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ABSTRACT

South Africa’s coral reefs are located at high latitude, but have high biodiversity and recreational
value. They potentially provide insight into future scenarios of global change for other sub-tropical
and/or tropical reefs affected by human activity and climate change. With this in mind, there is a need
to better understand the dynamics of calcifying marine organisms in this region. The aims of this
study were to gain insight on foraminiferal distribution in sediments associated with Two-mile Reef
(TMR), Sodwana Bay, and to investigate whether they provide a stable record of past climate. Three
bioclastic sediment cores were collected at a water depth of 16 m between September and November
2012. This was followed by the collection of extant Large Benthic Foraminifera (LBF) using a spatial
crossed design of different substrata and habitats, ranging from sand to reef rubble, in the austral

summer of 2013.

Living LBF assemblages occurred in zones across the reef and reef-associated habitats, with discrete
assemblages found in sediment habitats and coral rubble. Living LBF were found predominately on
reef rubble. The distribution of these organisms appeared to be influenced by sediment characteristics
(skewness, fine sand, medium sand and gravel) as well as water chemistry (pH, salinity, temperature
and total alkalinity). The marginal nature of these reefs was also corroborated through carbonate
analysis of water parameters (mean Qx, <3.5 and Q¢, <5.0). Radiocarbon dating of one core provided
a Late Holocene starting calendar age of AD 680-920 (BP 1270-1030) and patterns in down-core
foraminiferal assemblages allowed for palacoenvironmental interpretation. Flooding events, surmised
to be linked with tropical cyclones and/or cut-off lows, were revealed in the cores. These events
possibly result from south-ward pulses in the Intertropical Convergence Zone (ITCZ). Based on the
extant and past foraminiferal assemblages, it was deduced that turbulence was a major factor
governing foraminiferal distribution across the study site, with sediment cores only providing a record
of major climatic events. Overall, the sediment foraminiferal assemblages were a good reflection of
all taxa found within this reef-associated environment but yielded little information on the past

climate of TMR.
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Chapter 1 - Introduction

CHAPTER 1
INTRODUCTION

1.1 Context of study

In the last decade, concern for and awareness of climate change has increased, with tropical reefs
experiencing detrimental effects from severe bleaching events (e.g. Hoegh-Guldberg 1994; Bruckner
2012), increased storm damage (e.g. Birkeland 1997; Gardner et al. 2005) and disease outbreaks (e.g.
Jones et al. 2004; Boyett et al. 2007; Bruckner 2012). South Africa’s reefs are located at high latitude
and have a high biodiversity and recreational value (Jordan & Samways 2001; Celliers & Schleyer
2003). As more areas are turning marginal for coral reef growth, South Africa’s reefs can potentially
provide insight into future scenarios of global change for other sub-tropical and/or tropical reefs
stimulated by human and climate change pressures. This study focused on using Foraminifera as an
indicator organism to determine changes in the environment associated with Two-mile Reef (TMR) at
Sodwana Bay, South Africa. The emphasis of this study is, therefore, to highlight the use of

Foraminifera to elucidate environmental events/changes in reef and reef-associated studies.

Foraminifera have been used in numerous studies worldwide, as coral alternatives, to monitor reef
health, reef resilience and as early warning signs of stress (Hallock et al. 2003; Hallock 2012; Uthicke
et al. 2013). Extensive biophysical studies have been conducted on the coral reefs at Sodwana Bay.
Abiotic studies include the geology (e.g. Ramsay 1991; Ramsay 1994; Green & Uken 2008; Green
2009; Green 2011) and physical oceanography (e.g. Morris 2009). Studies have also addressed the
fish and benthic communities including species diversity, community structure, coral distribution,
genetic diversity and larval recruitment (e.g. Celliers & Schleyer 2003; Floros et al. 2004; Morris
2009; Hart 2011; Floros et al. 2012). Few studies, however, have been conducted on the foraminiferal
assemblages associated with South Africa, with none to the author’s knowledge, being conducted at
Sodwana Bay. As the most abundant shelled microorganism in benthic marine environments
(Koukousioura et al. 2011), Foraminifera represent the palacoenvironmental record and aid in

predicting future climate trends (Jansen et al. 2007; Katz et al. 2010).

1.2. Global climate change

Ocean acidification (OA) and warming are two major environmental threats affecting coral reef
ecosystems worldwide. While climate change is a natural phenomenon, anthropogenically-produced
carbon dioxide (CO,) has accelerated this process since the beginning of the industrial revolution, by

increasing the amount of CO, present in the atmosphere. Increased absorption, of CO, into the oceans,
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causes a shift in the marine carbonate equilibrium, resulting in a decrease in pH. This is termed OA
(Doney et al. 2009) and results in a concomitant decrease in carbonate ion concentration, a crucial
component of the shells and tests of marine calcifiers (Hoegh-Guldberg et al. 2007). This decrease can
negatively affect a wide variety of calcifying marine organisms besides Foraminifera, such as
pteropods, corals, coccolithophores and shellfish (e.g. oysters, mussels) (Gazeau et al, 2007; Hofmann
et al. 2010; Talmage & Gobler 2010). Increasing concentrations of greenhouse gases produced
by human activities, of which CO, is the most important contributor, is also resulting in increased
temperatures. Radiated heat from the sun is reflected off the earth’s surface and is trapped in a
greenhouse effect by the atmosphere. Global, surface seawater temperatures (SSTs) have thus

increased since the late 19th century by an average of 0.6°C (Solomon et al. 2007).

Besides direct changes to seawater chemistry, additional effects of climate change include an increase
in the frequency and severity of extreme weather, e.g. heat waves, droughts, torrential rains
(Rosenzweig et al. 2001; Allen et al. 2010; Cai et al. 2014). Easterling et al. (2000) acknowledged the
lack of high-quality, long-term data as one of the main problems in detecting extreme events in
climate records. In southern Africa, Shongwe et al. (2009) found drought-related disasters to have
risen from £1.5 per year in the 1980s to +2 per year since 2000, whereas flood related disasters have
risen from 1.2 per year to 7 per year since 2000. With this in mind, it is imperative to understand the
natural climatic cycles in a region (e.g. floods, cyclones) in order to better recognise an increase in the

frequency, duration or severity of these events.

