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Abstract

Unclear predictions surrounding climate changep@ated sea-level rise and potential impacts upastal
environments have placed an emphasis on the inmuertaf sea-level change. Past sea-level fluctustion
have been measured using biological and geomorgiealdforms of evidence. One such biological praxy
salt-marsh foraminifera, which have been used ldgtaresolution indicator of past sea-level charigesed

on the assumption that surface foraminiferal assmgels are similar in composition to buried fossil
foraminifera. In South Africa, there is ongoingeasch seeking to produce high-resolution recordseaf
level change, however foraminifera remain an untiezed source of proxy evidence. This researchiapp
salt-marsh foraminifera as precise indicators &dtiee sea-level change at Kariega Estuary on thetefn
Cape coastline of South Africa. Distributions of adeon foraminiferal assemblages were investigated,
revealing vertical zonation across the intertidale The foraminiferal and marsh vegetation zoneewn
part similar and overlapped to a certain extengniiflying three zones; high, low and tidal flat3his
suggested foraminiferal distribution is a direchdtion of elevation relative to tidal fluctuatioA. 94 cm
core consisting of peat, sand and clay sediments exdracted from the salt marsh. A chronological
framework for the core was based on five AMS radibon age determinations of both bulk sediment and
shell fragment samples placing the record withaltst 1500 years Before Present (BP). The basHlale
was a clear outlier to all bulk sediment ages, pbsas a result of shell recrystallisation. Thakbsediment
age determinations suggested two possible age saserpotentially linked to sedimentary hiatus or
contamination. These inconsistencies in the chamylWere best viewed as separate age models. The co
was analysed at a high resolution, whereby fossdrhinifera were extracted every 2 cm’s down the.ca
transfer function was applied to calculate the ferralevation at which each core sample once existed
produce a relative sea-level reconstruction. Hoemstruction was related to the age models tousetivo
possible sea-level curve scenarios. Reconstructeas from both scenarios depict a 0.5 m (+0.16ea)
level highstand at 1500 cal years BP followed bgvestand of -0.6 m (+0.03 m). Scenario One readtsed
lowest recorded sea-level between 600 cal yearar8F500 cal years BP and then fluctuated beloweptes
day levels. Scenario Two reached its lowest recbssa-level around 1200 cal years BP, followeddwy |
amplitude fluctuations and a relatively stable peéfirom 100 cal years BP till the present day. Th60 cal
years BP highstand recorded for both scenario®letess well with existing palaeoenvironmental &tere
from the southern African coastline. Chronologilbaitations associated with the remainder of theord
hinder inter-comparison with previous studies. Tutcomes of this research suggest that intertidid s
marsh foraminifera demonstrate enormous potentiaktfe high-resolution reconstruction of relativeas

level change in the South African context.
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CHAPTER ONE: INTRODUCTION

The fundamental characteristic of the earth is thats undergone constant change, varying in aigk
magnitude, through time (Hidore, 1996; Oldfield08D The earth has been warmer and cooler, wattér a
drier, species have disappeared and evolved (Qidf®05), and sea levels have fluctuated throumgke,t
inundating and draining coastal environments (Laskbet al, 2004). The drivers of relative sea-level
change include tectonic (uplift and subsidencegtatic (fluctuations in global ice volume or ocdzasin

volume), hydro-isostatic processes and fluctuatinrsediment supply (Carr and Botha, 2012).

As a consequence of recent advances in man’s daddisg of global environmental fluctuations oviee t
last two million years and species response to @agtonmental changes, detailed reconstructionsast
environments, including relative sea-level, are mmgsible (Roberts, 1998). Improved understandimd) a
knowledge of past environments can provide insigihd predictions of future environmental climatic
changes (Williamet al, 1993).

During the 28 century, sea level has risen significantly fagitem in past centuries (Bindoét al, 2007)
and has been a major threat to society espec@ltiidse living in low-lying coastal areas (Chuethal,
2001; Nicholls and Cazenave, 2010; IPCC, 2011)rftaee approximately 200 million people living in
coastal regions that are vulnerable to floodingekireme sea levels and the erosion of shorelineh@Ns
and Cazenave, 2010). The displacement of coastaystems such as salt marshes or intertidal zanes a
result of sea-level rise could cause significamneenic and ecological losses. Such ecosystemsiginéy h
productive and provide a number of important ecesysservices; flood protection, storm protection,
nurseries for fish species, waste assimilation arel important to nature conservation (Nicholls and
Cazenave, 2010).

Evidence of sea-level change is derived from arcloggcal sites, geomorphological features, tidaliga
records, satellite records, geophysical modelind aalt-marsh sediments that accumulated during the
Holocene (Cronin, 2012). In the southern Africanteat, information related to past environmentarae
has been limited due to the lack of researchengliffig and environmental limitations regarding theavery

of palaeoenvironmental data (Chase and Meadows])2@uated away from the large ice sheets in the
northern hemisphere, southern Africa has been stiateless affected by the melting of the ice sheets
during the post-glacial period (Norstrost al, 2012). Southern African sites are useful to ust@@ding
eustatic sea-level change as they are generatiynieally stable, however, other factors such asldlading

of estuaries by fluvial sediments and water tabiestfiations caused by human activity need to be
acknowledged (Nicholls and Cazenave, 2010). Sevecaht reviews of sea-level change exist (Chunth a
White, 2011; Gehrelst al, 2011; Nichollset al, 2011; Siddall and Milne, 2012; Gehrels and Woodi

2013) although these have a tendency to focusendtthern hemisphere.




Much geomorphological evidence lies in erosiveues; such as benches, notches, pools, terraceseand
caves, which can be difficult to date (Isla, 1989larine deposits are one of the most commonly used
indicators as their shape and stratigraphy ardyddsintified as coastal features (Pirazzoli ande®]1991).
However, shell or coral fragments can add uncestaas they may be older than the deposits whexne dhe
situated due to tidal range and storm events. dtgs extremely difficult to quantify how close ttate of
organic material is to specific palaeolevels (Ricdizand Pluet, 1991), as one is unable to attaspegific

date without supporting evidence from other relateaH-level indicators.

In addition to geomorphological evidence a numkfepiological proxies have been used to elucidate se
level change. Coral reefs and encrusting marinaresgns collected at different growth stages aredfribe
most reliable measures of the age of past seaslesgecially for coral reefs and coralline algaé those
species that inhabit areas close to the low tidel IPirazzoli and Montaggioni, 1988; Hopleyal, 2007).
Coastal plant remains can be used for sea-leveiestiespecially when they are found layered between
marine deposits, the most widely used materialstarth work is marshy peat. However, it is important
remember that compaction can occur and to minirthizearror, the preferred peat layer to use islmath

sits above the hard older stratum. This is a gomticator of when water first flooded previously ope

ground along the coastline (Pirazzoli and Plue$1)9

Salt marshes display distinct vegetation zonatioeated by different types of plants being ableitbstand
tidal inundation and inter-specific competition.€Tielationship between elevation and salt marsketatign
has allowed researchers to date plant fragmentsathaembedded in salt-marsh sediments, providiagt
with accurate ages of sea-level markers (Gehr8B4)1L The disadvantage of this method is the larpk
changeable vertical distribution of plants, howegsant fragments have the advantage of being @gibthe
naked eye (Gehrels, 1994).

Submerged forests and mangroves are also goodatodicof past sea level (Pirazzoli and Montaggioni,
1988). This is especially true in situations whieee species that inhabit terrestrial areas furiland are
found at significant depths along the continentt@ges (Douglagt al, 2001). However, submerged forests
are often buried below marine sediments and cay balstudied by employing geophysical surveys and
advanced coring methods (Pirazzoli and Montaggib®88; Pirazzoli and Pluet, 1991). Another impartan
consideration is whether the organism was buieditu or was transported and deposited elsewhere. In
instances where a rooted tree stump is discoveisgafe to assume that it could not have beersparted
(Douglaset al, 2001).

Sediment records derived from salt marshes camhblysed using several proxies including foramirgfer
diatoms and plant macrofossils, thereby providiegianal sea-level curves with an accuracy of 540 ¢

(Baxter and Meadows, 1999; Cronin, 2012). Diatoms excellent indicators of past and present




environmental conditions particularly in estuargystems, as they have discrete and well definedatab
preferences, and are abundantly and well presemveeldiment. Thus, changes in diatom assemblages do
a dated sediment core are valuable in determirast) gnvironmental conditions (Denys and De Wolf2,9
Norstromet al, 2012).

Salt-marsh foraminifera have become an essenilfto reconstructing the characteristics and tonaf
palaesoenvironmental change (Scettal, 2001). Foraminifera are unicellular marine oiigars which form
shells, or tests, that remain fossilized in sedinfeiiowing death. Their fossils are durable andilga
collected and separated from the sediment, maklimgntexcellent tools for reconstructing historical
environmental change (Sceit al, 2001). Accurate sea-level information can beaioletd as a result of the
vertically zoned nature of salt-marsh foraminiferelated to tidal levels and altitude (vertical aton
concept; Scott and Medioli, 1978). In some casas;nsarsh foraminiferal assemblage zones can defiae
level to within £ 0.05 m (Leorret al.,2010). This is the result of the relationship bewé¢he assemblages
of agglutinated salt-marsh foraminifera and thevatien above mean sea level (Scott and Medioli,8197
Salt marshes experience both daily and seasonaltigas in salinity, frequency of flooding and othe
parameters, which are linked to tidal overflow (&get al, 2006). Salt-marsh foraminifera are controlled
as much by tidal elevation as by the mean salofithe water (Leorret al, 2010). The distribution of salt-
marsh foraminifera is generally similar in all teenate areas and follows the vertical zonation cptde
that they serve as accurate proxies for past sehseconstruction (Scott and Medioli, 1978).

Although salt-marsh foraminifera are consideretacaccurate and precise tool for reconstructingesesd
changes during the Holocene (Scott and Medioli,819Fehrels, 1994; Woodroffet al, 2005), there has
been limited application of this proxy in South i&& (Albani, 1965; Moura, 1965; Martin, 1981; McMih,
1986; 1990; 1993; Cooper and McMillan, 1987; Wrigltal., 1990; Rocha, 1995; Lindsagt al., 1996;
Franceschiniet al., 2005). Relatively little has been published regagdihe modern distribution of salt-
marsh foraminifera in South Africa and their redaship with tidal levels remains inadequately qifizck
(Franceschinget al., 2005). Monitoring and management of recent sed-lgvange can be achieved using
salt-marsh foraminifera, which ultimately can inforemediation initiatives related to changing calsind
use (Scotet al, 2001). With the possibility of large scale epwimental and climatic changes predicted for
the future, insight into the effects of past climathanges will contribute to a better understagdirf
conditions that may emerge in the near future (Asaleet al, 2007). This research investigates the
application of intertidal salt-marsh foraminifeareconstruct relative Holocene sea level alongghstern

Cape coastline of South Africa.




1.1 Aim and objectives

The aim of this research is to determine the agpliity of intertidal salt-marsh foraminifera tocanstruct
relative sea-level change for an estuarine systengahe east coast of South Africa. Specific otijes are

as follows:

I.  To map estuarine vegetation and compare with coitigoasl changes in the surface foraminiferal

assemblages;

II.  To determine whether foraminiferal assemblagefhiénKariega Estuary show evidence of vertical

zonations;

lll.  To extract a series of sediment cores from thensaish and establish a stratigraphy;

IV. To determine foraminiferal species composition aindance at increments along a selected

sediment core;

V.  To develop an age-depth model for this sedimerg;cor

VI.  To develop transfer functions using ecological infation contained within modern distributions of

salt-marsh foraminifera and

VII. To apply a transfer function to fossil assemblagga do reconstruct a relative sea-level curve.

1.2  Structure of thesis

Chapter one introduces foraminifera in terms ofrthalaeoenvironmental significance in the recarcton

of sea-level change, particularly in the South @€ri context. Sea-level change is an important asgec
climate change, yet is complex and often misundedstThe chapter defines the aim and objectivesridr
rationale for this research. Chapter two outlines approaches that were carried out during thidystu
providing a theoretical background to the resedyglsummarizing both advantages and limitationshef t
methods. It identifies the important morphologicalaracteristics of foraminifera examined. A literat
review places into perspective a combination ofvijpies palaeoecological studies conducted on sesd-lev
change using a variety of proxies during the latat@rnary in southern Africa. The results from ssitilies

in southern Africa are described in chapter thidas chapter sets the context for results obtafnma this
research. Chapter four provides a description efdtudy site. It provides background to South Ainic
estuaries and salt marshes. The methodology chdewsribes the methods used and justification for

selection. Chapter six presents and describeethits of foraminiferal analysis, radiocarbon datmd the




transfer function. Chapter seven reconstructs geatlevel change from Kariega and places it intteod
with previous palaeoecological studies on sea-l@hgnge conducted in southern Africa. In the final
chapter, a brief summary is provided to the chaimgesea-level at Kariega during the Holocene and
determines to what extent the aim and objectivakisfstudy were achieved.




CHAPTER TWO: FORAMINIFERAL ANALYSIS AND DATING

The reconstruction of coastlines has been promioyedumerous disciplines, using archaeological nrarke
geomorphological evidence and biological indicatditsis chapter provides a theoretical backgrounthéo
collection and analysis techniques of foraminifenal the reconstruction of sea-level change. Mucthief
chapter is dedicated to identifying important manplgical characteristics of foraminifera, with peutar
attention given to the fact that foraminiferal asbages form discrete vertical zones along theatienal
gradient of a salt marsh. Finally the chapter oedidifferent methods used for interpreting theadtte
associated advantages and limitations, the useaon$fer functions and a brief description of radibon

dating.

2.1 Foraminifera

Foraminifera appear in many shapes and sizes, renfd@nd from the deepest parts of the ocean throog
shallow tidal flats (Boudagher-Fadel, 2008). Fordfara evolved during the Cambrian and continued to
develop during the Phanerozoic, slowly diversifyittgoccupy most marine environments (Boudagher-
Fadel, 2008). Although foraminifera are unicelluléhey perform the life functions of a myriad of
multicellular animals. As Goldstein and Watkins 429 37) explain “foraminifera and other protists
specialized by diversifying subcellular componem®rganelles to perform these various functiorchsas

eating, moving, growing and reproducing”.

2.1.1 Growth

The majority of foraminifera grow a complex, firralcite skeleton comprised of a string of chambersin

as a shell or test. These tests are resistantcydnd morphologically diverse making them geaalty
useful in reconstructing past sea levels (Boudagheel, 2008). Foraminifera can grow in two waytes

by a single chamber increasing in size or by spoadig adding a new chamber to the existing (Gautst
and Watkins, 1999). Single-chambered tests growtimoously, whereas multi-chambered tests grow
intermittently with each growth event will be repeated by a new chamber. However, when the chambers
are viewed one is not able to identify any growimed (Murray, 1979). The sub-group of benthic
foraminifera known as the “larger benthic foramémé” has a more complicated structure (Boudaghdeli-a
2008: 07). It can take foraminifera a matter of m@s or days to form a new chamber, but it is varg that
one is able to observe the secretion of a chanasethe pseudopodium has an important part to play i
shaping and putting in place a template aroundwthie new chambers are created. In most casestigi®w

genetically controlled although in changing enviramts such as estuaries, it is common to obtain




environmentally-induced abnormalities. These abmditids can include smaller chamber sizes becafise o

food shortages or changes in the direction of dikng of the shell (Murray, 1979).

2.1.2 Foraminiferal tests

Foraminifera are classified according to test cositpon into three main groupsiz., porcellaneous, hyaline
and arenaceous (Murray, 1979; Scott and MedioB6)9Porcellaneous foraminifera are calcareous; the
appear white under a light source. The pseudopodigude out of the last formed chamber of the test
instead of out of tiny perforated pores on the {Bsady et al, 1870; Wetmore and Plotnick, 1992). The
hyaline or vitreous test is transparent and cateazeMany pseudopodial apertures may perforatevtiis

of the shell. Lastly, arenaceous foraminifera asglenup of siliceous particles embedded into arahis
matrix which is a protective substance forming parthe tests outer wall. There are also varioueot
minerals and biogenic material such as shell dedmid sponge spicules. The matrix contains a notable
portion of peroxide of iron which can give it a désh colour. The pseudopodia extend from the teamin

aperture on the shell (Wetmore and Plotnick, 1992).

Foraminiferal tests will consist of a chain of chzers which are separated by sarcode partition (EigLL).
Each partition, or what is known as a septa, isopated by one or more apertures (Bratyal, 1870).
Depending on the species, each chamber may hayvedirfiorations on the outer wall through which the
pseudopodia extend or it may only be emitted ouhefaperture on the last chamber to be formed ri\tiet
and Plotnick, 1992).

Tubercle

)/Hetral process

Umbilicus
with boss

Apertural face

Sulure

Figure 2.1: General morphological features of a for  aminiferal test (after Murray, 1979)




The direction of the chamber is genera-specifichwitultiple variations unilocular refers to a shell
comprising of a single chamber. Uniserial referettambers added in a single linear series, whderkzil
refers to chambers added in a double linear sarestiserial a triple linear series. Planispirders to
chambers that are added in a coil within a sintdeglike the chambered nautilus. Trochospirainslar to
that of a snails test whereby chambers are addeal doil that forms a spiral. Milioline refers to an
arrangement where each chamber stretches thefigitH of the test and each successive chambeadsal
at an angle of up to 180 degrees from the previmlative to the central axis of the test (Wetmanel
Plotnick, 1992).

The shells of foraminifera comprise of a numbediffierent types of material (Loeblich and Tappa®64)
which forms the foundation for defining the highaxonomic levels of this group. These higher grocgrs
then be subdivided by their external morphologi€silfer, 1993). From the test composition one can
determine where a range of species or their fossikins will survive (Scott al, 2001). For foraminifera
that secrete calcium carbonate (Cala® form their test, the fossilization will depend whether or not the
environment is conducive to carbonate preservatipitCrone and Schafer, 1966). Agglutinated
foraminifera form their shell by cementing detritahterial and are able to survive in sedimentshickvno
carbonate is present. These areas either havealovitysor the water is much colder and thereforakes the
precipitation of carbonate difficult. Thus, as saliconditions increase and the temperature of terw
becomes warmer so agglutinated foraminifera arlaced by CaC@secreting forms (Sco#t al, 2001).
However, this is not the case if the pH is lowebgdeither a high organic matter concentration dova
oxygen concentration (Schafer, 1973). These camditare often associated with coastal environntbats

have become contaminated by pollution (Seotl, 2001).

Foraminiferal tests are not only used to reconsipast sea levels but also used in the biostrauigyraf
dune deposits. Foraminiferal tests are one of #we tests that are produced by a living organism and
transported completely. Therefore, fossil forangraf assemblages contained within the dune caratesl d
and a relative age assigned to strata within theedthereby determining when and how it was formed
(Franceschini and Compton, 2007). By distinguistietyveen agglutinated and calcareous foraminitere,

is thus able to separate a marsh into zones ofdrighow marsh (Gehrels, 1994).

The chemical composition of the shell is importastthis could indicate the chemical compositiorthef
water in which it developed (Wetmore and Plotnit892). The chemical composition of foraminiferatges
that have accumulated in deep-sea sediments ardabplovide a record of past ocean compositiohs. T
palaesochemical record is encoded in the form of/éir@ble isotopic and ion ratio’s that exist i tiest. The
chemical variations between tests can be direictket to changes in sea water composition. Thezetbe
assumption is made that foraminiferal tests arehiemical equilibrium with surrounding sea watergle¢

al., 1995). On a global scale scientists have be&ntalmap past temperatures of the water by mesguri




the stable oxygen isotope values of planktonic lagwthic foraminifera tests found in deep-sea cdggs.
mapping past sea temperatures one is able to seddib currents and climate have changed which may
help predict future changes (Stanéyal, 1988; Wetmore and Plotnick, 1992).

2.1.2.1 Calcareous tests

Calcareous foraminifera are benthic and found imndance in the ocean but are relatively rare ieriiatal
zones. Such species are found in the mudflats badnels of the intertidal zone (Hortehal, 2005b) and
will appear white and glassy (Gehrels, 2002). Thests are usually considerably larger in sizd, afien
present traces of abrasion and dissolution, andbegyartially pyritized (Fiorinet al, 2010; Hortoret al,
2005b). The dissolution of calcareous tests is comiin salt marshes especially during summer, which
reflects an increase in productivity within a salirsh during the summer months (Scott and Medi®®0;
Horton and Edwards, 2003). Calcareous foraminiteranot preserve well in marsh peats (Gehrels, 1994)
and once they die, the protoplasm degrades quidkigh makes it difficult to determine which werévalor
dead on collection of surface samples (Horton addeds, 2003). Such foraminifera that build théiells
from carbonate work similar to ‘carbon sinks’ agythabsorb carbon and calcium from the seawater
(Wetmore and Plotnick, 1992).

