydrate resulted in protein to carbohydrate ratio < 1,
is a typical feature of detrital-heterotrophic environments (Danovaro, 1996).
Similar to their study rare combination of low PRT: CHO and high BPC,
were observed in the present study. Similar observation was recorded by

several authors in seagrass sediments of P. Oceanica debris (Kenworthy and

Thayer, 1984; Lawrence et al., 1989).

The lipid to carbohydrate ratio (LPD: CHO) have been used as good
indices to describe the energetic (food) quality of the organic contents in the
sediments (Grémare et al., 1997, 2002). The refractory fraction was higher in
mangrove sediments and ratio was less than 1 at all stations. According to
Joseph et al., 2008, the discrepancy between the high amounts of organic
matter and its low nutritional value suggests that these ecosystems behave as
a detrital trap for aged organic matter. As in the case of PRT: CHO, contribution
of carbohydrate by mangrove leaf litter is the main factor controlling the
LPD: CHO ratio. TOC showed positive correlation with all parameters,
which may be due to their identical character of processes or the same fate

1.e., they origin from mangrove leaf litter.

4.3.3 Chlorophyll pigments

In shallow coastal ecosystems, most of the primary production can

be accounted for micro-phytobenthos and/or macro-algae rather than
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phytoplankton (Barranguet et al, 1996; Lucas et al, 2000). Although
chlorophyll a is ubiquitous, chlorophyll b occurs primarily in green algae and
vascular plants and chlorophyll ¢ is characteristically found in diatoms and
dinoflagellates (Emerson and Hedges, 2008). Phytopigment concentrations in
the sediment are tracer of the amount of organic matter produced by
photosynthesis, so that chlorophyll-a content (degradation half-life of 4-120
days) can be used as a descriptor of the trophic state and productivity of most
estuarine and shallow coastal systems (Cahoon and Cooke, 1992; Lucas et al.,
2000; Manini et al, 2001). In the present study, Chl a concentration was
comparable to the high productive areas. Chl a, Chl b and Chl ¢ was positively
correlated with clay content (R* = 0.72, 0.76 and 0.65 respectively, n=15) and
negatively correlated with sand content (R* = -0.61, -0.701 and -0.56
respectively, n=15). The preference of chlorophyll pigments in muddy sediment
might be due to higher concentrations of inorganic nutrients which could help

the productivity of the system (Sanil Kumar, 2009).

Alongi, 1994 reported lower intensity of microalgae in mangrove
ecosystems due to light limitation. In the present study area, during pre-
monsoon for it represents summer season higher quantity of light radiations
are available. Pappinissery, Pazhayangadi and Kunjimangalam reported
higher concentration of pigments during pre-monsoon season (Fig. 4.5) due
to higher light penetration (Karlsson et al., 2009) and lower turbulence.
The similar results were noticed in the water column. In Thalassery and
Kadalundi hydrodynamic condition play a major role in controlling their
distribution, since epipelic diatoms are easily re-suspended when exposed to
conditions of high hydrodynamic energy (Delgado et al., 1991; De Jonge
and Van Beusekom, 1995). At Kadalundi, Chl a concentration was higher
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during post-monsoon and monsoon which might be due to greater input of
marine-derived organic matter. Due to the intense upwelling caused by the
south west monsoon and the reversed circulation and mixed-layer deepening
created by the north east monsoon, higher primary production is expected in
Lakshadweep Sea (Qasim, 1982). The ratio of chlorophyll-a to pheopigment
content expresses the fraction of metabolically active autotrophic component
(Plante-Cuny and Bodoy, 1987) and was found to be less than one in the
present study. Low values of this ratio could be due to higher rate of
sedimentation from the overlying water column or greater fraction of detritus

in primary material (Dell’Anno et al., 2002).
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Fig. 4.5: Variation of chlorophyll pigments in the present study region

| 118 {{ Department of Chemical Oceanography , School of Marine Sciences, CUSAT



Stable Carbon Isotopes and Biochemical Composition of Sediments

Low correlation between 813C0rg and TOC to TN ratio (TOC/TN is
already discussed in chapter 3) in the present study (Fig. 4.6) indicate that
TOC /TN could not be used to evaluate the source of OM (Ogrinc et al.,
2005). The plot between TOC/TNcorecteda and 8¢ again indicated low

correlation (Fig. 4.6), insinuating contribution from microbial biomass (Liu

et al., 2006; Gao et al., 2012).

The correlation analysis between 8'°C and Chl a (Fig. 4.6) give the
inference that, a contribution of benthic primary produced organic matter to
the surface sediment was feeble compared to terrestrial input (Gireeshkumar
et al, 2013). It has been reported in the literature that sewage has no
significant impact on the carbon isotopes and the system have strong self-

purification capacities (Liu et al., 2006).
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4.4 Factor Analysis

The effect of natural and anthropogenic flux was evaluated using factor
analysis with varimax rotation which can give indication to the significance
of processes. Diagenesis, allochthonous and autochthonous additions and

sorption/desorption are the possible biogeochemical processes that can
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operate on the organic matter in aquatic systems. The redox reactions are
mediated by sedimentary micro-organisms and the redox element such as
sulphur, organic carbon and nitrogen can be used as their suitable indicators.
The sorption/desorption processes can be explained by their relation with

grain size (Joseph et al., 2008).

Table 4.5: Total Variance Explained for biochemical parameters using principal
component analysis

Extraction Sums of Rotation Sums of
Initial Eigenvalues Squared Loadings Squared Loadings
£ z 2z 2
= L - % ~ o N
) 2 = = = g =
=3 ] e g = ] o § = ] [T § =
g 8 e 'O E ° 8 o O £ © & o T = ©
= 1= s & = e =) s & = ° 1) o & = e
Q = = O o = X > O o = X > O o
1 9.445 62.966 62.966 9.445 62.966 62.966 6.602 44.011 44.011
2 1.944 12.961 75.927 1.944 12.961 75.927 3.041 20.275 64.286
3 1.194 7.963 83.890 1.194 7.963 83.890 2.940 19.603 83.890
4 911 6.075 89.964
5 575 3.830 93.795
6 451 3.008 96.803
7 210 1.400 98.203
8 112 744 98.947
9 .080 533 99.480
10 039 262 99.742
11 025 169 99911
12 008 056  99.967
13 005 032 100.000

It was found that 83.89% of the total variance (Table 4.5 and 4.6) was
explained by all the three factors, and major processes operating in the
system were litter addition, diagenesis and geochemical process. Positive
loading in each of the components is reflected in the system as removal in the

diagenesis and addition in the case of diagenesis and litter addition.
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In the present study positive loading can be seen in all the three
component for TOC, T &L, LPD and TN which definitely implies the
character of the mangrove litter where general diagenetic composition will be
comparatively lower due to the resistance of the mangrove litter to any such
process. The positive loading showed on second and third components
emphasis this view. The first factor contributed 44.01 % of the total variance
and showed positive loading on clay, Chl a, Phaeopigments and TS apart
from the above four parameters and negative loading on sand. This factor
confirms importance of litter addition with minor addition from primary
production in the mangrove ecosystem. This factor also gives the inference
that geochemical processes like adsorption also have a role in these systems.
Second factor reflected 20.28% to the total variance with positive loading on
silt, CHO and PRT while third factor explains 19.60% of the total variance

with positive loading on TS and negative loading on §"°C.

Table 4.6: Factor loading for principal component analysis using varimax
rotation for biochemical analysis

Component
Parameters 1 2 3
SOC 591 .526 538
Sand -718 -.363 -.088
Clay 727 351 .200
Silt 472 .667 -.325
CHO 317 758 231
LPD 477 430 .698
PRT -.082 778 374
Chl a .953 115 .109
Pheopigments .984 .075 .074
T&L 517 .564 .563
TN .681 482 .500
TS 705 114 .548
§"°C -.050 -.103 -917
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4.5 Conclusions

Source characterisation of the organic matter in the selected mangrove
ecosystem 1is successfully investigated by employing stable carbon isotopes,
biochemical composition and pigment analysis. Organic matter in surface
sediments is mainly derived from mangrove detritus with the substantial
contribution from in situ production.  For these systems, two end member
mixing model, which was helpful for determining the contribution of terrestrial
organic matter, ranged from 38.24 % to 73.80 %. The terrestrial organic matter
contribution at Pazhayangadi and Pappinissery was established by stable carbon
analysis and two end member mixing models. The correlation analysis of
elemental ratio versus stable isotopic carbon indicates substantial contribution of
microbial biomass. Kadalundi and Thalassery, owing to its close proximity of
Lakshadweep Sea, are rich in marine-derived organic matter. Chlorophyll
pigments were higher during pre-monsoon except for Thalassery and Kadalundi.
The distribution of biopolymers such as carbohydrate, lipids and protein
indicated the accumulation of aged or microbially modified organic matter. PCA
analysis showed that litter addition, primary production and diagenesis are the
major processes affecting the source, fate and preservation of organic matter in

surface sediments of these mangrove systems.
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HYDROCARBONS AS BIOMARKERS
[y5.1 Introduction
NJ.2 Results and Discussion
g 5.3 @Principal Component Analysis
N 5.4 Conclusions

5.1 Introduction

The quantity and quality of organic matter preserved in sediments
varies greatly depending on the nature of the material rendered and on the
depositional environment. In addition, there is temporal and spatial variation
in the inputs of organic matter to these environments. The knowledge of
sources, reactivity, and fate of organic matter is essential to understand the
role of coastal systems in global biogeochemical cycles (Simoneit, 1978;
Hedges and Keil, 1995; Bianchi and Canuel, 2001). Stable carbon isotopic
ratios, elemental ratios and biochemical composition were employed in
mangrove ecosystems to infer the organic carbon sources of the sediments
(Machiwa, 2000; Kuramoto and Minagawa, 2001). However, these bulk
organic matter techniques were not successful in complex ecosystems like
mangroves, where signatures from multiple sources get overlapped (Cloern
et al.,, 2002; Joseph et al., 2008). Therefore application of chemical
biomarkers has been widespread (Bianchi and Canuel, 2001) and this chapter

deals with the use of hydrocarbons (n-alkanes, n-alkenes, branched and cyclic
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alkanes and hopanes) as biomarkers to trace the sources of organic matter

from the mangrove ecosystems of Northern Kerala Coast.

Aliphatic hydrocarbons such as n-alkanes and n-alkenes have been
successfully used, to distinguish among algal, bacterial, and terrestrial
sources of carbon in coastal systems (Yunker et al., 1991, 1993, 1995;
Canuel et al., 1997) and for the diagnosis of paleoenvironments (Pearson
and Obaje, 1999). Among short chain alkanes, n-alkanes with 15-19 carbon
atoms are synthesized by aquatic bacteria and algae (Cranwell et al., 1987)
and mid- chain n-C21 to n-C25 compounds are produced from submerged
or floating plants (Baas et al., 2000; Ficken et al., 2000). Long-chain n-alkyl
compounds with odd carbon are predominant component in epicuticular
waxes of vascular plant leaves (Eglinton and Hamilton, 1967), and their
concentration may vary with species as well as with environmental conditions
(Dodd et al., 1999). Versteegh et al., (2004) and Mead et al., (2005) found
that the most abundant hydrocarbon in Rhizophora leaf surface as C29
n- alkane. Rafii et al. (1996) and Dodd et al. (1998) reported high abundance
of C28 n-alkane in Avicennia and Rhizophora from French Guiana and C31

from West Africa.

These variations in n-alkane homologue distributions are meaningful
when expressed using different indices such as carbon preference index
(CPI), Average chain length (ACL), pristane/phytane, n-C17/pristane and
n-C18/phytan. It helps for identification of sources of organic matter
(Volkman et al. 1992; Commendatore and Esteves, 2004; Zaghden et al.,
2005; Hu et al., 2009). CPI is the ratio of the sum of odd over even numbered
n-alkanes (Schefuf et al., 2003) and ACL describes the average number of

carbon atoms per molecule based on the abundance of the odd-numbered
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higher plant-derived alkanes (Poynter and Eglinton, 1990; Boot et al., 2006;
Jeng, 20006).

Branched and cyclic hydrocarbons have also been used as paleomarkers,
to interpret past changes in organic matter sources (Rowland and Robson,
1990; Meyers, 2003). In ancient sediments and petroleum, a series of mid-
chain branched monomethyl alkanes accompanied by dimethyl alkanes
have been found (Klomp, 1986b). Derivatives of phytol such as pristane
(C19 1isoprenoid hydrocarbon) and phytane (C20 isoprenoid hydrocarbon)
have been used as indicators of herbivorous grazing (Blumer et al., 1964).
The highly branched isoprenoids (HBI) can be used as environmental and
palaeo-environmental indicators (Rowland et al., 2001; Kohnen et al., 1992)
and its widespread occurrence in marine and lacustrine sediments are

reported by several authors (Rowland and Robson, 1990; Hird et al., 1992).

5.2 Results and Discussion

Spatial and seasonal variation of aliphatic hydrocarbon in the mangrove
ecosystem of northern Kerala Coast was depicted in the Fig. 5.1, 5.2, 5.3 and
5.4. n-Alkanes in the range from Cl11 to C33 were reported from the
surface sediments in the selected mangrove ecosystems. Total aliphatic
hydrocarbon ranged from 10.26 to 42.70 pgg” (avg. 28.93+13.27 pgg™),
67.99 to 221.42 pgg” (avg. 143.63 + 73.48 pgg') and 17.41 to 61.17 pgg”
(avg. 30.15 + 17.90 pgg') in post-monsoon, pre-monsoon and monsoon
respectively. Pre-monsoon showed higher concentration of alkanes in the

present study.
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Fig. 5.1: The variation of total alkanes in the study region

Kadalundi and Pazhayangadi in pre-monsoon showed three modes of
n-alkane distribution viz, (1) n-C14 to C18 with a peak at 17, (2) n-C20 to
C26 with no odd/even carbon preference, (3) odd preference from n-C28 to
C33. In pre-monsoon, Thalassery and Pappinissery also showed three modes
of distribution- C12 to C19 with a peak at C17, C20-C24 with no odd/even
preference, C25-33 with strong odd preference. But Kunjimangalam showed
no odd or even preference up to n-C24. On seasonal basis monsoon season
showed no odd over even preference up to C22, except for Pazhayangadi
which showed even carbon preference and then C23-C33 showed strong odd
preference. It is found that long chain n-alkanes (C25-C33) showed strong

odd over even preference throughout the study.
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Different indices were calculated and are given in Table 5.1. CPI for
higher alkanes, a proxy for identifying contribution of terrestrial vs. other
input was calculated and is ranged from 0.92 to 7.72 (avg. + stdv:3.89+2.72)
in post-monsoon, 0.94 to 3.99(avg. + stdv:1.97+ 1.21) in pre-monsoon and
1.82 to 3.71 (avg. + stdv:3.08 £ 0.75) in monsoon. Ratio of pristane/phytane
varied from ND to 28.50 (avg. + stdv:-6.32 £ 12.43), 0.80 to 3.71(avg. *
stdv:2.29+ 1.13), 0.41 to 2.01(avg. £+ stdv:1.194 0.63) in post monsoon, pre
monsoon and monsoon respectively. Ratio of C17 to Pristane ranged from ND
to 6.81 (avg. £ stdv:2.74 £2.52; post monsoon), 1.30 to 3.22 (avg. £ stdv:
1.91 £ 0.75; pre monsoon) and 1.71 to 2.96 (avg. = stdv:2.27 £+ 0.46;
monsoon). Similarly C18/Phytane was also calculated and ranged from ND to
4.77 (avg. = stdv:- 1.86 = 1.91) in post-monsoon, 2.06 to 3.03 (avg. * stdv:
244 £ 0.37) in pre-monsoon and 1.43 to 2.82 (avg. + stdv:1.91+ 0.55) in
monsoon. Average chain length (ACL) varied from 27.77 to 28.88 (avg. £ stdv:
28.25+ 0.52) in post-monsoon season, 26.54 to 27.95 (avg. + stdv:27.31+£ 0.53)
in pre-monsoon season and 25.75 to 29.10 (avg. £ stdv:27.98 £1.29) in
monsoon season. Terrigenous to Aquatic Ratio (TAR) ranged from 0.50 to
16.74 (avg. + stdv: 7.92+ 6.92), 0.12 to 0.32 (avg. £ stdv: 0.23 +£0.09), 0.52to
2.69 (avg. * stdv:- 1.59 £1.04) in post-monsoon, pre-monsoon and monsoon
season respectively. Ratio of C31 to C19 varied from 0.38 to 23.02 (avg. +
stdv:-12.84 + 10.30; post monsoon), 0.08 to 0.27 (avg. = stdv: 0.17 + 0.08;
pre monsoon) and 0.48 to 3.35 (avg. £ stdv: 1.81 £ 1.23; monsoon).
Terrestrial Organic Matter (TOM) was characterised by lower values in pre-
monsoon and was ranged from 9.64 to 44.23 (avg. + stdv: 23.36+13.42), 3.05
to 6.95 (avg. + stdv:5.06 +£1.68), 7.74 to 25.37 (avg. + stdv: 14.06+7.38) in
post-monsoon, pre-monsoon and monsoon respectively. Marine Organic

Matter (MOM) ranged from 1.66 to 19.31(avg. + stdv: 7.77+£7.67) in post-
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monsoon, 19.91 to 25.26 (avg. + stdv: 22.904+2.23) in pre-monsoon and 2.90
to 17.06 (avg. £ stdv: 11.42 + 5.50) in monsoon with higher values in pre-

monsoon s€ason.

Several mono-methyl, dimethyl and tri-methyl branched alkanes were
detected from the study are listed in Appendix. Hopanes were also identified
by monitoring ions in n-alkane at m/z=191. The 17a(H),21p(H)-hopanes that
range from C27 to C34 (C28 absent) were detected in the present study
(Table 5.2). In the present study, ratios such as 22S/(22S + 22R) and Ts/(Ts+Tm)

were calculated using % composition of hopanes.

Table 5.2 Hopane identified in the present study

Name Abbrevation
17a(H),21B(H)-tetrakishomohopane (C34af 22S) C34af 22S
170(H),21B(H)-trishomohopane (C33a 22R) C33ap 22R
17a(H),21B(H)-trishomohopane (C33af 22S) C33ap 22S
170(H),21B(H)-bishomohopane (C32ap 22R) C32ap 22R
170(H),21B(H)-bishomohopane (C32af 22S) C32ap 22S
A'-Neogammacer-22(30)-ene or Hop-22(29)-ene or Diploptene NG
Gammacerane G
17a(H),21B(H)-homohopane (C31af3 22R) C31ap 22R
17a(H),21B(H)-homohopane (C31af3 22S) C31lap 22S
17B(H),21a(H)-hopane (C30Ba) C30Ba
17a(H),21B(H)-hopane (C300) C30apB
17B(H),21a(H)-30-norhopane (C29 Ba) C29 Ba
Hop-13(18)ene H13(18)
170(H),21B(H)-30-norhopane (C290f ) C290p
170-22,29,30-trisnorhopane Tm
178 (H) -22,29,30-trinorhopene Te
18a-22,29,30-trisnorhopane Ts
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5.2.1 n-alkanes as biomarker

Long-chain n-alkanes, which are relatively resistant to degradation with a
predominant odd chain carbon (nC25-C33) are abundant in epi-cuticular waxes
of vascular plant (Collister et al., 1994; Rieley et al., 1991). Hence these
compounds are suitable biomarkers for higher plant sources (Cranwell,
1981). Mead et al., (2005) reported that mangroves have slightly longer mid-
chain lengths compared to fresh water aquatic macrophytes and marine
macrophytes (C27—C29). However, strong odd over even preference in the
high molecular weight range (>C25) in present study region may also be
attributed to predominant contribution from higher plant source, mainly from

mangrove.

The higher relative abundance of short alkane with a peak at C15 or
C17 has been used as the indicators of algal derived organic matter (Gelpi
et al., 1970; Blumer et al., 1971; Meyers and Ishiwatari, 1995). Most algae
have n-C15 as the major hydrocarbon, but some of them have n-C17 as
principal alkane. Thalassery and Kadalundi showed comparatively higher
concentration for C17 among the short chain alkanes in pre-monsoon and
post-monsoon. In pre-monsoon, Pappinissery also showed predominance in
C17 implying the presence of planktonic input. These results were anticipated,
and is in parallel with its higher chlorophyll content. In the present study
region, the odd chain n-alkanes can also be contributed from the diagenetic
defunctionalisation of even-numbered alcohols, acids, and esters (Tissot and

Welte, 1984).

Bacterial lipids are being suggested for the presence of the even-carbon
preference for short-chain-length alkanes (Nishimura and Baker, 1986;
Grimalt and Albaiges, 1987; Wu et al 2001). Such even preference with
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maxima at C18 and C20 has been attributed to diverse contribution of micro-
organisms (Grimalt et al., 1985; Elias et al, 1997). Pazhayangadi in monsoon
showed an even carbon preference for n-alkanes which can be correlated to
bacterial input. Bacterial n-alkane distributions also shown to have maxima at
one or two even carbon numbers in the range C14 to C22 (Davis, 1968;

Jones, 1969; Han and Calvin, 1969).

Generally UCM (unresolved complex matrix) are related to petroleum
input (Jeng and Huh, 2008), but are also observed in coastal marine
environments away from petrogenic hydrocarbon sources (Matsumoto, 1983;
Tolosa et al., 1996), which could probably be attributed to recycled organic
matter (Niino and Emery, 1961; Jeng and Huh, 2008). In pre-monsoon,
(except Kunjimangalam) a UCM noticeable up to C20 alkanes gives the

inference of recycled organic matter by intense bacterial activity.

