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ABSTRACT

The biogeochemical cycling of carbon in Lochs Creran and Etive was investigated by using lignin
as the biomarker for terrestrial organic matter. The oxygen uptake rate, percentage organic matter
due to loss on ignition, Rp index, total carbon, total organic carbon (TOC), total nitrogen, C/N
ratio, and phosphate content were used as the proxies to determine the biodegradability of the

sediment organic matter.

Total lignin in Lochs Creran and Etive ranged from 0.03 to 0.55mg/g, and A (mg/100mg OC)
ranged from 0.37 to 0.98; the syringyl/vanillyl and cinnamyl/vanillyl ratios for both lochs ranged
from 0.16-1.61 and 0-1.47, respectively. It was found that non-woody angiosperm tissues
predominated in the lochs. The concentrations of lignin and the proxies were constant at
individual locations, indicating continual but intermittent input of terrestrial materials into the
lochs. However, total lignin and these proxies decreased significantly from the head to the mouth
and outside the lochs, indicating the importance of the Rivers Creran and Etive in contributing
terrestrial materials into the lochs and the importance of terrestrial organic matter in fuelling the
biogeochemical cycling of organic matter in the lochs. Overall the effect of the hydrodynamic
and hydrological regimes of the lochs, fish and shellfish farms, and bioturbation on the sediment

organic matter was investigated.

From the head to mouth of the lochs, in Creran, lignin contributed to 0.69% and 0.47% TOC at
LCO and LC6; in Etive, lignin contributed to 0.91% and 0.33% TOC at RE2 and Camas Nathais,
respectively. The input of organic matter into Creran was 1.9 x 10° g/year. Of this, 1.2 x 10°
g/year (63.16%) was labile fraction and 7.0 x 10® g/year (36.84%) consisted of refractory organic
matter. There were overall 5.0 x 10° gC/year input of total carbon and 2.5 x 10° g/year input of

lignin materials into Creran.
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Chapter 1: INTRODUCTION

CHAPTER 1 INTRODUCTION

1.1 GENERAL INTRODUCTION

Lignin is a recalcitrant component found only in vascular plant tissues. Hence lignin is used as
the biomarker for terrestrial organic matter, as it also degrades very slowly and is preserved in the
environments for a longer period of time to warrant its detection in the marine environment (see
also Section 1.4.1.3). Previous authors had used lignin to study the contribution of terrestrial
organic matter from river sources and the distribution of these materials in the coastal and marine
environments (see references in Section 1.5.1.2). Usually lignin concentrations were correlated
with stable carbon isotopes ratios (see references in Section 1.5.2) to study the relative
distribution of terrestrial versus marine organic matter. Bulk elemental analyses were also
carried out (see references in Section 1.5.5) as these terrestrial materials also contribute to a
substantial amount of total carbon and total organic carbon in the sediment. In this research,
lignin analysis was carried out for sediments along transects of Loch Creran and Loch Etive, in
order to determine the contribution of riverine organic matter to the lochs, and the distribution of
these terrestrial materials along both lochs. Apart from the lignin studies by Readman et al.
(1986) and Reeves and Preston (1989; 1991) in the Tamar Estuary, this is the only study to
determine the effect of terrestrial materials on transition waters on the west coast of Scotland or

in the United Kingdom.

Overnell et al. (1995) found that the oxygen uptake rates and percentage organic matter due to
loss on ignition decreased from the head to the mouth of Lochs Linnhe, Etive, Fyne and Goil.
They suggested that this reflected the degradation of riverine particulate organic carbon (POC),
most of which was expected to have settled near the heads. In this work, the oxygen uptake rates
were compared with lignin concentrations in order to study the effect of terrestrial materials on

the biodegradability of the sediment organic matter. The effect of terrestrial materials on the

~]~



Chapter 1: INTRODUCTION

biodegradability of the sediment organic matter was also determined by using other proxies (see

Sections 1.1.1 and 1.5.2-1.5.6).

Ocean margins are regions adjacent to the continents, including inland seas, estuaries, and
continental shelves and slopes, where the major portion of continental detritus delivered to the
oceans is deposited (Blanton, 1991; Martin and Windom, 1991). Although the ocean margins
comprise less than 20% of the surface area (Walsh, 1991) and volume of the ocean respectively,
they account for up to 30% of ocean production because of the fertilizing influence of nutrient
inputs from rivers, upwelling" and buoyancy exchanges at the shelf edge (Mantoura et al., 1991).
Over 90% of riverine particulates and associated carbon, trace metals and pollutants are trapped
in the deltaic and shelf regions of the ocean margins. The extent to which ocean margins can trap
or export terrestrial and autochthonous phytoplankton carbon profoundly affect global carbon
mass balances and their climatic consequences (Mantoura et al., 1991). The vast majority of the
organic matter in oceanic sediments is located in deltaic, shelf plus upper slope sediments, which
contain 44% and 42%, respectively, of the total organic matter in marine deposits (Chester,
2000). Hence sea lochs are ideal locations to study the transport and distribution of terrestrial
organic matter. A sea loch or fjord is a geomorphologically well-defined entity. It is an easily
defined, almost closed water body showing less variability than the open coast or ocean. It is an
ecosystem of manageable size, hence it is possible to measure or estimate the in- and outflux of
organic matter across the boundaries of their ecosystem (Brattegard, 1980). These are also
important sites for the degradation and mineralization of biomass (Parkes and Buckingham,
1986). The relatively pollution free Scottish sea lochs are ideal systems to study the dispersal of
organic matter (Cronin and Tyler, 1980), although there have been a great rise in fish farming

activities (Nickell et al., 2003; Pereira et al., 2004; also see Figure 4.16).

