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ABSTRACT

Coastal transition zones form importaneilimking regions where marine ecosystems,
rivers and estuarine environments significantljuafce each other. Coastal rocky shores
are key habitats that sustain a variety of prim@agducers and invertebrates and due to the
dynamic nature of coastal ecosystems, suspensgateffe on rocky shores can be influenced
by an array of autochthonous and allochthonous &mdces. Fatty acid and stable isotope
trophic markers were employed to distinguish betwesgional and temporal changes in the
potential food sources to rocky shore suspensieddes in the Eastern Cape Province of
South Africa. The primary aim was to assess thati@pand temporal influences of
contrasting river flows on the available food s@srto three indigenous coastal suspension-
feeders, namely the volcano barnabégraclita serrata brown mussePerna pernaand tube-
building polychaeteGunnarea capensis This was done by examining the intra- and
interspecific changes in the fatty acid and stadiéope signatures of the barnacles, mussels
and polychaetes in the adjacent marine environmokatfreshwater-restricted (Kariega) and
freshwater-dominated (Great Fish) estuary durirgfrausummer and winter.

Multivariate and Kruskal-Wallis analyses \driance on the fatty acid and isotopic
signatures, respectively, identified significangiomal changes in the barnacles and mussels,
while only stable isotopes distinguished betweenkhriega and Great Fish polychaetes:(
0.05). In addition, significant temporal changesr@vobserved in consumer fatty acids and
isotope values in both region® & 0.05). Bacterial sources, detritus and phytagian
assemblages, which are influenced by hydrology \aegktation, differed between regions
and were mainly responsible for the regional amdpi@ral separations. Principal component
analyses on the consumer fatty acid signaturesngdisshed between animals situated
upstream (i.e. north) and downstream (i.e. southih® Kariega Estuary mouth in summer.
The north/south separation was mainly due to greatetributions of diatoms to northern-
located animals and dinoflagellates and detritusotathern-located consumers. In addition,
the south-flowing Agulhas Current on the easteraresh of southern Africa appeared to
influence the north/south separation in the Karieggion, as water leaving the estuary was
probably entrained into the south-easterly flowmgrents, thereby depositing estuarine-
derived detritus to southern populations.

In general, diatoms and detritus were dgdefood sources to the filter-feeders in
summer, and flagellates, diatoms, zooplankton atdtds were important in winter. Coastal

macroalgae was a key food source in the Kariegazedt Fish regions during both seasons.
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Consistently large levels of diatom markers (1671and 20:5n-3) and dinoflagellate markers
(22:6n-3) in consumer tissues in the Kariega an@&aGrFish regions identified that
phytoplankton was their dominant food source. Bbamacles, mussels and polychaetes had
similar fatty acid markers and a fairly narréWcC range (-16.5 to -14.4 %o), suggesting that
they probably consumed similar food. Carbon isetgmalyses, however, separated the
suspension-feeders into slightly depleted (barsacld6.5 to -16.1 %), intermediate
(mussels; -15.8 to -15.0 %0) and enriched (polyasetl5.0 to -14.4 %0) consumers, but did
not provide conclusive evidence of their preferanoe specific phytoplankton. Conversely,
fatty acid analyses highlighted that barnacles amgssels had greater proportions of
dinoflagellate markers (22:6n-3; 7.0-15.3 % TFAile polychaetes had larger diatom
levels (20:5n-3; 15.1-22.2 % TFA). In addition| Hiree species had consistently large
contributions from bacterial fatty acids (15i016:0, 17:0 and-18:0; 4.2-13.6 % TFA) in
summer and winter, and large proportions of satdrdatty acids (33.3-53.1 % TFA)
including those with 14 to 18 carbons, indicatitgttbacterial and detritus food sources
played an important role in their diets.

Barnacles had small levels of terrestriarkers (18:2n-6 and 18:3n-3; <2.5 % TFA)
and demonstrated increased omnivorous feeding capeth the other suspension-feeders
[increased levels of 20:1n-11 and 20:1n-9, high#dnd-9/18:1n-7 ratios at ~2.1, enriched
8N values at ~10.6 %.zooplankton (potentially including microzooplaoit larvae and
protists) contribution of up to 61 % of the dietylussels contained significant proportions of
the terrestrial markers (18:2n-6 and 18:3n-3; >25TFA) and exhibited intermediate
omnivory (intermediate levels of 20:1n-11 and 209]nntermediate 18:1n-9/18:1n-7 ratios
at ~1.3, less enrichedf°N values at ~7.9 %ozooplankton contribution of 10-15 % of the
diet). The more depleted nitrogen signatures e rtiussels relative to the barnacles and
polychaetes possibly illustrated a stronger prefegefor autotrophic food. Polychaetes
mainly consumed plant food sources (i.e. microglgaecroalgae and detritus; high levels of
i-18:0, 18:1n-9, 18:4n-3 and 20:5n-3) and displayld omnivory (low levels of 20:1n-11
and 20:1n-9, low 18:1n-9/18:1n-7 ratios at ~0.4ermediated™N values at ~9.1 %o;
zooplankton contribution of <10 % of the diet). eTbarnacles, mussels and polychaetes are
all suspension-feeders, originally presumed to eoms the same food sources. The
variations observed among the species, thereforey nasult from differences in the
proportional contributions of the various food sms to their diets as well as distinctions in
metabolism. The distinct changes in the fatty aid stable isotope signatures in all three

filter-feeders in the Kariega and Great Fish regiare likely influenced by the diversity in
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regional vegetation and hydrology in the differesystems, combined with interspecific

differences in resource partitioning among the &gec
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CHAPTER 1

GENERAL INTRODUCTION AND OVERVIEW

1.1 General Introduction
1.1.1 Coastal transition zone

The coastal transition zone (CTZ) conndutsterrestrial with the marine habitat (Ray,
2005) and encompasses that region where land aahanfluence one another (Schaefer,
1972). The CTZ is a highly dynamic region wherecsps diversity and productivity are
enhanced, and where human activities and ecosystartes are numerous (Costanza et al.,
1997; Levin et al.,, 2001). Ecosystem serviceshim €TZ include the important role of
biogeochemical cycles in sustaining water, dissblaed particulate nutrients via surface
runoff or groundwater flow, and vast amounts of tetaind energy that are exchanged with
the open ocean and estuarine environments (Mobergo&nbéack, 2003). CTZs are
important sites for microbial processes, nutrigminog and primary production and they are
characterized by rapid changes in water chemistnyrients and community composition
(Levin et al.,, 2001). Suspension-feeding organisares closely associated with critical
ecosystem functions in the CTZ such as decompasitmutrient cycling and sediment
movement (Herman et al., 2000; Levin et al., 200Bs human populations continue to
increase inland and in the coastal regions of tbedy pressure on freshwater resources
becomes more noticeable (Peschak, 2005). Thrediediversity include persistent organic
pollutants (e.g. storm water, agricultural runaftigoesticides), nutrient loading and possible
anoxic or eutrophic conditions, heavy metal contation, and physical changes such as
dredging, and habitat loss or fragmentation throdgNelopment (Levin, 2001). The study of
CTZs and the species responsible for maintainieg #cological functioning is therefore of
fundamental importance to ecologists, coastal moaeagers and the general public.

An important characteristic of CTZs whereers link to the marine environment is the
presence of an estuarine front (Largier, 1993).tudse fronts form zones generally
associated with high productivity due to the supgiyhutrients from freshwater, as well as
increased food availability ascribed to the presevicparticulate organic matter (POM) and
estuarine detritus (Forrest et al., 2007). Chaeteal. (1991) noted that the zooplankton
species composition of a nearshore marine ecosysteitme coast of northern California

reflected the presence of two diverse phytoplanktommunities. These communities
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formed as result of the temporal hydrodynamic psees occurring within the associated
CTZ estuarine front, and highlighted that estuarirants can contribute to the spatial
variations in the plankton assemblages within tearshore environment. Seasonal and
regional dynamics influencing the amount of frestawdlow from estuaries are therefore
important, as even transitory fronts can influefumed availability to organisms on the nearby
coastal rocky shores. A survey conducted along#st coast of South Africa bordering the
Thukela Banks assessed the impacts of river rindfie nearby marine ecosystem (DWAF,
2004). Results of this study indicated that treugment of fish was strongly coupled to the
magnitude of freshwater outflow, with elevated vétnent of the dominant line fish species,
including slingerChrysoblephus punicewsd squaretail coBrgyrosomus thorperecorded
during periods of high outflow (DWAF, 2004). Vorrke(2006) also found a positive
relationship between food availability in the esiio@ frontal zone and the biomass and
abundance of zooplankton in the region opposite riier mouths of two contrasting
estuaries. The importance of flow patterns tohaffe productivity within the frontal region
may be profound, and more studies underlining pgtlehinks between reduced river
outflows and food webs in the nearshore marineystess of southern Africa are needed.
Research on the effect of different fresfewanflow on the trophic dynamics of
nearshore coastal communities within the CTZ of tSoAfrica has been limited. CTZ
studies have mainly focussed on assessing ecoldgipacts of hydrodynamics (Berry &
Schleyer, 1983; McQuaid & Branch, 1985; Bustam&n&ranch, 1996; Branch et al., 2010;
McQuaid & Mostert, 2010), dependence of biologicamponents on estuaries (Vorwerk et
al., 2003; 2008), estuarine trophic relationshipsoiieman, 2001; 2004; Richoux &
Froneman, 2007) and physico-chemical and biologitedracteristics in the river-estuary
interface zone (Grange & Allanson, 1995; Grangalgt2000; Bate et al., 2002; Vorwerk,
2006). These studies have contributed to the kedgéd of estuaries and their connectivity
with adjacent marine environments. Further ingagion into this dynamic zone is required
to assess the influences of altered river flowsnearby coastal feeding dynamics and to
broaden our knowledge of the potential responséiseske ecosystems to human impacts.

1.1.2 South African coastal dynamics

South Africa is an arid country with avesaginfall of around 450 mm per annum
(Davies & Day, 1998; Van Rooyen, 2002). The amadlre of the sub-region has resulted in
the construction of a large number of impoundmaeritsin the catchment areas of the main

river systems which has contributed to reduce fmasér flow into estuaries. Since
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freshwater inflow represents the primary sourcenofrients to estuaries, the decreased
freshwater inflow into southern African estuariess contributed to nutrient-limitation in
these systems (Grange & Allanson, 1995; Grangd.,eR@00). Strong coastal circulation
processes such as eastern and western boundaentsuare responsible for determining the
physical, chemical and biological characters of € BZound the world (Chavez et al., 1991;
Kosro et al., 1991). South Africa is bordered Wy tof the major ocean current systems in

the world’s oceans, the Benguela Current on the waesst; and the Agulhas Current on the
south-east coast (Figure 1.1).

ATLANTICOCEAN

Benguela Current

Figure 1.1 Major oceans (Atlantic, Indian and Southern) andamic currents (Agulhas and
Benguela) bordering South Africa. Adapted from \d&n Elst and King (2000).

The Benguela Current represents the eabtamdary current of the south Atlantic gyre
and is characterised by strong seasonal coastallupgv(Lutjeharms et al., 2000; Dijkstra &
De Ruijter, 2001; Beal et al., 2006; Hill et algiB). The upwelling of the cold nutrient-rich

waters contributes to strong seasonal patterniysipo-chemical and biological variables in

the region (Machu et al.,, 2005). The Agulhas Quremprises water derived from the
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south Indian gyre and tropical surface water wiiicvs down the Mozambique Channel as a
series of eddies (Lutjeharms et al., 2000; Dijk&trBe Ruijter, 2001; Beal et al., 2006; Hill
et al.,, 2006). Decreased nutrient concentrationthé eastern marine waters of southern
Africa may have dramatic influences on the ovepalhagic primary productivity, macroalgal
species diversity and food availability in the aeldl et al., 2006; Hill & McQuaid, 2008).
Coastal and estuarine algae and macrophytes arees¢ential to CTZs and can contribute
considerably to water column primary production @@1g C nf yr'; Underwood &
Kromkamp, 1999). Rocky shore intertidal filter-fiees may experience immense variation
in the quantity and quality of nutrition availaldtar utilisation, and localised estuaries may
therefore, represent important sources of nutrigntse adjacent marine ecosystem.

Within the terrestrial environment, decayiplant matter may produce significant
amounts of dissolved and particulate organic matéklann 1988). Since water is a good
vector for POM, carbon is highly mobile in aquatigstems and connects rivers to marine
habitats, thereby readily influencing possible fosmlrces for nearshore rocky intertidal
organisms (Mann, 1988; Odum, 1980; Shi et al., 200@nnolly et al., 2005). The
magnitude of this connection is largely dependemttlee river catchment hydrology that
feeds the associated estuaries (Cravo et al., 208@)h freshwater flows that result in the
resuspension of particulates could increase thplcmuof the benthos to the vertical pelagic
environment, and up- and downwelling of such matennay be important in connecting the
estuary with the coastal marine environment andvighog potential food sources to
suspension-feeders (Grange & Allanson, 1995; Fateal., 2002). Various South African
and international studies have recorded substamg@rodynamically-driven river influences
on links between estuaries and the sea (Baird.etl@87; Jennings, 2005; Forrest et al.,
2007). Jennings (2005) assessed the temporalenutdynamics in two South African
estuaries along the eastern shoreline. A diredt Was made between the amount of
freshwater input from the estuary and the nutrieontent of the adjacent marine
environment. Low nutrient concentrations were oleg in the marine system adjacent to
the estuary receiving little freshwater. Conveyselevated nutrient concentrations in the
nearshore marine environment were associated vigth fiver discharge (Jennings, 2005).
Seasonal variations in physico-chemical and nutigencentrations for the low flow system
were negligible, but highly variable in the systenth high freshwater discharge, reflecting
variable flow rates within the system (JenningD®0 Further away, spatial and temporal
effects of river water have become evident in ptysihemical factors and the biota in an

adjacent coastal environment. Stable carbon amdgein ratios, lipid biomarkers and trace
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elements provided evidence of terrestrial influsnitem a river system with large freshwater
flows on a coastal embayment of New Zealand (Fbretsal., 2007). By analysing
sediments, terrigenous signals were found up t&ikmnetres from the mouth; however, the
river plume contributed only locally to the dietssuspension-feeding bivalves, and marine
phytoplankton played a major role in sustaining oamities further from the mouth (Forrest
et al., 2007).

1.1.3 South African estuaries

The southern African coastline has apprexaty 260 estuaries (Whitfield, 1998), most
of which have major ecological and socio-economipartance and are under threat of
anthropogenic over-utilisation, freshwater abstosmcand degradation (Harrison et al., 2001;
Turpie & Clark, 2007). Estuaries are productivetsgns, and although they are geologically
ephemeral (Levinton, 2001), they are biologicaighrand especially important as breeding
grounds or sanctuaries for many estuarine- or redseeding species (Hall et al., 2006).
Estuaries represent suitable habitat for a vanégpecies (Branch & Branch, 1983), and due
to their highly diverse nature, they present cimgfleg areas for scientific research (Pasquaud
et al., 2007).

South Africa is broadly divided into arigdhca mesic regions, although it generally
displays an arid trend (Van Rooyen, 2002). Easteape estuaries in particular receive
reduced freshwater inputs, as they fall within $keni-arid region with low and/or unreliable
rainfall and high evapotranspiration rates, and sarengly influenced by the presence of
man-made impoundments along the rivers within #ieloment areas (Hodgson, 1987; Maree
& Casey, 1993; Whitfield, 1998). Consequently, stheenvironmental constraints are
expected to influence the associated coastal fagmb\Hill & McQuaid, 2008).

