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Abstract

Deciphering the timing, magnitude, and geographic variability of relative sea-level changes
from geological records is critical for projecting future sea-level changes. Mangrove
sediments provide an archive of past sea-level changes because they occupy intertidal zones
along coastlines in low latitude locations. Such locations are important because they are far
from present and former polar ice sheets that influence relative sea levels via glacio-isostatic
adjustment. However using mangrove sediments for quantitative relative sea-level
reconstructions is challenging due to variable fossil preservation and issues with radiocarbon
dating. To evaluate the utility of mangrove sediments for high-resolution relative sea-level

reconstructions, | studied two mangroves on Mahé, Seychelles.

To determine what materials are best suited for radiocarbon analysis, | compared
radiocarbon ages from bulk sediments, organic concentrates, and macrofossils. | find that
radiocarbon ages from bulk sediment and organic concentrate are indistinguishable and
therefore both methods likely sample younger carbon. These results demonstrate that
macrofossils sourced from above-ground (e.g. leaves) are the most reliable materials for

constructing radiocarbon chronologies in mangrove sediments.

| examined the utility of mangrove pollen as a sea-level indicator through vegetation
mapping and pollen trapping in two Seychelles mangroves. Mangrove species are broadly
zoned according to elevation, but the results from annual pollen traps demonstrate pollen
rain is poorly associated with vegetation. Additionally, low pollen concentrations in surface
sediments suggest that it is unlikely pollen-based proxies will improve existing uncertainties

on relative sea-level reconstructions in Seychelles.

To test the utility of geochemical properties for relative sea-level reconstructions in
Seychelles mangroves | characterised the TOC, TIC and lipid biomarker compositions in
surface sediments at two mangroves sites. Sedimentation is controlled by
hydrogeomorphological factors, and therefore TOC and TIC do not provide sufficient
information alone to reconstruct past elevation changes. However, biomarker distributions

may be indicative of different vegetation and elevation zones.
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Chapter 1: Introduction

1.1 Rationale

Sea-level rise is one of the major threats to society as a result of anthropogenic climate
change (Mengel et al., 2018; Steffen et al., 2018). Projections of global mean sea-level rise by
2100 CE (Common Era) range from decimetres to over one metre (IPCC, 2019) — an
uncertainty that partially reflects our imperfect understanding of the processes governing

ice sheet instability, climate, and sea-level changes on timescales greater than instrumental
and satellite observations. To determine the rate, magnitude, mechanisms, and geograpbhical
variability of relative sea-level changes on longer timescales, we must use geological archives
(Milne et al., 2009). This approach allows us to understand sea-level variability in response to
climate changes over centennial to millennial timescales, which allows for more precise

projections of future sea-level rise (Dutton et al., 2015a; Horton et al., 2018).

There are a number of outstanding questions, and therefore motivations, for using
geological data to understand past sea-level changes (Khan et al., 2019a). How much
grounded ice was present during the Last Glacial Maximum (LGM) ~20,000 years before
present? What are the mechanisms behind possible periods of rapid sea-level changes in the
past? Were the major ice sheets melting during the Late Holocene and immediate pre-
industrial era (from ~4,000 years ago until the 19" century)? These questions remain

challenging to address because sea-level changes are not uniform over time or space.

Relative sea level (RSL) is the height of the ocean surface relative to a local, land-based
reference. RSL in any one location can be attributed to multiple processes: a) changes to
global land-based ice volume (termed ‘eustasy’), b) changes to ocean temperature, salinity,
circulation, and tidal range c) local or regional tectonic uplift or subsidence, and d) the
oceanic and solid Earth response to loading and unloading of ice masses, termed glacial
isostatic adjustment (GIA). Regions far from past and present centres of grounded ice
(known as ‘far-field’) are ideal for understanding past eustatic sea-level changes because RSL

in these regions is less influenced by GIA processes (Clark et al., 1978).



1.1.1 Mid- and Late Holocene RSL changes

Far-field RSL data, and in particular data derived from corals, are used as primary constraints
for ice sheet volumes in geophysical models (Bradley et al., 2016; Lambeck et al., 2014;
Peltier, 2002; Peltier et al., 2015). These models report variable quantities and timings of ice
sheet melt during the Mid- to Late Holocene (~6,000 years to present). There are key
differences in the timing of cessation of major (>1 metre) eustatic sea-level rise; for example,
whether metre-scale contribution of continental ice sheet melt to global mean sea-level rise
ceased around or before 4,000 years ago (Milne et al., 2005; Peltier, 2002; Peltier et al.,
2015) or continued into the Late Holocene (Bradley et al., 2016; Lambeck et al., 2014;
Nakada and Lambeck, 1989). A major component of this variability relates to uncertainty in
the contribution of the Antarctic Ice Sheet to Mid- to Late Holocene eustatic sea level, which
is largely due to a paucity of observations close to the Antarctic Ice Sheet (Cuzzone et al,,
2016; Lecavalier et al., 2014; Simms et al., 2018; Ullman et al., 2016; Whitehouse et al.,
2012; Zurbuchen and Simms, 2019).

To test hypotheses about the timing and sources of ice sheet melt and the suitability of
geophysical models, researchers typically select sites where RSL records require minimal
amounts of correction for non-eustatic components. This is challenging, as there are no
locations across the globe where eustasy is the only component of relative sea-level change,
as non-eustatic contributions are not uniform over time and space. Despite this, there are
some locations where modelled RSL patterns are largely insensitive to different model
assumptions or parameters, and where non-eustatic signals are small (e.g. £ 1 metre or less).
Such locations may help determine the timing, source, and existence of significant (>1

metre) eustatic sea-level changes over the last 4,000 years.

1.1.2 Mangrove sea-level data

Mangroves are salt-tolerant forests that are important sedimentary depositional
environments in far-field regions. As mangroves generally only inhabit the upper half of the
intertidal zone (Tomlinson, 2016), their sediments are potentially precise sea-level
indicators. Many researchers consider mangroves to be the tropical equivalent of salt
marshes, which can record decimetre-scale RSL fluctuations largely owing to the well-
preserved microfossils that are employed to create transfer functions of past marsh surface
elevations (Barlow et al., 2013; Gehrels, 2000; Kemp et al., 2009; Zong and Horton, 1999).

However, mangroves present a number of unique challenges to sea-level researchers.



Microfossils such as foraminifera and diatoms that are traditionally used as sea-level
indicators are often poorly preserved in mangrove sedimentary sequences (Berkeley et al,,
2007; Khan et al., 2019b; Woodroffe et al., 2005), and radiocarbon-derived chronologies can
be problematic as modern roots penetrate older sediments (Gischler, 2006; Woodroffe et
al., 2015b). Further development of established and new sea-level proxies are required if

mangrove sediments are to be used to precisely determine RSL changes in far-field regions.

1.2 Thesis aims

The overarching aim of this thesis is to evaluate the utility of mangrove sediments for high
resolution, quantitative relative sea-level reconstructions. To address this aim, | have selected
the case study site of the Seychelles, because it has coastal mangrove environments, and
because the previous work undertaken here to quantify Mid- to Late Holocene RSL resulted
in low-precision reconstructions. Seychelles is a critical location where we can test new
proxy-based and chronological approaches with the aim to increase the precision of existing

Mid- to Late Holocene RSL data.
My research questions and associated objectives are as follows:

1) What materials in mangrove sediments are best suited for constructing

radiocarbon age models?

Radiocarbon dating is the most widely applied chronological method for reconstructing RSL
changes from mangrove sediments, largely due to their abundance of organic carbon for
radiocarbon measurements. However there are a number of challenges to obtaining reliable
chronologies, the primary problem being the penetration of large and fine roots into
underlying sedimentary sequences. Roots introduce younger carbon into the sediment
record, which has the potential to affect our ability to measure the ‘true’ age of deposition
at a given stratigraphic depth. Similarly, bulk sediment radiocarbon measurements may
inadvertently sample fine roots and an unknown mix of carbon that may or may not reflect
deposition age. Plant macrofossils or specific sediment fractions such as organic or pollen
concentrates may better reflect depositional age (Woodroffe et al., 2015b), but studies
which compare multiple materials collected from the same depth are required. The

objectives of this work are to:



a) Characterise what plant materials (e.g. bulk, macrofossils) are available for
radiocarbon measurements in Seychelles mangrove sediments;

b) Develop a method for isolating mangrove pollen for radiocarbon measurements
from Seychelles mangrove sediments;

c) Systematically compare radiocarbon measurements on different materials (bulk,
macrofossil, pollen concentrates) collected from the same depths in Seychelles
mangrove sediments, and evaluate new radiocarbon ages in the context of previous

ages produced by Woodroffe et al. (2015a).

2) Does mangrove pollen provide a reliable alternative to other microfossils for

quantitative RSL reconstructions in Seychelles mangroves?

While foraminifera and diatoms are typically not well preserved in mangrove sediments,
mangrove pollen has been widely used to understand past sea-level changes in mangrove
environments (Ellison, 1989; Engelhart et al., 2007). Pollen is not necessarily deposited
autochthonously (as foraminifera or diatoms are assumed to be), however mangrove species
are often zoned according to inundation patterns and therefore their pollen, if locally
dispersed, shows potential as a sea-level indicator. To assess this proxy as a sea-level
indicator, a better understanding of mangrove pollen transport processes is required. How
does modern mangrove pollen enter the sedimentary sequence, and does pollen faithfully

reflect modern vegetation patterns? The objectives of this work are to:

a) Characterise mangrove species zonation in modern mangrove environments in
Seychelles;

b) Construct pollen traps that will measure modern pollen rain above tidal inundation
levels for one year;

c) Characterise the pollen composition of pollen traps and mangrove surface
sediments;

d) Evaluate the suitability of mangrove pollen as a quantitative RSL indicator in

Seychelles mangroves.



3) Are geochemical properties potential proxies for quantitative RSL reconstructions

in Seychelles mangroves?

In the last decade, several geochemical techniques have been tested as alternative to
microfossil-based RSL reconstructions (Engelhart et al., 2013; Kemp et al., 2010; Milker et al.,
2015). Stable carbon isotopes, carbon/nitrogen ratios, and total organic carbon compositions
have been investigated in both salt marsh and mangrove environments, but researchers
have often found it difficult to distinguish different vegetation zones using bulk sediment
measurements (Kemp et al., 2017; Khan et al., 2019b). Analysis of more specific organic
fractions (such as lipid biomarkers) may be able to better distinguish different elevation
zones in modern mangrove environments, but this approach has not yet been tested in the

context of reconstructing RSL. The objectives of this work are to:

a) Characterise the total organic carbon (TOC) and total inorganic carbon (TIC)
composition of modern mangrove sediments from Seychelles;

b) Characterise the lipid biomarker distributions in modern mangrove sediments from
Seychelles;

c) Evaluate the utility of TOC, TIC, and lipid biomarker distributions for RSL
reconstructions by testing the relationship between the observed values and
measured environmental variables (elevation, grainsize, vegetation zone, and

distance from shore).

Overall, these findings from modern mangroves in Seychelles will allow me to provide
recommendations for future studies wishing to use mangrove sediments for high resolution

(decimetre-scale) quantitative RSL reconstructions.

1.3 Study site: Seychelles

1.3.1 RSL change in Seychelles

The Seychelles is in a unique location where only minor GIA corrections to Mid- and Late
Holocene RSL are required to infer a eustatic sea-level curve. The contribution of non-
eustatic GIA components (ocean loading, ice loading, and ocean siphoning) to modelled RSL
in Seychelles is small, and RSL in this region is modelled to be within 1 metre of eustatic sea
level during the last 6,000 years (Milne and Mitrovica, 2008). These modelled results are also

largely insensitive to different Earth viscosity profiles (Milne and Mitrovica, 2008; Woodroffe
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et al., 2015a). The model-corrected RSL signal therefore closely approximates a eustatic sea-
level signal. However, due to the range of eustatic functions used in existing GIA models,
these models produce a range of Mid to Late-Holocene RSL predictions for the Seychelles
(Woodroffe et al., 2015a). Comparing GlA-corrected RSL data from Seychelles to different
GIA model predictions can provide an important test of the eustatic function in each model
(Bradley et al., 2016, 2011; Lambeck et al., 2014; Peltier, 2004; Peltier et al., 2015). In turn,
important new information can be provided on the magnitude and the temporal and spatial

pattern of Mid- to Late Holocene ice sheet melt.
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Figure 1.1: Holocene RSL data and modelled RSL from ice models ICE-5G (solid line) and EUST3 (dotted
line) in Seychelles from Woodroffe et al., (2015a). Coral RSL data are the open squares and triangles
(coral debris and framework coral, respectively), with vertical and age uncertainties displayed.
Mangrove RSL data are the plain crosses which range the vertical and age uncertainties.

Previous studies that have investigated RSL changes in Seychelles use sea-level data derived
from both coral and mangrove sediment (Braithwaite et al., 2000; Camoin et al., 2004;
Woodroffe et al., 2015a). Coral and mangrove derived sea-level data collated from the island
of Mahé (Figure 1.1) have metre-scale vertical uncertainties, which currently limit our ability
to differentiate between different GIA models during the late Holocene (Woodroffe et al.,
2015a). However, Woodroffe et al. (2015a) tentatively suggest that the RSL data from Mahé
appear to be more consistent with a model where RSL continues to rise into the Late

Holocene, and is therefore it is inferred that ice sheet melt continues into the Late Holocene.
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Because foraminifera or diatoms were not preserved in the studied fossil mangrove
sediments, the vertical uncertainty of mangrove sea-level data was 0.6 metres (more than
half the tidal range), which is an error that almost encompasses the likely sea-level changes
themselves. Constructing radiocarbon age models from Seychelles mangrove sediments was
also challenging, with different materials yielding significantly different and out-of-depth-
sequence ages (Woodroffe et al., 2015a). To improve RSL reconstructions in the Seychelles,
and in other environments with similar mangrove sedimentary sequences, new sea-level

proxies and chronological approaches need to be investigated.

1.3.2 Study location

The Seychelles is a dominantly granitic archipelago located in the south-west Indian Ocean
(~4-11°S) (Figure 1.2). These islands are situated on the Seychelles Bank, a shallow shelf
platform generally less than 70 metres deep. Climate in Seychelles is characterised by annual
wet and dry seasons, controlled by the shift in the position of the Intertropical Convergence
Zone and prevailing trade-wind directions (Pfeiffer and Dullo, 2006). The region where the
granitic islands are located (including Mahé, the island where my study areas are located) is
very rarely impacted by cyclones (Bloemendaal et al., 2020). The Seychelles is considered
tectonically stable on Quaternary timescales (Mart, 1988; Israelson and Wohlfarth, 1999;
Dutton et al., 2015a), and therefore any RSL change during the Holocene is largely driven by
eustatic sea-level changes and glacio- and hydro-isostatic adjustment (Dutton et al., 2015b;

Woodroffe et al., 2015a; Vyverberg et al., 2018).
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Figure 1.2: The Mahé-Praslin group (i.e. the granitic islands) is the northernmost island group in the
Seychelles archipelago. The focus of this study is the largest and highest island, Mahé.

The Seychelles Bank was flooded after 9 ka BP (thousand years before 1950 CE) (Badyukov et
al., 1989), and a ~26 m-thick Holocene fringing coral reef sequence developed up until ~3.7
ka BP (Braithwaite et al., 2000; Camoin et al., 2004). The reef sequence is characterised by
coral debris, which are interpreted to be deposited during storms and are therefore not
precise sea-level indicators. However, sea-level records across the SW Indian Ocean using
coral records are broadly consistent, indicating sea levels reached present at around 3-2.5 ka
BP (Camoin et al., 2004). There is limited evidence for a Holocene RSL highstand on the
granitic islands of Seychelles, which has been previously attributed to hydro-isostatic

subsidence of the Seychelles Bank in the mid-late Holocene (Camoin et al., 2004).

Mahé, the largest of the granitic islands, has relatively high topographic relief (up to 905
metres above sea level) and a narrow fringing reef; approximately one kilometre wide on the
northeast coast and 200—-300 metres wide in sheltered bays on the southwest coast (Figure
1.3). The tide gauge record at Point La Rue (Mahé, 1993 — present) has mixed semi-diurnal
tides with a maximum tidal range of 2.1 metres (Admiralty Tide Tables, 2017). Mahé’s

coastline is characterised by rocky shores and sandy bays, and is backed by a narrow coastal



plain (<500 metres wide) composed of coral debris and carbonate sands of Late Holocene
age (Woodroffe et al., 2015a). This coastal plain is interpreted as a beach plateau that
formed when Holocene RSL rose to close to present, and the average plateau elevation is 10-
15 cm above the modern storm ridge (Woodroffe et al., 2015a). After RSL stabilised in the
Late Holocene, mangrove forests began to occupy areas of lower elevation behind the beach
plateau and tombolos, which provided a coastal barrier and calmer hydrological conditions
for mangrove establishment by 2 ka BP. Erosion of the beach plateau by rivers created
further accommodation space for mangrove establishment. The vast majority of the
mangrove forests behind the beach plateau have now been reclaimed as residential or
agricultural land (Woodroffe et al., 2015a), and present day mangrove forests are generally

restricted to the later-established riverine environments.
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Figure 1.3: Mahé island and the location of the two mangrove areas studied here, Grand Anse and
Anse Boileau.

Up to nine different mangrove species are reported from mangrove forests in the Seychelles
(Spalding et al., 2010). Generally, mangrove forests on Mahé are characterised by five
species: Rhizophora mucronata, Sonneratia alba, Bruguiera gymnorrhiza, Avicennia marina
and Lumnitzera racemosa. Minor populations of Xylocarpus granatum and Ceriops tagal are

present, as well as mangrove associates Acrostichum aureum, Nypa fruticans and Pandanas



sp. occurring near to the terrestrial forest transition. The adjacent terrestrial coastal plain is
dominated by Cocos nucifera (coconut palm), Terminalia catappa (sea almond) and
Casuarina equisetifolia (she-oak). The Mahé mangroves can be described as a mix of riverine
and fringe mangroves, using the ecological classification of Lugo and Snedaker (1974), and

are inundated daily by tides.

1.4 Thesis structure

This thesis has been constructed as a series of both review and research papers that are
intended for publication in peer-reviewed journals. Chapter two provides a literature review
of approaches to reconstructing past RSL using mangrove sediments, and provides a more
detailed background and rationale for the following research chapters. | intend for the
research chapters (three to five) to be read as stand-alone studies, but they also contain
cross-references to other relevant chapters for connectivity. Because the methods that |
used are generally specific to each chapter, they are included within the relevant chapter
rather than as a separate methods section. Some repetition is included to keep chapters
internally consistent. Each chapter contains a study location brief relevant to the chapter

content, and Section 1.3 contains the overall study site introduction.

Chapter three, titled “Comparing radiocarbon measurements of mangrove sediments from
Mahé, Seychelles, for building reliable chronologies of relative sea-level change” addresses
research question. Chapter four, titled “Assessing the use of mangrove pollen as a
quantitative sea-level indicator on Mahé, Seychelles”, addresses research question 2.
Chapter five, titled “Testing the use of total organic carbon, inorganic carbon and lipid
biomarker analyses as quantitative sea-level indicators from Seychelles mangrove
sediments”, addresses research question 3. Chapter six presents a brief summary and
discussion of key results presented in chapters three, four and five, and provides

recommendations for future quantitative RSL reconstructions from mangrove sediments.
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Chapter 2: Using mangroves to reconstruct relative sea level:
problems and possibilities

2.1 Introduction

Global mean sea level is predicted to rise by the end of the 21 century, with projections
varying from decimetres to more than a metre (Church et al., 2013; Horton et al., 2018). This
large uncertainty owes partly to our incomplete understanding of the mechanisms and
dynamics of sea-level change before the era of satellite and instrumental observations (IPCC,
2019). How do ice sheets respond to climate changes on centennial and millennial
timescales, and how do resulting sea-level changes vary spatially and temporally? These
guestions can be addressed by reconstructing past sea-level changes from geological
archives that extend geodetic records — they can provide a background signal that provides
a baseline for future local and regional anthropogenic projections (Barlow et al., 2013;

Gehrels and Woodworth, 2013).

In the far-field (which encompasses much of the low latitudes) ice-equivalent sea-level
changes since the Last Glacial Maximum dominate other spatially-varying processes
associated with Glacial-Isostatic Adjustment (GIA) (Clark et al., 1978; Fleming et al. 1998;
Mitrovica et al. 2001; Peltier 2002; Milne and Mitrovica 2008; Whitehouse 2018). Mangrove
forests, which consist of salt tolerant trees that inhabit a narrow ecological niche in the
intertidal zone, are the dominant depositional environment capable of recording relative
sea-level (RSL) changes in these regions (Tomlinson 2016, Spalding et al., 2010; Giri et al.
2011). Over millennial timescales mangrove sediments record changes in ice-equivalent sea
level, GIA, tectonic movements and other processes that affect local RSL (Scholl and Stuiver
1967; Woodroffe et al. 1985; Hanebuth et al. 2000; Bird et al. 2010). They are ideal
environments in which to reconstruct millennial, metre-scale RSL changes, but there are
many challenges in producing higher precision (centennial, decimetre-scale) RSL records
from mangroves. For example, mangrove sediment stratigraphy and chronology can be
problematic due to penetration of large modern roots (Gischler 2006; Woodroffe et al.
2015b), and microfossils that are often used as sea-level indicators in intertidal sediments
are variably preserved (Woodroffe et al. 2005; Berkeley et al. 2009a; Khan et al. 2019). The
uncertainties that these difficulties create are undesirable particularly because they are —

for many Late Holocene records (up to ~4,000 years before present) — the same or greater
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magnitude than the likely RSL changes themselves (Woodroffe and Horton 2005; Barlow et
al. 2013).

In this chapter, | review approaches to reconstructing Holocene RSL from mangrove
sediments — outlining key challenges. | do not review the ecological processes and
sedimentological response of modern mangrove environments to recent RSL rise (Blasco et
al., 1996; Dahdouh-Guebas and Koedam 2008; McKee et al., 2012; Woodroffe et al. 2016;
Friess et al. 2019), but rather provide a focussed perspective on mangroves as sea-level
indicators using palaeoenvironmental and stratigraphic approaches. Here | define a
‘mangrove sediment’ (and/or peat) as any in situ plant or minerogenic material that has

accumulated in the mangrove environment through time.

2.2 Background

2.2.1 Why do we need mangrove RSL reconstructions?

One major motivation for understanding RSL changes from geological data is to reconstruct
the total amount of grounded ice present during the Last Glacial Maximum (Lambeck et al,,
2014; Simms et al., 2019). In addition, of particular importance is to understand the melt
histories of the large ice sheets during times of rapid climate warming in the past, and to
guantify the amount of grounded ice melt occurring in the Late Holocene and the immediate
pre-industrial era (~4,000 years ago to present). Key locations that allow us to achieve these

goals are in the low latitudes.

Based on geophysical models, there are locations in the far-field where the GIA influences on
RSL are small in comparison to the overall signal and are of opposite sign, therefore can
almost cancel each other out (Figure 2.1) (Milne and Mitrovica, 2008). These coastlines are
predominantly in the low latitudes where mangrove forests are the main coastal

sedimentary environment. (Figure 2.2).
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Figure 2.1: Modelled RSL changes where non-eustatic influences contribute +1 metre from 6,000 years
ago, from Milne and Mitrovica (2008). This can be seen as a ‘treasure map’ in terms of identifying
study sites to precisely reconstruct ice-equivalent sea level changes during the mid-late Holocene.

Figure 2.2: Modern global mangrove distribution (horizontally exaggerated) dataset from Giri et al.
(2011).

At present, far-field RSL reconstructions are commonly derived from coral reef sequences
(Bard et al., 1996; Chappell and Polach, 1991; Fairbanks, 1989; Peltier and Fairbanks, 2006),
coastal geomorphic features (Chappell et al. 1982; Murray-Wallace et al. 2002; Angulo et al.
2006; Tamura et al. 2012; Stattegger et al. 2013), and sedimentary sequences such as
shallow-marine sediments (Hanebuth et al., 2000) or intertidal sediments (e.g. mangrove

sediments) (Larcombe et al. 1995; Punwong et al. 2013a; Woodroffe et al. 2015a).
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The majority of these studies investigate RSL changes since the Last Glacial Maximum (LGM)
and a few over multiple glacial cycles. There are fewer decimetre-resolution Mid- to Late-
Holocene RSL studies from the far-field, which is a key time period for understanding globally
where and how much grounded ice existed immediately prior to the industrial era
(Woodroffe 2009; Woodroffe et al. 2012; Punwong 2013a). Coral reef records have large
vertical uncertainty because coral can live in a range of water depths; 5-10 metres below
Lowest Astronomical Tide is the smallest range for branching coral, and coral microatolls —
which are potentially very precise — are not widely found (Lighty et al. 1982; Chappell 1983;
Blanchon and Shaw 1995; Montaggioni et al. 1997; Hibbert et al. 2016). Mangroves are
extremely common along these coastlines and have the potential to produce high-precision
Late Holocene RSL data to address these outstanding questions, providing we can better

understand these environments and their potential as sea-level indicators and limitations.

2.2.2 The outstanding problems

Despite the wealth of existing metre-scale RSL reconstructions from mangroves we are really
no closer to being able to create centimetre- to decimetre-scale RSL reconstructions in these
environments than we were a few decades ago (Geyh et al., 1979; Scholl, 1964a; Woodroffe
et al., 1985). These sedimentary environments are difficult to interpret because of multiple
factors. Complex sedimentation patterns and geomorphological interactions on a variety of
scales are highly localised and are difficult to monitor on useful timescales (Furukawa et al.,
1997; Cahoon and Lynch 1997; Adame et al. 2010; Krauss et al. 2014). Mangrove sediment
accumulates in tropical temperatures, and in combination with oxygenation of the sediment
column, this promotes rapid nutrient cycling and dissolution of microfossils (Debenay 2004;
Berkeley et al. 2007). Bioturbation by mangrove roots and crabs mixes the sediment column
on a decimetre to metre scale (Kristensen, 2008), which is compounded further in regions
with a lack of Late Holocene sediment accommodation space and/or low sedimentation
rates. In addition, there remains uncertainties around mangrove sediment compaction

through time, and practical issues with safely accessing and surveying these environments.

To improve our ability to precisely reconstruct RSL (in particular Late Holocene RSL from
these environments) we need better understanding of a) how surface depositional processes
relate to sediment preserved in mangrove sediment archives b) which indicators produce
the most reliable and precise RSL reconstructions, and c) how best to date these sediments

to create credible age-depth models that we can use to precisely reconstruct RSL.
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2.3 Approaches to reconstructing elevation change

2.3.1 Mangrove sediments as RSL indicators

Mangroves have inhabited tropical intertidal zones since the Paleocene approximately 55
million years ago (Plaziat et al., 2001). Mangroves sediments are ideal targets for RSL
reconstruction in the far-field because they are extremely common coastal environments,
and mangroves live in a narrow elevation range above mean sea level, which is generally the
upper half of the local tidal range (McKee et al. 2012). They are often viewed as the low-
latitude equivalent of salt marsh environments which can provide high-resolution Late
Holocene RSL reconstructions (e.g. Gehrels et al. 2005; Kemp et al. 2011; Barlow et al. 2013;
Long et al. 2014; Kemp et al. 2018).

Mangroves have evolved to tolerate periodic inundation with saline marine waters through
salt rejection and secretion mechanisms (Tomlinson, 2016). Terrestrial plant species
outcompete mangroves above the reach of the tides, but mangroves are also not adapted to
sub-tidal conditions, as their roots systems require regular oxygenation. This characteristic
alone makes mangrove sediments a definitive indicator of an intertidal depositional
environment, making them a true sea-level indicator unlike shallow marine or terrestrial
sediments that provide limiting information on the position of RSL only. Anaerobic
conditions occur cyclically in mangrove sediments (dependent on tidal and groundwater
variability), which can allow for preservation of sediments, macro- and microfossils that can
be used for RSL reconstructions (Alongi, 2014; Ellison, 2008). The use of mangrove
sediments for RSL reconstructions has generally focussed on records extending from the
Mid-Holocene to recent because of the accessibility of fossil sediments in the present day
intertidal and nearshore marine environment, although studies investigating sediments back
to Pleistocene times and older do exist (e.g. Caratini and Fontugne 1992; Roberts et al.

2017).

The indicative meaning of mangrove sediments is often defined as ‘the upper half of the
local tidal range’. Such definition has been used in recent mangrove-based RSL data
compilations and databases (e.g. Khan et al. 2017; Zong, 2004), and in locations with very
small tidal ranges this is a sensible approach (e.g. Pacific Ocean islands, such as Micronesia,
Tonga or Fiji, Ellison, 1989; Fujimoto and Miyagi, 1993; Ellison and Strickland, 2015). A more
accurate solution (although often less precise) and particularly useful at locations with larger

tidal ranges is to measure the vertical elevation range of the modern mangrove zone at (or
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near) the site of a RSL study to derive a local mangrove indicative meaning (e.g. examples in
Table 2.1). Use of this indicative meaning assumes that tidal range has not changed through
time, and that palaeo mangrove environments also occurred in the same elevation range
(and relative to the same reference water levels) as present. A general issue with using this
approach is that although it is often relatively easy to define the vertical range of modern
mangroves in a particular location (e.g. Khan et al., 2019b), there is often no definitive way
of differentiating mangrove from terrestrial organic sediments which formed in freshwater
bogs immediately landward of mangrove environments within fossil cores on the basis of the
physical characteristics of the sediment alone. This means it can be difficult to justify
applying this indicative meaning to core sediments, without further information derived

from macro- and microfossils.