1.3. Morphology and classification of Foraminifera

Foraminifera are currently recognised as a distinct Phylum within the Kingdom Protista (Armstrong &
Brasier 2005). There is, however, inconsistency regarding their division into Class, Subclass and
Order. Previously classified as the order Foraminiferida (Eichwald 1830) within the Phylum Protozoa
(Loeblich & Tappan 1987), Cavalier-Smith (2003) reclassified Foraminifera as an order in the class
Reticulosa, and Prothero (2004) classified them as an order in the subclass Rhizopoda, within the
class Granuloreticulosa (Toefy 2010). Irrespective of these upper level differences, there is some

degree of agreement of the divisions at the suborder level.

These unicellular protists can be planktonic or benthic. Planktonic refers to forms living within the
water column whereas benthic denotes individuals living attached to or on a surface (Murray 2006).
They are characterised by the presence of a test (internal shell) which surrounds the protoplasm

(Loeblich & Tappan 1987). Tests can be secreted mineralogically as silica, calcite or aragonite,


http://en.wikipedia.org/wiki/Greenhouse_gas
http://en.wikipedia.org/wiki/Attribution_of_recent_climate_change
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organically as pure tectin, or be agglutinated with detrital material. Calcareous tests can be either
perforated (hyaline) or smooth and imperforate (porcelaneous) (Fujita et al. 2011). Hyaline shells are
composed of interlocking microcrystals of CaCO;, have a glassy appearance and pores which
penetrate the wall, whereas porcelaneous shell walls are composed of rod-shaped crystals of CaCO;
(Hansen 1999). They have a milky, translucent to opaque look and generally lack pores after the first
initial chambers. Two types of protoplasm are recognised: the ectoplasm, which lies outside the test in
the form of granuloreticulopodia (thread-like pseudopodia with a granular texture) and the endoplasm
inside the test which contains the nucleus and algal symbionts, in the case of symbiont-bearing
Foraminifera (Hallock 1982) (Figure 1.1). Reticulating pseudopodia are used for shell construction,

attachment, motility, protection and for capturing food.

Severin (1983), classified Foraminifera into six morphological groups based on external test
morphologies (straight-cylindrical, plano-convex, elongate-flattened, biconvex-keeled, tapered, and
rounded-planispiral). It was reported that, with increasing water depth, Foraminifera test
morphologies become more angular and asymmetric due to a decrease in sediment turbulence. The
angular asymmetrical forms therefore are indicators of less energetic environments, whereas rounded
symmetrical forms indicate turbulent environments (Nigam & Chaturvedi 2000; Lakhmapurkar &

Bhatt 2010).

Figure 1.1. Amphistegina lobifera specimens with extended pseudopodia. Note brown endoplasm due
to presence of symbiotic diatoms.

Foraminifera are found primarily in marine environments, but live in all aquatic environments ranging
from fresh to hypersaline waters. These organisms produce ca. 50% of biogenic calcium carbonate in

the open oceans (Keul et al. 2013). Planktonic forms are identified according to their shell properties
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and wall texture (Kucera 2007), whereas benthic forms are identified primarily according to test
composition. However, morphological characteristics such as chamber number and chamber
arrangement are also used (Sen Gupta 1999). Foraminifera can be unilocular (one-chambered) or

multilocular (having several chambers) (Sen Gupta 1999) depending on age and species.

Their growth mechanism differs from other testate protists. The generation of tests is achieved
through the incremental addition of chambers, whereby a new chamber forms over the old external
aperture, thereby ensuring continuous contact with the external environment (Loeblich & Tappan
1987). Planktonic Foraminifera reproduce by sexual reproduction and there are +44 recent species
(Hemleben et al. 1989), whereas benthic Foraminifera generally have alternating sexual and asexual
generations (Murray 2006) (Figure 1.2). Approximately 30 out of £10 000 extant benthic species have
been studied in terms of their life cycles. According to Boltovskoy and Wright (1976), the asexual
reproductive mode is typically prevalent to the sexual reproductive mode. A distinct morphological
difference is noted in the different generations, with offspring produced sexually having a small first
chamber and a large test (agamont, microspheric form) and the asexually produced offspring having a
large first chamber and a small test (gamont, megalospheric form) (Goldstein 1999). Harsher
environmental conditions are thought to cause the dominance of microspheric forms (Boltovskoy &
Wright 1976). The two generations, agamont and gamont, reproduce asexually and sexually,
respectively, and this cycle usually takes a year. Some larger benthic Foraminifera display a variation
in this life cycle whereby a schizont generation occurs after the gamont phase and this can delay the
life cycle by several years (Figure 1.3). During asexual reproduction, if all the cytoplasm of the parent

test is utilized by the offspring, the parent dies (Figure 1.2).

Figure 1.2. A Amphistegina lobifera and B Heterostegina depressa adults with asexually reproduced
offspring. Note the “dead” adult test.
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Foraminiferal diets vary between species and can include bacteria, diatoms, other smaller protists,
crustaceans, molluscs, nematodes and invertebrate larvae (Armstrong & Brasier 2005). Symbiont-
bearing Foraminifera make up <10% of the 150 families of the Foraminifera and symbionts can
include diatoms, chlorophytes, rhodophytes, cyanobacteria, haptophytes and dinoflagellates (Lee
2006). The habitat of benthic Foraminifera is either epifaunal or infaunal (Murray 2006). The former
denotes individuals living on soft sediment or attached to hard substrata such as shells, rocks or other
animals. They can be sessile, clinging or free-living and attachment is achieved through the secretion
of organic glue (Murray 2006). According to Murray (2006) Foraminifera use a “grip and tug”
mechanism to move over hard, flat surfaces. This process involves an individual holding itself in an
upright position and contracting a set of pseudopodia which pull the test forward. These pseudopodia
then reposition themselves, anchor on the surface and repeat the process. The movement is very slow
(1-50 pm/min) (Murray 2006) and is partly regulated by the surrounding temperature and the need for
food. The infaunal habitat is typified by individuals living within the sediment, with living individuals
being recorded down to 60 cm in marshes; however, in most environments Foraminifera only live in

the top few centimetres (Murray 2006).