Flux of materials from the sea into an astus known as inwelling and from an estuary
to the ocean or nearshore marine environment agetiitg (Dame & Allen, 1996). Odum
(1980) suggested the “outwelling hypothesis”, oe timovement of surplus materials of
estuarine origin to the marine environment. Thecial role that the export of particulates
and detritus plays in coastal food webs has beenrdented and the relative reliance of
coastal communities on allochthonous estuarinesamachthonous marine sources identified
(Dame & Allan, 1996; Vorwerk & Froneman, 2009). tAchthonous or locally-produced
food sources in coastal habitats include maringggignkton and macroalgae (Marin Leal et
al., 2008). Allochthonous carbon sources thatimsitg elsewhere and are transported to

coastal regions as micro- or macroalgal detritusy ncamprise riverine or pelagic
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phytoplankton, and microphytobenthos, sedimentraogaatter and detritus from terrestrial
or estuarine origins (Marin Leal et al., 2008). eTiumerous hydrodynamic features in
coastal environments (i.e. local geography, catctinezrestrial influences, magnitude and
direction of tides and currents) and the seasdmalacteristics in hydrology (i.e. temperature
and river flow) therefore largely determine the ortance of estuaries in the CTZ (Baird et
al., 1987; Winter et al., 1996; Schumann & Peat®8y; Vizzini & Mazzola, 2006).

Vorwerk (2006) examined the relevance & éstuarine outwelling hypothesis in the
CTZ adjacent to two permanently open South Afrieatuaries. The results from his study
showed that systems with high river runoff thatmied plumes in the adjacent marine
environment were associated with increased zoomankiomass, POM and chlorophyll-a
concentrations along the coastal environment. €@®ly, in those systems with mostly
attenuated freshwater inflow, the biological reg®was restricted to the region immediately
adjacent to the estuary mouth. It was suggestatl ttte high zooplankton abundances
associated with both regions were due to increésmdi availability in the frontal zone rather
than from the flux from the estuaries (Vorwerk, 800 Vorwerk (2006) further
demonstrated, using stable isotope analysis, tmathtydrology of the estuary played a
significant role in the dietary composition of saspion-feeders in the nearshore marine
environment. Riverine phytoplankton arising frongthriver inflows was the main food
source to zooplankton and suspension-feeders idrésawater-dominant system, whereas
macroalgal detritus and estuarine phytoplanktontaguesd similar organisms in the
freshwater-restricted system (Froneman, 2002; Vdkw2006). It is important to note,
however, that estuarine-derived productivity cdnited to the food webs in both systems
through the outflow of POM and chlorophyll-a, altlgh the magnitude of carbon-export was
dependent on hydrology (Vorwerk, 2006). Considgrihe variety of human impacts on
South African estuaries and the significant modifan of freshwater inputs into most river
systems, it is vital to assess systems with distirydrology patterns, as the influences of
altered inflows into estuaries on the nearshoreimaagcosystems of southern Africa are
poorly understood.

1.1.4 Food sources for marine suspension-feeders

Two ultimate sources have been identif@dstipplying carbon to aquatic consumers in
coastal lakes — authochthonous and allochthonoussf@Perga et al. 2006). Carbon sources
contributing to coastal suspension-feeder dietabiting rocky shores near estuaries could

arise from similar alternate sources (Dame & All@896). Identifying autochthonous and
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allochthonous carbon sources in estuarine andalaasgfions are, however, more challenging
than in less complex aquatic habitats such as lakéechthonous sources can include input
from terrestrial or estuarine plants (i.e. transf@rthrough particulate organic material) and
microbial heterotrophic production (i.e. terrediytalerived dissolved carbon) and estuarine
zooplankton. Autochthonous sources include angtiproduced locally at the coastal site,
including oceanic phytoplankton, bacteria and zaokion in addition to macroalgae. Rocky
shore suspension-feeders probably rely largely wincathonous plankton produced in the
surf zone, and allochthonous food particles thatehbeen transported from rivers (and
potentially the open ocean) (Freites et al., 2@ndsson et al., 2005; McQuaid & Mostert,
2010). Due to physical and biological processesyitay autotrophic resources over distance,
substantial spatial segregation between animalgreidfood sources can occur (Able, 2005;
Connolly et al., 2005). Heterotrophic bacteria &magi and many benthic and epi-benthic
invertebrates form key functional groups in aquaasystems (Hickman et al., 2001).
These organisms maintain ecosystem processes &ydshg and recycling organic material,
and collecting and transporting sediments and entisiacross the seabed and sediment-water
interface (Herman et al.,, 2000). The detrital faddhin thus plays a major role within
estuaries, as bacterial decomposition renders ah@aily indigestible particulate fragments
more palatable for associated organisms, and caes#y rocky shore suspension-feeders
bordering estuaries can benefit from their nutrartivelling (Mann, 1988; Odum, 1980).

The productivity of the nearshore marineytpplankton and extensive macroalgal
communities, particularly those in rocky shoregnfaan important food source for filter-
feeders via direct consumption to the detrital patyh (McQuaid & Branch, 1985; Ricciardi
& Bourget, 1999; Kharlamenko et al., 2001; Hilladt, 2006). Rossi et al. (2004) showed
with stable isotopic analysis that a suspensiodifee bivalve in the CTZ of a northern
European estuary fed almost exclusively on microgblgnkton. The relatively depleted
carbon signatures of the bivalve reflected marimgqgplankton as the dominant food source,
and were too depleted to suggest that benthic algae a major carbon source (France,
1995). A study conducted by Maksymowska et alO@@lso revealed with isotopic ratios
that coastal regions may be influenced by maringqutankton sources and heterogeneous
riverine discharges. Stable carbon isotopes shdhagdthe two sources contributing ~95 %
to coastal organic matter were autochthonous mapim@ary production and riverine
particulate material (Maksymowska et al. 2000).0r4 the South African coastline, Hill &
McQuaid (2008) studied rocky intertidal consumensfour biogeographic regions and

recorded that various coastal suspension-feedensezh dependence on nearshore carbon
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and nitrogen sources derived from phytoplankton madroalgae. Carbon signatures were
most depleted in the producers, while consumerse wetatively enriched, and the
suspension-feeders showed a strong reliance onshwear organic carbon (>40 %).
Distinction among the contributions of macroalgetrdus or terrestrial sources within the
nearshore SPM was not done, but the importance@asdtal production relative to offshore
phytoplankton was highlighted (Hill & McQuaid, 2008 In addition, distinct east to west
nitrogen enrichment was observed along the coaSbath Africa (Hill & McQuaid, 2008).
The enrichment in nitrogen signatures in the westegion was related to oceanographic
features, with the increased phytoplankton proditgtalong the west coast compared with
decreased productivity in the east due to the emibe of the nutrient-limited Agulhas Current
(Peschak, 2005; Hill et al., 2006).

A study conducted in the estuary-marinerfiace of a CTZ in France assessed the
temporal dynamics of organic food sources availablsuspension-feeders (Lefebvre et al.,
2009). Suspension-feeders of two regions showetbpg signatures reflecting their
environment and season. A macrotidal estuarinewssyinfluenced by two river channels
that displayed low freshwater output in summer (mhrmean flow 13.1 thm™) and high
output in winter (annual mean flow 20.2 m%), and animals from this region fed mainly on
estuarine microphytobenthos and macroalgal detfitegebvre et al., 2009). In contrast, an
intertidal coastal region with direct marine infhoes received terrestrial inputs from a small
catchment (759 f) with seasonal river flows (annual mean flow 1@n? m™), and the
suspension-feeders mainly consumed marine phytkigan During seasonal blooms, all
suspension-feeders relied on phytoplankton as thejor food source, but during winter
when stocks were limited, the suspension-feederse vgeipplemented with alternative
sources. These alternative sources included olgtvelganic particulates from the estuary
and continental origin (Lefebvre et al.,, 2009). idtclear that coastal environments are
influenced by a diversity of locally-produced anchported food sources. Further
investigation into the potential food sources dmelrtinfluence on suspension-feeder diets in
the coastal rocky shores bordering estuaries refihie essential.

1.1.5 Study organisms

Sessile suspension-feeders are generalynthst abundant organisms on wave-exposed
coastal rocky shores, while intertidal grazers ratgin substantial abundance on sheltered
shores (Little & Kitching, 1996). In South Africagreater grazing and filter-feeding

consumer abundances have been recorded on thecoast compared to the east coast
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(Bustamante, 1994). However, suspension-feedargpise the bulk of the invertebrate
biomass on the rocky shores of both the westerneastern coastlines (McQuaid & Branch,
1985; Bustamante et al., 1995; Bustamante & Brah8B6). Rocky shore invertebrates are
influenced by an array of physical factors (i.e.vevaaction and tides) and biological
interactions (i.e. competition for space and fobliscock & Marshall, 2006). Although
grazing by benthic herbivores can be substantiatomky shores, these organisms do not
graze directly on macroalgae but rather consumeeliéng microalgae and algal sporelings
(McQuaid & Branch, 1985). This implies that thentdution of macroalgae as a food
source to consumers is mainly via the detrital fobdin (Mann, 1988). The importance of
feeding by rocky shore animals has been identligthe effects water filtration can have on
energy transfer, phyto- and mesozooplankton bionaasksthe development of microalgal
blooms (McQuaid & Branch, 1985; Davenport et aD0@, Prins & Escaravage, 2005;
Alfaro, 2006). In particular, filtration by filteleeding consumers allows the transfer of
energy from the water column to the rocky shore roomity, and therefore these organisms
form important biological components in linking adgnt aquatic habitats (McQuaid &
Branch, 1985). Dense beds of suspension-feedingrtgbrates also have key ecological
functions on rocky shores as they can offer diradtition to marine predators, and may
create microhabitats for other intertidal organigBimnch & Branch, 1983).

The three indigenous target organisms cw@te for this study, namely the barnacle
Tetraclita serrata the mussePerna pernaand the polychaet&unnarea capensisvere
selected on the basis of their feeding mode (lleheee are suspension-feeders), and their
wide distribution along the South African coastlif@ranch & Branch, 1983). These
organisms form a representative depiction of thetéta Cape rocky shore suspension-
feeding trophic guild. By studying different spegiwithin a specific trophic level, we can
more readily determine whether differences in fattid and stable isotopic signatures of the
animals were caused by variations in diet rathan ttactors such as reproduction or growth.
LaBarbera (1984) distinguished among the variopsgsyof filter-feeders. Bivalve molluscs
and serpulid polychaetes were categorized as astigpension-feeders, as they employ
metabolic energy to steer water currents. Barsaelere grouped as facultatively active
suspension-feeders due to their ability to optinise@urable conditions by producing their
own feeding currents or feed passively using tbieial fans (LaBarbera, 1984).

The grey volcano barnadleserrata(subphylum Crustacea, class Cirripedia) is a sessil
intertidal organism enclosed in a shell of fourcea¢ous plates, and feeds non-selectively by

extending its flexible legs or cirri from its sheapening to collect food particles via a

22



stroking action from the water column (Hickman k&t 2001). The presence of long and
short cirri enhances feeding efficiency by captgrinooplankton organisms and large
phytoplankton cells in size range 20-200 um, ad a®lsmaller phytoplankton (2-20 pum;
Riisgard & Larsen, 2010). A study assessing ptsdiod sources for different barnacle
species distinguished this invertebrate as an conois feeder (Zhukova, 2000). Marchinko
(2007) recorded a significant relationship betweesve exposure and barnacle feeding
appendages that influenced their feeding efficienBarnacles exposed to less intense wave
action developed long, thin cirri which could nothgtand full cirral extension when water
velocity increased. In contrast, barnacles expdseitense wave action had short, thick
feeding limbs that were able to overcome drag essociated with high water velocity and
were thus advantageous for capturing food partidies&rchinko, 2007). Barnacle
populations from distinct environments, like thosecurring within estuary mouths as
compared to coastal environments, can potentialbyvsdifferent feeding abilities.

Most bivalves, including the brown musBelperna(phylum Mollusca, class Bivalvia),
have enlarged plate-like gills positioned on theera sides of the body which serve
important respiration and feeding functions (Hickmet al., 2001). Water is circulated
through the gills and mantle cavity with the aidfiok cilia, and food particles are extracted
and moved to the palps and mouth where they atedsaccording to sizeP. pernais able
to filter particles in the size range of 2-100 u8clfleyer, 1981). Particles in this size
fraction contain substantial amounts of organicemakt comprised of detritus, free-living
coccoid bacteria and microflagellates (Schleye811®Berry & Schleyer, 1983), although
mussels are able to select and consume a widdayafiéod sources (Espinosa et al., 2008;
Lefebvre et al., 2009). Recent evidence suggéstsnussels have the ability to consume
larger particles including mesozooplankton (200 fon2 cm) and zooplankton (i.e. rotifers;
Davenport et al., 2000; Alfaro, 2006; Wong & Lewinf 2006). Espinosa et al. (2008)
conducted feeding experiments that showed that ehudet could shift significantly
depending on food availability. Summer carbon sesircomprising marsh detritus and
bacteria contributed as much as 40 % to metabdiguirements, whereas bacteria
contributed 70 % of the nitrogen diet during winféspinosa et al., 2008).

The tube-forming or serpulid polychaet€&s capensis(phylum Annelida, class
Polychaeta) build extensive banks of strong sanbdgg and feed on suspended particles by
extending their tentacles from the tube openingffft¢oet al., 2009). Davies et al. (1989)
conducted feeding trials with an analogous sessdene annelidRicopomatus enigmaticys

to assess the food particles consumed. These tubmnefficiently retained particles in the
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size range 2-12 um, which highlighted detritus @mall flagellates as accessible food
sources. Another study identified a wider variefyparticles consumed by two different
marine polychaetes (Phillips & Pernet, 1996). TEhasithors found that the tubeworms
(Serpula vermicularisfed on particlex12 um in size, whereas the scaleworfsc{onoe
vittata) ingested larger particles in the range 2-60 pmclvmainly comprised diatoms and
bivalve veligers. Sessile marine polychaetes #xisbit diverse particle selection abilities,
and their diets include phytoplankton and smallattiples such as micro- and macroalgal
detritus, autotrophic flagellates and bacteria.

1.2 Trophic research

Three key techniques for understanding feweb ecology have been described by
Pasquaud et al. (2007) and comprise stomach cordtaiile isotope ratio and fatty acid
analyses. Stomach contents can provide both datwei and qualitative information on
organism diets, but there are biases associated this method arising from food
regurgitation and digestion. Measuring assimilated is challenging and requires accurate
baseline data for the study organisms to accourftdotions of food consumed, digested and
metabolised (Maree & Casey, 1993; Thompson eR@0DB). Furthermore, stomach content
analysis is not practical for studying suspensieeding invertebrates, as it will not give
information on the origin of the detritic organiatter within the diet. Stable isotopes have
been applied in ecological studies of marine foabsvsince they are useful tools in tracing
the flow of organic matter (Grall et al., 2006; Boét al., 2007). In particulat’C/**C- and
1>N/*N-ratios are used to trace the primary sourcesadfan and nitrogen and can indicate
an organism’s position in the food web (Richoux &mieman, 2007).