Within the mangrove environment different mangrove species distribute themselves relative
to the duration and frequency of tidal inundation, a variable which is strongly linked to
elevation and salinity (Crase et al., 2013; Leong et al., 2018). Characterising this pattern can
help to improve the precision of RSL reconstructions beyond just the presence of mangrove
sediment, but understanding this zonation is not straightforward. Vertical zonation with
respect to sea level emerging in any local mangrove environment is a result of complex
interactions between mangrove ecology, succession and environmental gradients of tidal-
inundation, geomorphology, groundwater, substrate, sedimentation rates and local climate
(Woodroffe 1992; Woodroffe et al. 2016). In Queensland Australia, Avicennia sp. and
Sonneratia sp. dominate the most seaward section of mangrove forests, followed by a
Rhizophora sp. zone landwards (Chappell and Grindrod, 1984). In Fiji, Rhizophora sp.
dominates the seaward fringe of the mangrove, followed by a landward Bruguiera sp. zone
(Ellison and Strickland, 2015). In the Caribbean region, mangroves across the upper intertidal
zone can be entirely Rhizophora sp. (McKee et al. 2007). This means that a local or regional
understanding of mangrove zonation is required to inform understanding of fossil

environments (Plaziat, 1995).

Mangrove fruit, propagules, flowers, leaves, roots and wood can help to determine whether
an organic-rich sediment is from a mangrove environment or not (Plaziat, 1995).
Invertebrates such as molluscs are also used to infer that a deposit is mangrove sediment
(Perry et al. 2008). However, a challenge to using macrofossils to determine if sediments are
from a mangrove environment is their poor preservation potential. Crabs — which
dominate mangrove environments across the globe — also consume a large amount of

mangrove leaf litter before it can be deposited and preserved in a sedimentary sequence
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(Middleton and McKee 2001; Skov and Hartnoll 2002; Gillis et al. 2019). Additionally, in
locations with low sedimentation rates, macrofossils decompose at the surface more quickly
than they can be incorporated into sediments. Macrofossils are most often found in
locations where sedimentation rates are high, for example in the Caribbean region where
Holocene RSL rise has been continuous and has created accommodation space (McKee et al.
2007; Wooller et al. 2007; Monacci et al. 2009). The difficulty using macrofossils as opposed
to general stratigraphy to indicate a particular zone within a mangrove is assigning a
macrofossil with an indicative meaning beyond just being indicative of a mangrove deposit.
Because of the potential for post-depositional processes and movement of macrofossils by
tides, this is problematic and therefore macrofossils are most commonly used simply to

confirm that a fossil sediment was formed under a mangrove.

While there is considerable scope to continue developing sedimentological approaches to
reconstruct RSL in mangrove environments (in particular to quantify relationships between
physical properties and elevation in the intertidal zone), macro- and micro-fossils are widely
seen as potentially the best sea-level indicators in mangroves because they perform well in
mid- and high-latitude salt marsh settings and therefore ‘should’ be applicable to low-

latitude low-energy coastal environments as well.
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Table 2.1: Table summarising studies using mangrove sediments for quantitative RSL reconstructions. A ‘lithology’ sea-level indicator refers to studies that use the presence of
mangrove sediment (and the indicative range of mangroves at that locality). Others (pollen, diatoms, foraminifera, geochemistry) refine the ‘lithology’ sea-level indicator
further either by using indicative assemblages or using transfer function approaches. MSL (mean sea level), MTL (mean tide level), MHWS (mean high water springs), MHWN
(mean high water neaps), MHW (mean high water), MHHW (mean higher high water), HAT (highest astronomical tide), MHLW (mean lower low water), MLWS (mean low

water springs).

Study Locality Sea-level indicators Depositional environment Indicative meaning

Belperio, 1979 Australia Lithology Mangrove -0.076 — 1.424 m local height datum

Bird et al. 2007, Bird et  Singapore Lithology, bulk sediment and Mangrove MSL, uncertainty half the elevation

al. 2010 foraminifera stable §13C range between MSL - MHWS (0.63
m)

Boski et al. 2015 Brazil Lithology, foraminifera Mangrove Upper half of tidal range (1.4 metre
range)

Cohen et al. 2005 Brazil Lithology Mangrove 1-2.4mMSL

Culver et al. 2015, Malaysia Foraminifera Mangrove, middle or high swamp +0.18 m of transfer function

Culver et al. 2013 determined by foraminifera reconstructed palaeo elevation

assemblages
Ellison, 1989 Tonga Pollen Mangrove 0.4-0.8mMSL, 0.3 m

Rhizophora sp. dominated mangrove

0.4-0.7mMSL, +0.3 m
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Study Locality Sea-level indicators Depositional environment Indicative meaning
Ellison, 1993 Bermuda Lithology Mangrove MSL — MHW
Ellison, 2005 Indonesia Pollen Rhizophora sp. dominated mangrove 0.15-1.1 m MSL
Bruguiera sp. dominated mangrove 1.1-1.6mMSL £0.1m
Ellison and Strickland, Fiji Pollen Rhizophora sp. dominated mangrove -0.34-0.66mMSL, 0.1 m
2015
Bruguiera sp. dominated mangrove 0.23-0.83mMSL. £0.1m
Engelhart et al. 2007 Indonesia Pollen Seaward mangrove 0.88 —2.18 m local height datum
Middle mangrove 1.86 —2.13 m local height datum
Rear mangrove 1.92 — 2.01 m local height datum
Fontes et al. 2017 Brazil Lithology, pollen Mangrove Upper half of tidal range (1 metre
range)
Fujimoto and Miyagi, Micronesia Lithology Mangrove Local tidal range

1993
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Study Locality Sea-level indicators Depositional environment Indicative meaning
Fujimoto and Ohnuki, Okinawa, Lithology Mangrove MTL — MHWS
1995 Japan
Geyh, 1979 South East Lithology Mangrove MHWN — MHWS
Asia
Grindrod 1985 Australia Lithology Mangrove approximately MHWS
Grindrod and Rhodes, Australia Lithology, pollen Mangrove MSL — MHW
1984
Rhizophora sp. dominated mangrove 1.5 —-3.0 m local height datum
Non-Rhizophora sp. dominated 3.0 — 3.5 m local height datum
mangrove
Hanebuth et al. 2000 South China  Lithology Mangrove MSL — MHHW
Sea
Horton et al. 2005 Malay-Thai Lithology Mangrove, proximal to marine HAT — MHHW
peninsula environment
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Study Locality Sea-level indicators Depositional environment Indicative meaning
Mangrove, proximal to freshwater MHHW — MHLW
environment

Islam and Tooley, 1999  Bangladesh Lithology Mangrove Upper half of tidal range (1.5 metre

range)

Khan et al. 2019 Puerto Rico  Stable §3C, C:N, TOC, Mangrove MLW — HAT

Foraminifera to Theocambian . .
Brackish transition > MHW
ratio
Freshwater swamp > HAT
Avicennia basin MHW — HAT
Mixed-species riverine mangrove MLW — MHW
Parkinson, 1989 USA Lithology Mangrove Local tidal range
Punwong et al. 2018, Tanzania Lithology, pollen Mangrove (Rufiji Delta) 257 mMTL £0.9m

Punwong et al. 20133,
2013b

Mangrove (Makoba Bay, Zanzibar)
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Study Locality Sea-level indicators Depositional environment Indicative meaning
Mangrove (Unguja Ukuu, Zanzibar) 0.92 m MTL, £0.95 m
Lower intertidal mangrove -0.08 m MTL, £0.23 m
Middle intertidal mangrove -0.08 m MTL, £0.86 m
Higher intertidal mangrove -0.08 m MTL, £0.47 m
Scholl and Stuiver 1967, USA Lithology Mangrove Local tidal range
Scholl 1964a, 1964b
Stattegger et al. 2013, Cambodia Lithology Intertidal (includes mangrove) Local tidal range
Tamura et al. 2009
Tam et al. 2018 Peninsula Diatoms, pollen Upper mangrove HAT — MHHW, £ 0.1 m
Malaysia
Middle mangrove MHHW — MHW
Lower mangrove MTL—MHW, +£0.1m
Wang and Chappell, Australia Lithology Mangrove HAT — MLWS

2001
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Study Locality Sea-level indicators Depositional environment Indicative meaning

Woodroffe et al. 2015 Seychelles Lithology Mangrove 0.2mMTL, 0.6 m
Woodroffe, 1981 Cayman Lithology Mangrove 0.15-0.3 m MSL
Islands
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2.3.2  Microfossils

Mangrove pollen is widely used to differentiate mangrove from other terrestrial organic-rich
sediments, although it is relatively rare to use information gained on vertical zonation to
improve the precision of RSL reconstructions (Ellison 2005; Engelhart et al. 2007; Punwong
et al. 2018). Some studies have used other microfossils such as foraminifera and diatoms to
create transfer functions to create quantitative RSL reconstructions (Ellison 1989; Zong and
Hassan 2004; Barbosa et al. 2005; Woodroffe et al. 2005; Horton et al. 2007; Engelhart et al.
2007; Culver et al. 2013; Culver et al. 2015; Tam et al. 2018), however other microfossils
such as testate amoebae and ostracodae have been little studied in mangrove settings

(Escobar et al., 2008; Hussain et al., 2007).

2.3.2.1 Foraminifera

Foraminifera are single-celled zooplankton which live in a wide spectrum of marine and
brackish environments. In the intertidal zone, different individuals and assemblages of
species inhabit different elevation ranges, based primarily on their salinity tolerance
(Gehrels, 2000; Horton, 1999). Foraminifera assemblages therefore make excellent sea-level
indicators in mid- to high-latitude intertidal environments (Edwards and Wright, 2015;
Gehrels et al., 2001; Hayward et al., 1999; Palmer and Abbott, 1986).
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Figure 2.3: A schematic diagram of selected foraminifera and mangrove species zonation in an
Australian mangrove environment, based on data from (Woodroffe et al., 2005). This cross-section is
approximately ~600 m in length, and the local tidal range (HAT-LAT) is approximately 2.5 metres.
Mangrove symbols are courtesy of the Integration and Application Network (ian.umces.edu/symbols/),
University of Maryland Centre for Environmental Science.

Foraminifera are observed in surface mangrove sediments worldwide and their distribution
is controlled primarily by elevation in the intertidal zone, which controls the duration and
frequency of subaerial exposure (Culver 1990; Wang and Chappell 2001; Debenay et al.
2002; Horton et al. 2005; Woodroffe et al. 2005, 2007, 2009; Perry et al. 2008; Berkeley et
al., 2007, Berkeley et al. 2009a; Dey et al. 2012). Foraminifera are used in a qualitative way
but are also used to create quantitative RSL reconstructions in mangroves (Berdin et al.,
2003; Boski et al., 2015; Culver et al., 2015; Gonzalez et al., 2010; Hayward et al., 2004;
Horton et al., 2007a; Khan et al., 2019b; Sen and Bhadury, 2017). Generally, calcareous
foraminifera such as Ammonia sp. dominate the mostly-unvegetated tidal mud flats at the
seaward fringe of mangrove zones (Debenay, Guiral, and Parra 2002; Woodroffe et al. 2005;
Berkeley et al. 2009a). At higher elevations under the mangrove canopy, agglutinated
foraminifera such as Trochammina inflata and Miliammina fusca dominate (Figure 2.3).
Transfer function models that use modern training sets from upper intertidal environments
yield vertical reconstruction uncertainties of between + 0.07 m and ~+0.4 m (Horton et al,,

2003, Woodroffe et al., 2005) and where subtidal foraminifera are included ~+4 m (Horton
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et al., 2007a). Although modern foraminifera inhabit fairly tight elevation zones in the upper
intertidal zone, they are variably preserved in the fossil record so this high level of transfer
function model precision is often irrelevant when trying to reconstruct RSL (Woodroffe
2009). While elevation is considered the dominant control on mangrove foraminifera
distribution, a range of other environmental factors can be important, such as the presence
or absence of canopy vegetation in the mangrove which creates large temperature
fluctuations over short distances that cause stress to foraminifera and complicate their

vertical zonation (Debenay et al. 2000; Woodroffe et al. 2005).

As stated above, the long-term preservation potential of foraminifera in mangrove
sediments is highly variable. Foraminifera (and in particular calcareous species) do not
preserve well in acidic mangrove sediments, which are also well-oxygenated in the upper
part of the sediment column, and have high ambient temperatures (Berkeley et al. 2007).
Calcareous foraminifera tests are commonly dissolved and agglutinated foraminifera tests
are often disaggregated in the sediment column within active mangrove rooting zones,
which can be metres deep within the sediment column (Debenay et al., 2004; Hayward et al.

2004; Woodroffe et al. 2005; Berkeley et al. 2007; Perry et al., 2008; Berkeley et al. 2009a).

Other issues that appear to be unique to low-latitude intertidal environments include; a)
relatively high numbers of infaunal (sediment-dwelling) foraminiferal species that can live up
to 80 cm depth in oxygenated mangrove sediments (Culver et al., 2013), b) agglutinated
foraminifera production rates under mangrove canopies are relatively low compared to in
other environments (Debenay et al. 2004; Berkeley et al. 2007), c) foraminifera in more open
mangrove canopies (or back-mangrove environments higher in the intertidal zone) are more
prone to stress from higher temperatures and salinities (Debenay et al., 2002; Woodroffe et
al. 2005), and d) low pH conditions caused by bacterial decomposition of leaf litter that can
cause dissolution of calcareous species (Woodroffe et al. 2005). Any sites with notably
different surface assemblages to fossil assemblages (i.e. sites with poor modern-analogues)
need to assess the influence of post-depositional processes, sediment mixing and infaunal

species production (Berkeley et al., 2009b).

2.3.2.2 Diatoms

Diatoms, which are a form of siliceous phytoplankton, are also observed in modern
mangrove settings, but their ecology is less-studied than that of foraminifera (Zong and
Horton 1999; Zong and Hassan 2004; Horton et al., 2007b). Only a few studies use diatom

data to qualitatively or quantitatively reconstruct past RSL changes in mangrove settings
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(Tamura et al. 2009; Rashid et al. 2013; Tam et al. 2018). For example, a tidal level transfer
function using diatoms in Indonesian mangroves developed by Horton et al. (2007b) has a
vertical error estimate of £0.15 metres, but this was not tested on any fossil sequences.
Diatoms can undergo dissolution in higher temperature conditions (Barker et al., 1994),
which may lead to poor preservation in sedimentary sequences. Woodroffe et al. (2015a)
note in their Seychelles study that while diatoms were present at the mangrove sediment
surface, they were absent down-core (Figure 2.4). Where preserved, however, diatoms have
the potential to produce high-resolution RSL reconstructions similar to those from mid- to

high-latitude salt marshes (Long et al. 2012; Barlow et al. 2014).

Diatoms

Nifzschia palea = - - I - - 5 - & 'E
10
Eunotia tenella 1L s C §
a0 5
(2]
| 1 N
Cymbelia affinis w1 s . . oo . .. . .. . &
o Q
Navicula cincta - - - [ - [} - - & 1 - [ ] I I N = <3
= c
= =1
L1t [ 11 B
Navicula salinarum I I s 1 Cc, 3
Amphora marina = = L] [ ] = = & = = " ]
Amphora exigua 1 . - - [ ] " - | = [ I I I I [ l ’:
I — 50
Achnonthesdeica | w = o | I 1 1 I =« o = 1 @ E
Cocconeis scutelfum = = = = = - i | = 1 I - - =

Mangrove zone

Mixed Sonneratia and Rhizophora Bruguiera sp. Avicennia sp.

Al gy

Figure 2.4: A schematic diagram of selected diatom and mangrove species zonation in a Seychelles mangrove
environment (Woodroffe, unpublished). Mangrove symbols are courtesy of the Integration and Application
Network (ian.umces.edu/symbols/), University of Maryland Centre for Environmental Science.

2.3.2.3  Pollen

Pollen shed from terrestrial plants during the reproduction process is widely distributed in
terrestrial and marine environments and has been used extensively across the globe to
reconstruct local and regional palaeoenvironments (Bernhardt and Willard, 2015). Pollen
deposited in sedimentary archives can be indicative of local vegetation patterns, but also of

regional vegetation, where wind and water mediums transport pollen. The use of pollen in
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RSL studies is most commonly applied in combination with other proxy data, but pollen has
also been used for quantitative reconstructions using transfer functions and other pollen

ratio methods (Engelhart et al. 2007; Gehrels 2013; Punwong et al. 2018).

Mangrove pollen is most commonly used to reconstruct past mangrove vegetation
dynamics, but also often to reconstruct RSL (Woodroffe et al. 1985; Ellison 1989; McKee and
Faulkner 2000; Ellison 2005; Monacci et al. 2009; Punwong et al. 2013a; Urrego et al. 2013).
Pollen is particularly well-preserved in mangrove sediments, as pollen grains are relatively
resistant to decay in acidic and high temperature conditions, unlike foraminifera and
diatoms (Grindrod, 1988). Zonation of pollen in surface sediments across modern mangrove
environments broadly reflects the zonation of living mangrove plants, because mangrove
pollen dispersal is highly localised (Ellison 1989; Grindrod et al. 1999; Behling et al. 2001;
Ellison 2005; Mao et al. 2006; Engelhart et al. 2007; Cohen et al. 2008). Many mangrove
species disperse pollen via insect and bird vectors (e.g. Avicennia sp.) and therefore have
relatively low production rates, with the exception of Rhizophora species which generally use
wind as a vector (Grindrod, 1985). Low production rates can mean that a regional terrestrial
pollen signal dominates mangrove sediment concentrations, but concurrently the presence
of mangrove pollen can indicate very close proximity, or definitively, mangrove depositional

environments.

Broadly, the increase or decrease in the quantity of mangrove pollen preserved in shallow
marine sediments can be used to reconstruct the proximity of the mangrove fringe to the
core site, and therefore allow reconstruction of large-scale RSL changes over the Holocene
(Bartlett and Barghoorn, 1973; Hendy et al., 2016; Van Campo and Bengo, 2004; Versteegh
et al., 2004). Bartlett and Barghoorn (1973) also used pollen to infer RSL transgression over
the Holocene in Panama from relative increases and decreases in mangrove pollen in marine
sediments. Woodroffe et al. (1985) used mangrove pollen distributions in modern mangrove
environments of northern Australia as analogues to interpret environmental change in fossil
cores collected in the intertidal zone, and found evidence of a regional expansion in
mangrove area, dubbed the ‘big swamp phase’, which they interpret as occurring when RSL
slowed and stabilised during the mid-Holocene. Ellison (1989) used pollen to confirm the
presence of mangrove sediments to reconstruct RSL in Tonga. Engelhart et al. (2007) took a
guantitative approach by creating a pollen-based transfer function from Indonesian
mangroves resulting in a transfer function with a vertical uncertainty of +0.22 metres, where

the local tidal range is 1.5 metres.

28



Despite detailed modern observations, there is little information on the role of mangrove
pollen redistribution via river and tidal currents, and the influence of the difference in pollen
production and dispersal between mangrove species on creating pollen-based modern
training sets (Chappell and Grindrod, 1984; Grindrod, 1988; Tomlinson, 2016; Urrego et al.,
2010). One solution would be to monitor modern pollen rain in mangroves to evaluate any
differences between local mangrove pollen production and the pollen in mangrove surface
sediments. However this is a challenging objective because of periodic tidal inundation and
high annual rainfall (Grindrod 1985; Behling et al. 2001; Jantz et al. 2013). We need a better
understanding of why pollen preserved in surface mangrove sediments does or does not
reflect modern vegetation patterns to increase the applicability and precision of pollen as
guantitative sea-level indicators. An important point to note is that quantitative RSL
reconstructions using fossil pollen require zonation of at least two mangrove species.
Monospecific mangrove locations will not yield more precise sea-level data using pollen than
by using the presence of mangrove sediments alone to reconstruct RSL, beyond using pollen

to confirm that an organic sediment accumulated under a mangrove.

2.3.3 Geochemical approaches

As mangroves inhabit the intertidal zone, accumulating sediments can derive from both
terrestrial and marine sources, which have different geochemical compositions. Analysing
sediment geochemical composition has the potential to yield information about past
increasing or decreasing marine vs. terrestrial influence, and thus qualitative and potentially
guantitative reconstruction of RSL changes. Loss on ignition (LOI) measurements to
determine organic and inorganic carbon content are widely applied to mangrove
sedimentary sequences. LOI is often used to characterise the sediments as organic-rich, but
is not usually able to distinguish mangrove from other terrestrial organic-rich sediments. LOI
measurements are better used to identify terrestrial organic inputs in otherwise marine
sediment sequences (e.g. Plater et al. 2015). Total sulphur and organic sulphur
concentrations have also been used as a proxy for marine inundation, as sulphate ion
concentrations are an order of magnitude higher in seawater than in freshwater and
rainwater (Phillips et al. 1994). More recently, major and minor elemental analysis has
shown some association with different terrestrial influences (e.g. Ca/Ti ratios) and elevation
within a mangrove zone (Bourgeois et al., 2019; Yao and Liu, 2017). Rock-Eval pyrolysis has
also shown promise for distinguishing terrestrial versus marine sediments, and for assessing

the level of organic matter degradation post-deposition (Kemp et al. 2019).
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2.3.3.1 Stable isotopes and total organic carbon

Total organic carbon (TOC), stable isotopes of sulphur (534S %o), carbon (8*3C %o), oxygen
(880 %o), nitrogen (8*°N %o), and carbon and nitrogen isotope ratios (C:N) of bulk sediments
have been used to qualitatively reconstruct vegetation changes and RSL in intertidal
environments (Chmura et al. 1987; Chmura and Aharon 1995; Wilson et al. 2005; Lamb et al.
2006; Mackie et al. 2007; Bird et al. 2010; Kemp et al. 2010; Engelhart et al. 2013; Milker et
al. 2015; Khan et al. 2015; Leng and Lewis 2017; Kemp et al. 2019). Organisms inhabiting
different environments fractionate stable isotopes into their living tissues differently, which
is a result of both biological and environmental processes. For example, terrestrial and
aquatic plants fractionate carbon isotopes differently because of their varying
photosynthetic pathways (Emery et al. 1967; Haines 1976; Chmura and Aharon 1995; Lamb
et al. 2006; Khan et al. 2015). Similarly, environmental changes such as salinity and
temperature can change the composition of the waters plants uptake, changing their stable

isotopic composition.

Stable isotopic compositions of different plants and animals in a wide range of environments
in tropical and temperate locations have been characterised for reconstructing
palaeoenvironments (Haines 1976; Lamb, Wilson, and Leng 2006), and more specifically,
environmental change in mangrove environments (Smallwood et al. 2003; Wooller et al.
2003a; Wooller et al. 2003b; Bouillon et al. 2008; Vane et al. 2013; Kemp et al. 2019). The
motivation for using geochemical approaches to reconstruct RSL has largely risen from
situations where microfossil preservation is poor and therefore researchers are looking for
other proxy indicators that have a quantifiable vertical zonation in the intertidal zone
(Engelhart et al., 2013; Khan et al., 2015; Khan et al., 2019). Despite this need, most
applications of stable isotopes for RSL reconstructions are qualitative in nature, or are coarse
palaeoenvironmental reconstructions to aid other sedimentological or microfossil proxies
(Tornqgvist et al. 2004; Bird et al. 2007, 2010; Hawkes et al. 2011; Engelhart et al. 2013; Khan
et al. 2015). Some studies also report difficulties in differentiating between mangrove and
freshwater environments which is the same issue as using the physical properties of the

sediment alone (Kemp et al., 2019; Khan et al., 2019b).

Applications of §3C %o, 8°N %o and C:N environmental proxies in mangrove settings is still in
its infancy. Multiple studies in Belize mangroves have explored the use of §3C %o and 6°N
%o as proxies for past nutrient limitation in mangrove ecosystems (Smallwood et al. 2003;

McKee et al. 2002; Wooller et al. 20033). Wooller et al. (2003a) investigated the use of §3C
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%o and 8°N %o from mangrove leaves as a proxy for past mangrove eco-physiology, as
modern dwarf and tall Rhizophora mangle have distinctive isotopic compositions. Whether a
mangrove environment is dominated by dwarfed or tall species can indicate environmental
and/or ecological stress conditions, such as those caused by RSL rise or fall (McKee and
Faulkner 2000; McKee et al. 2002; Wooller et al. 2003a). Wooller et al. (2007) and Monacci
et al. (2009) used this approach to assess, qualitatively, past RSL changes in Belize. Nutrient
availability in these mangroves is at least partly controlled by seawater inundation, and is
thus considered to be a significant control on mangrove isotopic composition (Monacci et

al., 2009; Wooller et al., 2007).

Following promising applications to temperate salt marsh sediments (Kemp et al. 2010;
Engelhart et al. 2013), Khan et al. (2019) tested TOC, 63C %o and C:N bulk sediment
compositions in a mangrove environment in Puerto Rico, alongside foraminifera and
theocambian-derived RSL reconstructions. While the foraminifera data did not display a
relationship with elevation (making it unsuitable for a RSL reconstruction), a combination of
both the geochemical compositions and a foraminifera/theocambian ratio were able to
reconstruct palaeo mangrove elevations, which inform palaeoenvironmental interpretations.
Sen and Bhadury (2017) used a similar approach to reconstruct Holocene RSL in the
Sundarbans mangroves in India and Bangladesh. They found a relationship in modern
mangrove sediments between 6*C %o, composition and elevation above mean sea level, but
not for TOC or C:N. The sampling strategies vary significantly between these two studies, but
their comparison highlights the likely large influence of local factors on TOC, §*3C %o and C:N,

and the importance of applying multiple proxies (Khan et al., 2019b).

A number of experimental and modern studies have shown that 60 %o composition of
mangrove plant material is the same as the §*0 %o composition of the source water (e.g.
Ish-Shalom-Gordon et al. 1992; Verheyden et al. 2004). Wooller et al. (2007) used 5§*®0%o
composition of mangrove plant macrofossils as a tracer for water sources from a Holocene
mangrove peat sequence in Belize. Here in the tropics, rainfall (freshwater) generally tends
to have more negative 60 %o values than ocean water. Therefore, variations in mangrove
580 %o through the sediment column may provide information on relative marine or
terrestrial influences over time. However because of the variation in §¥0 %0 composition of
source waters between seasons, 60 %o composition of mangrove plant material can only
be used as a qualitative sea-level proxy, and in combination with other environmental

proxies (Wooller et al., 2007).
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Sulphur and nitrogen stable isotopes have been little studied for past RSL and
palaeoenvironmental reconstructions in Holocene sediment sequences. S %o and 8*°N %o
compositions in mangroves have been characterised almost solely for application to nutrient
and food-web studies, and both show large variability over very short distances (Fry and
Ewel 2003; Bouillon et al. 2008). Estuarine plants generally have relatively lower 84S %o
values, but the reasons for this trend are not well-known due to the poor understanding of
fractionation processes at the root—interstitial water—sediment interface (Fry et al., 1982).
Like nitrogen, sulphur fractionation also occurs in the sediment column post-deposition due
to bacterial decomposition, which can also vary in response to aerobic or anaerobic

conditions (Bouillon et al. 2008).

We need a better understanding of isotopic fractionation processes in mangrove
environments, as well as further study on post-depositional influences (such as microbial
decomposition) on sediment compositions to enable stable isotopes to be used as reliable
sea-level indicators. Studies in saltmarshes note significant alteration of carbon isotopic
compositions via lignin degradation (Khan et al., 2015). C:N ratios in sediments from a salt
marsh in North Carolina (USA) were similar across the elevation gradient, despite the fact
that the modern plants present at different elevations had large differences in C:N values
(Kemp et al. 2010). Isotopic analyses still need to be supplemented with palynological
analyses to confirm isotopic changes are environmental and not a result of species
succession, or diagenetic changes (Wooller et al., 2007; Xia et al., 2015). Mangroves are
exclusively C3 plants which means their compositional range in 6*3C %o and C:N space is
limited and similar to other terrestrial freshwater plants (e.g. Khan et al. 2015). Evenin
saltmarshes where C3 and C4 plant species are identified living at different elevations, bulk
813C %o and C:N can show dominantly C3 inputs (Kemp et al., 2017). Mangrove species
zonation is therefore unlikely to be registered in sediments using 6**C %o and C:N without
allochthonous inputs from proximal C4 plants, aquatic plants or bacteria. Additionally,
allochthonous marine and terrestrial organic matter (transported by rivers or tidal currents)
presents problems in interpreting bulk sediment compositions (Lamb et al. 2007; Kemp et al.

2012; Khan et al. 2015).
2.3.3.2 Lipid biomarkers
Biomarkers, which are the molecular remains of plants, animals and microorganisms

preserved in geological archives, are also a potential proxy sea-level indicator in mangrove

environments. These molecular remains are chemical compounds which can be directly
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identified as originating from a particular genus or species that would otherwise not be

preserved as fossils in the sedimentary record (Eglinton and Eglinton, 2008; Meyers, 2003).

Characterisation of biomarkers from mangrove species and other intertidal environments is
an area of active research (He et al., 2014; Hernandez et al., 2001; Koch et al., 2011; Scourse
et al., 2005; Smallwood et al., 2003; Tulipani et al., 2017). A key research objective is to
identify mangrove biomarkers preserved in sedimentary archives that have a species-specific
origin. For example, Rhizophora sp. leaf lipids contain higher taraxerol (a higher plant
biomarker) concentrations than other mangrove species. Versteegh et al. (2004) use the
peak of both taraxerol and Rhizophora sp. pollen in surface and sediment cores offshore
south-west Africa as evidence towards a proxy for Rhizophora sp. input to sediment archives.
Koch et al. (2011) examined mangrove cores in northern Brazil and also found that taraxerol
(as well as biomarkers germanicol and B-amyrin) in combination with palynology is a good
proxy for Rhizophora mangle input to sediments. While both studies indicate that taraxerol
likely has good preservation potential in sediments, further studies are required to test
possibly biomarker degradation through time and for biomarkers specific to other mangrove

species (He et al., 2018).