C14 to C20 n-alkanes without an odd/even preference are biomarkers
for photosynthetic bacteria while non-photosynthetic bacteria produce
n-alkanes ranging from C26 to C30 without an odd/even preference (Albro,
1976; Tanner et al., 2010). In pre-monsoon, all samples except Pazhayangadi
showed short-chain alkanes without any odd/even carbon predominance
indicate the presence of photosynthetic bacteria. While the samples from
Kadalundi in monsoon and Thalassery in pre-monsoon gave the signatures

for non-photosynthetic bacteria.

The total content of C27+C29+C31 n-alkanes have been used as
terrestrial organic matter indicator (TOM), while the total content of
C15+C17+C19 n-alkanes is normally considered as marine organic matter

indicator (MOM) (Xing et al., 2011). Terrestrial organic matter ranged from
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3.04 to 44.23% and marine organic matter ranged from 1.66 to 25.26%
(Fig. 5.5). A decrease in TOM in parallel with increase in MOM was noticed
in pre-monsoon, indicating the dominance of phytoplankton community
during that season. In monsoon, for almost all samples TOM and MOM were

less than 20 which might be due to microbial input.

50 - 28 -
[ Post-monsoon 244
404 |1 Pre-monsoon
I Vonsoon

MOM, %

Fig. 5.5: Percentage contribution of Terrestrial organic matter (TOM) and
marine organic matter (MOM) in the study area.

Origins of hydrocarbons from either terrestrial or marine environment
can also be calculated by the ratio of C31 to C19 based on the assumption
that C31 represent sources from terrestrial input and C19 represent the
marine input (Farrington and Tripp, 1977; Boehm and Requejo, 1986; Sakari
et al.,, 2012). In post-monsoon season except Kunjimangalam, the ratio
showed higher values indicating higher terrestrial input. Conversely, in pre-
monsoon the ratio was found to be less than one pointed towards the

predominance of marine input (Fig. 5.6).

Ratio of LMW (sum of Low molecular weight alkanes <20) to HMW
(sum of high molecular weight alkanes >21) were also calculated. According

to Gearing et al., 1976, the ratio was one when input corresponds to algae,
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planktonic input, petroleum residues while relatively lower values were shown
by sedimentary bacteria, higher plants, and marine animals (Commendatore
et al., 2000). In pre-monsoon, except for Pazhayangadi (0.96), the ratio was
greater than one in all samples. Kadalundi in monsoon season also showed
higher value for this ratio (1.21). Thalassery (0.96) and Kunjimangalam
(0.92) during monsoon season also have this ratio close to one (Fig. 5.6).
These inferences point towards the predominance of planktonic input. In

post-monsoon, terrestrial as well as bacterial input may be dominant.
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Fig. 5.6: Ratio of C31 to C19 and LMW to HMW in the selected mangrove
ecosystems

5.2.1.1 Carbon Preference Index

Carbon Preference index (CPI) is a measure of homologous odd over
even n-alkanes in a specified range of carbon numbers for source indication
(Punyu et al., 2013) and has been utilized as a potential chemotaxonomic
tool (Huang et al., 2000; Schefuf} et al., 2003). The n-alkane distribution
exhibits high odd over even predominance for long-chain (C24-C32), which
characterizes hydrocarbons from vascular plants versus those in petroleum

and bacteria (Gearing et al., 1976; Cranwell, 1982).
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CPI long chain = 1/2[(Yodd C25 to C31)/(Teven C24 to C30)+(Todd
C25 to C31)/(Teven C26 to C32)]

Hydrocarbons composed of a mixture of compounds originating from
land plant material show a predominance of odd-numbered carbon chains
with CPI 5-10 (Rieley et al., 1991; Hedges and Prahl, 1993). CPI values close
to one are indicating higher input from marine microorganisms (bacteria and
algae), recycled organic matter (Kennicutt et al., 1987; Sarkari., 2012), as
well as from petroleum or those undergoing significant thermal alteration
(~1; Cranwell, 1973). In organic geochemistry, the ratio is used to indicate
the degree of diagenesis of straight-chain geolipids, and is a numerical
representation of how much of the original biological chain length specificity
is preserved in geological lipids (Meyers and Ishiwatari, 1995). Johnson and
Calder (1973) found that CPI values near one indicate bacterial activity,
while vascular plants have values ranging from 3 to 40 (Collister et al., 1994;
Wang et al., 2003). As the distance from the shore increases, decline in CPI
was noticed with the depletion of higher-plant lipid “freshness” by diagenesis

(Krishnamurthy et al., 2001; Scheful3 et al. 2003).

Long-chain n-alkanes with a predominance of odd carbon numbered
compounds, can be considered as terrestrial input with relatively unaltered
organic matter and a higher value (>3) is noted against carbon preference
index (CPI). In the present study as many as six samples (Thalassery and
Pappinissery in post-monsoon; Pazhayangadi in pre-monsoon; Kadalundi,
Pazhayangadi, and Pappinissery in monsoon) showed value >3. According to
the CPI, Pazhayangadi showed strong terrestrial signal in all seasons
reflecting better preservation of mangrove signatures at this station. Pappinissery,

except in pre-monsoon, also showed high CPI index season.
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The CPI of higher-plant n-alkanes decreases with algal input, microbial
reworking and diagenesis, and finally approaches unity during and after
sedimentation (Kvenvolden, 1966; Zhang et al., 2010). For almost all
samples, CPI was greater than one (Fig. 5.7). Kadalundi in post-monsoon
and Thalassery in pre-monsoon showed CPI close to one. As discussed in
Chapter 4, 8 °C was found to be enriched in Kadalundi which reflect the input
of marine organic matter. Lowest C/N ratio (10.86) and high chlorophyll
(Chl a-16.04 pgg') content was also reported from this station. All these
inferences confirmed that the dilution of terrestrial organic matter by the
contribution of marine organic matter, by its close proximal position to the
Lakshadweep Sea. Thalassery mangrove ecosystem is also situated near the
estuarine mouth and shows similar trends with CPI in pre-monsoon, hence the
inferences are qualitatively similar to those of Kadalundi. In pre-monsoon except
for Pazhayangadi, all samples have CPI <3 which should be resulted from the
greater planktonic input as expected from higher chlorophyll pigments.

CPI based on short chain alkanes was also employed to determine
whether the organic matter input in the study area, is from micro-organisms
or petroleum (Fig. 5.7).

CPLywortchain= (C11 +C13 +C15 +C17 +C19 +C21) /(Cl12 +Cl4
+C16+C18 + C20 +C22)

CPI values of 1 or near 1 indicate inputs from petroleum products,
whereas <1 indicates inputs from microorganisms including bacteria and
diatoms (Clark and Blumer, 1967; Garg and Bhosle, 2004; Ahad et al., 2011).
The value was found to be less than one throughout the study, which
neglected the chance of petroleum contamination. The index is comparatively

higher in pre-monsoon resulted from higher planktonic input.
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Fig. 5.7: CPI index for long and short chain alkanes

5.2.1.2 Pristane and Phytane

Acyclic isoprenoid alkanes, such as pristine (Pr) and phytane (Ph) were
detected in present study, which are commonly found in lacustrine and
marine environments. Generally Pristane and Phytane are considered to be
geologic alteration of phytol (Didyk et al., 1978; Peters and Moldowan,
1993). Phytane which can be used as an algal source indicator formed from
the phytyl side chain of chlorophyll or bacteriochlorophyll of immature
sediments (Ragan and Chapman, 1978; Gireeshkumar et al., 2015) and also
can be synthesised by the methanogenic and photosynthetic bacteria
(Steinhauer and Boehm, 1992; Sakata et al., 1997). Archaea have also been
supposed to be a source of pristane and phytane (Chappe et al., 1982).
Pristane, a well-known biomarker of zooplankton (Blumer et al., 1963;
Volkman et al., 1992; Gao and Chen, 2008), is produced in their diet from
phytol particularly of calanoid copepods (Volkman and Maxwell, 1986; Seki
et al., 2006). Pristane and Phytane could not be detected in Pazhayangadi

and Pappinissery (post-monsoon) respectively.
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Fig. 5.8: Ratio of Pristine and Phytane in the selected study region

Pristane and phytane, which are also major constituents of crude oils,
may act as good indicators of petroleum contamination (Volkman et al.,
1992). The Ratios of C17/Pr and C18/Ph <1 (Fig. 5.8) indicate the
contamination from crude oil and uncontaminated sediment when their value
is >1. In all sampling sites C17/Pr is greater than 1. High C17/Pr ratios (>>2)
are thought to be reflected by the significant contributions from algae
(Readman et al., 2002), whereas low values (<1) indicated highly weathered
oil (Wang et al., 1995). C18/Ph was greater than 1 in all station except
Kadalundi in Post monsoon season. However it suggests the presence of
degraded oil residues, though such indication must be considered with
caution because of the generally low concentration of these components in

these station.

Under oxidizing conditions phytol is converted to pristene then to
pristane, while under anoxic conditions, it is subjected to reduction and
dehydration forming Phytane (Killops and Killops, 2005; Bianchi and
Canuel, 2011). Ratios of Pr/Ph can, in theory, be used to evaluate the redox
state of depositional environments in sediments; however, there are many
restrictions that limit its use (ten Haven et al., 1987; Gireeshkumar et al.,
2015). The conventional interpretation is that Pr/Pr <1 indicates anoxic

conditions, whereas Pr/Ph > 1 indicates oxic conditions. Minimum value was
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reported from Pazhayangadi during monsoon season indicate highly anoxic
condition prevailed in the environment. Ratio was found to be less than one
from 4 samples- Kunjimangalam (Post and Pre monsoon season), Pappinissery
and Pazhayangadi (monsoon). The tidal action in Kadalundi contributes
greater zooplankton input and maintained oxic sedimentary environment

might be reason for high Pr/Ph ratio.

5.2.1.3 Average Chain Length

Average chain length (ACL), which describes the average number of
carbon atoms per molecule based on the abundance of the odd carbon
numbered higher plant n-alkanes (Poynter and Eglinton, 1990). ACL may
vary among plant species, suggesting that taxonomy exert the major control
on n-alkane distributions. For e.g., leaf lipids derived from grasslands may on
average have longer chain lengths than do leaf lipids from plants in forests
(Cranwell, 1973; Eglinton and Eglinton, 2008). It has been suggested that
plants produce longer-chain compounds in warmer climates. A few reported
works on the response of ACL in plants to changing environmental
conditions are available. Gagosian and Peltzer (1986) observed that dusts
derived from warmer tropical sources have long-chain n- alkanes while dusts
from cooler temperate sources may have relatively more short-chain n-alkyl
components. Similarly, a positive correlation between ACL in marine
sediments and estimated sea-surface temperatures proposes that ACLs could
serve as a proxy for continental temperature (Rinna et al., 1999). It has been
found that latitude have an important role in the n-alkane distribution of
higher plants (Poynter et al., 1989; Poynter and Eglinton, 1990). According to
Jeng, 2006, there is a change of ~0.04 ACL units while crossing through 1°

latitude i.e., model carbon number depletes with higher latitudes. Further, the
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distribution of ACL has been linked to the geographical distribution of fluvial
and aeolian inputs and source regions (Poynter and Eglinton, 1990). In other
words, for coastal marine sediments, ACL in a given area can be considered
as a constant if all these factors are the same. The ACL could be lowered if
there is an addition of petro-genic hydrocarbons to sediments containing
biogenic hydrocarbons alone. In this study, we explored the possibility of

applying ACL in this aspect.
Average Chain Length (ACL) =Z[Ci]i/ X [Ci]
where i is the odd carbon number from C23-33

The ACL for the present study ranged from 25.75 to 29.10 (Fig. 5.9).
Gireeshkumar et al., 2015 studied n-alkane distribution in Cochin estuary,
and ACL in the range 21 to 28 were reported. In the present study ACL
was higher than 27 in almost all stations indicating the preservation of
mangrove derived organic matter. Pre-monsoon characterised by lowest

ACL in Pappinissery, Thalassery and Kadalundi due to planktonic input.

5.2.1.4 Terrigenous to Aquatic Ratio

The terrigenous/aquatic ratio (TAR) evaluates the terrigenous inputs
versus aquatic inputs. Although it may over-represent the absolute amounts from
terrigenous sources, this ratio is valuable for determining changes in relative

contributions of organic matter from land and aquatic flora (Meyers, 1997).
Terrigenous to aquatic ratio (TAR) = (C27 + C29+ 31)/ (C15+ C17+ C19)

High values are thought to be diagnostic of non-marine sources,
whereas lower values are encountered in all kinds of marine sedimentary

environments (Moldowan et al., 1985). The ratio was adopted in the present
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study to estimate the relative contribution of terrigenous and marine
sources to the sediment. In post-monsoon, except for Kunjimangalam and
Kadalundi, TAR values (> 2.0) showed that the terrigenous input was
predominant (Fig. 5.9). TAR value was less than two at Kadalundi in all
seasons which indicate dominance of marine input. All stations during
pre-monsoon season showed TAR values <1 reflecting the dominant planktonic
input. This season was also associated with high chlorophyll content. The
decrease in TAR index in monsoon at Thalassery and Kadalundi also
reflect the dominance of algal signatures. It is evident that TAR index are in
good agreement with chlorophyll studies suggesting planktonic production in

pre-monsoon.
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Fig 5.9: Average Chain Length and Terrigenous to Aquatic Ratio calculated
in the study region

5.2.2 Alkenes

Series of alkenes from nC16 to C26, with even predominance having
Cmax at C16 and C18 have been observed in previous studies (Cranwell,
1984; Aboul-Kassim and Simmoneit, 1995; Fubara et al., 2012). Predominance

of even chained alkenes in the range C12:1 to C18:1 in recent sediments
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may be derived from unsaturated fatty acids, (Simoneit, 1984) and that of
higher even numbered n-alkenes may be related to terrestrial plants. In
addition to n-alkanes, there were several odd chain n- alkenes (C15:1,
C17:1, C19:1, C21:5, C21:6) likely to be derived from phytoplankton
(Damste et al., 1999). Alkenes in the range C18:1 to C22:1 can also be
linked with various sources such as marine organisms, terrestrial plants and
anthropogenic activities. Ekpo et al., 2012 reported that the concentration

of C18:1 to C24:1 could be linked with mangrove vegetation.

In post-monsoon, except for Kunjimangalam alkene showed even
predominance in parallel with alkane up to C22 (Fig. 5.10). Similar trends
were observed in monsoon also. In pre-monsoon, peak area of alkenes was
higher than that of alkanes at Thalassery, Pappinissery and Kunjimangalam.

Pazhayangadi showed higher alkene abundance during monsoon.
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Fig. 5.10: % Abundance of alkenes in the present study region
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Even n-alkenes in the range C22:1 to C32:1, synthesized by
defunctionalisation of alcohols and fatty acids, are the main components of
higher plant waxes (Cranwell, 1984; Aboul-Kassim and Simoneit, 1995).
Hence, the presence of higher even alkenes in the presence study indicates
terrestrial organic matter input. Heptadecene (C17:1) and nonadecene
(C19:1) were detected in lower concentration suggesting the freshwater

phytoplankton origin (Saliot et al., 1991).

5.2.3 Branched Alkanes and N-Alkyl Cyclohexanes

Branched alkanes, such as monomethyl alkanes (MMA) and dimethyl
alkanes (DMA) are common in geological samples. These compounds have
been identified in modern and Holocene microbial mats (Shiea et al., 1990;
Kenig et al., 1995; Kenig, 2000), ancient sediments (Summons, 1987;
Summons et al., 1988a,b; Summons and Walter, 1990; Hold et al., 1999;
Audino et al., 2001) and crude oils (Jackson et al., 1986; Fowler and
Douglas, 1987; Kissin, 1987; Warton et al.,1997), however the source
organisms for these compounds are not well understood. For monomethyl
alkanes, several origin have been suggested and some of them are (i) direct
biological contributions of branched alkanes (Fowler and Douglas, 1987)
(i1) diagenetic products formed from the transformation of functionalized
lipid precursors such as carboxylic acids (Summons, 1987; Summons et al.,
1988b) (iii) products of long-term equilibration of a limited range of isomers
(Hoering, 1980; Klomp,1986b) (iv) acid-catalyzed (e.g. clays) products of
alkenes formed by thermal cracking (Kissin, 1987)

Among the various mid-chain branched mono-methyl alkanes,
synthesised by Cyanobacteria, 7- and 8-methyl heptadecanes are the most

common (Han et al., 1968; Robinson and Eglinton, 1990). Also, mono-
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methyl alkanes with long-chain branching derived from various plants have
been detected in previous studies (Nelson, 1978). In petroleum and ancient
sediments, they occurred as a group of structural isomers of the possible
branching positions over a range of carbon numbers (C12-C30). Finally
significant abundances of methyl- alkanes up to C28 without apparent
branching preference, has been suggested a lipid input to sediments from
prokaryotic microorganisms (Robinson and Eglinton, 1990). This result is in
good agreement with the present study due to the presence of monomethyl
alkanes up to C28 without any branching preference and it may be originated

from prokaryotic micro-organisms or diagenetic transformation.

Dimethyl alkanes were found as the predominant hydrocarbons in the
microbial mats. Some of the previous reports on dimethyl alkanes are from the
desulfurized polar fraction of an Oligocene anhydrite (Adam, 1991), and
Cenomanian and Turonian black shales of Canada (Simons et al., 2003).
Recently, pseudo-homologous families of ethyl branched alkanes were identified
in ancient sediments and oils (Kenig et al., 2001; Warton et al., 1997, 1998), but
their origin also remains unclear, though a bacterial origin is preferred (Kenig

et al., 2001). 2,4 dimethyl dodecane was also detected in the present study.

Trimethyl alkanes such as Dodecane, 2,6,10- trimethyl-; Tridecane,
2,6,10- trimethyl- and Pentadecane, 2,6,10- trimethyl- were found in the
present study region. These acyclic isoprenes were reported from the core
sediments of California Borderland and Florida Straits (Vella and Holzer,
1992). 2,6,10-trimethyltetradecane has been isolated from sulfolobus genus
that belongs to Archaea domain (Holzer et al., 1979). Several researchers
proposed Archaea bacterial lipids as the significant source of acyclic

isoprenoids (Volkman and Maxwell, 1986; Aquilina et al., 2010).
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The homologous series of n-alkyl cyclohexane (base peak-m/z 83)
ranging from heptyl cyclohexane to heptadecyl cyclohexane have been
reported by several authors, but in the present study as many as ten among
them were identified; they are Heptadecyl Cyclohexane (Hepta DCH),
Hexadecyl cyclohexane (Hexa DCH), Pentadecyl cyclohexane (Penta DCH),
Tetradecyl cyclohexane (Tetra DCH), Tridecyl cyclohexane (Tri DCH),
Dodecyl cyclohexane (Do DCH), Undecyl cyclohexane (Un DCH), Decyl
cyclohexane (Decyl CH), Octyl cyclohexane (Octyl CH) and Heptyl
cyclohexane (Heptyl CH). n-Alkyl cyclohexanes found in the present study
may be possibly derived from the diagenetic alteration of algal (Fowler et al.,
1986) and bacterial lipids (Fowler and Douglas, 1984; Bhattacharya et al.,
2014). In the present study, except for Kunjimangalam, it can be observed
from Fig. 5.11 that the percentage abundance was high for Octyl
cyclohexane. In Pre-monsoon, higher percentage abundance for lower
homologous was observed except in Pappinissery and Thalassery.
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Pyrene (C16), a Polyaromatic hydrocarbon (PAH) has prominent m/z
values at 200, 201, 202, 203 in the mass spectral data and was found from
Pappinissery in post-monsoon (NIST MS Library). It could be formed
from the incomplete combustion of organic matter such as wood and fossil
fuels (Blumer, 1975; Killops and Massoud, 1992), therefore, referred to as
pyrolytic products. Pyrene is listed as a priority pollutant by the U.S.
Environmental Protection Agency. PAHs are extremely harmful because
they exhibit toxicity and mutagenicity even at very low concentrations and
have a high tendency to bind with natural organic matter (Simpson et al.,
2005). Its low water solubility and strong affinity for organic matter (Sims
and Overcash, 1983; Mackay et al., 1992) contribute to its persistence in

sediments.

5.2.4 Hopanes

Hopanoids, maintain membrane fluidity in prokaryotes, used as a
bacterial marker for their presence in geological materials (Belin, 2009).
Hopanes can be detected from sedimentary rock records, were their
taxonomic and/or physiological signals are preserved over billions of years
(Pearson and Rusch, 2009). Naturally occurring hopanoids show
stereochemistry 17B(H),21B(H), which is thermodynamically unstable, and
it’s the diagenesis and catagenesis can be resulted in the 17a(H),21B(H)-
hopanes and 17B(H),21a(H)-moretanes (Philp, 1985; Ourisson et al., 1979).
Of the four possible hopane stereoisomers, namely 17B(H),21p(H) (living
organism), 17a(H),21a(H) (not present in fossil fuels), 17B(H),21a(H)
(pyrolyzates-also called moretanes), 17a(H),21B(H) (natural fossil fuels), out
of which the last two are the most stable ones (Seifert, 1978).
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17 hopanes were identified from the mangrove ecosystems under
observation. Among them 170-22,29,30-trisnorhopane (Tm) and 178 (H)
22,29,30-trinorhopene (Te), 17a(H),21B(H)-30-norhopane (29 af), 17a(H),
21B(H)-homohopane (C31af 22S), 17a(H),21B(H)-homohopane (C31aff 22R)
and Diploptene were widespread. Diploptene (17B(H),21B(H)-hop-22(29)-ene)
can be related to cyanobacteria, methylotrophic bacteria and certain species
of ferns. The extended hopanes or homohopanes (C31-C35) related to the
bacteriohopanepolyols and lower hopane pseudohomologs related to C30
precursors such as Diploptene and Diplopterol (Peters and Moldowan, 1991).
Hopanoids undergo net reduction to hopanes during diagenesis. In some of
the previously reported works, hopanes have been correlated to petrogenic
origin, but in the present study the main input is from microbial as well as its
diagenetic transformation products. Diploptene is produced in situ by bacteria
using carbon sources (Ourisson et al., 1979, 1987; Ourisson and Rohmer,
1992; Yunker et al., 1994) available in the mangrove ecosystem. Among 22S
and 22R doublets in the range from C31 to C35 the biologically produced
hopane precursors carry 22R configuration that undergo epimerisation
favouring a slight preference for the 22S epimer (Philp, 1985; Peters and
Moldowan, 1993; Aboul-kassim and Simonit, 1996).