2.1.2.2 Agglutinated tests

Agglutinated foraminifera are associated with salirshes and estuarine systems (Fioehial, 2010;
Gehrels, 2002). The majority of agglutinated temts relatively small and in many cases pyritized or
fractured (Fioriniet al, 2010). Agglutinated foraminiferal test compridedetrital clastic material, which is

a collection of separate particles that are congactsnd held together by a lining. When viewed urde
microscope, agglutinated foraminifera will usuadippear brown or beige in colour. Unlike calcareous
foraminifera they are able to survive in acidic dibions, which helps explain their presence in satshes
(Gehrels, 2002). Agglutinated foraminifera tests msually the only tests that preserve well in-geltsh
sediments (Gehrels, 1994), and display a paralbl mean tidal levels (Horton and Edwards, 2003tSc
and Medioli, 1986). Such foraminifera exist in distive biofacies within a salt marsh (Gehrels, 49%nd
usually in vegetated zones of the marsh (Hodbal, 2005a). All foraminifera referred to as intedalicire

benthic, will inhabit the sediment surface or jostow the surface (Gehrels, 2002).

2.1.3 Habitat preference

Foraminifera are found throughout the ocean wittnglonic foraminifera found suspended in the watet
benthic living on the sea floors and in brackisll arear shore zones (Murray, 1979; Boudagher-Fadel,
2008), they however have very specific habitat gnexices (Murray, 1979). As an environment becomes
more stable so an organisms population will inae#ss is the same for foraminiferal populaticihe, less

variability and the warmer it is so the populatioaoreases (Scoét al, 2001).




Areas of high productivity and environmental vaiii@plie between coastal marshes and approximatedy
middle of coastal shelves, which are known as matginarine habitats (Sen Gupta, 1999). The greatest
diversity of foraminifera occurs in reef environnefMurray, 1991). However, salt-marsh foraminifara
able to endure a much wider range of both daily seasonal environmental changes, which is refldoyed
the low variety and changeable composition of forgieral assemblages (Leoret al, 2010). Benthic
foraminifera that reside in shallow waters suctsas marshes will attach themselves to a substrateill

live within the first few centimeters of sedimemhey will not usually be found deeper than 5 cm #rel
sediment will need to be oxygenated (Murray, 19Géhrels, 2002). Other benthic foraminiferal speuwigéls
prefer to cling to a solid surface such as rockells or plants using their pseudopodia, and sontle w

permanently cement themselves to a surface (Mut@g9; Scotet al, 2001).

2.1.4 Patterns of distribution

A number of environmental variables influence th&rgbution patterns of foraminifera. Temperatueah
been identified as the main controlling factor flmraminiferal global distribution; however, Cushm@g®59)

proposed that historical factors such as tertiaigrations could influence modern distributions (&land

Buzas, 1999).

The majority of foraminifera are planktonic and atebally distributed in the latitudinal temperdielts.
They are suspended near the surface of the waiag alith other marine zooplankton. Major environtaén
variables controlling planktonic foraminifera areliwunderstood, and include temperature, salinily the
productivity of the upper 100 m of surface seawd®anktonic species are restricted to the highheon
and southern latitudes and absent in between amdftite are said to be distributed along the id¢itu(Sen
Gupta, 1999). This will be explained further intsat 2.2.1.

The second group of foraminifera, benthic, are ébahgreater depths in the ocean and are attadtied &®

a surface or in the sediment (BouDagher-Fadel, 2008 distribution of foraminifera is limited whehey

are exposed to the atmosphere as they are nott@tdarvive outside of water. On a local scale, the
distribution of foraminifera is impacted by the #ahility of different surfaces substrates (Murrdy@79)

and on a regional scale, temperature will affeet distribution of species (Cushman, 1959; Culvat an
Buzas, 1999). However, numbers of benthic foraremaifspecies appear greater in regions with warmer
water. For example, studies conducted on the cemith margins of North and Central America has show
that their distributional limits are similar to tle@undaries of major water masses in the regiotvéCand
Buzas, 1999).

Although there are a number of different variabdéfecting foraminiferal zonations, the distributiar
marsh surface foraminifera is similar in all temgier environments and follows the vertical zonations

concept (Leorriet al, 2010). The highest tidal flats are dominated Jadammina macrescensnd
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Trochammina inflataand as the salinity and elevation decreadepjophragmoideseplace the species that
were found in the higher tidal levels. Howeverthet mid-tidal elevations calcareous species becwmarer
depending on the accessibility of calcium carbondthin the environment (Leoret al, 2010). Estuaries
are characterized byliliammina fuscaand Ammonia beccariiwhilst Reophax moniliformjsSpiroloculina
excavataand Quingueloculina bicornisare found in estuary mouths and near shore arbasewsalinity
approaches an average of >10 ppt (Murray, 1979j)inBuhe tidal exchange of water, small species and
juveniles will be transported from the coastal Eiveb deeper coastal waters (Murray, 1979; Leetral,
2010). While small benthic foraminifera are foundsediments in salt marshes, larger benthic fordenan

seem to be restricted to more tropical waters wittepth of less than 60 m (Culver and Buzas, 1999).

Benthic foraminifera predominantly occur at theisemht-water interface however, they have been fatnd
depths of up to 10 cm in marine sediments. Evehimwisuch a small space, large changes can take plac
within this microhabitat. Notably, sediment graires will shift from finer sediments near the sugao
coarser further down. The sediment-water interfaitiehave a high concentration of oxygen and bé iiic
nutrients, while at deeper depths there will bigelibr no oxygen and the organic matter that doest will

have a low nutritional value (Jorissen and Whigf)it999).

2.2 Application

The following section will discuss the techniqubattare applicable to the collection and analysisadt-
marsh foraminifera. Intertidal foraminifera haveebeused to reconstruct sea-level changes from the
Holocene period (Hortoret al, 2007), due to the relationship between foraranaif assemblages, the
vertical relationship of the sediment core and pidst levels, all of which can be quantified (Gelset al,
1996; Horton, 1997; Edwards and Horton, 2000). Thischieved by combining information obtained from
the foraminiferal stratigraphy and the chronologydatermined from AMS radiocarbon dating, to prevéd
high-resolution sea-level record (Edwards and Hor®00). The chronology can be determined by gean
of dating methodsiz., Pb-210, Cs-137, Am-241, pollen and tephra (Gstanied Woodworth, 2013).

To predict the impact of future sea-level changesay be necessary to place the predicted scenatmsa
geological framework that has been developed assaltrof late Holocene high—resolution sea-level
reconstructions (Gehrelet al, 2006; Kempet al, 2009). Such records are of importance when

understanding the mechanisms and climate unprédittaesponsible for changes in relative sealleve

2.2.1 Vertical zonation

Foraminiferal assemblages form thin vertical zoa&sg the height gradient of a salt marsh, with the
relative abundance of different species correlatith tidal levels in salt marshes (Scett al., 2001;

Gehrels and Newman, 2004). Through an understarditige vertical distribution of modern foraminiéeit
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becomes possible to reconstruct former sea levededon the identification and interpretation agsib
foraminifera (Horton and Edwards, 2003). Benthicafoinifera are considered to be one of the most
valuable groups of marine organisms that can bd asesea-level indicators. Foraminiferal environtaken
distribution shows a discrete vertical zonation ahhis related to sea level, vegetation cover afidityaof

the salt marsh (Franceschgtial, 2005). Salt-marsh foraminifera may be verticaibyned in a similar way

to salt-marsh vegetation; however foraminiferalamns are more compacted (Horton and Edwards,)2003
However, there are differing opinions with regards foraminiferal distributions being influenced by
elevation. Scott and Medioli (1980), Scott and Liedq®990), and Horton and Edwards (2003; 2006) ssigg
that foraminiferal assemblages are vertically zomadl are strongly related to elevation. Howeverpeding

to de Rijk (1995) and de Rijk and Troelstra (199@yaminiferal distributions are influenced by sitly
rather than elevation. For example, the Great MerstMassachusetts) display an irregular high marsh
surface, where salinity is not controlled by eléwatand there is no evidence of vertical zonatidor{on

and Edwards, 2006). Studies conducted on salt-miarstminifera along the Atlantic coastline of both
Canada and the United States of America show eg@&ef vertical zonation closely linked to tidal éds
(Edwards and Horton, 2000), though variations ifingg conditions could complicate the vertical

subdivision of foraminiferal assemblages (Edwarnts tdorton, 2000).

The use of foraminifera as sea-level indicators jaséified by the idea “that characteristic foraiféral
assemblages are vertically zoned with respect eotittal frame, that these modern relationships lwan
quantified, and that they are representative oft gamditions encountered in Holocene salt marsh
sedimentary sequences” (Horton and Edwards, 2006rhts, foraminifera found enclosed in a preserved
salt marsh core can be used to determine formelesels (Horton and Edwards, 2006; Gehrels, 198¢).
identifying the modern relationship of surface asislages of living and dead foraminifera, one can
conclude that dead assemblages on the surfacaatiliffer significantly to living assemblages ateh be

used for palaeoenvironmental reconstructions (Hhetal, 2005b).

2.2.2 Limitations

There are a number of limitations associated withuse of salt-marsh foraminifera as sea-levetatdrs
(Scott and Medioli, 1980; Gehrels, 1999; Horton &ulivards, 2003; Franceschetial, 2005 and Berkeley

et al, 2007). For example, auto-compaction of the ofdgt-marsh peat can limit the accuracy of datirey t
sediment core. Older peat can possibly collapsesuitd own weight, due to decay and dewatering the
sediment becomes lighter and starts to sink topghdauch lower than the depth at which it was fairire
relation to former sea levels (Dougkisal, 2001).

Post-sampling degradation is possible, in particwlgh calcareous tests (Scott and Medioli, 1980rtbin
and Edwards, 2003). This occurs when sediment ssngk exposed to an oxidising atmosphere, causing

organic material to oxidate and sulphides to redarc® ultimately, lead to a change in pH (Berkedegl,
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2008). This can affect the preservation of agghtéd tests as their organic binding cements statégrade
(Berkeleyet al, 2007).

A robust training set is important as it reduces ¢thance of error in the reconstruction. There &
restriction on the range of the modern foraminifarsalogues and the spatial variability of a srsalnple
size as it is likely to be under-represented (@nifand Amrhein, 1997; Horton and Edwards, 200&jer€é
has only been a limited foraminiferal distributidatabase published for South Africa (Francesaiiral,

2005). It is therefore important to create one’sidy assessing the distribution of modern foraranaif

Another limitation may arise when the sampling aidern assemblages is conducted once during the year
as the samples taken on this one occasion mayenot bquilibrium with the environment. Furthermore,
these may not represent the typical assemblages! fausuch a point throughout the year or ovemgdo

period of time, thus the reconstruction of pastlseals may not be consistent (Horton and Edw&083).

Under optimum environmental conditions there wdl\ertical errors linked to surveying, the coringgess
and the datum selection. It is unlikely that theesical errors will amount to more than 0.1 m. Aeyeors
are common as many are reported as being twicestdredard deviation and therefore once they are

calibrated the error can be significant (Gehre®99), however this will depend on the dating teghei

2.2.3 Methodological consideration

2.2.3.1 Field sampling

When considering the development of fossil forafeial assemblages it is advantageous to produce a
training data set. Living foraminifera represent situ production thereby providing one with an
approximation of the assemblage composition ofrartidal environment (Berkelesgt al., 2008). Living
intertidal foraminifera do not reside solely in th&face layer but are able to survive up to +Sbatow the
surface (Berkelegt al, 2008), but in order to get a good representaifanodern assemblages the top 1 cm
is extracted and analysed. Surface samples araceedrusing a hand-held corer, which is sharperigd w
serrated edges to penetrate through the surfaceriedaiThe hand-held serrated corer (Scott and Medi
1980) is inserted into the salt marsh by turnirigtid the ground and then retrieved by pullinguit directly,
thereby avoiding compaction (Jenniregsal, 1995; Horton and Edwards, 2006). The altitudeawth sample

is determined by leveling to the nearest geodetiord (Edwardgt al, 2004).

The effects of environmental factors on the distitn of foraminifera are often not taken into ddesation
as a result of inadequate field data. The only omemsents that are frequently taken are the temperand
perhaps salinity (Bradshaw, 1968). The followingimmmental factors are important to consider esgigc

when explaining those distributions of foraminiféhat are less clear. These factors include; airvaater
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temperature, light intensity, tidal elevations, gag concentrations and pH. Horizontal differenaesadten
due to the varying amounts of vegetation along shdace and therefore it is important to take into

consideration the relationship between foraminifdistributions and vegetation zones (Bradshaw3).96

2.2.3.2 Laboratory processing

Foraminiferal samples are stored in a solutiontlo&mol and protein stain Rose Bengal to identifyanisms
that were living at the time of collection (ScottdaMedioli, 1980; Gehrels, 2002). The solution edmt
70% distilled water, 30% ethanol, 1.5 g Rose Bestaih and 0.5 g sodium carbonate (Scott and Miediol
1980; Horton and Edwards, 2003; Berkekyal, 2008). Rose Bengal stains the protoplasm brigtt
leaving the test walls and organic lining eithestamed or lightly stained (Scott and Medioli, 198urray
and Bowser, 2000; Horton and Edwards, 2003; Haatmh Edwards, 2006). Those foraminifera with stained
protoplasm in the last few chambers are assumée tdive at the time of collection (Horton and Edi&
2003). The ethanol preserves the organic matendl the foraminiferal assemblages, while the sodium
carbonate acts as a buffer solution against anghgthge that may affect the calcareous test pogtsam
(Berkeleyet al, 2008).

Before counting, samples are rinsed in water anshe@ through 63 pm and 500 pm sieves (Scott and
Medioli, 1980; Scott and Hermelin, 1993; Edwards &torton, 2000). The larger sieve is used to remove
any organic matter and coarse detritus; the remgisediment on the smaller sieve will be retained f

foraminiferal analysis (Culver and Horton, 2005;rBey et al, 2008). The retained sediment sample is

subdivided into eight aliquots using a wet spli{eehrels, 2002).

The use of a wet splitter is a dependable and stamti method for the separation of foraminiferal
assemblages (Scott and Hermelin, 1993; Gehrel2)2@uch a process can split a sample that contains
thousands of individuals into smaller equivalertisamples (Sco#t al, 2001; Horton and Edwards, 2006).
There is a trade off between the number of santhigiscan be analysed and the level detail at whasth
sample is analysed. Thus, the use of the wetapittows more subsamples to be analysed in avaeut

time.

2.2.3.3 Counting and identifying

Most foraminiferal fossils fall between 63 and 50 in size, thus can be observed under a low-power
stereomicroscope. Foraminifera are counted wetruadeicroscope, thus preventing aggregation ofricga
particles and ensuring that stained tests are nézalge (Edwards and Horton, 2006; Berked¢al, 2008).
Counting foraminifera while wet avoids preservat@mmcerns, as calcareous foraminifera often digrate

easily after death (Murray and Alve, 2000) duedsidcation.
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Some researchers advocate counting the total atsgenliving and dead) to provide the best indmatf
environmental conditions as both season and temfjoctuations are integrated (Scettal, 2001; Horton

et al, 2005a). According to Hortoet al. (2005a), in a temperate environment it is impdrtarexclusively

use dead assemblages, as the dead assemblagest atesaeptible to seasonal variations and will more
accurately resemble subsurface assemblages. Dsanhldlages represent a time averaged crop and &re no
affected by seasonal changes (Murray, 1979; Hat@whMurray, 2007).

Approximately 250 individual foraminifera per samphre counted, providing a good indication of
foraminifera present in the sample (Hortehal, 2007). From a statistical perspective a coun2sd
individuals is necessary especially if significamdicator species are present but in low numberh(&s,
2002). A low count may suffice if indicator spece® abundant but species diversity is low. Howewer

the upper reaches of a salt marsh, foraminifera begbsent, therefore the desired number may not be
obtainable (Gehrels, 2002).

2.2.4 Data Analysis

Where changes in foraminiferal zonation are idaifit becomes possible to reconstruct the chatigs
occur in the elevation of the marsh surface retativsea level. The distribution of present dagprunifera
on the surface of the marsh are quantified anéhtieemation obtained is applied to the core. Thi kesult

in foraminifera samples found in the core beingegiva former surface height at which it once wolddeh
existed (Gehrels, 2002). To construct past sedsdri@n fossil foraminifera there is a two step gedure.
The first step is to establish the relationshipMeein variables, whereby a regression analysisad ts
create a model from the training set of surfacarfoniferal samples. The second step is the caidmat
which is used to infer past heights of salt marshwetace from the fossils. The calibration is castdd using
a set of mathematical equations, which form a feanfsinction (Gehrels, 2000; 2002). To determine t
most appropriate regression and calibration teclmica multivariate statistical analysis is usedisTh
determines the relationship between total surfaserablages and mean tidal levels or elevation. iEhis
achieved by performing a Detrended Canonical Cpomdence Analysis (DCCA) using CANOCO
(Ter Braak, 1995); which estimates the gradiengtles in standard deviation (SD) units (Birks, 1996)he
gradient lengths are >2 SD units then a unimodsgdarse model is appropriate, whereas if they ar82

units a linear response model is used (Birks, 185seyet al, 2006).

A transfer function is an acceptable depiction dingar time invariant dynamical system (Birks, 529
Mathematically, a transfer function would be expegsas a function of complex variables, whereby the
input-output relation for a linear system is ddsed. For example, a transfer function quantifies th
relationship between the chosen environmental bkrisand the environmental proxy so that the
environmental variable can be expressed as a &imcii the environmental proxy. A number of transfer

functions have been developed to quantitativelyomstruct palaeoenvironmental variables (Horton and
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Edwards, 2006; Leoret al, 2008), and therefore a foraminiferal transferction is used to reconstruct past
tidal levels through the use of fossil assemblagtston, 1997). Such a transfer function is a stia@l
method that is capable of using ecological infofomgt which is contained in modern distributions of
foraminifera within an intertidal environment, atiten using this information to acquire palaeoedocklg
data from the fossil assemblages (Edwards and HRla2@00).

The fossil foraminiferal data that were extracteshf the core is calibrated using the transfer fiongtto
predict water level values for each sample. Intaaldio this, a matching analogue test is perforfioedach
of the samples. This is conducted to identify timgilarities between the fossil assemblages andrtbdern
assemblages that form the training set (Edwards ldadon, 2000). Such an approach provides a
guantitative and strong methodology for reconsingctpast changes in sea level from intertidal

environmental deposits and using intertidal forafama as indicators (Gehrels, 2000).

Given that intertidal foraminiferal distribution imfluenced by surface elevation, one is able te us
foraminifera as proxies for elevation. This prowda means whereby faunal data are converted into
environmental data, in this instance, elevatiorer€hare three stages to constructing a foramirniferasfer
function; compiling a training set, fauna enviromta regression and the calibration of the fossihgles
(Horton and Edwards, 2006). For the purpose of tégearch, C2 (Juggins, 2003) was used to calculate

regression statistics.

For species rich data whereby the gradients ar8D-2nits, unimodal regression models are used;hieig
averaging (WA), weighted averaging with tolerancevd weighting (WA-Tol), weighted averaging partial
least squares (WA-PLS) (Massey al, 2006). Species that respond unimodally to thérenment or the
samples that are not perfectly distributed aloreg éhvironmental gradients then the WA is most bigta
(Gehrels, 2000; Massest al, 2006). WA-Tol attempts to give more weight t@sh species that have a
relatively narrow range as they are considerecktbditer indicators (Gehrels, 2000). WA-PLS is dapsed
version of WA. It uses the structure of its WA tksils to better predictions (Gehrels, 2000; Mastel.,
2006). Regression statistics are calculated usidgamd WA-PLS models. As Masse&y al. (2006: 218)
explains, the “regression statistics produced by i@2ude the root mean square error prediction, the
coefficient of determination {r and values for the maximum bias which is theedéfice between mean

observed and predicted values along the gradient.