The underlying principle of the stable gm# method is based on the enrichment of the
heavier isotopes*{C and*®N) with each step of assimilation along the foodinhmainly
ascribed to metabolic losses via respiration amdetion of the lighter isotope$*C and™N;
Alfaro et al., 2006; Carabel et al., 2006; Bodiralket 2007). Due to the somewhat predictable
fractionation factors of carbon and nitrogen signeg in organisms from one trophic level to
the next, stable isotopes can indicate the distahdbe predator from the base of the food
web (Shin et al., 2008). The standard fractiomafaxtors of5'3C ands™N per trophic level
are 0 to 1 %0 and 3 to 4 %o, respectively (MicheneBé&hell, 1994). Fractionation values,
however, vary within and among species, differessiies and geographic location (Kupfer et
al., 2006; Dubois et al., 2007; Hill & McQuaid, &Z)0 To base trophic shift conclusions on

isotopic results that have not considered spegesHic variability may thus lead to flawed
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interpretations of organic matter pathways and rdmntions of consumer dietary sources
(Dubois et al., 2007; Marin Lean et al., 2008). ophic fractionation in rocky shore
suspension-feeding invertebrates has not been estuektensively, and information on
enrichment factors for these consumers remainstddni Consumer-diet discrimination
values that do exist for aquatic invertebrates camatinuously being questioned due to the
specificity of trophic fractionation (McCutchan &, 2003). Some research has identified
fractionation values for suspension-feeders at 9.3or carbon and ~2.2 %o for nitrogen
(McCuthcan et al., 2003; Grall et al., 2006; Rietaal., 2009), although variability in
fractionation values within this trophic guild mde substantial. Dubois et al. (2007)
examined the isotopic fractionation of the suspmm$éeeding pacific oysterQrassostrea
gigas and blue musseMytilus edulig under laboratory conditions and identified disstie
fractionation values at ~2.0 %o and ~3.6 %o for carlamd nitrogen, respectively. During
their study on assessing the variability of fracdtion values in distinct groups such as
taxon, habitat and food type, Vander Zanden andnRasen (2001) identified that nitrogen
fractionation is more variable in invertebrates paned to vertebrates, herbivores relative to
carnivores, and under laboratory conditions in @sitto field estimates. A whole array of
factors should therefore be considered when stgdfgod web ecology and energy-flow in
aguatic systems. In addition, even though stauiopic analyses can aid in revealing carbon
origins, direct (POM) or indirect (bacteria or nozooplankton) assimilation pathways may
be less discernable (Van den Meersche et al., 2088¢h distinctions of trophic pathways
are important, as detritus may enter aquatic fdeains as either dissolved or particulate
organic content (Mann, 1988). Further studies th®specific isotopic fractionation values
for various species (faunal and floral) are themfeery important to better understand the
natural variation associated with these measureang@pfer et al., 2006; Dubois et al.,
2007).

Tamelander et al. (2006) noted that anitissue with lower turnover rates, such as
muscle or body structures free of calcium carbof@eCQ) (Marieb & Hoehn, 2010), are
ideal for stable isotope analysis as they can peowva time-integrated picture of the
community trophic dynamics. A disadvantage in gdime stable isotope technique is that
there are no generally accepted criteria for tleegmalysis preparation of samples, including
collection and storage methods (Hobson et al., 198@veral authors have identified that the
sample treatment or processing method may influesatpic ratios (McCutchan et al.,
2003; Jacob et al., 2005; Carabel et al., 2006;nBaim et al., 2007). Although opposing

results have been obtained regarding the effectsaumiple acidification, removal of CagO
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through acidification with hydrochloric acid maygsificantly influence bot**C and'°N
signatures (McCutchan et al., 2003; Jacob et @052 Samples free from Cag@ay
demonstrate a significant reduction in tissue gigrocontent when acidified prior to isotopic
analysis, leading to elevated C/N ratios (Jacoklet2005). There also appears to be a
common lack of data on species-specific fractimmatvalues in ecosystem studies using
stable isotopes (Dubois et al., 2007), and troghifts can thus be influenced by choice of
sample tissue and biochemical composition of dffiérorganisms (McCutchan et al., 2003).
There is a general trend to focus on single lexggdhtodynamics rather than multiple trophic
level research, the latter increasingly more usegfulnderstanding the relationships within
aguatic food webs (Alfaro et al., 2006; Hall et 2006) and in improving interpretations of
potential food sources when information is limi{€dy & Sherr, 1984).

Fatty acids can aid in identifying the tnapstatus of an organism, and are suitable as
biomarkers to trace the origin and paths of orgamatter (Drazen et al., 2008). Fatty acid
composition is thus a useful technique for studyggatic trophic ecology through space and
time, and fatty acids are generally reported in téehnical notation as prescribed by the
International Union of Pure and Applied Chemistty RAC) by X:An-X, where X is the
number of carbon bonds within the molecule, A ttaltnumber of double bonds aXdhe
position of the first double bond from the terminaéthyl carbon, n. Lipids classes such as
triacylglycerols, phospholipids and sterols form iategral energy-supplying nutrient to
living organisms, and their components are involvath maintaining cell or membrane
functions (Garrett & Grisham, 1999). Fatty acidshich form the backbone of
triacylglycerols and phospholipids, comprise longrbon atom chains surrounded by
hydrogen (Thompson et al., 2008). Saturated fatigls (SFAS) contain maximum hydrogen
atoms adjoining every carbon and thus have no éoobhds (e.g. 14:0). Unsaturated fatty
acids have double bonds between carbon atoms; meatwated fatty acids (MUFAS) lack
hydrogen atoms in a single region (i.e. single d@blond, e.g. 18:1n-7), and polyunsaturated
fatty acids (PUFASs) lack hydrogen atoms in multilgeations (i.e. contain numerous double
bonds, e.g. 18:3n-3). The level of saturation mheitees the shape of triacylglycerols, and the
hydrogen atoms at the unsaturated region can lamged in different positions: inis-
configuration both hydrogen atoms are on the sadeedf the double bond, while forans-
configuration the hydrogen atoms are on diagonajiyosite sides of the double bond
(Thompson et al., 2008).

Specific fatty acids and fatty acid prddilenay be used to trace diet origins in

consumers. The components 16:1n-7 and 20:5n-3 bheee used to identify diatoms,
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18:4n-3 and 22:6n-3 for dinoflagellates (Graevealet 1994; Kharlamenko et al., 2001),

18:1n-9 and 18:1n-7 as markers for plankton (edoly diatoms) and bacterial consumption,
respectively (Brett & Muller-Navarra, 1997), 18:8rand 18:3n-3 for terrestrial sources (>2.5
% TFA as significant; Budge & Parrish, 1998), 201tlnand 20:1n-9 for calanoid copepod
markers (Graeve et al., 1997), and 20:4n-6 for rb&tgphic protists or sediment micro-

eukaryotes (Dalsgaard et al., 2003). Bacterity fatids (BFAs) tend to have odd-numbered
carbon chains withso- or anteiso-branches, and also include non-methylene inteztlpt

dienes (Ackman & Hooper, 1973; Dalsgaard et al032BHowell et al., 2003). It is clear that

due to the wide array of fatty acids contributimgSPM proportions, that many possible
sources of origin can be found within coastal roskgres.

Essential fatty acids (EFAs) cannot effithg be synthesised by most consumers and
must be obtained from the diet (Thompson et aD820 The EFAs are particularly valuable,
as they can provide useful information on organisetary intake. For aquatic systems, the
PUFAs 20:4n-6 (arachidonic acid), 20:5n-3 (eicostgenoic acid) and 22:6n-3
(docosahexaenoic acid) have been identified ascpkly important (Olsen, 1999). In
phytoplankton assemblages diatoms (16:1n-7 andnZ).5are important marine nutrient
sources as they can contain large quantities ofAB{Rowever, 22:6n-3 is not found solely
in dinoflagellates but in other phytoplankton spscas well (Rousch et al., 2003). An
inverse relationship has been noted for the leg€l80:5n-3 and 22:6n-3 in phytoplankton
assemblages, and therefore when diatoms and dyetiites are the dominant producers in a
particular ecosystem, ratio markers can be usedetiect the relevant dominance of
dinoflagellatesrersusdiatoms (22:6n-3/20:5n-3) in consumer diets (Budigearrish, 1998).
High ratios of 16:1/16:0 and 20:5n-3/22:6n-3 in swmers are indicative of the utilisation of
diatom food sources, while elevated ratios of 23610:5n-3 identifies the consumption of
flagellates (ratio of1 represents a significant contribution; Jeffrie870; St. John & Lund,
1996; Budge & Parrish, 1998; Kharlamenko et alQ190

Most dietary fatty acids are assimilatedcoypsumers (Schmidt-Nielsen, 2007; Shin et
al., 2008). Even though modification of assimibtfatty acids can be substantial, limited
calibration data are available to aide interpretanf field collected data. Fatty acids have
largely been used as qualitative markers in magrwsystems since they can differentiate
between some sources of organic matter and canderorformation on primary carbon
sources for consumers (Dalsgaard et al., 2003; &hah, 2008). Since coastal environments
are influenced by a magnitude of estuarine-derigettitus and other particulates, using

stable isotopes and fatty acids as biomarkersrigcpkarly challenging in these ecosystems
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(Pasquaud et al., 2007). However, many such studae been conducted with these
techniques and have revealed intricate trophictioglships within estuarine and marine
habitats (Schlechtriem et al., 2003; Richoux et24105; Alfaro et al., 2006; Hall et al., 2006;
Richoux & Froneman, 2007, 2008; Allan et al., 2010)

Alfaro et al. (2006) suggested that fa#ityid biomarkers should best be used in
conjunction with supplementary techniques such tables isotopic signatures since both
methods have certain limitations. A limitation tftee stable isotopes method include the
considerable variation in trophic shift that carrwcamong analogous consumers, and may
cause inaccuracy in determining the contribution fobd sources to consumer diets
(McCutchan et al., 2003). The limitations of tlaty acid technique are the non-specific
nature of most fatty acids, as few organisms owugsoof organisms display unique fatty
acids, and the processes for lipid digestion aitg &cid metabolisation may differ (Garrett
& Grisham, 1999). Stable isotopes and fatty admsyever, can be used concurrently to
provide information on food sources and feedingaiyits in highly fluctuant aquatic
systems (Pasquadd al, 2007). Fatty acid and stable isotope analyage been successfully
integrated to identify inter- and intraspecific ghoc links in various aquatic habitats
(Kharlamenko et al., 2001; 2008; Henninger et200Q9; Allan et al., 2010), and have been
employed in this study as tools for assessingébdihg dynamics among suspension-feeders

in the nearshore coastal ecosystem of the Eastgra Brovince.

1.3 Thesis overview

The broad aim of this research was to asgesinfluence of different food sources in
the diets of selected nearshore filter-feeders {thleano barnacl@etraclita serrata brown
musselPerna perna and tube-building polychaet@unnarea capensisin the immediate
vicinity of two contrasting permanently open southdfrican estuaries. The study was
conducted near a freshwater deprived (Kariega Bgtwand freshwater dominated (Great
Fish Estuary) system. The importance of the tetedly-derived carbon in the diets of the
selected filter-feeders was assessed using bdile ssatope and fatty acid analyses.

This study also aims to assess the tempoiakpatial variations in the diets of the three
indigenous suspension-feeders in the nearshorenenadastal habitats of the Eastern Cape
coastline. The Kariega and Great Fish Estuarie® wkosen as they represent contrasting
systems with distinct hydrology and freshwater tspalong the South African coastline.
Crucial baseline data for fatty acid and stableoige tissue values for these common filter-

feeders are provided, and possible energetic lbmksmaller spatial scales were assessed. It
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should be emphasised, however, that although tbik v¢ adequate to address small-scale
guestions on the contributions of potential foodrses to the diets of three common rocky
shore suspension-feeders, a more comprehensivg ahelsampling design is required to

properly evaluate larger spatial and seasonalmpatta trophic food webs.

The main findings of the fatty acid analyses arecdbed in Chapter 2, and those of the
stable isotope analyses in Chapter 3. As parthefrhain objectives for this study, the
following hypotheses were tested:

1) Intraspecific fatty acid and stable isotopic sigmes for the barnacle, mussel and
polychaete vary regionally due to the differencesfreshwater inputs of the two
systems influencing regional food sources.

2) Intraspecific fatty acid and stable isotopic sigmes for the barnacle, mussel and
polychaete differ temporally as result of seaseaaktion in available food sources.

3) Since all three species fall within the same troguild (i.e. suspension-feeders) and
are thus assumed to be consuming the same foodespusimilar temporal and
regional effects occur among the species.

4) Given that the coastal region of the Eastern Capmminated by the south flowing
Agulhas Current, suspension-feeders found dowmst(gauth) of the estuary mouth
demonstrate a higher dependence on terrestriatlyedkcarbon than those recorded

upstream (north) of the two estuaries.
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CHAPTER 2

SPATIAL AND TEMPORAL CHANGES IN THE DIETS OF ROCKY
SHORE INVERTEBRATES ALONG THE COAST OF SOUTH AFRICA :
A FATTY ACID PERSPECTIVE

2.1 Introduction

Coastal suspension-feeders derive theid flom a variety of sources including
microalgae, macroalgae, bacteria, zooplankton asttitus (Dalsgaard et al., 2003).
Terrestrially-derived organic matter can play anpamiant role in the provision of
supplementary food sources to nearshore coastahoaities, particularly in the vicinity of
estuaries (Grange & Allanson, 1995; Dalsgaard et 2003). However, the literature
suggests that higher plants generally represemwaduality food source to suspension-
feeders unless substantially decomposed by micr@esgan & Garritt, 1997; Forrest et al.,
2007; Marin Leal et al., 2008; McLeod & Wing, 2009s plankton communities in coastal
waters are dynamic and many rocky shores are sduatjacent to estuaries that may
contribute to the outflow of particulates, consurdigts may change through space and time
(Peschak, 2005; Kang et al., 2006; Vorwerk, 200Batty acid biomarkers are useful tools
for identifying the importance of various food sces and their contribution to animal diets
(Graeve et al., 1994; Peters et al., 2006) andreapal seasonal and spatial inputs of food
sources to suspension-feeders (Meziane et al.,, F28K-Peterson et al., 2000; Hudson et al.,
2004; Garcia-Alonso et al., 2008).

Fatty acids can be used to trace carbdood webs, and have been successfully used in
a variety of ecological studies involving microagéHama, 1991; Budge & Parrish, 1998;
Volkman et al., 1998; Budge & Parrish, 1999; Budgal., 2001) macroalgae (Sanina et al.,
2004; Shin et al., 2008), zooplankton (Copeman &ista 2003; Richoux et al., 2005; Peters
et al., 2006) and higher organisms such as freghveatd marine fish (Ackman et al., 1980;
St. John & Lund, 1996) and seabirds (Richoux ¢t28110). Limited fatty acid research has
been conducted along the South African coastlineh@ix & Froneman, 2008; Henninger et
al., 2009; Allan et al, 2010), although some ind&ional studies have focussed on estuarine
and/or marine filter-feeding invertebrates (Zhukostaal.,, 1992; Meziane et al., 1997;
Zhukova et al., 1998; Kharlamenko et al., 2001;&0®reites et al., 2002; Alfaro et al.,
2006). Studies identifying spatial and tempordteyas in coastal rocky shore food sources
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of invertebrates with the aid of fatty acid anatyare limited, although some research has
been conducted in boreal and austral marine systerdstermine seasonal patterns in fatty
acid profiles in SPM (Mayzaud et al., 1989; Can2él01) and marine invertebrates (Falk-

Peterson et al., 2000; Hudson et al., 2004; Petak, 2006).