Generally C31- or C32-homohopane results are used for calculations of
the 22S/(22S + 22R) ratio. In the present study, the ratio for C31 hopane is in
the range 0.43 to 0.60 while that of C32 hopane it is 0.39 to 0.49.
Predominance of the C31 homohopane in the present study region might be
due to the exposure to raised oxygen levels (Boreham et al., 1994). Periodic
aeration caused by tidal rhythms, bioturbation activities and root nodules of

mangrove micro-pores may support this predominance. Tm is less stable
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(more maturable) than Ts (Peters and Moldowan, 1993), so the ratio of
Ts/(Ts+Tm) has been used as a maturity index thermodynamically, and was
ranged from 0.35 to 0.53 in the present study. The ratio of Tm/Ts was greater
than one in Kunjimangalam, Pazhayangadi and Kadalundi in pre-monsoon
season indicating preferential degradation of Tm (Peters and Moldowan,
1993). Higher abundance of hopanes was observed in Pappinissery and
Pazhayangadi in pre-monsoon, Thalassery in post-monsoon, Kadalundi in
monsoon. An abundance of hopanoid can be correlated with the increase in
hopane producing bacteria which increases in the events of anoxia (Dahl

etal., 1993).

5.3 Principal Component Analysis

Principal component analysis is used to classify hydrocarbons
(n-alkanes from C11 to C33 along with pristane and phytane, alkenes, n-alkyl
cyclohexanes) according to their primary sources (e.g. terrigenous, marine). It
identifies the variables that co-vary and thereby give geo-chemical relationships

existing in the study region (Table 5.3 and 5.4).

The first five PCs account for the 74.81 % of the total variance in the
data set and reflect the most important geochemical features (Table 5.3 and
5.4). The first principal component (PC1) explained 30.03 % and PC2
explained 12.54 % of the total variability of the data. PCI1 is basically
defined by short chain and mid-chain alkane i.e., n-C14 to C24 along with
C26, C28, pristane and phytane. This factor is contributed from planktonic
as well as microbial derived organic matter. Contribution of microbial
component in this factor gives the inference that recycling of organic matter
by bacteria is active in this ecosystem. n-alkanes from bacterial derived

organic matter is found to be co-exist with marine-derived organic matter,
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indicated that the main bacterial substrate was phytoplankton rather than

terrestrial component

Table 5.3: Total Variance Explained for hydrocarbons using principal
component analysis
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PC2 showed high positive loading on C25, C27 and C29-C33. The
contribution of high molecular weight n-alkanes with odd-numbered carbon
predominance (n-C27, 29, 31, 33) is characteristic of cuticular waxes of
terrestrial plants i.e input from mangrove ecosystem. PC3 showed loadings
on some n-alkyl cyclohexanes and alkene C22:1 and PC4 on short-chain
alkanes (<C12). n-Alkyl cyclohexanes are diagenetic products and their
formation may be controlled by many factors other than the concentration of
their precursor compound, hence they formed a separate group. PC5 accounts
for even alkenes >C22, which can be inferred from mangrove origin.
Diagenetic alterations for alkene are comparatively high so interpretations

based on their % abundance may not give correct inferences.
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Table 5.4 Factor loading for Hydrocarbons Principal component analysis
using varimax rotation

Component
1 2 3 4 5
C8 -0.26 -0.14 0.33 0.60 -0.08
C9 0.07 -0.02 0.43 0.12 0.48
C10 -0.04 -0.15 0.09 0.69 0.16
Cl11 0.22 -0.35 -0.03 0.83 0.10
C12 0.61 0.12 -0.25 0.66 0.13
C13 0.68 0.23 -0.15 0.57 -0.06
Cl4 0.72 0.30 0.00 0.35 -0.16
Ci15 0.97 0.13 0.03 0.06 -0.13
Clé6 0.97 0.03 0.00 0.14 -0.01
Cl17 0.96 -0.05 -0.11 -0.13 -0.04
C18 0.81 0.22 0.02 0.29 -0.09
C19 0.97 0.04 0.01 0.06 -0.16
C20 0.97 0.09 0.11 -0.08 -0.14
C21 0.97 0.08 -0.04 0.02 -0.14
C22 0.85 0.27 0.24 -0.16 -0.27
C23 0.89 0.29 -0.06 -0.08 0.01
C24 0.82 0.27 0.25 -0.04 -0.24
C25 0.32 0.72 0.06 0.18 0.31
C26 0.81 0.37 0.18 -0.18 -0.27
C27 0.33 0.89 -0.06 -0.12 0.18
C28 0.67 0.59 0.27 -0.18 -0.18
C29 0.06 0.98 0.01 -0.06 0.08
C30 0.40 0.79 0.25 -0.11 -0.18
C31 -0.09 0.94 0.09 0.18 -0.02
C32 0.16 0.93 0.17 -0.11 -0.01
C33 0.02 0.98 0.01 0.09 0.05
Pri 0.87 -0.19 -0.26 -0.16 0.12
Phy 0.81 -0.18 0.08 0.00 -0.23
C28:1 -0.28 0.21 0.04 0.35 0.69
C26:1 -0.50 0.12 0.00 0.02 0.83
C24:1 -0.20 0.04 0.33 0.11 0.88
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C22:1 -0.20 0.14 0.64 0.17 0.64
C20:1 -0.37 -0.02 0.04 0.47 0.25
C19:1 0.47 -0.15 0.55 0.20 0.15
C18:1 0.14 0.10 -0.20 0.18 0.00
C17:1 0.20 0.18 0.59 -0.14 -0.28
Cl6:1 0.27 0.06 -0.22 0.20 -0.20
Cl4:1 0.50 0.05 -0.06 0.28 -0.60
Heptadecyl-CH -0.23 0.28 0.00 0.80 0.06
Hexadecyl-CH 0.01 -0.16 -0.95 -0.13 -0.11
Pentadecyl-CH 0.07 -0.04 -0.72 0.09 -0.04
Tetradecyl-CH 0.44 0.13 0.38 0.10 -0.06
Tridecyl-CH 0.11 0.16 -0.31 0.11 -0.20
Dodecyl- CH -0.16 -0.14 0.81 -0.32 0.17
Undecyl- CH -0.26 -0.18 -0.88 -0.04 0.07
Decyl-CH 0.02 0.20 0.35 -0.10 0.10
Octyl- CH -0.02 0.15 0.85 0.09 0.35
Heptyl-CH 0.24 0.06 0.14 -0.15 -0.20
Component Plot in Rotated Space
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Fig. 5.12: Plot of PC1 verses PC2
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The plot of PCI1 versus PC2 is shown in Fig. 5.12. From the figure, it
can be inferred that a group was formed by higher alkanes which indicated
the terrestrial input. Separation between even and odd alkanes uptoC24 was
not distinct, showing the input from planktonic algae and bacteria. C11 was
obviously separated by PC1 and PC2 partly attributable to the degradation of
some marine bacteria (Grimalt and Albaiges, 1987), specific species of algae
(Kang et al., 2000) and possible petroleum-derived hydrocarbon inputs (Harji
et al., 2008). Alkenes and n-alkyl cyclohexanes lie in the centre of the PCA

plot suggesting its formation from diagenesis.

5.4 Conclusions

Source characterisation of organic matter from the surface sediments of
mangrove ecosystems of northern Kerala coast was carried out by employing
hydrocarbons as biomarkers. Various ratios using odd and/or even preferences
and specified range of carbon numbers in the hydrocarbon chain were
calculated to draw various source indications. The predominant contribution
from higher plant source, chiefly from mangrove input could be observed from
the strong odd over even preference in the long chain n-alkanes (>C25).
Further, a characteristic dominance of terrestrial input can be confirmed in
post-monsoon, using the Terrigenous/Aquatic ratio (TAR > 2.0) except for
Kunjimangalam and Kadalundi. Pappinissery, except in pre-monsoon and
Pazhayangadi, throughout the study showed strong terrestrial signal from
Carbon preference index (CPI) and it could be due to the thick vegetation
and/or clayey nature of the sediment. CPI based on short-chain alkanes
were found to be less than one in the present study, confirming the appreciable
input from microorganisms and absence of petroleum contamination.

Significant contribution from intense bacterial activity in pre-monsoon
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(except Kunjimangalam) was also accounted by Unresolved Complex Matrix

(UCM) found up to C20 alkanes.

In pre-monsoon, dominant planktonic input in the organic matter was
accounted for strong odd over even predominance of lower alkanes, TAR
(Terrestrial Aquatic ratio) <I, decrease in TOM (Terrestrial organic matter)
in parallel with increase in MOM (Marine Organic matter), lower CPI
(except Pazhayangadi) and higher chlorophyll content; Kadalundi and
Thalassery was associated with marine organic input and non-photosynthetic
bacterial signatures were obtained for these station in pre-monsoon. The
tidal action at Kadalundi contributes greater zooplankton input inferred

from Pr/Ph ratio.

The 170(H),21B(H)-hopanes that range from C27 to C34 (with C28
absent) were detected in the present study. 17a-22,29,30-trisnorhopane (Tm),
17B(H)-22,29,30-trinorhopene (Te), 17a(H),21B(H)-30-norhopane (29 af),
17a(H),21B8(H)-homohopane (C31af 22S), 17a(H),21B(H)-homohopane
(C31af 22R) and Diploptene were the mostly detected. The PCA (Principal
Component Analysis) showed terrestrial, planktonic algae, as well as bacterial
input as the major source of organic matter in the present study; and the plot
also suggested n-alkyl cyclohexanes was formed by diagenesis. From the
biomarker data sets of aliphatic hydrocarbons, varying contribution from
terrestrial, marine and bacterial derived organic matter were identified in

these mangrove ecosystems.
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FATTY ACIDS AS BIOMARKERS

b4 0.1 Introduction

§ 6.2 Results and Discussion

N 6.3 Principal Component Analysis
6.4 Conclusion

6.1 Introduction

Lipid biomarkers such as n-alkanes, fatty acids, sterols etc can be used
to trace seasonal and spatial variation of organic matter inputs preserved in
the sedimentary record. The difference in characteristic chain lengths of
n-alkanes found in marine and terrestrial plants made them befitting
biomarker tool for assessing origin of organic matter in terrestrial and marine
sediments. However, a few researchers have addressed the problem of
introduction of sources with non-unique n-alkane compositions to the
systems by significant mangrove, marine macrophyte, and/ or significant
riparian—aquatic inputs. Hence, source characterisation by n-alkane chain
alone in such complex environment is difficult (Sikes et al., 2009). Moreover
n-alkanes can be used identification for the group of organisms (eg: terrestrial,
algae, bacterial), but not with higher taxonomical specificity. The relative
contributions of fatty acids in coastal environments can reveal the origins of
organic materials found in the surface sediments (Carrie et al., 1998) and

their use as specific biomarker for plants and micro-organisms has been
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widely accepted (Leveille et al., 1997). This chapter deals with the use of
fatty acids as biomarkers and draws various conclusions from the sources of

organic matter.

Fatty acid analysis has been widely used to assess sources of organic
matter in food-webs (Saliot et al., 1991; Canuel et al., 1995). Though the
multiple sources of these compound classes in the environment, including
microalgae, bacteria, marine fauna and higher plants (Volkman et al., 1998),
both n-alkanoic and n-alkenoic acid distributions <C19 in sedimentary
mixtures have been predominantly attributed to microorganism inputs
(Simoneit, 1977; Cranwell et al., 1987; Medeiros and Simoneit, 2008). Sources
of terrestrial vegetation, bacterial and algal production can be identified by
the presence of long chain fatty acids (>C24), odd short chain or branched
fatty acids (<CI18) and even short chain non-branched fatty acids (<CI18)
respectively. During the burial, short chain fatty acids undergo degradation
diagenetically faster than long chain fatty acids (Haddad et al., 1992). In
saturated fatty acids (SFA), C16:0 and C18:0 are ubiquitous in the marine
environment (Parkes, 1987), and C14:0 fatty acids are present in phytoplankton
especially in diatoms (Reitan et al., 1994) and to a lesser extent in dinoflagellates

(Napolitano et al., 1997).

Polyunsaturated fatty acids (PUFA) are biosynthesized from saturated
fatty acids by the action of desaturase enzymes, and they are very abundant in
algae and plants. The position of the double bonds may be used to identify
sources of organisms; generally cis configuration is a preferred in biological
entities. Polyunsaturated fatty acids are represented by a simple notation
scheme. For example in palmitoleic acid (cisC16:1w7) cis refers to the

stereochemistry about the C=C bond, 16 is the number of C atoms, the
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number of double bonds (1) is given after the colon, and the number following
o 1s the position of the double bond from the opposite end to the acid group.
Linolenic acid is a polyunsaturated fatty acid (cis-C18:3®3), in which three
conjugated double bond are present and the first C=C bond occurs between
C-3 and C-4, numbering from the opposite end of the acid group, and the others
two are in between C-5 & C-6 and C-7 & C-8 (Killops and Killops, 2005).

Polyunsaturated fatty acids are important structural components of the
cells that confer membrane fluidity and selective permeability (Hyne et al.,
2009). The PUFAs are labile in nature (Smith et al., 1983) and due to its
labile nature it presence may indicate recent detritus inputs (Shaw and Johns,
1985; Carrie et al., 1998; Dunn et al., 2008). PUFAs are normally linked with
phytoplankton, for example; 20:5m3, is a typical diatom fatty acids (Colombo
et al., 1996); 18:2w6, 18:3w3 and 18:3w6 have been used as markers of green
macro-algae (Meziane and Tsuchiya, 2000; Bachok et al., 2009); and 22:6®3
usually indicates dinoflagellate origin (Colombo et al., 1996; Budge and
Parrish, 1998; Carrie et al., 1998). An estimate of the meiofaunal input can be

made based on the concentration of 18:2m6.

Microbial biomarkers (indicators of microbial populations) such as odd
chain, branched and hydroxy fatty acids can be interpreted (both quantitatively
and qualitatively) in terms of in situ microbial biomass. Among these
hydroxy fatty acids are widely distributed in nature and their occurrence
correlate with environments enriched in bacteria (Parker et al., 1982). Also
iso methyl branched fatty acids (e.g., iC15) in which the branch point is on
the penultimate carbon and anteiso-methyl (e.g., aC15) branched fatty acids
have their branch point on the antepenultimate carbon atom (second from the

fatty acid end), can be correlated to microbial biomass.
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Table 6.1: List of fatty acids used as biomarker and their source in sediments

Fatty acids

Source

i15:0, al5:0, 15:0, 16:1w5, a17:0, 117:0, Most of bacteria (Jeffries, 1972;Vestal and
17:0, 16:1w9, 18:1w7, 18:1wS5, 119:0, White,1989)

al9:0

i-+aCl5-,i-+aC 17,
10-Me-C 16 -Fatty acid

BrFA C13-17

10Mel8:0

16:0, 18:1w9, 18:2w6, 18:3w6,
18:3w3

16:1w8c, 18:1w8c

10Mel16:0, cy18:0 (w7,8)

117:1w7c, 115:1w7c, 119:1w7c
17:1w6, 15:1
i17:1(9), 10Mel6:0

Cy19:0

Cyl7:0

11Mel6:0

Cyl5:1

16:2w4, 18:2 w6, 18:3w6, 18:3w3

16:1w3t, 16:4w1, 20:5w3, 20:5w5

18:109, 16:1w13t, 18:3w3, 18:206

2PUFA, 20PUFA

18PUFA, 16PUFA

LCFA

Bacteria (sulfate reducers) (Edlund et al., 1985;
Kaneda, 1991;Taylor and Parkes, 1983)
general bacteria indicator(Perry et al., 1979)
Actinomycetes (Vestal and White, 1989)
Fungi (Vestal and White, 1989)

Methanotrophic bacteria (Bowman et al.,1991)

Desulfobacter (Coleman et al., 1993; Dowling
etal., 1986)

Desulfovibrio (Taylor and Parkes, 1983)
Desulfobulbus (Taylor and Parkes, 1983)

Sulfate-reducing bacteria (Londry et al.,20004;
Orphan et al., 2001)

Sulfur-oxidising bacteria (Kneif ', 2003)
Iron-oxidising bacteria (Kneif , 2003)
Nitrate-oxidising bacteria (Lipski et al., 2001)
Clostridia (Vestal and White, 1989)

Cyanobacteria  (Vestal and White, 1989),
Kenyon et al., 1972)

Diatoms (Vestal and White, 1989; Parrish et
al.,2000)

Green algaeof the classes of Chlorophyceae
and Prasinophyceaea (Dustan et al.,1992;
Volkman et al., 1998)

algae (Killops and Killops, 1993; Volkman,
1986), zooplankton (Lee et al., 1971)

algae, diatoms tend to have more 16PUFA
relative to 18 PUFA non-diatom algae
18PUFA (Volkman et al., 1989)

Epi-cuticular pant waxes, minor source:
microalgae, bacteria(Eglinton and Hamilton,
1967)
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To identify the presence of bacteria, Gillan et al., 1983 used a number
of specific FAs:1-14:0,1-15:0,a-15:0,1-16 : 0, Me-16: 0,1-17: 0, a- 17 : 0,
cy-17:0,1-19:0,2a-19: 0, Me-18 : 0, 18 : 1o11. Analyses of sedimentary
monoenoic fatty acids can be used to indicate the microbial abundance and
community structure in diverse marine sediments. There are two approaches
usually used to extract microbial lipids: (i) polar phospholipid fatty acid
(PLFA) analysis and (ii) total fatty acid methyl ester (total FAME) analysis.

Total fame analysis was carried out in the present study.

This chapter investigated the use of fatty acids as biomarkers for the
source identification of five mangrove ecosystems in the northern Kerala

coast.

6.2 Results and Discussion

6.2.1 General Behaviour of Fatty Acids

Total 118 fatty acids were identified from the present study which
includes saturated straight chain fatty acids (SFA), Branched fatty acids
(BrFA), Monounsaturated fatty acids (MUFA), Polyunsaturated fatty acids
(PUFA), hydroxy fatty acids and dicarboxylic acids. TFA (Total Fatty
acids) was calculated as sum of all fatty acids (excluding dicarboxylic
acids) and was ranged from 38.74ugg'1t0 144.64 ugg'lin post-monsoon,
42.09 pgg to 580.49ugg™ in pre-monsoon and 6.25 pgg” to 147.65 pgg™
in monsoon (Fig. 6.1). Palmitic acid (C16) was the major contributor to the
TFA and was ranged from 10.49 to 29.49 % to the total fatty acid pool. Major
fatty acid indices are shown in Table 6.2. SFA (Saturated straight chain Fatty
Acids) varied from 19.50 pgg’ to 80.56 pgg”, 23.91 pgg’ to 335.78 pgg’,

4.00 ugg’1 to 87.56 ugg’lin post-monsoon, pre-monsoon and monsoon
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respectively. SFA represented 31.83 to 63.94 % of the total fatty acids pool.
SCFA (Short Chain Fatty acids) also showed marked variation in the study
region and ranged from 16.20 pgg” to 60.30 pgg™ in post-monsoon, 16.88 pgg”
to 196.62 pgg”' in pre-monsoon and 2.61 pgg” to 48.48 pgg’ in monsoon
and its contribution to the TFA was between 23.61 and 57.56%. TFA,
SCFA and SFA followed almost similar trend in all stations except
Kadalundi and showed higher values in pre-monsoon and lower values in
monsoon. In Kadalundi, lower value was associated in pre-monsoon. LCFA
(Long Chain Fatty acids),which contributed 5.10 to 30.60 % to the TFA
pool, was ranged from 3.30 pgg™ to 35.72 pgg™' in post-monsoon, 7.02 pgg™
to 139.16 pgg™' in pre-monsoon and 1.39 pgg™ to 39.07 ugg™ in monsoon,
with its higher values in pre-monsoon at Pazhayangadi, Pappinissery and
Thalassery. In Kunjimangalam, higher concentration was observed in post-
monsoon and lower in monsoon and the opposite behaviour was observed in
Kadalundi. Among saturated straight chain fatty acids, SCFA is dominant
over LCFA. C16 contributed more to the SCFA and its contribution to
SCFA was ranged from 19.27 to 54.23%.