Organic material from adjacent forests are commonly observed as floating debris, however only a

small quantity of carbon is detected in the outflow (Grace and Malhi, 2002). According to

* upwelling upward movement of deeper water under the influence of divergence of water at the surface,

usually caused by differences in Ekman transport (Baretta-Bekker et al., 1998).
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Richey et al. (2002) most of the carbon across the Amazonia was exported through CO, evasion
to the atmosphere (470 TgC/yr), this was about 13 times more than export of total organic carbon
(36 TgC/yr) or DIC (35 TgClyr; Richey et al., 1990). However, there is still some way to go
before the carbon budget could be balanced (Grace and Malhi, 2002). Although the Amazon
basin is a great contrast to the lochs studied, this is one example where the carbon budgets in the
aquatic environment could not be balanced. In this work, attempts have also been made to
investigate what happens to the terrestrial organic matter in the Lochs Creran and Etive. Besides
being used to construct the carbon budgets for Loch Creran these experimental parameters are

also used to determine the processes occurring in the sediments within the lochs.

1.1.1 Hypotheses, aims and specific objectives

Hypothesis

1. River Creran at the head of Loch Creran and River Etive at the head of Loch Etive play
an important role in transporting terrestrial debris into the lochs, hence the lignin, organic

matter and carbon contents decrease further down the lochs.

2. Terrestrial organic matter plays an important role in governing the biogeochemical

cycling of organic matter in the lochs.

3. Differences in the hydrodynamic and hydrographical regimes between Loch Creran and

Loch Etive result in differences in the quantity and quality of the organic matter.

Aims

The aims of this research are:

1. To determine the sources and distribution of terrestrial organic matter in the two Scottish

sea lochs, Loch Creran and Loch Etive.
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2. To determine the contribution of terrestrial organic matter to total organic carbon.
3. To determine the effect of these terrestrial materials on the biodegradability of the

sediment organic matter.

By the end of this work, I hope to construct a distribution profile for all the experimental
parameters (lignin concentrations, as well as the proxies to determine the biodegradability of the
sediment organic matter) along both Lochs Creran and Etive. The importance of the contribution
of terrestrial organic matter to the sediment organic matter is determined from the percentage
contribution of lignin to total organic carbon contents of the sediments. Correlations among all
these parameters will determine the ability of these proxies to determine the biodegradability of
the sediment organic matter. The importance of the terrestrial materials in governing the fate of

the sediment organic matter in the lochs is also determined.

Specific objectives

1. In order to study the lignin distribution along the lochs, sediment samples were collected
from several locations along transects of Lochs Creran and Etive. Locations outside the
lochs were also samples as reference sites. As lignin serves as biomarker for terrestrial
materials, detection of lignin along transects of the lochs represents the distribution of

terrestrial organic matter along the lochs.

2. In order to study the seasonal variation of the lignin content, sediment samples were

collected from certain locations on a monthly basis.

3. In an attempt to quantify lignin from the freshwater input, water samples were also
collected upriver from the mouth of the River Creran. Lignin analyses were carried out

for the dissolved and particulate fractions of the water sample.

4. A sediment trap was deployed in order to determine the quality and quantity of the

sedimenting particles.
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5. These experiments were carried out to determine the biodegradability of the sediment
organic matter: oxygen uptake rates, percentage organic matter due to loss on ignition,
Rp values, total carbon, total organic carbon, total nitrogen, C/N ratios and phosphate
content. These were also carried out on a monthly and rotationally basis. Hence the
seasonal variations, and the transect distribution of these parameters were also

determined.

Other objectives

The analyses carried out in this research were the lignin analysis and the experiments to
determine the biodegradability of the sediment organic matter. Prior to the analyses, the
validity of each method was confirmed as detailed in Chapter 2. This was followed by

determination of the reproducibility of the analytical methods.

The vanillic acid to vanillin ratio, (Ad/Al)v, was used to determine the degradation stage

of the lignin material, as higher (Ad/Al)v value indicates more highly degraded material.

The lignin parameters S/V and C/V ratios, as well as the lignin compositional plots, were
used to determine the vegetation source as different lignin oxidation products were
produced by different vegetation type. The type of vegetation in both lochs determined
using this method is then confirmed by lignin analyses of some known plant samples.

This was further confirmed by comparison with the aerial photographs of Loch Creran.

Contribution of terrestrial and marine organic matter to total organic matter was
determined. Contribution of lignin to total carbon, total organic carbon and terrestrial

organic matter was also determined.

The efficiency of each parameter to serve as the proxy to determine the biodegradability

of the sediment organic matter was investigated. The effect of terrestrial organic matter
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on the biodegradability of sediment organic matter was investigated using regression

analyses between lignin and these proxies.

6. The source contribution of organic matter into the lochs was determined. There are a few
fish farming activities located along both lochs. The effect of these farms, as well as the
effect of bioturbation on the quality of the sediment organic matter was also determined.
The effects due to differences in hydrological and hydrodynamic regimes of the lochs on

the quality and quantity of the organic matter were also investigated.

The lignin, total organic matter and total carbon fluxes and budgets in Loch Creran were

determined based on results obtained from the above.