The essential fatty acids (EFAs; 20:4n®58-3 and 22:6n-3) can represent a measure
of the quality of food sources obtained by susmanteeders (Brett & Miuller-Navarra,
1997). It is important to evaluate the overall lgyaof food sources for rocky shore
suspension-feeders to determine how regional amgdeal changes in local hydrology and
vegetation can influence their food composition.stAdy on seston food-quality identified
that seston was strongly influenced by EFAs, atated a marine invertebrate’s biomass to
seston variables (i.e. carbon, nitrogen, phosphanasfatty acids; Brett & Muller-Navarra,
1997). These authors recorded moderate to weakacttons for the elements wihaphnia
sp.,but a strong relationship betweBaphnia sp.and eicosapentaenoic acid (20:5n-3). The
relevant contributions of EFAs in the diets of sersgion-feeders can provide information on
the phytoplankton food available to the consumeBsidge et al. (2001) studied fatty acid
profiles of the blue musseMftilus eduli3, phytoplankton and sediments in a sheltered
Newfoundland cove with negligible freshwater andrestrial inputs, limited benthic
vegetation and high sediment resuspension. Sepaityfi the total contribution of
polyunsaturated fatty acids (PUFAS), the levelaraichidonic acid (20:4n-6), and the ratio of
n-3/n-6 fatty acids (used to identifiy the degrdeherbivory; Stevens et al., 2004) were
assessed to establish if phytoplankton could megtsel maintenance requirements in a
bivalve aquaculture site. The SPM contained hagyrels of 20:5n-3 and docosahexaenoic
acid (22:6n-3), and substantial bacterial anddenous signals due to sediment resuspension
and terrestrial material deposited from the surdig forest via small connecting streams
(Budge et al., 2001). The higher plant fatty a¢ldBFAS), or terrestrial markers 18:2n-6 and
18:3n-3, have significant inputs when their conttibn is larger than 2.5 % of the total
identified fatty acids (TFA; Budge & Parrish, 1998)he blue mussels contained substantial
amounts of 20:5n-3 and 22:6n-3, indicating thattpplankton was an important food source
in their diets, and high levels 20:4n-6 that waggasted to be due to selective retention in
response to shifting food availability on rocky sd® (Budge et al., 2001; Freites et al.,
2002). Phytoplankton food is important in the psan of the EFAs to coastal suspension-
feeders, and by assessing temporal and regionafeban their contributions to consumers,
information can be obtained regarding the dominamgtoplankton assemblages and the

importance of this food source in the consumersdiet
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Coastal rocky shore and pelagic marine feodrces vary since pelagic systems are
largely influenced by oceanic phytoplankton assagés and rocky shores by an array of
locally-produced and imported phytoplankton, des;jtand macroalgae (Frances & Guerrero,
2008). In addition, bacterial food sources (makacludei-15:0, 15:0,-16:0,i-17:0, 17:0,
i-18:0 and 18:1n-7) generally contribute substagtial suspension-feeder diets (Ackman &
Hooper, 1973; Dalsgaard et al., 2003; Howell et2003). Studies considering spatial and
temporal trends in fatty acids of marine consuntans provide useful information on the
contribution of dominant food sources to consumetsgd and the changes observed between
regions and seasons. For example, fatty acid siggg in the copepod?seudocalanus
acuspedrom the Bornholm Basin in the Baltic Sea dematstit strong seasonality (Peters et
al., 2006). Copepod tissue fatty acids largelleotéd seasonal food inputs, whereby during
spring, high levels of diatoms and dinoflagellatarkers were recorded, during summer
substantial contributions of cyanobacteria, duraagumn increasing 18:2n-6 and 18:3n-3
levels, and during winter high fractions of palmiand stearic acids (Peters et al., 2006).
However, large proportions of 18:1n-9 were recorttedughout all seasons, signifying the
importance of ciliate food sources in copepod diPisters et al., 2006). Studying seasonal
trends in fatty acid biomarkers can allow trophtolegists to differentiate between the food
sources that remain consistently important to rosgre suspension-feeders and those that
are seasonally utilised due to their availability.

Spatial and temporal variation in food &g in addition to animal food preferences,
can influence fatty acid signatures in consumetg(lamenko et al., 2001). Falk-Peterson et
al. (2000) assessed the spatial and temporal patiarfatty acid profiles of Arctic and
Antarctic krill species and found that food prefere, not seasonal trends in food sources,
largely determined the fatty acid profiles. Thanoarous Arctic specieShysanoessa
longicaudataand Meganyctiphanes norvegicayhich largely fed on copepods, had high
levels of the monounsaturated fatty acids (MUFA&LA-9 and 20:1n-11, while the Arcfic
raschii and AntarcticEuphasia superbahowed significant ratios of 18:1n-9/18:1n-7, also
identifying substantial animal carnivory (Falk-Psten et al., 2000). The true polar
herbivoresT. inermisand E. crystallorophiascontained large proportions of 18:4n-4 and
20:5n-3, indicating that phytoplankton was a majood source. In addition to
phytoplankton, decaying algae from sea ice conteitbtio the diets of the herbivorous Arctic
T. raschiiand AntarcticE. crystallorophiasn winter (Falk-Peterson et al., 2000). Similarly,
spatial trends in the contribution of salt marsirities to consumers with different feeding

modes in an intertidal sand flat in the Bay of M&atint-Michel in France were assessed
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with the aid of fatty acid markers (Meziane et #097). Salt marsh detritus was exported to
the intertidal zone up to a distance of 2.4 km am$ found in significant levels in the
sediments and consumers (Meziane et al., 1997yeMer, the contributions of diatoms and
bacterial fatty acids (BFASs) in the tissues of tensumers identified phytoplankton and
bacterial detritus as important food sources fer fitter- and deposit-feeders, respectively
(Meziane et al., 1997).

Due to potential interspecific variability fatty acid composition of organisms within
the same trophic guild, and the variations in faityd signatures that can be obtained when
assessing possible food sources, investigation timofeeding dynamics of rocky shore
invertebrates is necessary. The aim of this chapés to assess the spatial and temporal
changes in fatty acid signatures of the barnadelgaclita serrata musselPerna pernaand
polychaeteGunnarea capensis the coastal marine environment adjacent todamtrasting
estuaries in the Eastern Cape Province of SoutitaAfrThe study regions were adjacent to
the freshwater-deprived Kariega Estuary (refereoti®n 2.2.1.1) and freshwater-dominated
Great Fish Estuary (refer to Section 2.2.1.2). pAg of the main objectives for this chapter
the following hypotheses were tested:

1) Since all three species fall within the same troghuild (i.e. suspension-feeders) and
are thus assumed to be subject to the same foditycarad quantity, similar temporal
and regional effects in the fatty acid profiles wrcamong the species.

2) Intraspecific fatty acid signatures for the bareaanussel and polychaete vary
regionally due to the differences in freshwateruiispof the two systems (which
influence the regional food sources).

3) Intraspecific fatty acid signatures for the bareaanussel and polychaete differ
temporally as result of seasonal variation in thealable food sources.

4) Given that the coastal region of the Eastern Camominated by the south flowing
Agulhas Current, suspension-feeders found dowmst(gauth) of the estuary mouth
demonstrate a greater dependence on terrestrialivedl food sources than those
recorded upstream (north) of the two estuaries. aAsesult, suspension-feeders
located south of an estuary mouth with greateesgrnial sources in their diets should
have larger contributions of terrestrial plant neask(18:2n-6 and 18:3n-3) compared

to those consumers situated north of the estuanthmo
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2.2Materials and Methods
2.2.1 Study estuaries

The Kariega and Great Fish Estuaries as#tipoed on the south coast of South Africa
within the Eastern Cape Province at 33°40'55"S,°4804”E and 33°29'48"S,
27°08'01"E, respectively (Figure 2.1). Both riveystems are permanently open to the
ocean. The Kariega Estuary is a freshwater-degraved well-mixed marine dominated
system, while the Great Fish River Estuary systegeives sustained freshwater inflow,
demonstrates distinct longitudinal gradients innég, and has a stratified water column
(Grange et al., 2000; Vorwerk, 2006). The mainuess differentiating these river systems
are the size of their catchments, their tidal t@rivolume ratios influencing the amount of
freshwater within each system, and the presen@bsence of littoral macrophytes and salt
marshes (Jennings, 2005; Vorwerk, 2006). Sinceséimepling sites were mainly situated in
the nearshore coastal environments adjacent teeshearies, reference to the geographic

locations will be referred to as the Kariega anddsFish regions.

2.2.1.1. Kariega Estuary

The warm temperate Kariega Estuary has all sratchment size of approximately 680
km? an average length of ~18 kilometres and width-b®0 metres in the lower reaches,
narrowing down to a channel of about 40 to 60 nsetiogvards the upper reaches (Hodgson,
1987) (Figure 2.1). The tidal to river volume oats estimated at 106:1, resulting in an
almost uniform salinity of ~35 %.. Hypersaline cdmhs have been recorded in the upper
reaches of the system during the dry months whapaative losses exceeded river inflows
(Bate et al., 2002). Richoux and Froneman (20@082 recorded the average maximum
temperatures for summer and winter of ~29 °C an8 2@, respectively. The limited
freshwater input into the estuary is related torage rainfall, the presence of several
impoundments along the length of the Kariega Riaad the relatively small catchment area.
The intertidal banks of the estuary remain undisdr by encroachment and farming
enterprises (Froneman & McQuaid, 1997; Patersonlétfld, 1997).

Floristically, the Kariega Estuary is dowtied by the eelgragostera capensiand cord
grassSpartina maritimawhich are found interspersed with bare mud amd gatches along
its intertidal banks (Paterson & Whitfield, 1997icRoux & Froneman, 2008). The middle
and lower reaches of the estuary have benthic algéd colonising the sediments with few
macrophytes (Vorwerk, 2006). This region has salirshes comprising the plants

Sarcocornia perenniandChenolea diffusa
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As result of the overall stability of theakega Estuary, there appears to be limited
seasonal effects on the food web structure withendystem, and producers generally show
little isotopic variation within the lower reachéRichoux & Froneman, 2007). The total
chlorophyll concentrations in the Kariega Estuarg #w (<0.5 mg chk I, generally
reflecting the slow phytoplankton growth rates ewrdd by limited macronutrient
availability due to the reduced freshwater inflddaterson & Whitfield, 1997). The general
water transparency is high within the system (s@fturbidity ~6.9 NTU, Grange et al.,
2000).

*
7,

Great Fish
Estuary

Port Alfred ®

33°33'51.25"S =

Kenton-on-Sea

° INDIAN OCEAN

Kariega Estuary

26°52’2|3.66"E

Figure 2.1 The location of the Eastern Cape Province of Sd\ftica. The Kariega and
Great Fish Estuaries and associated nearshorensegi@ situated within a 25 kilometre
radius north and south of the coastal town, Pdireél

Seston, or suspended particulate mate3aM; average 39 to 76 mg)) in the estuary
is largely comprised of detritus, phytoplanktonpriganic particles, bacteria and other
microorganisms (Grange & Allanson, 1995). The argdraction of the SPM, or particulate
organic matter (POM; average 11 to 23 rify s remarkably reduced during winter but

represents an important food source for estuanispension-feeders (Grange et al., 2000;
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Richoux & Froneman, 2007). Due to the shallow reaand enhanced stability of the system,
the SPM is uniformly distributed along the lengtttee estuary, with a pronounced increase
in concentrations during summer (Allanson & Rea@3). The predominant size class of
the suspended matter (SPM and POM) and chlorophwlithin the Kariega Estuary falls
within the nanoplankton size class (2-20 um; Alan& Read, 1995).

2.2.1.2Great Fish Estuary

The Great Fish Estuary has a large catchsystem, ~30,400 kinwhich enters the
Indian Ocean between the cities of East LondonRord Elizabeth (Figure 2.1). Due to its
substantial freshwater input, the estuary is di@skias a river dominated meso-eutrophic
system with significant terrestrial influences (@@®gs, 2005; Vorwerk, 2006). The
interbasin transfer of water from the Orange Rieethe Great Fish River system augments
the freshwater input to the system. The hydrodyoawonditions are determined by channel
morphology and catchment management procedurestidgevater release from the Gariep
Dam (Bate et al., 2002). The upper reaches ofetsteary are particularly freshwater
dominant, entering a river-sea mixing zone along thiddle reaches with strong marine
interactions present in the lower region (Grangal.e2000).

The Great Fish Estuary has an estimategtheof ~12 kilometres and a narrow head
water region that broadens to approximately ~18@resein width in the lower reaches
(Vorwerk et al., 2001). Maximum temperatures dgrsummer and winter months are
recorded as ~30 °C and ~11 °C, respectively (Graatgad., 2000). Grange and Allanson
(1995) noted that geological leaching causes ise@aalt concentrations; however, these are
masked by the large freshwater inputs to the egtwanich in accordance with the highly
erodible catchment soils, causes elevated watkidity levels (surface turbidity ~65.2 NTU,
Grange et al., 2000). In addition, the shallowuratof the estuary in the middle to upper
reaches is responsible for large amounts of sifiodi#&ion, thus forming vast intertidal
mudbanks. Vorwerk et al. (2001) identified the &rEish Estuary as having sparse aquatic
vegetation with no submerged macrophytes. A fepvatidal salt marshes are located within
the extreme western lower reaches, and sporadgesexhd reeds are found along the banks
of the estuary (Allanson & Read, 1987; Grange .e28ai00).

During the ebb tides, large concentratiohsuspended sediment are associated with
increased SPM levels and water turbidity, and &k ,suast amounts of terrestrially-derived
matter are transported to sea (Grange et al., 20BByilarly, the net movement of terrestrial

materials downstream has restricted the distributtd marine sediments locally to the
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estuary mouth (Grange et al., 2000). Seston carat@ms are much higher compared to the
Kariega Estuary, and the dominant organic fractiwstly comprises phytoplankton within
the nanoplankton (2-20 um) and larger micro-phygokton (>20 um) size-ranges (Grange
& Allanson, 1995; Froneman, 2000).

Due to the continuous supply of nutrierigvated phytoplankton biomass has been
recorded within the system. Jennings (2005), hewenecorded increased turbidity within
the system mainly caused by allochtonous inputsdetfitic matter, and consequently
phytoplankton production was generally limited witthe Great Fish Estuary. Periodically
though, high phytoplankton biomass following sudtkge freshwater pulses is evident due
to phytoplankton accumulation from the river infevassociated with the hydrodynamic
trapping from the marine environment (Grange & Adlan, 2000; Vorwerk, 2006). Average
values for SPM (126 to 509 mg)| POM (29 to 76 mg) and chlorophylla concentrations
(0.4 to 21.8 ugl) are generally higher than those recorded in theega Estuary (Grange et
al., 2000; Vorwerk et al., 2001).

2.2.2 Sample collection

Sampling was conducted in 2009 during alistmmmer (March) and winter (July) to
allow for temporal comparisons. Five sampling ssiteere selected at both the Kariega
(Figure 2.2) and Great Fish regions (Figure 2.BNo sites north (Site 1, most northern; Site
2, just north of mouth) and two sites south (Situ8t south of mouth; Site 4, most southern)
of each estuary mouth were sampled in each regiangiboth seasons. Site 2 was located
within ~0.5 kilometres from the estuary, while Sitg 3 and 4 were sampled at a distance of
~1-1.5 kilometres upstream and downstream of theags mouth. One site was situated
inside the estuary mouth in each region (Site 5).

Due to the marine dominance of the Kariegtuary, the water samples for Site 5 were
obtained from the upper reaches of the estuaryepoesent an estuarine signal. For the
Kariega region, Site 5 was therefore divided into sub-sites: Site 5a (estuary mouth) and
Site 5b (upper reaches). Physico-chemical date w@liected at each site with a YSI-meter
(temperature, °C; and dissolved oxygen, fgand refractometer (salinity, psu). Triplicate
water samples of 500 ml each were collected at s#tehfor the determination of total
chlorophylla (chl-a, pg IY) and SPM/POM concentrations (mb).I All samples were stored
in a cooler box with ice blocks during transport tee laboratory in Grahamstown.
Additional water sample collections at each sitmposed single five litre aliquots each for

determination of SPM (mg') fatty acid signatures for the Kariega and Gresi Fegions i
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= 5 per region). All filters were visually inspedt after water filtration to remove any
zooplankton or debris.