In a number of mangrove species in Australia, Micronesia and Florida, local salinity changes
have been recorded by changes to the fractionation of hydrogen isotopes (6D): as salinity
increases, deuterium is increasingly discriminated from mangrove leaf lipid n-alkanes and
taraxerols (He et al., 2017; Ladd and Sachs, 2017, 2015a, 2015b, 2012). §**C %o in leaf lipids
increased in response to increasing salinity in Avicennia marina mangroves in Australia (Ladd
and Sachs, 2013). These studies link these salinity changes to measured rainfall patterns, as
mangroves uptake water when a fresher source is available. However, it is acknowledged
that the relationship between compound-specific isotopic composition and salinity needs
further testing to ensure a definitive mangrove or species-specific source for the target n-
alkanes and taraxerol. A major aim of these studies is to define a salinity proxy derived from
mangrove compound-specific stable isotope analysis, to better understand

palaeoprecipitation patterns (e.g. Sachse et al. 2012; Ladd 2014; Nelson and Sachs 2016).

While the interaction between environmental water and mangrove isotopic compositions
with changing precipitation, freshwater runoff and sea-level changes is highly complex and
needs further investigation. The studies described here prove the potential for mangrove
biomarker proxies of palaeoenvironmental changes. Biomarkers and their isotopic

compositions have potential to be more precise than similar compositional measurements
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on bulk sediments, if compounds can be confidently attributed to specific sources of organic

matter (Kemp et al. 2010; Vane et al. 2013; Khan et al. 2015).

2.4 Approaches to dating mangrove sediments

Attributing an absolute age to a sea-level indicator is a necessary process as part of a RSL
reconstruction. A RSL reconstruction with a high resolution age model (placed on a regular
geological timescale) allows not only the examination of magnitude and spatial variability of
RSL changes, but also the rates of changes. A number of dating methods can be applied to
mangrove RSL sequences, but the most commonly applied techniques are the radiocarbon

(1C), 2°Pb and **’Cs dating techniques.

2.4.1 Radiocarbon

The radiocarbon method is the mostly widely applied dating technique for mangrove
sedimentary sequences. Mangrove sediments typically contain relatively large amounts of
carbon-rich material produced in-situ, which can be extracted and analysed for **C. The
radiocarbon method can be applied to sediments deposited over the past ~40,000 years,
and has relatively small measurement uncertainties. However, despite the abundance of
material for *C measurement, there are challenges to generating reliable radiocarbon-
derived chronologies from mangrove sediments. The processes of carbon cycling in
mangrove ecosystems (above and below ground) are not well understood, and there is often
uncertainty in the relationship between a radiocarbon measurement and the RSL event a
sea-level researcher is trying to date. Obtaining radiocarbon chronologies from mangrove
sediments therefore requires careful evaluation, from initial sample selection to

interpretation of 1*C measurements.

Mangrove root systems make up a large proportion of carbon material in mangrove
sediments (Huxham et al., 2010; McKee and Faulkner, 2000). Living mangrove roots can
penetrate up to two metres into the underlying sediment (Grindrod, 1988; Kristensen,
2008), which disturbs the sedimentary sequence and introduces young carbon material. This
presents a problem for generating a RSL history — **C measurements from roots will not be
the same as the age of the time of deposition at a given stratigraphic depth. Carbon
deposited in mangrove sediments is also derived from above-ground mangrove plant

material, but also from algae, bacteria, fungi, insects and other invertebrates, all of which
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are invariably recycled or partly recycled before they are preserved within the sedimentary
archive (Bouillon et al. 2008; Alongi 2014). Carbon is also imported and exported from
mangrove sediment through surface current activity, bioturbators such as crabs, and below-
ground pore-water transport, driven by ground-water fluctuations associated with tidal and
fluvial processes (Adame and Lovelock, 2011; Dittmar et al., 2006). Storms and extreme
events such as tsunamis can also redistribute carbon from adjacent marine and terrestrial
environments. Carbon material in mangrove sediment is therefore an often unknown mix of
autochthonous and allochthonous material (but relative contributions can be informed by

5'3C measurements).

14C measurements on bulk sediment (i.e. a sample of mangrove sediment where organic
remains are unidentifiable) is a common and straightforward approach to generating
chronologies. Radiocarbon ages from bulk-sediment samples are a result of the combined
mean age of the multiple carbon sources present in the samples. While a bulk-sediment
radiocarbon age may have a high precision value (a small uncertainty on a **C
measurement), it is often difficult to assign the age to a particular sedimentation event or
organism death that is indicative of RSL changes. Previous studies report out-of-sequence
radiocarbon ages when sampling bulk sediment (Geyh et al. 1979; Grindrod and Rhodes
1984; Larcombe et al. 1995; Tamura et al. 2009; Punwong et al. 2013a, 2013b; Woodroffe et
al. 2015a).

Researchers have recommended avoiding samples with visible mangrove roots in
sedimentary sequences for radiocarbon measurement, and that any bulk sediment
radiocarbon age should be considered a minimum age due to potential contamination from
decomposed roots (Woodroffe 1981; Fujimoto and Miyagi 1993; Larcombe et al. 1995;
Gischler 2006). Others use above-ground plant macrofossils such as leaves (Wooller et al,,
2007). Leaves are more likely to have entered the sedimentary sequence shortly after the
death of the plant tissue (i.e. the senescence of the leaf), and they should therefore record
the age of sediment deposition. High sedimentation rates and ample accommodation space
favour the preservation of above-ground macrofossils — for instance Caribbean sites which
have experienced continuous late Holocene RSL rise (McKee et al. 2007; Wooller et al. 2007,
Monacci et al. 2009). Preservation is rare in places with low sedimentation rates as plant
macrofossils are more likely to decompose or be consumed at the sediment surface before
burial, as seen in places where accommodation space is limited because of Late Holocene

RSL fall (Punwong et al., 2013a, 2013b; Woodroffe et al. 2015a).
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Radiocarbon ages of specific organic concentrates extracted from mangrove sediments are
an alternative dating approach. Using a core taken from a mangrove in Tanzania, Woodroffe
et al., (2015b) found that using radiocarbon ages from the 10-63 um sediment size fraction
produced in-sequence Holocene ages, where bulk sediment radiocarbon ages did not
(Punwong et al., 2013b). This sediment size fraction was chosen to avoid large root
fragments, and to better concentrate pollen or other small above-ground plant materials.
These results show targeting specific sediment fractions may improve mangrove
chronologies. In order to better measure the relationship between the timing of sediment
deposition and **C measurements, we need further testing of approaches that target specific

carbon sources (e.g. pollen).

2.4.2 Other dating techniques

Other radionuclide methods can be used to provide mangrove sediment chronologies on
shorter timescales than radiocarbon, usually <100 years. Natural radionuclides such as 2*°Pb
(a 28U decay series product) and anthropogenic radionuclides from nuclear testing fallout
137Cs and 23*2%%py are often applied to quantify historical sediment accumulation rates in
mangrove environments, and therefore to provide RSL reconstructions (Lynch et al. 1989;
Rogers et al. 2005; Sanders et al. 2010; Swales et al. 2015; Sanders et al. 2016). These
approaches work well in environments with continuous sedimentation and a source of fine-
grained minerogenic sediment, as these isotopes adsorb readily onto clay and silt-sized
particles (Corbett and Walsh, 2015). Notably, these isotopes do not readily adsorb onto
organic sediments, which can be a limiting factor in mangrove settings. 2!°Pb approaches are
more useful in continental settings (as opposed to oceanic settings) as atmospheric and

therefore depositional fluxes are distinctly higher (Baskaran, 2011).

Anthropogenic chronohorizons such as heavy metals from industrial activity and pollen and
charcoal markers have been used to inform palaeoenvironmental changes in mangrove
settings. Mangrove sediments can store heavy metals related to the onset of local and
regional mining activity (de Souza et al., 2017; Veerasingam et al., 2015). Changes in pollen
and charcoal types and abundances in mangrove sedimentary sequences can relate to the
timing of the increase in nearby human crop cultivation, or deforestation (Bocanegra
Ramirez et al., 2019; Figueroa-Rangel et al., 2016; Gonzalez et al., 2010; Punwong et al.,

2017).
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Other methods of dating mangrove sediments are not well-established or applied, mainly
because the carbon-rich nature of mangrove sediments lends itself to the radiocarbon
method, however difficult that may be. Volcanic ash layers (tephra) provide definitive
chronohorizons if they can be identified to a known eruption. Tephra are rarely investigated
in mangrove sedimentary sequences, as they are either not well preserved or difficult to
identify without finer-scale microscope and geochemical analysis. Adame et al. (2015) were
able to identify a tephra horizon in a mangrove sediment profile in southwest Mexico, which
provided a precise horizon to which they could calculate organic carbon sequestration rates
over the twentieth century. Preservation of this ash layer was more likely due to the size of
the eruption and the proximity of the mangrove environment to the volcanic centre. This
study highlights that in localities with active volcanoes (or that were during the Holocene)
and that produce explosive eruptions, volcanic ash layers could form an important part of a
mangrove sediment chronology. Recent studies have included optically stimulated
luminescence (OSL) ages on beach ridges, which are often geomorphic features associated
with mangrove deposits on millennial timescales (Culver et al., 2015; Mallinson et al., 2014).
Further development in OSL dating techniques to utilise broader sample types and higher
precision (i.e. less than millennial timescales) could provide good chronological data for high-
resolution mangrove RSL reconstructions. The application of chronological methods
independent of the radiocarbon technique should be used where possible, to produce more

robust age models and to test the reliability of *C ages.

2.5 Other challenges

Another issue is that in many parts of the far-field (i.e. not in the coloured area of Figure
2.1), RSL was falling during the late Holocene, and to use sea-level indicators from this time
period in these locations they need to preserve well under conditions of falling RSL. Using
multiple types of sea-level indicators and enhancing our understanding of how they form is

key to increasing the precision of far-field RSL reconstructions.

2.5.1 Bioturbation

Previous studies investigating palaesoenvironmental changes in mangrove environments
commonly suggest that bioturbation limits the resolution that past changes can be
deciphered, as sedimentary layers are homogenised and boundaries are obscured (Grindrod
and Rhodes 1984; Behling et al., 2001; Debenay et al., 2004; Berkeley et al. 2007; Perry et

al., 2008; Berkeley et al. 2009a). Many invertebrates (e.g. crabs and molluscs) are known to
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create burrows (at a centimetre scale) in mangrove sediments, in some places up to one
metre depth from the surface (Stieglitz et al. 2000; Koch et al. 2005; Hogarth 2015). As
previously discussed, microfauna like foraminifera also live and burrow in the sediment
column, which have been observed living at up to 80 cm depth in mangroves in Malaysia

(Culver etal., 2013).

The degree of bioturbation in mangrove sediments is rarely described or quantified, in the
context of a palaeoenvironmental study. Berkeley et al. (2007) found that bioturbation is an
important control on the composition of foraminifera assemblages in intertidal mangrove
environments. Bioturbation transports not only the foraminifera themselves to other depths,
but also oxygenates the sediment column and transmits surface material to underlying
sediments (Debenay et al. 2004; Perry et al. 2008). Oxygenation modifies decomposition
rates and thus influences the preservation potential of organic matter, and therefore
sediment composition within a sedimentary sequence (Gillis et al., 2019; Kristensen, 2008).
The sediment-water/air interface extends into deeper layers through bioturbation, and
therefore any material (and not solely foraminifera) used to create a sea-level index point
may be ‘vertically-smeared’ by the same amount as the depth of bioturbation, depending on
rates of mixing and sedimentation rates (Berkeley et al., 2009b, 2007). Rates of bioturbation
can vary greatly between sub-environments within mangroves — for example between a
high-elevation mangrove zone and that proximal to a low-elevation mud-flat (Berkeley et al.

2008).

Careful observations in the modern environment can help quantify the impact bioturbation
has on a mangrove RSL reconstruction, such as counting number and size of burrows in a
given sediment surface area (Perry et al. 2008), and avoiding coring sites close to areas of
high burrow density (Culver et al., 2013). Consideration of the ‘burial trajectory’ of
sediments (Berkeley et al. 2014), and evaluating any compositional changes to stratigraphy
rather than depth in the sediment column (Berkeley et al. 2009b) may also help to account
for bioturbation when interpreting sedimentary sequences. However, despite bioturbation,
many studies report identifiable palaesoenvironmental changes (and thus RSL changes) from
mangrove sedimentary sequences that would not be preserved had bioturbation completely
mixed and blurred the stratigraphy (Behling et al. 2001; Hayward et al. 2004; Punwong et al.
2013a; Culver et al. 2015).
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2.5.2  Physical challenges in mangrove environments

Mangrove sediments are not only hard to interpret, but also challenging to work in
physically. Tropical regions that mangroves thrive in typically have high daytime
temperatures and humidity, and often severe precipitation events which make sampling
difficult. In some sites, density of vegetation makes accessing mangrove sites difficult either
on foot or by boat. Dense vegetation and potentially high vegetation canopies also means
that surveying (both manually and with GPS methods) is challenging and time-consuming.
Because of canopy effects, remote sensing or aerial photography does not provide the
resolution necessary for mapping elevations and has to be ground-truthed (e.g. Leong et al.
2018). These effects mean that it is quite difficult to assess site geomorphology in the field,

in comparison to other coastal settings like salt marshes.

2.6 Summary

Mangroves are a valuable sedimentary archive of RSL changes over the Holocene. They have
provided — and will continue to do so — necessary RSL data to answer questions relating to
past environmental, ice volume and climatic changes in the pre-industrial era. Mangrove
sediments have unique benefits and challenges, which need to be carefully considered to
improve RSL reconstructions. Mangrove sea-level index points may have greater vertical
uncertainty values compared to other coastal environments like salt marshes due to the
challenge of levelling in these types of environments, preservation of microfossils, and
mixing through bioturbation. Bulk sediment radiocarbon ages should be considered
minimum ages due to root penetration. While these factors may seem unsurmountable for
guantitative RSL reconstructions, it is unlikely that these errors are greater than the
uncertainty determined from the indicative range of mangrove sediments. State-of-the-art
sea-level databases that require details of such errors calculate uncertainty for sea-level
index points as the square root of the sum of squared errors (Hijma et al., 2015; Khan et al.,
20193a; Shennan, 1986), and the error derived from the indicative range typically dominates

this overall uncertainty.

39



Chapter 3: Comparing radiocarbon measurements of
mangrove sediments from Mahé, Seychelles, for building
reliable chronologies of relative sea-level change

3.1 Introduction

Mangroves are salt-tolerant trees that inhabit a narrow ecological niche along tropical
coastlines worldwide (Lugo and Snedaker, 1974; Tomlinson, 2016). They occupy distinct
parts of the intertidal zone and therefore naturally respond to changes in relative sea level
(RSL) (Friess et al., 2019; McKee et al., 2012; Woodroffe, 1990). Mangrove sedimentary
deposits are valuable archives of past environmental changes, and in particular provide
important observations of ‘far-field’ sea-level changes (i.e. locations far from the influence of
glacio-isostatic adjustment processes that occur near ice sheets) during the Mid- and Late
Holocene (Scholl, 1964; Woodroffe et al., 1985; Ellison, 2005; Culver et al., 2015; Woodroffe
et al., 2015; Tam et al., 2018). Reliable chronologies are critical to such studies, but the
nature of mangrove sediments presents unique challenges particularly when applying the
radiocarbon dating method. Modern mangrove roots penetrate up to two metres into
underlying sediments, which introduces carbon material that is younger than the age of
sediment deposition (Beaman et al., 1994; Gischler, 2006; Grindrod and Rhodes, 1984;
Woodroffe, 1981). Burrowing fauna such as crabs that inhabit mangroves also mix younger
and older carbon material at decimetre scales within the sediments (Kristensen, 2008;
Stieglitz et al., 2000). These issues are undesirable because in many locations we require
closely spaced, reliable ages from shallow mangrove sedimentary sequences (<2 metres) to

provide constraints on past RSL and palaeoenvironmental changes.

In this chapter | investigate which components of mangrove sediments are most suitable for
obtaining reliable radiocarbon chronologies from mangrove sediments. | used sediments
collected from a mangrove site on Mahé island in the Seychelles archipelago (Figure 1.3).
Seychelles is in one of the few regions of the world where RSL is modelled to be within 1
metre of eustasy during the last 6,000 years, and where corrections for glacio-isostatic
adjustment (GIA) are relatively insensitive to models using different Earth viscosity profiles
(Milne and Mitrovica, 2008; Woodroffe et al., 2015a). | compare and evaluate AMS

radiocarbon ages derived from bulk sediments, organic concentrates, pollen concentrates,
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and macrofossils, as well as with those collected in a previous RSL at the same study site
(Woodroffe et al., 2015a). | then provide recommendations for future palaeo-sea level and
other studies using mangrove sediments to improve the reliability of radiocarbon derived

chronologies.

3.2 Radiocarbon dating of mangrove sediments

During photosynthesis, mangroves synthesize carbon from the atmosphere and so are
purely constructed from a terrestrial carbon reservoir. As mangroves are rooted within the
intertidal zone, mangrove-derived carbon entering the sedimentary sequence is largely
produced in situ, both above ground in the form of leaves, branches and trunks, and below
ground as roots (Figure 3.1) (Bouillon et al., 2008; Krauss et al., 2014). Marine and terrestrial
environments that fringe mangroves can also be sources of carbon in mangrove sedimentary
sequences, for example, seagrass and other marine algae such as Sargassum can be
transported into mangrove forests during flood tides and storm events (Gonneea et al.,

2004; Jaffé et al., 2001; Kemp et al., 2019).

3.2.1 Bulk sediment

Dating of bulk mangrove sediments has been the most common approach for constructing
chronologies for mangrove sedimentary sequences. Bulk sediments are composed of many
different carbonaceous and non-carbonaceous materials, and the carbon fraction can itself
be a mix of allochthonous or autochthonous carbon of potentially different ages. Bulk
sediment samples are mostly humified organics, but can also contain macrofossils like roots
and leaf material, bacteria, algae, pollen, fungi, and dissolved organic carbon from sediment
pore waters. Previous mangrove RSL studies have reported out-of-sequence ages when bulk
sediments are used for radiocarbon measurements (Geyh et al., 1979; Grindrod and Rhodes,
1984; Larcombe et al., 1995; Punwong et al., 2013a). This is likely due to the large range of
possible carbon sources that make up a bulk sediment sample, as any radiocarbon
measurement will be a combined mean age of multiple carbon sources. Therefore, it is
difficult to confidently link bulk sediment ages to a target phenomenon (i.e. RSL changes)

(Térnqgvist et al., 2015).
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Figure 3.1: Processes and components of a modern mangrove environment that influence carbon
preservation and degradation. Mangrove sediment archives develop through biogenic accretion
(primarily through root production and leaf litter) and through minerogenic sedimentation from
marine and terrestrial environments.

3.2.2 Roots and bioturbators

While mangrove root systems are relatively shallow in comparison to other terrestrial trees
(owing to their need to be oxygenated in a saline environment), their roots can extend
multiple (vertical) metres into underlying sediments (Figure 3.1) (Grindrod, 1988). This
presents a problem for radiocarbon dating of mangrove sedimentary sequences, as the roots
are younger than the sediment they penetrate. Roots can make up a large proportion of
mangrove total biomass, particularly in locations with low minerogenic sediment delivery
such as carbonate islands in the Caribbean (McKee et al., 2007; McKee and Faulkner, 2000).

In other settings such as estuaries and deltas, mangrove biomass is more dominated by

42



above ground timber as canopies tend to be taller (Krauss et al., 2010), or roots shallower
(Lovelock et al., 2007). Roots can therefore make up a sizeable percentage of mangrove
carbon entering the sedimentary sequence (Huxham et al., 2010; McKee and Faulkner,
2000). Some researchers have suggested avoiding large roots when selecting radiocarbon
samples to remedy this problem (Larcombe et al., 1995; Woodroffe, 1990, 1981). However
mangroves also produce fine roots that decompose more quickly than larger woody roots
(McKee et al., 2007), and these are more difficult to identify and isolate when sampling. Bulk
sediment samples therefore are likely younger than their true deposition age due to the

addition of decomposed, fine root-derived carbon (Gischler, 2006).

Crabs and other fauna (e.g. molluscs, shrimp, and foraminifera) can bioturbate mangrove
sediments up to one metre depth (Koch et al., 2005; Stieglitz et al., 2000). This reworks
young and old carbon, and also oxygenates the sedimentary column which affects
preservation by enhancing aerobic decomposition (Debenay et al., 2004; Deng et al., 2006;
Grindrod and Rhodes, 1984; Perry et al., 2008). The degree to which bioturbation affects
palaeoenvironmental records in mangroves is difficult to quantify (see section 2.5.1).
However many studies have still produced sensible and regionally-consistent
palaeoecological changes using metre-scale core records despite the influence of

bioturbation (e.g. Punwong et al., 2013a; Culver et al., 2015).

3.2.3  Macrofossils

Plant macrofossils derived from above ground carbon material (i.e. anything not a root, such
as leaves and seeds) are considered the most reliable material for constructing radiocarbon
chronologies in mangrove sediments. Above-ground plant material is more likely to enter the
sedimentary sequence very shortly after its death, and is thus more likely to record the age
of sediment deposition. In salt marshes — which inhabit the same ecological niche as
mangroves but in temperate climates — leaves and seeds are commonly preserved and are
used to construct high-resolution age models for decimetre-scale RSL reconstructions
(Barnett et al., 2019; Kemp et al.,, 2018; Long et al., 2012). Where they are preserved and can
be identified, mangrove plant macrofossils provided reliable sequences of radiocarbon ages
(Grand Pre et al., 2012; Monacci et al., 2009; Wooller et al., 2007). High
sedimentation/burial rates promote the preservation of macrofossils in sedimentary
sequences, whereas at sites with low sedimentation rates, surface plant material
decomposes or is consumed before it is buried within the sediment (at much faster rates

than in salt marshes with more temperate climates). For example, at sites in the Caribbean
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where Holocene RSL rise has been continuous to present day (i.e. continuous sediment
accommodation space), mangrove leaves are often preserved within sedimentary sequences
(Monacci et al., 2009; Wooller et al., 2007). At sites with limited sediment accommodation
space such as the Indian Ocean region where Late Holocene RSL is falling or stable,
mangrove plant macrofossils within sediment sequences are much more rare (Punwong et
al., 2013a, 2013b; Woodroffe et al., 2015a). For instance, mangrove leaves are an order of
magnitude larger than the leaves of plants from other similar environments such as salt
marshes. This further reduces the chance of sampling a macrofossil in a core, and also
reduces the potential resolution of a radiocarbon age as a deposited leaf can span multiple

centimetres within a sedimentary sequence.

3.2.4 Organic and pollen concentrates

Where mangrove plant macrofossils are not available, researchers have turned to other
carbon materials for constructing chronologies. Woodroffe et al. (2015b) tested the use of
organic concentrate radiocarbon ages against bulk sediment ages in Tanzanian mangrove
sediments for RSL reconstructions. The organic concentrate ages (a 10-63 um sediment size
fraction) are older than bulk sediment ages collected from a similar depth — in some
instances over 1,000 calendar years older. These results suggest that by sieving out larger
organic fragments, organic concentrates sample an older carbon fraction, which is
presumably closer to the ‘true’ depositional age than bulk sediment ages which still contain
younger root material (Woodroffe et al., 2015b; Kemp et al., 2019). Whilst organic
concentrates isolate a particular size fraction for dating, they still contain a mix of carbon
from an unknown number of sources. Radiocarbon dating of pollen concentrates is a
method developed for use in lacustrine and freshwater bog sediments (Howarth et al., 2013;
Neulieb et al., 2013; Newnham et al., 2007; Vandergoes and Prior, 2003), but has yet to be
applied to mangrove sediments. By isolating mangrove pollen (an above-ground carbon
source), this reduces the potential of sampling and dating organics that are not
representative of the depositional age. Some researchers have found pollen reworking from
surrounding terrestrial and marine environments, and therefore ages that are too old
(Howarth et al., 2013; Kilian et al., 2002; Li et al., 2014; Neulieb et al., 2013). Further
isolation of organics such as compound-specific radiocarbon dating have been successful in
other environments (Ohkouchi and Eglinton, 2008; Pancost et al., 2000; Smittenberg et al.,

2004), but have not been attempted in mangrove sediments.
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There remains a need to test, comprehensively, mangrove radiocarbon dating approaches —
in particular those that are alternatives to macrofossils. Here we analyse different sample
types (bulk sediment, organic concentrates, pollen concentrates, and macrofossils) collected
from the same depths in four different cores from a mangrove site from Mahé, Seychelles

(Figure 3.2).

3.3 Study site and previous work

The mangrove area at Grand Anse, Mahé was selected for this radiocarbon comparison
study (Figure 1.3). A previous study that investigated Late Holocene RSL changes in
Seychelles used data derived from the Grand Anse mangrove sediments (Woodroffe et al.,
2015a). However, the radiocarbon ages were difficult to interpret as a number were out-of-
depth-sequence, and woody and root macrofossils yielded different ages to bulk sediment
samples. Despite this, the RSL reconstruction demonstrates that mangroves had begun to
occupy intertidal and river channel areas behind the carbonate-sand beach plateau by 2 ka
BP (see Section 1.3.2), suggesting RSL stability. Critically, the uncertainty in radiocarbon
dating from the mangrove sediments at Grand Anse did not allow Woodroffe et al. (2015a)

to make confident conclusions regarding Late Holocene eustatic sea-level change.

Late-Holocene
beach plateau

100 metres

Figure 3.2: Location of cores collected in the Grand Anse mangrove. Orange circles were collected as
part of this study, purple circles collected as part of the Woodroffe et al. (2015a) study. White dotted
line is the approximate extent of the mangrove zone, and the light blue line is the River Dauban.
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3.4 Methods

A series of bulk sediments, macrofossils, organic concentrates and pollen concentrates were
prepared for ¥C measurements, to compare results collected at the same depth in four

cores collected across the study site (Figure 3.3).

| collected cores manually using a Russian-type corer. To ensure we had enough sediment or
macrofossils at a certain depth for analysis, we collected duplicate cores at the same coring
site. Cores were sampled into plastic tubes, sealed with plastic and stored at 4°C until

sampling.
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Figure 3.3: Stratigraphy and depths of radiocarbon samples collected at Grand Anse mangrove. Detailed core descriptions available in Table A11.
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3.4.1 Sample pre-treatments

3.4.1.1 Bulk sediment and macrofossils

Bulk sediment was extracted from sediment cores using sterilised scalpels and utensils, and
transferred to aluminium foil for storage and transport to the radiocarbon facility. Bulk
sediment samples underwent further pre-treatment at the NERC Radiocarbon Laboratory
(Environment) at the Scottish Universities Environmental Research Centre (SUERC), where
they underwent standard acid-alkali-acid treatment which removes any carbonates and
humic compounds (De Vries and Barendsen, 1954; Dunbar et al., 2016). Samples were
digested in 2M hydrochloric acid (HCI) at 80°C for 8 hours. Samples were washed free of acid
using deionised water, and then further digested in 1M potassium hydroxide (KOH) at 80°C
for 2 hours. The KOH digestion was repeated (washing with deionised water in between)
until no further humic material was extracted (i.e. the supernatant was clear). Samples were
rinsed free of KOH and then digested again with 1M HCl at 80°C for 2 hours. Samples were
then rinsed again with deionised water, dried, and homogenised ready for AMS 14C

measurements.

Macrofossils were extracted from sediment cores using sterilised scalpels and utensils, or
isolated through wet sieving with de-ionised water at 90 um and 63 um in stainless steel
mesh. Samples were examined by light microscopy to visually identify different plant
material, photographed, and then dried and transferred to either aluminium foil or glass
vials for storage and transport to the radiocarbon facility. Further pre-treatment of
macrofossils was undertaken at the NERC Radiocarbon Laboratory and followed the same
procedure as stated above (with the exception of the KOH digestion which used a

concentration of 0.5M instead of 1M).

3.4.1.2 Organic concentrates

Organic concentrates were prepared using a modified method reported in Woodroffe et al.
(2015b). Sediment was extracted from the core using sterilised scalpels and utensils and
transferred to furnaced glassware. 1M HCl was added to the samples in excess, and this was
heated and stirred in a water bath at 60°C for 30 minutes. Samples were rinsed free of acid
using deionised water and then wet sieved at 63 pm and 10 um stainless steel mesh sieves.
Sieves were re-used between samples instead of using new nylon mesh sieves as nylon it has

the tendency to shed fibres and introduce plastic particles into a sample. Stainless steel
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sieves were sonicated in a water bath for >45 minutes in three changes of deionised water
between samples to remove any contaminants. Small aliquots of the sieved 10-63 um
fraction were isolated with a furnaced glass pipette to create microscope slides to further
identify plant material, and the >63 um was examined under a microscope for any
macrofossils (see above). The remaining 10-63 um fraction was oven-dried at 40°C, and
transferred to glass vials for storage and transport to the radiocarbon facility. Three process
standards of known ages (Tiri barley mash, 96H humin, and anthracite) were also processed
using the same method to measure any contamination during the sample preparation

process. These covered an age range from modern to **C background levels.