1.1.2 About this chapter

Section 1.2 provides introduction to the organic matter, the production (Section 1.2.1) and
decomposition of organic matter (Section 1.2.2), and factors controlling the preservation of
organic matter (Section 1.2.3). Section 1.3 gives introduction to sea lochs: a brief introduction to
the definition (Section 1.3.1.1) and characteristic of sea lochs (Section 1.3.1.2), and finally the
details of the two lochs studied, Loch Creran (Section 1.3.2.1) and Loch Etive (Section 1.3.2.2).
As this research is based mainly on lignin and the preservation of lignin materials in sediments,
Section 1.4 is attributed to lignin: lignin properties (Section 1.4.1) and lignin biodegradation
(Section 1.4.2). Introduction to lignin-decaying organisms (Section 1.4.3) and the aerobic and
anaerobic degradation of lignin materials (Section 1.4.4) are also given, followed by a summary
on lignin biodegradation (Section 1.4.5). In Section 1.5, the various analytical methods used in
this research are introduced. Each of this analytical method: lignin analysis, oxygen uptake rate,
carbon isotope determination, loss on ignition, C, N and P analyses, is given a brief introduction
to the method. These are followed by literature review of previous attempts in the respective

methods.
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1.2 ORGANIC MATTER

Organic matter is composed mainly of carbon, nitrogen, oxygen, phosphorus and sulphur, is the
most important electron donor in the marine environments, and provides energy for most of the
biological reactions (Libes, 1992). Dead organic particles are fragments of animals, plants, and
microorganisms, and these are known as detritus (Wotton, 1994). Almost all the organic carbon
on Earth is created through photosynthesis, whether on land or in water. But on land the process
leaves characteristic fingerprints, as many land plants synthesize certain compounds, such as
lignin or tannin, which are absent in the marine phytoplankton, hence this carbon of terrestrial
origin should be traceable after it has entered the oceans. Thus the detection of these biomarkers

in the sea can reveal if the carbon had a terrestrial origin (Ludwig, 2001).

The C/™C ratios and the l‘ignin oxidation products are examples of fingerprints successfully
used to provide valuable information on the transformation of ofganic matter as it travels from
terrestrial to inland water to ocean ecosystems (Ward et al., 1994). In this research, lignin was
used as the biomarker to determine the sources and distribution of terrestrial organic matter, and
the transport and fate of the terrestrial organic matter along the two lochs. Stable carbon isotope

was used to determine the relative abundances between the terrestrial and marine organic matter.

1.2.1 Production of organic matter

The ultimate source of organic detritus is biological production in surface waters of the oceans
and on land (Suess, 1980). Organic matter in the sea is produced by photosynthetic fixation of
CO, and phytoplankton is the most abundant marine primary producer and the dominant source
vof organic matter in the ocean (Pomeroy, 1974; Finenko, 1978; Meyers, 1997; Chester, 2000;

Bashkin, 2002). The average atomic ratio of the C:N:P in marine phytoplankton is 106:16:1.

* organic carbon all chemical compounds with the reduced C atom as major constituent; molecules always
contain H, O, as well as sometimes N, P, S, and also trace amounts of other elements; virtually all are

formed during photosynthesis (Baretta-Bekker et al., 1998).
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This is known as the “Redfield-Richards Ratio” and the process of photosynthesis is represented

as shown below (Libes, 1992).

106CO; + 122H,0 + 16HNO; + H;PO;, —» (CH20)106(NH3)16(H3PO4) + 1380,

(organic matter)

On land, plants are the primary producer of organic matter (Campbell et al., 1999). Lignin is a
substance in plants used in this research. Figure 1.1 shows a simplified diagram of the

production of lignin and its relation with the environments (Loh et al., 2002).

l Lignin
Runoff of plant debris to
\aquatic environments

N

Aquatic environments

Microbial
degradation <—————— Lignin

Humus _) Brown coal

Figure 1.1 The lignin cycle (adapted from Christman and Oglesby, 1971).
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1.2.2 Decomposition of organic matter

Together with the production of organic matter due to photosynthesis and the transformation of
organic matter, decomposition” of organic mater and nutrient regeneration (remineralization) play
the important role in organic matter cycling in an ecosystem (Sorokin, 1978; Neher et al., 2003).
All three terms: decomposition, degradation and mineralization give similar meanings (see
footnote in previous page), hence in future all three terms are used to describe the breaking down

of organic matter.

Particulate organic matter (POM) is composed of materials including excreta, molts, aggregated
dissolved organic matter (DOM), and the living and dead tissues such as lignin. The nonliving or
detrital fraction is decomposed by the respiratory activities of bacteria, fungi, protozoa, and
animals. Decomposition of POM returns the nitrogen, phosphorus and carbon to their soluble

forms hence this process is also known as nutrient regeneration or remineralization (Libes, 1992).

Most of the organic carbon introduced onto the shelves is mineralised in the water column and
sediments (De Haas et al., 2002). The decomposition of the organic compounds during
sedimentation between the water colﬁmn and surface sediments could be due to decomposition of
the more labile fraction of the organic compounds as the labile, energy-rich substrates are turned
over very rapidly (Wetzel, 1984). Only a small amount sinks quickly enough to reach the
seafloor with less than 1% of POM produced by primary production survives through sinking
(Libes, 1992). In this work, materials collected from the sediment traps were used to study the
input of particulate materials (Vangriesheim and Khripounoff, 1990), and to measure the
downward flux of particulates (Wassmann ef al., 1991). The amount of materials collected in the

traps also gave an estimate of the annual organic input to the bottom sediment (Davies, 1975).

* decompose break down of organic matter into constituent elements by bacterial or fungal action; break
down into simpler chemical compounds.
degradation breakdown of a molecule into atoms or smaller molecules.

mineralise to convert organic matter into mineral (Collins English Dictionary).
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Decomposition of organic matter is a useful indicator of the ecosystem conditions (Neher et al.,
2003). Carbohydrates, lipids and proteins are preferentially decomposed into soluble organic
compounds available for subsequent mineralization (Conover, 1978; Lehmann et al., 2002;
Girisha et al., 2003; Kalbitz et al., 2003). The progressive exhaustion of the easily mineralizable
compounds leads to the relative accumulation of recalcitrant materials such as lignin (Cofiteaux
et al., 1991). Fast-growing micro-organisms that degrade the labile compounds are active in the
early stage of decomposition, and this activity is enhanced by the availability of nitrogen. During
this phase lignin content usually increased. During the later stages of decomposition, lignin

decomposes (Girisha et al., 2003).