1.3.1 Large Benthic Foraminifera

Large Benthic Foraminifera (LBF) are found within each of the three major living suborders of
Foraminifera, the Textulariina, Miliolina and Rotaliina. This study follows the classification of
Buchan (2006) who classified juvenile LBF as being >500 pm in size, and adults >1000 pm. Renema
et al. (2013), similarly classified LBF as larger than 500 um but the accepted size of LBF differs
according to various authors (e.g. Ross 1974; Haynes 1980; Murray 1991; Fujita et al. 2009). LBFs
can host algal endosymbionts and have a complex internal structure (Troelstra et al. 1996). Symbionts
are hosted within the cytoplasm chamber and Hallock (1985) attributes the larger size of these
Foraminifera to turbulence, salinity, depth, pH and food availability, all of which affect their chance
of survival. The size of a Foraminifera is also important for its survival as smaller juveniles (<500
um) are more susceptible to predation by polychaetes, nematodes, crustaceans and gastropods (Lipps
1983). A survival mechanism employed by a large proportion of Foraminifera is to delay maturation
and instead, use their energy to grow to a larger size (Buchan 2006). The parent organism is directly
proportional to the number of offspring it produces asexually. Therefore, the larger the parent the
greater number of offspring it produces, thereby increasing the chances of survival (Buchan 20006).
Additional energy provided by endosymbionts also allows LBF to reach a larger adult size in
oligotrophic environments. Their reliance on symbionts for carbohydrates and lipids can, however, be
detrimental when there is an increase in dissolved nutrients in the host’s environment. This can lead to
symbionts being released from nutrient limitation as occurs in symbiont-bearing corals (Uthicke &

Altenrath 2010). These protists are, therefore, characteristic of oligotrophic waters, as a result of
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hosting symbionts, and are also among the main primary and carbonate producers in coral reef

systems (Lee & Hallock 1987; Langer et al. 1997; Hohenegger 2006; Fujita & Fujimura 2008).

1.3.2 Importance of Foraminifera in coral reef and reef-associated research

Coral reefs support 32 out of the 34 recognised animal phyla and are the most diverse habitats in the
world (Wilkinson 2002). They are of great ecological importance and economic value, globally
supporting more than 500 million people (Wilkinson 2002). The LBF share similar traits and habitat
requirements to scleractinian corals (Weinmann et al. 2013), making them particularly valuable in
interpreting responses of the coral reef benthic community to environmental stressors (Hallock et al.
2003). Corals and LBF both host endosymbionts and require shallow, clear, nutrient-poor waters for
survival. As a whole, benthic foraminiferal assemblages respond quicker than corals to environmental
changes, this being attributable to their short life cycles as well as their sensitivity to environmental
conditions (Hallock et al. 2003). According to Fujita et al. (2011), the high Mg calcite tests of these
large, algal symbiont-bearing Foraminifera make them the “first responders” to OA on coral reefs, as

their test solubility exceeds that of corals.

1.3.3 The influence of abiotic parameters

According to Renema et al. (2013), the modern-day distribution of LBF, associated with reef
environments, is dependent on the depth-related parameters of light intensity, temperature, nutrients,
substratum type and hydrodynamic energy. There is still a debate, however, regarding the effects

sediment grain size has on foraminiferal diversity and density (Armynot du Chatelet et al. 2009).

Grain size is the most essential physical property of sediment due to grain size preferences by various
organisms within benthic communities (Blott & Pye 2001). The purpose of a grain size analysis is
therefore to accurately measure individual particle sizes, to determine their frequency distribution and
also to calculate a statistical description that sufficiently describes the sample using a single measure
(Poppe et al. 2000). It also allows trends in surface processes linked to the dynamic conditions of
deposition and transportation to be analysed in marine environments. Sorting is a method employed to
show the grain size variation of a sample through the incorporation of the largest parts of the size
distribution, using measurements from a cumulative curve (Rapp et al. 2006). Skewness, calculated
from the grain size statistics, is another sediment characteristic which defines the extent to which a
cumulative-distribution curve approaches symmetry (Rapp et al. 2006). Two samples can have

identical sorting and average grain size; however, differ in their degrees of symmetry.
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According to Diz et al. (2004), very coarse substrata are a favourable settlement for living benthic
Foraminifera, yet Debenay et al. (2001) reported that benthic Foraminifera favour a high proportion of
fine particles. According to Murray (2006), grain size has no effect on test size for living individuals;
however, dead tests undergo sorting with the sediment grains. Studies of live LBF assemblages, in
reef-associated environments, have identified only a few living taxa in the reef sediments (e.g. Martin
1986; Cockey et al. 1996; Stephenson 2011). This fact has led to research on reef rubble and phytal
substrata (e.g. Hallock et al. 1986; Hallock et al. 2006) in conjunction with reef sediments when

investigating their living and total populations.

Calcium carbonate (CaCQs;) is produced by marine organisms in the form of two main polymorphs,
calcite and aragonite (Hauck et al. 2011). Both are water soluble at pH<7 and are known cementing
agents (ASTM D4373 - 14) with the majority of the CaCOs; in marine deposits found in the form of
calcite. Aragonite and calcite saturation sate (Q2) horizons denote the depth levels in the water column
below which these polymorphs are under saturated. This component of the sediment is important, as
the water is regarded saturated when Q is >1 and under saturated when Q <1, with respect to the

either aragonite or calcite (Hauck et al. 2011).

1.3.4 Foraminifera as geochemical proxies

The chemostratigraphy and reconstruction of past ocean and climate conditions are based on
geochemical analyses of fossil Foraminifera tests (Kasemann et al. 2009; Katz et al. 2010).
Geochemical analysis is used to reconstruct ocean palaeocirculation patterns, the carbon cycle, marine
carbonate chemistry, chemostratigraphy, palacoproductivity and climate history (including ice volume
in the polar regions, temperature and salinity) (Katz et al. 2010). Proxies developed for Foraminifera
include "0, 8'"°C, trace elements (Mg, Cd, Ba, Zn, and B), ¥Sr/*Sr, §''B, and €ng (Table 1.1).
Benthic Foraminifera provide information in this regard on the seawater near the seafloor and of
porewaters within the sediment, whereas planktonic Foraminifera yield information regarding the

upper few hundred meters of the surface ocean (Katz et al. 2010).