3.4.1.3 Pollen concentrates

Pollen concentrates were prepared using methods modified from Newnham et al. (2007),
Howarth et al. (2013) and Dahl (2019). Sediment was extracted from the core (one
centimetre-thick samples) using sterilised scalpels and utensils and transferred to furnaced
glassware. 1M HCl was added to the samples in excess, and this was heated and stirred in a
water bath at 60°C for 30 minutes. Samples were rinsed free of acid using deionised water
and then heated at 60°C in excess 1.5M KOH for five minutes. The KOH digestion was
repeated (washing with deionised water in between) until no further humic material was
extracted (i.e. the supernatant was clear). Samples were rinsed free of KOH and then
digested again with 1M HCl at 60°C for 10 minutes. Samples were rinsed free of acid with
deionised water and wet-sieved through 90 um and 10 um stainless steel sieves. The >90 um
was examined for any macrofossils suitable for dating (see above), and the <10 um fraction
was discarded as a majority of pollen grains are >10 um in any diameter (Howarth et al.,
2013). The 10-90 um sediment fraction was transferred with deionised water to new and
pre-cleaned plastic 50 mL centrifuge tubes, and centrifuged at 4000 revolutions per minute
(rpm) for five minutes. The water was carefully pipetted off the separated sediment using
furnaced glass pipettes to remove as much water from the sample as possible. 30 mL of 1.8
sg sodium polytungstate (SPT) was added in the centrifuge tube and vortexed to thoroughly
mix. This mixture was allowed to settle for 10-30 minutes and then centrifuged for 10
minutes at 2000 rpm (avoid denser particles dragging down and trapping lighter ones) (Dahl,
2019). The separated lighter material (<1.8 sg) was pipetted away and rinsed and
centrifuged with deionised water, carefully pipetting away the supernatant each time. The
heavier (>1.8 sg) separated fraction was rinsed with deionised water. Small aliquots of both

the lighter and heavier fractions were pipetted onto microscope slides to examine pollen

49



concentrations. The process of separation with SPT was repeated with a progressively less
dense mixtures (1.6, 1.5, 1.4, 1.3, and 1.2 sg), with microscope slides of each fraction being
prepared and examined at each stage to determine the sediment fraction with the greatest
pollen concentration. Selected fractions were transferred to glass vials, dried and weighed
for storage and transport to the radiocarbon facility. Three process standards of known ages
(Tiri barley mash, 96H humin, and anthracite) were also processed using the same method

to measure any contamination.

3.4.2 Cage determination

At the NERC Radiocarbon Laboratory, dried homogenised samples were converted to CO;
gas using a CuO by combustion in pre-cleaned quartz tubes (Vandeputte et al., 1996).
Evolved sample CO, was cryogenically purified before conversion to graphite by Fe/Zn
reduction (Slota et al., 1987), after which sample **C/*3C ratios were measured by
accelerator mass spectrometry (AMS) at the SUERC AMS Laboratory in East Kilbride, UK.
Measured *C/*3C ratios were background corrected and normalised to §*3C-VPDB %o = -25
using the 8'3C values from sample aliquots measured on a dual inlet stable isotope mass
spectrometer (Thermo Fisher Delta V). All **C ages are calibrated using either the SHCal13
curve (Hogg et al., 2013) or the Calibomb calibration curve for Southern Hemisphere Zone 3

(Hua et al., 2013) using OxCal v.4.3 (Bronk Ramsey, 2009).

After conversion to graphite, one macrofossil sample (UCIAMS-223878) was too small for
measurement on the SUERC Laboratory AMS. This sample was measured by AMS at low
current, at the Keck Carbon Cycle AMS Facility, University of California, Irvine, United States
of America. The 3C/*2C ratio was measured by AMS during **C determination and used to
correct and normalise *C data to §*C-VPDB %o = -25. The *3C/*°C ratio is appropriate to
correct for isotopic fractionation but it is not necessarily representative of the §3C of the
original sample material, so a 6*3C value for this sample is not included in Table 3.1. The
sample was corrected for modern carbon contamination as per Santos et al. (2007), and for
modern carbon contamination (using data from process background and standard materials)
and for samples <100 pg of carbon a correction based on small NIST Oxalic acid Il to account

for the effect of old carbon which becomes significant for those sample sizes.
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3.5 Results

3.5.1 Organic and pollen concentrate fractions

Sieving sediment samples for radiocarbon dating invariably isolated the larger macrofossil
and root material within a sample. The >63 um fraction removed during the organic
concentrate process contained large and fine roots (Figure 3.4) of varying stages of
decomposition as well as sand and gravel-sized siliclastic grains (dominantly quartz). The
organic concentrate fractions used for dating (10-63 um) were examined under a high-
powered microscope. The organic concentrates contain a mix of organic and non-organic
material, which has been qualitatively described here using classifications of Tyson (1995)
and McArthur et al. (2017). The organic concentrates are dominated by structureless organic
matter particles, but they also contain siliclastic particles (silt and clay sized quartz), dark
rectangular structureless organic matter, and degraded and well-preserved ‘wood’ particles
(Figure 3.5). There are also minor amounts of membranous tissues (palynowafers), and trace

amounts of algae, fungal hyphae and bodies, and pollen. Evidence of bacterial and fungal

attack on organic fragments (structureless and woody) is common (Figure 3.5).

Figure 3.4: Microscope images of the >63 um fraction sieving during organic concentrate pre-
treatment. Figures A and B are from Core 2, Figures C and D are from Core 4.
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Figure 3.5: Microscope images of 10-63 um organic concentrate samples. Figures A, B and C are from
Core 4, Figure D is from Core 2.
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Figure 3.6: Microscope images of 10-90 um fraction sieved during pollen concentrate sample
processing. Figures A, B and C are from Core 4, Figure D is from Core 3. Annotations are organic
structures found in all samples, with structureless organic matter becoming less common in later
heavy liquid separations and rectangular woody fragments becoming more dominant.
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The composition of the pre-treated pollen concentrates 10-90 um fraction is largely similar
to the organic concentrates (Figure 3.6), but with notably larger siliclastics (fine sand-sized)
and slightly larger organic fragments. Each progressive step with SPT removed denser
material: first siliclastics (>1.8 sg), then structureless organic matter (>1.6 sg), then the larger
rectangular ‘woody’ particles (>1.4 sg). Any pollen was concentrated into the <1.3 sg
fraction, but any fraction lighter than 1.4 sg was still dominated by smaller-sized ‘woody’
particles. While the percentage of pollen in each sample was not quantitatively determined,
only one of the <1.3 sg fractions visibly contained a high enough concentration of pollen for
14C measurements. This fraction was sent to the SUERC Radiocarbon Facility and converted
to CO; gas, but with insufficient material in this one-centimetre-thick slice of sediment for a
viable AMS **C measurement. Unfortunately, we do not have any pollen concentrates to
compare in this study. However, we do have measurements on process standards for the PC

method (Table 3.1), which prove that the method does not introduce contamination.

3.5.2 Core results

Radiocarbon measurements from this study and Woodroffe et al. (2015a) are listed in Table

3.1 and displayed in Figure 3.7.
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Table 3.1: List of radiocarbon measurements mentioned in this study. * 95% range calibrated Common Era (cal CE), using OxCal 4.3 (Bronk Ramsey, 2009). ** NERC
Radiocarbon Laboratory process standard values are 0.21 + 0.12% modern **C for anthracite, 3397 + 35 ¥4C years BP for 96H humin, and modern values for Tiri barley mash.

CORE NAME ' DEPTHIN SAMPLE TYPE 14CAGE t1c = PERCENT MINIMUM MAXIMUM 6%3C vppe%o LAB ID REFERENCE
CORE (CM) MODERN CALIBRATED CALIBRATED (x0.1)
CARBON (%) AGE, CAL CE* AGE, CAL CE*
Core B 32-33 Bulk 983 + 37 88.48 £ 0.41 1025 1179 -28.9 SUERC-29500 (Woodroffe et al.,
2015a)
Core 4 34-35 Bulk 1522 +37 82.74 £0.38 500 650 -29.2 SUERC-84524 This study
Core 4 34-35 Organic 1577+ 35 82.18 £0.36 423 601 -28.225 SUERC-86973 This study
Concentrate
Core B 75-76 Bulk 2559+ 39 72.72 £0.36 -799 -491 -27.6 SUERC-30458 Woodroffe et al,,
2015a)
Core 4 75-76 Bulk 1913 +37 78.81 £0.36 57 233 -27.7 SUERC-84525 This study
Core 4 75-76 Organic 1847 + 37 79.46 £0.36 119 340 -27.6 SUERC-86974 This study
Concentrate
CORE 4 128-129 Bulk 1998 + 35 77.98 £0.34 -48 117 -26.6 SUERC-29501 Woodroffe et al,,
(2015a)
CORE 4 161-162 Bulk 1733 +37 80.59 £ 0.37 248 417 -28.3 SUERC-29502 (Woodroffe et al.,
2015a)
Core 3 28-29 Bulk n/a 101.36+0.46 1918 1953 -28.6 SUERC-84528 This study
Core 3 28-29 Organic 34 +37 99.58 £ 0.46 1700 1946 -27.16 SUERC-86982 This study
Concentrate
Core 3 46-47 Bulk 644 + 37 92.29+0.42 1298 1409 -28.9 SUERC-84529 This study
Core 3 46-47 Organic 832 +£37 90.16 £ 0.41 1185 1284 -27.699 SUERC-86983 This study
Concentrate
Core 2 28-29 Bulk 8+35 99.90 £ 0.44 1707 1954 -28.1 SUERC-84526 This study
Core 2 28-29 Organic 231+37 97.17 £0.44 1637 -27.411 SUERC-86978 This study
Concentrate
Core A 28-29 Bulk n/a 100.47 £ 0.44 1951 1959 -28.3 SUERC-29503 (Woodroffe et al.,

2015a)
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CORE NAME | DEPTHIN SAMPLE TYPE 14CAGE t1c = PERCENT MINIMUM MAXIMUM 6%3C vpps%o | LAB ID REFERENCE
CORE (CM) MODERN CALIBRATED CALIBRATED (£0.1)
CARBON (%) AGE, CAL CE* AGE, CAL CE*
Core 2 45-46 Bulk 552 +37 93.36+0.43 1329 1454 -29.1 SUERC-84527 This study
Core 2 45-46 Organic 486 + 35 94.13+0.41 1410 1606 -27.742 SUERC-86979 This study
Concentrate
Core 2 45-46 Macrofossil: 915 + 37 89.24+0.41 1045 1262 -29.1 SUERC-88308 This study
bark
Core A 53-54 Bulk n/a 101.30+£0.47 1951 1959 -27.7 SUERC-29506 (Woodroffe et al.,
2015a)
core a 80-81 Bulk 504 + 37 93.92+0.43 1402 1482 -28.2 SUERC-29507 (Woodroffe et al.,
2015a)
Core 1 13.5-14.5 Bulk n/a 106.74 £ 0.49 1957 2010 -29.6 SUERC-88309 This study
Corel 13.5-14.5 Organic n/a 108.55+ 0.50 1957 2004 -28.7 SUERC-88310 This study
Concentrate
Corel 13.5-14.5 Macrofossil: n/a 105.03 +0.48 1957 -27.2 SUERC-88307 This study
Terminalia seed
Corel 25-26 Bulk n/a 110.64 £ 0.51 1958 2001 -29.2 SUERC-84534 This study
Corel 25-26 Organic n/a 111.95+0.49 1958 1998 -28.442 SUERC-86980 This study
Concentrate
Core 1 25-26 Macrofossil: n/a 106.43 £ 0.46 1957 2010 -27.4 SUERC-88306 This study
Terminalia seed
Core 1 25-26 Macrofossil: 20 102.96 +£0.2 1956 1957 n/a UCIAMS- This study
misc. flowers 223878
Corel 40-41 Bulk n/a 110.45 £ 0.50 1958 2001 -29.3 SUERC-84533 This study
Corel 40-41 Organic n/a 110.46 £ 0.51 1958 2001 -26.746 SUERC-86981 This study
Concentrate
Process
standards** | Tiri barley | Organic n/a 116.71 £ 0.53 SUERC-86984 This study
mash Concentrate
96H humin | Organic 3390 + 37 65.57 £0.53 SUERC-86989 This study
Concentrate
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CORE NAME @ DEPTHIN SAMPLE TYPE 14C AGE t1c | PERCENT MINIMUM MAXIMUM 6%3C vpps%o | LAB ID REFERENCE
CORE (CM) MODERN CALIBRATED CALIBRATED (x0.1)
CARBON (%) AGE, CAL CE* AGE, CAL CE*

Anthracite | Organic 53697 +342 | 0.13+0.01 SUERC-86990 This study
Concentrate

Tiri barley Pollen n/a 116.50 £ 0.53 SUERC-88315 This study

mash Concentrate

96H humin | Pollen 3394 + 37 65.54 +0.30 SUERC-88316 This study
Concentrate

Anthracite | Pollen 53762 +325 | 0.12 £0.00 SUERC-88317 This study
Concentrate
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Figure 3.7: Probability distributions of calibrated ages (CE) with depth in Cores 1-4. Ages from
Woodroffe et al. (2015a) are in green, bulk sediment ages from this study are in purple, OC ages are in
orange, and macrofossil ages in pink. Core stratigraphy key is the same as in Figure 3.3. Plotted age
ranges are the 95% range using OxCal 4.3 (Bronk Ramsey, 2009).
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In Core 1, which is the site with highest quantities of carbonate sand and closest to the
modern beach, | compare bulk, organic concentrate and macrofossil 2o calibrated ages
collected from three depths: 13.5 cm, 25 cm, and 45 cm depth. All ages at all depths in this
core were calibrated using the Calibomb calibration curve (Hua et al., 2013), and all ages in
the entire core overlap at 2o ranges (Figure 3.7). However, the comparable bulk and organic
concentrate ages appear closer in age than equivalent macrofossils, which are in this case
large >3 cm diameter Terminalia catappa seeds, (a common tree on the coastal plain of
Mahé), and some small (~500 um to 1 mm), unidentified flowers. Further material (identified
under a microscope) that had potential for *C measurements was found at all three depths
and was mostly composed of chitin. The flower macrofossil sample at 25 cm depth has a
narrow age range (1956-1957 cal CE) which overlaps with the older portion of age ranges
from other samples at that depth. Unfortunately, these samples did not yield enough CO;

gas for AMS measurements.

In Core 2, | can compare the new calibrated ages with those collected by Woodroffe et al.
(2015a) who obtained modern *C ages at the comparable stratigraphic ranges (at 28 cm and
53 cm). Two new bulk and organic concentrate 2c age ranges at 28 cm are older than the
Woodroffe et al. (2015a) bulk sediment sample, but overlap each other (Figure 3.7). At 45
cm, bulk and organic concentrate ages also overlap and are several hundred years older than
the Woodroffe bulk sediment sample at 53 cm. A bark macrofossil also collected at 45 cm
depth is ~100 cal CE years older than the comparable bulk and organic concentrate ages. A
further sample at 80 cm depth is out of sequence because is younger than the macrofossil

sample higher in the sediment sequence.

In the Core 3, with a simpler sand and gravel-rich mangrove peat stratigraphy, | compare two
sets of bulk and organic concentrate ages at 28 cm and 46 cm. Bulk and organic concentrate
ages overlap at 28 cm and 46 cm depth, but both organic concentrate age ranges stretch

slightly older than bulk sediment ages (Figure 3.7).

In Core 4, | can compare the new calibrated ages alongside those collected by Woodroffe et
al. (2015b). There are three ages to compare at 32-34 cm (Figure 3.7). New bulk and organic
concentrate 20 age ranges overlap, and the Woodroffe et al. (2015a) bulk sediment sample
at 32 cm is several hundreds of years younger than the new dates. At 75 cm there are also
three ages to compare, and the bulk and organic concentrate 2o age ranges also overlap.
The Woodroffe et al. (2015a) bulk sediment sample is several hundred years older then the

other two organic concentrate and bulk samples at the same depth. Further data (two bulk

58



sediment radiocarbon measurements, at 128 and 161 cm) previously collected by
Woodroffe et al. (2015a) below 75 cm in this sedimentary sequence are out of sequence

(one is younger despite being deeper in sequence).

In summary, the new organic concentrate ages are not consistently older than the
comparable new bulk sediment ages. One macrofossil sample is older than the equivalent
bulk and organic concentrate ages in a pre-bomb sequence (core 2), but this is not

consistent with macrofossils collected from a post-bomb sedimentary sequence (core 1).

3.5.2.1 Process standard results

Both the organic and pollen concentrate process standard measurements were within 2o of
the consensus values (for the Tiri Barley Mash and Humin), and within error of the process

background for anthracite (Table 3.1).

3.5.2.2 Stable carbon isotopes

Stable carbon isotopes (6**C %o) on all samples are consistent with values from mangrove
plant material and sediments in previous literature (e.g. Khan et al., 2019; Vane et al., 2013).
This gives confidence that carbon sampled for radiocarbon measurements is mangrove-
derived (Figure 3.8), and consistent with a terrestrial origin with no evidence of a
contribution from marine carbon. The median value for bulk sediment samples from this
study and from the Woodroffe et al. (2015a) study is -28.45 %o.. Median values for OC and

macrofossils samples are -27.7 %o and -27.4 %o, respectively.
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Figure 3.8: 613C %o values for all radiocarbon samples from this study and Woodroffe et al. (2015a),
plotted against sample depth. Errors are + 0.1 %o and are smaller than the points on the graph. Ages

from Woodroffe et al. (2015a) are in green, bulk sediment ages from this study are in purple, OC ages
are in orange, and macrofossil ages in pink

3.6 Discussion

3.6.1 Bulk sediment vs. organic concentrates

The results demonstrate that at Grand Anse, bulk sediment and organic concentrate samples
from mangrove sediment cores are both from carbon sources that cannot be distinguished
using radiocarbon measurements. Organic concentrate samples from mangrove cores in
Tanzania are considerably older than their equivalent bulk sediment samples (Woodroffe et
al., 2015a), leading to the suggestion that older carbon more representative of the
‘depositional age’ of the sediment is concentrated into finer sediment fractions. The
Seychelles cores presented here are not consistent with this hypothesis, as bulk and organic

concentrate age ranges overlap.
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The 6'3C values collected as part of the radiocarbon measurements indicate that both bulk
and organic concentrate samples are likely sampling a mangrove organic carbon pool (Figure
3.8), as values are consistent with those measured in other mangrove sediments (Kemp et
al., 2019; Khan et al., 2019b; McKee et al., 2002; Sen and Bhadury, 2017). Fine root material
(of the size 10-63 um) and/or degraded root material may still be present in relatively large
amounts in the organic concentrates at Grand Anse. Fine root material and degraded
structureless organic matter are visible under light microscopy in the organic concentrate

samples (Figure 3.5).

Another possibility as to why bulk and organic concentrate ages from the Grand Anse cores
are similar could be because above-ground mangrove carbon contributes very little to peat
formation. This scenario means that it is mostly root matter that is available for radiocarbon
measurements in all sediment size fractions, and this is therefore not representative of the
depositional age of the sediment at that elevation. Carbon derived from above-ground
sources like leaf litter or timber is considered a contributor to mangrove sediment/peat
formation in general, but quantitative constraints on this are rare or non-existent and there
is large geographic variation (Krauss et al., 2014). Timber and roots are more resistant to
degradation than leaf litter (Castafieda-Moya et al., 2011; Middleton and McKee, 2001;
Saintilan et al., 2013). While mangroves generally produce large amounts of leaf litter
(Saenger and Snedaker, 1993), there are specific conditions that lead to their preservation in
the sediment column: limited tidal flushing of leaves, low numbers of leaf-consuming crabs,
high sedimentation and/or accretion rates and low rates of decomposition (McKee, 2011;
Middleton and McKee, 2001; Sukardjo et al., 2013). Unless these conditions are met (in both
the present and past), it is more likely that roots and large pieces of timber contribute to
peat formation rather than leaf litter. Therefore, it is plausible that humified above-ground

carbon is not readily available for radiocarbon dating in an organic concentrate sample.

Even if above-ground carbon makes its way into the sediment column, it can be
preferentially degraded or exported in comparison to root-derived carbon. Recent studies
have highlighted the importance of porewater exchange in the oxidation and export of
carbon deposited in mangrove sediments (Bouillon et al., 2007; Maher et al., 2017; Tait et
al., 2016). Tidal pumping and river discharge drive the transport of both particulate and
dissolved organic carbon from mangrove sediments, and crab burrows are considered major
conduits (Gleeson et al., 2013; Stieglitz et al., 2013). Importantly, Maher et al. (2017) find
that it is not just modern organic carbon being exported but also century-old mangrove

carbon that is remineralised and exported through porewater exchange. These studies
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demonstrate that even if above-ground carbon makes its way into the sediment column, it is
still susceptible to being ‘leached out’ through post-depositional oxidation via tidal and

groundwater pumping and crab burrowing.

The Woodroffe et al. (2015a) bulk sediment samples are younger than samples collected
stratigraphically above in cores 2 and 4 (Figure 3.7), which suggests that these samples
contain higher amounts of younger carbon than organic concentrate or macrofossil samples.
In Core 4, the deepest sample (at 161 cm) is nearly 1,000 years younger than a sample nearly
one metre above (at 75 cm). While we do not have any organic concentrate or macrofossil
ages to compare below 75 cm, this variation suggests that carbon preservation and/or
degradation is highly variable across a site (even at short distances), and that one core
chronology may not be representative of sedimentation through the whole mangrove at a

single core site.

3.6.2 Above-ground macrofossils

The lack of surface macrofossils in the Grand Anse cores indicates that mangrove leaves,
seeds, flowers etc. are either being consumed, degraded, or transported away from the
mangrove environment before they can be buried and preserved, or post-deposition. At
Grand Anse, there are large numbers of both fiddler and red mangrove crabs that rapidly
consume fallen mangrove leaves and propagules, meaning the surface sediment is largely
clear of any plant debris. Despite this, occasional plant macrofossils were preserved in the

cores: Terminalia catappa seeds (in Core 1), and undifferentiated bark (in Core 2).

The Terminalia seeds may be more likely to be preserved because when they are released
from the tree, they tend to fall from a considerable height and hit the ground with a force
that embeds them into the upper few centimetres of the surface sediment. Upon deposition
they are already partially buried, and their hard outer shells means they are less available for
consumption by crabs compared to leaves. However, it is more likely that the sedimentation
rate at this part of the mangrove is the reason the Terminalia seeds were preserved, as the
radiocarbon ages from the Terminalia macrofossils are post-1950 in age even at 40 cm
depth. In Core 1, the macrofossil radiocarbon ages overlap with the bulk and organic
concentrate ages, despite the bulk samples containing modern mangrove roots. The rapid
sedimentation rate may have lead to rapid carbon burial and less modern root activity,

resulting in similar radiocarbon measurements from different sample types.
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The bark sample found in the Core 2 is a dense, woody macrofossil, and this may have
contributed to its preservation. Bark grows above ground on the trunks of mangrove trees,
but also on mangrove roots (Tomlinson, 2016), so it is not a solely above-ground macrofossil.
The radiocarbon measurement on the bark in core 2 is ~100 calibrated years older than the
equivalent bulk and organic concentrate samples (Figure 3.7). This indicates that the bark
might be closer to the ‘true’ depositional age than the bulk or organic concentrate as these
samples will include a younger root component, although | cannot rule out that the bark

could be from an older root rather than above-ground mangrove timber.

3.6.3 Pollen concentrates

Generally, mangrove pollen is considered a robust microfossil as it is more resistant to decay
than other fossils such as foraminifera (Grindrod, 1988). However, pollen production in
mangroves is seasonal and generally low as the majority of mangrove species rely on insect
and animal vectors for pollination (with the exception of Rhizophora sp.) (Tomlinson, 2016).
Despite the presence of Rhizophora mucronata and other terrestrial pollen-producers in the
Grand Anse mangrove environment and immediate surroundings, poor pollen preservation
in sediments may be a contributing factor to why pollen concentrations were too low for
radiocarbon measurements. See also Chapter 4: for further insight into pollen preservation
in the Seychelles mangroves. As for the bulk, organic and macrofossil samples discussed
above, the transport of pollen to the sedimentary sequence and its preservation potential
may be affected by low rates of burial and potentially high rates of degradation in surface

sediments at Grand Anse.

3.6.4 Implications

The results of this study indicate that obtaining reliable age/depth profiles that can be used
for quantitative RSL reconstructions is challenging in the studied Seychelles mangrove
sediment. In the absence of convincing above-ground macrofossils or pollen concentrates,
the question remains as to whether a radiocarbon measurement from a bulk or organic
concentrate sample can indeed be related to the true age of the deposition of the mangrove

sediment at a given elevation.

Under rapidly rising RSL, accommodation space is created and this allows for mangrove
sediment surface elevation gain via biogenic accretion and/or minerogenic sedimentation
(Krauss et al., 2014; McKee et al., 2007; Murray-Wallace and Woodroffe, 2014). Continual

elevation gain increases the likelihood that above-ground macrofossils like leaves are
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preserved or contribute to peat formation, and therefore increases the likelihood of
preserving older organic carbon more representative of the depositional age at any given
elevation. Rapid sedimentation and accretion also reduces the amount of time that sediment
at any given elevation is subject to decomposition via crab burrowing and porewater
exchange. For example, leaf macrofossils are well preserved at mangrove sites in Belize,
which has been undergoing subsidence and therefore continuous RSL rise over much of the
Holocene due to the collapse of the forebulge of the Laurentide Ice Sheet (Monacci et al,,

2009; Wooller et al., 2007).

During periods of RSL fall or stability, macrofossils and any above-ground carbon is more
likely to decompose or be consumed before it is incorporated into the sediment column
because it takes longer for the macrofossils to be buried. Similarly, limited accommodation
space and therefore low rates of sedimentation or accretion means sediment at a given
elevation will, for greater periods, be subject to both reworking via roots and bioturbation,
and to degradation via oxidation, in the near-surface biological mixing zone (approximately
0-2 metres). RSL in the Seychelles has been stable and close to present for at least 3,000
years (Woodroffe et al., 2015a), which may be a reason why there is a limited amount of
material that is representative of the true depositional age available for radiocarbon dating.
Similarly, a global compilation investigating organic carbon storage in coastal wetlands
(including mangroves) found that stable or falling RSL conditions over the Holocene generally

lead to carbon loss as accommodation space is limited (Rogers et al., 2019).

Sites in Zanzibar, Tanzania experienced a Mid- Late Holocene highstand and RSL has been
falling to present day, and organic concentrate ages from these cores are considerably older
than their equivalent bulk sediment ages (Woodroffe et al., 2015b). It would appear that
even under falling RSL, mangrove sediments in Tanzania have retained older carbon that
may more closely represent the true age at the dated elevations. Climate in both coastal
Tanzania and Seychelles is tropical and precipitation is dominantly controlled by the seasonal
shift of the Intertropical Convergence Zone and Asian Monsoon (Pfeiffer and Dullo, 2006;
Punwong et al., 2013a), making this an unlikely reason for any regional variability in organic
carbon decomposition and preservation. The sedimentology of the stratigraphy sampled for
radiocarbon dating varies slightly on a qualitative, descriptive basis: samples from Zanzibar
are collected from an organic sand, whereas a majority of the samples from Seychelles cores
are dominantly organic-rich (peat), but still have siliclastic sand and gravel components
(Figure 3.3). Some studies have found that sediment texture and structure can influence

mangrove root production (Gill and Tomlinson, 1977; McKee, 2001), and more generally,
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sediments with higher bulk density decrease root growth (Kozlowski, 1999). However,
sedimentology does not necessarily influence porewater exchange rates, and crab burrow
density is thought to be a more important influence (Tait et al., 2016). Without further
guantitative data on the Zanzibar sedimentology, we cannot rule out the influence of
sedimentology on the apparent preservation of an older carbon fraction. Similarly, without
observations of burrowing crab density and burrow depth, we cannot determine whether
the Zanzibar site has less crab bioturbation, which might lead to better preservation of older
carbon. Local hydrology and tidal flooding conditions may also contribute to root production,
and to the preservation or degradation of older carbon (Castafieda-Moya et al., 2011; McKee

et al., 2007; Poret et al., 2007).

A key difference in the Seychelles study compared with the Zanzibar study is a majority of
the Seychelles samples are collected from the sediment depth (0-2 metres) within the near-
surface biological mixing zone. While this is still the case for the Zanzibar study, the Zanzibar
samples are deeper within the sediment column and may be less influenced by modern
bioturbation. As a unit of sediment at a given depth transitions out of the near-surface
biological mixing zone through sedimentation or accretion, a portion of this sediment unit no
longer interacts with modern carbon sources and is preserved. While modern roots may still
penetrate this sediment unit, it is to a much lesser extent and therefore likely contributes
less younger carbon that higher up in the sediment column (Figure 3.1). Therefore, this is
another potential reason why the Zanzibar organic concentrate samples are older than the
bulk sediment samples. The Zanzibar organic concentrate samples may be a ‘relict’ of this
organic carbon which was preserved in situ as that sediment depth transitioned out of the
biological mixing zone, although the bulk sediment samples still contain the remnants of the

last penetrating roots (and therefore produce younger **C ages).

3.7 Conclusions

While it is clear that we require further studies in different localities to test the reliability of
using organic concentrate radiocarbon ages, it is likely that organic concentrate samples in
both the Seychelles and in Zanzibar do not necessarily sample an older organic carbon
source that is representative of the depositional age at a given elevation. The Seychelles
samples show that when collecting samples in the modern mixing zone, bulk and organic
concentrate ages are sampling the same organic carbon sources, but the Zanzibar samples
show that once out of the mixing zone, organic concentrate samples do sample a relatively

older carbon source than the bulk sediment sample. This shows that there is still value in
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sieving a finer fraction for radiocarbon dating, as an organic concentrate sample is more
likely to be closer to the true depositional age than one that still contains large root matter.
However, organic concentrate samples may still be younger than the true depositional age

due to their time spent in the mixing zone.