Microfungi and bacteria participate in the aerobic degradation of lignin (Haider and Trojanowski,
1980). The micro-organisms that play an important role in lignin degradation are the white-rot
fungi (see Section 1.4.4). Anaerobic degradation of lignin is extremely slow (see Section 1.4.5.2)
and lignin and humus finding their way into anaerobic environments are protected from microbial
attack, and along with other biosynthesized organics, are the probable precursors of coal

(Christman and Oglesby, 1971).

1.2.3 Preservation of organic matter

1.2.3.1 Rate of organic matter mineralization

In the oxic layer of surficial sediments, most of the metabolizable organic carbon is mineralised.
Preservation of organic carbon in sediments is related to the bulk sedimentation rate (Miiller and
Suess, 1979). At high deposition rate, such as the continental margins, oxygen availability is not
the primary control of organic matter preservation (Cowie and Hedges, 1992) as most carbon
decomposes by the anaerobic pathway (Canfield, 1994). The mineralization rate is determined

by the quality of organic matter (Kristensen and Blackburn, 1987; Henrichs, 1992; Canfield,
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1994; Kristensen et al., 1995; Aller and Aller, 1998; Kristensen and Holmer, 2001); the fresher

more labile fraction degrades faster compared to the more refractory fraction.

In this work, the quality of organic matter is determined by the Rp index (from the loss on
ignition experiment) and the C/N ratio, and the rate of organic matter degradation measured using

the oxygen uptake rates.

1.2.3.2 The effect of oxygen

The effect of oxygen on the degradation rate of sedimentary organic matter is a function of the
lability of the decomposing material. Fresh material was depleted with little difference in rates in
the presence or absence of oxygen, whereas old material was decomposed significantly (up to 3.6
times) faster with oxygen than without oxygen (Hulthe et al., 1998). This implies that
bioturbation, by exposing old buried material to oxygen, may enhance integrated organic carbon
oxidation in marine sediments, and indicating that the oxic-anoxic-oxic redox transitions
(deposition under oxic conditions, burial under anoxia and re-exposure to oxygen) promoted
degradation (Hulthe et al., 1998). Many burrowing infaunal taxa have the ability to transfer
sedimenting particles, captured in the interface, rapidly to deeper levels in the sediment (Pearson,
2001). Anoxic bottom water conditions and lack of bioturbation, however, are factors preserving
organic matter in carbon-rich sedimentary rocks (Reeburgh, 1995). In this work the effect of
oxygen in preserving the organic matter is discussed in relation with the effect of bioturbation on

the quality of the sediment organic matter.

Depletion in oxygen will elevate the sulphate reduction process in the marine environment
(Jorgensen, 1982; Holmer, 1999). The rate of sulfate reduction is also directly proportional to the
concentration of metabolizable organic carbon (Westrich and Berner, 1984); organic debris rich
in phosphorus and nitrogen support the more rapid sulfate reduction. Organic matter degradation
at the sediment water interface along both lochs Creran and Etive however, were not due to

sulfate reduction as there was oxygen was present throughout the year (this study; Edwards and
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Trusdale, 1997; Overnell et al., 2002: see Section 4.2.1.3). However, even if sulfate reduction
occurs deeper the sediments, terrestrial organic matter such as lignin is not a nutritious for sulfate

reducing bacteria (Lyons and Gaudette, 1979).

1.2.3.3 Stabilization of organic matter

Organic carbon concentrations in the upper sediment column decrease down core by
mineralization and biological uptake (De Hass and Van Weering, 1997). Besides the quality of
organic matter and the effect of oxygen, factors that also play the role in preservation of organic
matter are the stabilization of organic matter by its incorporation into mineral pores that are too
small to allow entry and effective functioning by the enzymes that hydrolyze organic matter to a
size amenable to biological uptake (Mayer, 1994), and the possible sorption of organic matter to
mineral surfaces of fine grained sediments, causing a part of the labile fraction of organic matter
to be unavailable for oxidation by micro-organisms (Keil et al., 1994). Further aerobic and
anaerobic bacterial attack on pre-existing organic material transported to the sea leads to a further
increase in the proportion of biologically resistant materials and these may be preserved in the

sediment (Moore, 1969).

1.3 THE STUDY OF SEA LOCHS

1.3.1 Definition of sea lochs

Some definitions of sea lochs or fjords are given. According to Overnell et al. (1995b), sea lochs
are bodies of water appearing as invaginations® of the sea. They are fjord systems on the west
coast of Scotland which are flooded, glacially over deepened valleys which may have one or
more basins separated from the sea by shallow sills (Overnell, 2002). Sea lochs or fjords are

glacially scoured, relatively deep bodies of water common to western mid-high latitude

* invagination a part folded back upon itself (Collins English Dictionary).
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coastlines. The sheltered water and high sediment accumulation rates combined with the low-
energy environments of sea lochs can result in the preservation of a very high-resolution climate
record (Howe et al., 2001). Fjords are transition zones between the land and the open ocean,
regions of strong physical and chemical gradients, where fresh and salt waters mix and react; they
are usually long and narrow with length many times greater than width, and have one or more
sills (Cameron and Pritchard, 1963; Matthews and Heimdal, 1980; Pickard and Stanton, 1980).
The estuarine circulation is a summer phenomenon where an inflow of the denser saline water
from the sea enters below the outflowing less dense freshwater (Fairbridge, 1980; Szlen, 1980;
Lewis, 1997; Nedwell et al., 1999). In our lochs, estuarine circulation is present even in winter

when there is high rainfall.