2.3 Radiocarbon analysis

Radiocarbon dating is only applicable to the 183080 years; however it was one of the first raditiio
techniques and is the most widely used techniqéder World War Two, Willard Libby started

investigating whether or not radiocarbon existedbimlogical materials. Radiocarbon dating was beand
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has revolutionized researcher’s views on the latat€nary (Walker, 2005). The carbon atom may ke th
building block for life, but also provides us withmeans of dating life (Walker, 2005). There ameeh
isotopes of carbon, carbon 12 and carbon 13 armboak4, which is radioactive. Carbon 12 and carb®n
are both stable isotopes whereas radiocarb@) will decay becoming a stable form of nitrog&i by the
emission of beta particles. For every one radlmmaratom that decays a beta particle is released fhe

nucleus (Broeckeet al, 1984).

Within all living organisms, the radiocarbon isotogxists (Pilcher, 1991), even in the ocean asabsorbed

as dissolved carbonate. This means that organisatgdside in the ocean are able to take up radiooa
during their lifecycle (Broeckest al, 1984; Pilcher, 1991). As Walker (2005) explaimge an organism is
dead it becomes isolated and is no longer ableke up radiocarbon and the ‘radiocarbon clock'tstar
decrease as a result of radioactive decay takiacppmt a constant rate. Thus, the age of an orgarés be
determined by measuring the total amount of radmmra that remains in the fossil material and then
comparing this to the amount of modern radiocarbmat is present in standard material. Experiments
conducted on the rate of decay of radiocarbon Bhww/n that the decay rate is 1% every 83 yeardiwit

et al, 1993; Walker, 2005). Using the rate of radiooarllecay by calculating the current radiocarbon
content with the exponential rate of decay of radibon taking into consideration the maximum age of
50,000 cal years Before Present (BP), fossil ogyaisi ages can be determined (Fairbaeksl, 2005;
Ascoughet al, 2009). Radiocarbon, like all radiocarbon isotopmk®es not have a linear decay curve but an

exponential curve (Figure 2.2; Walker, 2005).

There are two approaches to measuring radiocartibrnity in samples, the first being beta countinbiet
involves detecting and counting the beta emissfooma radiocarbon atoms. This is based on the laci
that the emission level of beta will reflect theneening level of radiocarbon activity from a specgample
(Walker, 2005). The second approach is accelenaass spectrometry (AMS), this employs particle
accelerators as mass spectrometers, which aré¢cabteint the number of radiocarbon atoms contained
sample (Libby, 1955; Gehrels, 1999).

The advantage of using AMS dating over beta cogriirthe small amount of sample required and tbe fa
that the sample can be processed effectively asedily (Walker, 2005). However, with radiocarbortirig
there are limitations, which include a limited tiscale, the calibration curve and the possibility of
contamination (Barber and Charman, 2005). The cadimn timescale is restricted to the last 50,084y,
making this the biggest limitation for Quaternarpdeling (Huntley, 1996). Contamination refers te th
addition of either young or old carbon to a san{plalker, 2005). Sources of contamination may inelud
the introduction of carbon from roots growing dowmough a peat or soil profile introducing younger
materials to older horizons, carbon being exchangetveen ground water and relic shells and finally

isotopic fractionation resulting in age determioatierrors (Walker, 2005; Blockleyt al, 2007).
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Contamination may also occur post field samplingrdustorage in the laboratory whereby there ibegit

fungal growth, dust or skin contamination (Walk&d05).
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Figure 2.2: Radiocarbon decay curve is expotential, therefore the percentage decrease in

number of atoms in a given unit of time is constant . After each half life the
number of atoms remaining are halved. If there are Ao atoms of radiocarbon at

the beginning of the decay process, then after one half-life there will be A % atoms
remaining (Adapted from Walker, 2005)

Over time there have been many improvements madeeteampling, dating and calibration techniques,
ensuring that results are more accurate and relid&iS dating in itself has improved the accuracgating

samples with smaller errors compared to thosedidraetric dating (Andrews, 1998; Walker, 2005).

Calibration is a critical part of the analysis arekds to be undertaken in the early stages ofattieaarbon
analysis. The calibration process allows the flatttns in the production of radiocarbon to be cdré
(Pilcher, 2005), by comparing the radiocarbon datitls dates derived from alternative methods. Treee
separate radiocarbons calibrations for each hemispéis the atmospheric concentrations of radiooairbo
the southern and northern hemisphere are differsath effort has been made to lengthen the radiocar
calibration curves to cover the complete radiocarlionescale (Pilcher, 2005). Both the international
calibration model (IntCal09) and the southern Heimége calibration model (SHCal04) were developed
using proxy data (McCormaet al, 2004; Reimeet al, 2009; Blaauw, 2010). The southern Hemisphere
calibration model, due to a lack of records anddhanges in the carbon reservoirs during the Holece
should not be used to date fossils beyond 11,009rdaP (McCormacet al, 2004). The datasets that are
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incorporated into these calibration models restdtnf dendrochronological and marine records (Walker,
2005).

When marine samples such as shells or marine mamesalues are dated the radiocarbon ages are
substantially older than terrestrial samples (Dudhand Griffin, 2002). Theoretically, the conceritatof
radiocarbon in the atmosphere is equivalent toith#te ocean and biosphere. Terrestrial organtsies in
carbon dioxide by consuming plants, which have dizxb CQ via photosynthesis (Moonest al, 1987),
whereas marine organisms take in radiocarbon thwroag exchange process of radiocarbon in the
atmosphere and the ocean and from the radioactie®ydhat is taking place at different levels ia titcean.
Therefore the concentration present in all marirganisms is not the same (Oeschger, 1985; Detvat,
2012). As a result, marine organisms living in elifint water masses will have different ages toettads
terrestrial organisms (Dewat al, 2012). Therefore, if a marine organism and ees#rial organism of the
same age were compared they would not have the saneentration of radiocarbon and would appear to
have very different radiocarbon ages, varying bytag00 years (Dumond and Griffin, 2002). This mari
radiocarbon offset that is present is even moreonisvalong the west coast of countries where ujveels
greater (Dewaet al, 2012). The differing age of sea water is pred@mily larger due to different patterns
and movement of the water; surface currents andellipgy (Walker, 2005). The shape of the coastline,
ocean topography and the local climate will aldectfthe age (Dumond and Griffin, 2002). Thoughsthe
changes do not only vary in space but also in ttmes making it difficult to determine correcticactors for
fossil material found at different localities. Ramately this offset can be corrected through foated
methods that better calibrate radiocarbon ageshthat been obtained from marine organisms (Dewat,
2012), though this problem has not yet be fullphesd (Walker, 2005).

To determine the age of marine organisms that bailetheir skeletal structures out of dissolvedbcaate
such as foraminifera and mollusks, the determiregd deeds to be corrected to the age of the sea,vat
which they lived (Dumond and Griffin, 2002; Walk&0Q05). There are many limitations associated with
radiocarbon dating of shell carbonates, as carbenate fairly soluble and chemically interact witle

environment, with the implication that dating a@y cannot be guaranteed (Dumond and Griffin, 2002)

In order to calibrate the ages from marine samthllesglobal marine reservoir effect R(t) and thealoc
marine reservoir correctiomR) need to be used. The difference between theeotration of radiocarbon
between the global and regional surface oceanveiill over time (Stuiveet al, 1986). Off the west coast of
southern Africa, oceanic conditions are complethage is a mixing of two water bodies, which wilve an

influence, thus determine the valueAd® (Dewaret al, 2012).
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CHAPTER THREE: LITERATURE REVIEW

With sea-level change a major and evident conseguen climate change, affecting both the physical
environment and societies, this chapter discugsepltysical causes of sea-level change, past rdgioml
global sea-level changes and predictions of charlgegseks to clarify the relationship between dsin
sea levels and the climate and draws on other padadogical studies conducted on global sea-lavahge.
Finally, this chapter reviews studies of sea-l@hgnge in southern Africa during the Holocene, Wwhigll

place the results from this study into a local gludbal context.

3.1 Introduction

According to Churctlet al. (2001: 643), mean sea level is defined “as thgtieaif the sea with respect to a
local land benchmark, averaged over a period ogtisuch as a month or a year, long enough that
fluctuations caused by waves and tides are lamgehoved”. The rise and fall of present day seal¢eigeof
significant interest due to the impact it could @an human populations residing along coastal nsgamd
islands (IPCC, 2011). It has been estimated theaethre approximately more than 200 million pediglag

in coastal regions that are vulnerable to floodiggextreme sea levels (Nicholls and Cazenave, 201®
IPCC report has indicated a global increase.8fmm/year. This trend is already evident in Soédica,

with an increase of 2 mm/year record from Cape T¢@artwright, 2008). Sea levels have been changing
for centuries, some changes have been rapid wthierd much slower (Pugh, 2004; IPCC, 2011), while
some have occurred on a local scale others a g{@gh, 2004). Future predictions by the IPCC far t

next 80 years range from a minimum of 0.18 m tcaaimum of 0.59 m (IPCC, 2011).

The global climate system is dynamic and it's dffat sea-level rise is complex (Oldfield, 2005; lfetal,
2011). Understanding this complex climatic systemd &ow it might behave in the future is of great
importance if future sea levels are to be predi¢@dfield, 2005). A century long record of glolsaa-level
fluctuations has been documented by the IPCC (IRRDC]). The changes in global sea levels, is theltre
of two major processes which are related to thmatic changes that have recently occurred causiag t
water levels in the ocean to alter (IPCC, 2011)esSke processes operate at different timescalesdnomatter

of seconds to millions of years (Chureh al, 2001; Lambeck and Chappell, 2001). The firstcpss is
thermal expansion and the second, the exchangeatdr wetween the ocean and polar ice caps, melting
glaciers (Churclet al, 2001; IPCC, 2011), and anthropogenic changeshtinee taken place resulting in
both land and atmospheric hydrological changes r(&@het al, 2001; Goudie, 2006; Nicholls and
Cazenave, 2010; IPCC, 2011). There are predictibas sea levels in 2100 may be similar to those of
130,000 years ago, which happen to be several sieiggner than present sea level (Overpatckl, 2006).
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3.2 Late Quaternary sea-level change

Historical records indicate a rise in atmospheemperatures along with rising sea levels, bringimg
temptation to directly link the increase in sealewvith climatic change and particularly in recémtes the
warming of the ocean (thermal expansion). Howetber reliability of this relationship is questionalds the
overlap between temperature observations anddalage recordings is relatively short. To deternmmee
reliable trends between climate and sea-level abaitds important to look at this relationship pedonger
period of time, using palaeorecords (Oldfield, 2008elative sea-level changes are partially caused
climatic factors, though there are other contribgitfactors such as tectonic forces and sedimewnlinga
(Andersoret al, 2007). Palaeorecords of historical sea levelshamesfore the basis of our understanding the
relationship between sea level and climatic praeeg$PCC, 2011). For example, Siddatl al. (2003)
present a detailed reconstruction, using 470,080 giel sediment records that were taken from thek &ea.
Siddallet al. (2008) used isotopic records in conjunction withsibforaminifera preserved in the sediment
to determine at what depths the Red Sea was opgerszkan, from this sea-level changes can be éderr
(Siddallet al, 2003; Siddalet al, 2008; Oldfield, 2005). This sequence tracks ckarig sea level between
70,000 - 20,000 cal years BP, which are closelateel to temperature records from the Antarctica.
Palaeorecords have assisted in improving the émr@stimations of past global sea levels that aecur
during the transition between the Last Glacial Maxin (LGM) and the Holocene (IPCC, 2011). The
Holocene has a much milder climate compared toahtite former glacial period (Lambeekal, 2002).

The LGM occurred between 22,000 to 19,000 yearg/Agdersoret al, 2007), during which time thick ice
sheets extended across the high latitudes of EuangeNorth America and the ice sheets in the Atitarc
were more widespread than they are presently (Laknéeal, 2002). Sea levels during this period were at
their lowest, approximately 120-135 meters lowamntimodern sea levels. There is a general consémeius
during the LGM continental shelves were elevatgubeslly in glacial regions (Clark and Mix, 2003pme
evidence of the LGM is obtained from deep sea sediroores (Andersoet al, 2007). After the last glacial,
global ice volumes decreased by approximately 10&tinwa few hundred years (Yokoyaneé al, 2000;
Andersonet al, 2007). At this point sea levels continued te@ 11$ mm per year until 9000 years ago, with

modern sea levels being reached approximately y8afs ago (Lambeadt al, 2002).

It was first thought that at the end of the LGMrthevere rapid and distinct shifts from higher tovéo
global ice volumes. However, according to high-heson proxy data, it was in fact far more comptezh
Over the last glacial transition period there weseillations in the climate and glaciers did ndteat at a
constant rate. Both warm and cool phases interdutbte rate at which glaciers retreated (Andersbal,
2007). According to Lambecét al. (2002: 343), “sea-level change caused by the grawttlecay of ice
sheets is spatially variable because of the adprsirof the earth's surface to the time-dependentviater

load and because of the changing gravitationalnpi@deof the earth-ocean-ice system”. Both envirenial
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and climatic changes during the LGM have been dlbad of most recent research as high-resoluticordec

become more readily available and dating methogsdue (Andersort al, 2007).

Presently, ice caps cover parts of the AntarctieeBland, parts of North America and north Europé a
other areas in higher latitudes and altitude (Lackp2002; Oldfield, 2005). There can often be delaj
several decades between changes in the local eliamat glacier responses (Oldfield, 2005), therepast
climatic changes are influencing the present daltimgeof polar ice caps in Greenland and the Anteac
(IPCC, 2011). Evidence suggests that over thedasthousand years sea level has changed sigrifiday

a few meters even through the majority of the lweets 7000 years ago had completely melted (Lambeck
2002). With the sea-level rising, previously exmbsmntinental shelves are now covered (Petit-Maire,
1986).

Siddallet al. (2003) provided a reconstruction of sea-level geanover the last 6000 years. This included
results from the melting of major ice sheets andist on coral reefs (Siddait al, 2003). The records from
the past 1000 years was of interest as around &@afsyago, the records show a peak in levels (Qddfie
2005).

Geological evidence indicates that there have beggor temporal and spatial variations over the 18000
to 20,000 years concerning relative sea-level chd@ipurchet al, 2001; Lambeck and Chappell, 2001).
Not surprisingly, there are many excellent casdistuof sea-level change, including Nunn (1998)rch
et al. (2001), Gehrels (2002), Gehre&sal. (2002), Lambeck (2002), Goodwin (2003), Sidadlal. (2003)
and Lambeclet al. (2004). These studies reflect the importance efube of proxies as indicators of sea-
level change. These case studies collectively suimenavidence for sea-level changes in the northerh

southern hemisphere over the last 200,000 years.

Both temporal and spatial variations in relativa-kavel change may be the result of melting iceethrom
the Pleistocene or continental drift (Nakada anchheck, 1989). However, in the late™@entury some of
the coldest years since the last glacial perioccvegperienced. This period brought about the inctdn of
instrumental records for recording changes in fmate. Such records documented severe cold peiinods

places such as Holland whereby canals were frazdiorig periods of time (Dougla al, 2001).

Using dated microatolls from the Southern Cookndts which are found only in corals that grow iwéwo
intertidal zones along with indicators of sea lefvem salt marshes and rocky coastlines, Goodw® 32
provides evidence that links sea level and cliniatéhe last 2000 years (Oldfield, 2005). Goodwi(2603)
work correlated with Nunn’s (1998) reconstructidnsea level from the last 1300 years for the soe#tw
Pacific. Nunn’s (1998) study showed that during lést 1000 years, the sea level in the Pacifictdlaied,

mimicking sea-level fluctuations of the Holocenesing collected data from the southern African doweest
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and taking into considerations, statistical undetits, calibrating radiocarbon dates, Nunn's (1998
sequence suggested changes in relative sea letel2um with a maximum high around and prior AD @30
and a low around AD 1800 (Oldfield, 2005). Fromsttudy it is suggested that sea level in the Racif
would continue to rise through to the end of th& &intury (Nunn, 1998).

Studies conducted along the east coast of Northrigsméndicate that in the last 200 years therebeen a
rise in sea level of approximately 0.2—0.3 m. Adgtin the Gulf of Maine using salt-marsh foraminéfe
shows parallels with the Pacific Ocean sea lewadystas it shows a peak in sea level before AD 1300
followed by a low until approximately AD 1800 artteteafter a steep rise (Gehretsal, 2002; Oldfield,
2005). Evidence suggests that sea level in botmtih and southern hemispheres was 0.2-0.5 m lower
between AD 1400 and 1850 than is in th& @dntury, with a highstand of approximately 0.54h®etween

AD 1000 and 1300 years (Goodwin, 2003; Oldfield)20

Australia as a continent is relatively stable mgkiina suitable study site for late Pleistocene Hotbcene
sea-level change studies (Lambeck, 2002). Sitexteel in Australia had little tidal change, no teas or
features along the coastline that may influencall@onditions and they needed to possess biological
indicators that have a consistent relationship whth ocean (Churcht al, 2001). Studies conducted along
the Australian coastline have indicated that sgallever approximately the last 6000 years has iregda

constant with only a variation of a few meters (lbeck and Nakada, 1990, Lambeck, 2002).

A study conducted in Tasmania using the verticalazons of salt-marsh foraminifera as a proxy iatkd
that sea level during the 2@entury had risen faster compared to earlier oscoFhis work conducted by
Callard et al. (2011), was the first in the southern hemisphereemonstrate a faster sea-level rise than
previous centuries. Tasmania is of interest tolseal-researchers as the oldest tidal benchmattkeinvorld

is located here and some of the southern hemispHest sea-level observations were collected here
(Callardet al, 2011). Using observations from this site the &ttwhich sea level is rising was reconstructed
and it was found that sea level was rising +0.2 pen year between AD 1841 and 2003 (Pugh, 2004;
Callardet al, 2011). This rate was found to be in accordanite tide gauge records from New Zealand and
Australia. From the study in Tasmania using forafeia, sea level was reconstructed with approxiipate

0.10 m precision to those reconstructions using gauge records (Callaed al, 2011).

Sea level is expected to rise beyond AD 2100, hewthe effect global sea level rise will have oastbnes
will depend on the locality and geomorphologicattas (Oldfield, 2005). These factors include; land
movement, lithology, supply and transportation eélimentation, tidal regime, atmospheric pressuik an
wind and wave conditions (Zharej al, 2003; Oldfield, 2005). Although sea level posesny threats to
coastal populations, there is no way to asseskkilg impacts on the regions (Oldfield, 2005), thiggest

concern is the future of low lying islands suchtesMaldives as they are highly vulnerable (Oldfi&005).
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Table 3.1: Summary of past rates of sea-level chang e

Total Sea-level
Period Period of time  Study region Sour ce of data riserate Reference
change (cm)
(mml/yr)
50 - Archaeological/
Late Holocene 2000 BP Mediterranean GIA modeling 13 0.07 Lambeakt al. (2004)
Gehrelset al. (2002;
Late Holocene 1500-1600 BP ME coastal marsBoastal marshes 15 15 2005)
Tide gauge-satellite Nicholls and Cazenave
Historical 1950-2009 Global modeling 10 1.7 (2010)
Interstadial-MIS3 ~ 60000-25000BP  Red sea, deep s&d8 O 3000-4000 15.5 Siddait al. (2008)
20th Century 1841-2003 Tasmanian Salt marsh foraminifera - 0.2 Callaetial (2011)
Various
1000 years BP last 1000 years Pacific islands (archaeological) 2000 - Nunn (1998)

(Adapted from Nunn, 1998)

3.3 Holocene sea-level change in South Africa

During the last 7000 years the sea level alongsthghern African coast has fluctuated no more than
(Miller et al, 1995; Ramsay, 1995; Baxter and Meadows, 199%9ngfan, 2001). As Woodroffet al.
(2005: 29) explain, “Rapid changes in sea level mag of a complex pattern of interaction among the
oceans, ice sheets and solid earth, all of whicle tifferent response time scales”. In the last $&érs,
South Africa has only experienced six minor eardtes with a magnitude range of 5.5 - 6.3, theretioee
southern African coast is not considered to beaiwveamargin (Compton, 2001). Tectonism was therefo
unlikely to have played an active role in sea-lesteinges and it is possible that regional isostesyld
have more of an effect on the southern Africa dmas{Miller et al, 1995). With the southern African
coastline being tectonically stable throughoutl#ie Quaternary, Milleet al. (1995) suggests that sea-level
change of the coast of South Africa would have bearnginally affected by post-glacial eustatic rigehe
end of the Pleistocene and the early parts of tledéne. It has been documented that during the parts

of the Holocene, sea-levels globally rose rapidlyrésponse to melting ice sheets (Catrral, 2010;
Norstromet al, 2012).