In some samples, an isotopic offset is evident between different species, both in benthic (e.g.
Shackleton 1974; Belanger et al. 1981; Katz et al. 2003) and planktonic Foraminifera (e.g. B¢ et al.
1966; Ravelo & Fairbanks 1992); this may constitute a confounding factor related to Foraminifera
species. Differences in microhabitat (e.g. Belanger et al. 1981; Corliss 1985), vital effects (e.g.
Duplessy et al. 1970; Rollion-Bard & Erez 2010) and the presence of symbionts (e.g. Spero & Lea

1993; Saraswati et al. 2004) have all accounted for interspecies isotopic offsets in benthic
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Foraminifera (Katz et al. 2010). A vital effect constitutes a biological process which distorts
environmental signals recorded within the carbonate during biomineralisation (Weiner & Dove 2003).
Katz et al. (2010) suggested using monospecific or monogeneric specimens for palaeoclimatological

studies in order to avoid bias from isotopic signals. This avoids introducing species isotopic offsets.

Table 1.1. Geochemical proxies in calcareous Foraminifera (Katz et al. 2010).

8°C "B ¥'Sr/*Sr Mg/Ca Cd/Ca Ba/Ca Zn/Ca B/Ca &'Nd

Parameter )
Ice volume X
Temperature X
Circulation X X X X X
Productivity X

Carbonate

saturation

pH X
Chemostratigraphy  x X X

In aquatic environments, the oxygen isotope composition of calcite is related to temperature and
salinity as the relative proportions of oxygen isotopes, of the carbonate and water, is a temperature
dependent process (Sharp 2007). Foraminiferal 8"°C ratios are related to carbon cycling. The
deviations in isotopic composition are so minor, that they are expressed in the conventional & notation
(%o) (Allégre 2005). In marine carbonates, high 5'°0 values reflect colder conditions, whereas low
80 values reflect warmer conditions. The relationship between 3'°0 and temperature is dependent
on both the fractionation factor and ice volume present at the poles. Stable isotope data are always
reported relative to a known standard rather than an absolute ratio. Two widely used standards are the
Vienna Standard Mean Ocean Water (VSMOW) and Vienna Pee Dee Belemnite (VPDB) (Pearson
2012).

The inference of past ocean conditions from geological records utilises traditional proxies (e.g. 80
and 8"°C) as well as new emerging proxies (e.g. 3''B and €yq) which still require some development in
their application in Foraminifera. Size variation in LBF tests is a factor to consider in isotope studies
(Saraswati et al. 2004), as well as the analytical technique (Kasemann et al. 2009; Katz et al. 2010).
Sediment core dating is performed using foraminiferal '*C or *°Pb and "’Cs signals. The
development of accelerator mass spectrometry (AMS) has made it possible to radiocarbon-date
marine sediment cores using single- or mixed-species foraminiferal samples (Broecker et al. 1984).
The "*C dating provides dates from 64—50 000 years ago (Brown et al. 2001), whereas *'°Pb is

restricted to dating in the last 75-100 years (Arnaud et al. 2006). "*’Cs signals are even more limited,



Chapter 1 - Introduction

detecting signals from nuclear weapon testing in the 1950s and 1960s and are generally used to

confirm *'°Pb dates (Arnaud et al. 2006).

1.3.5 Foraminiferal studies in South Africa

Foraminifera studies along the South African coast have been limited, with the majority concentrating
on off-shore and deep sea environments (Toefy 2010). Initial foraminiferal research was conducted
during mineralogical exploration and geological surveys and, subsequently, lacked environmental
parameters and conclusions (Toefy 2010). The first studies by Chapman (1904, 1907, 1916, 1923,
1924, 1930) were followed by work undertaken in the 1950s, 1960s and 1970s (Biesiot 1957; Parr
1958; Albani 1965; Lambert & Scheibnerova 1974). Geological surveys were conducted in the 1970s
and 1980s by the Joint Geological Survey and the University of Cape Town, providing species lists
for the west coast of South Africa (Martin 1974; Salmon 1979a, 1979b, 1980). The most recent work
on extant populations was in two bays along the south west coast of South Africa, resulting in a better
understanding of present-day Foraminifera assemblages, how they cope with ambient environmental
conditions and their use as pollution indicators (Toefy et al. 2003; Toefy 2010). These studies
revealed 38 morpho-species in live assemblages collected around Robben Island and St Helena Bay.
On the east coast, a study on the range expansion of Amphistegina spp. predicted its rapid south-
westwards expansion along South Africa due to climate change (Langer et al. 2013b). Amphistegina,
considered an invasive genus in the Mediterranean, displays the widest latitudinal ranges across the
oceans (Langer et al. 2013b) and, subsequently, could pose a threat to the native biodiversity on South

African reefs.

1.4, Aims and Objectives of the study

Calcifying marine organisms have survived past climate changes and thus provide valuable insight
into these events. Palaco-environmental records can be extracted from their skeletal deposits and the
nature of these changes monitored and compared with present-day climate change. The aims of this
study were to gain insight into foraminiferal distributions in sediments associated with a marginal

coral reef in South Africa, and whether they provide a record of past climate.

To do this, two questions were addressed:
1. What is the present-day LBF distribution across subtropical, reef-associated sediments at
Sodwana Bay?
2. Can a palaeo-environmental record of South Africa’s coral reef environment be reconstructed

using Foraminifera?
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1.5. Structure of thesis
This thesis is presented in five Chapters. An introduction (Chapter 1) and materials and methods
(Chapter 2). A habitat comparison with associated water chemistry (Chapter 3), analysis of sediment

cores (Chapter 4) and a general discussion and synthesis (Chapter 5).