Branched fatty acids (BrFA), contributed 6.39 to 24.85% to the TFA
pool and it ranged from 6.11pgg™ to 27.88 pgg™, 4.75 ugg'1 to 46.05 pgg™,
0.98 ugg'1 to 14.18 ugg'lin post-monsoon, pre-monsoon and monsoon season

respectively (Fig. 6.2).
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Fig. 6.1: Variation of TFA, SFA, SCFA and LCFA in the present study region
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Fig. 6.2: Variation of Branched and Bacterial fatty acids in the present study

Fingerprinting of Mangrove Ecosystems along Northern Keral



Chapter 6

160 60
-
1501 [_| I Post-mon 1 =
140 & [ Pre-mon 50
I Mon
oy 404 20
s0 -
=y ‘o
= L
= 30 < 151
iy -
z =
= =}
3 20 = 104
8]
104 5
0 0
1 2 3 4 5 1 ) 3 4 5
Stations Stations
20 S
i
i6] 4=
14
o 12 2.5
= )
3 104 =
- ~=
< —
= 84 o 2.04
=
~ 6
4 1.5
24
0 1.0
1 2 3 4 5 1 2 3 4 5

Fig. 6.3: Variation of Marine fatty acids, MUFA, PUFA and C16/18 in the
present study region

Table 6.2: Variation of Indices calculated from fatty acids in the present study

Max Min Avg Stdv
TFA 580.49 6.25 119.36 138.71
SFA 335.78 4.00 66.25 80.39
BrFA 46.05 0.98 13.46 12.16
MUFA 53.22 0.35 12.70 13.12
PUFA 18.38 0.07 4.35 4.89
SCFA 196.62 2.61 42.19 46.58
LCFA 139.16 1.39 24.07 35.18
Marine FA 146.04 1.60 29.97 34.66
Cle:1/16 0.46 0.04 0.19 0.13
C18:1/16:1 10.43 0.40 3.29 291
Bacterial FA 41.58 0.80 13.49 11.14
C16/C18 4.65 1.29 2.10 0.84
CPlIshort 0.43 0.07 0.16 0.09
C16/18 10.94 4.12 5.74 1.58
SCFA/LCFA 10.85 0.77 3.12 2.68
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MUFA (Mono Unsaturated Fatty Acids) varied from 5.43pgg” to
21.52pgg™ in post-monsoon, 4.40pgg™ to 53.22 pgg™ in pre-monsoon and
0.35 pugg'to 13.45 pgg” in monsoon (Fig. 3) and its contribution to TFA
pool lies between 4.86 and 20.54 %. Contribution of Poly Unsaturated
Fatty Acids (PUFA) to the TFA was comparatively lower (1.19 to 10.20 %)
in the present study and its concentration ranged from 2.27 ugg™ to 11.44 pgg™,
1.00 pgg” to 18.38 pgg” and 0.07 pgg” to 3.72 pgg’ in post-monsoon,
pre-monsoon and monsoon respectively. Marine fatty acids, which represents
the sum of C14+C16+C18, ranged from 12.58 pgg” to 41.61 pgg” in
post-monsoon, 12.49 ugg'1 to 146.04 ugg'1 in pre-monsoon and 1.60 ugg'1 to
31.61p gg' in monsoon and it contributed 16.12 to 39.72 % to the total fatty
acid pool. Bacterial fatty acids included odd fatty acids<C22 along with iso
and anteiso C15 and C17 and was ranged from 6.02 to 22.18pgg™’, 4.73 to
41.58 pgg’, 0.80 to 16.52 pgg” during post-monsoon, pre-monsoon and
monsoon which contributed 6.51 to 21.84% to the TFA. It appeared that,
the results for TFA, SFA, Marine fatty acids and SCFA were qualitatively
similar, that is showed higher concentration in (Pappinissery, Kunjimangalam

and Pazhayangadi) in pre-monsoon and lower concentration in monsoon.

C18:1/C16:1 showed comparatively higher value at Thalassery in
monsoon and was ranged from 0.40 to 3.26 in post-monsoon, 1.14 to 9.64 in
pre-monsoon and 1.41 to 10.43 in monsoon. Similarly C16:1/C16 was also
calculated and fall in the range 0.12 to 0.46, 0.05 to 0.27 and 0.04 to 0.26 in
post-monsoon, pre-monsoon and monsoon respectively. CPI (10-20) was

also calculated and was less than one for all samples.

Kunjimangalam showed much lower concentration for fatty acids and

TFA ranged from 6.25 (in monsoon) to 77.12pgg™ (in pre-monsoon). A total
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of 58 fatty acids were identified during pre-monsoon while 56 followed by
44 fatty acids were identified in post-monsoon and monsoon respectively.
PUFA, LCFA and BrFA showed comparatively higher concentration in
post-monsoon and lower in monsoon. C16 has major contribution to the TFA
in all season and showed lower contribution in post-monsoon (14.04 to
17.62%). C14 (9.29 to 13.02 %) and C15 (2.51 to 19.11 %) showed a
considerable contribution to the SFA pool and was higher in pre-monsoon.
For C26 (2.89 to 6.14 %) and C28 (3.40 to 6.13 %) contribution to SFA was
higher in post-monsoon while for C24 (3.74 to 11.51 %) and C30 (2.93 to

8.19 %) it was higher in monsoon.

A total of 76 fatty acids were identified from Pazhayangadi in post-
monsoon while number of fatty acids identified in pre-monsoon and monsoon
were 59 and 49 respectively. In Pazhayangadi, TFA ranged from 101.33 to
211.44 pgg”' and showed higher concentration in pre-monsoon. SFA
concentration ranged from 60.11 to 111.22pugg™ which is mainly contributed
by SCFA (55.66 to 75.01 %). MUFA showed comparatively higher
concentration in post-monsoon (12.26 to 16.39 pgg™) while PUFA contributed
1.51 to 4.37 % to the total fatty acid pool. Concentration of bacterial fatty
acids ranged from 14.59 to 28.21pgg” while that of marine fatty acids
ranged from 30.24 to 45.68 ugg™'. Ratio C18:1/16:1 is greater than one in all
samples. C16 contributed 27.27 to 34.89 % to the SFA pool while that of
Cl14 it was 7.52 to 9.03 %. C24, C26, C28 and C30 contributed 6.65 to
10.18 %, 4.16 to 10.23 %, 4.44 t0 9.81% and 4.81 to 11.34 % respectively.

Appreciable higher concentration and diversity of fatty acids were
observed in Pappinissery. Number of fatty acids identified in post-monsoon,

pre-monsoon and monsoon were 84, 75 and 63 respectively. Pappinissery in
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Pre-monsoon recorded exceptionally higher fatty acid concentration. TFA
ranged from 49.01 to 580.49ugg™". SFA varied from 24.48 to 335.78 pgg’
which is mainly contributed by SCFA (52.55 to 83.99 %). BrFA, MUFA and
PUFA ranged from 3.85 to 46.05 ugg’l, 4.16 to 53.22 pgg’ and 2.08 to
18.38ugg™ respectively. Bacterial fatty acids also showed comparatively
higher concentration in pre-monsoon and lies between 6.55 and 15.61 %.
Marine fatty acids contributed 17.14 to 25.16 % to the TFA in the study
region. Contribution of C16 to SFA fluctuated between 24.20 and 54.23 %
while that of C18 was in the range 5.87 to 8.93%. Concentration of higher
fatty acids like C24, C26, C28 and C30 was ranged from 2.22 to 32.35ugg”’,
0.44 to 19.43ugg™, 0.59 to 22.64 pgg and 1.17 to 44.47 pngg™ respectively

which showed higher input in pre-monsoon and lower input in post-monsoon.

Fatty acid diversity was low in Thalassery in which 49, 56 and 55 fatty
acids were identified in post-monsoon, pre-monsoon and monsoon
respectively. In Thalassery, TFA ranged from 19.14 to 42.09 pgg' with
higher concentration in pre-monsoon and lower concentration in monsoon.
SFA, mostly contributed by SCFA (70.62 to 83.07 %), showed much higher
concentration in pre-monsoon, and was ranged from 10.36 to 23.91pgg™.
Higher concentration of BrFA, MUFA, PUFA, and Marine fatty acids were
recorded in post-monsoon and were ranged from 3.85 to 6.11 pgg™, 1.86 to
7.26 pgg™, 0.75 to 2.27 pgg™ and 5.83 to 12.58 ugg 'respectively. Compared
to other stations, the ratio of C18:1 to 16:1 was much higher in Thalassery
(monsoon season) which lies between 2.01 to 10.43. SCFA such as C14, C16
and C18 contributed 8.14 to 11.53%, 36.41 to 44.80%, 6.49 to 8.17 %
respectively to the SFA. Higher fatty acids were comparatively low at

Thalassery and recorded higher concentration in pre-monsoon and lower
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concentration in monsoon. The contribution of C24, C26, C28 and C30 to the
SFA pool ranged from 3.38 to 4.99 %, 2.39 to 3.50 %, 4.44 to 8.69 and 3.49
to 7.94 % respectively.

A total of 46 fatty acids were identified from Kadalundi in post-
monsoon while 55 and 57 were identified in pre-monsoon and monsoon. TFA
ranged from 90.52 to 147.65 pgg” and recorded higher concentration in
monsoon and lower in pre-monsoon. SFA, mainly contributed by SCFA
(43.56 to 91.56%), except for pre-monsoon and was ranged from 49.08 to
87.56pgg™’. BrFA also showed lower concentration during pre-monsoon and
was ranged from 5.78 to 14.18 pgg'. MUFA, SCFA, Marine fatty acids and
Bacterial fatty acids showed higher concentration in post-monsoon and were
ranged from 4.40 to 21.52 pgg™, 21.38 to 60.30 pgg”, 14.59 to 41.61 pgg™
and 5.89 to 22.18pgg” respectively. LCFA and PUFA displayed higher
concentration in monsoon and varied from 5.56 to 39.07 pgg'and 1.47 to
3.72 ugg'l. Ratio of C18:1 to 16:1 fatty acids ranged from 0.40 to 3.47 which
displayed lower value in post-monsoon and higher value in pre-monsoon.
Ratio of SCFA to LCFA ranged from 0.77 to 10.85 with lower value in pre-
monsoon and higher value in pre-monsoon. Contribution of C14, C15 and
C16 to SFA was ranged from 0.13 to 11.99%, 2.02 to 17.80% and 19.27 to
46.91 respectively. LCFA contribution to SFA pool was less in post-monsoon
and was dominated by the contribution of C30 in pre-monsoon and monsoon.
Contribution of C24, C28, C28 and C30 ranged from 2.29 to 8.94%, 1.57 to
6.65%, 1.55 to 8.65% and 1.75 to 25.90% respectively.

Generally, n-fatty acids from algae and bacteria have higher abundance
of short chain compounds (C12 to C20) with a maximum at C16, whereas

those in higher plant waxes show carbon numbers>C22 with a maximum at
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C24 or C26(Eglinton and Calvin, 1967; Simoneit, 1978; Gao et al., 2008).
Much higher concentration of Palmitic acid (C16) was found in all samples.
C16 is the most abundant Saturated straight chain fatty acid (SFA) in
mangrove leaves (Sassen, 1977; Mfilinge et al., 2003, 2005; Hall et al., 2006)
which indicates the degradation state, since the concentration of SFA in
detritus declines constantly with age (Mfilinge et al., 2003). C16 is a dominant
fatty acid in bacterial as well as marine organisms and also can be contributed
by sewage discharge (Quemeneur and Marty, 1992). The CPI index, for short
chain fatty acids, was found to be very low and was ranged from 0.07 to 0.43

indicated the dominance of even chain fatty acids.

In Kunjimangalam, abundance of fatty acids were higher in pre-monsoon
and lower in monsoon. The dominance of SCFA with comparatively higher
concentration of odd chain and bacterial fatty acids in pre-monsoon indicated
higher microbial activity at higher temperature. These indices recorded much
lower concentration in monsoon indicated lower activity of microbial
community. Low planktonic production due to reduced salinity, low
temperature, pH and high turbidity and resuspension events during monsoon
seasons (Rejil, 2013) might be other factors affecting the fatty acid composition.
MUPFAs also showed higher concentration in pre-monsoon. Concentration of
LCFA and PUFA were found to be higher in post-monsoon and lower in
monsoon. In post-monsoon, deciduous mangrove leaf contributed to LCFA,
but its concentration was lower than SCFA in all season. Even though pre-
monsoon period characterised by higher chlorophyll, PUFAs were not so
much high due to its greater susceptibility to degradation (Smith et al., 1983).
Retention of fatty acids was much lower at Kunjimangalam due to its sandy

texture.
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In Pazhayangadi indices like TFA, SFA, BrFA, MUFA, PUFA, SCFA,
LCFA, Bacterial fatty acids and marine fatty acids showed lower concentration
in monsoon (except SCFA and Bacterial fatty acids) and higher concentration
in pre-monsoon. These results indicated active growth of microbial as well as
planktonic community in pre-monsoon and their growth was least in monsoon.
Pre-monsoon season is characterised by the clayey texture at Pazhayangadi

which reinforces the organic matter accumulation.

The abundance and concentration of fatty acids were much higher at
Pappinissery, reflecting the diversity and abundance of organisms in the
study region. In this station, almost all indices showed higher concentration
in pre-monsoon and lower concentration in monsoon. Dissolved Oxygen in
the water column may play an important role in sediment organic matter
composition so that lesser aerobic processes or benthic activity exist during
periods of anoxia/hypoxia (Diaz and Rosenberg, 1995; Zimmerman and
Canuel, 2001). In Pappinissery it was found that the amount of fatty acids
was high at pre-monsoon; this was in line with depleted dissolved oxygen in
the water column which inhibits organic matter degradation by aerobic

processes in synchronous with an increase in anaerobic process.

Fatty acid diversity was low at Thalassery which might be either due
to sandy texture of the sediments that helps to the aerobic oxidation of
organic matter or due to the low diversity of organisms. The amount of
saturated fatty acids was higher in pre-monsoon season, while that of others
were high in post-monsoon. In Thalassery Chl a, MUFAs and PUFAs were
comparatively higher in post-monsoon which indicates more planktonic

input in the season.
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Kadalundi in pre-monsoon characterised by low concentration of TFA,
SFA, BrFA, MUFA, PUFA, Bacterial and Marine fatty acids which could be
due to sandy nature of the sediment. Low chlorophyll content and PUFA was
noticed in pre-monsoon indicating lower planktonic input. Since all indices
were lower in pre-monsoon it can be inferred that fatty acid concentration in
Kadalundi is mainly attributed to planktonic input. The presence of lower
concentrations of inorganic nutrients in sandy sediments may decrease the

phytoplankton production (Sanilkumar, 2009).

MUFA, SCFA, Bacterial and marine fatty acids reported higher values
in post-monsoon reflecting active growth of planktonic as well as bacterial
derived organic matter in post-monsoon. In the monsoon and post-monsoon
texture was characteristically silt (42.15%, 42.25% respectively in monsoon
and post-monsoon) and clay (40.42%, 37.91% respectively in monsoon and
post-monsoon) in equal proportion which supports planktonic production as

well as organic matter retention.
6.2.2 Multimethyl Branched fatty acids:

Dodecanoic Acid, 3,7,11-Trimethyl-, Methyl Ester, Tridecanoic Acid,
4,8,12-Trimethyl-, Methyl Ester, Tetradecanoic Acid, 5,9,13-Trimethyl-,
Methyl Ester, Hexadecanoic Acid, 3,7,11,15-Tetramethyl-, Methyl Ester and
Heneicosanoic Acid, 2,5-Dimethyl-, Methyl Ester were identified from the
study area. Multimethyl branched acids are abundant in cell wall lipids of
Mycobacteria (Minnikin, 1982; Minnikin et al., 2002). 3,7,11,15-Tetramethyl-
Hexadecanoic Acid (phytanic acid), which is found in zooplankton (Rontani
et al., 1999) as a diagenetic product of chlorophyll (Schliiter et al., 2002).
Phytanic acid is formed in animal tissues by oxidation of phytol to phytenic

acid (only encountered in tissues under artificial feeding conditions, followed
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by reduction (Avigan and Blumer, 1968). In the present study, phytanic acid
was detected from two samples, from Kunjimangalam in pre-monsoon and
monsoon. Freshwater sponges contain polymethyl branched fatty acids such
as 4,8,12-trimethyltridecanoic acid and have chemo-taxonomical significance
for both marine and freshwater sponges (Dembitsky et al., 2003). 4,8,12-
Trimethyltridecanoic acid, metabolic products of the dietary phytol (Prahl et
al., 1984) is also common in fish and other marine organisms (Ackman and

Hooper, 1968). Also, multimethyl branched acids are found in bacteria.

Multimethyl branched acids are also dominant in the uropygial waxes
of the birds preen gland that serves to waterproof the feathers (Jacob and
Ziswiler, 1982). The precise composition of this varies from species to
species, but all are characterized by high concentrations of branched-chain
fatty acids (and alcohols). A common pattern is to find series such as 2,4-,
2,6-, 2,8- and 4,6-dimethyl, and so forth, with 2,4,6-, 2,4,8- and 2,6,8-
trimethyl, and 2,4,6,8-tetramethyl fatty acids. 2,4,6-Trimethyl Nonanoic Acid

is detected from Kunjimangalam in post-monsoon.

6.2.3 Bacterial Fatty Acids

Bacteria occur in all present day sedimentary environments including
polar, deep-sea, anoxic-basin, intertidal, salt marshes, mangrove and
lacustrine sediments (Gong and Hollander, 1997; Dunn et al., 2008). The
fatty acid composition of microorganisms is known to vary in response to
temperature changes (Sushchik et al., 2003; Teoh et al., 2004), irradiance
conditions (Brown et al., 1996) or with growth phase (Brown et al., 1996;
Gugger et al., 2002), but in most cases the changes are limited to variations in

relative abundance.
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Findlay and Dobb., 1993 classified the microorganisms based on
their fatty acid composition into four distinct functional groups, namely,
micro-eukaryotes (polyunsaturated fatty acids), aerobic prokaryotes
(monounsaturated fatty acids), gram-positive and other anaerobic bacteria
(saturated and branched fatty acids in the range of C14 to C16), and Sulphate
Reducing Bacteria and other anaerobic bacteria (saturated and branched fatty
acids in the range of C16 to Cl9). Gram-negative bacteria produces mainly
16:107, cyl7:0, 18:1w7, and cy19:0 while Gram-positive bacteria produces
114:0, 115:0, al15:0, 116:0, 117:0, al17:0, 118:0, and al8:0.

Mangroves contribute organic matter to the environment, mainly
through leaf litter production (Ashton et al., 1999; Hogarth, 1999; Lee, 1999).
Earlier reports suggested that microbial processing convert mangrove litter
into nutrient-rich food for fishes (Odum, 1971; Lee et al., 1990; Kathiresan
and Bingham, 2001; Kathiresan and Rajendran, 1998, 1999, 2000, 2004,
2007; Ashton et al.,1999). Composition of sedimentary fatty acids changes
significantly during decomposition of mangrove leaves by microbial
colonization i.e., a change is often occurred from saturated straight chain to
monounsaturated fatty acids followed by branched fatty acids(Alikunhi et al.,
2010).

Odd chain fatty acids and branched chain fatty acids such as iso- and
anteiso-homologue of C15 and iso-homologue C17 carbon atoms are
commonly produced by bacteria, and can be used as bacterial biomarkers
(Volkman et al., 1980; Goosens et al., 1989; Haddad et al., 1992; Meyers and
Ishiwatari, 1993; Rajendran et al., 1997). Bacterial biomarkers were
substantially higher in pre-monsoon, except for Kadalundi and Thalassery,

indicated relatively higher abundance of microbial community induced by
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high temperature. The Cs to Cj¢ fatty acids were present in the study region
and their probable origin is from bacteria (Hayashi and Takii, 1977). The
fatty acid 1C12 was detected from Pappinissery in post-monsoon and
monsoon season, but in lower concentration. Also iC13 (0.06 to 0.58 pgg™)
and aC13 (0.01 to 0.44 pgg") was detected with much lower concentrations
from the study region. In all stations, except Thalassery in pre-monsoon and
Kunjimangalam in monsoon, iC13 detected the presence of aC13 was noticed
from six observations (Pappinissery in all seasons, Kunjimangalam in post-

monsoon and pre-monsoon and in Thalassery during monsoon season).

Saturated and branched fatty acids in the range of C14 to C16 are
present in gram reducing and other anaerobic bacteria. Branched chain fatty
acids such as iC14, iC15, aC15 and iC16 were detected in all samples.
Concentration of iC14, iC15, aC15 and iC16 ranged from 0.03 to 3.04pgg™,
0.20 to 14.74pgg™, 0.15 to 8.34ugg™ and 0.10 to 5.65ugg™” respectively and
recorded much higher concentration in Pappinissery (pre-monsoon). Only 3
samples showed iC14 concentration greater than one pgg™', Pappinissery
during post-monsoon (1.65 pgg™) and pre- monsoon (3.04 ugg™) along with
Pazhayangadi during pre-monsoon (2.22 pgg™).

iC15 showed comparatively lower concentration (>3 pgg') in seven
observations, i.e., Pazhayangadi in all seasons, Pappinissery in post-monsoon
and pre-monsoon and Kadalundi in post-monsoon and monsoon. All those
samples (except for Kadalundi) which showed higher concentration of iC15
was also characterised by higher abundance of aC15 (> 2 pgg™). It has been
reported that the fatty acid biomarkers iso-C15:0, anteiso-C15:0 and C15:0 are
abundant in sulphate reducing bacteria (Taylor and Parkes, 1983; Dowling et al.,

1986;Vainshtein et al., 1992; Kohring et al., 1994) and gram-positive bacteria
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(Kanede, 1991; Dunn et al., 2008). C15 was greater than 4 pgg”' in 5
observations which includes Kadalundi (11.72 pgg') in post-monsoon,
Kunjimangalam (8.98 pgg'), Pazhayangadi (6.42 pgg') and Pappinissery
(5.07 pgg’™") in pre-monsoon and Pazhayangadi in monsoon (4.15 pgg™).