Isostatic processes might explain why sea-leveh dat South Africa shows such variations along the
coastline (Compton, 2001; Millezt al, 1995). Much evidence points to the fact thabglly the sea-level
rose significantly during the mid-Holocene (Milletral,, 1995). Milleret al. (1995) and Ramsay (1995) have

reported that sea level during the Holocene wabedrnighan present along the South African coastline,
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however very few of their records were accuratelied. Relative sea-level curves have been consttdiot

a large portion of the coastlines in the northeemisphere but very few have been constructed in the
southern hemisphere (Pirazzoli and Pluet, 1991;d@&og 1998). With knowledge of fluctuations having
taken place, it is important to look at local shifb sea-level changes. Researchers are now foarsed
regional shifts using a variety of methods (Tablg) 30 determine past sea levels, though someyvastl
contradicting results have been presented. Suderee from these various locations suggests thathSo
Africa’s sea level follows that of the Caribbeanwever, deviations do occur at times when the seal Is

at its highest (Ramsay and Cooper, 2002). A rafgaoxies and palaeoenvironmental indicators (&abl
3.2) have been used in southern Africa to recoos@uaternary sea-level changes (Figure 3.1) (Rplusa
Cooper, 2002; Norstrorat al, 2012). Quaternary sea-level indicators radicmarbates are tabulated for

South Africa in Ramsay and Cooper (2002).

Sea-level curves based on observational data fothem Africa indicate that the Holocene sea-level
maximum took place between 6500 cal years BP (Méfteal, 1993; Compton, 2006) and 5000 cal years BP
(Ramsay, 1995; Baxter and Meadows, 1999; RamsayCaoger 2002). Observed fluctuations during the
late Holocene in southern Africa were relativelyadinfapproximately 1-2 m); however they still hadhajor
impact on past coastal environments (Milgral, 1993; Ramsay, 1995; Baxter and Meadows, 1999 and
Compton, 2001).

Radiocarbon dating of beachrock fossils has beemthin source for studies in South Africa on thEdof
Holocene sea-level change and is said to be the amsirate (Ramsay and Cooper, 2002). However
Ramsay and Cooper (2002) are not supported by Marke Miller (1993) whose study was conducted at
Knysna. This study involved dating shells that wdeposited on top of sandy silts that were of ngarin
origin. From this it was identified that 6000 calays BP the relative high sea level along the soa#st
ranged between +2.8 meters and +3.8 meters (MarkeeMiller, 1993). This corresponds with findings a
Keurboom estuary which indicates a +1.7 to +2.7em level 5900 cal years BP (Ramsay, 1995). On the
other hand, studies conducted along the west ajaSobuth Africa (Compton, 2001), which involved the
dating of salt-marsh peats, agree with previoudistualong the west and south coast, includingmafsh
deposits at Verlorenvlei (Baxter and Meadows, 1988 stumps at Knysna (Marker, 1997) and estearin
shells at Knysna (Marker and Miller, 1993 and 19%®)cording to Compton (2001), there is evidenoenfr
both the west and south coast of South Africa thgiports the mid-Holocene sea-level maximum and
appears to have occurred approximately 1000 cakyBB before it occurred on the east coast of South
Africa. By 5700 cal years BP at Verlorenvlei andd@Scal years BP at Langebaan the maximum mid-
Holocene sea levels on the west coast had retumedi m of present day levels (Baxter, 1997; Compto
2001), though tidal gauge records over the lasadiedéndicate that sea levels have risen approxiynate

mm/year in South Africa (Brundrit, 1995). Thus, lwithe current trends taking place sea-level rise is

25



expected to increase, with estimated rises of téhdy 2020, 24.5 cm rise by 2050 and a 40.7 cmhyse
2080 (Nichollset al, 1999; Kirwan and Murray, 2008).

Table 3.2: Proxies used to reconstruct sea-level fl

uctuations along the southern African coastline

Reference

Ramsay, 1991

Marker and Miller, 1993
Marker and Miller, 1995
Brundrit, 1995
Ramsay, 1995

Marker, 1995

Baxter and Meadows, 1999

Compton, 2001

Ramsay and Cooper, 2002

Franceschiret al., 200¢
Compton, 2006
Nortromet al., 2012

Proxy Site
Coral in beach rock Kosi Bay
Estuarine shells Knysna
Lagoonal and estuarine dsitpo South Africa
Tide gauge South Africa
Beach rock East coast
Tree Stumps Knysna
Estuarine deposits Verltaienv
Salt marsh sediment Langebaan Lagoon
Beach rock South Africa
Foraminifera Langebaan Lagoon
Mollusc and shell fragments Bogenfel (Ramibia)
Diatoms Macassa Bay (Mozambiqt

The study conducted by Baxter and Meadows (1999)shggested that over the last 20,000 years tle ris

and fall in sea level has had a major impact ongé@morphology, ecology and archaeology in the,area

therefore these coastal environments may have eddapid changes (Baxter and Meadows, 1999; Miller

al., 1995).

From studies conducted along the west coast (Melleal, 1995; Baxter and Meadows, 1999), it is evident

that the coastal geography during the mid-Holoosas considerably different especially during tinoés

high sea levels when the topography would have babject to strong wave action. The sandy soutlesest

coastline of South Africa would have been reshagedng the late Holocene and only recently has its

present day form been achieved (Miligral, 1995). Reshaping of the coastline is in reactiothe drop in

mean sea level during the late Holocene; howevsriglstill taking place at St. Helena Bay along thest

coast (Milleret al, 1995). It is apparent that environments fourmh@lSouth Africa’s coastline have been

influenced significantly by the rise and fall oktkea level during the Holocene (Baxter and Meadd@&9)

which rather modest change in sea level of appratéipm 2-3 meters dramatically remodeling local

coastlines (Milleret al, 1995).
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Figure 3.1: Sea-level curve compiled from studies a  long the South African coast dating back
the last eight thousand years. The error bars indic  ate the variation in the data
from the various studies (Miller et al., 1995; Ramsay, 1995; Baxter and Meadows,
1999; Compton, 2001; Ramsay and Cooper, 2002; Compt on and Franceschini,
2005; Compton, 2006) (after Wilken, ud)

A recent study from an estuary at Macassa BayhsontMozambique using multiple proxies, reflecti$tsh
between marine and freshwater influences duringebe6600 cal years BP. The proxies used include a
analysis of fossil diatoms, isotope compositiortte organic component, C/N ratio and mineral magnet
properties. The fluctuations between freshwater awadine water can indirectly be linked to changes i
relative sea level (Norstroet al, 2012). During the last millennium, Macassa Bag hecome a terrestrial
biome with little marine influence. The records fbis site reveal two phases associated with ses-le
highstands and greater marine influence, which wedwetween 6600 and 6300 cal years BP; and 4600 a
1000 cal years BP (Norstromt al, 2012). According to the sedimentation analysitwben the two
highstands, the sea level was 1.1 m lower reldtivpresent levels. The results from this study gahe
support those from the western and southern coest{iCompton, 2006; Norstroet al, 2012), but do not
concur with those of Ramsay and Cooper (2002) fitmennortheastern coast of South Africa (Norstem
al., 2012).

Studies along the South African coastline sugdesttsea levels along the coast have shifted appaigly
3 m from the current level over the last 8000 ye@emnerally, evidence of sea-level rise from aldrgcoast
of South Africa supports a highstand from 6000@06@cal years BP and a lowstand from 3000 to 2@00 c
years BP (Milleret al, 1995; Compton, 2001). Evidence from the weststsaggests that there was a
highstand from 1500 to 1300 cal years BP of appnakely +0.5 m followed by a lowstand of —0.5 m from
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700 to 400 cal years BP (Compton, 2001). A lowstandhe south coast at 700 cal years BP was ireticat
from in-situ tree stumps exposed at low tide at Knysna (Mark®97). Proxy evidence presented by Miller
et al. (1995) for the southwest coast is consistent withvious sea-level history, post the early Holocene
sea-level rise, approximately 6000 cal years Bletlnas a rapid drop in sea level followed by a 2ise
approximately 4000 cal years BP. Thereafter, tleeleseel dropped once again just below the presme |
between 3500 cal years BP and 2800 cal years Beredfier sea level rose, reaching a peak perhaps

approximately 1800 cal years BP before falling adMiller et al., 1995).

South African researchers tend to have relied ba records’ as a comparison in dating shorelindsch

are compared with particular elevations (RamsayGmoaper, 2002). The Holocene sea-level recordshior
eastern and western coastlines, show partial s nomplete overlap at the current resolution I@vét al,
1995), for this reason there is a need for higksolution studies, as a result the exact changgshtive
taken place along the coastline may become morarapp There is a need to date more precise seb-lev

indicators to construct sea-level curves in SouticA (Compton, 2001).

3.4 South African instrumental record

Instrumental evidence of recent sea-level changeowmafined to tide gauge data before 1993, whegiligat
altimetry was introduced (Mathet al, 2009). In many ways satellite data has impraedgeographical
coverage of sea-level records, however accuras gduge data are still needed to calibrate thellisat
altimeter results (Mitchum, 1998; Mathetral, 2009). Unfortunately, not many of the tide gavggords for
the southern hemisphere extend further back thaye&6s. In South Africa there has been little redean

the rate of sea-level change calculated from tmleyg data (Mather, 2007). Brundrit (1984) focusedea-
level changes using tidal gauge information aldmgywest coast of South Africa and since then vigg |
research has been conducted (Mattiel, 2009).

The South African coastline can be divided intae¢hregions, east, south and west. The southeronrégi
subject to variable temperatures due to the mixihthe Benguela and Agulhas Currents (Bindefffal,
2007; Matheret al, 2009). Tidal gauge data indicates that Simomwwm and Knysna’s eustatic sea-level
trends were +1.97 mm year and +2.00 mm year, takitogconsideration vertical crustal movements.-Sea
level change appears to be greater in the soutkgion where it is warmer offshore compared todheler

west part of the southern region (Mateéal, 2009).
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Figure 3.2: Tide gauge time series for three statio  ns along the east coast (PSMSL, 2012).

Note: Monthly mean sea level axes vary in scale.




The western region is dominated by the cold upmgelvaters of the Benguela, which are trapped byhwa
waters from the north and south. An average sed-kend for this region was +0.80 mm year, onde al
corrections were applied and vertical crustal mosets introduced. This is found to be in conjunctidgth
global sea-level change trends in the IPCC assegqiMatheret al, 2009). The eastern region is affected
by the Agulhas Current, with warm water near theaod therefore exposed to rising air temperatinrése
equatorial zone. There are four tide gauge staiiomisis region, however only two were used by Matt

al. (2009) to calculate the average sea-level rathafige as for both Richards Bay and East Londigiui(&
3.2) there was insufficient data. The averageaasea-level change for this region was +3.03 near ythis
was the highest estimated rate of change for tlwhS&frican coastline (Mather, 2007; Matredral, 2009).
This figure is slightly higher than the global aage of +3.0 mm year, though is expected becausieeof
warmer water being fed down from the equator (Bihdbal, 2007; Matheet al, 2009).

From tidal gauge calculations along the South Africoastline over the past 50 years sea-levehasdeen
relatively constant. However, there are variatiomsea-level changes depending on the locations&he
differences are influenced by the interactionshef Agulhas and Benguela currents, water temperanote
vertical crustal movements (Mathet al, 2009). The South African coastline and shelf poses two
tailing edge margins and has been tectonicallylstsince the late Quaternary (Millet al., 1995; Ramsay
and Cooper, 2002).

3.5 Conclusion

During the LGM, thick ice sheets extended acrosshigh latitudes and sea levels during this penede at
their lowest. It was during this period accordingsea-level records as the most recent periodeiredéinth’s
history when ice-sheets globally were at their mmaxh. The Holocene has a much milder climate congpare
to that of the former glacial period (Lambestkal, 2002). The rate of sea-level rise has incredsedg the
20th century (Leorrét al, 2010). However, the analyses of instrumentaleesl observations are unable to
resolve the timing of sea-level acceleration, oriateon (Woodworth, 1999; Leorret al, 2010). Some
studies acknowledge acceleration as having occuowadd the end of the 19th century and approximatel
1930, whereas others have suggested a deceleddtibe sea level within the 20th century (Woodwprth
1999; Gehrel®t al, 2008). Possibly, instrumental records showirtgs@f sea-level change are too short
and therefore unable to provide adequate spatiedrage to provide a definite answer for the timaigea-
level acceleration (Gehredt al, 2008).
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CHAPTER FOUR: STUDY SITE

This chapter introduces the study site, consisting physical description and historical accounprovides
background to estuaries and intertidal environmen&outh Africa, pertinent to the selection ofiatertidal
environment as a study site for this researchillithen more specifically review estuarine systeansl salt

marshes in South Africa and finally discuss theseimosalt marsh for this research.

4.1 Estuarine systems

Day (1980: 3) defines estuaries as “that portionthenearth’s coastal zone where there is intenaafahe
ocean water, fresh water, land and atmosphere.tgtnary is a partially enclosed coastal body ofewat
which has a direct link with the ocean, and theewatithin the estuary is diluted by fresh watert isathe
result of runoff from the surrounding land. Therefof one were to look at an estuarine system,vooald
see that an estuary is a multifaceted, dynamidcdidgically rich environment, which is subjectghysical
forces (Day, 1980).

Estuarine environments are considered to be oteeamost productive types of ecosystems found hnsl t
are a rich food source for both commercially anzdteational marine fish species that use estuayistems
as fish nurseries (Chuwest al, 2009). Estuaries are usually open to the seaasndlassified according to
the salinity and tide action. Plant species withinestuarine system show varying degrees of talerém
saline conditions and therefore will be found iffetient parts of the estuary (Paterson, 1998). Tdmaidant
feature of an estuary is its intertidal channeis it this point at which the water is interchaggbetween
the river and the sea, as the tide either ret@atglvances. This main channel will eventually l&##d a

tidal creek and then continue to meander into iick@rmudflats marshes (Lubke, 1988).

4.1.1 Intertidal zonations

Intertidal zonation refers to specific conditiomufid between the low and high tide watermarks atbeg
shoreline (Bennett, 1987; Peterson, 1991), whepagts and animals form visible communities in this
particular zone (Peterson, 1991; Gehrels, 1994kéwnd de Moor, 1998; Gehrels, 2002). The plants an
animals living in this zone need to be able to sitind different physiological stresses such as axgoto
air, flooding during high tide, and change in tenaeres as well as exposure to fresh water in dha of
rain (Bennett, 1987; Peterson, 1991). The greatertevation of the shoreline the greater the theke is
for plants and animals living there to starve (Pate, 1991), as many of them will only feed wheaytlare
submerged in water (Bennett, 1987). Water comingith the high tide provides these marine animals$ a

plants with the nutrients they require (Gehrel€20In addition, when the plants and animals tvin this
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zone are covered by seawater they are able toidunfiilly (Lubke and de Moor, 1998). The concept
behind intertidal zonation has a major part to ptayntertidal foraminifera being appropriate ingdiors of

past sea-level change (Gehrels, 2002).

Few marine plants and animals are able to withstlpdess resulting from the tide going out in tlghler
elevations of the intertidal zone (Lubke and de Md898). Competition bands of different species\ary
obvious across the intertidal zone (Gehrels, 2008ese bands are a reflection of both the plants an
animals ability to adapt to air exposure and thgenaction striking the shore (Lubke and de Moo®©8)9
Conditions closer to the water will be less sethas there will be more competition in the lowenes and
more species will appear (Lubke and de Moor, 1998 best examples of these species bands found in
intertidal zones are seaweeds found on rocky stamdssalt-marsh vegetation zones (Lubke and de Moor
1998; Gehrels, 2002).The vertical zonation pattefnglants may not be the result of just tidal idation,

but the fact that plants show varying degrees lefance to factors such as salinity and water aisrelhe
consequences of plants tolerance towards salimitly veater conditions will be vary biomass in diffiere

zones of the salt marsh (Lubke and de Moor, 1998).

4.1.2 Description of salt marshes

Salt marshes have considerable differences in tatype, salinity and pH across such an environment
(Scott et al, 2001). Situated in the higher part of the indait zone (Gehrel®t al, 2008), they are
distinguished from their neighboring tidal mud $ladby the halophytic vegetation covering the surface
(Horton and Edwards, 2006) and are frequently fémb&ly the ocean (Allen, 2000). A salt marsh is an
example of a true ecotone; containing organismghvhave adapted to an environment that has botatiaqu
and terrestrial characteristics (Cattrijsse and plm2006). Cattrijsse and Hampel (2006: 293) deéirsalt
marsh as an area “with alluvial sediments depositethe shore by the sea and subjected to tidakather-
effected inundation by more or less diluted seamiagalt marshes occur on intertidal shores inrthd to
high latitude regions globally and often in the nbidlower reaches of an estuary (Gehretisal, 2008;
Kennish, 2001). Salt-marsh sediments vary fromdpemntinuously waterlogged to moist for a shortquer

of time and dominated by halophytes plant spe@east(ijsse and Hampel, 2006; Booth, 2007).

Vegetated surfaces of salt marshes in Europe wijl be flooded during the highest tides, whereadanth
America the salt marshes are generally flooded/ertyehigh tide (Cattrijsse and Hampel, 2006). Tkt
to which a salt marsh is subject to flooding witelrmine the distribution of vegetation and thisdaturn the
use of the salt marsh by both fish and invertelréBeoth, 2007; Cattrijsse and Hampel, 2006). Turatibn
and height of the tides will differ based on lobgtrological conditions, tidal cycles and existipatterns
(Odum, 1988; Adam, 2002).
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Vegetation found in a salt marsh has specific ghggical adaptations giving the vegetation theitgbib
survive in varying saline conditions (Booth, 2003aline conditions of a salt marsh usually rangevéen

18 and 35psu, however, pools that are presentglthimintertidal period can reach hypersaline deie to
evaporation (Odum, 1988). Frequently flooded akeilishave different vegetation compositions compghre
to those areas that are only flooded during theegti@nally high spring and neap tides (Odum, 1988).
However, the extreme low regions of salt marsheg n@ have any vascular plants present, may have
microphytobenthic and macroalgae, which is a Viteld source for various fish species (Odum, 1988;
Booth, 2007).

Estuarine fauna can be subdivided into residentn@mdresident species. Resident species will ushae

a greater tolerance to fluctuations in saline aradewlevels (Edwards and Horton, 2006; Booth, 2007)
Resident macro-faunal species of a salt marshusilally consist of crabs, isopods, amphipods anthma

or freshwater molluscs (Odum, 1988). Whilst norieest species will comprise predominantly of
zooplankton, which can consist of either juvenitelayval forms of invertebrates but non-residergcips

can also include adult fish and water birds whalfe& of the salt-marsh vegetation or the inveritds
(Booth, 2007). Within the estuarine community, salrshes have been documented as being important
habitats for both fish and invertebrates (Shenker@ean, 1979).

4.1.3 Marsh surface elevation

Horton and Edwards (2006: 5) explain that “vertichhnges in relative sea-level change are expressed
terms of their altitude relative to a geodetic datuin South Africa the official geodetic datum fise
Hartebeesthoek94 Datum (Department of Rural Dewedopi and Land Reform, 2010). The changes that
occur with relation to marsh surface altitude aot the same as the changes in marsh surface elevati
(Horton and Edwards, 2006).

A typical salt marsh will grow vertically becausé gradual accumulation of stone, sand, silt and cla
sediments from marine environments and the accuionlaf sediment derived from organic matter sugh a
decomposing salt-marsh plants above the groun@r{fAR000; Horton and Edwards, 2006). The controuti
of these sediment sources, which are, known asrogeaic and organogenic sediments, are controfed b
the extent, frequency and duration of a raisingybafdwater because of tidal fluctuations, whichraétely

is determined by the marsh surface elevation (hostod Edwards, 2006). Subsequently, there is dé&sdd
loop that exists, in which the elevation of a mamgimtrols and is controlled by tidal inundation
characteristics (Allen, 2000). Tidal range, relatsea level and minerogenic sediment supplieatribute

towards a dynamic equilibrium being reached (Edwamtd Horton, 2006).