1.3.2 Characteristic of sea lochs

The head of the loch is the inland end, where there is usually a major river bringing in freshwater.
The mouth of the loch is the seaward end. Freshwater input is the most important factor affecting
the water properties in a loch. Contributions to the freshwater consist of the minor factor from
precipitation on the water surface, and the major factor from river runoff. River runoff could be
due to direct rainfall into the river and loch, and stored runoff in the form of winter snow melts.
FreshWater from river runoff flows seaward in the upper layer, entraining salt water from below
and carrying it out of the loch. Wind stress acting on the surface, freshwater supply and tides are
the main energy sources (Svendsen, 1986). The narrows of lochs restrain the outflow of brackish
water, inducing a re-entrainment of old river water to the plume (McClimans, 1980). In silled
fjords water may be physically restrained in basin enclosures resulting in oxygen depletion and

the water becomes anoxic (Skei, 1988).
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1.4 LIGNIN

Organic matter of terrestrial origin is derived largely from the vascular plants and comprises a
large and continually renewed pool of reactive organic matter in the estuarine and coastal marine
environments (Moran et al., 1991a; Opsahl and Benner, 1995). Plants are also the largest
contributors of fixed carbon in the biosphere and the largest part of dead organic matter (Cain,

1980).

1.4.1 Properties of lignin

1.4.1.1 General introduction of lignin

The chief structural element of plants is comprised of cellulose, hemicellulose and lignin (Kratzl,
1965; Christman and Oglesby, 1971; Goring, 1971; Frankland, 1974); the amount of lignin

present may vary between 15% and 35% (Kratzl, 1965).

According to Sarkanen and Ludwig (1971), the word “lignin” is derived from the Latin word
“lignum” meaning wood, and indeed, lignin forms an essential component of the woody stems of
arborescent gymnosperms and angiosperms in which their amounts range from 15% to 36%.
Lignin comprises 20 to 30% dry weight of wood and is the most abundanf source of benzene
nucleus on the planet (Cain, 1980). Lignins are not, however, restricted to arborescent” plants,
but are found as integral cell wall constituents in all vascular plants including the herbaceous
varieties (Higuchi, 1980). Their presence has been demonstrated in tissues associated with stems
as well as in foliage and roots (Young and Frazer, 1987). Lignin is the most abundant naturally
occurring source of aromatic compounds, the second most abundant renewable organic material
after cellulose (Young and Frazer, 1987), and the most abundant in terms of energy content (Kirk

et al., 1980).

* arborescent having the shape or characteristic of a tree (Collins English Dictionary).
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1.4.1.2 Lignin structure

The structure of lignin is based on the molecular units of the phenylpropane type (Wardrop,
1971; Eriksson et al., 1990), and these phenylpropanoid structural units give the plants their
rigidity and bind the fibre cell walls together (Eriksson et al., 1990). Lignin is a unique polymer
since it is comprised of non-repeating units and it is a three-dimensional array joined by carbon-
carbon and ether bonds. Aerobic ring fission is known to be mediated by dioxygenase enzymes,
which insert oxygen atoms onto the structure; oxygen serves as a reactant as well as an electron

acceptor. A model structure of lignin (Figure 1.2) is obtained from Libes (1992).

CHO

CH

| OCH

H ,COH

I

HC

|

co
CH ,0 |

o Cl“ OCH ,

HCOH —o0
OCH
OH

Figure 1.2 A model of lignin structure (Libes, 1992). The common structures of softwood lignin, with the

major arylglycerol-B-aryl ether structure circled (Hammel, 1997).
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1.4.1.3 Why is lignin used as biomarker?

Biomarkers such as lignin afford several advantages over measurements of bulk chemical
properties such as elemental and stable isotope composition. The diversity and great number of
different organic molecules in natural samples allow finer resolution of source contribution
(Hedges and Prahl, 1993). For example, as lignin is found only in vascular plant tissues, the
detection of lignin in sediments indicates contribution of terrestrial materials to the sediment
organic matter. Secondly, biomarkers often occur in suites within which the relative abundances
of the congeners" sometimes carry additional environmental or diagenetic information (Hedges
and Prahl, 1993). For example, besides functioning as a vegetation source indicator, lignin

parameters such as (Ad/Al)v ratios also indicate diagenesis’.

Lignin is a complex phenolic polymer constituting the major part of the cell walls of vascular
plant tissues but absent from all other organisms (Hedges and Mann, 1979a; Hedges e al., 1982),
hence lignin oxidation products are useful for characterizing and quantifying vascular plant

remains in freshwater systems (Hedges et al., 1984).

Lignified tissues effectively resist attack by microorganisms by impeding penetration of
destructive enzymes into the cell wall (Sarkanen and Ludwig, 1971), as lignin is an amorphus
aromatic polymer, hence resistant to hydrolysis (Cain, 1980). Hence the stability of lignin to
degradation enables the detection of this compound long after other more labile fractions has

been degraded.