1C16 was detected in all observation and was ranged from 0.10 to
5.65 pgg”. Concentration was greater than two in Pazhayangadi during
pre-monsoon (3.62 pgg'), Pappinissery during post-monsoon (2.89 pgg™)
and pre-monsoon season (5.65 pgg™'), and Kadalundi during monsoon
(2.61 pgg') season. Even though, fatty acid profile of bacteria with a
branched-chain lipid type is affected by its growth conditions; branched fatty
acids in the range C17-19 indicate the presence of sulphate reducing bacteria
and anaerobic bacteria. Sulfate-reducing bacteria decompose organic matter
and produced sulfide that precipitates black iron-sulfide or pyrite (Stal, 2000;
Dijkman et al., 2010). Sulfide serves as an electron donor for anoxygenic
photosynthesis by purple sulfur bacteria and sulfur oxidizing bacteria by
aerobically and anaerobically (Caumette et al., 1994; Wieland et al., 2003;
Dijkman et al., 2010).In the present study iC17 and aC17 were detected in all
stations and was ranged from 0.05 to 4.29 ugg'1 and 0.13 to 3.49 pgg’
respectively. Both fatty acids displayed higher concentration in Pappinissery
and Pazhayangadi in pre-monsoon. Other two C17 branched fatty acids were
also detected from the present study. One among them was widely distributed
(0.05 to 3.66 pgg") while the other detected in 4 samples (Pappinissery in
post-monsoon and monsoon along with Pazhayangadi and Kunjimangalam
during post-monsoon). Branched C18 fatty acids were also detected from 5
samples which include Pazhayangadi in post-monsoon, Pappinissery in post-

monsoon and pre-monsoon, Thalassery in post-monsoon and monsoon. C19

Fingerprinting of Mangrove Ecosystems along Northern Keral



Chapter 6

branched fatty acid detected in low concentration and was ranged from 0.01
to 0.85 pgg’ and recorded comparatively higher at Pappinissery in pre-

monsoon.

Gram-negative community was characterised by higher abundance of
anteiso- and iso- branched FAME relative to non-branched FAME (Ibekwe and
Kennedy, 1999; Navarrete et al., 2000). iC15/C15 was greater than one in most
of the samples (except Kunjimagalam in post-monsoon, Kadalundi in
pre-monsoon and Pazhayangadi in monsoon). a-C15 also very high except four
samples(Kadalundi in all the three seasons, and Kunjimangalam in
pre-monsoon and monsoon). iC17/C17 was greater than one in Pappinissery in
all seasons, Kunjimangalam and Pazhayangadi in post-monsoon. In

Pappinissery, both iC17/C17 and aC17/C17 was very high in monsoon season.

Mfilinge et al., 2005 carried out leaf degradation experiment in the
mangrove forest located in the northern part of Okinawa Island in southern
Japan and they reported that an increase in BrFAs, MUFAs and BFAs (odd-
BrFAs + 18:1w7) bacterial markers (Jeffries, 1972; Volkman et al., 1980)
after 45 days during winter and 17 days during summer. This degradation
corresponds to significant increases in total FAs and total lipid in the
detritus of both species, suggesting that bacterial activity plays a significant
role in lipid and fatty acid transformation. In the present study fatty acids
are comparatively higher during pre-monsoon (except Kadalundi) which
was expected to be contributed by bacterial colonization induced by higher

temperature.

MUFAs can also give the indications of bacterial community in the

study region. Along with iC15 and aCl5 occurrence of sulfur-reducing
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bacteria can also be demonstrated by the presence of MUFA (C17:1; Taylor
and Parkes, 1983, 1985; Parkes and Calder, 1985). C17:1, may be a useful
biomarker for Desulfobulbus-type bacteria in marine systems (Taylor and
Parkes, 1985) and was detected from Pappinissery in post-monsoon and
monsoon, Kadalundi post-monsoon, Pazhayangadi in monsoon and
Kunjimangalam in pre-monsoon. C18:1®w7¢c a bacterial marker, has been
found in high amount in purple sulfur bacteria (Grimalt et al., 1992), Type II
methane-oxidizers (Naganuma et al., 1996), Gram-negative bacteria
(Ratledge and Wilkinson, 1988; Dijkman et al., 2010) and in small amounts
are also present in cyanobacteria and diatoms. C18:1®m7¢ was detected from
10 observations with much lower concentration (< 1ugg™) except Pappinissery

in pre-monsoon and its concentration ranged from 0.12 to 4.27 pgg'l.

The increase in cyclopropyl fatty acids can be associated with cell age,
nutrient deprivation, and/or anaerobiosis (Kieft et al., 1994) typically
produced when microorganisms move from the logarithmic to the stationary
phase of growth (Poerschmann et al., 2005). Fatty acids derived from
cyclopropane (cy-17:0, cy-19:0) are typical for anaerobic organisms
(Salomonova et al., 2003). Desulfobacter spp showed high levels of
cyclopropyl fatty acids, including two isomers of both methylene hexadecanoic
(cy-17:0) and methylene heptadecanoic (cy-18:0) acids (Dowling et al., 1986).
Cy-C17:0, was detected from 10 observations and was ranged from 0.06 to
1.11 ugg'l. Higher concentration was detected from Pazhayangadi in post-
monsoon, while others showed appreciably lower concentration (<1 pgg™).
The cy-C18 has been found in a wide range of bacterial species of many
different types, both Gram-negative and Gram-positive, from strict anaerobes

to obligate aerobes (Rontani et al., 2005), could not identify from the present
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study region. Both cy-C18 and its MUFAs showed similar splitting in mass
spectrum, so either cy-C18 was absent in the study region or it could not
be distinguished from mass spectrum of MUFA. Cy-19:0 fatty acid has
been observed as a major lipid component of Brevundimonas sp. (Lipski
and Altendorf, 1997), purple bacteria such as Rhodobacter sp and
Ectothiorhodospira sp. (Grimalt et al., 1992) and the sulfur- and iron-
oxidising bacteria Acidthiobacillus sp. (Kneif et al., 2003). Cy-19:0 was
detected in all observations except Kadalundi in pre-monsoon and

Pappinissery in monsoon and was ranged from 0.03 to 2.23 ugg™.

a-hydroxy acids and B-hydroxy acids <C20 was detected in the present
study region, in which 2-OHC16 was most widely distributed (9 out of 15
observations). Higher hydroxy fatty acids are detected in Pappinissery in
post-monsoon and pre-monsoon. Along with iso and anteiso acids of C15 and
C17, the presence of B-hydroxy acids or 3-hydroxy acids is the most reliable
indication of bacterial activity (Qi et al., 1997; Green et al., 2002). 3-hydroxy
acids <C20 are characteristic of cell walls Gram-negative bacteria (Weckesser
et al., 1979; Goossens et al., 1986) and those between C8 and C26 were found
in cyanobacteria (bacteria Gram-negative), and certain microalgae (Eglinton
et al, 1968; Goossens et al., 1986; Mendoza et al., 1987). Hydroxy fatty acids
may also result from oxidation of aerobic unsubstituted acids in the water
column (Johns and Onder, 1975; Boon et al., 1977, Kawamura and
Ishiwatari, 1984). Sphingomonadaceae are generally characterized by the
presence of sphingolipids and 2-hydroxyacids and it lack 3-hydroxyacids
(Rontani et al., 2005).

3-OH-14:0 fatty has been isolated from waterborne Gram-negative

pathogens (Poerschmann et al., 2005) and was detected in four samples with
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comparatively low concentration (0.11 to 0.66 pgg™). Its presence was detected
in Kunjimangalam during post-monsoon and pre-monsoon and Pazhayangadi
during pre-monsoon and monsoon. Water biofilms including Pseudomonas
have 3-OH-10:0 and 3-OH-12:0 fatty acids (Poerschmann et al., 2005), both

are detected from Pappinissery in post-monsoon and pre-monsoon.

Bacterial populations have been reported to be positively correlated
with increase in organic matter (Carrie et al., 1998; Dunn et al., 2008) which
stimulate microbial metabolism, sediment oxygen demand and nutrient
regeneration within surface sediments (Pfannkuche, 1993; Slomp et al., 1993;
Boon et al., 1999). So, appreciably high abundance of bacterial fatty acids
accompanied by higher amount of sedimentary organic matter in Pappinissery
and Pazhayangadi was in line with the observation of previous studies (Boon
et al., 1999; Carrie et al., 1998; Dunn et al., 2008). An increase in
concentration of branched fatty acid and MUFAs are indicative of significant
bacterial production (Gillan and Hogg, 1984) in the present study region. So
from the results of bacterial fatty acids, it can infer the prevalence of bacterial
re-working which leads to an efficient recycling of mangrove and algal

material of the sedimentary organic matter.

6.2.4 Algal and Zooplankton Signals

Mangrove ecosystems are highly productive and a total of 72 species of
microalgae (Bacillariophycea, Chlorophyceae, Cyanophyceae, and Dinophycea,
in which Bacillariophyceae) and 80 species microphytobenthos (blue green
algae, green algae and dinoflagellates-diatom was the major group) has been
identified from six mangrove station around Cochin area, with a mean
primary productivity 2.258 gC/m’/day and an average seasonal primary

production in the range 0.36 to 3.3 gC/m’/day (Rejil, 2013). Earlier reports in
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Pitchavaram mangrove waters of Tamilnadu showed a seasonal average in
the range 0.36 to 3.3 gC/m’/day, while in Dharmadam estuarine waters it was
0.24 to 1.14 gC/m’/day (Rejil, 2013). So, higher phytoplankton production

can be expected in the present study also.

Marine fatty acids are calculated as the sum of the most abundant
marine homologues n-C14, n-C16 and n-C18 and follow the same trend as
TFA and SFA. But in the present study Palmitic acid (16:0) is the major
contributor to the SCFA and is originated from marine, bacterial as well as
terrestrial sources. Also, C16, and C18 fatty acids are less source-specific
than mono- and polyunsaturated fatty acids. These fatty acids can also be
formed from biogeochemical reduction of unsaturated fatty acids which
limit their biomarker potential (Birgel et al., 2004). Since there are many
other sources for C16 and C18 than marine sources, it can be inferred that
calculation of marine fatty acids could not only give the correct prediction
as phytoplankton or algal contribution. However, C14:0 is reliably derived
from primary production, on account of its high abundance in diatoms

(Volkman et al., 1989; Viso and Marty, 1993).

The fatty acid markers have been used to distinguish amongst
taxonomic classes of microalgae (Claustre et al., 1989). 18:4w3, 20:503 and
22:603 are the predominant polyunsaturated fatty acids (PUFAs) in
microalgae (Viso and Marty, 1993) in which 18:403 was absent in the
present study region. C18:1®m9 have used as biomarker for brown algae; the
Cis form present in all the stations (0.19 to 22.19 pgg-1). An appreciably
higher concentration of C18:1®9 found in Pappinissery and Pazhayangadi in
post-monsoon and pre-monsoon, may be accounted for (>5ugg-1) the

abundance of brown algae.
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Mpyristoleic acid (C14:1), a general biomarker for cyanobacteria (Caudales
and Wells, 1992; Caudales et al., 1993), was detected from Pappinissery and
Thalassery in post-monsoon (0.13 pgg-1). Priya and Niranjana, 2012 reported

that C14:1 was isolated from Aegiceras Corniculatum.

Vascovsky et al., (1996) reported that the major fatty acids in green
macro algae are 18:2w6 and 18:3w3, among them 18:2w6 was detected in all
the samples (0.03 to 7.60 pgg™). Comparatively higher concentration of
18:2w6 was observed in the sediment samples from Pappinissery during in
post-monsoon (3.41 pgg™) and pre-monsoon (7.60 pgg™). Fatty acid 18:2w6,
18:4 may be related with cyanobacteria, heterocystous cyanobacteria
respectively, but the later was not found in the present study (Vargas et al.,
1998). 18:3w3 was detected in as many as 7 out of 15 observations and was
ranged from 0.11 to 4.59 pgg”'. Pappinissery and Pazhayangadi in post -
monsoon and pre-monsoon season and Thalassery in all seasons 18:3w3 were
among them. Further elevated concentration of 18:3w3 (>1 pgg') was
recorded in, Pappinissery (post-monsoon, 1.86 pgg-1 and pre-monsoon,

4.59 ngg-1) and Pazhayangadi (pre-monsoon, 2.15 pgg-1).

Flagellated algae contain 22:6®w3, with much fairly lower amounts of
16:107 and 20:50w3 (Joseph, 1975; Bachok et al., 2009). However, 22:603
was less abundant in the present study and was detected in Pappinissery
(0.05 pgg-1) in post-monsoon. The fatty acid 18:4w3 is also typical of
dinoflagellates (Mansour et al., 1999) could not be detected in the present
study.

Mpyristic acid (C14), a diatom marker (Reitan et al., 1994) also present

in dinoflagellates to a lesser extent (Napolitano et al., 1997), was found to be
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much higher in concentration in pre-monsoon and lower concentration in
monsoon (except Thalassery and Kadalundi). Post-monsoon period was
characterised by higher C14 (Fig. 6.4) concentration at Thalassery and
Kadalundi. These results were in synchronous with the chlorophyll
concentration found for the sample in that season. Concentration of C14 was
greater than one in all samples except for Kunjimangalam in monsoon and
was much higher (>10 npgg-1) in two observations (Pappinissery and
Pazhayangadi during pre-monsoon). This may be accounted for the fact that
Pappinissery and Pazhayangadi were associated with clayey texture, higher
sedimentary chlorophyll and organic carbon in pre-monsoon. The presence
of higher concentrations of inorganic nutrients in muddy sediment might

enhance the phytoplankton production (Sanil Kumar, 2009) in these stations.
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Fig. 6.4: Variation of C14 in the present study region
The PUFAs such as 20:503 and 20:4®3 have been used as diatom
markers (Dunstan et al., 1994; Pond et al., 1998). 20:5w3 detected in all

samples indicating contribution from diatom. The concentration was fairly

high (> 2 ngg-1) in as many as six observations, Pappinissery and Pazhayangadi
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in post-monsoon and pre-monsoon, Kunjimangalam in post-monsoon and
Kadalundi in monsoon. In as many as ten samples presence of fatty acid
20:4m3 was detected, but concentration was much lower in the present study
(0.07 to 0.79ugg-1). It was not detected from the samples at Kunjimangalam
and Kadalundi (in pre-monsoon and monsoon), and Thalassery in monsoon,
In addition to 20:50w3 and 20:4®3 , 16:1w7 has been used as diatom marker
but can also be synthesised by dinoflagellates, prymnesiophytes and
haptophytes (Viso and Marty, 1993; Hu et al., 2006). All samples showed the
presence of 16:1w7 and its concentration were appreciable, fluctuating

between 0.07 and 11.95 pgg-1 in the present study.

Fatty acid based proxies such as C16:1/C16:0, Y C16/3C18 and
C20:5/C22:6 have been used to distinguish between phytoplankton
taxonomic classes such as diatoms and dinoflagellates (Budge and Parrish,
1998; Ramos et al., 2003). The ratio of 16:1/16:0 is usually used to
distinguish between diatom and dinoflagellate (Budge and Parrish, 1998).
However, due to the higher susceptibility of unsaturated fatty acids to the
biological and chemical degradation during the sedimentation, the ratio of
16:1/16:0 in surface sediments was well below 1 (Birgel et al., 2004) in the
present study. Y C16 to Y C18 ratio (> 2) have also been used as diatoms
marker (Parrish et al., 2000) and the ratio was higher than 1.0 in all cases and
had the maximum value of 4.65. The ratio was greater than two in as many as
seven observations, which includes samples from Kadalundi in all seasons,
Pazhayangadi and Kunjimangalam in monsoon. This apparent disagreement
between the two diatom indicators is most likely attributed to an interference of

C16:0 fatty acid and degradation of unsaturated fatty acids.
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Another biomarker ratio, 20:5w3 to 20:4w6 was used for the prediction
(>10) of red algae (Khotimchenko and Vaskovsky, 1990; Alikunhi et al., 2010).
The ratio was greater than 10 at Kunjimangalam in post-monsoon, Pappinissery

in monsoon which may indicate the presence of red algae at these stations.

16:107/18:109 is also used to distinguish between diatom as well as
flagellated algae (Tolosa et al., 2004), based on the dominance of 16:1®7 in
diatoms (Volkman et al., 1989; Viso and Marty, 1993; Dustan et al., 1994).
The ratio was greater than one in three observations, Kadalundi (post-
monsoon), Kunjimangalam (pre-monsoon) and Pazhayangadi (monsoon)
indicated the dominance of diatoms in the system. C18:1/C16:1 was fairly
high at Thalassery during monsoon season, may be attributed to contribution
of planktonic species other than the diatoms, since the latter species are
known to be enriched in the C16 homologues (Dunstan et al., 1993). Ratio of
C18:1 to Cl16:1 was less than one in Kadalundi during post-monsoon

indicated that the planktonic input was dominated by diatoms.

In bacteria and fecal pellets, 18:1w9/18:1w7 is generally < 1, while it is
usually >1 in phytoplankton and animal tissues (Thoumelin et al., 1997;
Tolosa et al., 2004). In the present study 18:1®7 detected from as many as ten
observations, and in that samples the ratio was greater than one. This result

indicated the dominance of phytoplankton in the study region.

C20:1, C22:1®9, C24:1 MUFAs were considered to be zooplankton
markers (Wakeham et al., 1997; Falk-Petersen et al., 2002; San¢ et al., 2011).
C24:1 detected in 2 observations, at Pappinissery in post-monsoon (0.99 pgg-1)
and at Kadalundi in pre-monsoon (0.72 pgg-1). Two C20:1 MUFAs were
detected from the study region. C20:109 were detected from 3 out of
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15 observations, Pappinissery (0.07 pgg-1) and Pazhayangadi (0.21 pgg-1)
during post-monsoon and Thalassery during pre-monsoon (0.05 pgg-1). The
other MUFA was detected only from Pazhayangadi (0.05pgg-1) in post-
monsoon. Erucic acid (C22:1w13) was detected in six samples, (Kunjimangalam
and Pazhayangadi in post-monsoon, Pappinissery in Post-monsoon and
pre-monsoon along with Kadalundi in pre-monsoon and monsoon) and was
ranged from 0.01 to 0.76 pgg-1. An isomer of C22:1 was also detected in the
present study region. Its presence was noticed at Pappinissery in post-monsoon

(1.14 pgg-1) and at Thalassery (0.07 pgg-1) and Kadalundi in monsoon
(0.71 pgg-1).

Concentrations of zooplankton markers were moderately low at all
stations except Pappinissery in post-monsoon and Kadalundi in pre-monsoon
and monsoon. Kadalundi mangrove ecosystem which is proximate to the

Lakshadweep Sea may contribute zooplankton markers to the system.

Dissolved oxygen super-saturation was noticed in the water column in
pre-monsoon season but could not be detected from fatty acid biomarker.
These PUFAs associated with phytoplankton would not be expected to be
preserved in the soils and sediment in their original amounts, so that
diagnostic PUFAs were absent or depleted within the sediment record (Carrie
et al., 1998; Dunn et al., 2008). This liability results from their rapid losses by
bacterial degradation and/or zooplankton grazing (Alfaro et al., 2006; Hu et al.,
2006; Dunn et al., 2008). The proportion of bacterial fatty acids (i.e., iso and
anteiso branched fatty acids) was appreciably higher in the present study,
implying that microbial processes were active. These observations suggest that
marine products like PUFAs have been significantly degraded (Harvey et al.,
1987; Harvey and Macko, 1997), leaving behind the more resistant markers.
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6.2.5 Vascular Plant Signals

The long chain fatty acids (LCFA) such as C24:0, C26:0 and C28:0, are
considered as typical vascular plant biomarkers (Alfaro et al., 2006; Hall
et al., 2006). Mangroves are characterized by high Cl6 and C18 members as
well as C18:1 diacid (Sassen, 1977; Shaw and Johns, 1985; Mfilinge et al.,
2003, 2005; Hall et al., 2006). Mfilinge et al., (2003) suggested that the
amount of C16:0 fatty acids in mangrove leaves may be an indicator of
degradation state since the concentration of SAFA in detritus declines
constantly with age. In the present study, among long chain fatty acids >C20
which are derived from waxy leaf coatings showed predominance for even
chain fatty acids over odd chain fatty acids. Except for Kadalundi, concentration
of LCFA was found to be higher in pre-monsoon season. These LCFAs
preserved in mangrove sediments and nearby ecosystems such as estuarine and
oceanic region for a long period without undergoing further transformation,

make them an effective mangrove biomarker (Mfilinge et al., 2005).

The ratio, SCFA to LCFA (Fig. 6.5) was greater than one for all samples
except for Kadalundi in pre-monsoon. It was found that the amount of LCFA
was much lower than short chain fatty acids in these stations. SCFA in the
present study region was dominated by C16 followed by C18 which can be
contributed by marine plankton, mangrove plants and bacteria. Meziane
et al., 2007 studied fatty acid composition of six mangrove species such as
Kandelia obovata, Aegiceras corniculatum, Avicennia marina, K. obovata,
Rhizophora stylosa and Bruguiera Gymnorrhiza and found that total amount
of LCFAs was <10%. According to their study other fatty acids such as
C16:0, C18:109, C18:2w6 and C18:3w3 were contributed up to 76-89% of

the total fatty acid content in most cases. It was also pointed out that the fatty
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acid concentration varied according to local growing conditions as well as
other chemical and structural adaptations. The ratio of SCFA to LCFA which
was found to be greater than one may be attributed by the lower contribution

of LCFA with respect to SCFA was in line with Meziane et al., 2007.
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Fig. 6.5: Variation of SCFA to LCFA and Marine to even LCFA in the present
study region

The ratio of total input of marine fatty acids (C14:0+16:0+18:0) to

total input of even-numbered LCFAs (C22:0+24:0+26:0+28:0+30:0) were

also calculated and was less than one in 4 observations (Kadalundi (pre-

monsoon and monsoon), Pappinissery (monsoon) and Pazhayangadi

(post-monsoon) which can be used as an indicator of aquatic vs. terrestrial

organic matter sources (Meyers, 1997; Waterson, 2005).