Salt marshes in northeastern North American andBtlitish Isles have provided scientists with a &arg

amount of information pertaining to Holocene seele (Scott and Medioli, 1978). These marshes dgvel
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very differently from one another; the differenseuisually organogenic versus minerogenic sedinmientat
Those salt marshes in which growth is dominatedrggnogenic sedimentation would have had a vety hig
preservation with approximately 70% of the planttemnial that was buried centuries before being
identifiable. Therefore, those marsh surfacesw®e accumulating at a rapid rate were able to keepith
the rising relative sea level that took place dytime late Holocene. If one were to take a cormfsoich a
marsh, meters of marsh peat that has accumulatedtio® last 3000-4000 years would be reflectechén t
stratigraphy (Gehrels, 2000).

Furthermore, one will find salt marshes that arerganic especially during the late Holocene and
minerogenic sediments are the marshes governingtigroontrols. The sediment will accumulate most
rapidly in areas with a low elevation and decreasdhe marsh surface elevation increases anddak ti
inundation decreases (Horton and Edwards, 20063. difierences in the marsh characteristics have an
impact on modern intertidal foraminiferal behavieumich has implications for reconstructing relatsea-
level changes (Scott and Medioli, 1978). Not ordyféraminiferal behaviour impacted upon but their
abundance can also be influenced by the chemighlpagsical interaction of salt-marsh vegetationhwit

environmental variables (Franceschenal, 2005).

4.2  South African estuarine systems

Estuarine systems are situated along the Soutltakfrcoastline, containing a great diversity of biatlna
and flora habitats (Lubke and de Moor, 1998), whacld often good indicators of the transition betwee
marine and freshwater (Lubke, 1988). The majoritysouth African estuaries were created as a regult
river valleys becoming immersed by seawater (Lulie88; Lubke and de Moor, 1998). In the last 15,000

years, sea level along the South African coastiaeerisen by 130 m (Lubke and de Moor, 1998).

The shape of an estuary is determined by the anauainfall and the size of the catchment areaitfihd

and Kok (1992) suggest that there are five typesstfiarine systems of which all are found along the
southern and eastern coastline of South Africa, tthe most prominent being permanently open or
temporarily open or closed (Bornman and Adams, P00& state of the mouth is determined by largel sa
bars, which in return are controlled by the flowtbé river (Bornman and Adams, 2008). According to
Reddering and Rust (1990) there are only 37 trugagse systems found in South Africa that contitme

have a permanently open inlet to the ocean outeo289 river mouths along the South African coastli

4.2.1 Salt marshes

Salt marshes found in South Africa are situatdukeeiin estuaries or within a protected embaymenrigathe
southern, eastern and western coastlines (Patet€88; Franceschingt al, 2005). Salinity and tidal

characteristics are determined by the interactiaih @ccurs between the ocean and the river (Frehicegt
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al., 2005). Seventy-five percent of South Africarédt snarshes occur in the Langebaan, Swartkops, énys
Berg and Olifants estuarine systems (Paterson,)1898ooking at the high species diversity of vegen,

one could conclude that South African salt marstiessimilar to European salt marshes and are inérety
flooded (Paterson, 1998). Although macrophytes gmowbundance on South African salt marshes, they
show very little species diversity as a plant comityu (Lubke, 1988; Franceschiret al, 2005).
Macrophytes distribution within the salt marsh whlé directly related to salt tolerance and elewatio
(Franceschinét al, 2005).

Vegetation most commonly found in South Africa’ghhisalt marshes iSarcocornia perennigTaylor and
Allanson, 1995) and.imonium linifolium (sea lavender). These zones are highly productiwe td the
nutrient rich soil found in a salt marsh howevéere are very few animals that feed off these plamd
therefore the organic matter from these plantsreht food chain as litter (Lubke, 1988). The lowarsh
areas and mudflats are characterized&pgrtina maritima(cordgrass) andostera capensielgrass) both

of which cover large areas and are abundant (A@&0R).Zostera capensis susceptible to environmental
changes and in many salt marshes in South Africadigappeared such as the Swartkops River (Lubke,

1988). Microphytobenthic and macroalgae specieoamed on the salt marshes bare mud (Paterson)1998

The majority of salt marshes in South Africa hawegyvdistinct vegetation zones, this is apparentras
moves from the intertidal channel onto higher grhuwith theSpartina maritimazone approximately the
low water tidal mark to the high water mark (Lukdkwad de Moor, 19985arcocornia perennisr Chenolea
diffusawill stretch from the high tide mark to the spritide mark (Allanson and Baird, 1999). However, in
the majority of South African salt marsh&porobolus virginicuss the most dominant and is found on
higher ground (Lubke, 1988).

The zonations that are evident are a reflectiothefsuccession within the salt margbstera capensiwill

be the first plant species to inhabit the mudflatsce salt has accumulated and the water has become
shallower scSpartina maritimawill begin to invade the area, thus stabilizing tnudflats (Lubke, 1988).
According to Lubke (1988: 343) it is a long proc&ssmesophytes or hydrophytes to colonize an eatreer

than halophytes. For hydrophytes to become estaalighe salt that has accumulated in the sohefsalt
marsh will need to be washed out either by heainfathor by freshwater flooding the area (Lubkedaie
Moor, 1998).

4.3  Site description

The South African coastline is affected by two euts, the Agulhas and the Benguela (Ramsay andeZoop
2002). The Agulhas current, which flows along thstern coastline of Africa, is narrow, swift antbaeg. It

is a western boundary current and like many wesietmdary currents it is extremely fast, and isléngest

35



of the western boundary currents in the world (®ard1985), whereas the Benguela current flows
northward up the west coast of Africa. Unlike thgufas current that is narrow, the Benguela iscadbr
current, approximately 200-300km wide (Wedepetrél, 2000).

Found adjacent to the town Kenton-on-sea in thdeEa<ape is the Kariega River mouth. The Kariega
Estuary is a permanently open system (Pateescell, 2008), situated on the east coast of South @&fric
(33°41'S, 26°42’E) and stretches approximately &8ikland (Paterson and Whitfield, 2000a,b; Bettal.,
2004). The channel varies between 40 m wide inufhieer reaches and 100 m in the lower reaches of the
estuary (Bateet al, 2004) and is surrounded by salt marshes, satsl({Grange, 1992), and steep slopes up
the reach of the estuary. Kariega River is higiiysus towards the mouth (Figure 4.1) resultingamplex
estuarine sediment transport processes. The skepgssthat run up part of the length of the estumry

covered in valley-bushveld vegetation (Fronema@120

The Kariega Estuary is a marine-dominated hypersalystem with very little riverine influences (Ggaet
al., 2000). Restricted freshwater input into the eystis largely due to the fact that the Eastern Gape
relatively arid which, is made worse by the lownfall to runoff conversion (Batet al, 2004; Patersoat
al., 2008). In addition, the Kariega Estuary catchimeismall and is extremely regulated by three danus
various weirs in the area. Even though there istrang freshwater input, there is still sufficieseburing by
tidal currents to maintain a permanent connectigdh the sea (Batet al, 2004). This system, like many
other systems found along the Eastern Cape sherdlas a small tidal prism. Water levels in thistemn
change due to the semi-diurnal and spring neap digddes (Taylor, 1987). Kariega Estuary is saicthave
been formed as a result of drowned river valley tlusea-level rise, but has since been impactechdny.
Throughout colonial times the river mouth has reradi open to the sea. Thus it can be classified as a
ria-type estuary according to Reddering and Ru89@L Such sea-level rise that may have resultdten
river valley being submerged may have either besstaéic or isostatic, resulting in a large estuaeing

formed at the mouth of what was a comparativeligmsicant river (Reddering and Rust, 1990).

There are three main intertidal salt marsh systam&ariega, namely Taylor’'s, Grant's and Galpin’s
marshes. Grant’s salt marsh is dominate@pgrtina maritimaandSarcocoria perennjswhile Taylor’s salt
marsh is dominated b$arcocornia perenniand has a single unvegetated intertidal creekomedopening
into the estuary. Both Taylor's and Grant’s creakes shallow and narrow (Paterson and Whitfield,0200
2000b). Galpin’s is unlike the other two salt masin that it is attached to a small estuarine gmieat
rather than the main channel, is dominatedSpwrtina maritimaand Sarcocornia perennjsand this site
does exhibit clear vegetation zones. There arerfig@ high marsh pools and the intertidal creelider
and deeper than the previous two (Whitfield andridan, 2003), thus it was clear that this was aipiil

research site.
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Kariega Estuary is a unique system with very liftieshwater input and therefore the salinity of iKga
Estuary is extremely high. Salt-marsh plants amadoalong the length of the estuary system. Thensatsh
vegetation found in Galpin’s salt marsh indicatesiaeable zonations as one proceeds from the ichért

channel towards the terrestrial edge.
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Figure 4.1: Map of Kariega Estuary indicating the p  osition of Galpin’s salt marsh (Paterson
and Whitfield, 2000a)
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CHAPTER FIVE: METHODS

This chapter describes the research design, amdcddiection techniques both in the field and labory.
Field work consisted of surface sampling, core aotion and a stratigraphic transect. Laboratorykwor

included sub-sampling of sediment cores, extraatidioraminifera and radiocarbon analysis.

5.1 Field component

The fieldwork component of this research was cotetuén April 2011 at Galpin’s salt marsh, Kariega
Estuary, South Africa. The purpose of the fieldwarks to map vegetation zonation, collect surface
sediment samples that would be analysed for modemminifera assemblages, establish a detailed
stratigraphy of the salt marsh, and to collectifassdiment cores for palaeoenvironmental analgsis for

establishing a suitable chronology.

5.1.1 Vegetation mapping

Vegetation cover was identified (Lubke and de Mat®98) and abundance recorded using a Braun-
Blanquet scale (Poore, 1955) along each of theasarfransects. Distribution, manifested as zonaiwh

species abundance were plotted along each transects

5.1.2 Surface samples

Three sampling transects were positioned alongleragon gradient from high marsh through to the lo
marsh and tidal mud flats to the low tide mark (ifeg5.1). Tidal pools were not sampled for forafeirs.
However, to determine the vertical zonation of foir@fera for the training set, Transect One anédhwere
joined together. This was possible as Transectr@mérom the terrestrial edge to the high waterknanhile
Transect Three ran from the high water mark tddiaewater mark. For the purpose of this researahsect
One and Three will be identified as Transect Fotirty-nine surface foraminiferal samples (Plat2)5vere
collected using a hand-held surface sampling deffdate 5.1) at vertical intervals of 5 cm alonglea
transect. The surface samples can be root boundliffirailt to extract, therefore the hand-held sénmgp

device has a sharpened edge. The sampling devisenés] as it goes into the ground to avoid conipact

Samples elevation is determined by leveling to mroon benchmark. This benchmark was determined by
hammering a ground peg into an area of stabilitpya highest astronomical tide level). The tophaf peg
was located accurately in terms of X, Y and Z cowtes and all surveyed data was leveled backiso th

height. Field measurements of elevations of allgamwere surveyed relative to the South AfricaigNet
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reference station at Grahamstown, heights aboigseitl and then linked to local tidal datums (Tabl&)
(SA Navy, 2011).

It is important to take into consideration the effeof environmental factors on the distribution of
foraminifera such as the following environmengat;and water temperature, light intensity, tidevations,
oxygen concentrations and pH. However, for the psepof this thesis only sample elevations were
determined.

Table 5.1: Tide levels at Port Elizabeth relativet o chart datum (CD) (SA Navy, 2011)

Tide Level Height (m CD)

Lowest Astronomical Tide 0
Mean low Water of Springs 0.21
Mean low water of Neaps 0.79
Mean Level 1.04
Mean High Water of Neaps 1.29
Mean High Water of Springs 1.86
Highest Astronomical Tide 2.12

Plate 5.1: Surface sampling device

5.1.3 Stratigraphic description

An extensive program of coring using a 20 mm @ gaagger (Plate 5.4) was conducted to establish the
stratigraphy of the salt marsh along the trandelett¢ 5.3). The stratigraphy was classified udireyTroels-
Smith system of sediment description and portrgJabels-Smith, 1955; Kershaw and Bulman, 1996),
which is suited to unconsolidated organic sedime@tassification was preformed for each of the seve
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transect cores (See appendix A), which was accompdy Munsell colour description (Plate 5.4). This
process was used to determine where along theettatisee deepest salt-marsh peat occurred. Cores wer

taken at the start and ends points along the tthase at regular intervals of 3 or 5 m.

Plate 5.2: Surface sample extracted

Plate 5.3: Stratigraphy points along Transect Two, Galpin’s salt marsh, Kariega Estuary
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Plate 5.4: Munsell colour description charts and 20 mm @ gauge auger
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5.1.4 Core extraction

Five one meter continuous cores were extractedyaloansect Two in the vicinity of the deepest sadtrsh
peat profile (33°39'04”S 26°39'74"E). A 50 mm @ gpuauger was used for core recovery. The extraction
of cores was carried out carefully so as not teudisthe profile or contaminate samples. Sedimenes
recovered from the high marsh zone were then pladedabeled PVC piping, wrapped in cling wrap and

heavy duty plastic and transported back to therktboy where they were refrigerated for later asialy

5.2 Laboratory Component

Analysis in the University of KwaZulu-Natal, Pietearitzburg laboratories took place between April20
and August 2012. Modern and fossil sediments weltessampled for foraminiferal assemblages. Bulk

sediment samples from the fossil sediments wereleed to provide material for dating.

5.2.1 Subsampling

A subsample of four cm3 was extracted from thefieg cm of each surface sample, preserved in disalu
of Rose Bengal and ethanol and buffered by sodiigarfionate. Samples were stored in the refrigeidtar
temperature of 2 - 5°C and shaken regularly to enthat the living foraminifera took up the RosenBal

stain. The samples were left to soak for a minin@émours (Scott and Medioli, 1980; Gehrels, 2002).

Two of the five coresvere used for further analysis, Core Faas subsampled at selected intervals for
AMS *C and the other sampled along its entirety for rfordfera (Table 5.2)The description of each

sediment core (Appendix B and Appendix C) was deitged prior to sub-sampling using Troels-Smith
Sediment Classification Scheme (Troels-Smith, 196&rshaw and Bulman, 1996) and Munsell Colour

Description (Figure: 6.10).

Table 5.2: Table of cores

Core Name Depth (cm) Use
Core 1 66 Archiving
Core 2 94 Foraminiferal analysis
Core 3 40 Archiving
Core 4 92 AMS dating
Core 5 94 Archiving
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A total of 188 sub-samples were extracted at asBFesolution from the core and stored. Fouf aheach
sub-sample are processed and stored in buffereshatin the refrigerated. The remainder of each sub
sample was placed into a polypropylene sealable lbbgled and refrigerated. Once the sedimentatiten
was determined, it was decided that 48 sampleatna resolution were used for microscopic forafaiail

analysis.

Both surface and core samples were individuallyh@dsthrough 500 and 63 um mesh sieves. The sample
collected in the 63 pm sieve was washed into adre@nce the sediment had settled the suspendadiorg
material was removed. The sample was then suspended liters of water and sub-divided into eight

aliquots using a wet splitter (Gehrels, 2002).

5.2.2 Microscopy

The samples were kept wet throughout the countinggss thus preventing aggregation of organicgesti
and minimizes degradation. A Leica M205C stereoosicope with an attached camera was used for
counting and identifying foraminiferal assemblagesiler 60X, 80X and 100X magnification. For each
sample, one aliquot was placed into a spiraled \g@doraminiferal counting tray and counted, if the
subsample did not provide sufficient specimens larotliquot was counted; 250-300 foraminifera per
sample were counted, identified and photographqapéAdix E). From a statistical perspective a caint
250 individuals is necessary especially if sigmifit indicator species are present but in low number
(Gehrels, 2002). Those that were not identified edrately under the microscope were photographed and
identified at a later stage. Samples extracted fiferupper reaches of the salt marsh and samptestain
depths in the core had low concentrations of fongera and the desired number of 250 was not obdiim

the surface samples, both stained and unstainedhivifera were counted and identified (Appendix).F-I
Both living and dead assemblages were countedhaatdtal assemblages provide a better indicaticheo
environmental conditions as both season and terhffoctuations are integrated (Scettal, 2001; Horton

et al, 2005b).

Specimens that were brightly or partially stainegtevconsidered alive and those that were not staieee
considered non-living at the time of collection (Beleyet al, 2008). Several references were used to aid in
taxonomic identifications of foraminifera found a each transect and down the core (Murray, 1979;
Horton and Edwards, 2006). A taxonomic list of egphcies of foraminifera encountered and its detoni
was compiled (Appendix D). Tests that were eitmagrhented, including linings, too small or could he

identified were designated unknown.
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5.3 Data Analysis

Modern assemblages were used to construct modelsvobnmental information and much of the dataewer
subject to statistical examination throughout tatadanalysis stage. Software packages used ianhlysis
include the Classical Age Modeling source code dB¥a, 2010), Psimpoll (Bennett, 2005), Constrained
Incremental Sum of Squares (Grimm, 1987), CANOC@hmater program (Ter Braak, 1995) and the
software package QJuggins, 2003).

5.3.1 Radiocarbon dating and chronology

Five subsamples were extracted at selected ingepfal8 cm, 66 cm, 53 cm, 89 cm and 92 cm for AMS
radiocarbon analysis, based on stratigraphic boteslaAll large rootlets and pieces of debris were
removed. Samples were then placed in an 80°C ovemight. Once each sample had cooled, each was
weighed and placed into a polypropylene bag. Afhgles were sent to BETA Analytic inc. in Miami for
radiocarbon analysis. The organic fraction wasdl&te four bulk sediment samples and carbonatdifmac

for the 92 cm sample as it consisted of shell fragis

An age-depth model was established for the sedinten¢ to place the sea-level record within a
chronological framework. To create a suitable agptld model using the dates obtained from the AMS
radiocarbon dating, the dates needed to be cadbr&alibration and the development of the modekwe
achieved using CLAM (Classical Age Modeling) souccele (Blaauw, 2010), in conjunction with R open-
source statistical environment (Team, 2010). Stahgaocedures were followed as described by Blaauw
(2010). All the radiocarbon dates were calibratesthg ShCal 04 calibration (McCormat al, 2004) and

linear interpolation model.

5.3.2 Data zonation and diagrams

The results from the foraminifera counts alongtifa@sect and down the core were plotted using Rgimp
Version 4.263 (Bennett, 2005). Foraminifera codirds each transect were plotted against the leofythe
relevant transect along with the stratigraphic rimfation and calibrated dates as established usirape-
depth model. To assist in the interpretation offtesil foraminiferal assemblage data down the cbreas
divided into five zones using Constrained IncreraeBum of Squares (CONISS) (Grimm, 1987). CONISS
is a stratigraphically constrained ordination tegbhe devised for analysis of sediment core data.
Foraminiferal zonation using CONISS was run on tliidaset to ensure that zonations would not be

influenced by personal observations.
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5.3.3 Transfer function

Multivariate regression analyses were used to dfyahe relationship between surface assemblage atad
mean sea level in the contemporary environmens ploduced a transfer function that could be agpte
down-core assemblage data allowing historical eeal$ to be inferred. For the purpose of this neselboth
living and dead (total) surface assemblages weed s construct a training set. This does not iake
consideration how live assemblages are affectddwolg death (Murray and Alve, 2000; Hortat al,

2005b). Some researches argue that dead assemaiagastable for a training set, especially ingenate
salt marshes as they are less vulnerable to sdasmieions as even though live assemblages aiabla
they do not move from place to place in subsuréangronments (Horton, 1999; Scettal, 2001; Hortoret

al., 2005b)

From the data set of living and dead surface fondera assemblages, a transfer function was cartstiu
using software € (Juggins, 2003), thus quantifying the relationsh@ween elevation and foraminiferal
assemblages. Developing a transfer function tonsoact past sea levels from fossil foraminiferzords is

an interactive process. The data set was a continaf all data from all three transects of total
assemblages. The relationship between total foigaréh assemblages and elevation above sea level wa
determined using a multivariate statistical analy3ihis was done by performing a Detrended Canbnica
Correspondence Analysis (DCCA) using CANOCO (Tead; 1995). Running a DCCA provides one with
an estimate of the gradient length of standardatievi (SD) units, which helps to determine the most
suitable model for the total assemblage trainirtg(Beks, 1995). The gradient lengths for this wsé’s
data set were greater than 2 SD units (Appendiartg) therefore the most appropriate regression and
calibration technique is a unimodal response modgkJuggins, 2003) was used to calculate regression
statistics. As recommended for species data walignts >2SD units, unimodal regression model vgas u

and in this case weighted averaging (WA).
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CHAPTER SIX: RESULTS

This chapter describes the results of the vegetatiml foraminiferal analysis, stratigraphic degwips and

radiocarbon dating. Radiocarbon dating is evaluated calibrated providing a chronology and used in
conjunction with the transfer function data to donst a past sea level curve. Vegetation zonaton i
compared with the compositional changes in the aserfforaminiferal assemblages and elevation

determining the accuracy of the foraminiferal adsleges as indicators.