* congener member of a class, group, or other category, esp. any animal of a specific genus.
* diagenesis the sum of the physical, chemical and biological changes that take place in sediments before
they become consolidated into rocks, excluding weathering and metamorphic changes (Collins English

Dictionary).
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1.4.2 Lignin biodegradation

According to Sarkanen and Hergert (1971) the classification of lignins has so far not received
extensive attention; most investigators have been satisfied with the broad division of better
known lignins to (a) gymnosperm or softwood lignins, (b) angiosperm wood or hardwood lignins
and (c) grass lignins. Gymnosperm lignin is a dehydrogenation polymer of coniferyl alcohol.
Angiosperm lignin is a mixed dehydrogenation polymer of coniferyl and sinapyl alcohols. Grass
lignin is composed of mixed dehydrogenation polymer of coniferyl, sinapyl and p-coumaryl

alcohols (Higuchi, 1980):

CH,OH CH,OH CH,OH

| | [

CH CH CH

| I I

CH CH CH

OCH, CH,0 OCH,

OH OH OH

Coniferyl alcohol Sinapy! alcohol p-Coumaryl alcohol

Chemical changes occurring during the initial stage of litter breakdown consist of decomposition
of soluble carbohydrates, starches, pectin and soluble nitrogenous compounds, and the micro-
organisms responsible for this initial attack comprise a variety of bacteria and fast-growing fungi
(Jensen, 1974). The cellulose and hemicellulose degrade faster than lignin (McTiernan et al.,
2003). Thus, green pine needles contained a greater proportion of non-lignin fractions than
freshly fallen needles, and decomposed at a much faster rate than the freshly fallen needles

(Girisha et al., 2003). The more resistant materials, especially lignin, tend to accumulate, and
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with the disappearance of other more labile fractions soon form a major part of the organic

residues (Hurst and Burges, 1967).

Lignin breakdown is generally a slow process both under natural conditions and in culture, and
the yields of degradation products are usually low. The high molecular weight and low solubility
of lignin precludes the possibility of direct assimilation and there are also the problems of fungal

penetration and oxygen availability in large wood masses (Hurst and Burges, 1967).

Although lignin is relatively resistant to biological degradation, it does slowly and continuously,
decomposes in soil to humus, water, and carbon dioxide following the death of the plant tissues
(Hurst and Burges, 1967; Christman and Oglesby, 1971; Martin and Haider, 1980; Zeikus, 1980).
Laccase and peroxidase are enzymes shown to attack lignin (Hall, 1980; Hammel, 1997).
Generally the OCHj side chain, COOH carbons of phenolic units, amino acid, peptide and amino
acid sugar unit carbons are degraded slightly faster than the benzene ring carbons. In time, most
of the lignin fragments continue to decompose. The smaller lignin degradation fragments such as
simple phenolic compounds, will become linked into the more complex soil humus polymers,
and will become more stable and resistant to biodegradation. Decomposition of the more labile
parts will release plant nutrient elements such as nitrogen and therefore important as a slow

nutrient release fertilizer (Martin and Haider, 1980).

An example of the conversion of p-O-aryl lignin dimer by lignin peroxidase is given in Figure

1.3.

OH
AQ— OCH,0CH,
o 4®—OCHZOCH3

Ca-Cp cleavage

50% 23%

Figure 1.3 Conversion of B-O-aryl lignin dimer by lignin peroxidase (from Lewis and Yamamuro, 1990).
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1.4.3 Lignin-decaying organisms

Micro-fungi and bacteria participate in lignin degradation in aerobic conditions (Haider and
Trojanowski, 1980); fungi play the important role in lignin degradation (Crawford et al., 1980),
and other organisms such as bacteria and the actinomycetes to a lesser extent (Lewis and
Yamamoto, 1990). Two main types of wood-decomposing fungi, usually referred to as brown rot

and white rot, are distinguished (Grushnikov and Antropova, 1975).

Most of the fungal degradation of lignin occurs on land. In water fungi and bacteria degrade
lignin but under anaerobic conditions lignin is not readily degradable (Edelkraut, 1996). It was
found that the acid/aldehyde ratios of vascular plant debris often increased during subaerial
degradation, but not further elevated within the aquatic environments (Hedges et al., 1986; Ertel
et al., 1986; Hamilton and Hedges, 1988; Hedges et al., 1988a). The observation that the
acid/aldehyde values do not increase during lignin degradation in aquatic environments is
suggestive that the aquatic bacteria degrade lignin side-chains and ring structures at similar rate

(Benner et al., 1991).

1.4.3.1 The white-rot fungi

The most well known lignin degrading micro-organism is the white-rot wood degrading fungi,
some of which have been shown to destroy essentially all of the lignin in wood (Cain, 1980;
Haider and Trojanowski, 1980; Cofiteaux et al., 1991). The chief are the white rot fungi
belonging to the family Basidiomycetes (Christman and Oglesby, 1971; Eriksson et al., 1990;
Grushnikov and Antropova, 1975; Cain, 1980; Levy and Dickinson, 1981; Faison and Kirk,
1983; Hammel, 1997), several hundreds of which are from the family of Hymenomycetes (Chang
et al., 1980), and also certain wood-decomposing fungi which belong to the class of Ascomycetes

(Grushnikov and Antropova, 1975).
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The strategy of the white-rot fungi is to decompose the lignin in wood so that they can gain
access to the cellulose and hemicellulose that are embedded in the lignin matrix (Hammel, 1997).
Infection with white rot results in the decomposition of all the components of wood, and as decay
proceeds the residue becomes paler in colour, compared with healthy wood. It was established
that white rot fungi produce two main enzymes: laccase and tyrosinase. These enzymes catalyse
the abstraction of electrons from phenolic substrates. In the presence of laccase and peroxidase
one reducing equivalent is removed from the substrate, while in the presence of tyrosine two
reducing equivalents are eliminated simultaneously (Grushnikov and Antropova, 1975).
According to Filley et al. (2000), the white-rot fungal degradation is typically characterized by

extensive propyl side chain oxidation and aromatic ring cleavage.