Researchers seeking to reconstruct Late Holocene sea level using mangrove sediments
should therefore consider carefully the materials used for radiocarbon dating to create sea-
level index points. Macrofossils that are distinctly from above-ground mangrove sources are
the most ideal material to use for constructing age models. Organic concentrate samples are
more reliable than bulk sediment ages, however these should be considered as minimum
ages as it is likely the influence of roots and porewater exchange will result in a younger age.
It is challenging to incorporate this unidirectional uncertainty from organic concentrate
samples into horizontal and vertical error terms on a sea-level index point. Assigning
uncertainty based on the maximum depth of mangrove root penetration and crab
bioturbation and using an organic concentrate radiocarbon age to determine sedimentation
rates is circular reasoning as organic concentrate ages are most likely to be younger than the
age of deposition by an unknown amount. One potential method would be to use
independent dating techniques to estimate sedimentation rates (e.g. 2*°Pb or *Cs) to
predict a likely radiocarbon age for a given depth and compare to a measured radiocarbon
age that will presumably include additional younger carbon from its time in the mixing zone.
In the absence of independent age control using these methods, uncertainty can only be
considered qualitatively, where faster accumulating sequences have relatively smaller age
uncertainties then slower accumulating sequences, which is likely affected by the nature of

RSL changes during the period of investigation.

While our understanding of below-ground carbon dynamics in mangrove environments is
increasing, further research should attempt to identify quantitatively what components of
mangrove trees (e.g. timber, roots, leaf litter) contribute to peat and/or sediment formation
(or are preferentially decomposed). Preferably, future work should focus on sites in a variety
of settings, in particular those outside of the well-studied Caribbean region where studies
often find well-preserved mangrove macrofossils for **C dating. In particular, identifying
specific compounds formed uniquely by above-ground material such as mangrove leaves

could be future targets for compound-specific radiocarbon dating (see Chapter 5:).
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Chapter 4: Assessing the use of mangrove pollen as a
guantitative sea-level indicator on Mahé, Seychelles

4.1 Introduction

Organic coastal sedimentary deposits are important archives of palaeoenvironmental change
and are widely used to understand coastline evolution and reconstruct relative sea level
(RSL) changes (Barlow et al., 2013; Ellison, 2008; Shennan, 1986). In temperate and high
latitude regions, the organic sediments of salt marshes can provide high-resolution
(decimetre-scale) RSL records using microfossil-based transfer functions (Gehrels, 2000;
Kemp et al., 2009; Scott and Medioli, 1978; Woodroffe and Long, 2009; Zong and Horton,
1999). An enhanced global spread of detailed Holocene RSL reconstructions are necessary to
improve our understanding of the climatic and geophysical processes influencing RSL prior to
the satellite and historical eras (Horton et al., 2018). However, low latitude coastlines and
their respective organic sediments are relatively under-studied compared to their temperate

counterparts.

Mangroves occupy large areas of coast in low latitude regions and occupy a similar ecological
niche to salt marshes, and have therefore been used to understand Holocene RSL changes
(Bird et al., 2010; Horton et al., 2005a; Scholl, 1964a; Tam et al., 2018; Woodroffe, 2009b;
Woodroffe et al., 2015a). Yet quantitative reconstructions remain challenging due to the
poor preservation of fossil foraminifera and diatoms that are traditionally used for transfer
functions (Barker et al., 1994; Debenay et al., 2004; Woodroffe et al., 2005). This
preservation issue has meant a majority of palaeoenvironmental reconstructions from
mangrove sediments are derived from pollen records (Behling et al., 2004; Grindrod, 1985;
Urrego et al., 2013; Woodroffe et al., 1985). Mangrove sediments can provide conditions
that are suitable for pollen preservation: anoxia and reducing conditions, low pH, and high

salinity (Grindrod, 1988; Phuphumirat et al., 2015).

Mangrove species are thought to have highly localised pollen dispersal (Grindrod, 1985). This
is an important observation, as unlike foraminifera or diatoms, pollen does not enter
sedimentary sequences autochthonously. Mangrove pollen can be transported via birds,
insects and mammals, winds, and tidal or fluvial currents before deposition, although a
majority of mangrove species are pollinated via insect and bird vectors (Tomlinson, 2016).

Mangrove species zonation is considered to be controlled by duration and frequency of tidal
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inundation (Crase et al., 2013; Leong et al., 2018), which is strongly associated with elevation
and salinity. Thus, mangroves with strong (elevation-controlled) zonation patterns and highly
localised pollen dispersal are potential candidates for quantitative RSL reconstructions, if
pollen assemblages in surface sediments accurately and precisely reflect modern vegetation

zonation.

Pollen in mangrove surface sediments has been found to broadly reflect these zonation
patterns in a number of modern mangrove environments (Behling et al., 2001; Cohen et al,,
2008; Grindrod and Rhodes, 1984; Li et al., 2008; Mao et al., 2006; Urrego et al., 2009). This
relationship has also led to the use of pollen assemblages for quantitative RSL
reconstructions (Ellison, 1989; Engelhart et al., 2007; Punwong et al., 2018), which generally
yield smaller uncertainties on sea-level index points than those constructed with a general
mangrove sediment indicative range. However, despite detailed modern observations in
mangroves, there is little information available on the exact process and timeline of the
transport of mangrove pollen from tree to sedimentary deposit. Measuring modern pollen
rain using pollen traps in mangroves is challenging because of the need to site traps above
the level of tidal inundation and issues with high annual or seasonal rainfall that collects in
and can overflow the traps taking with it the pollen rain (Behling et al., 2001; Grindrod, 1985;
Jantz et al., 2013). Despite this difficulty, mangrove pollen transport processes need to be

further investigated to increase the utility of pollen in quantitative RSL reconstructions.

To test the use of mangrove pollen as a quantitative sea level indicator in a small island
microtidal mangrove environment, | investigated modern mangrove pollen from two
mangroves from the Seychelles (Figure 1.3), using a combination of field mapping, pollen
traps and surface sediment samples. | chose to work in the mangroves of the Seychelles
because this is a critical location for understanding Late Holocene eustasy, and mangrove
pollen distributions in small mangrove stands on tropical islands such as the Seychelles have
not yet been fully investigated. Previous mangrove- and coral-derived RSL reconstructions
from Seychelles provide a framework to test whether palynological approaches can improve
vertical uncertainties and provide more detailed insight into Late Holocene eustasy

(Braithwaite et al., 2000; Camoin et al., 2004; Woodroffe et al., 2015a).

| find that pollen collected in traps deployed over the whole elevation range of mangrove
environments in the Seychelles for a year show that overall mangrove pollen production is
relatively low compared to temperate intertidal settings (Long et al., 1999; Neulieb et al.,,

2013). | find that while modern vegetation zonation is related to elevation above mean tide
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level (MTL), the association between plant and pollen trap data is not consistent between
mangrove species. Additionally, very low pollen concentrations are detected in surface
sediments which do not enable the assessment of pollen transport mechanisms. These
results suggest that the Seychelles mangroves, with their small lateral extent and narrow
connections to open marine environments, are not suitable for pollen-based quantitative
RSL reconstructions. Sediment grainsize, variable sediment saturation levels, and low
sedimentation rates may contribute to degradation of pollen post-deposition. Rather, the
presence of mangrove pollen in a sediment sequence is indicative of a clear mangrove (and
therefore intertidal) depositional environment and aids interpretation where depositional
environment may be unclear from sedimentological descriptions (e.g. mangrove vs.

freshwater peat).

4.2 Study site

Two mangrove areas were selected for the pollen trap study: Grand Anse and Anse Boileau
(Figure 4.1) on the west coast of the island of Mahé (Figure 1.3). Up to nine different
mangrove species are reported from mangrove forests in the Seychelles (Spalding et al.,
2010). Generally, mangrove forests on Mahé are characterised by five species: Rhizophora
mucronata, Sonneratia alba, Bruguiera gymnorrhiza, Avicennia marina and Lumnitzera
racemosa. Minor populations of Xylocarpus granatum, Ceriops tagal and Nypa fruitcans are
present, as well as minor and associate mangrove species Acrostichum aureum, Casuarina
equisetifolia and Pandanas sp. occurring near to the terrestrial forest transition. The
adjacent terrestrial coastal plain is mostly comprised of a beach plateau, which is a supratidal
feature of the coastal zone around Mahé and formed during the Late Holocene as sediment
supply from the fringing reef system moved onshore as RSL stabilised (Woodroffe et al.,
2015a). Lowland forest on this coastal plain is dominated by Cocos nucifera (coconut palm),
Terminalia catappa (sea almond), Calophyllum inophyllum (Takamaka) and Mimusops sp.
(Vesey-Fitzgerald, 1940). The Mahé mangroves can be described as a mix of riverine and
fringe mangroves, using the ecological classification of Lugo and Snedaker (1974), and are

inundated daily by tides.
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Figure 4.1: Top figure shows pollen trap and equivalent surface sample site locations at Grand Anse
mangrove area. Sample sites are coloured by mapped vegetation zones, mangrove extent is marked by
the dashed white line and light blue lines are site rivers (the River Dauban at Grand Anse, and the River
Cayman at Anse Boileau). Mapped vegetation zone at each sample site is shown in the colour legend,
where Bg or Bruguiera is Bruguiera gymnorrhiza, Am is Avicennia marina, Lr is Lumniztera racemosa,
Sa is Sonneratia alba, and Rm is Rhizophora mucronata. Bottom figure as for top but for the Anse
Boileau mangrove area.
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4.3 Methods

4.3.1 Field methods

Vegetation was mapped and surveyed at a total of 188 sites (129 at Grand Anse, 59 at Anse
Boileau) by recording key plant species within a <2 metre radius of the sample location
within the mangrove zones (see Appendix Table A2 and A3). The non-mangrove vegetation
identified was generally restricted to major species present on the beach plateau. Sample
sites were selected to cover a range of geomorphological, sedimentological and plant
species compositions within each of the mangrove sites. Site elevations were surveyed using
a theodolite and staff, and a Van Essen Instrument water level logger was deployed to
characterise the tidal timings and amplitudes at the Grand Anse mangrove for a duration of
~15 days. Data collected from the water level logger was compared to observations from the
Point La Rue tide gauge (UHSLC 2019), and sample elevations were related to mean tide
level (MTL) from timed water level measurements in calm-water locations in the mangrove.
While there is a minor timing offset between the tide gauge measurements and the logger
data (~25 minutes later at the west coast Grand Anse site compared to the east coast Point
La Rue tide gauge), when this was corrected for the tidal amplitudes between Grand Anse
and Point La Rue are comparable and within the 0.1 metre error resulting from the predicted
tidal amplitudes (Admiralty Tide Tables, 2017). Given the proximity of the two sampled
locations of Anse Boileau and Grand Anse (~3 km), the tidal logger data from Grand Anse is

considered representative of both sites.

4.3.2 Pollen traps

Pollen traps were designed following previous modern pollen rain studies in mangroves
(Behling et al., 2001) and tropical rainforests (Jantz et al., 2013). Traps were constructed
from 50 mL plastic tubes (~11 cm in length, ~3 cm diameter opening), and filled with ~4 mL
of liquid glycerol. The glycerol acts as a ‘repository’” medium for pollen entering the trap, as it
is denser than the rainwater that would accumulate (and overflow) overtime in the trap.
Trap openings were covered with mosquito netting to prevent insects entering the trap.
Importantly, to avoid tidal inundation and hence preserve the modern pollen rain unaffected
by tidal or fluvial flow, traps were attached to plastic-coated bamboo poles inserted into the
sediment and above the predicted maximum tidal inundation level. The collecting period

was one year between July 2017 and July 2018. A total of 33 traps were set in 2017, and 20
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remained on collection in 2018 (Figure 4.1). After collection samples were refrigerated at 4°C
until laboratory analysis could be undertaken. Trap samples were washed and centrifuged
with deionised water to concentrate accumulated organic material. Pollen was isolated using
standard laboratory methods (Moore et al., 1991), including addition of one Lycopodium
spore tablet, alkali digestion, sieving at 180 um, and acetolysis, and were stained before

mounting on microscope slides.

4.3.3 Surface sediment samples

Surface sediment samples (top <1 cm of sediment) from immediately underneath each
pollen trap location were collected at the same time as the traps (July 2018), and stored at
4°C until laboratory analysis could be undertaken. Surface sediment samples were also
collected for grain size analyses (Chapter 5:) and total organic carbon (TOC) analyses
(Chapter 5:). Pollen was isolated from mangrove sediment following standard procedures as
above for the pollen trap samples, but with the inclusion of a hydrofluoric acid digestion step

to remove minerogenic particles.

4.3.4 Pollen counting and identification

A minimum count of 200 pollen grains (not including Lycopodium spores) was attempted for
each pollen trap and surface sediment sample. However as pollen concentrations were low,
a number lower than 200 was used when more than two entire pollen slides per sample
were required to achieve 200 counts. Pollen was identified using published references (Mao
et al., 2012, 2006; Thanikaimoni, 1987) and the online Australasian Pollen and Spore Atlas
(The Australasian Pollen and Spore Atlas, 2019). Mangrove pollen grains were identified to
species level, with the exception of Bruguiera and Ceriops species, which are not
distinguishable with light microscopy and are thus grouped together (Engelhart et al., 2007;
Punwong et al., 2013a). The most commonly occurring non-mangrove pollen grains were
identified to genus or species level, but were otherwise grouped together as ‘non-
mangrove’. The total sum excludes fungal spores, and for further analysis was amalgamated
into two groups: mangrove and non-mangrove pollen. Total mangrove counts were also
subdivided further into three groups: major, minor and associate elements as per (Mao et
al., 2012; Tomlinson, 2016). Percentage counts of taxa, counts, and concentration
calculations are available in Appendix Table Al. Pollen accumulation rates are likely to be
under-estimates, because there was considerable variability in the condition of the mosquito

nets on the traps upon collection (as the mosquito net reduces the area available for pollen

72



to accumulate). | calculate pollen accumulation assuming the net covering did not impede
pollen accumulation and based on the saturated weights of the organic residue collected in

pollen traps (and before laboratory treatment).

4.3.5 Statistical analyses

To evaluate the relationship between modern vegetation and pollen trap samples, |
calculated a number of indices proposed by Davis (1984): 1) the association index (A) which
measures whether the presence of a pollen type indicates the presence of the parent plant
species in the local environment, 2) the under-representation index (U), which measures
under-representation of pollen types when the parent plant species is present in the local
environment, and 3) the over-representation index (O), which measures the over-
representation of pollen types where a parent plant species is absent in the local
environment. These indices are calculated by the formulae:

Bo
A= ————
Po + P1 + Bo

-
_P1+Bo

0=L
Po + Bo

where By is the number of sites where both the pollen type and the parent plant species are
present in the local environment, Py is the number of sites where the pollen type is present
but the parent plant species is absent in the local environment, and P; is the number of sites
where the pollen type is absent but the a plant species is present in the local environment.
These semi-quantitative indices are useful because the small areal extent of the Grand Anse
and Anse Boileau mangroves does not permit traditional quantitative quadrat vegetation
mapping, and therefore regression analysis between modern vegetation and pollen trap

samples cannot be undertaken (e.g. Davis, 1984; Urrego et al., 2009).

To determine possible ordination of pollen trap data with respect to environmental
variables, | performed canonical correspondence analysis (CCA), and to test ordination of
data with respect to environmental variables (e.g. elevation, distance from open shore, and
modern vegetation zone) (Engelhart et al., 2007; Urrego et al., 2010, 2009). The analyses
were performed in R (version 3.6.1) using the ‘vegan’ and ‘cluster’ packages (Maechler et al.,
2019; Oksanen, 2019), and plotting of results using ‘ggplot2’ and ‘rioja’ packages (Juggins,
2017; Wickham, 2016).
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4.4 Results

4.4.1 Modern vegetation

At Grand Anse, sites proximal to the river channel are generally dominated by Sonneratia
alba and Rhizophora mucronata mangroves, with Bruguiera gymnorrhiza and Rhizophora
mucronata inhabiting more interior zones of the mangrove (Figure 4.3). Sites in the most
landward section of the Grand Anse mangrove (and generally higher elevations) were
dominated by a mix of Avicennia marina and Lumnitzera racemosa. Acrostichum aureum and
Casuarina equisetifolia dominate the fringes of the mangrove zone near the terrestrial
transition. At Anse Boileau (Figure 4.4), vegetation zonation is generally similar to Grand
Anse, but more landward/higher elevation zones were dominated by Avicennia marina and
Lumnitzera racemosa is notably absent. Residential development around the fringes of the
Anse Boileau mangrove has limited the extent of the zone inhabited by Acrostichum aureum

and Casuarina equisetifolia (which is present at Grand Anse).

Using this survey data from both mangrove sites, mangrove vegetation zones occupy a
maximum elevation range between -0.58 to +0.82 m MTL, however different vegetation
groups inhabit different elevation ranges (Figure 4.2). Avicennia marina and Lumnitzera
racemosa tend to occupy narrower and higher elevation ranges within the mangrove zone
(between +0.21 to +0.53 m MTL at Grand Anse, and between +0.06 and +0.45 m MTL at
Anse Boileau), while mixed Sonneratia alba and Rhizophora mucronata stands occupy the
whole of the mangrove zone. The terrestrial dominated vegetation zone is distinctly above

all of the mangrove zones.
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Figure 4.2: Box and whisker plot of mangrove vegetation zones surveyed from Grand Anse, Anse
Boileau, and combined datasets (see Appendix Table A2 and A3 for vegetation zone data).
Abbreviations in key are: Am (Avicennia marina), Lr (Lumniztera racemosa), Bg (Bruguiera
gymnorrhiza), Rm (Rhizophora mucronata), Sa (Sonneratia alba). The Terrestrial dominated zone
mapped here includes Casuarina equisetifolia, which although is classed as a minor mangrove species,
occurs at the upper edges of the mangrove zone along with other non-mangrove species.
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Figure 4.3: Schematic diagram of the surveyed vegetation zones at the Grand Anse mangrove. The overall mangrove zone includes the major species as per the Mao et al.
(2012) classification. The zones relate qualitatively to the zones displayed in Figure 4.2. Vegetation key: Sa is Sonneratia alba, Rm is Rhizophora mucronata, Am is Avicennia

marina and Lr is Lumnitzera racemosa. Mangrove symbols are courtesy of the Integration and Application Network (ian.umces.edu/symbols/), University of Maryland Centre
for Environmental Science.
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Figure 4.4: Schematic diagram of the surveyed vegetation zones at the Anse Boileau mangrove. The overall mangrove zone includes the major species as per the Mao et al.
(2012) classification. The zones relate qualitatively to the zones displayed in Figure 4.2. Vegetation key: Sa is Sonneratia alba, Rm is Rhizophora mucronata, Am is Avicennia
marina. Mangrove symbols are courtesy of the Integration and Application Network (ian.umces.edu/symbols/), University of Maryland Centre for Environmental Science.
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4.4.2 Pollen trap data

Pollen trap sample abundances (of samples >5% abundance) and pollen group totals are
presented along with pollen counts and concentrations in Figure 4.5 and Figure 4.6. Only 10
samples out of 20 pollen traps samples reached the minimum pollen sum of 200 grains, with
five samples reaching only 50 grains from two pollen slides. Pollen traps contain five major
mangrove pollen species, and considerable abundances of Casuarina equisetifolia and
Acrostichum aureum. Total non-mangrove pollen varies from ~6-57 % abundance in the
pollen trap samples, of which Cocos nucifera and Terminalia catappa are dominant species.
At Grand Anse, major mangrove species abundance generally reduces with increasing
elevation, while minor and associate mangrove species abundance generally increases with

increasing elevation. This pattern is not evident in the Anse Boileau pollen trap data.

Pollen concentrations (grains/gram/year) vary greatly between mapped vegetation zones
(Table 4.1). Terrestrial-dominated and mixed Sonneratia alba and Rhizophora mucronata

vegetation zones have pollen concentrations an order of magnitude greater than all other
vegetation zones. Averaged pollen trap concentration from Grand Anse is also higher than

that of Anse Boileau.

Table 4.1: Average pollen concentrations by mapped vegetation zone.

Mapped vegetation zone Average pollen concentration
(grains/gram/year)

Terrestrial dominated (n =4) 65487

Mixed Sa and Rm (n =9) 67557

Mixed Bg and Rm (n = 4) 9879

Am dominated (n = 1) 1950

Mixed Am and Lr (n = 2) 5606

Grand Anse average (n = 13) 58890

Anse Boileau average (n=7) 22438

The A (association), O (over-representation), and U (under-representation) indices are
presented in Table 4.2. Rhizophora mucronata is the only major species with a high
association index (i.e. A > 0.5). Pandanas tectorious and Lumnitzera racemosa also have high
association indices (A = 1.00), although these values are calculated from only one sample in
both cases. Avicennia marina and Bruguiera/Ceriops species have intermediate values (A =
~0.3) which suggests there is still a reasonably close association between species presence

and pollen occurrence. Species Sonneratia alba, Casuarina equisetifolia and Acrostichum
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aureum have low values (A < 0.2), which indicates that presence of pollen has low
association with presence of parent plant species. High over-representation indices can
indicate either high or low pollen production rates. Casuarina equisetifolia and Acrostichum
aureum have high O index values which likely indicates high pollen production rates, because
their pollen abundances in pollen trap samples are relatively high (i.e. high X, values). A
majority of the other species have high O index values (e.g. Sonneratia alba) but these are
more likely to be low pollen producers as pollen abundances in pollen trap samples are
relatively low. Avicennia marina and Sonneratia alba have high under-representation indices
(U=0.5and U =0.67, respectively), and Bruguiera/Ceriops has intermediate values (U =
0.43). These three species/groups have concurrently high O index values, which suggests
these species have low pollen production rates but have efficient pollen dispersal
mechanisms. Species with low U index values and high O index values (e.g. Nypa fruticans)
indicate poor pollen production and/or dispersal mechanisms.

Table 4.2: Association (A), over-representation (O), and under-representation (U) indices (Davis, 1984)
for major, minor and associate mangrove species found in pollen trap sites at Grand Anse and Anse
Boileau. Boequals the number of samples where both plant species and pollen type is present at a
sample site, Po equals the number of samples where plant species is absent but pollen type is present
at a sample site, and P1equals the number of samples where plant species are present but pollen type
is absent. See main text for formulae. n is the number of sample sites used to determine indices.
Additionally as per Davis (1984), Xy (n) is the average pollen percentages in a sample where parent
plants are present (n = the number of samples in average calculation), and Xa (n) is the average pollen

percentages in a sample when parent plants are absent (n = number of samples in average
calculation).

Species Bo Pob P. A (o) U n X, (n) Xa(n)

Rhizophora mucronata 12 8 0 0.6 040 0.00 20 (5111';3 11.1(9)
Bruguiera/Ceriops 4 5 3 0.33 0.56 0.43 12 1.7(6) 0.8(14)
Sonneratia alba 1 8 2 0.09 0.89 0.67 11 8.1(3) 4.2(17)
Avicennia marina 3 4 3 0.30 0.57 0.50 10 1.3(5) 0.2(15)
Lumnitzera racemosa 1 0 0 1.00 0.00 0.00 1 8.3(1) 0.0(19)
Xylocarpus granatum 0 2 0 0.00 1.00 0.00 2 0(0) 0.1(20)
Heritiera littoralis 0 2 0 0.00 1.00 0.00 2 0(0) 0.1(20)
Acrostichum aureum 2 12 0 0.14 0.86 0.00 14 76.3(2) 3.4(18)
Nypa fruticans 1 7 0 0.13 0.88 0.00 8 0.4(1) 0.6(19)
Casuarina equisetifolia 1 17 0 0.06 094 0.00 18 71.4(1) (119 9?

Pluchea indica 0 2 0 0.00 1.00 0.00 2 0(0) 0.1(20)
Aegiceras corniculatum 0 1 0 0.00 1.00 0.00 1 0(0) 0.1(20)
Pandanas tectorious 1 0 0 1.00 0.00 0.00 1 0.8(1) 0.2(19)
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Figure 4.5: Pollen percent abundances for Grand Anse (green) and Anse Boileau (pink) mangrove area
pollen traps. Sample sites are ordered by elevation (m MTL). Grouping of mangrove species is
consistent with categories in Mao et al. (2012).
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displayed in Figure 4.2. Grouping of mangrove species is consistent with categories in Mao et al.

(2012).

The results of the pollen trap CCA are displayed in Figure 4.7. Environmental variables of

distance from shore, TOC and TIC (which are surrogate proxies for other sediment

composition and geomorphology) show longest axes and therefore display greatest amount

of variance (TOC and TIC data and discussion available in Chapter 5:). Elevation is not a

primary control of variance on pollen trap data.
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4.4.3 Surface sediment data

Surface sediment samples contained very low abundances of pollen (e.g. typically five
sample pollen, and similar number of Lycopodium marker pollen per microscope slide).
Counts were so low that | decided that it was not practical to undertake any further analyses

on the surface sediment samples as part of this study.
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Figure 4.7: CCA on pollen trap assemblage data displaying first and second ordination axes.
Environmental variables tested are elevation (m MTL), distance from shore, and TOC and total
inorganic carbon (TIC). Pollen trap samples are displayed as black circles and pollen species are crosses
and labels in red.

4.5 Discussion

4.5.1 Pollen as a sea-level indicator in Seychelles mangrove sediments

The results derived from the pollen traps and very low amounts of surface sediment pollen

found in our samples do not provide sufficient justification for the use of pollen to improve

82



the resolution of quantitative RSL reconstructions in Seychelles mangrove sediments. While
modern vegetation zones do show a relationship with elevation (Figure 4.2), the pollen trap
data do not accurately reflect species abundance across the mangrove zone. Rhizophora
mucronata pollen is well associated with the presence and abundance of its parent plant
(Table 4.2), and this species has relatively higher levels of pollen production and efficient
dispersal, an observation consistent with other mangroves worldwide (Behling et al., 2001;
Engelhart et al., 2007; Li et al., 2008; Urrego et al., 2010, 2009). However in Seychelles,
Rhizophora mucronata lives over the largest elevation range of all species in the mangrove
zone (Figure 4.2). Species that live in the narrowest elevation ranges in the mangrove zone
(e.g. Avicennia marina and Lumnitzera racemosa) have relatively low pollen production and
therefore very low average abundances. A plant of this type can be a dominant species
within any particular mangrove zone, but may at the same time be poorly represented or
entirely absent in pollen trap samples. This characteristic makes it difficult to interpret
whether the presence or absence of these pollen species indicates the presence or absence
of the parent plant, and these species are therefore not suitable for quantitative

palaeoenvironmental reconstructions.

Poor plant-pollen association of other key elevation-limited species like Avicennia marina
means that it is unlikely pollen can improve upon the vertical resolution of using the upper
and lower limits of mangrove vegetation as an indicative meaning for Seychelles coastal
sediments (Figure 4.6). Despite this, the abundance of major mangrove species decreases
with increasing elevation (Figure 4.5), and the abundance of minor and associate mangrove
species (e.g. Casuarina equisetifolia) increases. While this apparent elevation relationship is
evident on a qualitative basis, the CCA results suggest that elevation is not the primary
control on the variance in the pollen trap data (Figure 4.7). Rather, pollen trap assemblages
appear to reflect more closely variance associated with geomorphological factors such as
distance from open shore and sediment composition (which is a surrogate proxy for relative
influences of riverine versus tidal and wave sedimentation, see Chapter 5:). It is possible that
in mangroves with a small present-day extent like those at the studied sites in Seychelles,
local hydro-geomorphological processes drive vegetation and pollen patterns rather than
elevation, making the use of pollen as a quantitative proxy challenging. The utility of
mangrove pollen is therefore its highly localised dispersal (Ellison, 1989; Grindrod, 1985). Its
presence in a sediment sequence could potentially be used to distinguish a mangrove
depositional environment from other organic sediments (e.g. a freshwater wetland or salt

marsh) that may be difficult to distinguish on sedimentology and visual description alone.
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While there are very few areas of freshwater wetlands and no salt marshes in Seychelles to
test this hypothesis, this may be a useful technique to identify mangrove deposits in other
small island, microtidal sites and should be tested by observing modern pollen rain across

the transition between freshwater and mangrove environments.

The pollen trap data from Seychelles mangroves (in the absence of comparative surface
sediment data) are in contrast with other studies that have used surface sediment pollen
assemblages to justify use of pollen for quantitative RSL and/or palaeoenvironmental
reconstructions. Engelhart et al. (2007) and Punwong et al., (2018, 20133, 2013b) found
good association of plant presence with pollen presence in surface sediment, which enabled
the use of pollen transfer functions and improved the vertical resolution of RSL
reconstructions (Table 2.1). However, Seychelles mangrove sites differ from those of the
above studies in that: 1) they are much smaller in lateral extent and therefore have less
developed and extensive mangrove zonation and/or 2) are less connected to the open
shoreline and are more dominated by riverine processes and sedimentation. Another key
difference between these studies and the Seychelles sites is that presence of Avicennia
pollen species appear to be better associated with presence of parent plants than | find in
this study. High Avicennia pollen-plant association is also found in other surface sediment
and pollen trap studies in Brazil, New Zealand and Colombia (Behling et al., 2001; Deng et al.,
2006; Urrego et al., 2010). Therefore, it is possible that if the pollen monitoring was
conducted over several years (rather than only one as in this study) the traps would have
been able to capture multi-year mangrove flowering cycles (Tomlinson, 2016). It is also
possible that had sufficient numbers of pollen been detected in surface sediment samples,
there could have been better plant-pollen association as surface sediment is considered a

multi-year pollen flux average (Engelhart et al., 2007).

4.5.2  Preservation of pollen in mangrove sediments

Despite the relatively good preservation of pollen in pollen trap samples, an assessment of
the transport of pollen from tree to sediment surface is not possible due to the lack of pollen
detected in the Grand Anse and Anse Boileau surface sediment samples. These extremely
low pollen counts suggest either: 1) the laboratory process did not sufficiently isolate pollen
grains for light microscopy analysis or 2) pollen has been degraded or transported by post-
depositional processes. | followed standard pollen isolation procedures (Moore et al., 1991)
which has been used extensively in other mangrove settings, although counts were low for

both Lycopodium marker pollen and for sample pollen. This suggests the pollen residues
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contain too much non-pollen material which meant that it was not possible to find enough
marker and sample pollen within a practical time limit per sample. Other pollen isolation
procedures use heavy liquid separation rather than chemical dissolution (Campbell et al.,
2016). However it is unlikely that a different preparation method would have improved
pollen counts, as a modified heavy-liquid separation method yielded very low pollen
abundances in sediment core samples intended for radiocarbon measurements (see Section
3.6.3). Low pollen concentrations have been reported in other mangrove sediment studies
where multiple microscope slides were needed to obtain statistically robust counts from
both surface and fossil sediment samples (Behling et al., 2004; Engelhart, 2007; Punwong,
2013; Woodroffe et al., 2015b).