The subject is introduced and the literature reviewed in Chapter 1. An overview of Foraminifera is
given with an explanation of their importance in coral reef climate change research. A brief synthesis
is also provided on Foraminifera studies conducted in South Africa and Foraminifera geochemical
proxies. The project aims and objectives are also outlined in this Chapter. Chapter 2 defines the
materials and methods employed. This includes a description of the study site, laboratory procedures
and statistical analysis. The specific methodology and results of the first project component, a
Foraminifera distribution, ecology and habitat comparison on reef-associated bottom types, is given in
Chapter 3. The phyisco-chemical parameters of the study site is provided and discussed. Sediment
characteristics and foraminiferal assemblages at three locations and two substrata are also given. The
subject of live versus dead versus total assemblages is explored and an overview of key taxa is
provided. Chapter 4 presents data on the bioclastic sediment cores that were collected and explores
their down-core geochemical proxies, as well as the foraminiferal assemblages in relation to grain size
and carbonate content. Notable environmental events recorded in the cores are discussed. Chapter 5
synthesises all the findings and discusses the outcomes in the context of present day climate change

and the suitability of Foraminifera in future reef studies in South Africa.
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CHAPTER 2
MATERIALS AND METHODS

2.1. Study area

Sodwana Bay, KwaZulu-Natal, has a humid, sub-tropical climate. Characteristically, this stretch of
coastline experiences summer rainfall and is affected by southward shifts of the Inter-Tropical
Convergence Zone (ITCZ). At times, the effects of storms and coastal flooding from cyclonic activity
(Kovacs et al. 1985; Reason & Keibel 2004) and cut-off lows (Rouault et al. 2002) are experienced.
Sodwana Bay lies in the iSimangaliso Wetland Park, a United Nations Educational, Scientific and
Cultural Organisation (UNESCO) World Heritage Site (McIntosh 2010). It is home to the
southernmost distribution of coral reefs along the east African coastline (Ramsay 1994), with its coral
reefs being divided into three complexes; a northern, southern and central reef complex (Figure 2.1).
Two-mile Reef (TMR) (Figure 2.2) is located within the central reef complex. It is a patch reef, lies at
depths of -6 to -27 m below mean sea level and is coast parallel (Celliers & Schleyer 2002). It is
located 1 km offshore, is 2.1 km in length and has a maximum width of 0.9 km (Ramsay & Mason
1990). Indo-Pacific type corals on TMR have colonised a submerged and eroded Pleistocene, dune

and beach rock sequence (Ramsay & Mason 1990; Ramsay 1991).

The sandy shoreline of northern KwaZulu-Natal is composed of barrier beaches forming Holocene-
aged zeta bays, shaped through littoral erosion (Ramsay 1994). Offshore of northern KwaZulu-Natal
is the Natal Valley, which exceeds depths of 2000 m with the Mozambique Basin exceeding 5000 m
further east (Martin 1978). The Delagoa Bight is situated north of the South African border in
Mozambique. Sodwana Bay is located between the Natal Bight to the south and the Delagoa Bight to
the north. The north east coast of KwaZulu-Natal is characterised by a very narrow, steep shelf with a
gradient of 1.0-2.5° in comparison with the global average of 0.116° (Ramsay 1994; Ramsay 1997;
Lutjeharms et al. 2000). The Natal Bight, however, is an uncharacteristically wide area of the shelf,
which extends for 160 km and is 50 km at its widest point at the Thukela River (Lutjeharms and
Roberts 1988, Lutjeharms 2006). It is a productive shelf habitat due to influence from local
oceanographic features and fluvial input from the Thukela River (Begg 1978).

11
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Figure 2.1. A, B Location of the study area, Sodwana Bay on the north-east coast of South Africa with
C location of Two-mile Reef within the central reef complex (after: Ramsay & Cohen 1997; Celliers
& Schleyer 2003; Roberts et al. 2006).
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Figure 2.2. Location of study site on Two-mile Reef, Sodwana Bay.

The Agulhas Current is the main oceanographic feature affecting the east coast of South Africa
(Figure 2.3). It is a major western boundary current in the south-west Indian Ocean and includes a
partially wind-driven return circulation, transporting warm tropical and subtropical water southwards
(Lutjeharms 2006). This current is present year round and can reach velocities of 2 m/s (Lutjeharms,
2006). Roberts et al. (2006), however, measured velocities of between 0.5-0.75 m/s, at 12m water

depth on the shelf, at Nine-mile Reef (Figure 2.1).

Figure 2.3. The south-west Indian Ocean circulation (after: Lutjeharms 2004).

Both Tropical Surface Water (TSW) and Subtropical Surface Water (STSW) contribute to the
Agulhas Current. The TSW, provided by the South Equatorial Current, consists of low salinity
(<35.3), warmer (>24°C) water (Duncan 1970). This enters the Mozambique Channel above northern

13
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Madagascar. The STSW, of high salinity (>35.5) enters the Agulhas Current from the east, via the
East Madagascar Current (Duncan 1970). According to Duncan (1970), mixed surface water with
relatively low salinities (<35.3) are found in both seasons along the coastal edge of the Agulhas
Current. Lutjeharms (2006) also reported the dominance of TSW along the east African coastline
including South Africa.

2.1.1 Physico-chemical parameters on Two-mile Reef

The waters along the Sodwana Bay coastline, where the Agulhas Current forms, are oligotrophic and
lack terrigenious sediment input due to the absence of large rivers in the area (Ramsay 1994). Thus,
the local water conditions are clear, but nutrient poor which have allowed colonisation of Sodwana
Bay by corals and Large Benthic Foraminifera (LBF). The nutrients, nitrates (NOj;’), phosphates
(PO,”) and silicate (SiO,) are important components of the carbonate system cycle and their relative

concentrations affect the benthic communities present in this oligotrophic environment.

According to Dickson et al. (2007), total alkalinity (T,) of a seawater sample is defined as “the
number of moles of hydrogen ion equivalent to the excess of proton acceptors (bases from weak acids
with a dissociation constant K < 10 at 25°C and zero ionic strength) over proton donors (acids with
K > 10-*%) in one kilogram of sample”. In the oceans, the majority of the negatively charged ions are
present as bicarbonate (HCOj;) and carbonate (CO;’) (Chester & Jickells 2012), however, due to
increased levels of atmospheric CO,; the balance of these ionic species is changing. The T, is
therefore important to monitor. Based on modelling by Takahashi et al. (2014), seawater at Sodwana

Bay should range between 2300 to 2350 umol/kg (Figure 2.4).