The fatty acids C18:3w6 and C18:3®w3 have been used as markers of
green algae (Dunstan et al., 1992; Napolitano et al., 1997, Meziane and
Tsuchiya, 2000), however, recent fatty acid analyses revealed that they also

constitute dominant fatty acids in mangrove leaves (Sassen, 1977; Hall et al.,

2006; Meziane et al., 2007). PUFAs like C18:3w6 could not be detected in the

Fingerprinting of Mangrove Ecosystems along Northern Keral



Chapter 6

present study, while C18:3w3 were found in eight out of 15 observations. The
high content of polyunsaturated fatty acids (PUFA), in particular 18:2w6 and
18:3®3, has been identified as useful biomarkers of mangrove leaves in estuarine
food chains (Sassen, 1977; Hall et al., 2006; Meziane et al., 2007). The presence
of 18:2w6 was noticed in all samples and its concentration was varied from 0.03
to 7.59 pgg'and Except for Pappinissery, all stations showed higher
concentration in post-monsoon followed by pre-monsoon season. Highest leaf
litter fall is in between December and March, and highest fruit fall season is in
between December and January (Duke, 1990; Imgraben and Dittmann, 2008)

may be attributed to increase in concentration of these PUFAs.

The presence of a,m-dicarboxylic acids of higher fatty acids have been
previously detected in the sedimentary environment, originated from higher-
plants and see grass (Shaw and Johns, 1985). A part of higher molecular
weight fatty acids (C20-C32) undergoes B- and w-oxidative degradation,
even though they are diagenetically stable (Kawamura and Ishiwatari, 1984).
The long chain dicarboxilic acids such as Eicosanebioic Acid, Tetracosaedioic
Acid, Pentacosaedioic Acid, Hexacosaedioic Acid (o, w-Dicarboxyacid) and
Heptacosaedioic Acid (o, w-Dicarboxyacid) were detected in the present

study is of higher plant origin either by direct input or by diagenetic process.

2-hydroxyalkanoic acids (a-hydroxy fatty acids,) ranging from C24-C28,
may be formed by cutin-derived hydroxy fatty acids (Goii and Hedges, 1990;
Crow et al., 2009) or from microbial metabolism of higher plant wax
(Findlay and White, 1983). In the present study 2-OH fatty acids in the range
C23 to C28 was detected indicating its origin from mangroves either by

direct input or by microbial modifications.

218 Department of Chemical Oceanography , School of Marine Sciences, CUSAT



Fatty Acids as BiomarRers

6.3 Principal Component Analysis

A total of 119 fatty acids were identified in the present study, so it is
very difficult to extract information from complex mixtures of compounds.
Mangroves are most productive and complex ecosystem for their associated
flora and fauna include bacteria, fungi, algae, lichens, zooplankton, benthos,
birds, reptiles and mammals. In such complex systems, multivariate statistical
techniques are very useful for extracting maximum information (Mudge and
Norris, 1997; Mudge et al., 1998). PCA was performed on the data set and
the results are detailed in Tables 6.3, 6.4 and 6.5. A total of 97.45% of
variance was explained by all the nine factors in which first four factors

explains 81.63%.

Table 6.3 Total variance explained by principal component analysis using
Varimax rotation

Initial Eicen values Extraction Sums of Rotation Sums of
g Squared Loadings Squared Loadings
E &2 0z & X2 Jdz & &2 Q=
39.81 49.76 49.76 39.81 49.76 49.76 35.13 43.92 43.92

13.83 63.59 11.07 13.83 63.59 1094 13.68 57.60
8.60 10.75 7434 8.60 10.75 7434 10.86 13.58 71.18
7.10 887 8321 7.10 887 8321 8.36 10.45 81.63
343 429 8750 343 429 8750 3.71 4.64 86.26
3.15 393 9143 3.15 393 9143 347 4.33 90.59
2.08 261 9403 2.08 261 9403 222 2.78 93.37
1.73 216 96.19 1.73 216 96.19 2.18 2.73 96.10
1.01 126 97.45 1.01 1.26  97.45 1.08 1.35 97.45
0.80 1.00 98.45

0.70  0.88 99.32

0.47  99.79
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Fatty Acids as BiomarRers

PC1 explained 43.92% of the total variance and was contributed by
hydroxy fatty acids (except 3 OH-C14, 3-OH C17), Branched fatty acids
(iC13, aCl3, iCl4, iCl15, aCl5, iCl16, iC17, aC17), SCFAs (C14 to C22),
LCFAs, MUFAs (Cl6:1, C17:1, C18:109, C18:1w11, C18:1), PUFAs(C20:5,
20:4, C19:2, cisC18:3w6, cisC18:2w6) and Cy - C19. Mangrove biomarkers
suchas LCFAs and PUFAs (cisC18:3w6, cisC18:2w6) and diatom markers
such as C20:5, 20:4 fatty acids were included in this component. Fatty acids
such as iso and anteiso fatty acids, MUFA (C18:1w11l) and Cy-C19 are
biomarkers for bacteria, which is attributed to colonisation of bacterial
community. So in total, PC1 represents recycling of mangrove derived

organic matter by bacterial community.

PC2 explained 13.68% of the total variance contributed by SCFA’s
(C8, C10, C12, C13, C14, C15, C16 and C17) and MUFAs (C16:1, 16:107,
C17:107). MUFAs and SCFAs are indicators the bacterial contribution. PC1
and PC2 showed loading on C16 indicates that it is contributed by bacterial,

mangroves as well as planktonic input.

Table 6.5 Factor loading for Principal component analysis using varimax
rotation for fatty acids

C26-20H C28 C29 aC30 C30

1 0.90 0.88 0.91 0.02 0.87

Components 2 -0.07 0.17 0.14 0.07 0.11
3 -0.19 -0.26 -0.24 0.99 -0.18

4 0.04 0.22 028  -0.08 0.17

PC3 contributed 13.58% to the total variance and showed loading on
iC12, C14:1, 2-OHC17, C20:1w11, C21:2, C22:6, C22:1w11, C24:1, br-C28
and 30. Myristoleic acid (C14:1) may be related to the cyanobacterial input
while zooplankton input can be correlated with C20:1, C22:1 and C24:1. PC4
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explained 10.45% of the total variance and showed loading on C9, Cl1,
Cl6:1, Cy-C17, C18:1, C20:2 and C20:1. This factor can also be correlated
with bacterial input by the presence of Cy-C17 and MUFAs. C20:1, a

zooplankton marker

also showed loading in this component.

The figure shows (Fig. 6.6) plot between PC1 and PC2 in which 4

clusters were identified. Mangrove fatty acids are clustered together at the

right-hand side end of the plot. Also, it can be seen from the figure that

Branched fatty acids along with C16 and C18 located near the vascular

signals indicating the association of bacterial, as well as mangrove derived

organic matter. Fatty acid biomarkers of Flagellated algae, zooplankton and

cyanobacteria are formed another cluster which lies almost in the centre of

the plot.
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Fig. 6.6: Plot between PC1 and PC2
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6.4 Conclusion

In the present study, SCFA/LCFA was found to be greater than one
does not imply low input from vascular plants indicate lower contribution of
LCFA to the study region. Palmitic acid (16:0) is contributed by mangroves,
marine, as well as bacterial sources overwhelming the higher fatty acid
signatures from mangroves is also contributing factor to the low ratio.
Pappinissery was associated with higher fatty acids during pre-monsoon
period which might be due to the depletion of dissolved oxygen in the water
column, which inhibit organic matter degradation by aerobic processes in
synchronous to an increase in anaerobic process. Grain size also has a role in
the distribution of organic matter. At Kunjimangalam and Kadalundi
(pre-monsoon) and to a lesser extend at Thalassery sediment is sandy in
texture which is impervious to formation of organic matter. Pre-monsoon is
characterised by the higher fatty acids contributed by increased microbial
activity at higher temperature and increased algal production by greater light

penetration except in Thalassery and Kadalundi.

The concentrations of PUFAs were lower in pre-monsoon except
Pappinissery and Pazhayangadi due to its greater susceptibility to degradation
by the active microbial community. Ratio of C18:1 to 16:1 showed the
dominance of diatom in Kadalundi during post-monsoon and all other
stations showed phytoplankton input other than diatoms. Multimethyl
branched fatty acids were detected in the present study region derived from
bacterial fatty acids (eg: halophilic Bacillus species), uropygial waxes of the
birds preen gland and by the oxidation of phytol in animal tissues. An increase
in branched fatty acid concentrations and MUFAs are indicative of bacterial

networking in the present study region. The biomarkers of Desulfobulbus-type
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bacteria, methane-oxidizing bacteria, sulfur-reducing bacteria, Sulfur-oxidising
bacteria, Gram-negative bacteria, waterborne Gram-negative pathogens and
Iron-oxidising bacteria were also detected in the present study region.
Zooplankton signals are detected in high concentration at Kadalundi by the
seawater influx due to its close proximity to the Arabian Sea. Algal biomarkers
gave the presence of brown algae, cyanobacteria, red algae, dinoflagellates and
diatoms in the study region. PUFA a general phytoplankton marker, would not
necessarily be expected to be preserved in their original amounts in the present
study as a result of the lability by bacterial activity. C14, a diatom marker was
much higher in Pappinissery with higher concentration (except Thalassery and
Kadalundi) during pre-monsoon season which was in accordance with the
chlorophyll concentration. 18:2w6 and C18:3w3 can be contributed by algae as
well as mangroves. Also, C16:1®7 is contributed by algae as well as bacteria.
The presence of higher dicarboxylic acids and hydroxy fatty acids may be
contributed from higher plant origin either by direct contribution or by

diagenesis.
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TRITERPENIODS AND FATTY ALCOHOLS AS
BIOMARKERS

¥ 7.1 Introduction
7.2 Results
N7.3 Discussion
N 7.4 Conclusion

7.1 Introduction

Fatty acids, especially saturated, Monounsaturated (MUFA),
Polyunsaturated (PUFA), hydroxyl and branched are effective in tracing the
origin of organic matter in the marine environments. However, disparities are
often observed while evaluating the origin of carbon sources solely on the
basis of fatty acid data. These limitations of fatty acids are the direct
consequence of change in the concentrations of biomarkers, due to the
degradation by heterotrophs (Smith et al., 1983). Considering these facts,
multiple biomarker approach is an effective method to characterize the sources
of sedimentary organic matter. In this regard, numerous organic compounds
have been identified as biomarkers to evaluate organic carbon input. However,
Pentacyclic triterpenoids/sterols due to their widespread distribution in the
tissues of marine and terrestrial plants, structural diversity, and long-term
stability (Volkman, 1986; Yunker et al., 1995; Mudge and Norris, 1997; Munoz
et al., 1997) has been identified as an apt choice to full fill the vision of this

thesis.
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Steroids, a modified version of triterpenoids, provide vital information
regarding the flora and fauna, which contribute to the carbon budget of the
marine environment (Rice et al., 1986). Structural features of steroids such as
double bonds, extent of methylation in the ring, and side chain alkylation are
regulated by the biosynthetic pathways (Volkman, 1986; Steudler et al., 1977).
Hence, information regarding these details of the steroids/triterpenoids structures
plays a vital role in unravelling the biogenic materials and food chain prevailing
in the system membranes (Kulshreshtha et al., 1972; Moyna et al., 1983; Killops
and Frewin, 1994; Dodd et al., 1995; Rafii et al., 1996; Wollen weber et al.,
1999; Tolosa et al., 2003; Koch et al., 2003). Since, each species specifically
synthesize certain sterols in response to the conditions prevailing in the
environment, for example, richness of cholesterol in erigstigmatophtes,
24-methl- cholesta 5,22E —diene-3p-ol by diatoms and mixture of 4- desmethl
and 4-methl sterols in dinoflagellates (Volkman, 1986). Sitosterol, Campesterol
and Stigmasterol are tracers of terrestrial input (Hartmann, 1998; Moreau et al.,

2002). Major sterols used as biomarkers are listed in Table 7.1.

Contribution of higher plants to organic carbon turnover of the marine
environment can be easily identified and estimated using triterpenoids alcohols
(ten Haven and Rullkotter, 1988). For example, C30 pentacyclic triterpenoids
with six member E ring is a specific marker for angiosperm organic matter
(Killops and Frewin, 1994; Otto and Wilde, 2001; Moldowan et al., 1994;
Versteegh et al.,, 2004; Xu et al, 2006). Even then, these data should be
correlated with the information deduced from other biomarkers, because,
depending on the oxic and anoxic conditions prevailing in the environment,
susceptibility of triterpenoid alcohols to get transformed to triterpenoid ketones,

alkenes, and aromatic ketones have been observed (Simoneit, 2008). In Table 7.2
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major pentacyclic triterpenoids used as higher plant biomarkers are listed.

Table 7.2 Major Pentacyclic triterpenoids of higher plant origin

Common Name Structure MolecularFormula

a-Amyrin

C30H500
B-Amyrin C30Hs00
Germanicol C30Hs00
Taraxerol C30Hs00
Lupeol . C30H500
Betulin C30Hs002
Friedelan-3a-ol C30Hs,0
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The information provided by fatty alcohols also used in this chapter to
distinguish between terrestrial and marine sources. Terrestrial plants
biosynthesize fatty alcohols, of which long chain moieties of even chain length
ranging from C22 — C32 were found in their waxy coating. Whereas, marine
organism biosynthesize fatty alcohols in the range of C-14 to C-16 (Meyers and
Ishiwatari, 1993). Even though, bacteria also synthesize fatty alcohols <C20,
presence of odd chain length along with branching, is a unique feature which
distinguish bacterial fatty alcohols from terrestrially synthesized/derived fatty
alcohols by plants (Zhang et al., 2004). Fatty alcohols also give vital information
regarding carbon input by zooplankton and diatoms. For example, presence of
nC22:1 and nC18:1, classes of monounsaturated fatty alcohols are indicative of

zooplankton and diatoms respectively (Sargent and Lee, 1975; Berge et al., 1995).

Finally, biomarkers are not only useful in delineating contribution by
flora and fauna to the environment but also in assessing the load of urban
pollution and waste water discharge (Vivian, 1986; Eganhouse et al., 1988;
Venkatesan et al., 1998). For example, Coprostanol (5B-cholesta -33-o0l),
epi-coprostanol, and 24 ethyl Coprostanol are used to delineate the impact/
contribution of human fecal matter, sewage sludge, and herbivore fecal inputs
respectively (Bothner et al., 1994; Pratt et al., 2007). Hence, this chapter,
multiple biomarker approach, using triterpenoids/steroids and fatty alcohols
are opted to deduce the biogenic (marine versus terrestrial) and urban input

(Walker et al., 1982) in the mangrove environment.

7.2 Results
7.2.1 Fatty alcohol

Analysis of Fatty alcohols in the sediment samples of five mangrove

ecosystems were carried out using GC-MS and were identified by the

( Department of Chemical Oceanography , School of Manine Sciences, CUSAT
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comparison of mass spectra with literature and library data, and interpretation
of mass spectrometric fragmentation patterns. Fatty alcohols in the range
C12-C32 were detected in the present study. Both odd and even chains were
detected, for short-chain n-fatty alcohols in the range C12-C18, and were
dominated by C16 in all samples. But, even chained compounds were
dominated in the case of Long chain fatty alcohols. Fatty alcohols identified
from the present study are listed in Table 7.3.

At Kunjimangalam, in all season, C16 was the dominant among all
short Chain n-fatty alcohols (>10 %), both odd and even chain fatty alcohols
in the range CI12-18 were identified in post-monsoon. However, fatty
alcohols in the range C18-C26 were exclusively even chained. Moderate
dominance of short chain fatty alcohols prevailed in post-monsoon season
was found to be shifted to long chain fatty alcohols in pre-monsoon and
monsoon. Hence, the distribution of n-fatty alcohols was seemed to be
influenced by seasonal factors. In pre-monsoon both even and odd chain fatty
alcohols except C15 and C23 (<C26) were detected. Pre-monsoon was
characterized by higher % abundance of long-chain n-fatty alcohols such as
C22 (5.92 %), C28 (11.27 %) and C30 (7.79 %). In monsoon n-fatty alcohols
such as C12, C19 and C25 were absent. A higher % abundance for C28
(9.38 %) and C30 (11.06 %), that is moderate dominance of long chain
compounds can also be seen in monsoon. Multi methyl branched fatty
alcohols such as 6,10,14-Trimethyl-Pentadecan-2-ol and 3,7,11,15-Tetramethyl-
2-Hexadecanol were also detected from this station. However, though
6,10,14-Trimethyl-Pentadecan-2-ol was detected in all the three seasons

3,7,11,15-Tetramethyl-2-Hexadecanol was identified only in monsoon season.
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Sediment samples from Pazhayangadi mangrove ecosystem were
abundant in long-chain n-alcohols irrespective of the seasons. In Pazhayangadi
C19 and C21 n-alkanols were absent. All n-Alcohols in the range C12-18
were present in post-monsoon and pre-monsoon while C12 and C13 could
not be detected in monsoon. Appreciably higher % abundance was noticed for
C24 (11.23 to 21.81 %), C26 (13.75 to 15.03 %) and C28 (16.81 to 21.13 %)
in all seasons. 6,10,14-Trimethyl-Pentadecan-2-ol, a multimethyl branched n-
fatty alcohol was also detected from Pazhayangadi in post-monsoon and pre-

monsoon.

In Pappinissery, dominance of short-chain n-fatty alcohols was
observed in post-monsoon, but this was shifted to long even chain n-fatty
alcohols in pre-monsoon and monsoon. However, characteristic higher
abundance of C16, 13.79 %, 22.33 % and 13.27 % in post-monsoon
pre-monsoon and monsoon respectively, was observed. Pre-monsoon and
monsoon also related with higher abundance of long even chain n-fatty
alcohols like C28 and C30 (>10 %). Unsaturated fatty alcohol such as
C20:1 and C18:1 was identified in monsoon and post-monsoon respectively.
Abundance C20:1 is much lower while that of C18:1 much higher in the

Pappinissery mangrove ecosystem.

In pre-monsoon sample of Thalassery, both odd and even chain n-fatty
alcohols in the range C14 to C18 were present while only even chains were
detected in the range C18 to C30. Pre-monsoon was characterized by higher
abundance of C16 (21.50 %), C22 (9.77 %) and C28 (9.61 %). n-Fatty
alcohols in monsoon season was predominated in long chain compounds such
as C26 (11.09 %), C28 (32.97 %) and C30 (17.33 %). Fatty alcohols could

not be detected from Thalassery in post-monsoon.
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In Kadalundi n-fatty alcohols could not be detected in post-monsoon
with the exception of negligibly lower abundance of C12. In pre-monsoon,
percentage abundance of long even chain fatty alcohols such as C24 (9.19 %),
C26 (8.21 %), C28 (23.58 %) and C30 (10.31 %) were higher. In monsoon,
also % abundance was higher for long-chain fatty alcohols (C20-C28).

Phytol (3,7,11,15-tetramethyl-2-hexadecen-1-ol), of which substantial
higher percentage abundance varied from 6.72 to 52.41 % in the present
study, was detected in all samples except for Kadalundi and Thalassery in
post-monsoon. Comparatively lower % abundance was noticed in Pazhayangadi
and Thalassery in monsoon, Pappinissery in pre-monsoon and monsoon and
Kadalundi in pre-monsoon (<20 %). Monsoon season was characterized by

lower % abundance of phytol in all stations except Kadalundi.

7.2.2 Triterpenoids

A total of 20 triterpenoids including 13 sterols were identified in the

present study region and are listed in Table 7.4 and 7.5.

From Kunjimangalam, a total of 15, 7 and 8 triterpenoids were identified
in post-monsoon, pre-monsoon and monsoon respectively, out of which 11, 3
and 3 respectively were sterols. Germanicol, a- Amyrin, Betulin, Stigmastanol
and Dinosterol were identified from Kunjimagalam in all the three seasons,
while Cholesterol was detected in post-monsoon and pre-monsoon.
Coprostanol, epi-coprostanol, Cholestanol, Brassicasterol, Campesterol,
Stigmasterol and 24-ethyl delta (22) coprostanol were detected in post-
monsoon and Urs-12-ene-3-one was extracted in monsoon. - sitosterol and
B-Amyrin were co-eluted in post-monsoon and monsoon contributing 28.88%

and 26.25% respectively. B-Amyrin, Germanicol and Dinosterol contributed

( Department of Chemical Oceanography , School of Manine Sciences, CUSAT
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25.88 %, 20.90% and 20.17% respectively in pre-monsoon. In monsoon
Germanicol (29.57 %) and Lupeol (17.59 %) showed higher abundance.

Table 7.4: Sterols detected in the study region

Kunjimangalam Pazhayangadi Pappinissery Thalassery Kadalundi

12 3 1 2 3 1 2 3 1 2 3 1 2 3

Coprostanol + + + + +
Epicoprostanol ~ + + +

24-Nor-22,23-
methylene
cholest-5en-
3beta-ol

Cholesterol
Chloestanol

Brassicosterol

+ + + +
+ + + 4+
+ + + +
+ +
+ + + +
+ + + 4+

Campesterol

Both sitosterol
and amrin

+
+
+
+
+
+
+

Stigmasterol + + + +  + + + + + +

24-ethyl delta
(22) + +
Coprostanol

P sitosterol +
Stigmastanol + + + +  + +

Dinosterol + + + +

1: Post-monsoon, 2: Pre-monsoon, 3:Monsoon

Total number of triterpenoids and its subset sterol derivative for
Pazhayangadi in post-monsoon, pre-monsoon, monsoon were found 11, 11, 5
and 6, 6, 0 respectively. Presence of a-Amyrin and B-Amyrin were detected
in all the three seasons. Cholesterol, Cholestanol, Stigmasterol, Betulin and
Urs-12-en-3-one were detected in post-monsoon and pre-monsoon and
Taraxerol was detected in pre-monsoon and monsoon. Campesterol and
Brassicasterol were detected in post-monsoon. Epi-coprostanol, and

Coprostanol were detected only in the pre-monsoon. Germanicol was the
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highest contributor in post-monsoon and monsoon (56.92 and 55.30 %).
- sitosterol and B-Amyrin were found to be co-eluted in post-monsoon and
pre-monsoon contributing 19.14 % and 75.33 % respectively. But in monsoon

- sitosterol was absent and B-Amyrin contributed 16.93 %.