Pollen is one of the most widely used palaeoenvironmental proxies in mangrove sediments
largely due to the prevailing sediment conditions that enhance pollen preservation.
However, when certain sediment conditions are not met, pollen grains can be degraded
post-deposition. Coarser-grained sediments (sand-sized and larger) have greater interstitial
pore space that can be filled by incoming tidal or river waters, which can abrade pollen
grains (Faegri, 1971; Grindrod, 1988). Similarly, greater interstitial pore space allows
oxidation of pollen grains to occur when sediments are not inundated and/or saturated
(Grindrod, 1988; Havinga, 1967). The wetting and drying of mangrove sediments with tidal
inundation and seasonal rainfall patterns can expand and contract pollen grain walls, which
can weaken pollen grains over time (Campbell and Campbell, 1994). Variable salinity
conditions in sediments overtime due to seasonal rainfall and river discharge may also affect
the preservation of pollen grains (Campbell and Campbell, 1994). In an experimental study,
Phuphumirat et al. (2015) found that pollen degradation rates in mangrove sediments in
Thailand were lessened in fine-grained sediments that were saturated and/or inundated for
greater time periods. Phuphumirat et al. (2015) also found that pollen degradation was
enhanced in sediments with relatively low salinity and less acidic conditions. Bacterial and

fungal activity can also degrade pollen grains (Bryant et al., 1994; Phuphumirat et al., 2011).

A number of the processes suggested above could have resulted in post-depositional
degradation of pollen grains at Grand Anse and Anse Boileau, creating a situation of
extremely low pollen preservation in surface sediments that | found in this study. The
mangrove sediments at both Grand Anse and Anse Boileau are relatively coarse-grained,
characterised by high percentages of coarse sands and gravels likely deposited by fluvial
processes (see Chapter 5:). The greater interstitial space in coarser sediments may lead to

progressive abrasion of pollen grains through tidal and river pumping and/or oxidation over
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the time, leaving very low concentrations in surface and fossil sediments to utilise for RSL or
palaeoenvironmental reconstructions. Measured salinities of surface waters at Grand Anse
varies from freshwater to marine levels within daily tidal inundation cycles, and also with
seasonal rainfall patterns (wet and dry seasons associated with the shift of the Intertropical
Convergence Zone). These highly variable salinity conditions in the mangrove sediments at
Grand Anse and Anse Boileau may also impact the preservation of pollen grains. Other
factors that also apply to sediment organic matter in general (see Section 3.6.1) may have
led to loss of pollen grains in surface sediments. Bioturbation by crabs and mangrove roots
that increase oxidation levels, and combined with low sedimentation rates and limited
sediment accommodation space (see Section 3.6.4) reduces the preservation potential of
pollen grains in the particular mangrove setting of the Seychelles. Degradation by microbial
activity may have also led to loss of pollen grains in the Grand Anse and Anse Boileau surface
sediments, as evidence of such microbial attack can be seen on organic matter collected

from sediment cores under light microscopy (Figure 3.5).

4.6 Conclusions

| find that pollen collected in traps deployed over the whole elevation range of mangrove
environments in the Seychelles for a year show that overall mangrove pollen production is
relatively low compared to temperate intertidal settings (Long et al., 1999; Neulieb et al.,
2013). While modern vegetation zonation is related to elevation, the association between
plant and pollen trap data is not consistent between mangrove species. Additionally, very
low pollen concentrations are detected in surface sediments which do not enable the
assessment of pollen transport mechanisms or for use in fossil sediment sequences. These
results suggest that the Seychelles mangroves, with their small lateral extent and narrow
connections to open marine environments, are not suitable for pollen-based quantitative
RSL reconstructions as elevation is not the primary driving variable for vegetation and pollen
zonation. Sediment grainsize, variable sediment saturation levels, and low sedimentation
rates may have contributed to degradation of pollen post-deposition leading to very low
pollen preservation. Increased abundances of mangrove pollen in a sediment sequence is
indicative of a mangrove zone (and therefore an intertidal) depositional environment.
Mangrove pollen abundances can therefore aid interpretation where depositional
environment may be unclear from sedimentological descriptions (e.g. mangrove vs.

freshwater peat).
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Palynological approaches are not able to provide suitable improvements to existing vertical
uncertainties on RSL reconstructions from Seychelles mangroves. This study suggests that it
is unlikely pollen will improve reconstructions at other similar small island mangroves too,
and will therefore not aid in constraining late Holocene eustasy which focuses on obtaining
records from low latitude sites away from major continent margins (Milne and Mitrovica,
2008). However, pollen may still be useful at other sites where: 1) mangrove vegetation and
pollen zonation is more laterally extensive and is distributed according to elevation, 2) there
is good plant-pollen association, and 3) sedimentological conditions allow for the

preservation of pollen in sedimentary sequences (e.g. fine-grained and anoxic).
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Chapter 5: Testing the use of total organic carbon, inorganic
carbon, and lipid biomarker analyses as quantitative sea-level
indicators from Seychelles mangrove sediments

5.1 Introduction

Geological records of relative sea-level (RSL) change are important archives that improve our
understanding of ice sheet dynamics and climate processes on longer timescales than
satellite and historical observations can provide (Barlow et al., 2013; Horton et al., 2018). RSL
records from low-latitude sites are particularly useful as RSL in these locations is modelled to
be closer to global eustatic sea level (i.e. sea level change from ice sheet volume change)
than in the mid- or high latitudes (Milne and Mitrovica, 2008). Most RSL records in the low
latitudes are derived from corals (Chappell and Polach, 1991; Hibbert et al., 2016; Peltier and
Fairbanks, 2006), but because coral sea-level indicators live in a large depth range (at least +
5 metres) (Hibbert et al., 2016; Lighty et al., 1982), the precision they provide for Late
Holocene to present RSL reconstructions is limited as the uncertainties exceed the amplitude

of likely RSL changes (Woodroffe and Horton, 2005).

Mangroves are salt-tolerant trees than inhabit a narrow ecological niche along low-latitude
coastlines (Tomlinson, 2016). Generally, mangroves occupy the upper half of the intertidal
zone and their sediments record changes in RSL over time (Bird et al., 2010; Culver et al.,
2015; Ellison and Stoddart, 1991; Horton et al., 2005a; Tam et al., 2018; Woodroffe, 1981;
Woodroffe et al., 2015a). However, it remains challenging to produce quantitative RSL
reconstructions from mangrove sediments. Common approaches such as microfossil transfer
functions are often not applicable because foraminifera and diatoms may be poorly
preserved in mangrove sediments due to dissolution. Pollen-derived reconstructions can be
successful as pollen are more resistant to degradation (Ellison, 1989; Engelhart et al., 2007;
Punwong et al., 2013a), however these approaches are largely dependent on highly-localised
factors such as mangrove species zoning, mangrove extent and pollen production rates (see
Chapter 4:). More recently, sea-level researchers have tested geochemical methods (stable
carbon isotopes, carbon/nitrogen ratios, and total organic carbon) for quantitative RSL
reconstructions as an alternative approach (Engelhart et al., 2013; Kemp et al., 2019, 2010;
Khan et al., 2019b, 2015b; Lamb et al., 2006; Mackie et al., 2005; Sen and Bhadury, 2017).

These studies operate under the assumption that geochemical properties of mangrove
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sediments reflect environmental conditions such as vegetation type, salinity, and
geomorphological conditions such as elevation in the tidal range and distance from the open

shoreline.

Previous studies using bulk-sediment stable carbon isotopes (5*3C), carbon/nitrogen ratios
(C:N) and total organic carbon (TOC) for quantitative RSL reconstructions in salt marsh and
mangrove environments have found it challenging to distinguish different vegetation zones
present in the modern environment. In particular, mangroves are exclusively C3 plants which
means their compositional range in §*3C and C:N space is limited and indistinguishable from
other terrestrial freshwater plants (Kemp et al., 2019; Khan et al., 2019b). C3 and C4 plants
commonly coexist in temperate region salt marshes, but bulk sediment §3C measurements
on surface sediments are not always able to capture this variability (Kemp et al., 2017).
Similar studies show that bulk sediment C:N values, again in salt marshes are particularly
influenced by post-depositional processes (Kemp et al., 2010; Khan et al., 2015b). These
studies suggest that further analyses should test more specific sediment fractions (Kemp et

al., 2010) or specific organic compounds.

Biomarkers are lipid molecules which are synthesized by plants, animals and
microorganisms. They are present in a wide array of modern environments, and are also
preserved in the geological record (Castafieda and Schouten, 2011; Eglinton and Eglinton,
2008; Naafs et al., 2019). Organisms that synthesize biomarkers in mangrove environments
— and that are preserved in their sedimentary sequences — have the potential to be proxy
sea-level indicators, if biomarkers and their parent organisms can be found within different
elevation zones. Biomarkers, and in particular the compound taraxerol, have been used to
understand past mangrove dynamics and organic matter cycling (He et al., 2014; Koch et al.,
2011; Kumar et al., 2019; Versteegh et al., 2004), and compound specific isotopes in
mangroves have been identified as potential salinity proxies (He et al., 2017; Ladd and Sachs,
2015a, 2013). Further testing of biomarker distributions in mangrove environments is

required to evaluate their potential as sea-level indicators.

Therefore, to further test the use of geochemical properties of mangrove sediment for RSL
reconstructions, | present a surface sediment sample dataset of TOC, TIC, and lipid
biomarker distributions from two mangrove locations from Mahé, Seychelles (Figure 1.3).
These properties are tested against observed and measured environmental characteristics of
vegetation type, elevation, distance from open shore, and sediment grain size, which will

help assess sedimentation sources, patterns, and transport mechanisms in the Seychelles
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mangrove environment. To my knowledge, this study is the first to test the relationship
between biomarker distributions and elevation in a mangrove environment for the purpose

of quantitative RSL reconstructions.

5.2 Study site

Two mangrove areas were selected for this study: Grand Anse and Anse Boileau (Figure 5.1
and Figure 5.2) on the west coast of the island of Mahé, Seychelles (Figure 1.3). Mahé is a
granitic and topographically steep island, vegetated with dense tropical rainforest (see
Section 1.3.2). Mahé has a fringing coral reef, which is best developed on the east coast. The
mangroves of Mahé typically occupy river channels that have eroded into the coastal plain
that surrounds the island, which is mostly comprised of supratidal beach sediments that
formed during the Late Holocene as sediment supply from the fringing reef system moved
onshore as RSL stabilised (Woodroffe et al., 2015a). Generally, mangrove forests on Mahé
are characterised by five species: Rhizophora mucronata, Sonneratia alba, Bruguiera
gymnorrhiza, Avicennia marina and Lumnitzera racemosa. Rhizophora mucronata and
Sonneratia alba typically occupy more seaward locations and Avicennia marina and

Lumnitzera racemosa occupy more landward locations (see Section 4.2).
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Figure 5.1: Surface sediment sample sites across the Grand Anse mangrove. All sites marked are for
grainsize, TOC and TIC with grouped sample numbers (see Appendix Table A4). Sites that were
analysed for biomarkers are shown in Appendix Figure A1. Samples to characterise beach and river
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sediments are marked using triangle shapes. White dashed line is the approximate extent of the
mangrove zone, and the light blue line is the River Dauban.
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Figure 5.2: Surface sediment sample sites across the Anse Boileau mangrove. All sites marked are for
grainsize, TOC and TIC with grouped sample site numbers (see Appendix Table A5). White dotted line is
the approximate extent of the mangrove zone, and the light blue line is the River Cayman.

5.3 Methods

5.3.1 Field methods

At the two mangrove sites (Figure 5.1 and Figure 5.2), surface sediment samples (top 1 cm of
sediment) were collected for grain size (Grand Anse, n = 60 ; Anse Boileau, n = 40), TOC and
TIC (Grand Anse, n = 60 ; Anse Boileau, n = 40), and lipid biomarker analyses (Grand Anse, n =
12, Appendix Figure Al). Sample sites were selected to cover a range of geomorphological,
sedimentological and plant species compositions within each of the mangrove sites. Site
elevations were surveyed using a theodolite and staff, and a Van Essen Instrument water
level logger was deployed to characterise the tidal timings and amplitudes at the Grand Anse
mangrove for a duration of ~15 days. Data collected from the water level logger was
compared to observations from the Point La Rue tide gauge situated at Victoria on the

eastern side of the island (UHSLC, 2019), and sample elevations were related to mean tide
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level (MTL) from timed water level measurements in calm-water locations in the mangrove.
While there is a minor timing offset between the tide gauge measurements and the logger
data (~25 minutes later at the west coast Grand Anse site compared to the east coast Point
La Rue tide gauge), after this was corrected for, the tidal amplitudes between Grand Anse
and Point La Rue are comparable and within the 0.1 metre error resulting from the predicted
tidal amplitudes (Admiralty Tide Tables, 2017). Given the proximity of the two sampled
locations of Anse Boileau and Grand Anse (~3 km), the tidal logger data from Grand Anse is

considered representative of both sites.

5.3.2 Laboratory methods

5.3.2.1 Grain size

Grainsize samples (0—2000 um) were treated with excess hydrogen peroxide to oxidize
organic matter. To deflocculate fine sediments, sodium hexametaphosphate was added to
the samples. Samples were then sieved at 2000 um immediately prior to analysis with a

Beckman Coulter LS 13 320 Laser Diffraction Particle Size Analyser.

5.3.2.2 TOCandTIC

TC and TIC were measured on an elemental analyser Analytic Jena 3000 using 10 mg of
powdered sample (n = 100), and combusted at 1100°C. TIC samples were acidified with 40%
phosphoric acid prior to combustion. TOC concentrations were calculated by the difference
between TC and TIC concentrations. Samples were measured alongside two certified
reference materials to determine measurement uncertainty as well as sample replicates

(which is <1 % of reported values).

5.3.2.3 Biomarker solvent extraction

Approximately 1 g of each freeze-dried and powdered surface sample — selected to
characterise a variety of elevations and sub-environments — was prepared for lipid
extraction. An internal standard of known concentration was added to the dried samples (40
ul); 5a-cholestane (for the apolar fraction) and 5a-androstanol (for the polar fraction).
Samples were sonicated four times for 15 minutes in 6 mL of a mixture of CH,Cl,/MeOH (3:1,
v/v). The extracted total lipid fraction was saponified by adding an 8% KOH solution (in 95%
MeOH, 5% Q18M water) and heated for 1 hour at 70°C. The neutral lipid fraction was

extracted with hexane. Apolar and polar compounds were separated using activated SiO;
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columns which were eluted with hexane and CH,Cl,/MeOH (1:1, v/v) respectively. The polar
fraction was derivatised by adding Bis(trimethylsilyl)trifluoroacetamide (BSTFA) and heated
for 1 hour at 70°C.

5.3.2.4 Gas-chromatograph-mass spectrometry (GC-MS)

Apolar and polar fractions were analysed using a Thermo Scientific Trace 1310 GC-MS. The
GC-MS was equipped with a programmable temperature vaporizer (PTV) injector and helium
gas was used as the carrier flow. The oven temperature was set at 40°C for 2 minutes, then
increased to 170°C at 12°C per minute, then increased to 310°C at 6°C per minute, which

was then held for 35 minutes.

Compounds were identified by comparing mass spectra data with those published in the
literature (Goad and Akihisa, 1997; He et al., 2018; Killops and Frewin, 1994; Tulipani et al.,
2017). Compounds were quantified through the comparison of compound and internal
standard integrated peak areas. Unfortunately, 5a-cholestane appears to coelute with the
Cye-alkane which adds uncertainty to the quantification of the apolar lipid fraction.
Additionally, derivatisation of polar compounds was incomplete, likely due to high lipid
concentrations, thus meaning increased uncertainty in the quantification of the polar lipid
fraction. Biomarker concentrations are presented as either absolute concentrations (ug per

gram of dried sediment) or as concentration per gram of TOC.

5.3.2.5 Statistical analyses

Linear regression and principle component analysis (PCA) were used to test the relationships
between grainsize, TOC, TIC, total carbon (TOC + TIC) and biomarker distributions with the
environmental variables of elevation (m MTL), distance from shore (m) and mapped
vegetation zone. These analyses were computed and plotted in R, using base functions.

Datasets were transformed for PCA analysis (using the prcomp function) to account for unit

variance.

5.4 Results

5.4.1 Grainsize

The grainsize distributions of both Grand Anse and Anse Boileau surface sediment samples

are presented in Figure 5.3. At Grand Anse, samples across the mangrove surface are
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distributed in a dominantly bi-modal pattern (a peak indicating well-sorted sediment at ~200
um, and broader peak >500 um). The Anse Boileau samples demonstrate similar
characteristics but the peak at ~200 um is of smaller magnitude and samples are typically
more dominated by larger grainsizes >500 um. Four sediment samples collected outside of
mangrove-covered areas at Grand Anse (shown in Figure 5.1 as triangles), intended to
represent ‘end-member’ grainsizes (beach versus riverine) are shown in Figure 5.3C. Samples
collected at the beach facing sites are distinctly well-sorted and are dominantly fine sand-
sized, whereas riverine samples are poorly-sorted and are dominantly coarse sand (>500
um). This is further evidenced by a significant (R? >0.5) relationship between distance from
shore and percent fine sand at Grand Anse, and at Anse Boileau (R? = 0.49) (Figure 5.6 and

Figure 5.7).
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A: Grand Anse B: Anse Boileau C: Beach and river ‘end-members’
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Figure 5.3: Grainsize distributions for surface sediment samples collected at A) Grand Anse B) Anse Boileau and C) ‘end-member’ samples collected from adjacent beach and
river environments (see Figure 5.1) . Frequency values are the fraction (%) of each sample as binned grainsize ranges. Note the y-axis on each plot varies.

95



5.4.2 TOCandTIC

TOC and TIC compositions of surface sediment sample at both mangrove sites are wide
ranging. TOC values range between 0-25.5 % (with a mean value of 6.9 %) at Grand Anse,
and between 0-18.6 % (with a mean value of 7.5 %) at Anse Boileau. TIC ranges between 0-
10.8 % (with a mean value of 4.5 %) at Grand Anse, and between 0-10.5 % (with a mean
value of 0.9 %) at Anse Boileau. The spatial variation with elevation, distance from shore, and
vegetation zone of TOC and TIC at both Grand Anse and Anse Boileau are displayed in
Figures 5.4=5.7. At Grand Anse, percent TIC has a significant relationship with distance from
shore (R? >0.5) (Figure 5.6), i.e. the closer to the open shore, the higher the percentage of
TIC. No other combination of observations and environmental variables display significant

relationships.
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Figure 5.4: Variables TOC (%), TIC (%), percent fine sand (63—250 um), coarse sand (500-1000 um),
and silt and clay (<63 um) with elevation (metres above mean tide level) at Grand Anse (data in
Appendix Table A4). TC, TOC, and TIC uncertainty not plotted as error bars are smaller than sample
points. Mapped vegetation zone at each sample site is shown in the colour legend, where Bg or
Bruguiera is Bruguiera gymnorrhiza, Am is Avicennia marina, Lr is Lumniztera racemosa, Sa is
Sonneratia alba, and Rm is Rhizophora mucronata.
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Figure 5.5: Variables TOC (%), TIC (%), percent fine sand (63—250 um), coarse sand (500-1000 um),
and silt and clay (<63 um) with elevation (metres above mean tide level) at Anse Boileau (data in
Appendix Table A5). TC, TOC, and TIC uncertainty not plotted as error bars are smaller than sample
points Mapped vegetation zone at each sample site is shown in the colour legend, where Bg or
Bruguiera is Bruguiera gymnorrhiza, Am is Avicennia marina, Lr is Lumniztera racemosa, Sa is

Sonneratia alba, and Rm is Rhizophora mucronata.
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Figure 5.6: Variables TOC (%), TIC (%), percent fine sand (63—250 um), coarse sand (500-1000 um),
and silt and clay (<63 um) with distance from shore (m) at Grand Anse. TC, TOC, and TIC uncertainty
not plotted as error bars are smaller than sample points Mapped vegetation zone at each sample site
is shown in the colour legend, where Bg or Bruguiera is Bruguiera gymnorrhiza, Am is Avicennia
marina, Lr is Lumniztera racemosa, Sa is Sonneratia alba, and Rm is Rhizophora mucronata. Distance
from shore calculation details are available in Appendix Figure A2.
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Figure 5.7: Variables TOC (%), TIC (%), percent fine sand (63—250 um), coarse sand (500-1000 um),
and silt and clay (<63 um) with distance from shore (m) at Anse Boileau. TC, TOC, and TIC uncertainty
not plotted as error bars are smaller than sample points Mapped vegetation zone at each sample site
is shown in the colour legend, where Bg or Bruguiera is Bruguiera gymnorrhiza, Am is Avicennia
marina, Lr is Lumniztera racemosa, Sa is Sonneratia alba, and Rm is Rhizophora mucronata. Distance
from shore calculation details are available in Appendix Figure A3.

100



The results of the PCA analyses of the combined Grand Anse and Anse Boileau datasets are
displayed in Figure 5.8. The first and second principal components describe, cumulatively,
58.34 % of the variance. TIC and TOC as well as silt and clay show the largest amount of
variance along the first dimension, and grainsize characteristics (fine sand and coarse sand)
show the largest amount of variance in the second dimension. Elevation, distance from

shore, and vegetation zone have shorter eigenvectors than other variables and therefore
appear less responsible for the variance in the dataset.
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Figure 5.8: PCA results (PCA1 and PCA2) for combined Grand Anse and Anse Boileau datasets of
surface sediment sample and environmental variables. Filled circles are Grand Anse samples, non-filled
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5.4.3 Biomarkers

The spatial patterns of biomarker concentrations per gram of dry sediment in the Grand
Anse samples are heavily influenced by sample TOC, and thus both apolar and polar
compounds peak where TOC peaks in the middle elevation in the mangrove zone (Figure
5.4). Therefore, all biomarker concentrations and distributions are plotted and discussed as

normalised to TOC (i.e. in pg per gram of TOC).

5.4.3.1  Polar fraction

The polar fraction of the Grand Anse surface sediment samples is dominated by triterpene
alcohols and sterols (Appendix Figure A4). The most abundant compounds found in all
samples are (listed first is the common name and then the chemical nomenclature):
taraxerol (taraxer-14-en-3B-ol), B-amyrin (olean-12-en-3B-ol), germanicol (olean-18-en-3f-
ol) and lupeol (lup-20(29)-en-3B-ol) (Appendix Figure A6). Other compounds were found in
some or all of the samples in varying abundances, including sitosterol (stigmast-5-en-33-ol),
B-stigmasterol (24 E-stigmasta-5,22-dien-3B-ol), cholesterol (choles-5-en-33-ol),
poriferasterol (24E-poriferasta-5,22-dien-3B-ol), campesterol (campest-5-en-3B-ol), a-
amyrin (5a-urs-12-en-3B-ol), and lanosterol (5a-lanosta-8,24-diene-3B-ol). Phytol (3,7,11,15-
tetramethyl-hexadec-2-en-1-ol) was also found in most samples (Appendix Table A9). The
polar fraction also contained n-alcohols, however | could not define chain lengths from the
mass spectra data and thus only a total n-alcohol concentration per sample was determined
(Appendix Table A9). Sterols and triterpene alcohols are compared with elevation, distance

from shore, and vegetation zone variables in Figure 5.9 and Figure 5.10.
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Figure 5.9: Sterol and triterpene alcohol concentrations (ug per gram of TOC) for surface sediment
samples in the Grand Anse mangrove against elevation. Sample circles are coloured by mapped
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samples in the Grand Anse mangrove against elevation. Sample circles are coloured by mapped
vegetation zone, where: Am is Avicennia marina, Lr is Lumnitzera racemosa, Sa is Sonneratia alba and
Rm is Rhizophora mucronata.

5.4.3.2  Apolar fraction

The apolar fraction is dominated by n-alkanes and terpenoid hydrocarbons (Appendix Figure
A5). A number of indices to describe the distributions of the n-alkane data are presented in
Figure 5.11: a) the Carbon Preference Index (CPI) which determines the degree of odd-over-
even preference of n-alkane distributions (Andersson and Meyers, 2012; Bray and Evans,
1961), b) the Average Chain Length (ACL) which describes the dominant chain length of n-
alkane distributions (Poynter et al., 1989), and c) the P,q index which evaluates the input of

aquatic vegetation in peats (Ficken et al., 2000). The CPI indices of the surface sediment
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samples vary between 0-22.5, the ACL indices vary from 25-29, and P,q indices vary

between 0.05-1.

A number of terpenoid hydrocarbons were also tentatively identified in the apolar fraction
(Appendix Figure A8). Hopanoids with retention times between 36-38 minutes were noted
but are not present in sufficient quantities for quantification. There is an additional
unidentified compound group eluting between 26—30 minutes which has a distinctive mass
spectra characterised by fragments at m/z 91 + 14n, which potentially classes these
compounds as chlorinated hydrocarbons (Tulipani et al., 2017; Zhang et al., 2013). However
as larger molecular ions were not identified in these mass spectra, confident identification

could not be completed.
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5.4.3.3  Biomarker distribution across environmental gradients

The results of PCA for all identified biomarkers compared with environmental variables (and
including totals, ratios and indices), are presented in Figure 5.12. The first and second
principle components describe, cumulatively, 61.73% of the variance in the dataset. One
sample (sample 37, with an PC1 eigenvalue of >0.75) in the same direction as the sterol
eigenvectors accounts for the largest amount of variance along the first dimension (Figure
5.12A), and fine sand, TIC and distance from shore variable eigenvectors account for the
largest amount of variance along the second dimension (Figure 5.8). To test the influence of
the sample 37 outlier on the variance in the dataset, | also performed a PCA excluding this
sample (Figure 5.12B). While there is some alteration to eigenvector directions (e.g. for
variables for phytol concentrations and for silt and clay), the variance amongst the dataset is

largely similar to that of the entire dataset.
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Figure 5.12: PCA results for all apolar and polar biomarkers, and environmental variables of elevation,
distance from shore, and vegetation zone. Also included are n-alkane indices (CPI, ACL, Pag), grouped
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compounds displayed in Appendix Figure A8 and Table A7. A) includes the whole dataset, whereas B)
excludes sample 37 which is a clear outlier in A) and dominates variance in the first dimension.
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5.5 Discussion

5.5.1 Grainsize, TOC and TIC

At Grand Anse, sediment at the seaward edge of the mangrove (e.g. samples 81-95, Figure
5.1) contains carbonate and minerogenic material derived from the nearby (seaward) beach
and fringing reef flat environments. Generally, the sediment is fine sand-sized, well-sorted,
and contains shell and coral fragments reworked from the nearby beach and fringing reef.
The most seaward mangrove sediments generally have high % TIC and relatively low % TOC
values (up to 10 % TIC, and 0 % TOC). The grain size distribution of these samples is also
similar to those taken from the beach at Grand Anse (see Figure 5.1). Sections of the
mangrove that are closest to the seaward edge likely undergo deposition of fine carbonate
sand from the Grand Anse beach and reef flat via incoming flood tides and wave currents.
Although there is a general trend for this fine carbonate sand to be present in the most
seaward samples, when the whole Grand Anse dataset is analysed fine sand and TIC
composition of surface sediment is only weakly correlated with distance from shore (Figure

5.6).

At the other end of the mangrove system, mangrove environments furthest from the
influence of flood tide and wave action at Grand Anse have similar sediments to those taken
from the stream of the River Dauban in its freshwater reach (Figure 5.3C). These are
composed of poorly-sorted coarse sands, with low % TIC and variable % TOC values (e.g.
samples 21-26, Figure 5.1). These river sediments are quartz-rich and are derived from
erosion of granite bedrock and transported to the mangrove by the River Dauban. This
pattern is repeated at Anse Boileau where the River Cayman transports coarse quartz-rich

sand to the rear of this mangrove system.

Surface sediments with the highest TOC and silt/clay values are found in the middle section
of the mangrove at both Grand Anse (samples 2-17, Figure 5.1) and Anse Boileau (e.g.
samples 166-171, Figure 5.2), where geomorphology (e.g. a meander as at Grand Anse)
reduces the relative influence of both marine (tidal and wave) and terrestrial (fluvial)
sedimentation. In island locations elsewhere in the tropics such as Micronesia and Puerto
Rico, recent sedimentation in mangroves is dominated by fluvial processes which respond to
rainfall events and recent upstream land-use changes such as deforestation and agriculture
(Khan et al., 2019b; Victor et al., 2006). The results of the work at Grand Anse and Anse

Boileau suggest that upstream events do drive sedimentation in the landward portion of the
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mangroves, and that tidal and wave energy is also an important mechanism that deposits

marine-derived sediment in the seaward portion of the mangroves.