1.4.3.2 The brown-rot fungi

They do not degrade lignin extensively, although they modify it by demethylating it (Hammel,
1997). When wood is infected by brown rot, cellulose and other carbohydrate components are
preferentially decomposed, while lignin remains relatively unchanged and the decaying wood
acquires a brown colour (Grushnikov and Antropova, 1975). According to Haider and
Trojanowski (1980), the brown rot fungi attack the methoxyl group more actively than the other
carbons of the lignin skeleton. According to Goni and Thomas (2000), brown rot fungi are able
to decay wood by selectively degrading its cellulose. Brown-rot fungi principally generate 3,4-
and 4,5-dihydroxylated phenol groups (catechol derivatives) as a result of demethylation, and

only to a small degree products of propyl side chain oxidation (Filley et al., 2000).

1.4.3.3 The soft- rot fungi

The soft-rot fungi are Ascomycetes and Deuteromycetes that decay water-saturated (but not
totally anaerobic) wood (Hammel, 1997). According to Nelson et al. (1995), soft-rot attack of

both angiosperm woods resulted in the preferential removal of syringyl versus vanillyl phenols.
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This trend is the observation that soft-rot fungi degrade gymnosperm to lesser extent than
angiosperm lignin. Both the soft and white rot fungi were found to be able to release CO, from

methoxyl or carboxyl groups, side chains of cinnamic acids or alcohols, or from the ring carbons

(Grushnikov and Antropova, 1975).

1.4.4 Aerobic and anaerobic lignin degradation

1.4.4.1 Aerobic lignin biodegradation

Lignin biosynthesis and degradation are dependent on oxygen for different enzymes to be active.
H,0, used by peroxidase in the xylem tissues of trees and by the white-rot fungi, is produced
from oxygen by oxidases. Lignin biodegradation is oxidative and several important
oxidoreductase enzymes are dependent on oxygen or peroxidase for their activity. Thus, it is to

be expected that lignin is not degraded anaerobically (Eriksson et al., 1990).

Aerobic mineralization of lignocellulose is slow due to the impediment of cellulose
decomposition by lignin, the inability of lignin to serve as a microbial energy source and increase
recalcitrance of lignin during humification (Martin and Haider, 1980). Lignin has a compact
structure that is insoluble in water and is difficult to wet and penetrate by micro-organisms. The
inter-monomer linkages that account for the structural rigidity of lignin are a variety of C-C and
C-ether bonds with the beta-aryl ether linkage being quantitatively the most significant, and these

inter-monomer linkages are not directly hydrolysable (Zeikus, 1980).

The extracellular H,O, and possibly superoxide (O,°), play a role in lignin degradation (Forney et

al., 1982; Faison and Kirk, 1983).
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1.4.4.2 Anaerobic lignin degradation

Anaerobic degradation of lignin is extremely slow due to several reasons. Lignin degradation
requires substance such as glucose, the inability of lignin to serve as energy source and the
increased recalcitrance of lignin during humification (Martin and Haider, 1980). Also, the
absence of significant anaerobic decomposition of lignin in the biosphere is due to the
mechanistic requirement of oxygen in biological catalysis to its degradation. Since lignin
evolved in oxygen rich atmosphere, its synthesis requires oxygen, so it is logical that
depolymerization of lignin also requires oxygen. Although lignin polymer is inert anaerobically,

the aromatic alcohol precursors used in its synthesis are degradable (Zeikus et al., 1982).

Hackett et al. (1977) found no 14C-labelled lignin biodegradation to labelled gaseous products
under anaerobic conditions was observed. Odier and Monties (1983) also found no conversion of
1C-labelled lignin to **CO, or “CH, was observed after 6 months of incubation at 30°C in

anaerobic conditions with or without NO;'.

In the contrary, Healy and Young (1979) found that the range of 11 simple aromatic lignin
derivatives is biodegradable to methane and carbon dioxide under strict anaerobic conditions:
vanillin, vanillic acid, ferulic acid, cinnamic acid, benzoic acid, catechol, protocatechuic acid,
phenol, p-hydroxybenzoic acid, syringic acid, and syringaldehyde. Benner et al. (1984) also

found that lignin and lignified plant tissues are biodegradable in the absence of oxygen.

1.4.5 A summary on lignin biodegradation

Lignin biodegradation is a slow process (Section 1.4.2) even in aerobic environments (Section
1.4.4.1). Due to the complexity of its structure, under anoxic conditions lignin biodegradation is
negligible. Some authors found that there is no lignin biodegradation occurring in anaerobic

environments but others observed otherwise (Section 1.4.4.2); the reason could be because lignin
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biodegradation in anaerobic environments occurs only for simple phenolic compounds (Healy

and Young, 1979).

Although relatively resistant, lignin does slowly and continuously decompose (Hurst and Burges,
1967; Christman and Oglesby, 1971; Martin and Haider, 1980; Zeikus, 1980). As lignin is
relatively resistant to biodegradation (Section 1.4.1.3), the more labile compounds are degraded
first (Section 1.2.2); leaving the refractory fraction to accumulate in the organic residue relative

to the more labile fraction (Hurst and Burges, 1967; Section 1.4.2).