Data on the different hydrology regimes daily average flow rates ms') were
obtained from the Department of Water Affairs and oréstry
(http://www.dwaf.gov.za/hydrology). The Smithfield(P2H001; 33°33’'08"S and
26°36’07”E) and Matomela (Q9H018; 33°14’'16"”S a@6°29'42"E) stations were used for
proxies of the flow data from the Kariega and Giféiah Estuaries, respectively. Sampling
of the three indigenous target organisms, the loterieetraclita serrata the mussePerna
pernaand the polychaet@unnarea capensisvas as follows. A preliminary study was done
to determine the number of individuals needed pecigs to make up the required total dry
mass (i.e. 20 to 100 mg) necessary for fatty aetdrchination (Parrish, 1999). These results
indicated that a single mussel, ten barnacles iaedoblychaetes were each sufficient for one
fatty acid sample. At each site, haphazardly setbpatches were chosen where three
replicates each of ten barnacles, one mussel,iaag@dlychaetes were collected, totalling 12
to 15 samples per organism for each study regiddo macroalgae were collected as
biomarker data already existed for the dominantiggdn the regions (Richoux & Froneman,
2007; 2008; Allan et al., 2010). Due to a rapuhlishift experienced during the summer
(March) sampling event at the Great Fish Estuanymuissels could be collected at the most
northern site (Site 1).
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Figure 2.2 The Kariega Estuary mouth with positions of theefsample sites indicated
along the coastal rocky shore. Shaded areas represeky outcrops where animals and
water samples were collected. Sites 1 and 2 canekip the northern sites and Sites 3 and 4
to the southern sites. Site 5 represents an es¢udocation. Barnacles were the only
suspension-feeders found at Site 5.
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Figure 2.3 The Great Fish Estuary mouth with positions of fike sample sites indicated
along the coastal rocky shore. Shaded areas represeky outcrops where animals and
water samples were collected. Sites 1 and 2 canekip the northern sites and Sites 3 and 4
to the southern sites. Site 5 represents an eséubocation. Due to the nature of the water
salinity no animal samples were found at Site 5.

2.2.3 Sample preparation
2.2.3.1Physico-chemical parameters

All water samples were filtered (<5 cm Hgcuum filtration) onto pre-combusted (~450
°C, six hours) and pre-weighed glass fibre filtg$/F Whatman, 47 mm), after which they
were dried at 50 °C in an oven for 24 hours andylh&dl to determine SPM dry mass (DM,
mg ). Subtraction of initial filter weight from thesh mass following ignition at 450 °C for
12 hours allowed for estimation of the organic fi@e dry mass of POM  (md).

An adjusted method from Parsons et al. 4198as used for total cla-concentration
determination. Ch& concentrations were estimated by submersion ofiltleeed samples in
8 ml of 90 % acetone and kept overnight in a refiagpr. Two drops of hydrochloric acid

(HCI) were added to the extraction tubes and shalBafore and after acidification readings
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were taken with a Turner Designs 10AU Fluorometend chla concentration was
determined with the following formula (Lorenzen &ffiey, 1980):
Chl-a (ug ') = 0.325 x (reading prior — reading post HCI) wolime acetone) /
(volume water filtered)]

2.2.3.2Fatty acid signatures

Animals were kept alive and aerated for @@y to allow gut clearing prior to
processing. Dissection of all three organisms d@se on ice with the aid of a dissecting
microscope, and different tissues for each spewes selected and excised. For barnacles,
the whole body except the gut and seminal vesiwla® kept for analysis; for mussels, the
adductor muscle and mantle margin were kept (HiM&Quaid, 2008; Shin et al., 2008); and
for polychaetes the entire body (Jacob et al., R00%e various tissues were selected based
on studies that have indicated certain componenish as muscle, to closely reflect diet
(Tieszen et al., 1983; Thompson et al., 2008).

All materials used in the preparation estie samples for fatty acid determination were
lipid-cleaned prior to and during processing. Glegdass tubes were ashed at 450 °C for a
minimum of four hours in a muffle furnace. Tubesavere cleaned with three consecutive
rinses each of methanol (MeOH) followed by chlorafd CHCE). Grinding and separation
utensils were also lipid cleaned following the saheOH-CHC}E procedure between each
sample.

Each tissue sample was placed inside aaepmil packet, and all samples lyophilized
with a VirTis BenchTop K Freeze Dryer at -60 °C #minimum of 24 hours to remove
moisture while maintaining the integrity of theitlpcomponents (Garrett & Grisham, 1999).
All animal tissues were homogenised with mortar gmedtle. After lyophilisation and
homogenisation, tissues destined for fatty acidyaisawere weighed on a microbalance
prior to transferring into glass tubes, and covemith 2 ml of CHC} containing 0.01 %
butylated hydroxytoluene, topped with nitrogen gad sealed with teflon tape. All samples
were kept in a freezer at -20 °C until further msging, or at -80 °C for long-term storage.

A method modified from Folch et al. (195vas used for the lipid extractions and from
Budge et al. (2006) for the fatty acid methyl esteAME) synthesis procedure. For lipid
extraction, 1 ml ice-cold MeOH and 1 ml 2:1 (CH®eOH, v:v) solutions were added to
each sample, after which samples were vortexedsandtated for four minutes in an ice
bath. Test tubes were topped with nitrogen, cappeti stored for 24 hours at -20 °C. A

small plug of cotton wool was inserted into the tdglass Pasteur pipettes. Sample contents
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were transferred to clean tubes through the caitoal plugged pipettes, and rinsed twice
with 1 ml 2:1 (CHC4:MeOH) solution (total solvent volume 6 ml). A Ini solution of 0.9

% potassium chloride (KCI) was added to each sangid the top layer discarded after
centrifugation. An additional 0.5 ml KCl and 0.3 MeOH were added to the tubes and the
top aqueous phase discarded a second time. Anlg/domlium sulphate (Ma0O,) was added

to each extract and transferred to a third tese,tudlnd the remaining organic phase
concentrated down to dryness under a moderatarswéaitrogen. Samples were covered in
1.5 ml NaSQy-dried dichloromethane, covered with nitrogen, sgalith teflon tape and
stored at -20 °C until FAME synthesis.

Prior to FAME synthesis, an internal staddtricosanoic acid; 23:0) in known
guantities was added to all samples to allow fer ghantification of FAMEs. All extracts
received 3 ml of Hilditch reagent (1.5 ml concetadasulphuric acid added to }s0;-dried
MeOH) and were placed in an oven at 100 °C for arhoAfter the tubes were cooled to
room temperature, 3 ml of hexane and 1 ml of MilW@ter were added, and the top layer
transferred to a second lipid clean tube after rdegation for five minutes. The hexane
extraction was repeated twice using 1 ml of hexeawh time, following the addition of 2 ml
of MilliQ to the pooled extract. After two minuted centrifugation, the top layer was
pipetted into a third tube and dried withJS&), after which the extracts were transferred to
2 ml vials, concentrated to dryness under nitrogieth covered in 0.5 ml hexane. All vials
were topped with nitrogen, capped and sealed veflort tape until injection into a gas
chromatogram (GC) fitted with a flame ionizatiortetgor (splitless injections). Analyses of
the FAMEs were conducted using a Hewlett Packa@DB8Series Il GC fitted with ZB-
Waxplus 320 column (bonded and cross-linked 78 gé&mapropyl methylpolysiloxane fused
silica capillary) and helium as the carrier gasae@nicrolitre (1 pl) samples were manually
injected at 250 °C and the flame ionisation detestd at 260 °C. Oven temperature was 150
°C for five minutes, and raised at the rate of°Z5min* to 225 °C and held for five minutes.
All fatty acid peaks were processed with Clarityp 2and quantified with the aid of
comparisons to the known internal standard (23#9kp and external standards (marine
PUFA no. 1 and 37 component FAMEs mix, Supelco).

Fatty acids were reported in the techniwatiation as prescribed by the International
Union of Pure and Applied Chemistry (IUPAC) as X:Knwhere X is the number of carbon
bonds within the molecule, A the total number ofildle bonds aniX the position of the first

double bond from the terminal methyl carbon, nctegatty acid was reported quantitatively
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as g fatty acid mydry mass (DM) and proportionally as a percentdgetotal identified
fatty acids (% TFA).

2.2.4 Dataanalyses

For the physico-chemical parameters, thearmét standard deviation) values for
temperature (°C), salinity (psu), dissolved oxy@eg ['), SPM and POM (mg") and chla
(ug ™) were measured at both geographic locations (arend Great Fish regions) and
seasons (summer and winter). Multivariate analgBigariance (MANOVA followed with a
Tukey post hoc test, when applicable) was conduségdrately for each region to test for
significant differences among sites and seasomefiendent variables) for SPM, POM and
chl-a concentrations (dependent variables). MANQONgSs also applied to the proportions of
diatom (16:1n-7 and 20:5n-3) and dinoflagellate:§B23) biomarkers (dependent variables)
in SPM, and to test for seasonal and regional ad&figdependent variables) in the SPM and
animal fatty acid groups (i.e. SFAs, MUFAs, PUFB$As, HPFAs and EFA:y =4 or 5
per region and season; dependent variables) itwihstudy regions in March and July.

All quantitative data (g fatty acid thgry mass) were natural-logarithm transformed
and checked for normality with a Shapiro-Wilk tegtroportional data were arc sine square-
root transformed. Separate analyses were donéstingliish between the total identified
fatty acids (TFA) as well as those that compriseatarthan one percent of the TFA. As
similar temporal and spatial patterns emerged filomth sets of data, fatty acids that
comprised >1 % TFA were used in analyses. Prihcpamponent Analysis (PCA;
covariance matrices) of both the quantitative anmalitptive fatty acid data was performed to
determine intraspecific similarities at the sepanma&gions and sites. Two separate PCAs of
the combined SPM data, and consumer signature wata,also used to examine broad-scale
differences between the regions and sample tinid@n-parametric models were used (i.e.
non-metric multidimensional scaling; n-MDS) to exaemthe SPM and consumer data prior
to the PCAs; however, similar patterns were obsknveboth the n-MDS and the PCA
results. Although the n-MDS was more appropriateepresent the regional and temporal
variations in SPM and consumer data as result @llssample sizes (i.e. small number of
samples relative to variables), the PCA plots aesgnted as they are visually superior (PCA
loadings can be superimposed). As PCA of the dfatime (g fatty acid m§dry mass) and
proportional data (% TFA) revealed similar pattermisly the percentage data are presented

here (see Appendix 2.8 for information on quantieatiata).
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Multivariate analysis of variance (MANOVAY Kruskal-Wallis analysis of variance
(H) was applied to the PCA scores data, and prin@paiponents (PC) -1 and/or -2 were
assigned as dependent variables, while site amidfer were used as independent variables
(significance level aP < 0.05). Fatty acids with loadings >2 % were ed&ed influential
to the observed PCA groupings. Ellipses were plazeund significantly different groups,
as determined by Tukey multiple comparisons or Kalt#$Vallis ranked sum comparisons
tests. A Levene’s test for homogeneity was usedlincases. Where Tukey multiple
comparisons tests of PCA scores for suspensioref@essue fatty acid composition revealed
no distinctions among sites within each region amgle date, data from the northern and
southern sites were pooled and assessed for itawatith versussouth distinctions with
independent-tests (1 = 6 per region and season).

Several methods were used to conduct staligesting for differences within and
among the SPM and consumer groups of the combiaedRICAs. These methods included
SIMPER analysis of average similarity within- andssimilarity among groups, non-
parametric Bray-Curtis dissimilarity measures, aath-parametric Kruskal-Wallis analysis
of variance. All of the statistical methods gawaikar results for the SPM and consumer
fatty acids in the Kariega and Great Fish regiaonsummer and winter. The fatty acids that
were identified by the PCA loadings of the SPM andsumer plots to contribute >2 % (thus
observed as influential to the groupings), weredame as those identified by SIMPER as
contributing most to the dissimilarity detected amdhe different groups. Based on these
results, the PCAs were used to visually represeamtcombined SPM data and consumer
signatures, and the Kruskal-Wallis test resultssehoto report the significant groupings.
Analyses were conducted with the use of Primer,(&JSTAT (v12.0) and PAST 1.42
(Hammer et al., 2001).

2.3 Results
2.3.1 Environmental variables

The daily average flow rates for the Kaaieepd Great Fish Estuaries in summer were
0.008 and 14.475 fis?, respectively (Table 2.1). During winter, thelgaverage flow rates
were 0.005 and 5.109 7! for the Kariega and Great Fish Estuaries, respslgtiTable
2.1). Seawater temperatures ranged from 17.7 .® “Z6in March and from 13.9 to 17.9 °C
in July in the Kariega region (Table 2.1). Duridgly and March, hypersaline conditions
were recorded in the upper reaches of the Kariesgaay (Site 5b: up to 44 psu), whereas

reduced salinities were recorded in the lower meauéa of the Great Fish region (Site 5: 10
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and 28 psu for March and July, respectively). Pheticulate matter concentrations were
higher in both regions in March (Kariega: SPM 34.8.9 and POM 5.8 + 0.9 md| Great
Fish: SPM 96.6 + 74.3 and POM 9.5 + 4.9 ity dompared to July (Kariega: SPM 26.9 +
5.6 and POM 4.9 + 1.0 md Great Fish: SPM 32.8 + 7.3 and POM 7.2 + 5.0 g [The
total chla concentrations were low during both sample datdsoth regions (Kariega: 0.2-
0.4 ug I Great Fish: 0.1-0.7 ug Table 2.1).

Multivariate  ANOVA indicated that the bigcal variables were not significantly
different among sites or between July and Marcth@éKariega region (Levene3> 0.001;
SPM:F ;9= 1.714,P = 0.151; POM:F ;9= 1.973,P = 0.099; Chl-aF ;9 = 1.303,P =
0.296). Although in general chl-values were low in the Great Fish region, sigatfic
seasonal differences were observed for the SPMcahd concentrations (LeveneB >
0.001; SPMF ;4= 2.760,P < 0.05; POMF ;o= 1.152,P = 0.375; Chl-afF ;3= 3.513P <
0.05; TukeyP < 0.001 between March and July surveys).
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Table 2.1 Water characteristics in the Kariega and Gredt Fegions at Sites 1 to 5 (Site 1, most northerte & just north of mouth; Site 3,
just south of mouth; Site 4, most southern; Sitséuth). SPM, suspended particulate matter; POMicpéate organic matter; DM, dry mass;
AFDM, ash free dry mass; Chl-chlorophylla; SD, standard deviation. Daily average flow ras¢advere obtained from the Department of
Water Affairs and Forestry, measured at the Sneitthfand Matomela stations for the Kariega and Gfesdt Estuaries, respectively.