This spatial pattern of grainsize, TOC and TIC observations at Grand Anse and Anse Boileau
suggests local hydrogeomorphological conditions strongly influence surface sediment
composition. Seychelles mangroves typically occupy river channels that have eroded into a
widely observed carbonate-sand beach plateau (see Section 1.3.2 and Figure 5.1) that
prograded across the coastal plain as RSL stabilised around ~3,000 years before present
(Woodroffe et al., 2015a). This beach plateau provides a further source of sediment to the
mangrove zones at Grand Anse and Anse Boileau, in addition to that supplied by tidal, wave,
fluvial, and biological processes. The beach plateau itself is composed of fine carbonate sand
and shell material with some organic material similar to the modern beach material. This
additional sediment source complicates the relationship between grainsize, TOC and TIC and
elevation and distance from shore. The beach plateau sediment mainly influences the middle
section of the mangrove at Grand Anse (samples 70-80, Figure 5.1) where the River Dauban
meanders through this plateau. A range of environmental variables including tidal and wave
energy, river floods, and erosion of plateau material by the estuarine section of the river,
and others not analysed as part of this study such as water flow velocity and turbulence
(Furukawa and Wolanski, 1996) appear to control modern sedimentation in Seychelles
mangroves rather than explicitly elevation or distance from shore (Figure 5.8). This finding
demonstrates that although it is important to analyse grainsize, TOC and TIC in the
interpretation of fossil sedimentary records that are to be used for RSL reconstructions to
provide additional environmental information, they should not be used as quantitative RSL

proxies themselves in small, island mangroves like those of Seychelles.

5.5.2 Biomarkers

Generally, when biomarker concentrations are considered in pg per gram dry sediment
(rather than pg per gram TOC), concentrations strongly peak where TOC values are high (e.g.
sample 5, Appendix Table A4). This result is in agreement with the TOC data in that organic
matter accumulation is highest in the section of the mangrove that is more protected from
both fluvial and marine (tidal and wave) water flows. These high-TOC samples are also where
surface sediment compositions have increased silt and clay (which is correlated with TOC in
Figure 5.8). Organic matter, as evidenced by the biomarker concentrations, may accumulate
preferentially in this zone of the Grand Anse mangrove because: a) the hydraulic conditions

(i.e. quieter water flow) allow for deposition of organic matter particulates and fine-grained
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minerogenic grains, b) there may be higher rates of mangrove organic carbon production in
this zone as an ecological response to environmental conditions, or c) greater biomarker
preservation at the sediment surface, as fine-grained sediments stay waterlogged and anoxic
more readily than coarser sediments (Adame et al., 2015; Ezcurra et al., 2016; Furukawa and
Wolanski, 1996; Owers et al., 2020). Therefore, to examine the biomarker distributions
without the TOC influence, from here on | discuss biomarker data with respect to ug per

gram of TOC rather than pg per gram of dry sediment.

The presence of n-alkanes in the Grand Anse surface sediments indicates input of organic
matter by plant waxes (Eglinton and Hamilton, 1967). The distribution of n-alkanes and
indices CPI, ACL and P,q suggest that a) organic matter is likely derived from fresh/immature
plant material as CPl values are generally >4, b) organic matter is likely from a higher plant
source as ACL values are generally >27, and c) aquatic vegetation input is variable but not
significant as P,q values are generally <0.7 (Figure 5.11). The presence of n-alkanes does not
solely determine a mangrove source, as n-alkanes are produced by many higher plants
(Eglinton and Hamilton, 1967). However, other studies examining biomarkers in both fresh
mangrove plant material and surface sediments find apolar lipid fractions dominated by n-
alkanes (He et al., 2017; Kumar et al., 2019; Ladd and Sachs, 2015b; Ranjan et al., 2015).
Spatial variability is evident in the samples analysed here, in that two samples at the lowest
elevations and closest to the open shore demonstrate organic matter inputs from shorter
chain n-alkanes (ACL <26) and likely some aquatic plant species (Psq = 1) (Figure 5.11).
Mangrove sediments are known to contain a mix of organic matter derived from multiple
marine and terrestrial sources (Bouillon and Boschker, 2006; He et al., 2014; Kumar et al.,
2019; Mead et al., 2005), and these results demonstrate that the distribution of n-alkanes
may help differentiate different zones within a mangrove e.g. those more dominated by
aquatic plant species rather than dominantly mangrove (which have a higher plant
signature). Algae was observed on the outside of aerial roots of the mangroves at Grand
Anse, however short chain n-alkanes can be derived from marine or brackish/freshwater
algae. Brassicasterol ((22F)-Ergosta-5,22-dien-3f3-ol) and dinosterol ((38,4a,5a,22F)-4,23-
Dimethylergost-22-en-3-ol) are indicators of marine sources but these were not detected in
the polar fraction, which therefore does not help isolate the likely source(s) of the short
chain n-alkane inputs. The PCA analysis (Figure 5.12) does not suggest a strong co-variance
between n-alkane indices and environmental variables, however a larger dataset may help

determine any spatial patterns (in particular relating to elevation).
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The most abundant group of compounds in the Grand Anse surface sediments are the
triterpenoid alcohols (Figure 5.9 and Figure 5.10), which is consistent with other
measurements of mangrove plant material and sediments (Basyuni et al., 2007; Killops and
Frewin, 1994; Koch et al., 2011; Koch et al., 2003; Ranjan et al., 2015). Taraxerol is the most
abundant compound in all samples (Figure 5.9 and Figure 5.10), which is produced in
mangrove leaves and roots (Koch et al., 2003). This result alone demonstrates a large
component of organic matter input to the surface sediments is mangrove derived, as
mangroves are unique among higher plants in that they synthesize larger quantities of
taraxerol (Koch et al., 2011; Versteegh et al., 2004). Taraxerol abundances in the Grand Anse
sediments therefore support the use of this compound as a mangrove-derived organic
matter indicator in sedimentary sequences. However, this interpretation is based on the very
high concentrations of taraxerol found in mangrove plants (Killops and Frewin, 1994), when
it is known that taraxerol can be synthesized in lower concentrations in other higher plants
(Johns et al., 1994; Versteegh et al., 2004). To confidently assign taraxerol as a mangrove
organic matter proxy, analysis of biomarker distributions in samples from adjacent
depositional environments or vegetation zones could be useful. Regardless of these
concerns, all of the samples analysed in this study are located within the mangrove zone
across and environmental gradient, and yet no relationship to any measured environmental

variable was found (Figure 5.12).

Other triterpenoid alcohols that are abundant in the Grand Anse surface sediments are
consistent with a mangrove origin (e.g. B-amyrin, lupeol, and germanicol) (Basyuni et al.,
2007; Koch et al., 2011). The presence and concentrations of the majority of polar
compounds does not appear to co-vary with either elevation, distance from shore or
vegetation zone (Figure 5.12), with the exception of B-sitosterol, lanosterol and a-amyrin,
which are only present in one sample (Figure 5.9 and Figure 5.10). This suggests that these
compounds could be indicators of the Avicennia marina and Lumnitzera racemosa
vegetation zone, although further sampling is required to validate this finding. Koch et al.
(2011) demonstrated that different mangrove species produce different concentrations and
distributions of triterpenoid alcohols. In particular, Rhizophora sp. produces the largest
quantities of taraxerol, B-amyrin and germanicol in comparison to other species, and
because of their high leaf litter production (Koch et al., 2005), these compounds are well
distributed across mangrove surface sediments despite changes in vegetation zone (Koch et
al., 2011). Further testing of surface sediments across a larger range of vegetation zones and

of fresh plant material from different species may help identify whether particular
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triterpenoid alcohols can indicate different vegetation zones in mangrove sedimentary

sequences.

The terpenoid hydrocarbons present in the apolar fraction (Appendix Figure A8) are likely
degradation products of sterols and triterpenoid alcohols produced by mangroves (He et al,,
2018). The alteration of the triterpenoid alcohols to unsaturated terpenoid hydrocarbons is
thought to occur relatively rapidly as these compounds have been found in fresh mangrove
leaves, but are considered stable over centennial timescales as they have been found in both
surface and core sediments (He et al., 2018). The mechanisms for the alteration of the
parent compounds are not entirely clear but are likely to be a result of (or a combination of)
photodegradation, bacterial or fungal attack, anaerobic alteration or oxidation (He et al,,
2018). The spatial distribution of these degradation compounds across the Grand Anse
surface sediments can therefore be attributed to the distribution and concentration of
triterpenoid alcohol compounds (in particular taraxerol, which is a parent compound to
multiple compounds displayed in Appendix Figure A8). However, in one sample (sample 37,
at +0.29 m MTL, see Appendix Table A7) the total concentration (per gram TOC) of terpenoid
hydrocarbons is an order of magnitude higher than other samples. The reasons for this
outlier are not apparent in any patterns in measured environmental variables, but
observations at the sample site during field sampling indicate that this sample was collected
in a small topographic depression where surface water remained even during low tide
(which did not occur elsewhere in the mangrove zone). It is possible that this surface water
creates a unique and localised anaerobic environment at the sediment surface where either
anaerobic degradation processes enhance triterpenoid alcohol alteration or increase
preservation potential. To better determine the fate of triterpenoid alcohols in mangrove
sediments, further analysis should increase spatial distribution of surface sediment sampling,

as well as look to analyse fresh plant materials and down-core samples.

Phytol, a derivative of the chlorophyll molecule and commonly interpreted as an indicator of
fresh plant material, was detected in a majority of the surface sediments at Grand Anse
(Appendix Table A9). Notably, | did not detect common diagenetic products of phytol found
in sediments: phytane and pristane, which can provide information on the whether oxidation
or reduction of organic matter (Didyk et al., 1978). In the polar fraction, | also detect
hopanoids, which are a compound group produced by bacteria, but are of insufficient
abundances to quantify. Stanols are anaerobic degradation products of sterols commonly
found in peats (Gaskell and Eglinton, 1976), but no stanol compounds were identified in the

Grand Anse surface sediments. Further analysis on surface and core sediments may help to
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identify whether the absence of degradation compounds is a result of either slow

degradation processes, or through aerobic rather than anaerobic degradation.

5.6 Summary

The grainsize, TOC and TIC observations suggest that inorganic and organic sedimentation at
both Grand Anse and Anse Boileau are strongly controlled by local hydrogeomorphological
variables, rather than measured elevation and distance from shore. Sediment composition
may be determined by river channel shape, in particular where river meanders provide
suitable buffers from tidal, wave, and fluvial flow, so that organic sedimentation is enhanced
(i.e. TOC values and biomarker concentrations are higher). This detailed study of mangrove
surface sediments highlights that despite clear spatial differences in sediment compositions,
elevation (and by proxy inundation and mean sea level variability) are not key drivers of
sedimentation in the Seychelles mangrove systems. Therefore, | cannot justify the use of
grain size data, % TOC or % TIC as quantitative sea-level indicators in Seychelles mangroves,
but | can recommend their usefulness in interpreting sedimentation patterns and

palaeogeography over time.

The biomarker observations show organic matter in the Seychelles mangrove surface
sediments is likely derived from mangroves, and the high concentrations of taraxerol provide
strong evidence for this. The distribution of n-alkanes possibly show a spatial pattern
particularly with distance from shore, and a number of sterols may be indicative of the
Avicennia marina and Lumnitzera racemosa vegetation zone. Despite this, the utility of
biomarkers as quantitative sea-level indicators in mangroves is unclear from the Seychelles
observations. This partly reflects the dominance of the taraxerol biomarker wherever
mangroves are present, and the important influences of hydrogeomorphological factors on
organic matter distribution. Although excellent preservation of mangrove biomarkers was
determined in the surface samples, consideration of their lability through time will also be
important for their proxy potential. Thus, further work is required to consider both how
specific the mangrove compounds might be to environmental variables, and their down-core
preservation in order to reconstruction past environmental changes in a mangrove setting.
Increasing the datasets size and extending the sampling range outside of the mangrove zone
will help determine whether particular compounds are exceptionally abundant or only
present in mangrove zones. Analysing fresh plant material and core sediments will tell us
more about species-specific compounds and core sediments will provide insight into the

preservation of compounds in mangrove sediments over time.
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Chapter 6: Lessons from Seychelles mangroves: summary and
conclusions

The aim of this research was to evaluate the utility of mangrove proxies in quantitative RSL
reconstructions, using a case study of mangrove environments in Seychelles. This chapter
concludes this thesis by briefly summarising the initial research questions outlined in
Chapter One. This chapter then outlines recommendations for future studies using

mangrove proxies for RSL reconstructions and considers future research avenues.

6.1 Thesis summary

1) What materials in mangrove sediments are best suited for constructing

radiocarbon age models?

In Chapter Three, | was able to evaluate the utility of different materials for radiocarbon
measurements using a series of cores from the Grand Anse mangrove in Seychelles. | tested
the use of bulk sediments, organic concentrates, above-ground macrofossils, and pollen
concentrates collected from the same sediment depths in four different cores, and
compared these results to radiocarbon ages measured in a previous study at the same

mangrove (Woodroffe et al., 2015a).

In the Grand Anse cores, there were limited above-ground macrofossils (leaves, seeds etc.)
available for analysis, and | attribute this to low sedimentation rates at the Grand Anse
mangrove which has limited the preservation potential of above-ground organic macrofossils
in sedimentary sequences. | developed a method to concentrate pollen from Seychelles
mangrove sediments, but pollen concentrations were too low to consider these samples for

radiocarbon measurements.

A majority of the radiocarbon measurement comparisons are between bulk sediment and
organic concentrate samples (sediment size fraction 10-63 um). Unlike a previous study
which reported consistently older radiocarbon ages for organic concentrate samples
(Woodroffe et al., 2015b), results from the Grand Anse mangrove cores show that bulk
sediment and organic concentrate radiocarbon ages are indistinguishable, and thus likely
sample the same carbon source (of the same age). Organic concentrate-derived radiocarbon
ages probably sample younger carbon despite separation of coarser and finer sediment
fractions, and therefore are not entirely representative of the ‘true’ depositional age at a

given sediment depth. This is likely due to inputs from penetrating roots, bioturbation,
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porewater exchange, and decomposition. The degree to which these processes influence
mangrove sediment sequences likely varies greatly depending on sedimentation rates,

bioturbation rates, sedimentology, and local hydrology.

2) Does mangrove pollen provide a reliable alternative to other microfossils for

quantitative RSL reconstructions in Seychelles mangroves?

In Chapter Four | tested the use of mangrove pollen for quantitative RSL reconstructions by
examining vegetation and pollen distributions in two Seychelles mangroves, Grand Anse and
Anse Boileau. Detailed surveying in both mangrove areas showed that mangrove species
zonation is broadly related to elevation in the mangrove zone. Sonneratia alba and
Rhizophora mucronata occupy lower elevations closer to the open shore and rivers, and
Avicennia marina and Lumnitzera racemosa occupy higher elevations closer to the terrestrial

margin.

| constructed pollen traps which recorded modern pollen rain above tidal inundation for a
period of one year in the mangrove zone. The pollen trap data show that pollen assemblages
are not necessarily representative of vegetation cover at a sample site, due to some
mangrove species producing low quantities of pollen such as Lumnitzera racemosa and
Avicennia marina, which are characteristic species of particular elevation zones. Despite this
lack of association, total mangrove pollen abundances generally peak in the mangrove zone

and decrease immediately at higher elevations.

To evaluate the process by which mangrove pollen is transported from trees to the sediment
surface, | also examined surface sediment samples at the same sites as the deployed pollen
traps. However, very low pollen concentrations were detected in the surface sediments.
Sedimentology, saturation and low sedimentation rates may have impacted the preservation

of pollen in the Grand Anse and Anse Boileau surface sediments.

The results of pollen trap and surface sediment samples from at the Grand Anse and Anse
Boileau mangroves suggest that it is unlikely pollen-based proxies will improve existing
vertical uncertainties on mangrove-derived RSL reconstructions in Seychelles. However, the
pollen traps data suggests that mangrove pollen, if preserved, could aid interpretation of
sedimentary sequences where depositional environments may be unclear from
sedimentological descriptions alone, as modern mangrove pollen abundance is closely linked
with position in the mangrove zone. Palynological approaches may still be useful at locations
where there is better plant and pollen association, and where sedimentological conditions

allow for better pollen preservation.
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3) Are geochemical properties potential proxies for quantitative RSL reconstructions

in Seychelles mangroves?

In Chapter Five, | characterised the TOC, TIC and lipid biomarker compositions in surface
sediments at the Grand Anse and Anse Boileau mangrove areas. TOC and TIC vary greatly
across both study areas and reflect the variable processes and sources of sedimentation in
Seychelles mangroves. Fine-sand sized, well-sorted and carbonate-rich sediment is supplied
to the mangrove via tidal and wave currents which characterises the section of the
mangrove closest the marine environment. Coarse-grained, poorly-sorted and quartz-rich
sediment is supplied to the mangrove via the River Dauban and River Cayman (at Grand Anse
and Anse Boileau respectively), which both drain granitic rivers catchments on Mahé. The
relative contributions of both sediment sources in a given surface sediment sample is
complicated by river channel morphology. This is demonstrated by the interior section of the
Grand Anse mangrove, which is along a river channel meander and has lower TIC values,
higher TOC values and finer-grained sediments (higher % silt and clay). Sediment provenance
is further complicated by sediment derived from the Mid- to Late Holocene coastal plain
deposits, as both mangrove zones occupy river channels which erode into this coastal
feature composed of carbonate sands. Surface sediment composition therefore has a
complicated relationship with measured environmental variables of elevation, distance from
shore, and vegetation zone, as sedimentation is strongly controlled by
hydrogeomorphological processes. Therefore, | cannot justify the use of TOC or TIC as a

guantitative RSL indicator in Seychelles mangroves.

The lipid biomarker concentrations in the surface sediments at Grand Anse strongly reflect
the pattern of TOC distribution across the mangrove zone. The biomarkers indicate that
organic matter is most likely derived from mangroves, evidenced by the high concentrations
of the triterpene alcohol taraxerol. N-alkane distributions and sterols may be indicative of
different elevation and vegetation zones, however further work on both fresh plant material
and surface sediments is needed to fully assess the nature of any spatial relationships.
Terpenoid hydrocarbons that are likely derived from the degradation of mangrove-derived
taraxerol are present in the surface sediments at Grand Anse, which suggests degradation of
organic matter happens rapidly. Further work is needed to examine how biomarkers are

preserved in fossil sedimentary sequences to evaluate their potential as RSL proxies.
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6.2 Future recommendations

Based on the finding of this thesis and a review of the literature, | provide below some broad

recommendations for future mangrove-derived RSL research:

6.2.1 Mangrove sediments and proxy indicators

Sedimentological descriptions should be complimented with further analyses to confidently
determine mangrove depositional environments (e.g. palynology or taraxerol
concentrations), as freshwater and mangrove ‘peat’ deposits can be indistinguishable from
physical properties alone. My research has demonstrated that total mangrove pollen
abundances (of the major species category) peak within the mangrove zone and decline at
higher elevations, even in short horizontal distances. My research has also demonstrated the
potential for taraxerol being an indicator of a mangrove depositional environment, although

further work is required to test taraxerol abundances in adjacent terrestrial environments.

Micropalaeontological approaches (foraminifera, diatoms, pollen etc.) can provide precise,
high-resolution sea-level indicators. These can be used to reconstruct RSL if modern
distributions are related to elevation in the intertidal zone. Additionally, this requires that a)
microfossils preserve well down-core, and that the fossil assemblages reflect patterns
present in the modern environments and b) have not been considerably altered by post-
depositional processes such as test dissolution. Particular consideration is needed of infaunal
microfossil production, and also when considering pollen of the potential for redistribution
by winds, tides and other water currents. My research demonstrated that despite a good
relationship between mangrove species zonation and elevation, pollen assemblages are not
necessarily representative of the depositional environment and do not always preserve well

in sedimentary sequences.

Organic geochemical techniques are showing promise in mangrove RSL research, but
generally these are currently applied in a multi-proxy context. Further studies should tackle
specific sediment fractions or biomarkers (rather than bulk sediments) to evaluate the
environmental controls on specific sediment and/or carbon sources. Future work may also
investigate whether biomarkers that can be linked to specific mangrove species or particular

macrofossils (e.g. distinctly leaves) can be identified and isolated for leverage in RSL studies.

Because of the challenge using proxy indicators, RSL reconstructions from mangroves should

use multi-proxy approaches to assess the drivers of sedimentation in the depositional
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setting. Additionally, the researcher should consider the likely precision obtained from

different techniques alongside the amount of time it takes to do the analysis.

6.2.2 Dating

Radiocarbon is the most widely applied chronological technique as mangroves provide an
abundance of organic carbon. The researcher should interpret radiocarbon measurements
on bulk sediment samples cautiously. Samples which are more easily related to specific
carbon sources (e.g. an above-ground macrofossil) can be more readily linked to
depositional processes and therefore RSL. Where macrofossils are not readily available,
future studies should investigate the potential for mangrove-specific biomarkers for

compound-specific radiocarbon measurements.

Researchers could consider chronological methods independent of radiocarbon for <100
year records e.g. 21°Pb, ¥’Cs, pollution markers and anthropogenic pollen markers.
Tephrochronology could be a useful approach if tephra is available and it can be readily

linked to known and dated eruptions, but such sites are likely rare.
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Appendix

Table A1: Grand Anse and Anse Boileau pollen trap data (percentage total counts). Rm is Rhizophora mucronata, B/C is group Bruguiera sp. and Ceriops sp., Sa is Sonneratia
alba, Am is Avicennia marina, Lr is Lumnitzera racemosa, Aa is Acrostichum aureum, Ce is Casuarina equisetifolia. Mangrove species groupings are according to Mao et al.
(2012), see Chapter three. Pollen concentrations calculated as per equation:

Taxa counts

(Lycopodium counts

) X Total Lycopodium grains added

Concentration = Weight of sample (grams)
Trap Rm B/C Sa Am | Lr Aa Nf Ce Total non- Mangrove Mangrove Mangrove Total mangrove Concentration
Sample mangrove (major (minor (associate
species) species) species)

30 33.2 2.1 | 243 00 |00 |09 |04 |16.6 22.6 60.0 16.6 0.9 77.4 79734
57 261 |04 | 114 00 |00 |29 |00 |302 26.1 38.0 33.1 2.9 73.9 38003
2 265 | 0.7 |07 00 |00 |14.0 |29 |16.9 38.2 30.9 16.9 14.0 61.8 29301
24 216 |59 |00 39 /00 |59 00 | 412 21.6 314 41.2 5.9 78.4 7258
21 0.0 0.0 | 0.0 04 |00 833 |00 |35 12.7 0.4 3.5 83.3 87.3 21703
74 4.6 0.0 | 0.0 00 |00 |04 |04 |714 22.9 5.0 71.8 0.4 77.1 108630
22 4.2 09 | 0.0 00 |00 |693 |00 |10.2 15.3 5.1 10.2 69.3 84.7 74317
5 304 | 0.0 |44 00 |00 |17.7 |32 |13 41.1 38.0 3.2 17.7 58.9 36596
65 225 |09 |09 00 |00 |23 |00 |459 26.1 24.3 47.3 2.3 73.9 41723
9 7.1 1.3 |04 04 |00 |00 |04 |445 45.0 9.7 44.5 0.8 55.0 57297
70 1.6 0.0 | 0.0 04 |00 |00 |00 |755 22.5 2.0 75.5 0.0 77.5 264851
26 29.2 | 0.0 |00 00 (83 |00 |00 |417 20.8 37.5 41.7 0.0 79.2 3953
B17/T3/6 125 | 0.0 | 37.5 00 |00 |00 |00 |00 50.0 50.0 0.0 0.0 50.0 2195
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Trap Rm B/C Sa Am | Lr Aa Nf Ce Total non- Mangrove Mangrove Mangrove Total mangrove @ Concentration
Sample mangrove (major (minor (associate
species) species) species)

192 36.7 8.2 | 133 20 | 0.0 4.1 0.0 1.0 31.6 60.2 2.0 6.1 68.4 1949
162 76.1 13 | 0.0 04 | 0.0 2.1 0.0 4.3 154 77.8 4.3 2.6 84.6 15002
157 85.7 0.0 | 0.0 0.0 | 0.0 0.0 0.0 7.1 7.1 85.7 7.1 0.0 92.9 1186
152 82.8 04 00 0.0 0.0 0.4 0.8 6.7 8.4 84.1 6.7 0.8 91.6 115577
166 60.0 0.0 | 0.0 0.0 | 0.0 2.1 11 12.6 24.2 61.1 12.6 2.1 75.8 5937
114 19.6 0.0 0.0 2.2 0.0 8.7 2.2 10.9 56.5 239 10.9 8.7 43.5 1034
171 90.0 0.0 |33 0.0 | 0.0 0.0 0.0 0.0 6.7 933 0.0 0.0 933 16379
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Table A2: Grand Anse vegetation survey data. All sites displayed in Appendix Figure A2.

Site name Elevation Vegetation zone
(m MTL)
1 -0.22 Mixed Sa and Ra
2 0 Mixed Sa and Ra
3 0.05 Mixed Sa and Ra
4 0.07 Mixed Sa and Ra
5 0.07 Mixed Sa and Ra
6 0.11 Bruguiera dominated
7 0.2 Bruguiera dominated
8 0.4 Bruguiera dominated
9 0.69 Terrestrial dominated
10 -0.17 Mixed Sa and Ra
11 0.11 Mixed Sa and Ra
12 0.07 Bruguiera dominated
13 0.09 Bruguiera dominated
14 0.09 Bruguiera dominated
15 0.15 Bruguiera dominated
16 0.33 Bruguiera dominated
17 -0.08 Mixed Sa and Ra
18 0.08 Bruguiera dominated
19 0.2 Bruguiera dominated
20 0.33 Bruguiera dominated
21 0.7 Terrestrial dominated
22 0.55 Terrestrial dominated
23 0.49 Mixed Am and Lr
24 0.53 Mixed Am and Lr
25 0.39 Mixed Am and Lr
26 0.43 Mixed Am and Lr
27 0.37 Mixed Sa and Ra
28 0.32 Mixed Sa and Ra
29 0.24 Mixed Sa and Ra
30 0.11 Mixed Sa and Ra
31 0.07 Mixed Sa and Ra
32 0.47 Mixed Am and Lr
33 0.37 Mixed Am and Lr
34 0.33 Mixed Am and Lr
35 0.23 Mixed Sa and Ra
36 0.22 Mixed Sa and Ra
37 0.29 Mixed Sa and Ra
38 0.38 Mixed Sa and Ra
39 0.68 Terrestrial dominated
40 0.58 Terrestrial dominated
41 1.81 Terrestrial dominated
42 0.51 Terrestrial dominated
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Site name Elevation Vegetation zone
(m MTL)
43 0.53 Terrestrial dominated
46 0.61 Mixed Sa and Ra
47 0.43 Mixed Sa and Ra
48 0.4 Mixed Sa and Ra
49 0.33 Mixed Sa and Ra
50 0.33 Mixed Sa and Ra
51 0.34 Mixed Sa and Ra
52 0.15 Mixed Sa and Ra
53 0.14 Mixed Sa and Ra
54 0.27 Mixed Sa and Ra
55 0.18 Mixed Sa and Ra
56 0.21 Mixed Sa and Ra
57 0.26 Mixed Sa and Ra
58 0.23 Mixed Sa and Ra
59 0.32 Mixed Sa and Ra
60 0.3 Mixed Sa and Ra
61 0.39 Mixed Sa and Ra
62 0.38 Mixed Sa and Ra
63 0.3 Mixed Sa and Ra
64 0.3 Mixed Sa and Ra
65 0.36 Mixed Sa and Ra
66 0.39 Mixed Sa and Ra
67 0.38 Mixed Sa and Ra
68 0.51 Mixed Sa and Ra
69 0.46 Mixed Sa and Ra
70 0.7 Mixed Sa and Ra
71 0.91 Terrestrial dominated
72 1.19 Terrestrial dominated
73 1.44 Terrestrial dominated
74 1.65 Terrestrial dominated
75 1.87 Terrestrial dominated
76 2.02 Terrestrial dominated
77 2.05 Terrestrial dominated
78 0.43 Terrestrial dominated
79 0.47 Mixed Sa and Ra
80 0.82 Mixed Sa and Ra
81 -0.43 Mixed Sa and Ra
82 -0.38 Mixed Sa and Ra
83 -0.34 Mixed Sa and Ra
84 -0.32 Mixed Sa and Ra
85 -0.23 Mixed Sa and Ra
86 -0.18 Mixed Sa and Ra
87 -0.11 Mixed Sa and Ra
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Site name Elevation Vegetation zone
(m MTL)

88 -0.06 Mixed Sa and Ra

89 -0.09 Mixed Sa and Ra

90 0.02 Mixed Sa and Ra

91 0.08 Mixed Sa and Ra

92 0.13 Bruguiera dominated
93 0.19 Bruguiera dominated
94 0.22 Bruguiera dominated
95 0.27 Bruguiera dominated
96 0.33 Bruguiera dominated
97 0.38 Bruguiera dominated
929 0.46 Bruguiera dominated
100 0.48 Bruguiera dominated
101 0.52 Terrestrial dominated
102 0.86 Terrestrial dominated
103 0.92 Terrestrial dominated
104 0.88 Terrestrial dominated
105 1.65 Terrestrial dominated
106 2.17 Terrestrial dominated
122 0.25 Mixed Am and Lr

123 0.37 Mixed Am and Lr

124 0.29 Mixed Am and Lr

125 0.22 Mixed Am and Lr

126 0.18 Rhizophora

127 0.11 Rhizophora

128 0.06 Rhizophora

129 0.23 Rhizophora

130 0.29 Bruguiera dominated
131 0.28 Bruguiera dominated
132 0.34 Bruguiera dominated
133 0.94 Terrestrial dominated
134 0.28 Mixed Am and Lr

135 0.32 Mixed Am and Lr

136 0.21 Mixed Am and Lr

137 0.19 Mixed Sa and Ra

139 0.37 Mixed Am and Lr

140 0.36 Mixed Am and Lr

141 0.38 Mixed Am and Lr

142 0.53 Mixed Am and Lr

143 0.4 Mixed Am and Lr

144 0.42 Mixed Am and Lr

145 0.48 Mixed Am and Lr

146 0.37 Mixed Am and Lr

147 0.36 Mixed Am and Lr
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Table A3: Anse Boileau vegetation survey data. All sites displayed in Appendix Figure A3.