In anaerobic environments, assuming that some of the more complex lignin material remain and
accumulate with time, this results in detection of lignin materials thousand and million of years
following. The lignin materials protected from microbial attack are the precursors of coal
(Christman and Oglesby, 1971; Section 1.2.2). Due to its resistance to biodegradation and hence
the ability to accumulate in sediment samples, lignin is used as the biomarker for terrestrial
organic matter in sediments from Lochs Creran and Etive. Within the surface 10 cm sediment

layers of Loch Creran lignin biodegradation still occurs, as observed from the (Ad/Al)v and Rp

values.
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1.5 THE ANALYTICAL METHODS

1.5.1 Analysis of Lignin

1.5.1.1 The history of lignin analysis

Early attempts at lignin analysis relied on acid hydrolysis and solvent extraction (Bader, 1956).
Lignin was extracted from wood by removing all other organic matter and extracting lignin
organic matter with solvent and followed by hydrolysis with HCI and H,SO,. Residual organic
matter after H,SO, treatment was known as lignin-humus (Pocklington and McGregor, 1973).
Subsequently a different approach based on cupric oxide oxidation was developed (Hedges and
Ertel, 1982). Cupric oxide oxidation requires less sample and solvent, and is much less time-
consuming than previous methods compared to solvent extraction technique. Besides, according
to Chang and Allan (1971), CuO has the appropriate oxidation potential for a suitable balance
compared to oxides of mercury (II) and silver, as a weak oxidant will favour the oxidative
coupling mechanism while a stronger oxidant will further oxidize the intermediate oxidation
products. The historical development of the CuO oxidation method used for the analysis of

lignin is shown in Table 1.1.

The refined method by Hedges and Ertel (1982) provides the basis for most laboratory lignin
analyses today. Subsequent authors had used the method by Hedges and Ertel (1982): Hedges et
al., 1982; Ertel and Hedges, 1984; Hedges et al., 1985; Ertel and Hedges, 1985; Wilson et al.,
1985; Prahl, 1985; Readman et al., 1986; Requejo et al.,‘ 1986; Hedges et al., 1986; Ishiwatari
and Uzaki, 1987; Hamilton and Hedges, 1988; Hedges et al., 1988a and b; Reeves and Preston,
1989; Hedges and Weliky, 1989; Goni and Hedges, 1990a, b and c; Moran et al., 1991a and b;
Reeves and Preston, 1991; Cowie et al., 1992; Goni and Hedges, 1992; Haddad et al., 1992;
Opsahl and Benner, 1993; Gough et al., 1993; Goni ef al., 1993; Prahl et al., 1994; Moran and
Hodson, 1994; Goni and Hedges, 1995; Opsahl and Benner, 1995; Reeves, 1995; Edelkraut,

1996; Goni and Eglinton, 1996; Bergamaschi et al., 1997; Bianchi et al., 1997a and b; Bianchi
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and Argyrou, 1997; Argyrou et al., 1997; Louchouarn et al., 1997; Goni et al., 1998; Hu et al.,
1999, Keil et al., 1998; Lobbes et al., 2000; Onstad et al., 2000; Mitra et al., 2000; Miltner and

Emeis, 2000; Dittmar and Lara, 2001; Ditmar et al., 2001; Hernes et al., 2001; Tareq et al., 2004.

Some new developments of the method have also been published. Lobbes et al. (1999) had also
used the CuO oxidation method developed by Hedges and Ertel (1982) for the oxidation and
extraction of lignin material, but unlike most previous authors who used the gas-chromatography
with flame ionisation detector (GC-FID), they successfully analysed the lignin-derived phenols
using reversed-phase high-pressure liquid chromatography (RP-HPLC) with diode array

detection.

Normally the samples, along with the CuO powder and NaOH solution, were heated in a muffle
furnace for three hours (see Section 2.2.2 for further details). However, Goni and Montgomery

(2000) successfully performed the CuO oxidation process using a microwave digestion system.

For this project, the CuO oxidation process was used; the analytical procedures are described in

Section 2.2.2.
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1.5.1.2 Lignin distributions in sediments

Some of the previous studies of lignin in sediment samples were carried out for marine sediments
such as Washington continental shelf (Hedges and Mann, 1979b); the Gulf of Mexico and
Washington slope (Hedges and van Green, 1982); Washington margin continental shelf and
slope, the Cascadia Bay, and the Columbia River (Prahl ez al., 1997); Gulf of Mexico (Goni et
al., 1997, 1998); the Baltic Sea (Miltner and Emeis, 2001); and the Amazon basin late
Pleistocene sediment (Kastner and Goni, 2003); from the river to coastal or marine sediments
such as: Lake Washington Late Quaternary sediment (Hedges et al., 1982); Columbia River
(Hedges et al., 1984); Beaufort shelf sediments (Goni et al., 2000); the Mississippi River
(Bianchi et al., 2002); the Atchafalaya delta and bay region (Gordon and Goni, 2003); and
sediments from estuaries such as the Tamar Estuary (Readman e? al., 1986) and the Narragansett
Bay Estuary (Requejo et al., 1986); and other locations such as Lake Biwa (Ishiwatari and Uzaki,
1987) and Rawa Dawau Lake (Tareq et al., 2004). They had also used the S/V and C/V ratios to
define the vegetation sources in the respective locations; so is this research (see Section 4.3). In
this research, lignin analysis was carried out for sediments from two Scottish sea lochs (see

Sections 1.3.2.1 and 1.3.2.2).

These authors had found that lignin content and the (Ad/Al)v value were constant at individual
locations: Hedges and Mann (1979b), Hedges et al. (1982), Hedges and van Green (1982),
Hedges et al. (1985), Readman et al. (1986), Requejo et al. (1986), Ishiwatari and Uzaki (1987),
Hedges et al. (1988a), and Miltner and Emeis (2000, 2001). However, lignin content seems to
decrease further from the freshwater input, and these authors had found so: Pocklington (1976),
Hedges and Parker (1976), Hedges and Mann (1979b), Miltner and Emeis (2001) and Bianchi et

al. (2002).
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