Kariega Region Great Fish Region

March 2009 Site 1 Site 2 Site 3 Site 4 Site 5b Site 1 3ite  Site 3 Site 4 Site 5
Water temperature (°C) 18.2 19.6 17.7 18.6 26.5 15.6 14.3 16.6 13.6 21.5
Salinity (psu) 35 35 35 36 41 38 35 27 35 10
Dissolved oxygen (mg?) 8.3 7.5 8.2 8.6 3.7 8.7 8.3 7.9 9.8 6
SPM (DM £ SD, mg'f) 409+7.0 294+17 29.8+53 296+11 481043 216.9+44 299+11 1109%+241 275+1.88.0+46.3
POM (AFDM = SD, mg'fl) 6.0+ 0.6 5505 54+16 55%0.3 6.6+16 4.2+0.6 52+0.2 8.1+0.9 5005 15147
Chl-a (ug fl) 0.3+0.3 0.2+0.1 0.2+0.1 0.2+0.2 0.2+01 .3$€0.2 01+0.1 0.3+0.2 0.4+0.3 0.1+0.2
Daily avg flow rate (ms?) 0.008 14.475

July 2009
Water temperature (°C) 17.9 17.5 17.6 17.6 13.9 17.4 171 17.4 17.4 15.1
Salinity (psu) 38 38 38 38 44 38 38 38 38 28
Dissolved oxygen (mg?) 6.2 6.6 6.1 6.5 4.5 6.5 6.5 6.2 6.7 4.7
SPM (DM £ SD, mg'f) 23.3+£3.0 31450 247+13 185+0.0 305k 27429 26.0+0.0 30.3%£3.5 445+7.0 2360.8
POM (AFDM £ SD, mgt) 4.2+0.6 6.4+1.2 46+0.2 3.8+0.0 51+05 .8403 45+0.0 7.6+4.3 142+83 5.0+0.2
Chl-a(ug M 0.2+0.0 0.2+0.1 0.3+0.1 04+0.1 02+01 .78€03 0.3+0.1 04+0.1 0.1+0.0 0.0+£0.0
Daily avg flow rate (rhs?) 0.005 5.109
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2.3.2 Fatty acid signatures

Thirty-five fatty acids were measured ah@entrations >1 % TFA in March, whereas
twenty-nine were detected in July. These dataessmt 1 % TFA in at least one sample of
SPM (Appendix 2.1), barnacl@&. Serrata(Appendices 2.2 and 2.3), musdel perna
(Appendices 2.4 and 2.5) or polychaétecapensisissueAppendices 2.6 and 2.7).

2.3.2.1Suspended particulate matter

The SPM samples contained large proportadreaturated fatty acids (SFAs; 35.7-59.4
% TFA) and monounsaturated fatty acids (MUFAs; &E33 % TFA) in both regions during
March and July (Appendix 2.1). No changes wereepkel in the SFA leveld-(= 0.367,P
> 0.05,df = 3,16), although the MUFAs were significantly gter during both sample times
in the Great Fish region (32.1-53.8 % THA= 3.970,P < 0.05,df = 3,16) compared to the
Kariega region (31.4-46.2 % TFA; Appendix 2.1). eTpolyunsaturated fatty acids (PUFAS;
3.1-23.4 % TFA) showed no distinct patterns duiliogh seasons in the Kariega and Great
Fish regionsk = 2.545,P > 0.05,df = 3,16; Appendix 2.1).

Bacterial fatty acids (BFAs) occurred irbstantial fractions in the Kariega (March: 5.1-
11.6 % TFA; July: 0.1-8.0 % TFA) and Great Fishioag (March: 0.1-7.4% TFA; July: 5.4-
10.5 % TFA), and varied significantly between Maestd July in both region$(= 3.385,P
< 0.05,df = 3,16). The essential fatty acids (EFAs) 20:4r28:5n-3 and 22:6n-3 were
present in larger proportions during July in bo#lgions (Kariega: 3.8-9.1 % TFA; Great
Fish: 2.6-8.3 % TFAF = 6.516,P < 0.01,df = 3,16; Appendix 2.1). Proportions of higher
plant fatty acids (HPFAs) were significantly diféet between the Kariega and Great Fish
regions, and between March and July in the Gresdt Fagion F = 8.867,P < 0.01,df = 3,16;
Appendix 2.1). The Kariega region experienced igdgeé HPFA inputs during July and
March (0.0-2.2 % TFA), except for the site in theedt vicinity of the estuary mouth (Site 2;
8.9 % TFA) in March (Appendix 2.1). The Great Figtgion showed significant HPFA
influences during March (3.6-6.7 % TFA) and July9¢44.3 % TFA; Appendix 2.1).

The diatom marker 16:1n-7 occurred in samisal proportions in SPM during both
sample periods in the Kariega (2.9-7.7 % TFA) amdaBFish regions (3.6-8.3 % TFA), and
showed the greatest contributions of all biomarkerMarch (Table 2.2; Figure 2.4). The
dinoflagellate marker 22:6n-3, however, was presesimall proportions during March (0.9
+ 1.6 % TFA) and July (0.5 + 1.2 % TFA), and wagliggble during July in the Great Fish
region (0.0 % TFA, Figure 2.4). A significant difence between sample dates in the
proportions of 20:5n-3H = 16.905,P < 0.001,df = 3) was recorded in both regions (Figure

47



2.4), and increased significantly during July ie tkariega (1.4 £ 0.5 t0 4.6 + 3.3 % TFA)
and Great Fish regions (0.1 £ 0.0 to 4.6 = 2.4 %ATHgure 2.4).

ZZA 16:1n-7

10 - mm 20:5n-3
22:6n-3
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Figure 2.4 Proportions of diatom (16:1n-7 and 20:5n-3) andoflagellate (22:6n-3)
biomarkers in SPM in the two study regions (Kariega Great Fish) in March and July.
Values are presented as means * standard deviftioarcsine-transformed proportional
data. Data were pooled for all five sites per radio= 5). Multivariate analysis of variance
on SPM data revealed a significant temporal disbncin the diatom marker 20:5n-3
proportions, between March and July in both regipndicated by stars). K, Kariega; GF,
Great Fish; M, March; J, July.
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The PCA scores of the proportional fattydacdn SPM showed significant changes
between sample times in the Kariega and Great leigions H = 14.223;P < 0.01;df = 3;
Figure 2.5). A significant spatial difference ifPl@ fatty acids was evident between the
Kariega and Great Fish regions in March oty 14.223;P < 0.01;df = 3; Figure 2.5).
Three distinct SPM groupings in fatty acid signatuwere identified, including the Kariega
signatures in March, the Great Fish signatures amcll and the signatures of both regions in
July (Figure 2.5). The principal components (PCand -2 explained much of the regional
and seasonal variance in the data (Figure 2.5 Kdriega and Great Fish SPM signatures
(79 % variance; PC-1: 60 % and PC-2: 19 %) wereatherised by the influential fatty acids
16:0, 18:0, 18:1n-7, 20:1n-7, 20:1n-9 and 20:2m6@°€-1 and by 18:1n-7, 18:n1-9, 20:1n-7
and 20:2n-6 on PC-2 (Figure 2.5).
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Table 2.2 Temporal changes in diatom (16:1n-7 and 20:5nA8) @inoflagellate (22:6n-3) fatty acid markers (%A) in the suspended particulate matter
(SPM) and tissues of the barnacleffaclita serratd, mussel Perna pernaand polychaetegunnarea capensisn the Kariega and Great Fish regions. Values
are presented as means + standard deviation ficcatgal data; - no data.

March 2009 July 2009
16:1n-7  22:6n-3  20:5n-3 16:1n-7  22:6n-3  20:5n-3
Kariega Site 16:1n-7 20:5n-3 22:6n-3 /16:0 /20:5n-3  /22:6n-3 16:1n-7  20:5n-3 22:6n-3  /16:0 /20:5n-3  /22:6n-3
SPM 1 4.3 1.4 2.9 0.2 2.0 0.5 4.0 4.0 4.0 0.0 1.0 1.0
2 45 22 0.0 0.2 0.0 - 7.7 3.8 0.0 0.3 0.0 -
3 6.3 1.0 0.0 0.2 0.0 - 5.9 5.9 0.0 0.3 0.0 -
4 63 1.1 0.0 0.3 0.0 - 45 9.1 0.0 0.2 0.0 -
5 2.9 15 2.2 0.1 15 0.7 5.0 0.0 0.0 0.2 0.0 0.0
T. serrata 1 32209 125+04  130+14 02200 1.060 1.0+0.0 24+03 195+29 214%34 006G 1.1+0.0 0.9+0.0
2 4705 125+0.3 15.6x 1.2 0.2+0.0 1.3&¢0 0.8%0.0 2402 19.3+1.1 23.7+23 0aa 1.2+0.1 0.8+0.0
3  34+08 162+22  19.7+57 02201 12%0 0.8+0.1 24+02 194+04 208%13 00@& 11+0.1 0.9+0.0
4 46+0.3 13414 13.7+0.6 0.2+0.0 1.06e0 1.0%+0.0 1.8+0.2 184+4.1 22147 0aa 1.2+0.0 0.8+0.0
5 48+0.6 12711 127+x1.4 0.2+0.0 1.0x0 1.0+0.0 2204 154+0.4 20.8+0.8 0aa 1.3+0.0 0.7+0.0
P.perna 1 93%20 146+17 11.3+21 05200 0.8%0 1.3%0.0 46+12 108+21 13.1+10 0B% 12+0.1 0.8+0.1
2 9216 11.7+0.9 8920 0.4+0.0 08%0. 13x0.0 19+04 93x1.0 139+1.4 0.1¢0. 15x0.0 0.7+0.0
3 49+26 9.1+22 112420 0.3+0.1 1.230. 0.8z0.1 54+24 102+39 150+18 0320 15+03 0.7+0.2
4 51+13 9616 118+24 0.3+0.1 1.230. 08=x0.1 22+0.6 6711 14422 0.1&¢0. 22=x0.2 0.5+0.0
G.capensis 1  29%0.7 172+15 2302 0.2+0.0 0.1@0. 7.4%0.0 31+04 20722 38+10 0.2@0. 02200 5.4+0.0
2 2303 18326 3.3+0.6 0.2+0.0 0.1¢0. 8.0%x0.0 29+0.3 19.1+0.9 33+1.0 0.2@0. 0.2=x0.1 5.7+0.0
3 34+03 15.1+04  3.8+04 0.2+0.0 0.1@0. 7.2%0.0 27+06 21.7+16 3.8+02 0.2@0. 02200 5.7+0.0
4 33x12 17.4+0.3 35+0.3 0.2+0.1 0.1¢0. 6.8x0.1 29+0.3 21617 35+0.6 0.2@0. 0.2x0.0 6.2+0.0
Great Fish
SPM 1 6.7 0.0 0.0 0.3 0.0 0.0 5.4 2.7 2.7 0.2 1.0 1.0
2 59 0.0 0.0 0.3 0.0 0.0 5.3 5.3 0.0 0.5 0.0 -
3 6.7 0.0 0.0 0.3 0.0 0.0 4.2 4.2 0.0 0.1 0.0 -
4 37 0.0 0.0 0.1 0.0 0.0 5.1 2.6 0.0 0.3 0.0 -
5 3.6 0.0 0.0 0.1 0.0 0.0 8.3 8.3 0.0 0.5 0.0 -
T. serrata 1 4002 8.9+3.0 11.2+40 02+0.0 1.3%0. 0.820.0 23+0.6 201+24 24626 010 1200 0.8+0.0
2 42+14 13.6 1.7 14.2+0.8 0.2+0.0 1.0x0 1.0%0.0 16+05 18.1+3.0 246+3.3 0aa 1.3+0.0 0.8+0.0
3 59+11 8.1+0.8 84+0.8 0.2+0.0 1.0+0.0 1.0+0.0 1.8+05 19.8+16 225+25 01@0. 1101 0.9+0.0
4 6.0+0.9 11123 11.2+1.7 0.2+0.0 1.0x0 1.0%0.0 21+05 19.0+1.9 23.6+4.0 0aa 1.2+0.1 0.8+0.0
P.perna 1 - - - - - - 50+1.8 10.0+27 125+10 0.8% 1.3+0.2 0.8+0.1
2 3.0+x0.8 7514 98+13 0.2+0.0 12+01 08%0.1 32+18 88+18 13.6 £0.7 02+01 15%0.1 06+0.1
3 42+26 73+17 8.7+42 02+0.1 12+0.3 1.1+0.1 82+36 8215 9.8+47 04+01 12+0.3 08+0.1
4 43+1.0 83+x14 7812 0.2+01 09+0.1 08+0.1 45+1.4 9.0+19 15.3+3.1 03+x0.0 1.7x0.1 0.6+0.0
G.capensis 1  27%0.1 18.1+20 22+06 0.2+0.0 0.1@0. 82200 35+09 209+04 3502 0.2@0. 0.22%0.0 5.9+0.0
2  27%03 172+10 18+0.1 0.2+0.0 0.1@0. 9.6%0.0 26+05 211405 4.1+03 0.2@0. 02200 5.1+0.0
3 2105 19.3+x1.4 2705 0.1+0.0 0.1¢0. 7.3x0.0 3.9+0.2 22.2+08 48+1.0 0.3&@0. 02=x0.1 46+0.0
4 2604 18.3+16  24+0.6 0.2+0.0 0.1@0. 7.7%0.0 35+04 209+16 4301 0.2@0. 0.2.+0.0 4.9+0.0
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Figure 2.5 Principal Component Analysis (PCA) of the suspengdarticulate matter fatty
acid signatures (arcsine-transformed proportiodlias; % TFA) in the Kariega and Great
Fish regions during March and July 2009. Propodiamriance of each principal component
is explained by percentage values. (A) PCA scoemamstrating regional and temporal
separation. (B) PCA loadings of the influential tyatacids (>2 %). Ellipses indicate
significantly different groups as determined by skal-Wallis ranked sum comparisons on
PC scoresrn(= 20). Dashed lines denote the origin. TFA, téadly acids; K, Kariega; GF,
Great Fish; M, March; J, July; Site 1, most nomtheite 2, just north of mouth; Site 3, just
south of mouth; Site 4, most southern; Site 5, imegtuary.
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2.3.2.2Fatty acid groups and biomarkers in suspensionefsed

The SFAs (March: 34.4-53.1 % TFA; July: 334.3 % TFA) and PUFAs (March:
25.6-49.3 % TFA; July: 35.2-50.9 % TFA) showed ¢neatest contributions to the diets of
all three suspension-feeders, namely the barfatlaclita serrata mussePerna pernaand
polychaeteGunnarea capensid® < 0.05 for both fatty acid groups; Figures 2.@218). The
dominant SFAs in the tissues of all three suspersieders during both sampling periods
were 14:0, 16:0 and 18:0 (Figures 2.9 to 2.12; Appzes 2.2 to 2.7). The MUFAs were
comparable among species and between regions &esl @darch: 13.2-21.3 % TFA; July:
12.9-20.5 % TFA, Figures 2.6 to 2.8). The dominditFAs in March and July in all three
suspension-feeders were 16:1n-7 (1.6-9.3 % TFAXM8 (1.1-7.5 % TFA) and 18:1n-7
(1.1-7.6 % TFA; Figures 2.12 to 2.15). Levels ¢tFAs were consistently low (<5 % TFA)
in all species from both regions during March anly JFigures 2.6 to 2.8).

The SFAs decreased from March (37.5-53.TFRA) to July (33.3-40.1 % TFA) if.
serratatissuesf = 11.016,P < 0.01,df = 3,14, Figure 2.6). The PUFAs (March: 25.6-49.3
% TFA; July: 45.6-50.9 % TFA) and EFAs (March: 143.6 % TFA; July: 38.7-46.4 %
TFA), however, increased in proportions from MatehJuly. Large fractions of EFAs were
observed during July (38.7-46.4 % TFA) in both oegi £ = 34.315P < 0.001,df = 3,14).
Consistent proportions of MUFAs (13.2-20.3 % TFBFAs (4.2-9.1 % TFA) and HPFAs
(2.2-2.7 % TFA) were found in the barnacles atKlagiega and Great Fish regions during
both sample times (Figure 2.6). The BFA6:0 was more abundant ih serrataand
occurred at fairly constant levels through timeghe Kariega (March: 1.3-2.0 % TFA; July:
1.6-2.4 % TFA) and Great Fish regions (March: 139 TFA; July: 2.1-2.4 % TFA). Two
MUFAs appeared particularly important in barnacssues (Appendices 2.2 and 2.3). The
component 18:1n-9 was abundant in March (4.7-6.5FA) and July (4.8-7.5 % TFA) in
both regions, and 18:1n-7 in the Great Fish rediating both sample times (5.5-7.6 % TFA;
Figures 2.9 to 2.12). The MUFA 18:1n-7 was preserhe barnacles in the Kariega region
in March only (4.1-6.4 % TFA, Figure 2.9; Append®?). High incidences of omnivory
(18:1n-9/18:1n-7) and herbivory (n-3/n-6) were releal forT. serrata Omnivory was more
pronounced in barnacles from the Kariega regionr{itaratios 0.9 to 1.4; July: ratios 1.8 to
4.8) relative to the Great Fish region (March:ast0.8 to 1.1; July: ratios 0.7 to 0.9), while
herbivory was prevalent through time in both regi@ikariega: ratios 5.3 to 13.9; Great Fish:
ratios 3.5 to 15.3).