Figure 2.4. Mean distribution of the total alkalinity (T4), for A February and B August, across the
oceans. These values were calculated using the potential alkalinity-salinity relationships, measured
during 1990-2008, and mean values for surface water salinity and nutrients. The black dots represent
areas with large-scale variations (from: Takahashi et al. 2014).
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The most recent work on the physico-chemistry parameters at TMR was conducted in a study between
October 2009 and February 2011 (Grimmer 2011). In-situ measurements of pH and salinity are
presented in Table 2.1. Salinity is an important physicochemical property of seawater, which forms
part of the carbonate system parameters. It is a measure of the dissolved salts and numerous studies
have shown it to be an important factor governing the structure of benthic communities (e.g. Lirman
et al. 2003; Uwadia 2009; Naser 2011). Temperature measurements from an underwater temperature
recorder (UTR) located at Nine-mile Reef, Sodwana Bay yielded mean sea temperatures of
24.45+1.74°C with summer and winter peaks of 28.6 °C and 21.0 °C, respectively. Mean summer and
winter pH values were 8.25+.06 and 8.22+0.04 and mean summer and winter salinity values were

32.73 and 32.19, respectively.

Table 2.1. Mean summer and winter pH and salinity of Two-mile Reef (Grimmer 2011).

Parameter Summer average =~ Winter average
pH 8.25+0.06 8.22+0.04
Salinity 32.73 32.19

In a food web and trophic connectivity study conducted by Parkinson (2012), seaweeds (excluding
certain red seaweeds) together with phytoplankton were the main sources of primary production at
Sodwana Bay. Chlorophyll a (Chl-a@) is a measure of the primary productivity within an ecosystem
and is, therefore, important to consider when conducting ecological studies (Jamshidi & Bin Abu
Baka 2011). Low chlorophyll a levels are usually observed at Sodwana Bay. This is attributed to the
Agulhas Current diverging from the coast, south of Cape St Lucia, subsequently supporting upwelling
in the Natal Bight (Roberts et al. 2006).

2.2.  Field collection

Present day and palaco-foraminiferal assemblages were studied as two distinct components, 1) a
habitat comparison of reef-associated unconsolidated sediments and coral rubble adjacent to TMR as
well as the analysis of ambient physico-chemistry parameters and 2) a Late Holocene study of TMR
associated unconsolidated sediments through bioclastic sediment core analysis. The study of these
particular components were selected as the results supplement each other, with the various techniques
employed including water chemistry analysis, grain size distribution, sediment characterisation,
foraminiferal assemblage analysis, and stable isotope analysis. The habitat comparison study was
designed across and adjacent to the reef at three locations between coral rubble and unconsolidated

sediment and involved the collection of 45 samples. A palacoclimatic study of TMR was achieved
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through the analysis of three bioclastic sediment cores (X, Y and Z) collected on the inshore side of
TMR. Overall 32, 16 and 18 samples were analysed from cores X, Y and Z. All samples, for both

components, were collected by scuba divers.

2.2.1  Water chemistry

One winter (September 2013) and summer (January 2014) measurement was taken for nutrients
(PO,>, NO5™ and SiO,) and chlorophyll a (Chl-a) values. Additional water sampling was conducted on
TMR on six occasions spanning summer (December 2013, January 2014 and February 2014) and
winter (June 2014, July 2014 and September 2013) to characterise the spatio-temporal variability of
the study area water. Nine water samples were collected on each occasion, for measurement of

temperature, pH, total alkalinity (T,) and salinity.

A 3.6 L horizontal Van Dorn water bottle was manufactured in-house for collection of seawater
samples. Prior to use, the sampler was acid washed with 1M HCL and thoroughly rinsed with distilled
water at least 4 times. The sampler was taken down vertically by a SCUBA diver and triggered,
horizontally, 1 m above the reef (Figure 2.5). On the surface, the full sampler was shielded from the
sunlight. Temperature and pH were measured immediately and water samples were collected for
analyses in the following order T,, Chl-a, nutrients (PO43', NOj™ and SiO;) and salinity (Karl et al.
1990; Karl & Church 2014).

Figure 2.5. Van Dorn bottle being triggered by a diver to collect a water sample.

Prior to use, sample bottles, filtration units and apparatus were acid-washed with 1M HCL, and

thoroughly rinsed four times with distilled water to ensure no residual acid remained.
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Temperature and pH

A water sample was collected in a clean 50 ml, sterile Falcon tube. The temperature (°C) and
temperature compensated pH of each sample was recorded using a Eutech pH610 pH meter with a
single junction Eutech pH probe. The pH meter was calibrated using Metrohm certified pH buffers 4
and 7 and all data was reported on the US National Bureau of Standards (NBS) pH scale.

Total Alkalinity

A brown 250 ml borosilicate sample bottle was rinsed three times with water from the sampler.
Silicon tubing attached to the van Dorn tap was inserted to the bottom of the bottle and twice the
volume allowed to overflow before the sample was collected. A 3 ml plastic bulb dropper was then
used to remove 2 ml of sample from the neck to prevent the bottle from overflowing when the stopper
was inserted. The inside of the neck was dried with a Kimwipe and 50 pL of saturated mercuric
chloride added to poison the sample. The stopper, lightly greased with Apiezon L high vacuum
grease, was inserted into the bottle and the bottle inverted several times. The stopper was secured to
the bottle with a rubber band and covered in foil and placed on ice for transportation and then

refrigerated until analysis.

A Metrohm Titrando 888 potentiometric titrator with LL Aquatrode+ Pt1000 F/4mm and Tiamo light
software was used for T, analysis using a two-stage open cell titration as outlined in Dickson et al.
(2007). This method uses the Gran titration method, which involves the titration of a sample beyond
the bicarbonate end point (de Andrade et al. 2005). A series of back calculations were then used to
determine the equivalence points for hydroxide, carbonate, and bicarbonate. The titrator was operated
in a temperature-controlled room and the sampling vessel fitted with a water jacket connected to a
water bath at 25°C. Samples were allowed to equilibrate to this temperature prior to analysis and + 80
ml sample was titrated with 0.1M (0.1N) HCL. Certified reference materials (CRM) obtained from the
Marine Physical Laboratory, Scripps Institution of Oceanography were used to calibrate the titrator.
The total alkalinity results were calculated using, the raw data from the titrations, in a spreadsheet
provided by the Marine Physical Laboratory, Scripps Institution of Oceanography. Readings were

further corrected for mercuric chloride using the following equation (Dickson et al. 2007):
T, = 1.0002 x T,