6.1 Vegetation zonation

Galpin’s salt marsh exhibits upper and low marghations based on the vascular flora present alaoky ef
the elevational transects across the salt margjur@i6.1). Approximately 70% of the marsh area loan
described as high marsh, with this zone being deinseegetation compared to both the upper and dowe
sections of the marsh. The marsh is dominate®@drgocornia perennigPlate 6.1), which is present in all
three zones. The higher marsh zone is dominatedh@nolea diffusgPlate 6.1) and.imonium linifolium
(Plate 6.1) with some occurrence Bfiglochin straita (Figure 6.2). The lower marsh or tidal flats are
covered bySpartina maritimaand Zostera capensjsa pattern which is clearly evident in TransecteOn
(Figure 6.2). The dominant plants in the upper pétthe intertidal zone closer to the terrestridgye are

Carpobrotus eduligPlate 6.1) an&porobolus virginicugPlate 6.1).

6.2 Training set analysis

A total of 13 foraminifera taxa were identified afpthe transects forming the training set for Gapsalt
marsh. Eight of the taxa occurred in both transegith the dominant species being agglutinated.s€he
eight taxa in decreasing order of abundance (Inang dead) arejadammina macrescenbliliammina
fusca Trochammina inflata Quinqueloculina spp Scherochorella moniliforme Fissurina spp
Trochammina ochraceand Spirillina vivipara. However, there were five taxa that were excludwe
Transect Fouryiz., Ammonia batavysAmmonia aberdoveyensldaynesina germanicd extularia earlandi
and Textularia gramen The majority of tests we well preserved especittibse that were close to the
intertidal zone. Preservation declined ever schliigiowards the terrestrial edge, whereby smadl anore

fragile foraminiferal tests showed signs of dis§olu

The relative abundance of foraminiferal specieseiases towards the intertidal channel as elevation
decreases compared to the abundance of speciethadarrestrial edge where elevation is greatgyu(e

6.3). A higher percentage dladammina macrescerse present at higher elevations, while it rapidly
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declines as elevation decreases. In the high nzarsé closer to the terrestrial edge there is alsmatber

of Trochammina inflatapresent. Trochammina inflataand Miliammina fuscapredominantly occur in
conjunction with one another. However, closer te ittertidal channelrochammina inflatadecreases in
abundance anilliliammina fuscancreases. At the lower elevations where the tialadlflats would be

a7



=== Distancc above sea level (m)

=)

Meters above sea-level (m)

Distance (1)

=== Distance above sea level (m)

Meters above sea-level (1)

Distance (n)

Figure 6.1: Elevation profiles of (A) Transect F  our and (B) Transect T wo, Galpin’s salt marsh
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present, the proportion of agglutinated speciegedses, and are replaced by an increase in calsareo
species. Here there is a rapid decreas€rachammina inflateand Miliammina fuscaand an increase in
Ammonia batavysAmmonia aberdoveyensiand Haynesina germanicaThe greatest abundance of

foraminiferal species is present at lower elevationthe lower to tidal mudflat zones (Figure 6.3).

6.3 Foraminiferal assemblages and dominant plantra  nges

The numbers of live species in the samples weiaively higher towards the lower marsh, with dead
species abundance being greater towards the t@atestige (Figure 6.4 and 6.5). There is some o

in the distribution of the zonations of the plaatsl foraminiferal assemblages. However, the cdroalan
distribution could be a manifestation of salinityather physical parameters as opposed to a dieerdation.

In the tidal mudflat zone closest to the intertidaannel there is a noticeable increas&astera capensis
and in calcareous species suchAasmonia batavysAmmonia aberdoveyensis, Spirillina vivipasad
Haynesina germanicalVhereSpartina maritimais present along Transect Two (Figure 6.5) theqreage
abundance oMiliammina fuscaincreases. As one moves towards the terrestrigé ¢de abundance of
Trochammina inflatancreases. Where the abundanc&michammina inflatas relatively constant, there is
an even distribution o€henolea diffusand Sarcocornia perenniswhere there is a clear increase in the

number ofJadammina macrescespeciesSporobolus virginicugs present.
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6.3.1 Optima and tolerance of foraminiferal species

The weighted-averaging analysis of the height-ndized training set yields tolerance ranges for each
species present. It identifies the optimum elevetay each species relative to mean sea level (Ei§i6). It
appears that the optimum for most species occutseimiddle to slightly lower marsh. However, thtsea

whose number of occurrence is low in the trainiegseem to appear closer to lower marsh habitats.

z
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Figure 6:6: Optima and tolerance of total (live and dead) foraminiferal species. N is the
number of occurrences in the training set of 37 sam ples.
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6.4  Stratigraphic transect

Seven cores were recovered along Transect Twdingt& m from the channel edge moving towards the
terrestrial edge (Figure 6.7). The majority of ttowes were extracted from the middle marsh zon@rea

with abundanChenolea diffusandLimonium linifolium The upper 10 cm of each core had a high clay and
humus content with the presence of silt and raatléthe rich salt-marsh peat layer becomes deepena
moves towards the terrestrial edge. This layewideat in the three cores extracted at 18 m, 2hd26 m
away from the channel edge, with the salt-marsh lpgar lying between 10 cm and 30 cm down the £ore
This layer could be identified by a grey-brown aolowith the presence of iron oxide stain, high
concentration of clay and the high organic cont&stone moves down each of the cores the orgactic-ri
salt-marsh sediment is underlain either by a ldager of silt-clay with the presence of sand. Adsashell
basal layer was found in the core removed 21 cmm filoe channel edge. The sand content was otherwise

restricted to the upper reaches of each core appately 10 — 30 cm down, core dependent.

6.5 Core Two stratigraphy

The sediment core (Figure 6.8) used for foramialfeaanalysis was chosen based on the stratigraphic
information and the organic material present. Tduee was subdivided into nine stratigraphic urese
zones are based on colour and composition as Heddoy Munsell Colour Code and Troels-Smith sedimen
description. The boundaries of the nine zones dinv@rcore appear at the following depths: 2, 7,396,38,
42,53, 56 and 97 cm.

Based on Troels-Smith sediment descriptions thbo(31 -97 cm) of the core is predominately cosgxti

of Argilla steatodesArgilla granosaand Grana minora The zone above, lying 26 - 30 cm has a high
presence olimus ferrugineuswith the preceding zone from 7 — 26 cm comprissogely of Argilla
steatodeAbove this zone there was a portion (4 -7cm) withigh Argilla steatodesandSubstantia humosa
content along with loose plant and root materiaile Tipper two centimeters based on Troels-Smithresdi
descriptions is dark brown in colour and compriseBetritus herbosuandArgilla steatodesThe colour of

the sediment core varies from very dark gray td& dgayish brown (plate 6.2).
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6.6 Age model and sedimentary history

The chronology for the core was determined throAdtS dating on four bulk orgac sediment and or
shell sample (Table 6.1). Thasic ag-model (Figure 6.9), constructed layear interpolationfor Core Two
indicates two age reversals. The basal shell date ¢lear outlier to all the bulk sediment datelse
chronology is norinear and places the record hin the late Holocene period with a basal age 8fl-1424

cal years BP.

Table 6.1: Radiocarbon dating results from Galpin’s salt marsh, Kariega Estuary

SampleNo |Lab Code  Depth (cm) Sample material “Cyr BP cal year BP Range 3C/'C (oloo)
1 Beta-334778 18-19 Organic sediment 120+30 970 -1142 (92.1%) -20.5
2 Beta-301135 53-54 Organic sediment 620+30 591-638 (49.7%) -20.8
3 Beta-334779 66-67 Organic sediment 1460+30 1281-1363 (95%) -19.8
4 Beta-334780 89-90 Organic sediment 1570430 1331-1424 (69.6%) -19
5 Beta-3301136 92-93 Shell 673+30 557-654 (95%) 1.5
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Figure 6.9: Basic age- depth model for Core Two, Galpin’s salt marsh, Kari ~ ega Estuary
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The fossil marine shell material has a date of 654-cal years BP which conflicts with the age model
Carbonate shells are notoriously more difficultdime because the carbon in their structure undsergne
exchange with carbon dioxide resulting in a yourage. The fossil shell date is 772 years youngar the
1331-1424 cal years BP date above it in the sedircere, possibly due to recrystallisation (Compton,
2011). The shell has a 1.5 %o ®°C but usually marine shells analysed show a rah§eé’e from +4.2 to
-1.7%0, whereas mollusk shells derived from freshewhave a range between -0.6 to -1.5%0 with similar
differences ir5'%0 content. Without the oxygen content there is margntee that recrystallisation has taken

place (Compton, 2011).

To calibrate radiocarbon ages based on samplesawitiarine carbon element it is important to know th
marine carbon reservoir correction value (Deetaal, 2012). Finding the appropriate correction fadaor
marine radiocarbon dates is difficult and the peablhas yet to be fully resolved (Walker, 2005). tHis
particular research we use a west coast weighteah Afe of 146 + 85'C years to correctly calibrate marine
shell (Dewaret al, 2012). The radiocarbon date of the shell mdter@s not included in the final age-depth
models as possible recrystallisation has takere@ad conflicts with the rest of the dates obtained

Although the radiocarbon dates are fairly consisteith one another as they increase in age down the
sediment core, there are apparent conflicts. Regudicate two possible age reversals in the upgsches

of the core, which are best viewed as separateasosnin Scenario One the 970-1142 cal years B® ata

18 cm and in Scenario Two the 591-638 cal yearsl®P at a depth of 53 cm have been identified @s th
possible outliers (Figure 6.10). Age reversals ewidn the upper sections of the core suggestttiea¢ was
either reworked organic matter from bioturbatiomntamination by aquatic plant rootlets, erosion or
deposition occurring as a result of wave actiorrieer deposition. Scenario One shows a varying eurv

while Scenario Two shows a relatively linear curve.

In Scenario One the radiocarbon date 970-1142azaisyBP at a depth of 18 cm has been excluded aghkis
reversals suggest that there was either reworkgahar matter from bioturbation, contamination, enoal

or deposition hiatus occurring as a result of waston or the probability of river deposition. TB@0-1142

cal years BP date would suggest that the sampleeithsr contaminated by old carbon as the sample
extracted below is younger. The contamination cdaddas a result of older sediments being deposited
(Retelleet al, 1989) by wave action or bioturbation. The maldn a salt marsh can be reworked by spring
tides and some of it distributed elsewhere in tlzesm (Stoddaret al, 1989). The eroding marsh edge is a
major source of sediment, with sediment being parted into the marsh during tidal fluctuations otres
marsh surface (Stoddaat al, 1989).
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Scenario One’s sedimentation rates (Table 6.2) shoansiderable increase in recent times. Theasere
sedimentation rate can be attributed to the ineré@agidal inundation which allows greater opportyrfior
sediment to reach the marsh surface (Stodetast., 1989). A study conducted on Long Island marsh in
Connecticut suggests that over the last 100 yeahigla rate of deposition has occurred. This study
concluded that with a slow rise in sea level, tharsh accumulates at a rate determined by sea level
variation, with the level of the marsh surface treéato mean sea level determined by sediment gugopd
frequency of tidal flooding (Stumpf, 1982). An iease in sedimentation is in conjunction with stadhat
propose that sedimentation continues throughoutHblcene and modern salt marshes generally have
higher rates of sedimentation than previously (Piurh982; Retelleet al, 1989; Stoddaret al, 1989). An
erosional hiatus would explain the sedimentatida of 0.02 cm/year between 1281-1363 cal yearsrigP a
591-638 cal years BP. According to the sedimentrijsn of Core Two, the stratigraphy indicateattthe
bottom (31 — 97 cm) is predominately compriseddddilla steatodesArgilla granosaand Grana minora
Near the top of the core change in sedimentationdge evident and is almost solely comprised\dfilla

steatodesyith small fractions oSubstantia humosa.

In Scenario Two the radiocarbon date of 591-638yealrs BP extracted at a depth of 53 cm has been
excluded. This age reversal suggests that thezégthier an erosional or depositional hiatus at tt@pth; it
was contaminated by younger carbon as a resuibtirbation. As discussed in Scenario One, spiithgst

could rework the sediment and mixing can occurd@otet al, 1989).

Scenario Two is close to linear, which implies eadly sedimentation rate (Table 6.3) except betWeam

and 18 cm where there is a significant decreassedtimentation rates in recent years. The layehén t
sediment core suggests steady sedimentation sdairly homogeneous between 56 cm and 94 cm with a
sedimentation rate of 0.22 cm/year. A slight deseda sedimentation rates is possible if the elenaif the
marsh surface increases over time (Stodetaat, 1989) or the tidal range has decreased as ifauasl that

areas with higher tidal ranges had higher sedinientaates (Stumpf, 1982).

This suggests that estuarine sedimentation trangpocess are complex, with varying influences loa t
sediment delivery to the marsh surface and thatread availability for deposition on the marsh sg# is
not only controlled by flooding. In terms of parsiny, Scenario Two is the most likely as it is lineaad has

a steady sedimentation rate which correlates wdth indings that sedimentation was continuous
throughout the Holocene, however if this scenarisegen to be correct then the period between 929-d4l
years BP and the present would be considered a&$iable as sedimentation rates decrease and abf@ssi
erosional hiatus present. On the other hand if &®rOne was correct, as they are more comparable t
findings that sedimentation rates have continueihdrease as sea-level increases, then the pesiwebbn
1331-1424 cal years BP and 1281-1363 cal yearsvgiild be unreliable as during this period of time

sedimentation rates decreased, again due to @fgssbsional hiatus.
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Table 6.2: Sedimentation rates for Scenario One

Sample No.| Depthrange (crf) Depth thickness (dm) Setion rate (cm/yr)
2 0-53 53 0.09
3 53 - 66 13 0.02
4 66 - 89 23 0.41

Table 6.3: Sedimentation rates for Scenario Two

Sample No.| Depthrange (cnf) Depth thickness (dm) Serition rate (cm/yr)
1 0-18 18 0.02
3 18 - 66
4 66 - 89 71 0.22

6.7 Down core species description

Foraminifera occurred throughout the length of¢bee and were well preserved, however counts veave |

at certain depths particularly between 30 and 65 Tmassist in the interpretation of the foramirafe
assemblages down Core Two, the foraminiferal sexpigras divided into five zonegiz., K1 (65-94 cm),

K2 (46-65 cm), K3 (39-46 cm), K4 (31-39 cm) and ¢0531 cm), using the Constrained Incremental Sum of
Squares (CONISS) technique (Figure 6.11). Aggltgidaforaminifera were most abundant in the upper
reaches of the core and gradually decreased dowrcdhe. The base of the core was dominated by

calcareous foraminiferal species (Figure 6.12).

In zone K1Ammonia aberdoveyensssdHaynesina germanicappear to be dominant down to the base of
the core, with agglutinated species especialixtularia gramenappearing sporadically. Zone K2 is the
transition zone in the core, where calcareous spesecome present and the proportion of agglutinate
species decreases. There is an apparent peakabuhdance oAmmonia batavum K2; especially from 54

to 62 cm.Miliammina fuscaexhibits an increase at a depth of 50 to 52 dadammina macrescels the
most abundant species in zone K3, with a smallgmes ofMiliammina fuscaand Trochammina inflataA
very low number of foraminifera were recovered frbatween the depths of 30 cm and 46 cm. Zones K4
and K3 are similar in sediment composition and weegle up of approximately equal parts clay andlsilt
zone K4Jadammina macresceisthe dominate species, with three species apygeiarlow counts between
31 and 36 cmyiz., Miliammina fuscaTrochammina inflateaand Trochammina ochrace&one K5 had five
dominant species,viz, Jadammina macrescensMiliammina fusca Scherochorella moniliforme
Trochammina inflataand Trochammina ochraceaSpecies such atadammina macrescenbliliammina

fuscg Trochammina inflataand Trochammina ochraceavere generally restricted to the upper 46 cm,
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whereasAmmonia aberdoveyessAmmonia batavt andHaynesina germanicavere restricted to the low

half of the core.
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Figure 6.11: Zonation and CONISS of foraminiferal assemblages down Core Two

6.8 Sea-level reconstruction

The transfer function was applied to calibrate thesil assemblages from Core Four and the re
reconstructions compared. Summary of the performaifiche transfer function can be seen in Apperdi
Relative sea-leal change is reconstructed for Scenario One andaSioeTwo from the data obtained fro
the transfer function and the adepth mode, relative sedevel change was also constructed and plc
against depth (Figure 6.13jor both Scenario ne (Figure 6.14) and Two (Figure 6)1the sea level we
within one meter of the present day leveoing back to 1500 cal years BP. Thezanstruction for bot
scenarig indicate that sea level was 0.6 m higher tharpthsent between 1300 cal years BP and 150
years BP.




In Scenario One (Figure 6.14) after 1300 cal y&®ssea-level fell relatively rapidly to between @n2and

0.4 m below present until 600 cal years BP, at Wwigoint it rose again to above the present levaceO
again between 600 cal years BP and 500 cal yeaseBievel dropped and reached the lowest in twde
during this 1500 cal years BP period. From 500years BP until present, sea-level fluctuated betwie

and 0.6 m below present.

In Scenario Two (Figure 6.15) between 1300 caly®&® and 1400 cal years BP sea-level dropped yapidl
A sea-level highstand is then evident between T30§ears BP and 1200 cal years BP. After 125@eals
BP sea-level fell to a minimum around 1200 cal g&&?. Between 1100 cal years BP and 1200 cal Bdars
sea-level fluctuated between -0.3 m and -0.6 mr&lhas the relative stability in the sea level lesta 100

cal years BP and the present.
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CHAPTER SEVEN: DISCUSSION

For sea level to be reconstructed with the aidatifrearsh foraminifera, one needs to have a conemste
understanding of their surface distributions, imjoaction with understanding their relationship twit
environmental variables that influence these dhistion patterns (Scott and Medioli, 1978; Patterd®90;
Edwards and Horton, 2000; Horton and Edwards, 206@he following chapter the distribution of meode
foraminiferal assemblages within the intertidal @re described and compared to the dominant seifthm
plants zonation and tidal fluctuation. This estsliiid relationship between foraminiferal distribngicand
tidal levels, is used to develop a foraminiferansfer function which is able to produce a relative
reconstruction of past sea levels. Finally, the-leeal reconstruction is discussed and compareth wit

previous results from local and international htere.

7.1 Transitional zones determined by foraminiferaa  ssemblage changes

The results (Figure 6.12) suggest that foraminifasssemblages can determine vertical zonationsirwith
Kariega Estuary. The distribution of foraminifeedlsemblages across the surface of the intertiched =oa
direct result of altitude, though the duration &mdjuency of intertidal exposure must be considasthese
factors may affect distribution (Scott and Medi@®78, Jenningset al, 1995; Franceschimi al, 2005).

Kariega Estuary has a relatively diverse abundanderaminiferal assemblages (Table 7.1) compargd w
studies conducted along the west coast of SoutitaA{fCompton, 2001; Francescheti al, 2005), which
tend to be dominated by agglutinated spedibe terrestrial edge of the salt marsh has a hegbgntage of
Jadammina macrescength a determined optimum of 1.69 m above seal I@vigure 6.12), this increases
higher up the marsh. This concurs with previouglist which suggest thaladammina macrescerns
typically found in the highest parts of the intédli zone and its relative abundance rapidly deslioevards
the intertidal channel (Gehrels and van de Plasst®@9; Sen Gupta, 2003; Horton and Edwards, 2006).
However, in this research the high marsh zone ot small number dfrochammina inflatawhich has
been identified as a high and middle marsh spacisamples taken from the Fraser River delta itidbri
Columbia (Canada) where it was found to co-dominaith Jadammina macrescer(®Villiams, 1989;
Patterson, 1990). The co-inhabitance of these peaiss in Kariega Estuary was observed and deslciine

Langebaan (Franceschetial, 2005).