The SFAs (March: 34.4-47.0 % TFA; July: B44.3 % TFA), PUFAs (March: 37.0-
45.0 % TFA; July: 35.2-46.7 % TFA) and EFAs (Mar@0.5-29.8 % TFA; July: 21.3-29.9
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% TFA) showed consistent proportionsRnpernafrom the Kariega and Great Fish regions
during both sample times (Figure 2.7). Musseltssshowed large BFA components in the
Kariega (6.0-13.6 % TFA) and Great Fish region8-97.7 % TFAJF = 9.375P < 0.01,df =
3,11; Figure 2.7). Approximately equal proportiools MUFAs (13.9-20.5 % TFA) and
HPFAs (2.5-4.9 % TFA) were found in mussel tissmethe Kariega and Great Fish regions
during both sample times (Figure 2.7). The 16:Xofhponent occurred in mussel tissues in
greater proportions at the northern sites (Sitasd 2; 9.2-9.3 % TFA) during March in the
Kariega region (Appendix 2.4). The MUFA 20:1n-hdaPUFAs 22:2 non-methylene
interrupted (NMI) 1 and 22:2 NMI 2 were importanthoth regions during March (1.3-4.6 %
TFA) and July (2.5-5.6 % TFA; Figures 2.9 to 2.1Although omnivory was moderate in
March and July in both regions (18:1n-9/18:1n-70:0.6 to 1.0), greater animal inputs to
mussel diet were noticed in the Kariega regionuly J18:1n-9/ 18:1n-7 ratios 1.0 to 3.0).
Herbivory remained prevalent through space and tmihe mussels (n-3/n-6 ratios 2.0 to
4.0).

The SFA proportions showed a small decrea&e capensisrom March (34.9-47.2 %
TFA) to July (35.7-43.4 % TFA) in both regiorfs £ 3.966,P < 0.05,df = 3,12; Figure 2.8).
Consistent proportions of MUFAs (16.0-19.0 % TFAdaEFAs (19.9-30.9 % TFA) were
recorded in polychaetes between sample dates im fdegions (Figure 2.8). The MUFA
20:1n-11 was abundant . capensigrom both regions during March (4.8-6.1 % TFA) and
July (4.3-5.4 % TFA; Figures 2.9 to 2.12). PUFAmportions in the polychaetes showed a
minor increase from March to July in both regiodariega: 44.3 to 47.9 % TFA; Great Fish:
43.2 to 47.9 % TFA), and 22:2 NMI 2 remained impattthrough time (2.7-3.8 % TFA;
Figures 2.9 to 2.12). BFAs were substantial iryplohetes from both regions during March
(10.8-13.6 % TFA) and Jul8.7-12.2 % TFA), with consistently low proportioaEHPFAs
(1.3-2.1 % TFA). Polychaetes displayed limited arary in both regions (18:1n-9/18:1n-7
ratios 0.2 to 0.6), while herbivory was promineam3{n-6 ratios 2.2 to 3.8).

ForG. capensi&ndP. perna the proportions of BFA-18:0 were consistent during both
sample times in the Kariega (mussel: 3.3-10.1 % TgoAychaete: 5.4-7.6 % TFA) and Great
Fish regions (mussel: 6.3-12.8 % TFA; polychaet@-742 % TFA; Figures 2.9 to 2.12),
respectively. The diatom marker 16:1n-7 occurredmaller levels during March and July in
G. capensigKariega: 2.3-3.4 % TFA, Great Fish: 2.1-3.9 % THfpendices 2.6 to 2.7)
compared td°. perna(Kariega: 1.9-9.2 % TFA; Great Fish: 3.0-8.2 % THRJpendices 2.4
to 2.5) andT. serrata(Kariega: 1.8-4.8 % TFA; Great Fish: 1.6-6.0 % TBqpendices 2.2
to 2.3).
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Three major PUFAs were identified in alled species in both sample times and
regions, namely 20:4n-6, 20:5n-3 and 22:6n-3 (FEgu2.9 to 2.12). These fatty acids
comprise the EFAs and occurred in relatively equaportions across species and time. For
T. serrata however, 20:4n-6 was present in smaller propostiKariega: 1.5-2.4 % TFA,
Great Fish: 1.1-2.6 % TFA; Appendices 2.2 to 2t@ntinP. perna(Kariega: 3.5-5.6 %
TFA; Great Fish: 3.3-5.6 % TFA; Appendices 2.4 ) 2andG. capensi¢Kariega: 3.0-3.8 %
TFA; Great Fish: 3.1-4.1 % TFA,; Appendices 2.6 t@)2 A similar pattern was observed
with the dinoflagellate marker 22:6n-3, where cdesably reduced levels were observed in
G. capensigKariega: 2.1-3.8 % TFA; Great Fish: 1.8-4.8 % TTF®mpared tdl. serrata
(Kariega: 12.7-23.7 % TFA; Great Fish: 8.4-24.6 %AJ andP. perna(Kariega: 8.9-15.0 %
TFA; Great Fish: 7.8-15.3 % TFA). An increase frdftarch to July in 22:6n-3 (March: 8.4-
14.2 % TFA; July: 22.5-24.6 % TFA), 20:4n-6 (Mardhi-2.1 % TFA; July: 1.7-2.6 % TFA)
and 20:5n-3 (March: 8.9-13.6 % TFA; July: 18.1-204 TFA) proportions were also
observed inT. serratain the Great Fish region (Figures 2.11 and 2.1@peékdices 2.2 to
2.3).
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Figure 2.6 Fatty acid composition (% TFA) of fatty acid grauip the barnacleTgtraclita serrata during March and July 2009. Panels A and B reprethe
Kariega region, whereas C and D the Great Fisltoned/alues are presented as means + standardidaeviat= 3 per site). SFA, saturated fatty acid; MUFA,
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Figure 2.7 Fatty acid composition of fatty acid groups (% THA the musselKerna perng during March and July 2009. Panels A and B represhe
Kariega region, whereas C and D the Great Fislonegfalues are presented as means * standard idaviat= 3 per site). Rapid tidal shift resulted in no
mussel collection at Site 1 during March in the &#eish region. SFA, saturated fatty acid; MUFA noonsaturated fatty acid; PUFA, polyunsaturatety fat
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mouth; Site 4, most southern; Site 5, mouth.
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Figure 2.9 Fatty acid profiles (% TFA) of the barnadletraclita serrata mussePerna pernaand polychaet&unnarea capensisssues in the Kariega region

during March 2009. Values are presented as meatantlard deviatiom(= 4 to 5 per species).
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Figure 2.10 Fatty acid profiles (% TFA) of the barnacletraclita serrata musselPerna perna and polychaet&unnarea capensigssues in the Kariega

region during July 2009. Values are presented asme standard deviation € 4 to 5 per species).
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Figure 2.11 Fatty acid profiles (% TFA) of the barnadetraclita serrata musselPerna pernaand polychaet&unnarea capensigssues in the Great Fish
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2.3.2.3Diatom and dinoflagellate markers in suspensionlides

The diatom (16:1n-7 and 20:5n-3) and dirgdllate (22:6n-3) biomarkers showed
distinct patterns in the suspension-feeders (Tal?e Figures 2.13 to 2.15). Multivariate
ANOVA (with the three biomarkers as dependent, aedion or date as independent
variables) revealed the following results. Sigr@fit seasonal differences in the proportions
of all three biomarkers were recordedTin serratatissues in the Kariega and Great Fish
regions P < 0.05 in all cases; Figure 2.13). The diatom kaarl6:1n-7 had a larger
contribution in March (3.2-6.0 % TFA) than in Jul}.8-2.4 % TFA; Figure 2.13) in both
regions. However, levels of the diatom markersla&: and 16:1/16:0 (ratios 0.1 to 0.2),
were reduced compared to the other phytoplanktomaikers (Table 2.2). Proportions of
20:5n-3 and 22:6n-3 in barnacle tissues were highéuly (15.4-24.6 % TFA) than in March
(8.1-19.7 % TFA) in both regions (Figure 2.13). nGistently large contributions of the
dinoflagellate markers 22:6n-3 and 22:6n-3/20:5¢(r&8ios 1.0 to 1.3) were recorded in
barnacle tissues in both regions during both samggimes (Table 2.2).

A significant temporal difference iR. perna tissues was observed in all three
biomarkers in the Kariega regioR € 0.05 in all cases; Figure 2.14). Diatom projpot
were significantly greater in March, and at Siteantl 2 (16:1n-7: 9.2-9.3 % TFA, 16:1/16:0
ratios 0.4 to 0.5; 20:5n-3: 11.7-14.6 % TFA, 22320:5n-3 ratios ~1.3), compared to Sites
3 and 4 (16:1n-7: 4.9-5.1 % TFA, 16:1/16:0 ratids3+ 20:5n-3: 9.1-9.6 % TFA, 22:6n-
3/20:5n-3 ratios ~0.8) in the Kariega regidh € 0.05; Figure 2.14). The diatom marker
16:1/16:0 (ratios 0.1 to 0.5) was small, while theoflagellate markers 22:6n-3 (7.8-15.3 %
TFA) and 22:6n-3/20:5n-3 (ratios 0.8 to 2.2) wenhanced in mussels at the Kariega and
Great Fish regions during both sample tinfes (0.05; Figure 2.14).

Significant regional changes were recoraette proportions of all three biomarkers in
G. capensigP < 0.05 in all cases; Figure 2.15). The compo2ébn-3 (15.1-22.2 % TFA)
represented the most dominant fatty acid in polgthaissues, with consistently small
proportions of 16:1n-7 (2.1-3.5 % TFA) and 22:6r{438-4.8 % TFA) recorded in the
Kariega and Great Fish polychaetes during both kammpes (Figure 2.15). These results
compare with the ratio markers for diatoms 16:101@atios ~0.2), 20:5n-3/ 22:6n-3 (ratios
5.1 to 9.6) and dinoflagellates 22:6n-3/20:5n-3i¢s0.1 to 0.2) signifying the importance of
the component 20:5n-3 in polychaete diets (Talig 2.
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Figure 2.13Changes in the diatom (16:1n-7 and 20:5n-3) andfldigellate (22:6n-3) fatty acid biomarkers in th@@nacle Tetraclita serrata
between dates in the Kariega and Great Fish regRansels A and B represent March whereas C andyDValues are presented in means +
standard deviation for arcsine-transformed propodi datarf = 3 per site). Stars indicate significant tempauad regional differences in the
proportions of all three biomarkers in the barngBlec 0.05 in all cases; MANOVA). Site 1, most nortieBite 2, just north of mouth; Site 3,
just south of mouth; Site 4, most southern; Sit@&uth.
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Figure 2.14 Changes in the diatom (16:1n-7 and 20:5n-3) amdfldigellate (22:6n-3) fatty acid biomarkers in tmeissel Perna perna
between dates in the Kariega and Great Fish regRansels A and B represent March whereas C andyDValues are presented in means +
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the Great Fish region. Site 1, most northern; &ijest north of mouth; Site 3, just south of mqQuite 4, most southern; Site 5, mouth.
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Figure 2.15 Changes in the diatom (16:1n-7 and 20:5n-3) amdfldigellate (22:6n-3) fatty acid biomarkers in thelychaete Gunnarea
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2.3.2.4Principal component analyses of fatty acids in saspn-feeders

Significant regional and temporal differeacwere observed im. serratafatty acid
signatures® < 0.01 for all models; Table 2.3). No significaititanges were noted among
sites in the Kariega and Great Fish regions duboth sample timesP(> 0.05 for all
models). The influential fatty acids (loadings %2 in the Kariega region were 16:1n-7
during March, and during Juli18:0, 20:1n-11, 20:5n-3 and 22:6n-3. In the Gigah
region the influential fatty acids for March werd5:0, 16:1n-7, 22:2 NMI 1 and for July
were 20:1n-11, 20:5n-3 and 22:6n-3. Since Tukeytipde-comparisons tests failed to
differentiate among sites within each region or gigndate, data for the northern (Sites 1 and
2) and southern sites (Sites 3 and 4) were pooladependent-tests were done for each
region to test for significant differences betwe@es situated north and south of the estuary
mouth. Significant nortiwersussouth spatial variation was observedlinserratafatty acid
signatures during March in the Kariega=(-4.86,P < 0.001,df = 10) and Great Fish regions
(t =5.88,P < 0.001,df = 10), respectively (Figure 2.16). Principal caments described 55
% of the observed variance (PC-1: 32 % and PC-2602& T. serratafatty acid signatures
during March in both regions, and the influentiaity acids contributing to the north/south
separation were 20:5n-3 and 22:6n-3 (Figure 2.16).

The qualitative PCA results . pernafatty acid signatures indicated a significant
spatial difference between the Kariega and Greslt Fegions in MarchR < 0.01), and a
distinct temporal difference was observed in batgions P < 0.05; Table 2.3). No
significant changes were noted among sites in #rgelja and Great Fish regions during both
month @ > 0.05 for all models). In the Kariega regionfluential fatty acids comprised
16:1n-7, 18:1n-7, 18:4n-3, 20:5n-3 in March, antB:0, 20:1n-11, 22:6n-3 in July. The
influential fatty acids in the Great Fish regionreve 18:0, 16:1n-7, 20:1n-9, 20:4n-6, 22:2
NMI 2 in March and 16:1n-7, 20:1n-11, 22:6n-3 ilyJuPCA on theP. pernafatty acid
signatures explained 69 % of the proportional vexain the data (PC-1: 50 % and PC-2: 19
%), and distinct northern and southern groupingsewecorded in the Kariega region in
March ¢ = -4.61,P < 0.001,df = 10; Figure 2.17). The fatty acids 16:1n-7 antb@23 were
regarded as influential to the north/south sepamafrigure 2.17).

Significant temporal variations @. capensigissuefatty acid signatures were recorded
in the Kariega and Great Fish regioRs< 0.01 for both models; Table 2.3). No significan
changes were noted among sites in the Kariega aedt Gish regions during both sample
times @ > 0.05 for all models). The influential fatty dsiin the Kariega region in March
were 16:1n-7, 18:1n-9, 20:1n-11 and in July wergi-8, 22:6n-3. In the Great Fish region
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the fatty acids-18:0, 18:1n-7, 20:1n-11, 20:5n-3, 22:2 NMI 2 waruential during March,
and 18:4n-3, 20:5n-3, 22:6n-3 in July. In Marchingipal components explained 58 % of the
variance (PC-1: 45 % and PC-2: 13 %)Adncapensidatty acid compositions (Figure 2.18).
Distinctive northversussouth groups were recorded @ capensisduring March in the
Kariega regiont(= -3.73,P < 0.01,df = 10; Figure 2.18).