2.1

Where, Tx = corrected total alkalinity; T = calculated total alkalinity value from the spreadsheet
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Chlorophyll a

Care was taken to ensure all filtration occurred out of direct sunlight to prevent photodegradation of
the Chl-a. A Sartorious filtration unit was rinsed three times with water from the sampler. A hand
vacuum pump was used to filter 1L of sample through a 47 mm GF/F Whatman filter, ensuring the
pressure did not exceed 5 psi. Using filter forceps; the filter paper was then carefully folded over,
taking care not to touch and contaminate the filter. The folded filter was placed in a 20 ml, screw-top,
glass vial with 10 ml of 90% reagent grade acetone, ensuring the filter was completely submerged.
The lids were sealed with parafilm to prevent evaporation and vials were wrapped in aluminium foil
and placed immediately on ice and frozen on return to the laboratory. Samples were analysed within
two days for Chl-a (ug/L) content using a Turner 10AU fluorometer at the Coastal Systems Research
Group at the Council for Scientific and Industrial Research (CSIR) in Durban.

Nutrients

A single sample for each of NOj, PO,* and SiO, analysis was collected. At collection, a Sartorius
filtration unit was rinsed three times with sample water. Water was passed through a sterile MCE
membrane (0.45 pm, 47 mm) using a hand vacuum pump ensuring the pressure did not exceed Spsi. A
500 ml, opaque high-density polyethylene (HDPE) sample bottle was rinsed three times with filtrate
and the sample bottle filled with 375 ml of filtrate, wrapped in aluminium foil and placed upright on
ice. Samples were frozen until analysis by the Consulting and Analytical Services (CAS) Laboratory,
Durban T0064 at the CSIR in Durban within one week. All samples were analysed using a SEAL
BRAN+LUEBBE Auto Analyser 3. The NO;” and PO,” samples were assessed using automated

colourimetry and SiO; using the colorimetric method.

Salinity

A 30 ml plastic falcon tube was filled, placed on ice and refrigerated in the laboratory until analysis.
The conductivity of each sample was measured using an 856 Metrohm conductivity module with a
five ring conductivity measuring cell at 25°C. A 12.87 mS/cm Metrohm conductivity standard was
used to calibrate the probe prior to use. The conductivity and temperature of each sample were then

used to calculate the salinity value.

2.3. Unconsolidated sediment and rubble laboratory procedures
2.3.1 Grain size analysis
Grain size distributions of the spatial representation of habitats on TMR and down core were

analysed, by Environmental Mapping and Surveying (EMS), using £5 g of sediment. The percentages
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of gravel (gravel), very coarse sand (vcs), coarse sand (cs), medium sand (ms), fine sand (fs) and very
fine sand (vfs) were determined for all sites using the Wentworth design of graded, nested sieves
(Wentworth 1922) (Table 2.2). These values together with mean and median grain size were

presented on the Wentworth scale and phi notation.

The samples were initially oven-dried overnight at 70°C, the dry mass recorded and then wet-sieved
using a 63 pm sieve. The sieved samples were collected and re-dried. Mass percent of mud (i.e. <63
um) was calculated. The sand and gravel fraction (i.e. >63 um) were then dry-sieved in a nested sieve
array from 4000 pum to 90 pm with the 63 pm to 90 pm fractions being retained in a tray at the base.

Using the mass of the sediment retained in each sieve, the grain size statistics were then calculated.

Table 2.2. Wentworth grain size classification of sediments and corresponding phi notation
(after: Wentworth 1922).

Sediment type Grain size (mm) phi (¢) scale
Gravel (gravel) >2 <-1.0

Very coarse sand (vcs) 1-2 -1.0-0.0
Coarse sand (cs) 0.5-1 0.0-1.0
Medium sand (ms) 0.25-0.5 1.0-2.0
Fine sand (fs) 0.125-0.25 2.0-3.0
Very fine sand (vfs) 0.0625-0.125 3.0-4.0
Mud (mud) <0.0625 >4.0

2.3.2  Sorting and skewness
Grain size variation was represented per sample using a sorting and skewness co-efficient. Classes are
presented in Table 2.3. Sorting and skewness determinations for sediment samples were conducted by

EMS, using the grain size statistics previously calculated.

Table 2.3. Sorting sediment classes, identified by Folk (1968), used in classification.

Sorting class Phi () scale

Very well sorted <0.35

Well sorted 0.35-0.50
Moderately well sorted 0.50-0.71
Moderately sorted 0.71-1.00
Poorly sorted > 1.00
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2.3.3 Sediment carbonate content analysis

The carbonate ‘bomb’ method was employed at EMS to determine the carbonate content (calcite
equivalent) of sediment samples (+2 g). Hydrochloric acid (HCL) was added to 1 g dried sediment
within an enclosed reaction cylinder (reactor). During this reaction, CO; is released and the resulting

pressure within the reactor is proportional to the calcite of the sample.

2.3.4 Foraminiferal assemblages

Habitat comparison samples (Chapter 3) were wet-sieved into the >500 pm fraction only. Core
samples (Chapter 4) were wet-sieved using a nested sieve design ranging from 500 pm, 250 um and
125 um. The surface of sieved samples was blot-dried with paper towel and the wet weight obtained
for each individual size fraction. In turn, each sample, excluding the 125 um fraction, was placed in a
perspex bogorov counting tray and all the Foraminifera were picked out under a stereomicroscope
(Zeiss Stemi DV4, 20 — 32x magnification coupled with a 2.0x lens). Wet picking was achieved using
the bristles of a fine (000) paintbrush and at least 300 Foraminifera were picked from each sample.
Forams from the 125 pm sediment samples were not picked, but rather photographs of each
Foraminifera were taken using the Carl Zeiss Axiovision 4.8 software. The 125 um samples were
placed in a perspex bogorov counting tray and viewed under a Zeiss fully automated SterREO
Discovery V12 stereomicroscope with a Zeiss PlanApo S 0.63x FWD 81 mm objective, connected to

an Axiocam MRc 5 camera.