Among 11, 11, 4 triterpenoids detected in Pappinissery, 6, 6, 0 were
sterols in post-monsoon, pre-monsoon and monsoon respectively. Germanicol,
B-Amyrin, a- Amyrin and Betulin were extracted in all the three seasons.
Cholesterol, Cholestanol, Brassicasterol, Stigmasterol and Stigmastanol were
detected during post-monsoon and pre-monsoon season from Pappinissery.
Coprostanol and campesterol detected in post-monsoon season, cholestan-2-
one and epi-Coprostanol were detected during pre-monsoon season. f-amyrin
(11.63 %, 23.23 % and 24.32 % in post-monsoon, pre-monsoon and
monsoon) followed by Germanicol (13.08 %, 13.37 % and 29.55 % in
post-monsoon, pre-monsoon and monsoon) showed appreciable abundance in
the present study. Betulin (35.71 % and 27.14 % respectively) also showed

much higher abundance in post-monsoon and monsoon.

Table 7.5: Triterpenoids detected in the present study

Kunjimangalam Pazhayangadi Pappinissery Thalassery Kadalundi

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

cholestan-2- +

one

Urs-12-en- + " +

3-one

Germanicol + + + + + + + + + + +
B-Amyrin + + + + o+ +
Taraxerol + +

a-Amyrin + + + + + + + + + + + + +
Lupeol + +
Betulin + + + + o+ + + 4+ + 0+ + 4+

1: Post-monsoon, 2: Pre-monsoon, 3:Monsoon

( Department of Chemical Oceanography , School of Manine Sciences, CUSAT



Triterpeniods and Fatty Alcohols as Biomarkers

Total number of triterpeniods detected in Thalassery in post-monsoon,
pre-monsoon and monsoon were 4, 6, 10 respectively, of these a total of 3, 2,
8 were sterols. Monsoon season showed the presence of Coprostanol,
Cholestanol, Brassicasterol, Campesterol and Stigmastanol in Thalassery.
Stigmasterol and cholesterol were detected in all the three seasons in which
Stigmasterol showed considerable abundance in all the three seasons
(>15 %). Betulin (13.40 to 17.70 %) showed appreciable abundance in post-
monsoon and pre-monsoon while the Co-elutent peak of B-sitosterol and
B-Amyrin (23.79 to 33.88 %) were showed much higher abundance in pre-
monsoon and monsoon season. Germanicol (25.97 %) was also detected in

pre-monsoon season with appreciable abundance.

Triterpenoids couldn’t be detected from Kadalundi during post-
monsoon season. A total of 15, 9 triterpenoids were identified in pre-
monsoon and monsoon respectively, of these 10, 5 were sterols. Cholesterol,
Cholestanol, Stigmasterol, Germanicol, Dinosterol, Betulin and o- Amyrin
were present in pre-monsoon and monsoon. Pre-monsoon showed the
presence of Coprostanol, 24-Nor-22,23-methylene cholest-5en-3beta-ol,
Campesterol, Brassicasterol, Lupeol and 24-ethyl delta (22) Coprostanol.
Monsoon season showed the presence of stigmastanol and - Amyrin. Major
contributors were f-sitosterol and B- Amyrin (22.69 %) followed by Betulin
(17.48 %) in pre-monsoon and B- Amyrin (30.36%), followed by Betulin
(22.31%) and Germanicol (19.41%) in the monsoon.

7.3 Discussion
7.3.1 Fatty Alcohols as biomarker

It is generally accepted that the dominant long even chain fatty alcohols

indicate vascular input (Cranwell et al., 1987). n-Fatty alcohols ranged from
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nC12 to nC32 with a high abundance of long chains (C22—C30) were found
in the present study. Signals for vascular plant input were detected for all

samples except Pappinissery in post-monsoon.

n-Alkanols in the range C14 to C16 are synthesized by marine
organisms(Meyers and Ishiwatari, 1993). Short chain n-fatty alcohols in all

samples showed the predominance of C16.

The presence of odd chain saturated fatty alcohols <C18 in most of the
samples suggests the bacterial activity (Mudge and Norris, 1997). However,
% abundance of C13 was fairly low in the present study. Branched fatty
alcohols extracted in the present study i.e., 6,10,14-Trimethyl-Pentadecan-2-
ol and 3,7,11,15-Tetramethyl-2-Hexadecanol implies the presence of bacterial

inputs (Parkes, 1987).

In Kadalundi during post-monsoon, only C12 n- alcohol was detected.
The C-12 n-alcohol may possibly be derived from zooplankton or bacteria
feeding on zooplankton fecal pellets. n-C18:0 was present in all samples,
which is the major n-fatty alcohols in herbivorous aquatic fauna (Robinson
et al., 1984). The n-C20:1 monounsaturated alcohols in Pappinissery during
monsoon season suggests the presence of calanoid copepods (Tolosa et al.,
2003). Unsaturated n-fatty alcohols, except for C20:1, could not be detected
from the study region suggesting either low contribution or degradation under
oxygenated condition. The monounsaturated n-C18:1 fatty alcohol, which has
been found in some species of diatoms (Berge et al., 1995) was also detected

from Pappinissery in post-monsoon.

Fukushima and Ishiwatari (1984) used the L/S ratio (ratio of Long

chain to short chain fatty alcohols) on the assumption that chain length

( Department of Chemical Oceanography , School of Manine Sciences, CUSAT
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distributions may reflect the input of fatty alcohols from particular source
organisms. The long/short chain ratio is greater than 1.0 except for Pappinissery
and Kunjimagalam in post-monsoon and for Thalassery in pre-monsoon
(Fig 7.1). Predominance of longer chain compounds than the shorter chain
indicated that n-fatty alcohols from mangrove vegetation dominate over other
sources. Dominance of planktonic as well as microbial input resulted in to

lower ratio of long chain to short chain fatty alcohols.

The short chain compounds undergo degradation faster than the longer
chain compounds since bacteria preferentially utilized shorter chain compounds.
The longer chain compound may also degrade to shorter chain compounds
with time, however, in general, the class of alcohols >C20 are better

preserved in sediments than the <C20 class.

Phytol (3,7,11,15-tetramethyl-2-hexadecen-1-ol), a potential marker for
phototrophic organisms and can also be generated in the water column by
hydrolysis of chlorophyll (Baker and Louda, 1983), digestive processes of
copepods (Shuman and Lorenzen, 1975) and senescence of diatoms (Jeffrey,
1974) while it was lower in plant detritus (Nichols et al., 1982). No structural
modifications occurred significantly for phytol during its passage through the
copepod guts (Prahl et al., 1984). But during the biomarker extraction,
saponification of the sample will release the phytol from chlorophyll into the
solvent (Tolosa et al., 2003). Therefore, the phytol in the present study region
also represents chlorophyll in the water column from the terrestrial and

marine environment.

Phytol is present in all samples except Thalassery and Kadalundi in
post-monsoon season. Its % abundance was higher in Kunjimangalam during

post-monsoon and was lower in Thalassery during monsoon.
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Fig 7.1: Variation of Long chain to Short chain fatty alcohols in the present study

7.3.2 Triterpenoids as vascular plant indicators

Pentacyclic triterpenoids and sterols are common chemical constituents
of terrigenous plants (Kulshreshtha et al., 1972; Pant and Rastogi, 1979; Das
and Mahato, 1983) and have generally been used to characterise sources of
sedimentary organic matter (Volkman, 1986; Yunker et al., 1995; Mudge and
Norris, 1997; Munoz et al., 1997).

Phytosterols like Sitosterol, Campesterol and Stigmasterol were
detected in the present study. Even though 24-ethyl sterols have been
considered as terrigenous origin, it was also detected in various algal species,
such as prymnesiophytes, chlorophytes, green algae, dinoflagellates and
cyanobacteria (Gagosian and Farrington, 1978; Boon et al., 1983; Volkman,
1986; Nichols et al., 1989; Volkman et al., 1990). Stigmasterol was found
widely distributed (10 out of 15 observations) in the present study with
significant abundance. The presence of Stigmasterol has been reported in
Avicenna (Mahera et al., 2011), Rhizophora mangle leaves (Killops and
Frewin, 1994) and Barringtonia racemosa (Sun et al., 2006). In the present

study region, Avicenna —Rhizophora combinations are dominant species;
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hence application of Stigmasterol as mangrove biomarker is justified in the
present study. Higher abundance of Stigmasterol, except in Kadalundi and

Thalassery in Post-monsoon was corroborated to litter fall of mangroves.

Koch et al., 2003 analysed biomarker composition of three mangrove
species (R. mangle, A. germinans and L. racemosa) along with two herb
species and found that mangrove species could be clearly identified by their
biomarker composition, especially using B-sitosterol. In the present study
[-sitosterol was found to be co-eluted with Pentacyclic triterpenoid p-Amyrin
and the abundance of co-eluted peak was comparatively high in the present
study, and may be attributed to mangrove litter addition. Pure B-sitosterol
signal was observed only in Thalassery, in pre-monsoon. Campesterol
(24-methylcholesterol) was found in five observations with low abundance.
Campesterol, which has been considered as a higher-plant marker (Volkman,
1986), but often encountered with green algae, diatoms, dinoflagellates and
mosses (Matsumoto et al., 1985). However, on account of vascular plant
signals from n-alkanes and fatty alcohols, it is conceivable that these
phytosterols in the present study are mainly contributed by mangrove

vegetation.

A part from these sterols, triterpenoid alcohols are also abundant in
mangroves (Wannigama et al., 1981) and in higher plants (some peat-forming
plants; Pancost et al., 2002). Several studies of mangrove systems in South
America (Koch et al., 2003; Boot et al., 2006), Florida (Killops and Frewin,
1994) and Victoria, Australia (Wannigama et al., 1981) have suggested that
triterpenoid alcohols might be useful markers for identifying mangrove
derived organic matter in sediments. They are diagenetically stable, if any is

possible, it can retain the characteristic structures of their precursors such that
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their abundance in marine sediments could be used as a tracer for mangrove
swamps on adjacent coasts (Killops and Frewin, 1994; Versteegh et al., 2004).
Triterpenoids with a single hydroxyl group (a- and - amyrin, germanicol and

Taraxerol) are usually employed as terrestrial plant biomarkers.

Trimethyl silyl ester of Germanicol was identified using mass spectrum
which shows characteristics peaks at 73, 95, 109, 177, 189, 204, 231 and 498.
Germanicol, a triterpenoid compound was reported as a biomarker for
organic matter derived from Rhizophora mangle (Koch et al., 2003; Killops
and Frewin, 1994). The presence of this compound in sediments can
therefore be regarded as vascular plant input especially from mangrove
vegetation. Germanicol was found to be widely distributed and was detected
in 11 observations with comparatively high abundance. So in the environmental
condition prevailed in Kerala either Germanicol produced with appreciably
higher amount or it is well preserved. From the above inference it could be
assumed that Germanicol can be used as a biomarker for in the present study

region.

Taraxerol is a biomarker commonly found in mangrove environments
(Wannigama et al., 1981; Versteegh et al., 2004). But use of this compound as
quantitative mangrove marker has been questioned (Versteegh et al., 2004;
Boot et al., 2006), as it is degraded to pentacyclic ketones and alkenes
without detecting significant amounts of these degradation products in the
total neutral extracts from the sediments. In the present study, Taraxerol was
reported only from 2 samples (Pazhayangadi pre-monsoon and monsoon)
with negligible lower abundance. Since the presence of Taraxerol could not
be detected in all samples its use as biomarker is restricted in the present

study.

( Department of Chemical Oceanography , School of Manine Sciences, CUSAT
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In the leaf cuticle of Rhizophora mangle, f-Amyrin and Taraxerol were
found to be major component of epicuticular wax and cutin respectively
(Killops and Frewin, 1994). a- and B-Amyrin were abundant in the
mangroves and has been detected in the marine as well as freshwater
sediments. B-amyrin were detected in most of the samples either as co-eluted
peak or pure, hence it can be deliberately used as mangrove biomarker in the
present study. Even though a- Amyrin detected in 13 samples, its abundance
was fairly low, suggesting it can only be used as tracer for terrestrial input in

the present study.

Koch et al., 2011, analysed for biomarker composition of three major
species R. mangle (red mangrove), A. germinans (black mangrove) and
Laguncularia racemosa (white mangrove), and lupeol detected in all three
species, but it was only minor in R. mangle. Lupeol detected in 3 out of 15
observations that restrict its application as mangrove biomarker in the present

study.

Olean-12-en-3-one (B-amyrenone) was identified from 3 samples
(Pazhyangadi post-monsoon and pre-monsoon and Kunjimangalam
monsoon) in the present study. f-Amyrenone and a-amyrenone are frequent
constituents of higher plants, notably in epicuticular waxes and in the tree
bark of angiosperms (Corbet et al.,1980; Tulloch, 1982; Otto and Simoneit,
2001). B-Amyrenone and a-amyrenone could also be formed by oxidation of

the corresponding B-amyrin and a-amyrin (Corbet et al., 1980).

In the present study Betulin was identified by comparing with mass

spectral data of trimethyl silyl derivative which showed major peaks at 73,

189, 203, 279, 393, 483, and 496 with M+ 1 peak at 589. Betulin an
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important Pentacyclic triterpenoid diol of the lupine series, has been reported
in the mangroves Rhizophora mucronata (Ghosh et al., 1985) and Avicennia
germinans (Koch et al, 2003). Betulin has been reported as a major
constituent in the German Sea sediments and its source could be traced back
to peat deposits (Volkman et al., 2000). Betulin was detected in 11 out of 15
samples. The earlier reports suggested that Betulin could be degraded quickly
(Koch et al., 2005), but from the present study it can extracted from 11
samples with appreciable abundance. So we can conclude that Betulin is
produced with much higher abundance in the present study region even

though its use as biomarker needs further research.

B-Amyrin positively correlated with Stigmasterol (R?=0.98,n=4) and
Germanicol (R*=0.93, n=7) indicating that source and fate of these
compounds were almost similar. a-Amyrin was positively correlated with
Lupeol (R*=0.86, n=8), B-sitosterol + p- Amyrin co-eluted (R?=0.99, n=5)
peak and clay (R’=0.74, n=13). This correlation analysis indicated that

source and fate of these triterpenols and phytosterols are similar.

7.3.3 Sterols as algal biomarkers

It is widely accepted that C28-sterol 24-methylcholesta-5,22E-dien-3[-ol
(brassicasterol) is a diatom biomarker, but is also detected in other algal groups
(Volkman, 1986) including dinoflagellates (Goad and Withers, 1982),
haptophytes and prymnesiophytes (Volkman et al, 1998). Presence of
brassicasterol was detected in at least six sediment samples (Pappinissery in
post-monsoon and pre-monsoon, Pazhayangadi and Kunjimangalam in post-
monsoon, Thalassery in monsoon and Kadalundi in pre-monsoon). A 4-methyl
sterols, 4a,23,24R-trimethyl-5a-cholest-22E-en-33-01 (C30 sterol) termed as

Dinosterol has been widely regarded as a marker for dinoflagellates (Robinson

( Department of Chemical Oceanography , School of Manine Sciences, CUSAT
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et al., 1984; Volkman et al., 1993). It is the major sterol in many dinoflagellates
(approx. 11 of 18 species; Withers, 1983) with some exceptions (Amphidinium
spp; Kokke et al., 1981) and is also present in diatoms in minor quantities
(Volkman et al., 1993). Dinosterol was detected from Kunjimangalam in all
seasons and from Kadalundi in pre-monsoon and post-monsoon. Comparatively
higher % abundance of Dinosterol was detected from Kunjimangalam in pre-
monsoon. Comparatively high % abundance of dinosterol could be correlated
with dissolved oxygen super saturation (DGS), reported from water column
produced by excessive growth of algae. So it is reasonable to suppose that DGS
is produced by dinoflagellates. But, dinoflagellates abundance, which could not
be observed from fatty acid composition on account of heterotrophic or aerobic

utilisation, is now established.

7.3.4 Sterols as indicators of anthropogenic activities as well as redox
status

Molecular biomarkers are widely used as a tool for assessing urban
pollution, waste water discharge (Vivian, 1986; Eganhouse et al, 1988;
Venkatesan et al., 1998) and indicator of redox status in coastal as well as marine

systems.

Cholesterol is considered to be a major sterol in marine zooplankton
that can be formed from the dietary alteration of phytosterols (Volkman,
1986; Volkman et al., 1987). Cholesterol was also detected in terrestrial fauna
and other organisms (diatom, microbial communities, macrophytes, algae and
phytoplankton) (Logan et al., 2001; Reeves and Patton, 2001), though in
small amounts (Volkman, 1986).In the present study cholesterol was detected
in almost all samples, but its abundance was much lower. It is widely

accepted that cholesterol is most abundant and ubiquitous in the environment,
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due to the variety of sources present (Pratt et al, 2008). The higher
concentrations of phytosterols compared to cholesterol detected in the present
study region suggesting lower contribution of animal-derived detritus and
fecal material, and is in good agreement with Tolosa et al., 2003,. Also,
cholesterol found in lower amount in the present study, so it could not be

used as biomarker due to its non-specific origin.

Sa-cholestanol, a common biohydrogenation product of cholesterol
(Burns et al., 2004) was detected from 8§ sediment samples, but its abundance
was fairly low. The ratio of stanols to sterols is indicative of the degree of
degradation or microbial processes in the sediments (Killops and Killops,
2013). Cholestanol to Cholesterol ratio was ranged from 0.45 to 10.70 in the
present study. The ratio showed greater than one in as few as two samples,
Kunjimangalam in post-monsoon (1.63) and Pappinissery in pre-monsoon
(10.70). Dissolved oxygen was found to be negatively correlated with
Cholestanol (R*=-0.82, n=8), hence it could be inferred that Cholestanol is an

anoxic indicator in the present study.

Stigmastanol, generally an algal biomarker, was also found in reducing
environments (Pratt et al., 2007), and was detected from seven observations.
These include Pappinissery in pre-monsoon and monsoon, Thalassery and
Kadalundi in monsoon and Kunjimangalam throughout the seasons. Though
Stigmasterol was absent at Kunjimangalam during pre-monsoon and monsoon
season, stigmastanol present. Either algal input or faster degradation of its sterol
counterpart due to sandy nature of sediment could be assumed in the present
study. Stigmastanol to Stigmasterol ratio was considerably low in the present
study (0.29-0.95). Various ratios employed in the present study are given in
Table 7.6. Stigmastanol and Stigmasterol were found to be positively correlated

( Department of Chemical Oceanography , School of Manine Sciences, CUSAT
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(R’=0.97, n=5) suggesting the mechanism of Stigmastanol formation is more

closely related to reducing environment than algal production.

Following Killops and Killops (2005), the concentrations of three
stanols (cholestanol, campestanol and stigmastanol) to their corresponding
sterol concentrations (cholesterol, campesterol, stigmasterol) was calculated
to assess the reducing nature of the system, ranging from 0.11 to 1.97, with
three samples showing the ratio >1 (Pappinissery in pre-monsoon,
Kunjimangalam in pre-monsoon and post-monsoon). From the above
observation it can be inferred that a reducing environment was prevailed in

these stations.

The presence of 5B stanols (Coprostanol and Epi-Coprostanol) in
sediments is often taken as evidence for the presence of fecal derived organic
matter (Nishimura, 1982). Coprostanol (5B-cholestan-3p3-ol) is a Cy; stanol
formed from the biohydrogenation of cholesterol (cholest-5en-33-ol) in the gut
of higher animals and birds; hence this compound can be used as a biomarker
human fecal matter and domestic waste in the environment (Walker et al., 1982;
Bothner et al., 1994). In the present study, Coprostanol was detected in five
samples (post-monsoon-Pappinissery and Kunjimangalam, pre-monsoon-
Pazhayangadi and Kadalundi, monsoon-Thalassery) though in lower abundance.
Epi-coprostanol (5B-cholestan-3a-ol) can be used as an indicator for non- point
sources of sterols (Maldonado et al., 2000) but also indicate anoxic mud flats
(Reeves and Patton, 2001). In the present study, Epi-coprastanol was observed
for the sample taken from Pappinissery and Pazhayangadi in pre-monsoon and
Kunjimangalam in post-monsoon. Anoxicity in the water column was noticed in
Pappinissery in pre-monsoon due to dumping of poultry waste which is a non-

point source to the mangrove ecosystem.
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Marine mammalian feces also contain Coprostanol and Epi-Coprostanol
but have higher percentage of epi-coprostanol (Venkatesan and Santiago, 1989;
Venkatesan and Kaplan., 1990). In the present study both were detected
from Pazhayangadi in pre-monsoon and Kunjimagalam in post-monsoon.
The ratio of Coprostanol to Epi-Coprostanol close to or larger than one
(greater proportion of coprostanol) attributed to human wastes and was 0.83
for Pazhayangadi in pre-monsoon and 1.72 for Kunjimagalam in post-
monsoon. Percentage abundance of Coprostanol and Epi-Coprostanol were
very of low in the present study region indicated lower contribution of
sewage pollution to the mangrove ecosystems. Coprostanol/cholesterol
threshold is 0.2 which indicates natural cholesterol degradation in aerobic
environments (Pratt et al., 2007). The total Cholest-53-stanols (Coprostanol+epi-
coprostanol) to Dinosterol ratio was very low in the present study region
indicates appreciably lower contribution of sewage discharges (Venkatesan

and Kaplan, 1990).