Miliammina fuscaand Trochammina inflatgpredominantly occur in conjunction with each ottfégure 6.9)
and are good representatives of vegetated marsbddwide (Scott and Medioli, 1978; Berkeley al,
2007). According to Horton and Edwards (2003), siigating the seasonal distribution of foraminifera
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species at Cowpens marsh in England, the transitoe between high and low marsh is characterigea b
decrease infrochammina inflateand an increase iMiliammina fusca.This trend is evident in Kariega
Estuary surface samples, witliliammina fuscaabundance increasing afidochammina inflatanumbers
decreasing as altitude decreases towards theidiaieshannel.

Table 7.1: Dominant foraminifera identified in this research at Kariega Estuary and their preferred

niche

Foraminifera Niche
Ammonia aberdoveyensis Low marsh and tidal fla
Ammonia batavt Low marsh and tidal fla
Haynesina germanica Middle/low marsh and tidal fla
Fissurina sp| Marine shelves and transported into estuarine sy
Jadammina macrescens Brackish marshes
Miliammina fusc. High marsh and upper estu
Quinqueloculina spp Estuary mouths, inner shelf and middle/low marsh
Scherochorella moniliform Inner shelf and estuary mou
Spirillina vivipara Inner shelf
Textularia earlanc Coastal environmer
Textularia grame Coastal environmer
Trochammina inflata High marsh and upper estui
Trochammina ochrac Inner shel

(Adapted from: Murray, 1979; Horton and Edward€)@0

The transition between low marsh and tidal muditaisesponds with the percentage of agglutinatedisp
decreasing and being replaced by an increased mushlmalcareous species in Kariega Estuary’s sarfac
foraminiferal assemblages (Horton and Edwards, pOBnilar studies from Europe, North America and
Langebaan Lagoon salt marsh in South Africa idextithe mudflats as being dominated by calcareous
foraminiferal species (Patterson, 1990; Horton,9199ranceschinet al, 2005). This transition zone at
Kariega Estuary is characterized by a rapid deer@ga3rochammina inflataand Miliammina fuscaand
being replaced bilaynesina germanicand Ammoniaspecies, as identified at Langebaan Lagoon sakhmar
(Compton, 2001) and at Cowpen marsh (Horton andakdisy 2003). Species of the gemieynesinaand
Ammoniaare often found to populate the lower tidal toeitidal zones (Berkelegt al, 2007). Tidal
mudflats are usually characterized by the highastriniferal diversity (Franceschiat al, 2005), as is the
case at Kariega Estuary where the highest abund#ntes foraminiferal species were present in ttal t
mudflats. Miliammina, Trochamminaand Ammoniaassemblages usually characterize modern paratic an

deltaic environments (Jones, 2006).

Species of the genusmmoniaare said to dominate lower tidal to intertidal esr(Berkeleyet al, 2007),

however in a salt marsh in north Queensland, Alisttanmonia aberdoveyensigere found isolated at 1.54
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m above sea level, thus not corresponding with Gom2001), Horton and Edwards (2003), and Berkeley
et al. (2007). This may be an indication that the disifitm of Ammonia aberdoveyensis not directly
proportional to altitude in this particular situatias hypothesized by Scott and Medioli (1978), rather
linked with the salinity of the salt marsh, as wasdl natural variables that would influence salisitigh as
precipitation and tidal fluctuation. Unfortunatethjs cannot be verified for Kariega Estuary aiglwas

not determined in this research.

7.2 Vegetation - foraminiferal zonations

Many salt marshes exhibit distinct plant zonatigiable 7.2) which are controlled by their tolerano tidal
inundation, competition (Gehrels, 1994) and biatitvironmental factors such as altitude and salinity
(Horton, 1999), such a strong correlation with ate&an makes them extremely useful to sea-levelarebe
(Jenningset al, 1995; Horton, 1999).

Three vegetation zones can be identified; mudflatg,marsh and high marsh, using the relative abnod

of the dominant plants (Jenningsal, 1995). Galpin’'s mud flat zone corresponds witlbke and de Moor
(1998) who describe successional changes in safihms, whereby the mud flats are colonizedZbgtera
capensisfollowed by a low marsh zone stabilized ®yartina maritimaand the water is shallower than that
of the mud flats (Lubke and de Moor, 1998). Thdsed distinct zones are apparent at Valdivia tidal
marshes in Chile (Jenning$ al, 1995) and Langebaan, South Africa (Francesdtimil, 2005). The low
marsh zone occupies the zone between the low wetde and neap tide or high water mark (Gehrels4),99
whilst the high marsh zone can be subdivided ih® wpperSporobolus virginicugzone and the lower

Chenolea diffusgSarcocornia perenniandLimonium linifoliumzone.

According to the described plant zonations preaeitariega Estuary, both the tidal mudflats andldweer
marsh zones are relatively narrow, resulting in rihegority of the marsh being classified as a higirsh
zone (Lubke and de Moor, 1998), similar to thatref Kowie and Swartkops Rivers in the Eastern Cape,
South Africa (Lubke and de Moor, 1998Yiglochin linifoliumindicates a middle marsh zone, however even
though it is present it is rather dispersed thraugthe marsh, and therefore there is very litdid@nce of a
middle marsh zone (Lubke and de Moor, 1998). Thgetation zonation is fairly distinct as it progress

from the intertidal channel towards the terreseidde.

The findings for the salt marsh plant zonation&alpin’s salt marsh (Table 7.3) are in part simitaearlier
observations of the transitional zones indicatedsbisface foraminiferal assemblages, but there anees
important differences. Foraminiferal high marshedgHorton and Edwards, 2006) coincides with théhig

marsh vegetation zone. Similar observations haea Imeade elsewhere in the northern hemisphere (Scott
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and Medioli, 1978; Gehrels, 1994; Jenningisal, 1995 and Horton, 1999), with a similar trend at
Langebaan, South Africa (Franceschahal, 2005).

Table 7.2: General zonation of salt marsh plants fo  r South Africa

Salt marsh plants Salt marsh zone Tide mark
Upper halophytic commul
Sporobolus virgincus
Chenolea diffusa high marsh
Sarcocornia perenne Spring tide mark
Limonium linifolium
Triglochin bulbosum middle marsh
Spartina maritima low marsh Neap tide/high water mark
Zostera capensis tidal mudflats Low water mark

(Adapted from: Lubke and de Moor, 1998)

The low marsh zone, as identified by foraminiferséemblages, weakly coincides with that of therizavsh
vegetation zone. The transition zone between higth law marsh is characterized by a decrease in
Trochammina inflataand an increase iMiliammina fusca(Horton and Edwards, 2003). However, this
transition between the two zones is further awaynfrthe intertidal channel compared to tBpartina
maritima, which is a low marsh species (Gehrels, 1994; Jgsrehal, 1995). Scott and Medioli (1978),
Patterson (1990), Gehrels (1994) and Horton (198Qhd low marsh floral zones to be dominated by

Miliammina fuscawith low numbers oHaynesina germanica&oncordant with the findings of this research.

The foraminiferal and marsh vegetation tidal mudfianes overlap, though the plant mudflat zone asem
limited compared to that of the mudflat zone idiédi by the foraminiferal assemblages. This zone is
characterized by a high diversity of foraminifesgdecies of which a significant number are calcaseou
(Horton, 1999; Franceschimt al, 2005). Similar zones have been identified in -fatdudes and cool
temperate intertidal environments (Patterson, 18@0ton, 1999) including Langebaan (Franceschirsl,
2005).
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Table 7.3: General zonation of plant and foraminife  ra species for Galpin’s salt marsh

Dominant salt marsh plants |  Salt mar sh zone Dominate for aminiferal assemblages
Sporobolus virgincus

Chenolea diffusa . Jadammina macrescens
high Marsh

Sarcocornia perenne
Limonium linifolium

Trochammina inflata

low Marsh

Spartina maritima Miliammina fusca
Haynesina germanica
tidal mudflats Ammonia batavus
Zostera capensis Quinqueloculina sp

(Adapted from: Murray, 1979; Lubke and de Moor, 899orton and Edwards, 2006)

7.3 Sea-level reconstruction

The proposed late Holocene sea levels from Karegiaary generally agree with previously proposed se
levels from the west, south and east coasts ofhSafiica. Evidence from Kariega Estuary supportthg
highstand is noticeable in both Scenario One (Eidui4) and Scenario Two (Figure 6.15) taking place
between 1300 cal years BP and 1500 cal years BRleiice at a low-resolution from previously propbse
sea-level curves suggests that there was a lateceld sea-level highstand around 1500 cal years BP
(Miller et al, 1995; Compton, 2001). The sea-level curve froensouth-western coast (Compton, 2006) and
to some extent the bedrock from the east coasgdfevaZulu-Natal (Ramsay and Cooper, 2002), indicate
that highstands have taken place between 3000ezak\BP and 1200 cal years BP. Husterafacies
recovered from Langebaan (Compton, 2001) and thierpcecord at Verlorenvlei (Baxter, 1997) present
evidence that the sea-level rose +0.5 m by 1300yeais BP, along with oyster shells recovered from
Langebaan (Flemming, 1997). This early period isvkm as the Little Climatic Optimum as it was a péri

of temperate warming which coincides with a penbdea-level rise in the Pacific Ocean (Nunn, 1998)

The two proposed sea-level reconstructions for é¢mi show evidence of a lowstand following the
highstand. According to Compton (2001), this lowstaf -0.5 m took place between 700 cal years BP an
400 cal years BP. This lowstand is evident on thdtscoast around 700 cal years BP as indicated ifio
situ tree stumps exposed at Knysna Estuary duringaietide (Marker, 1997), although there is not a
complete overlap of this lowstand at Kariega Estuaith previous sea-level curves for South Africa.
However, the resolution of this particular proposseh level is much higher compared to previous
reconstructions. In Scenario One there is a lowdstdrapproximately -0.5 m between 500 cal yearsaB&
300 cal years BP. Between 700 cal years BP and&0Ogears BP there is a relatively small highstkihg
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place around 0.1 m above the present sea level. Brthis a minor highstand between 700 cal yB&and
1200 cal years BP there is a lowstand which isivelly stable around -0.3 m. According to availabésa-
level data for the Pacific Ocean (Nunn, 1998) thee-level fell abruptly around 700 — 650 cal yeal’s B

The proposed sea-level curve for Scenario Two shbatsaround 300 cal years BP and 700 cal yearth8P
sea level was between -0.2m and -0.3m with a lowdstd -0.5 m taking place between 100 cal years BP.
Scenario Two is not in accordance with the lowsteswbrd from both Knysna and Langebaan of -0.5 m
between 300 cal years BP to 700 cal years BP (Matk8®7; Compton, 2001).

In Scenario Two there is no apparent increase lyradual increase is evident since 1000 cal ye&s B
According to findings at Langebaan Lagoon (Compf#101) sea level has risen to its present levelsesi
400 cal years BP. In Scenario One there is evelefisteep fluctuations of the sea level and acaable
feature in this construction is that the sea levadt its lowest during this period. Scenario Opnécides
with findings by Nunn (1998) in the Pacific, wheyathe early part of the Little Ice Age approximstéb0
cal years BP is marked by a rise in sea levella lbove the present level approximately 430 ealy BP.
This is evident in Scenario One whereby the seel las a little above the present level between @&00
years BP and 500 cal years BP and then drops tibstih@vest between 1500 cal years BP and the ptese
The Little Ice Age appears to be marked in thefiRaCicean by slowly falling sea levels reachingw bf -
0.9 m around 200 BP (Nunn, 1998).

Based on the above discussion and the literatwiewethere is no rationale to suggest that onehef t
scenarios is a better interpretation of past sea-lehanges that have occurred on the east cod&south
Africa than the other.

The highstand evident at Galpin’s salt marsh igeted by previous proposed sea levels and provides
only a better understanding of the east coast atfSAfrica but provides a high-resolution recordsef-
level change on a regional scale. The lowstand hwbierlaps with the Little lce Age suggests thanhate
change may have influenced the late Holocene seh-l8uctuations (Compton, 2001). Observed
fluctuations in sea level during the late Holocdrawve been small compared to those during the early
Holocene, in the order of £1-2 m. Even though thfesduations are relatively small they could pdiaity

have an impact on the surrounding coastal enviroisne

Salt-marsh foraminifera show a strong correlatioithwelevation and salt-marsh vegetation. As they
demonstrate a strong correlation with elevatiory taee considered to be accurate indicators of eeal-I
change. Foraminiferal assemblages found in Kariegiaary have similar elevations to those founchim t

northern hemisphere and the west coast of SouibaAfr

75



A chronological framework was constructed for theecbased on five AMS radiocarbon age determination
of both bulk sediment and shell fragment samplesipy the record within the last 1500 years. Fahea
foraminiferal sample, a transfer function calculiatee former elevation at which the sample oncstedi
thus enabling the use of these samples in conpmatith the age model to produce a relative seatlev
reconstruction. The reconstructed curve indicatéss m sea-level highstand at 1500 cal years B&nfed

by a lowstand and several low amplitude fluctuagiaduring a relatively stable period. Based on a
problematic age model and the possibility of arsiemal hiatus, two possible scenarios are preseiitad
interpretation of the reconstruction for east caafsGouth Africa is broadly in agreement with eixigt

literature from South Africa’s coastlines.
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CHAPTER EIGHT: CONCLUSION

8.1 Introduction

This research investigated the applicability of erwdand fossil foraminifera as a proxy for detelingnsea-
level change. This was achieved by calculating srelevations at which the sample once existed thith
use of a transfer function thus enabling a pasieses curve to be reconstructed for the last 1p€érs. To
conclude this research, the initial aim and objestiof this thesis will be reviewed and future sesk

directions will be explored.

i. To map estuarine vegetation and compare this wit  h compositional changes in the
surface foraminiferal assemblages

The foraminiferal and marsh vegetation zones wergadrt similar and overlapped to a certain extent,
identifying three zones; high, middle and tidal raid. The transitional zones identified by the
foraminiferal assemblages and marsh vegetatiorsimaidar trends to those seen at Langebaan, SouthaAf

and salt marshes studied in the northern hemisphere

ii. To determine the degree to which foraminiferal assemblages in the Kariega Estuary
show evidence of vertical zonations

The foraminiferal assemblages from Kariega Esteahibit vertical zones that are similar to thosenfd in
salt marshes both in the northern hemisphere amjdhe west coast of South Africa. However, themee
differences that relate specifically to elevatiow aertical ranges of species. According to tharniferal
assemblages the marsh is divided into three zomlesteby the agglutinated species are restrictettheéo
upper reaches of the marsh and the calcareousespa@ more dominating towards the intertidal ckhnn
The high marsh area is dominated Igdammina macrescensith a small existence ofrochammina
inflata. The middle marsh has a presence of @otichammina inflateand higher number dfliliammina
fusca. Calcareous species found in the mudflats consighefspeciedHaynesina germanica, Ammonia

batavusandQuinqueloculina spp.

iii. To extract a series of sediment cores from the salt marsh and establish a
stratigraphy
The stratigraphy of the salt marsh was determihegugh an extensive program of coring along Transec
Two. Each core was described using Troels-Smithnssat classification system (Troels-Smith, 1955),
based on these findings a suitable coring site dedsrmined and larger sediment cores were extrdoted

foraminiferal analysis.
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iv. To determine foraminiferal species composition and abundance at increments along
a selected sediment core

Foraminifera occurred throughout the core but cowdre low at certain depths particularly betwe@rcid
and 65 cm. Agglutinated foraminifera were most alaum in the upper reaches of the core and gradually
decreased down the core. The base of the core wagadted by calcareous foraminiferal species. The
speciesladammina macrescengliliammina fusca Trochammina inflateand Trochammina ochracewere
generally restricted to the upper 46 cm, whehgasmonia aberdoveyensismmonia batavuandHaynesina

germanicawere restricted to the lower half of the core.

v. To develop an age-depth model for this sediment core

The chronology for the core was determined throAdtS dating on four bulk organic sediment and one
shell sample. The basic age model for core twocatdd two age reversals. The basal shell datecisaa
outlier to all the bulk sediment dates. Resultscatkd two possible age reversals in the uppehe=aof the
core, which were best viewed at as separate sosné&ge reversals evident in the upper sectiorisetore
suggest that there was either reworked organicemé&ibm bioturbation, contamination by aquatic plan
rootlets, erosion or deposition occurring as a ltestiwave action or river deposition. Both scepari
indicate a possible erosional hiatus at differemptds within each scenario chronologies where
sedimentation rates decreased and were viewedraBale. The chronology placed the record withie t
late Holocene period with a basal age of 1424-18Byj&ars BP.

vi. To develop transfer functions using ecological information contained within modern
distributions of salt-marsh foraminifera

Multivariate regression analyses were used to dfyahe relationship between surface assemblage alad
mean sea-level in the contemporary environment phiduced a transfer function that could be agple
down-core assemblage data allowing historical eeel$ to be inferred. For the purpose of this neseboth
living and dead (total) surface assemblages weee ts construct a training set. For each foramiaife
sample a transfer function calculated the formewvaion at which the sample was formed at Kariega

Estuary.

vii. To apply transfer function to fossil assemblag e data to reconstruct a sea-level curve

A transfer function calculated the former elevatairwhich the fossil foraminifera samples once texisn
conjunction with the age model producing a relatiga-level reconstruction. This has in return iaseel our
understanding of 1 m sea-level changes durindateeHolocene along the east coast of South AffSea
level was at least 0.5 m above the present day mt&een 1500 cal years BP and 1300 cal years BP,
followed by a lowstand. After the highstand, sezels remained below the present day level until 480

years BP at which it started to rise to presentlie\Late Holocene sea levels from Kariega arelainm
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those proposed previously from the west and soogistoof South Africa and studies conducted elsesvimer

the Pacific Ocean.

Conducting sea-level research through the useteftital foraminifera along the east coast of SoAfitica
has inherent limitations, mainly the lack of sul&lrelatively undisturbed and accessible salt hessand
the significant lack of information into foraminid assemblages found along the South African tinast
Many of South Africa’s estuarine systems are not@ently open, therefore salt marshes are noivinge
tidal fluctuations daily or many of the salt marsiage inhabited by mangroves. Kariega Estuary ésafithe
few permanently open systems with salt marshesatteatelatively undisturbed. One of the major latidns
was that the modern day training set was limitecKésiega, due to the lack of knowledge of modern

foraminiferal assemblages and their relationshipast environments in South Africa.

Seasonal variations of living foraminiferal asseagels need to be taken into consideration when exagni
a dataset (Gehrels, 1994). For the purpose of rsgarch live foraminiferal species were not used
independently, they formed part of the total asdag#s that the statistical analysis was based on. T

investigate sedimentation history, particles sizalysis downcore sediment should be considered.

Further research sites, if possible should be tyegged along the east coast, thus establishingeatey
modern day analogue for South Africa that couldlifate and strengthen further studies of sub-sefand
core fossil assemblages to reconstruct sea-lewglggs. This will enable a greater understandirtgpef sea
levels have changed at a regional scale. Therauthracope for further sea-level reconstructionSaounith
Africa. The potential for other salt marshes tovidte insight into past sea levels through the uke o
foraminifera as a proxy is high and should be kephind if more suitable salt marshes or intertidahes

are identified along the east coast of South Africa

8.2 Conclusion

Sea-level change along the east coast of Southadémd the southern hemisphere are under stutiese, is

a need for further research. The protection of tedb@gosystems is essential to sustaining humaitiHivods

and past sea-level records serve as a guide to ménattake place when it comes to environment cémat
changes in the future. An understanding of thecesfef climate changes and how the coastline véll b
impacted upon as a result of climate change isia@tuto gain this understanding and knowledge,hfert
palaeoenvironmental research is needed to unddrdtaw sea levels have risen and impacted coastal
systems and how they have adapted to such chanagitiser reconstructions along the coastline coigddra
identifying patterns and refining predictions ofute sea-level fluctuations. Palaeoceanographartimdition

at this resolution is necessary for understandeng pea levels and climatic changes. Such seaHestely

is a reminder and warning that one cannot expectesels to be constant, as they have not beetesiabr
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the last 1500 cal years BP and will continue tatflate into the future. Therefore this researdkstmonial
to the fact that salt-marsh foraminifera are preciadicators of relative sea-level change having

reconstructed relative sea-level change for araéstl system along the east coast of South Africa.
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Appendices

Appendix A: Troels-Smith stratigraphic description
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sheets for Core Two

Appendix B: Troels-Smith stratigraphic description
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sheets for Core Four

Appendix C: Troels-Smith stratigraphic description
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Appendix D: Taxonomic list of species

In this appendix we describe and illustrate the idamt agglutinated and calcareous foraminifera éoim
both surface and sub-surface sediments from Galialt marsh, Kariega, South Africa. The aggluédat
foraminifera characterize the vegetated marsh seyfahile the calcareous species dominate thetinteér

mudflats. Besides describing the features, a susofaheir distribution is provided.