Foraminifera were identified to the lowest possible taxonomic level using available literature (e.g.
Loeblich & Tappan 1987, 1994; Yassini & Jones 1995; Langer et al. 2013a). Live Foraminifera
counts of genera and species were also recorded. Live Foraminifera were identified on the basis of
visual identification of cytoplasmic colouration due to the presence of endosymbionts. The vital dye,
Rose Bengal, was initially used to identify live Foraminifera specimens. However, based on a pilot
study on samples collected from TMR, it was decided not to continue with this method as numbers of
live specimens were overestimated after staining. This has also been noted by other authors (e.g.
Bernhard 2000; Murray & Bowser 2000). Following identification, Foraminifera were either stored
dry or were transferred to 70% ethanol for long term storage. Physical and/or photographic reference

collections were compiled of all taxa.

2.3.5 Stable isotope analysis
The foraminiferal stable oxygen and carbon isotopes were analysed at iThemba LABS in November

2014. Samples were run on a Thermo Gasbench II coupled to a Thermo Delta V Advantage mass
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spectrometer. As the tests were picked from bioclastic sediment, with very little organic matter, pre-
treatment merely involved mechanical cleaning of the tests through repeated rinsing with distilled
water. Tests, of a single species, Amphistegina lobifera, and from the size range 500-800 um were
used. The phosphoric acid (H;PO4) method was used to liberate carbon dioxide (CO,) from the
carbonates. A sample weight of + 0.5 mg, treated with H;PO,, was used in this study to extract the
8'0 and 8"C values of the carbonate samples. Samples were run against internal carbonate standards
(CSS and MHS1) with all results reported in the standard & notation (%) relative to Vienna Pee Dee
Belemnite (VPDB).

2.3.6  Radiocarbon analysis

Adult tests of A.lobifera from the >500 um fraction, with comparable sizes, were picked out using
bristles of a moistened fine (000) paintbrush. Tests were rinsed with distilled water, placed on a piece
of foil, allowed to air dry before packaged in the foil, placed in a sealable plastic bag and sent off for
analysis. No further pre-treatment was applied to the tests prior to analysis. The '*C dating was
performed at the Beta Analytic Radiocarbon Dating Lab in Florida in April 2013 and January 2015.
This is an ISO/IEC 17025:2005 accredited Radiocarbon Dating Laboratory and uses the Accelerator
Mass Spectrometry (AMS) method (Broecker et al. 1990) to date Foraminifera tests. AMS carbon
dating involved the initial reduction of the sample carbon to graphite. The graphite is then analysed
together with standards for its '*C content in an accelerator mass spectrometer. The result is then
corrected for isotopic fractionation and then converted into a calendar-calibrated date. A local
reservoir correction of DeltaR = 213 and DeltaRErr = 57 from Natal (Southon 2002) was used in the
interpretation of the results and the Marine09 calibration curve was used to convert the conventional

radiocarbon age to its representative calendar-calibrated age.

2.4, Statistical techniques used
An overview of statistical techniques used in this study is given in this Section. However, the specific
formula followed for each project component is given in the respective chapters. Software used for

data analysis included Excel 2010, Brodgar v2.7.2, Sigma Plot v11.0, Primer v6 and Past v3.

2.4.1 Abiotic variables

The abiotic variables were tested for collinearity using a nonparametric Spearman rank correlation
(p). This correlation requires transforming both measurements to ranks with no assumptions of
distribution normality (Pollard 1979; Clarke & Ainsworth 1993). In general, environmental variables

that were highly correlated (p= £0.90) were reduced to a single representative (Clarke & Ainsworth
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1993). Each correlation was assessed individually, and the variable not deemed vital for the analysis
was omitted from the model. Draftsman and pairwise scatter plots were used to determine if variable
distributions were skewed. A draftsman plot plots the values of each variable against each other.
Skewed variables were appropriately transformed. If the data were right skewed a square-root or log
transformation was applied with an inverse transformation (1/x) used for left skewed data (Clarke &
Gorley 2006). Following transformation, the Euclidian distance similarity coefficient was calculated

from the abiotic data.

2.4.2 Univariate analyses

Univariate community measures, abundance (N: ind/m®) and richness (S: no. of taxa) and diversity
measures, Shannon-Wiener diversity index (H’), Pielou’s Evenness index (J’) and Margalef’s
Richness (d) were calculated from raw taxon data, for all a priori selected factors, using the

DIVERSE procedure within PRIMER v6 (Clarke & Warwick 1994; Clarke & Warwick 2001).

Shannon-Wiener diversity index (H’) relies on both on the number of taxa and their relative
abundances (Shannon & Weaver 1963). In this way rare species provide little contribution. The
maximum value of H’ is obtained when there is an equal abundance of all species in a sample
(Shannon & Weaver 1963). It was used to identify changes in the structure of foraminiferal

assemblages.

S
H =— ZPiInPi
i=1

2.2

Where p; is the proportion of specimens of the ith taxon.

Pielou’s Evenness index (J°) defines the spread of individuals between species (Pielou 1966). The
evenness is low when there is a dominance of one species with J’=1 when all species are equally

abundant (Pielou 1966).

I __ H,
S = InS
2.3

Where H’ is the Shannon-Wiener diversity index.
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Margalef’s Richness (d) defines the taxon richness of the sample (Margalef 1958).

S—1
InN
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Where: S = Number of taxa, N = total number of individuals in the sample.

One and two-way analysis of variance (ANOVA) were used to test for significant differences
(»<0.05) in the abiotic parameters between seasons and locations across the reef. ANOVA is a
parametric technique; therefore, normality and homogeneity of variance were determined prior to
analysis. Tukey’s test was used as a post-hoc test when significant differences were found. When
conditions of normality and equality of variance could not be satisfied, alternative non-parametric
tests (e.g. Kruskall-Wallis, Mann-Whitney, U-test, Holm-Sidak) were used. These tests were

performed on ranked data.

2.4.3 Multivariate analysis

Prior to analysis, foraminiferal data was transformed. It is not necessary for data to be normally
distributed, however, for some types of multivariate analyses, transformations are still applied to
down-weight more abundant taxa. Following transformation, the Bray-Curtis (B-C) similarity
coefficient was calculated from the biotic data. This is a widely used method as it gives equal weight
to all taxa and is not affected by absences (Yoshioka 2008). It provides a single measure displaying
the similarity in community structure between samples. Following transformation and similarity
coefficient calculation, various multivariate analyses were carried out. Multivariate statistics used in
t