Site name Elevation Vegetation zone
(m MTL)

111 0.2 Mixed Sa and Ra
112 0.26 Mixed Sa and Ra
113 0.13 Mixed Sa and Ra
114 0.16 Mixed Sa and Ra
115 0.12 Mixed Sa and Ra
116 0.1 Mixed Sa and Ra
117 0.31 Mixed Sa and Ra
118 0.32 Mixed Sa and Ra
119 0.32 Mixed Sa and Ra
120 0.42 Mixed Sa and Ra
150 0.41 Mixed Sa and Ra
151 0.42 Mixed Sa and Ra
152 0.43 Mixed Sa and Ra
153 0.45 Mixed Sa and Ra
154 0.45 Mixed Sa and Ra
155 0.47 Mixed Sa and Ra
156 0.51 Mixed Sa and Ra
157 0.51 Mixed Sa and Ra
158 -0.36 Mixed Sa and Ra
159 -0.32 Mixed Sa and Ra
160 -0.3 Mixed Bg and Ra
161 -0.25 Mixed Bg and Ra
162 -0.23 Mixed Bg and Ra
163 -0.2 Mixed Bg and Ra
164 -0.16 Mixed Bg and Ra
165 -0.13 Mixed Bg and Ra
166 -0.1 Mixed Bg and Ra
167 -0.08 Mixed Bg and Ra
168 -0.14 Mixed Bg and Ra
169 -0.1 Mixed Bg and Ra
170 -0.1 Mixed Bg and Ra
171 -0.1 Mixed Bg and Ra
172 -0.51 Mixed Sa and Ra
173 -0.58 Mixed Sa and Ra
174 0.08 Mixed Sa and Ra
175 0.13 Mixed Sa and Ra
176 0.13 Am dominated

177 0.15 Mixed Bg and Ra
178 0.12 Mixed Bg and Ra
179 0.18 Mixed Bg and Ra
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Site name Elevation Vegetation zone

(m MTL)
180 0.21 Mixed Bg and Ra
181 0.2 Mixed Bg and Ra
182 0.2 Mixed Bg and Ra
183 0.21 Mixed Bg and Ra
184 0.21 Mixed Bg and Ra
185 0.21 Mixed Bg and Ra
186 0.22 Am dominated
187 0.23 Am dominated
188 0.27 Am dominated
189 0.28 Am dominated
190 0.27 Am dominated
191 0.3 Am dominated
192 0.32 Am dominated
193 0.06 Am dominated
194 0.45 Am dominated
195 -0.23 Mixed Sa and Ra
196 -0.39 Mixed Sa and Ra
197 -0.3 Mixed Sa and Ra
198 -0.28 Mixed Sa and Ra
199 -0.23 Mixed Sa and Ra
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Table A4: Surface sediment sample data for Grand Anse (see Chapter five for method details and uncertainties). Latitude and longitude are in decimal degrees, see Appendix
Figure A2 for distance from shore calculations. Fine sand (63-250 um), coarse sand (>500 um), silt and clay (<63 um). Vegetation codes: Sa is Sonneratia alba, Rm is Rhizophora
mucronata, Bg is Bruguiera gymnorrhiza, Am is Avicennia marina, Lr is Lumnitzera racemosa.

Site Latitude Longitude | Elevation Distance from TOC% | TIC% TC % Vegetation zone Fine Coarse Silt and
name (m MTL) | shore (m) sand % sand % clay %
2 -4.68218 | 55.45389 | 0 370.9 10.1 1.6 11.7 Mixed Sa and Rm 35.9 6.3 52.6
3 -4.68226 | 55.45401 | 0.05 3721 15.6 0.0 15.6 Mixed Sa and Rm 253 7.2 62.7
5 -4.68233 | 55.45398 | 0.07 377.3 22.0 0.6 22.7 Mixed Sa and Rm 25.0 9.1 59.3
7 -4.6825 55.45401 | 0.2 377.3 25.6 0.8 26.4 Mixed Bg and Rm 23.9 27.5 34.6
8 -4.68251 | 55.45398 | 0.4 380.3 10.5 2.0 124 Mixed Bg and Rm 11.8 52.3 23.8
9 -4.68251 | 55.45405 | 0.69 378.7 9.1 3.3 124 Terrestrial dominated 14.7 42.6 31.0
10 -4.6821 55.45402 | -0.17 378.3 10.6 0.1 10.7 Mixed Sa and Rm 12.3 65.5 12.2
14 -4.68237 | 55.45405 | 0.09 385.9 19.9 0.3 20.2 Mixed Bg and Rm 26.1 10.2 56.1
15 -4.6825 55.45406 | 0.15 387.8 25.2 0.6 25.7 Mixed Bg and Rm 234 22.8 42.8
17 -4.68227 | 55.45437 | -0.08 418.2 12.5 0.0 12.5 Mixed Sa and Rm 17.7 52.9 14.8
21 -4.68178 | 55.45498 | 0.7 475.6 2.7 0.0 2.7 Terrestrial dominated 14.4 43.4 33.8
22 -4.68181 | 55.45499 | 0.55 478.1 7.3 0.0 7.3 Terrestrial dominated 15.3 39.0 33.0
24 -4.6819 55.45483 | 0.53 455.2 2.5 0.0 2.5 Mixed Am and Lr 14.9 56.6 13.0
25 -4.68195 | 55.45468 | 0.39 446.9 2.1 0.0 2.1 Mixed Am and Lr 12.9 59.2 11.0
26 -4.68197 | 55.45463 | 0.43 442.2 2.2 0.0 2.2 Mixed Am and Lr 9.5 67.9 6.4
28 -4.682 55.45448 | 0.32 426.6 4.1 0.0 4.1 Mixed Sa and Ra 17.4 58.0 14.2
30 -4.68207 | 55.45437 | 0.11 415.2 8.5 0.1 8.5 Mixed Sa and Ra 25.9 44.4 21.5
31 -4.68209 | 55.45434 | 0.07 412.2 12.2 0.0 12.2 Mixed Am and Lr 28.2 27.3 39.0
32 -4.68186 | 55.45467 | 0.47 439.5 31 0.0 31 Mixed Am and Lr 16.1 55.8 12.1
33 -4.68186 | 55.45453 | 0.37 429.6 5.1 0.0 5.1 Mixed Am and Lr 13.6 63.1 9.5
35 -4.68183 | 55.4543 0.23 404.2 9.8 0.0 9.8 Mixed Sa and Rm 8.8 74.6 8.8
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Site Latitude | Longitude Elevation | Distance from | TOC% @ TIC % TC % Vegetation zone Fine Coarse Silt and
name (m MTL) | shore (m) sand % sand % clay %
37 -4.68174 | 55.45422 | 0.29 393.3 19.9 0.9 20.8 Mixed Sa and Rm 4.4 85.7 3.6
42 -4.68155 | 55.45418 | 0.51 386.7 34 7.5 10.9 Terrestrial dominated 16.0 55.0 9.0
46 -4.68207 | 55.45386 | 0.61 354.9 3.7 9.7 13.4 Mixed Sa and Rm 27.6 39.5 6.5
47 -4.68217 | 55.45377 | 0.43 349.7 6.1 4.0 10.0 Mixed Sa and Rm 24.3 34.9 21.2
51 -4.68244 | 55.4536 0.34 336.8 5.4 8.2 13.6 Mixed Sa and Rm 51.1 15.3 14.1
55 -4.68246 | 55.45346 | 0.18 326.8 9.0 4.6 13.6 Mixed Sa and Rm 36.3 121 41.8
56 -4.68248 | 55.45357 | 0.21 323.3 2.3 7.3 9.6 Mixed Sa and Rm 60.2 7.7 16.8
57 -4.68239 | 55.45358 | 0.26 329.9 4.1 5.2 9.3 Mixed Sa and Rm 52.1 14.5 20.6
58 -4.68239 | 55.45348 | 0.23 317.2 5.8 5.9 11.7 Mixed Sa and Rm 28.9 49.1 6.5
59 -4.68237 | 55.45344 | 0.32 317.4 2.5 8.1 10.6 Mixed Sa and Rm 46.7 26.2 8.9
65 -4.68233 | 55.45364 | 0.36 342.9 6.3 3.2 9.5 Mixed Sa and Rm 17.6 59.5 12.2
67 -4.68217 | 55.45373 | 0.38 339.3 3.7 4.0 7.7 Mixed Sa and Rm 26.2 37.8 13.5
70 -4.68207 | 55.4535 0.7 321.7 1.8 9.9 11.6 Mixed Sa and Rm 24.6 42.5 4.8
71 -4.6821 55.45349 | 0.91 323.2 3.8 10.7 14.4 Terrestrial dominated 24.3 44.0 4.4
72 -4.68207 | 55.45351 | 1.19 322.8 2.0 10.4 12.4 Terrestrial dominated 26.4 34.6 8.9
73 -4.68214 | 55.45351 | 1.44 322.6 0.9 10.5 11.4 Terrestrial dominated 28.8 32.6 7.2
74 -4.68213 | 55.45351 | 1.65 322.3 1.0 10.9 11.9 Terrestrial dominated 26.6 29.6 15.9
79 -4.68226 | 55.45322 | 0.47 293.0 0.8 10.0 10.8 Mixed Sa and Rm 65.6 6.6 53
80 -4.68205 | 55.45318 | 0.82 286.7 0.0 10.1 10.1 Mixed Sa and Rm 29.5 37.1 3.7
81 -4.68269 | 55.45262 | -0.43 231.5 4.6 8.5 13.1 Mixed Sa and Rm 76.0 7.4 2.6
82 -4.68277 | 55.4526 -0.38 230.5 3.8 9.8 13.6 Mixed Sa and Rm 68.2 11.5 4.0
83 -4.68271 | 55.45261 | -0.34 231.4 1.2 9.8 11.0 Mixed Sa and Rm 67.8 10.0 3.6
84 -4.68272 | 55.4526 -0.32 236.8 1.1 9.5 10.6 Mixed Sa and Rm 69.8 6.0 6.1
85 -4.6827 55.4526 -0.23 238.5 0.6 9.9 10.4 Mixed Sa and Rm 65.5 10.5 6.8
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Site Latitude | Longitude Elevation | Distance from | TOC% @ TIC % TC % Vegetation zone Fine Coarse Silt and
name (m MTL) | shore (m) sand % sand % clay %
86 -4.68272 | 55.45262 | -0.18 241.4 1.7 9.0 10.7 Mixed Sa and Rm 73.7 5.2 7.1

87 -4.68274 | 55.45259 | -0.11 243.1 3.6 8.2 11.9 Mixed Sa and Rm 62.2 12.6 10.4
88 -4.68267 | 55.45265 | -0.06 2439 0.0 9.7 9.7 Mixed Sa and Rm 65.9 15.9 4.1

89 -4.68276 | 55.45265 | -0.09 245.3 1.9 8.1 10.0 Mixed Sa and Rm 59.7 12.5 8.5

90 -4.68278 | 55.45267 | 0.02 246.9 0.8 8.7 9.5 Mixed Sa and Rm 51.3 20.7 10.1
91 -4.68281 | 55.45274 | 0.08 249.3 0.3 8.1 8.4 Mixed Sa and Rm 47.7 26.7 5.6

92 -4.68279 | 55.45277 | 0.13 253.2 4.1 7.3 114 Mixed Bg and Rm 59.7 8.2 12.7
93 -4.68282 | 55.45274 | 0.19 257.1 5.2 7.8 13.0 Mixed Bg and Rm 50.6 22.0 8.3

94 -4.68283 | 55.45279 | 0.22 259.3 1.8 8.3 10.0 Mixed Bg and Rm 9.1 0.0 90.9
95 -4.68282 | 55.45286 | 0.27 262.1 2.2 8.6 10.8 Mixed Bg and Rm 57.5 13.1 11.2
122 -4.68252 | 55.45552 | 0.25 552.7 7.9 0.0 7.9 Mixed Am and Lr 129 49.8 31.3
126 -4.68263 | 55.45542 | 0.18 549.0 12.5 0.1 12.6 Mixed Sa and Rm 18.1 20.8 55.5
127 -4.68268 | 55.4555 0.11 551.2 21.9 0.2 22.0 Mixed Sa and Rm 20.4 5.9 70.2
128 -4.68272 | 55.45547 | 0.06 553.6 22.3 0.1 22.3 Mixed Sa and Rm 19.3 1.0 77.9
129 -4.6828 55.45559 | 0.23 561.7 6.6 0.0 6.6 Mixed Sa and Rm 7.4 77.9 5.9
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Table A5: Surface sediment sample data for Anse Boileau (see Chapter five for method details and uncertainties). Latitude and longitude are in decimal degrees, see Appendix
Figure A3 for distance from shore calculations. Fine sand (63-250 um), coarse sand (>500 um), silt and clay (<63 um). Vegetation codes: Sa is Sonneratia alba, Rm is Rhizophora
mucronata, Bg is Bruguiera gymnorrhiza, Am is Avicennia marina, Lr is Lumnitzera racemosa.

Site Latitude | Longitude Elevation | Distance from TOC% TIC% TC % Vegetation zone Fine Coarse Silt and
name (m MTL) | shore (m) sand % sand % clay %
111 -4.70353 | 55.47561 | 0.2 57.5 0.0 10.5 10.5 Mixed Sa and Rm 51.2 16.2 5.3
114 -4.70343 | 55.47566 | 0.16 69.8 4.5 4.6 9.1 Mixed Sa and Rm 234 40.4 25.0
115 -4.70338 | 55.47573 | 0.12 79.2 4.2 5.1 9.3 Mixed Sa and Rm 24.6 37.6 25.5
116 -4.70339 | 55.47587 | 0.1 87.9 12.1 0.1 12.2 Mixed Sa and Rm 20.0 16.5 55.5
120 -4.70352 | 55.47582 | 0.42 73.8 2.2 7.3 9.5 Mixed Sa and Rm 25.8 44.1 11.7
150 -4.70345 | 55.47601 | 0.41 93.5 15.3 0.1 15.4 Mixed Sa and Rm 24.9 6.6 59.8
152 -4.70349 | 55.47612 | 0.43 98.1 18.6 0.1 18.7 Mixed Sa and Rm 20.1 3.6 72.4
155 -4.70357 | 55.47633 | 0.47 106.3 18.5 0.0 18.5 Mixed Sa and Rm 13.6 0.0 86.3
158 -4.70279 | 55.47617 | -0.36 159.9 7.3 0.1 7.4 Mixed Sa and Rm 31.7 221 40.0
160 -4.70292 | 55.47618 | -0.3 150.2 9.7 0.0 9.7 Mixed Bg and Rm 21.8 43.3 304
162 -4.70296 | 55.47624 | -0.23 151.4 10.0 0.0 10.0 Mixed Bg and Rm 23.9 39.1 29.9
164 -4.7031 55.47636 | -0.16 148.0 13.5 0.0 13.5 Mixed Bg and Rm 26.2 18.2 50.8
166 -4.70314 | 55.47647 | -0.1 152.1 12.8 0.0 12.8 Mixed Bg and Rm 234 1.2 74.5
169 -4.70324 | 55.47663 | -0.1 156.2 13.8 0.0 13.8 Mixed Bg and Rm 18.4 0.3 80.7
172 -4.70271 | 55.47622 | -0.51 198.1 12.6 0.3 12.9 Mixed Sa and Rm 26.2 23.1 42.3
174 -4.70263 | 55.47664 | 0.08 207.7 6.0 0.0 6.0 Mixed Sa and Rm 14.8 59.6 13.3
176 -4.70278 | 55.47666 | 0.13 196.9 3.6 0.0 3.6 Am dominated 10.7 72.3 8.1
179 -4.70292 | 55.47678 | 0.18 190.2 3.5 0.0 35 Mixed Bg and Rm 21.2 51.8 12.6
185 -4.70323 | 55.47687 | 0.21 192.2 3.5 0.1 3.6 Mixed Bg and Rm 13.7 0.0 85.1
186 -4.70279 | 55.47701 | 0.22 220.8 3.0 0.0 3.0 Am dominated 7.2 71.4 14.3
187 -4.70282 | 55.47704 | 0.23 230.6 6.1 0.0 6.1 Am dominated 6.8 69.8 17.2
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Site Latitude | Longitude @ Elevation Distance from TOC% TIC% TC % Vegetation zone Fine Coarse Silt and
name (m MTL) | shore (m) sand % sand % clay %
188 -4.70279 | 55.47713 | 0.27 236.1 4.9 0.0 4.9 Am dominated 5.7 72.6 16.3
190 -4.70285 | 55.47709 | 0.27 249.9 7.2 0.1 7.3 Am dominated 7.5 65.3 20.9
192 -4.70292 | 55.47717 | 0.32 260.3 6.9 0.0 6.9 Am dominated 6.3 65.8 23.5
197 -4.70259 | 55.47623 | -0.3 183.5 7.0 0.1 7.1 Mixed Sa and Rm 16.0 28.8 51.1
198 -4.70261 | 55.47623 | -0.28 183.5 6.1 0.1 6.1 Mixed Sa and Rm 24.9 30.4 38.0
199 -4.7026 55.47626 | -0.23 183.4 8.2 0.1 8.3 Mixed Sa and Rm 10.9 64.1 19.0
200 -4.70255 | 55.47625 | -0.07 183.6 2.7 0.0 2.7 Terrestrial dominated 10.2 62.5 20.9
201 -4.70254 | 55.47624 | 0.04 183.9 1.6 0.0 1.6 Terrestrial dominated 6.4 77.5 10.7
202 -4.70249 | 55.47627 | 0.26 184.2 1.3 0.0 13 Terrestrial dominated 114 56.1 24.4
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Figure A1: Sample sites analysed for biomarkers highlighted. Dashed white line is approximate mangrove zone, light blue line is the River Dauban.
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Figure A2: Total number of sample sites (vegetation, elevation, surface sediments) at the Grand Anse mangrove, with calculations for distance from shore visualised (sample
sites data in Tables A2 and A4). The orange line is a ‘cross-section’, to which sample sites are linearly interpolated (the pink dots). Distance from shore is calculated with the O
value marking the marine end of the cross-section line. The dashed white line is approximate mangrove zone, and the light blue line is the River Dauban.
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Figure A3: Total number of sample sites (vegetation, elevation, surface sediments) at the Anse Boileau mangrove, with calculations for distance from shore visualised (sample
site data in Tables A3 and A5). The green line is a ‘cross-section’, to which sample sites are linearly interpolated (the pink dots). Distance from shore is calculated with the O
value marking the marine end of the cross-section line. The dashed white line is approximate mangrove zone, and the light blue line is the River Cayman.
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Figure A4: A typical GC-MS chromatogram of the polar fraction of a surface sediment sample from Grand Anse (sample 58). IS is the internal standard (5a-androstanol), and
sterols and triterpene alcohols are as follows: I) cholesterol, 1) campesterol, 1) poriferasterol, IV) 8-stigmasterol, V) sitosterol, V1) taraxerol, VIl) B-amyrin, VIIl) germanicol, IX)
lupeol.
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Figure A5: A typical GC-MS chromatogram for the apolar fraction a surface sediment sample from Grand Anse (sample 5). IS is the internal standard (5a-cholestane, which is
co-eluting with the C29-alkane).
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Figure A6: Concentrations (ug per gram of TOC) of identified sterols and triterpene alcohols in the

Grand Anse surface sediment samples.
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Figure A7: n-alkane distributions (concentration ug per gram TOC) for each surface sediment sample

from Grand Anse.

161




| [} 1] \% ]
20- [ [
15 40- 154
1.5+ 30-
10 1.0+
1.0 20-
0.5 51 10! 0.5-
8 0 L—.—o 0 b—/\\i L‘—e 0-'04/_4\4&-‘-.—0 0 a—o—o—o—J‘L—o—o
T v Vi [ Vil Vil ]
© > >
5 3 60 80 .
g 60-
g 2 40 6l
§ 40-
o 1 204 4
'g 20 3 ﬂ
8 0 o—o—o—o—J b—o—0 0 0 /‘/\J tL\r-d 0 ‘L\Q—o
IX X ) Xl 250 - Total ooncentr'auons ]
6-
20- 200-
2
44 15- 150 -
14 10- 100- i
2 |
/\ A 05- 50 - 3
0 L—o—o 04 L—.—o OOO-O—H—J'L—H O-M LH‘

025 0 025050075 -025 0 025050075 -025 0 025050075 -025 0 025050075

VS Elevation (m MTL)

o Mixed Am and Lr
o Mixed Sa and Rm
o Terrestrial dominated

Figure A8: Terpenoid hydrocarbons tentatively identified in the Grand Anse surface sediment samples.
Only six out of eleven have been identified to compound level: Ill) des-A-oleana-9,18-diene, 1V) des-A-
oleana-5(10),6,12-triene, Vi) des-A-taraxera-5(10),14-diene, VIl) des-A-oleana-5(10),12-diene, VIII)
des-A-oleana-5(10),13(18)-diene, XI) 24-Norlup-22(29)-ene.
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Table A6: n-alkane concentrations (ug per gram total organic carbon).

sample  C19 C20 c21 Cc22 Cc23 C24 C25 C26 Cc27 Cc28 C29 C30 C31 C32 Cc33 total
81 0.00 0.00 0.10 0.27 0.38 0.22 0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.27

84 0.00 0.00 1.60 3.08 18.27 6.62 8.57 1.47 3.14 0.00 0.00 0.00 0.00 0.00 0.00 42.75
17 0.00 0.00 0.00 0.00 1.28 0.00 3.02 0.00 1.98 0.00 2.47 0.00 3.52 0.00 0.00 12.28
5 0.00 0.00 0.35 0.37 1.99 0.95 4.69 0.85 4.77 0.00 6.61 0.00 9.87 0.00 0.00 30.45
129 0.00 0.00 0.26 0.63 161 1.19 3.20 1.08 2.47 0.64 4.39 0.00 3.00 0.00 0.00 18.47
58 0.00 0.00 0.45 0.00 3.94 2.26 4.68 1.03 3.92 0.65 1.69 0.00 3.51 0.00 0.00 22.15
37 0.00 0.00 0.00 0.00 1.03 0.00 0.00 0.94 4.73 3.44 7.06 0.00 11.85 0.00 0.70 29.77
28 0.21 0.21 0.68 0.83 3.65 1.72 9.11 1.19 6.66 0.76 3.09 0.00 11.64 0.00 2.27 42.00
51 0.00 0.00 0.25 0.53 3.00 1.21 4.94 1.19 4.81 1.02 3.71 0.00 5.00 0.00 0.00 25.65
24 1.08 0.65 0.71 1.31 3.01 1.54 6.15 1.58 4.99 0.75 1.45 0.00 4.04 0.00 0.00 27.27
22 0.22 0.24 0.26 0.59 0.98 0.74 2.02 0.70 1.99 0.53 0.92 0.00 0.00 0.00 0.00 9.19

70 0.00 0.00 0.34 0.86 2.48 2.20 6.01 2.03 4.26 0.96 1.94 0.00 4.19 0.00 0.00 25.26
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Table A7: Terpenoid hydrocarbon concentrations (ug per gram total organic carbon). Only six out of eleven have been identified to compound level: Ill) des-A-oleana-9,18-
diene, V) des-A-oleana-5(10),6,12-triene, VI) des-A-taraxera-5(10),14-diene, VII) des-A-oleana-5(10),12-diene, VII) des-A-oleana-5(10),13(18)-diene, XI) 24-Norlup-22(29)-ene.

sample || | 1l 1\ Vv Vi Vil Vi IX X Xi Xi X totals
81 0.00 0.00 0.14 0.00 0.00 0.00 0.47 0.13 0.00 0.00 0.00 0.00 0.00 0.75
84 0.00 0.00 0.00 0.00 0.00 0.00 3.81 0.00 0.00 0.00 0.00 0.00 0.00 3.81
17 0.67 4.13 4.52 0.00 0.00 6.23 6.93 2.28 0.00 0.00 0.00 0.00 0.00 24.76
5 0.64 3.55 4.60 0.00 0.00 5.56 18.26 3.12 1.94 0.63 0.00 0.00 0.00 38.30
129 0.00 1.88 2.74 0.00 0.00 4.65 2.84 1.21 0.00 0.00 0.00 0.00 0.00 13.32
58 0.34 0.55 1.04 0.00 0.00 0.94 2.53 0.46 0.00 0.00 0.00 0.00 0.00 5.86
37 2.10 18.26 45.41 1.76 3.17 62.93 82.93 10.78 6.47 2.70 2.44 0.00 0.00 238.94
28 0.00 0.99 1.10 0.00 0.00 2.87 1.98 0.61 0.00 0.00 0.00 0.00 0.00 7.56
51 0.00 0.33 0.95 0.00 0.00 1.05 2.28 0.59 0.00 0.00 0.00 0.00 0.00 5.21
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
70 0.00 0.00 0.00 0.00 0.00 0.00 0.94 0.00 0.00 0.00 0.00 0.00 0.00 0.94
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Table A8: n-alkane indices for Grand Anse surface samples. CPI (carbon preference index), ACL
(average chain length), Paq (aquatic vs. terrestrial organic matter index).

sample CPI ACL Paq
81 1.36 25.00 1.00
84 1.45 25.54 1.00
17 0.00 28.18 0.42
5 14.48 28.67 0.29
129 4.49 28.10 0.39
58 3.49 27.58 0.62
37 5.55 29.70 0.05
28 8.92 28.47 0.46
51 5.39 27.95 0.48
24 4.29 27.41 0.63
22 2.49 26.55 0.77
70 3.16 27.53 0.58

Table A9: n-alcohol totals and phytol concentrations (ug per gram total organic carbon) for Grand

Anse surface sediments.

sample phytol n-alcohol
totals
81 20.74 32.53
84 290.15 292.83
17 34.14 961.67
5 0.00 632.57
129 65.11 1501.87
58 26.41 264.34
37 103.11 681.35
28 148.30 485.54
51 13.34 217.59
24 158.09 195.00
22 116.06 89.77
70 0.00 229.57
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Table A10: Sterol and triterpene alcohol distributions in ug per gram TOC. Compounds are A: Cholesterol, B: Campesterol, C: Poriferasterol, D: 6-stigmasterol, E: Sitosterol, F: 8-
Germanicol, J: a-amyrin, K: Lupeol, L: Lanosterol.

sitosterol, G:

Taraxerol, H: 8-amyrin, I:

sample A B C D E F G H | J K L totals

81 23.18 0.00 0.00 10.27 9.77 0.00 582.88 84.34 46.98 0.00 | 40.53 0.00 797.94
84 143.19 | 0.00 96.08 132.36 304.52 0.00 3944.97 | 461.83 226.56 0.00 | 992.11 | 0.00 6301.63
17 31.75 0.00 100.30 0.00 334.74 0.00 9021.48 | 939.53 528.63 0.00 | 642.60 | 0.00 11599.02
5 36.90 44.34 156.83 0.00 731.37 0.00 3760.32 | 3763.32 992.96 0.00 | 1286.71 | 0.00 10772.76
129 39.56 104.09 303.94 0.00 290.20 0.00 1361.74 | 228.21 145.00 0.00 | 196.15 | 0.00 2668.88
58 34.86 0.00 29.03 36.44 103.97 0.00 2243.54 | 274.99 153.41 0.00 | 158.51 | 0.00 3034.75
37 197.15 | 79.67 229.75 0.00 908.41 0.00 8759.60 | 4032.76 1567.81 0.00 | 2358.33 | 0.00 18133.48
28 29.17 0.00 87.88 47.16 197.12 0.00 724196 | 1176.35 612.74 0.00 | 1159.82 | 0.00 10552.20
51 0.00 0.00 17.83 0.00 102.16 0.00 2456.25 | 265.78 154.19 0.00 | 187.01 | 0.00 3183.22
24 52.17 0.00 31.73 48.48 140.75 67.53 755.69 128.67 62.45 93.61 | 209.51 41.99 1632.60
22 15.25 13.25 26.33 13.24 124.06 0.00 597.48 35.00 0.00 0.00 | 50.30 0.00 874.91
70 36.98 0.00 0.00 0.00 85.84 0.00 8227.11 1013.09 233.54 0.00 | 213.78 | 0.00 9810.34
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Table A11: Detailed core descriptions as per described in Figure 3.3. Note core descriptions for Core A and Core B were completed as part of the Woodroffe et al. (2015a) study.
Lithology is grouped as described in Figure 3.3, and the detailed description is recorded according to the Troels-Smith (1955) classification of unconsolidated sediments.

Core name Depth (cm) Lithology Troels-Smith description
Core 1l 0-34 Organic carbonate sand Ga4, Gs+, DI+, Th+
34-45 Organic carbonate sand Ga3, Gsl, DI+, Th+, Sh+
45-50 Organic carbonate sand Ga4, Gs+, DI+, Th+
Core 2 0-10 Organic coarse graniticsand  Ga3, Thl, Sh+
10-50 Sandy peat Gal, Thi, Sh2, Ggmin+, Gs+, DI+
Core A 0-15 Organic coarse graniticsand  Ga3, Sh1, Th+
15-27 Sandy peat Gal, Gs1, Sh2, Th+
27-85 Peat Sh2, Th2, Dg+, Gs+
85-91 Organic carbonate sand Gs2, Dgl,Thi, Shl
Core 3 0-50 Peat Th3, Sh1, Ag+, DI+, Ggmin+, Gs+
Core 4 0-37 Coarse granitic sand Gs3, Thi, DI+, Ggmin+
37-100 Peat Th3, DI1, Gs+, Ag+
Core B 0-28 Coarse granitic sand Gs2, Gal, Agl, Gg(min)+
28-113 Peat Dg2, Sh1, Thl, Gs+

113-250 Organic coarse granitic sand  Gs2, Sh2, Dg+, Th+
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