Suborder TEXTULARINA

Scherochorella moniliforme (Siddall, 1886):

Description the test walls are agglutinated and pale broweolour. They are made up of tiny detrital grains
held together in an organic ceme@therochorella moniliformes cylindrical, consisting of a single column
of chambers, with a terminal aperture (Murray, 1946rton and Edwards, 2006). Their average length i
0.8 mm (Murray, 1979).

Distribution This is a sediment dwelling species found usuatiyund the inner shelf. It is essentially a

marine species however, is occasionally found inaeg mouths (Murray, 1979).

Cribrostomoides jeffreysii (Williamson, 1858):

Description Cribrostomoides jeffreysis an agglutinated species and therefore are caadpaisvery small
silt grains held together by organic cement. Thayear smooth and pale brown in colour. The testdde

up of six to seven chambers and is planispiralljedo The average length it reaches is 0.5 mm (Burr
1979).

Distribution They are a marine species and are found alonigiee shelf (Murray, 1979).

Miliammina fusca (Brady, 1879):

Description Test walls are agglutinated composed of sandisdedrital grains, held together by a pale
brown in colour organic cement. However, morphologyl vary slightly with grain size. The test is
elongated and rounded in section. This is madefupamy chambers coiled on a milioline plan. Apestur
terminal with a tooth (Murray, 1979; Horton and Eds, 2006). With an average length of 0.4 mm
(Murray, 1979XAppendix D, Plate 1, Taxa .3)

Distribution Miliammina fuscais a sediment dwelling euryhaline species andefricted to a narrow

elevation zone within brackish lagoons, estuaried #dal marshes (Murray, 1979; Horton and Edwards,




2006). This species was found in abundance in tiertidal channels at Kariega Estuary (personal

observation).

Trochammina ochracea (Williamson, 1858):

Description Trochammina ochracehave aggulated walls which are made up of very dietritus in organic
cement. They appear reddish-brown in colour. Theitetrochospirally coiled and very compressed it
small periphery. The spiraled side structure ghdly depressed and curved backwards. They ushallg a

maximum diameter of 0.2mm (Murray, 1979).

Distribution Trochammina ochraceare an inner shelf species and spend their liliegisg onto pebbles

and seaweed. (Murray, 1979).

Trochammina inflata (Montagu, 1808):

Description Test is agglutinated and composed of very fineitdégrains with the outer layer being organic
cement, brown in colour. The test is trochospirakjled with globular chambers. The sutures arelgen
depressed on the spiral side, with the sutureslyledgpressed between the inflated chambers on the
umbilical side. The aperture is a narrow slit witbrdering lip. The average size is 0.4 mm in diamnet
(Murray, 1979; Horton and Edwards, 20@8ppendix D, Plate 1, Taxa .2)

Distribution Trochammina inflatais a sediment dwelling species, commonly founchigher elevation
zones within salt marshes. They are also typiadlg to survive in environments that vary includpegiods

of little available oxygen (Murray, 1979).

Jadammina macrescens (Brady, 1870) an@alticammina pseudomacrescens

Description Test agglutinated and made up of incredibly fitedrital grains held together by brown in
colour organic cement. The walls are particulanip and when wet are flexible, however when theydry

the chambers tend to collapse. The test is troptadigpcoiled and compressed with a shallow umbgic
(Murray, 1979; Horton and Edwards, 2006). The sduare slightly raised when the chambers collapse
(Murray, 1979). The aperture is a slit at the bottof the apertural face with areal pores spreadsacthe
face. The average diameterJafdammina macresceis0.3 mm (Murray, 1979; Horton and Edwards, 2006)
(Appendix D, Plate 1, Taxa 12)
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Distribution Jadammina macresceliss one of the most abundant species to be fouhdy &re commonly
found around the world in brackish marshes andble to survive extreme environmental changes (&uyrr

1979). At Kariega this species was recorded in daooe in the high marsh (person observation).

Textularia earlandi (Parker, 1952):

Description The test is agglutinated and the chambers aggidlly arranged and laterally compressed. The
aperture found at the base of the last chambeisaadimple arch (Scoét al, 2001)(Appendix D, Plate
1, Taxa 8)

Distribution This species is found in most coastal environsigmiwever they are usually not the dominant

taxon.

Textularia gramen (d’Orbigny, 1846): — (Variant) (Appendix D, PlateTlaxa 9)

Suborder MILIOLINA

Quingueloculina species (d’Orbigny, 1826):

Description The walls of the test are porcellaneous withaagtucent to opaque appearance. The chambers
are coiled on a quinqueloculine plan, with the aperusually having a tooth (Murray, 1979; Hortorda
Edwards, 2006)Quinqueloculinausually has an average length of 0.3mm (Horton Bddards, 2006)
(Appendix D, Plate 1, Taxa 4-5)

Distribution Quinqueloculinaare sediment dwelling and colonize mouths of e&sdf the conditions are
favorable. They are also commonly found in the insteelf as well as middle/low marshes and tidafla
(Horton and Edwards, 2006).

Suborder ROTALINA
Lagena species (d’Orbigny, 1839):
Description Lagenaspecies are calcitic, which are radially arranggdtallites and have very fine pores and
appear transparent. The test is a single chambers lalways circular in the cross section withedongated

neck. The aperture is found at the end of the n€bk. test walls may appear smooth or embellished wi

ridges and grooves. They can grow up to an averB@e3 — 0.6 mm (Murray, 1979).
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Distribution They are a marine species and reside in the madbdstrates, however postmortem are able to

be transported during storms and deposited in eseumuds (Murray, 1979).

Ammonia batavus (Hofker, 1951):

Description Ammonia batavubave calcite tests with radially arranged cryitésland pores. They appear
glassy and translucent and can appear brownisblauc They generally have a flattened dorsal siith
the periphery sub-angular to sub-rounded. It isom to see eight to nine chambers on the vental si

(Horton and Edwards, 2006A\ppendix D, Plate 1, Taxa.7)

Distribution Ammonia batavuare commonly found in low marsh and tidal flat ieonments (Horton and
Edwards, 2006; personal observation). They occalljoappear in high abundance (Horton and Edwards,
2006).

Ammonia aberdoveyensis (Haynes, 1973): This species differs to thabafavusin that it is lacking an
umbilical boss. It also has eight to nine ratheanttsix to eight chambers per spiral (Murray, 1979)
(Appendix D, Plate 1, Taxa 11)n Kariega this species was found in low marshl didal flat

environments (personal observation).

Ammonia tepida (Cushman, 1926): This species is similarAtoaberdoveyensihowever it has slightly

fewer chamber per whorl (Murray, 1979).

Spirillina vivipara (Ehrenberg, 1843):

Description Spirillina vivipara have calcite walls which behave optically as alsircrystal. They appear
glassy with pores. The test is planispirally coitedl compressed. The test is a long tubular chambieh
is not divided up, and consists of proloculus. Treninal aperture is simple. The greatest dianietan be

is 0.1mm (Murray, 1979Appendix D, Plate 1, Taxa.l)

Distribution Spirillina vivipara is a marine species found along the inner shielfill be found clinging to
solid structures, such as pebbles and sea weed. ddwsionally are found in estuary mouths (Murray,
1979).

Fissurina species (Reuss, 1850):

Description generally the walls oFissurinagenus are calcitic of radially arranged crysedlitThe walls

also have very fine pores that are translucent. siingle-chambered test is oval in shape. The apeitua
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lenticular slit in the periphery, with an entosétentube that extends into the chamber of the Hst

ornament consists of peripheral thickening or tazent to opaque bands (Murray, 1979).

Distribution The genus is commonly found along marine shebreswuddy substrates. However, it can be

transported into estuarine systems and depositdgtimud as empty tests (Murray, 1979).

Haynesina germanica (Ehrenberg, 1840):

Description Haynesina germanicdas a calcitic test with radially arranged cryged which is finely
perforated. They appear glassy and are planigpicailed with five to eleven chambers. The aperture
consists of a row of pores at the base of theclsamber (Horton and Edwards, 20@8ppendix D, Plate

1, Taxa 10)

Distribution Haynesina germanicégs a common marsh species. It is the most abuntdcareous species
present. Even though they are found in middle awd inarshes, the highest abundanceHalnesina

germanicaare found in tidal flats (Horton and Edwards, 208&sonal observation).
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Appendix E: Dominant foraminiferal taxa identified for Kariega Estuary




Plate 1. Taxa 1Spirillina vivipara (Ehrenberg, 1843), living 2ZTrochammina inflata(Montagu, 1808),
living 3. Miliammina fuscaBrady, 1870), living 4Quinqueloculina spmon-living 5.Quinqueloculina spp,
living, 6. Scherochorella moniliformgSiddall, 1886), living 7Ammonia batavuéHofker, 1951), non-living
8. Textularia earlandi(Parker, 1952), non-living 9Textularia gramen(d'Orbigny, 1846) living 10.

Haynesina germanic@§Ehrenberg, 1840), living 11Ammonia aberdoveyens{slaynes, 1973), living 12.

Jadammina macrescefBrady, 1870), living.
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Appendix F: Transect One count data

Species Name Status 0 1 2 4 6 8 10 18 28 38 52 61 62.5 63 64 Total
Fissurina spp. Non-Living 0 0 0 0 0 2 0 0 1 5 0 0 1 0 0 9
Living 0 0 0 0 0 10 3 1 30 72 0 1 4 4 0 125
Jadammina macrescens Non-Living 0 0 1 11 17 139 165 120 173 70 73 33 18 11 10 841
Living 0 0 0 0 17 46 81 73 60 49 55 19 8 17 6 431
Miliammina fusca Non-Living 0 0 0 3 1 2 29 7 1 26 72 46 107 106 108 508
Living 0 0 0 4 10 1 17 0 1 5 14 71 42 101 85 351
Quinqueloculina spp. Non-Living 0 0 0 0 0 0 34 1 0 0 14 22 25 17 13 126
Living 0 0 0 0 0 0 28 2 0 0 7 22 42 30 34 165
Scherochorella moniliforme Non-Living 0 0 0 0 0 6 15 6 19 0 2 13 2 0 4 67
Living 0 0 0 0 0 0 6 5 3 0 0 0 3 0 0 17
Spirillina vivipara Non-Living 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1
Living 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Trochammina inflata Non-Living 0 0 0 0 10 54 6 19 58 11 21 39 35 8 35 296
living 0 0 1 0 26 33 4 32 31 15 20 38 12 4 20 236
Trochammina ochracea Non-Living 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Living 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1
Unknown Non-Living 0 0 0 0 0 1 0 2 0 0 0 0 1 1 0 5
Living 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Total number of non-Living 0 0 1 14 28 204 249 155 252 112 182 153 189 143 171 1853
Total number of living 0 0 1 4 54 90 139 113 125 141 96 151 111 156 145 1326
Total number pf sample species 0 0 2 18 82 294 388 268 377 253 278 304 300 299 316 3179

In Transect One it was found that 42 % of specieeviving while 58 % were non-living.
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Appendix G: Transect Two count data

Species Name Status 0 1 1.5 2 3 4 5 6 7 13 15 17 21 26 28 315 32 Total
Fissurina spp. Non-Living 0 0 0 0 0 0 0 0 0 0 0 0 2 4 0 0 0 6
Living 0 0 0 0 0 0 2 0 0 0 2 0 6 2 0 0 0 12
Jadammina macrescens Non-Living 11 13 114 28 111 81 90 137 117 104 116 55 159 45 40 20 21 1262
Living 2 1 56 75 82 17 30 26 21 23 41 34 19 37 19 22 41 546
Miliammina fusca Non-Living 0 1 27 22 24 20 13 12 24 22 17 43 20 54 52 74 56 481
Living 0 4 1 1 39 4 8 3 12 20 22 42 10 68 47 78 109 468
Quingueloculina spp. Non-Living 0 0 0 0 0 0 0 0 0 0 7 0 9 4 6 6 32
Living 0 0 0 0 0 0 2 0 0 0 8 0 1 4 10 21 20 66
Scherochorella moniliforme Non-Living 0 0 0 0 0 0 7 12 14 20 11 23 21 16 18 0 0 142
Living 0 0 0 0 0 0 2 4 1 0 8 8 1 9 0 0 4 37
Spirillina vivipara Non-Living 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1
Living 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 2
Trochammina inflata Non-Living 1 0 13 20 32 89 90 66 60 73 39 70 86 30 48 24 8 749
living 0 0 1 29 33 31 25 17 18 50 22 30 18 30 25 19 16 364
Trochammina ochracea Non-Living 0 0 0 0 1 20 3 7 14 5 6 3 7 16 3 1 93
Living 0 0 0 0 0 4 4 2 0 4 1 6 4 6 9 3 2 45
Unknown Non-Living 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Living 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Total number of non-Living 12 14 154 70 168 210 203 234 229 224 197 197 291 165 178 128 92 2766
Total number of living 2 5 58 105 154 56 73 52 52 97 104 120 59 156 110 145 192 1540
Total number pf sample species 14 19 212 175 322 266 276 286 281 321 301 317 350 321 288 273 284 4306

In Transect Two it was found that 36 % of speciesewiving while 64 % were non-living.
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Appendix H: Transect Three count data

Species Name Status 0 2 4 4.5 5 5.5 7 Total
Ammonia aberdoveyensis Non-Living 0 5 0 2 0 0 19 26
Living 0 0 0 0 0 0 0 0
Ammonia batavus Non-Living 0 83 0 1 0 4 4 92
Living 0 16 0 0 0 2 0 18
Fissurina spp. Non-Living 0 0 0 0 0 0 0 0
Living 0 0 0 0 0 0 0 0
Haynesina germanica Non-Living 0 0 0 5 0 0 0 5
Living 0 0 0 0 0 0 0 0
Jadammina macrescens Non-Living 69 37 17 22 70 54 61 330
Living 15 1 13 18 11 11 21 90
Miliammina fusca Non-Living 33 8 86 71 64 70 76 408
Living 120 14 134 135 106 116 93 718
Quinqueloculina spp. Non-Living 2 0 2 0 1 4 2 11
Living 12 0 6 0 1 3 10 32
Scherochorella moniliforme Non-Living 10 0 2 5 0 6 0 23
Living 0 0 2 0 0 1 0 3
Spirillina vivipara Non-Living 0 0 3 0 0 0 0 3
Living 0 0 0 2 0 0 0 2
Textularia earlandi Non-Living 0 0 0 1 0 0 3 4
Living 0 0 0 0 0 0 0 0
Textularia gramen Non-Living 0 0 0 0 0 0 1 1
Living 0 0 0 0 0 0 0 0
Trochammina inflata Non-Living 25 0 7 11 16 6 4 69
living 13 2 9 9 0 0 2 35
Trochammina ochracea Non-Living 4 0 0 0 0 0 0 4
Living 1 0 0 0 0 4 0 5
Unknown Non-Living 0 0 0 0 0 0 8 8
Living 0 0 0 0 0 0 0 0
Total number of non-Living 143 133 117 118 151 144 178 984
Total number of living 161 33 164 164 118 137 126 903
Total number pf sample species 304 166 281 282 269 281 304 1887

In Transect Three it was found that 48 % of spewie living while 52 % were non-living.
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Appendix I: Core Two count data

Count table of individual foraminiferal species moudown the core, 0.5 cm - 48 cm

Species Name 0.5 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

Ammonia aberdoveyensis 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ammonia batavus 0 0 0 0 0 0 0 0 0 0 0 2 6 0 0 0 0 0 0 0] 18 0 1 0 0
Ammonia tepida 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cribromoides jeffreysii 0 o] 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fissurina spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Haynesina germanica 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Jadammina macrescens 187| 231| 172| 153| 128| 194] 231 163]| 178 29| 132| 206 140f 17} 17| 10 41 13| 22 4] 74| 19] 101] 15| 28
Lagena Sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Miliammina fusca 56( 13| 22| 25} 74| 23] 14| 56| 31 0] 26] 22| 24 3 0 0 1 4 0 0 0 4] 21 o] 13
Quinqueloculina spp. 0 0 0 4 0 0 0 5 2 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Scherochorella moniliforme 7] 16| 13| 22 of 33] 12 0 4 0 0| 57 0 0 0 0 0 0 0 0 0 0 1 0 0
Scherochorella moniliforme 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Spirillina vivipara 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Textularia gramen 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Trochammina inflata 14 15| 29| 28] 26| 34 25| 18] 27 4| 34 0] 29 0 5 1 0 2 1 0 2 0 2 0 0
Trochammina ochracea 17] 17| 25| 50| 44| 31| 30| 18] 21 0] 56 o] 77 0 0 0 0 5 0 0 0 0 0 0 0
Unknown 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Total number of sample species 281 292 275 282 272 315 313 260 265 33 253 287 276 20 22 11 5 24 23 4 94 23 126 15 41




Count table of individual foraminiferal species moudown the core, 50 cm - 94 cm

Species Name 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 Total

Ammonia aberdoveyensis 0 11 0 0 0 0 0 0] 107 139] 125| 116| 175| 167| 168| 218| 144| 191| 148]| 106| 165| 193] 189 2363
Ammonia batavus 0 0] 134] 76] 87| 226| 111 0 0 5 0 2 6 4 ol 15 0 0 0 4 5 0 1 703
Ammonia tepida 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12 0 12
Cribromoides jeffreysii 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 14
Fissurina spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Haynesina germanica 0 0 0 0 0 0 0 0] 132] 70] 139] 109| 83 0] 62| 37| 38| 50| 54| 100] 71| 65| 62 1074
Jadammina macrescens 10| 18] 99| 69 o 43] 72| 23 1 8 0 1] 10 0 3 0 0 2 9 0 0 0 0 2836
Lagena Sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 4
Miliammina fusca 42] 38| 13 8 6 0] 23] 30 6 0 2 0 0] 29] 20 0] 25 3 0] 13 0 o] 14 704
Quinqueloculina spp. 0 0 0 0 0 0 0 0 0 0 0 0 0] 12 0 0 0 0 0 0 0 0 0 28
Scherochorella moniliforme 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 165
Scherochorella moniliforme 0 0 0 0 0 0 0 0 of 31 0 6 o 15 0 6] 33 0 o 23 0 0 0 114
Spirillina vivipara 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5
Textularia gramen 0 0 0 0 0 0 0 0] 28] 12 0] 17] 13| 19| 12 2| 28 4] 42| 16 0 6 9 208
Trochammina inflata 7 0 0 0 0 0 of 19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 322
Trochammina ochracea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 399
Unknown 0 1 0 0 0 0 0 0 0 0 0 0 o] 12 0 0 0 1 0 2 0 0 0 16
Total number of sample species 59 68 246 153 93 274 206 72 274 265 266 251 291 258 265 278 272 251 261 268 258 276 286 9003
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Appendix J: Results of the Detrended Canonical Corr  espondence Analysis

Axes 1 2 3 4  Totd inertia
Eigenvalues 0.592 0.195 0.013 0.002 1.505
Lengths of gradient 2.816 2.736 2.494 2.493
Cumulative percentage variance of species data 39.452.3 53.1 53.3

Sum of all eigenvalues 1.505
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Appendix K: Statistics summary of the performance o

f Weighted Averaging (WA) for the foraminiferal ass

emblages from the Galpin’s

Salt Marsh.
Model performance Bootstraping
Code RMSE r Maximum bias oot Maximum bias,, RMSEP
WA _Inv (full data set) 0.156156 0.672425 0.222709 0.453209 0.240299 0.222693
WA_Cla (full data set) 0.19043 0.672425 0.16612 0.462612 0.253159 0.288695
WATOL _Inv (full data set) 0.150445 0.695945 0.205123 0.366669 0.252474 0.256246
WATOL_Cla (full data set) 0.18034 0.695945 0.147286 0.379331 0.30727 0.318598
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level change for Scenario O ne with age error bars
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Appendix L: Reconstruction of relative sea-
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Appendix M: Reconstruction of relative sea-  level change for Scenario Two with age error bars
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