The major human biomarker ratio 0.7 (Coprostanol to Cholestanol
ratio) initially proposed by Grimalt et al., 1990 is thought to be too high to be
useful in tropical regions because of the higher water temperatures and faster
degradation rates in these climate zones by a study conducted in Malaysia
and Vietnam (mean surface water temperatures of 29.4 and 28.6 °C
respectively (Isobe et al, 2002). Pratt et al., 2007 redefined the ratio
threshold as 0.3 which indicates the origin of Sa-stanols from human fecal
material. But the temperature in the present study region is generally is in the
range 28°C to 33°C (Rejil, 2013), so chances are there for higher degradation
rate of sterols. 5 (H) stanols can also formed under highly reducing conditions

and its presence can be considered as an indicative of reducing condition
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(Venkatasan and Santiago, 1989). Both Coprostanol and Cholestanol were
detected only from five samples (Pappinissery and Kunjimangalam during
post-monsoon, Pazhayangadi and Kadalundi during pre-monsoon, Thalassery
monsoon). Fairly higher values of this ratio were obtained for the samples
from Pazhayangadi (0.32) and Thalassery (0.57), indicating human faeces

contamination.

24-ethyl delta (22) coprostanol was detected from Kadalundi and
Kunjimangalam in pre-monsoon and post-monsoon respectively. The
compounds were identified by comparison with mass spectral data of silyl
derivative and showed major peaks at 257, 346, 353, 374, 396, 486.
Reduction of sterols to stanols can be occurred both in sediments and in
particulate matter in the water column in the early stage of diagenesis by
microbially mediated process under anaerobic conditions, (Wakeham, 1989).
This transformation proceeds via ketone (stanone) intermediates or by the
direct reduction of the C=C bond and yields predominantly Sa-stanols
(Mackenzie et al., 1982), with much lower amounts of 5p-stanols. However,
Sa - stanols (e.g. cholestanol) can also reach the sediment, from partial
heterotrophic transformation of algal sterols and from direct inputs from
marine organisms such as diatoms (Volkman et al., 1990). Cholest-2-one was

detected from Pappinissery during pre-monsoon season.

The elevated triterpenoids in Pazhayangadi and Pappinissery during
pre-monsoon is consistent with the increased organic carbon content at this
station and reflects a better preservation of organic matter in the anoxic

regime (Venkatesan and Kaplan, 1990).

( Department of Chemical Oceanography , School of Manine Sciences, CUSAT
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7.4 Conclusion

Phyto-sterols like Stigmasterol, Campesterol and -sitosterol were
detected in the present study region, among them Stigmasterol was widely
detected. The presence of other Triterpenoids like Taraxerol, Lupeol,
Germanicol, B-Amyrin, a-Amyrin and Betulin were also identified in the present
study region which are higher plant indicators, derived mainly from mangroves.
In the present study Germanicol, Stigmasterol, a-Amyrin and Betulin can be
used as biomarker for mangroves since it was extracted with appreciable
concentration. Along with these, algal sterols like Dinosterol and Brassicasterol
were also detected indicating the presence of diatoms and dinoflagellates.
Dinosterol was detected with higher abundance in Kunjimangalam during pre-
monsoon season and can be correlated with DO super-saturation noticed in the
water column. Cholesterol was detected from all samples with low abundance
indicating lower input from zooplankton. Transformation products of cholesterol
such as Coprostanol, epi-coprostanol and Cholestanol were detected with low %
abundance, and are generally used as the indicators of the human fecal marker,
sewage marker and anaerobic reduction product respectively. Cholestanol was
negatively correlated with DO, and hence can be used as an anoxic indicator in
the present study. Sterol to stanol ratios was higher in Pappinissery during pre-
monsoon season indicate anoxic character of the systems which allows better
preservation of organic matter. Phytol was detected in almost all samples with
higher concentration contributed both from the living material and those released
during alkaline hydrolysis involved in the biomarker extraction. Both short
chains, as well as long chain n-fatty alcohols, were detected indicated the inputs
from micro-organism as well as terrestrial sources. The long/short chain ratio is
greater than 1.0 in most of the samples indicating dominant input from

mangrove plants.
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SUMMARY AND CONCLUSIONS

Mangrove forest biomes, which are considered as most productive and
complex ecosystems on the tropical region, are largely seen in saline and
intertidal sediments. These systems are very complex in the sense they receive
organic matter from autochthonous production by mangroves, bacteria and
phytoplankton as well as allochthonous input from tidal inundation and
riverine sources. Thus, organic content of varying nature is deposited along
with fine sediment and is preserved in the intertidal mangrove sediment and
undergo various chemical, physical and biological process, or transformations.
Hence, mangrove sediment record information about various biogeochemical,
biological process prevailed in these systems. The organic carbon that is
trapped by these systems in larger amount acts as a potential carbon sink;

hence have a role in reducing greenhouse effect.

Even though mangroves have a major role in global carbon climate,
studies on these ecosystems are limited in Indian Territory especially in
northern Kerala coast that shares about 83 % of the total mangrove density of
the state. Five mangrove ecosystems on the northern Kerala, namely
Kunjimangalam, Pazhayangadi, Pappinissery, Thalassery and Kadalundi,

were selected for the present study. These ecosystems lie in the shorelines on
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the Indian side of Lakshadweep Sea. The Mangrove swamps are unique
ecosystem, also each mangrove ecosystem is unique in its own depository
environment, variation in tidal inundations etc, from others. Temporal
variation also plays an important role in the fate and diagenesis of the organic
matter in these ecosystems. Thus, source characterization of organic matter in
these systems has valid significance in understanding its fate and diagenesis,
and was carried out by stable carbon isotopes, biochemical analysis and

biomarker analysis.

Water quality parameters give the first-hand information on the on-going
processes of the system. In Kunjimangalam, comparatively higher salinity,
chlorophyll and DO was noticed in pre-monsoon season owing to DO super-
saturation. Compared to other stations, Thalassery and Kadalundi situated in
the close proximity of Lakshadweep Sea and therefore prominent tidal activity
can alter the salinity of these systems. The domestic sewage in Pappinissery
was also reflected in the water quality parameters in pre-monsoon resulted in
the depletion of dissolved oxygen and higher concentration of NHj .
Phytoplankton productivity in the present study region is independent of
nutrient concentration, and it is evident from the poor correlation between

chlorophyll pigments and nutrients.

General sedimentary characteristics and phosphorus fractionation are
used for understanding the geochemical character of the system. Sediment
texture was sandy in Kunjimangalam while in Pazhayangadi it is clayey.
Thalassery also lies in sandy end of tri-linear diagram. Pappinissery and
Pazhayangadi, which were closed in nature and less exposed to the tidal flow
and turbulence is associated with higher amount of fine sediments. Tidal

rhythm modifies the sediments in Kadalundi mangrove ecosystem, thus
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clayey texture in monsoon and post-monsoon is get modified to the sandy
texture, in pre-monsoon. Thus, inorganic and organic constituents in the

sediments can be considered as a function of textural characteristics.

Fractionation of sedimentary phosphorus was used to identify redox
status of the system. Fe and P was correlated positively, confirming the
prevalence of Fe(OOH)~P. Higher Fe(OOH)~P noticed in monsoon season in
Kadalundi and Kunjimangalam while for all other stations it was during post-
monsoon due to the presence of an oxic layer favoring phosphorus adsorption.
Conversely, lower value of Fe(OOH)=P in pre-monsoon, indicated anoxic
character promoted by alkaline conditions and subsequent charge shift of
Fe-oxides from positive to negative. Significant correlation of TOC and TS
displayed in pre-monsoon also supported the above fact. Higher Acid-OP in
pre-monsoon except for Kadalundi is taken as an input of organic material
from microalgae. Ability of sediment humic acids to bind Phosphorus
increases with decreasing salinity. Hence, Alkali-OP displayed significant
seasonal variation with highest concentration in monsoon season. Positive
correlation of Alkali-OP showed with Fe(OOH)~P and Fe suggest organic-
metal complex formation of Fe with humic acids and phosphate by ligand

exchange reactions.

Elemental ratios in combination with stable carbon isotopes, biochemical
composition and pigment analysis, is used for the source characterisation of the
mangrove ecosystems. Since the mangrove litter addition is the major source
in the study region high ratio was expected for TOC and TN, but it ranged
from 5.99 to 20.60 only. It was found that the inference of inorganic nitrogen
in post-monsoon and monsoon is one of the several causes, and is corrected

considering inorganic nitrogen to fall in a better range (9.60 to 27.69).
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Stable carbon isotope of the surface sediments ranged from -25 to -
29.19 %o and was found to be enriched relative to mangrove plants by the
substantial planktonic contribution from in situ production as well as marine
sources. The correlation analysis of elemental ratio versus stable isotopic
carbon displayed low correlation which also pointed towards the substantial
input from microbial biomass. Depleted 8"°C values were observed from
Pazhayangadi followed by Pappinissery and most enriched values from
Kadalundi followed by Thalassery. Terrestrial contribution calculated from
two end member mixing model (F %), showed the substantial contribution
of terrestrial organic matter at Pazhayangadi and Pappinissery. Higher
Pheopigments compared to Chl a in post monsoon and monsoon seasons
indicated the presence of more detrital matter from the surrounding
environment. The distribution of biopolymers such as carbohydrate, Lipids
and Protein indicated the accumulation of aged or microbially modified

organic matter.

From the above observations, it can be inferred that signatures from
multiple sources get overlapped so that complete source characterisation is
not possible by employing water quality parameters and 8"°C only; therefore
the application of chemical biomarkers is employed. The molecular
information extracted from biomarkers, which is more specific and sensitive,
helps for characterization of organic matter with multiple or complex origin.
Lipids can be used as effective biomarkers of organic matter in coastal
systems, which represent an important component of organic matter with
diverse compound classes (e.g., hydrocarbons, fatty acids, n-alkanols, and

sterols).
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Strong preference for long odd chain n-alkanes showed in high
molecular weight range (>C,s) can be attributed to predominant contribution
from higher plant source, particularly from mangrove litter addition in the
present study. Also, the input of intense bacterial activity was represented by
the presence of Unresolved Complex Matrix (UCM) up to Cpy alkanes
(except Kunjimangalam). The source characterisation based on variations in
n-alkane homologue distributions are more informative when expressed using
different indices such as terrigenous/aquatic ratio (TAR), carbon preference
index (CPI), Average chain length (ACL), pristane/phytane, n-C17/pristane
and n- C18/Phytane. The higher terrigenous/aquatic ratio (TAR) (> 2.0) in
post-monsoon (except for Kunjimangalam and Kadalundi) showed the
dominance of terrestrial input. Pazhayangadi showed strong terrestrial signal
from CPI in all seasons reflecting the thick vegetation and/or clayey texture
of the sediment leading to the better preservation of organic matter. The
Average Chain Length (ACL) for the study sites ranged between 25.75 and
29.10, and most of the samples showed higher values indicating the better
preservation of mangrove derived organic matter. The 17a(H),21B(H)-
hopanes that ranged from C27 to C34 (C28 absent), were detected in the
present study with less prominent 178 (H), 21a (H)-hopanes. Also, n-alkyl
cyclohexanes is expected to be derived from the diagenetic alteration of algal
or microbial fatty acids. The PCA (Principal Component Analysis) of n-alkanes
showed terrestrial, planktonic algae, as well as bacterial input are the major

source of organic matter.

n-Alkanes can predict the presence of certain group of organism such
as algae, bacteria, plants etc., however higher taxonomical specificity can be

achieved using fatty acids. Fatty acids, especially saturated, PUFA, branched
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and hydroxyl, are effective in tracing the origin of organic matter in the
marine, as well as terrestrial environments. Long-chain saturated fatty acids
are considered more refractory than unsaturated fatty acids, and their
presence, together with the long-chain n-alkanes, reveals a significant input
from vascular plant-derived organic matter. But the high value in the ratio of
Short chain to Long chain fatty acids (SCFA/LCFA) in the present study may
be due to the production of the low amount of LCFA by mangroves. Also,
LCFA Palmitic acid (16:0) is contributed by mangroves, marine as well as
bacterial sources overwhelming the higher fatty acid signatures from mangroves,

hence the ratio is low.

The concentrations of poly unsaturated fatty acids (PUFAs) were lower
in pre-monsoon except Pappinissery and Pazhayangadi due to its greater
susceptibility to degradation by the active microbial community. Multimethyl
branched fatty acids were detected in the present study region derived from
bacterial fatty acids, uropygial waxes of the birds preen gland and by the
oxidation of phytol in animal tissues. An increase in branched fatty acid
concentrations and MUFAs are the indicatives of bacterial reworking in the
present study region. The biomarkers of Desulfobulbus-type bacteria,
methane-oxidizing bacteria, sulfur-reducing bacteria, Sulfur-oxidising bacteria,
Gram-negative bacteria, waterborne Gram-negative pathogens and Iron-
oxidising bacteria were also detected in the present study region. Algal
biomarkers gave the presence of brown algae, cyanobacteria, red algae,
dinoflagellates and diatoms in the study region. The presence of higher
dicarboxylc acids and hydroxy fatty acids may be contributed from higher
plant origin either by direct contribution or by diagenesis. PUFA a general

phytoplankton marker, would not necessarily be expected to be preserved in
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their original amounts in the present study as a result of the liability by

intensive bacterial activity.

Pentacyclic triterpenoids/sterols due to their widespread distribution in
the tissues of marine and terrestrial plants, structural diversity, and long term
stability fit their use as biomarkers. Phyto-sterols such as Stigmasterol,
Campesterol and [-sitosterol and algal sterols such as Dinosterol and
Brassicasterol were detected from the present study region. Also, presence of
triterpenoids like Taraxerol, Lupeol, Germanicol, B-Amyrin, o-Amyrin,
Betulin and Friedelan-3a-ol were also identified from the present study region
indicating higher plant origin, derived mainly from mangroves. In the present
study Germanicol, Stigmasterol and Betulin can be effectively used as
biomarker for mangroves since they can be extracted from surface sediments

with an appreciable amount.

Cholesterol was detected from all samples with low abundance
indicating lower input from zoo-plankton. Stereoisomeric products formed
from the biological and anaerobic reduction of cholesterol such as Coprostanol,
epi-coprostanol and Cholestanol, which are indicators of the human fecal
marker, sewage marker and anaerobic reduction product of cholesterol
respectively, were detected with low % abundance. Cholestanol was found to
be negatively correlated with dissolved oxygen, pointed to the fact it was an
anoxic indicator in the present study region. Phytol was detected in almost all
samples with higher concentration contributed both from the living material
and those released during alkaline hydrolysis involved in the biomarker
extraction. Both short chains as well as long-chain n-fatty alcohols were

detected, indicating the inputs from micro-organism, as well as terrestrial
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sources. The long/short chain ratio is greater than 1.0 in most of the samples

indicated dominant input from mangrove plants.

Specific information’s such as dominance of planktonic input in
Kadalundi and Thalassery, anthropogenic input in Pappinissery, excess
Dinoflagellate growth in Kunjimangalam can be successfully explained using

biomarker approach.

The degree to which organic matter preserved can be varied across
mangrove systems, with a higher reliance on ‘closed’ systems where more of
the organic production is retained and less exchange of material with adjacent
systems is useful. Thalassery and Kadalundi situated in the close proximity of
the Lakshadweep Sea and are open to tidal inundations and organic matter is
entered and takes away into the system. In these stations, semi-diurnal tidal
action is in the range 0.09 to 1.48 m, which creates conditions unfavourable
to soil development, by remobilizing the organic particles such as leaf litter
and nutrients further downstream. Tidal influx modified textural characteristics
in Kadalundi, for which silt and muddy sand was dominant in post-monsoon,
and was shifted to the sandy texture in pre-monsoon. Pre-monsoon is
characterised by lower TOC, TN, TS, BPC, Al-OC, Chlorophyll pigments
and fatty acids concentrations in Kadalundi and Thalassery due to the sandy
texture. But the effect was less prominent at Thalassery. Thus, grain size

played a major role in the distribution of organic matter in these stations.

In Kadalundi and Thalasseri, Chl a concentration was higher in post-
monsoon and monsoon which may be due to greater input of marine-derived
organic matter. Higher primary production produced in the Lakshadweep Sea

is exchanged by tidal influx to the system. TOC/TN ratio at Thalassery in all
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seasons and Kadalundi in post-monsoon and monsoon showed predominance
of planktonic input. Most enriched values of &°C, higher chlorophyll
pigment, and lower values of terrestrial derived organic matter calculated
from two end member mixing model (F %) in Kadalundi in post-monsoon

and monsoon also vindicate the clear contribution of marine organic matter.

Biomarker study also justified the dominant marine input of Kadalundi
and Thalassery. From n-Alkane markers and various ratios employed in the
concentration of various combination of short chain, long chain, odd, even,
specific chain alkanes, predominance of planktonic input was identified.
Dominance of algal alkane (C;;7), non-photosynthetic bacteria (Cys to Csp
showed no odd/even carbon predominance), high ratio of sum of Low chain
(n-alkanes <20) to long-chain alkanes (>21), CPI (Carbon preference index)
~]1 and lower TAR value are the observation which helped to deduce
predominance of planktonic input in Thalassery and Kadalundi in post-
monsoon and monsoon. Fatty acids in Kadalundi during Post-monsoon
period was characterised by higher C14 concentration and 16:107/18:109
along with low ratio of C18:1 to C16:1 that could be used as indicators of
diatom dominated system. Fatty acid biomarkers of zooplankton and
dinoflagellates, sterol biomarker for dinoflagellates (Dinosterol) can also be

extracted from the system.

Anthropogenic intervention at Pappinissery, which received large
quantity of domestic garbage and poultry waste resulting in the reducing
environment, and recorded elevated concentration of nutrients (especially
NH;") and low DO. Also, bioturbation activities, that produce reducing
sediment micro-pores resulting in the build-up of ammonium by the process

of anaerobic ammonification, were active. Total Lipids, n-alkanes, n-alkyl
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cyclohexanes, fatty acids and sterols were also recorded higher concentration
in pre-monsoon. Dissolved Oxygen in the water column may play a role in
sediment OM composition so that minimum aerobic processes and benthic
activity during the periods of anoxia/hypoxia in synchronous to an increase in
anaerobic process results in a better preservation of organic matter. Bacterial
fatty acids including those for anaerobic bacteria (eg: sulphate reducing
bacteria) such as iC14, iC15, aCl15 and iC16 iC17 and aCl17, C17, C17:1,
Cl18:1w7c, B-hydroxy acids or 3-hydroxy acid were detected with
comparatively higher concentration indicating active bacterial reworking.
Cholestanol to Cholesterol and Total Sterols to Stanols ratios were recorded
highest value at Pappinissery also indicated the reducing condition prevailed
at this station. Epi-coprostanol (5B-cholestan-3a-0l) a non-point source
indicator, a useful anoxic indicator, was also detected in the station.
Moreover, the sample was characterised by clayey sediment texture, higher
TOC and TN content. The increased net primary production and sewage

pollution can also contribute organic matter to the system.

The Dissolved Oxygen Supersaturation (DGS-132 %) was noticed from
the water column at Kunjimangalam in pre-monsoon. The station was also
characterized by higher chlorophyll content, a slight depletion in 8'°C and
F%, and all these results could be correlated to DGS. Dinosterol, a
dinoflagellates biomarker was also detected with high % abundance. It
could be also correlated with DGS and hence it can be expected to be
produced by excessive dinoflagellates growth. But such dinoflagellates
abundance could not observed form fatty acid composition. Since the
process arose in the water column, dinoflagellates PUFAs does not

necessarily become a part of the sediment record due to heterotrophic or
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aerobic utilisation. This result also substantiates the use of multi-marker

approach used in the present study.

Complete process in the system could not be explained with the use of
a single biomarker. Fatty alcohols and n-alkanes can effectively describe
contribution of terrestrial organic matter and to some extent algal input. Fatty
acids give better inference about bacterial, algal and zooplankton signals,
even though, some of the PUFAs degraded by heterotrophic utilisation.
Sterols provided better understanding of terrestrial signals, sewage pollution
and DGS in the present study region. Thus, Biomarkers which used in the
present study are proved successful, for obtaining signatures of individual

organisms or groups of organisms, or of certain environmental processes.

In the present study fingerprinting of the mangrove ecosystem using
elemental, stable carbon isotopes and biochemical composition along with
multi-marker approach are used as a powerful tool to establish correct
relationships between various processes. It could account for the various
processes like tidal inundation, spatial and temporal variation, DGS, reducing
environment, microbial activities prevailed in the study area. The study,
which explores formation, transport, transformation of aged organic matter
and recent changes in the surface sediment due to the anthropogenic
inventions, can be useful for understanding global carbon climate and better
policy making in the similar ecosystems. Biomarkers proposed other than in
Indian Territory were also employed since reported works are very limited in
Indian scenario. But environmental modifications in metabolites concentration
are common, and the present study could not account for such environmental

modifications, and is open for further research.
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Appendix 5: Total ion Chromatogram of n-alkanes in the present study
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Appendix 6: Chromatogram of hopanes at m/z 191 in the present study
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Appendix 8: Total ion Chromatogram of fatty alcohols in the present study
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Appendix 9: Total ion Chromatogram of triterpeniods in the present study
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