The PCA scores of the proportional fattidaof the combined consumer data showed
significant differences among the suspension-feedesm the Kariega and Great Fish
regions H = 136.087;P < 0.001;df = 11; Figure 2.19). Kruskal-Wallis ranked sum
comparisons further identified a significant temrgdadistinction in signatures of barnacles,
mussels and polychaetes in both regidths:(109.550° < 0.001;df = 11; Figure 2.19). The
principal components (PC) -1 and -2 explained nuafdhe regional and temporal variance in
the data (Figure 2.19). The Kariega and Great €astsumer signatures (73 % variance; PC-
1: 52 % and PC-2: 21 %) were characterised byritheential fatty acids 14:0, 16:0, 16:1n-7,
18:0, 18:1n-9, 18:1n-7 and 20:5n-3 on PC-1 and 18,0, 18:n1-9, 22:2 NMI 1, 22:5n-3 and
22:6n-3 on PC-2 (Figure 2.19).
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Table 2.3 Multivariate ANOVA results (with PC-1 and -2 scerdata as dependent, and region or date as indamewdriables) indicating temporal and
regional differences in fatty acid signatures eééhindigenous suspension-feeding organisms (blaratraclita serrata mussePerna pernaand polychaete
Gunnarea capensisUnivariateF-test results for PC-1 and -2 scores and percer@aggeibution of PC-1 and -2 axes (%) to the vaz@nbserved within the
data were given. Data represent arcsine-transfopraubrtional values (% TFA). Levene’s test for laganeity was conducted to verify the validity otlea
model. K, Kariega; GF, Great Fish; Mar, March; Jully; ns, not significant.

Species Season Region ANOVA Levene's Test PCA
F-ratio P df Statistic P %

PC-1 results

Tetraclita serrata Mar K x GF 17.409 <0.001 8 3.042 ns 32
Jul K x GF 16.361 <0.001 8 2.929 ns 28
Mar x Jul K 45.296 <0.001 9 1.759 ns 40
Mar x Jul GF 38.592 <0.001 7 4.504 ns 59

Perna perna Mar K x GF 8.312 <0.01 6 5.051 ns 50
Jul K x GF 1.238 ns 7 4.152 ns 42
Mar x Jul K 5.038 <0.01 7 2.899 ns 53
Mar x Jul GF 68.885 <0.001 6 5.625 ns 42

Gunnarea capensis Mar K x GF 1.454 ns 7 2.808 ns 42
Jul K x GF 4.614 ns 7 2.919 ns 29
Mar x Jul K 15.284 <0.001 7 2.846 ns 45
Mar x Jul GF 4.766 <0.01 7 5.705 ns 37

PC-2 results

Tetraclita serrata Mar K x GF 9.403 <0.001 8 3.042 ns 23
Jul K x GF 5.735 <0.01 8 2.929 ns 22
Mar x Jul K 4.649 <0.01 9 1.759 ns 23
Mar x Jul GF 4.495 <0.01 7 4,504 ns 14

Perna perna Mar K x GF 1.843 ns 6 5.051 ns 19
Jul K x GF 0.350 ns 7 4,152 ns 17
Mar x Jul K 3.135 <0.05 7 2.899 ns 12
Mar x Jul GF 0.541 ns 6 5.625 ns 23

Gunnarea capensis Mar K x GF 0.926 ns 7 2.808 ns 19
Jul K x GF 1.228 ns 7 2.919 ns 21
Mar x Jul K 2.495 ns 7 2.846 ns 13
Mar x Jul GF 2.611 ns 7 5.705 ns 21
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Figure 2.16Principal Component Analysis (PCA) of the fattydasignatures in the barnacle
(Tetraclita serrata during March 2009 in the Kariega and Great Fesffians. Data represent
arcsine-transformed proportional values (% TFA)pp@rtional variance of each principal
component is explained by percentage values. (A3 B&res demonstrating clear separation
between geographic localities, with significantljfetent regions indicated by ellipses, as
determined by MANOVA on PC scores £ 27). An independertttest on PC-1 or -2 scores
revealed distinct northewersussouthern site separation in both regions. Datumtpo left
lower quadrant should be included within Great Fedilpsis. (B) PCA loadings illustrating
the influential fatty acids (>2 %). Dashed linesoe the origin. The small population of
barnacles that were located within the estuary matithe Kariega region is represented by
Site 5. NMI, nonmethylene interrupted; K, KariegzF-, Great Fish; Site 1, most northern;
Site 2, just north of mouth; Site 3, just southmafuth; Site 4, most southern; Site 5, mouth.
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Figure 2.17 Principal Component Analysis (PCA) of the fattydasignatures in the mussel
(Perna perna during March 2009 in the Kariega and Great Fisbions. Data represent
arcsine-transformed proportional values (% TFAyp@rtional variance of each principal
component is explained by percentage values. (A Bores demonstrating clear separation
between geographic localities, with significantlijffetent regions indicated by ellipses, as
determined by MANOVA on PC scores £ 21). An independertttest on PC-1 or -2 scores
revealed distinct northemersussouthern site separation in the Kariega region. RBA
loadings illustrating the influential fatty acids2 %). Dashed lines denote the origin. Due to
rapid tidal shift no mussels were collected at Siten the Great Fish region. NMI,
nonmethylene interrupted; K, Kariega; GF, GreahfSite 1, most northern; Site 2, just
north of mouth; Site 3, just south of mouth; Sitenbst southern.
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Figure 2.18 Principal Component Analysis (PCA) of the fattyidasignatures in the
polychaete Gunnarea capensisduring March and July 2009 in the Kariega regiData
represent arcsine-transformed proportional valdesTEA). Proportional variance of each
principal component is explained by percentageesl@A) PCA scores demonstrating clear
separation between March and July, with signifiadifferent times indicated by ellipses, as
determined by MANOVA on PC scores £ 24). An independertttest on PC-1 or -2 scores
revealed distinct northernersus southern site separation in March. (B) PCA loading
illustrating the influential fatty acids (>2 %). Blaed lines denote the origin. NMI,
nonmethylene interrupted; M, March; J, July; Sitenrfost northern; Site 2, just north of
mouth; Site 3, just south of mouth; Site 4, mositisern
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Figure 2.19Principal Component Analysis (PCA) of the fattydasignatures in the barnacle
(Tetraclita serratd, mussel Perna perna and polychaete Qunnarea capensisduring
March and July 2009 in the Kariega and Great Fisgions. Data represent arcsine-
transformed proportional values (% TFA). Proporéilovariance of each principal component
is explained by percentage values. (A) PCA scom®mamstrating separation among the
consumers. Significantly different groups indicated ellipses, as determined by Kruskal-
Wallis ranked sum comparisons on PC scores (47). (B) PCA loadings illustrating the
influential fatty acids (>2 %). Dashed lines denthe origin. The size of the symbol
corresponds to the seasons, i.e. March (largeYalyd'small) and dotted curves divide these
dates. TFA, total fatty acids; NMI, nonmethylenéemupted; B, barnacle; M, mussel; P,
polychaete.
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2.4 Discussion
24.1 Environmental variables

The Kariega Estuary was characterised teyvarse salinity gradient during both sample
times, reflecting the low freshwater inflow intcetBystem and high evaporation rates (Table
2.1; Vorwerk et al., 2008). As a consequence, etheere no clear distinctions in
environmental variables such as salinity andachbncentration in the marine environment
upstream and downstream of the estuary mouth.ontrast, the influence of the freshwater-
dominated Great Fish Estuary on the adjacent mav&onment was clearly evident. In
March, when daily average flow rates were highuoed salinities were recorded in the
regions situated inside and directly south of theaBFish Estuary mouth (Table 2.1).

Due to the low freshwater input, total eblehyll concentrations in the Kariega Estuary
and its associated rocky shores are generally Grar(ge et al., 2000; Allan et al., 2010).
The total chlorophyll (0.2-0.4 pgt) and SPM (18.5-48.7 mg') values recorded in the
Kariega region in 2009 coincided with literaturelues (<0.5 pgt and 39-76 mg,
respectively), although POM concentrations werghsly lower (5.4-6.6 mg{ compared to
11-23 mg T Table 2.1; Grange & Allanson, 1995; Froneman,1200rwerk et al., 2008).
The general lack of clear temporal trends in SPI@MPand total chl-a biomass in the
Kariega region are associated with the prevailinghndgeneity of the estuary and the small
influence of freshwater inflows (Grange & Allansdl®95; Froneman, 2001). Grange &
Allanson (1995) also found no seasonal trends iMR@lues in the Kariega Estuary, nor any
distinct correlations between freshwater inflowsd aBPM, POM and chd biomass.
Attenuated freshwater inflows are likely resporsilidr the lack of distinct temporal and
among-site differences in particulate and @lklues in the Kariega region.

For the freshwater-dominated Great Fislorggotal chl-a concentrations fell within the
lower-extreme range of that recorded in previousliss in the estuary (0.1-0.7 pg |
compared to 0.4-21.8 gl Table 2.1; Grange et al., 2000; Bate et al., 200igh river
flows are generally associated with elevated clpytl concentrations ascribed to increased
production by added nutrients or imported rivericidorophyll (Vorwerk et al., 2008).
However, standing stocks of phytoplankton are gahegreater in the middle to upper
reaches of the estuary, as opposed to closer tménme environment (Grange & Allanson,
1995; Jennings, 2005). Allan et al. (2010) alsmréed low chla values (0.14 + 0.01 ug)
in the nearshore coastal area adjoining the Grisatregion, thus highlighting the dynamic
nature of biological variables in the coastal tiams zone (Bate et al., 2002). Although the

SPM concentrations in the Great Fish region duthig investigation (26.0-216.9 mg)l
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were in the range reported in other studies (12545 [), POM values were substantially
lower than that previously recorded in the estuaanged from 4.5-15.1 mg*lin current
study; ranged from 29-76 mg in literature; Grange & Allanson, 1995; Allan et,&010).
River flows notably influence seston in the GreshFEstuary, as evident by the significant
temporal variation in SPM and chleoncentrations recorded in 2009.

The enhanced concentrations of SPM and P@Mooth regions during March
corresponded to elevated water temperatures in gujrand were greater in the Great Fish
region as result of high river flows (although pbisnot from added nutrients; Grange &
Allanson, 1995; Bate et al., 2002; Frances & Guerr2008; Vorwerk et al., 2008). The
increase in SPM but decrease in ahltoncentration during March in the Great Fish ragio
might therefore reflect an elevation in detritusdanot necessarily chlorophyll from
phytoplankton production. The total chl-values recorded in the nearshore marine
environment of both regions were broadly similarhe water flowing from the estuary is
mixing with the marine waters in the nearshore neenvironment (Frances & Guerrero,
2008). As a consequence, with increasing distnooe the estuary mouth, a greater dilution
of the estuarine water with the marine waters waaddur. Additionally, the total cld-
values recorded in both regions reflected the redycoductivity of the coastal waters on the
eastern shores of South Africa due to the nuttiemited south-flowing Agulhas Current
(Lutjeharms et al., 2000; Lutjeharms, 2007).

2.4.2 Fatty acid signatures of suspended particulate matter

The patterns in the proportional SPM fattyd groups (SFAs, MUFAs, PUFAs, BFAs
and HPFAs) differed between the Kariega and Gréstt Fegions (Appendix 2.1). The
proportional PCA results for the SPM fatty acidnsitures agree with the results of the
gualitative summaries of the fatty acid groupshe Great Fish region. Distinct variation
between March and July fatty acid proportions, gtr@dSPM and ché content, was recorded
in the Great Fish region (Figure 2.5). There watack of temporal variation in the
environmental variables and the MUFAs, PUFAs and-Ain the SPM in the Kariega
region, although a significant temporal differenmas observed in the SPM fatty acid
signatures (Figure 2.5). It is apparent that cersaasonal hydrodynamic factors influence the
SPM fatty acid signatures in the Kariega and GFestt regions as distinct differences were
recorded between March and July (Figure 2.5). MNmifsicant spatial difference was
recorded for the July SPM signatures, although r2@:-appeared to significantly influence
SPM signatures in both regions (Figure 2.5). Dgifarch, significant regional differences
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between the Kariega and Great Fish SPM signatueze vecorded (Figure 2.5). It would
appear that similar factors influence the regiaral temporal patterns in the SPM fatty acid
groups. The insignificant and substantial contitdns of HPFAs to the Kariega and Great
Fish SPM, respectively, are possibly associated thie regional flora and hydrodynamics in
each system (Paterson & Whitfield, 1997; Quifionedléntes, 2001; Vorwerk et al., 2001).
Floristically, the littoral zone of the Kariega Haty comprises eelgrasses and salt marsh
vegetation with a lack of terrestrial inputs dueldes freshwater flow. In comparison, the
Great Fish Estuary has reeds and sedges alongaiiss band increased terrestrial plant
influences due to the freshwater washing terréstratter into the river and estuary (Grange
et al., 2000). The small levels of SPM HPFAs ia Kariega region in March and July are
likely related to the small annual freshwater fldwough the system. However, the site in
the immediate vicinity of the mouth (<500 m) thhbwed a significant HPFA signal comes
into direct contact with the river outflow and cpossibly explain why an HPFA signal was
detected at this site. In contrast, the Great [EHstuary has substantial river flows that
maintain consistent and high inputs of terrestlitritus that reach the ocean during summer
and winter (Grange et al., 2000; Vorwerk, 2006).

In both regions, bacterial components ef$#°M appeared to increase during July when
odd-numbered anigo-branched SFAs were detected (Appendix 2.1). iBhpossibly due to
the increased colonisation of heterotrophic baaterisediments and SPM, especially when
freshwater inputs are low (i.e. during austral erhtand hydrodynamic mixing forces are
reduced, so allowing suspended particulates tées@itorris, 1984). However, the BFAs
(15:0 and 17:0) were elevated relative to HPFAshin SPM during March in the Kariega
region. This can possibly be explained by thedesste times of water within the system
(Largier & Taljaard, 1991; Jennings, 2005). Desijt bacteria and other heterotrophic
microorganisms form a substantial part of the sestothe Kariega Estuary (Grange &
Allanson, 1995). Increased degradation of plantenes within the freshwater-restricted
Kariega Estuary with long water retention times (#&eks; Jennings, 2005) could increase
bacterial colonisation of detritus in summer whester temperatures are high. In contrast,
the seston in the Great Fish Estuary largely caseprnano- and micro-phytoplankton and
terrigenous detritus (Grange et al., 2000; Vorwe06). The high freshwater inflows and
short retention time (<1 day; Jennings, 2005) pbgsiimits bacterial inputs. Small
proportions of HPFAs (0.4-3.0 % TFA) compared ®vated proportions of BFAs (20.4-22.2
% TFA) in SPM were previously recorded in the Kgaeand Great Fish regions (Allan et al.,
2010).
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The EFAs demonstrated a temporal changthenKariega and Great Fish regions,
reaching higher levels in July and potentially oading that the quality of the SPM increased
in winter. Brett & Muller-Navarra (1997) in theieview on 20:5n-3 and 22:6n-3 in aquatic
food webs noted that these two fatty acids inciegds/toplankton quality, as a significant
increase in fatty acid ratios was recorded in thinals that consumed the higher quality
food. The diatom biomarker 16:1n-7 had the highasitribution relative to the other
phytoplankton markers to SPM in the Kariega andaGFfash regions during both sample
times (Figure 2.4). Distinct temporal differensesre also noted in diatom marker 20:5n-3
levels in the Kariega and Great Fish regions, aackwgignificantly increased in July (Figure
2.4). The 20:5n-3 component was also responsibsl¢he significant contribution of EFAs
noted in July in both regions. The dinoflagellatarker 22:6n-3 occurred in consistently low
proportions relative to the diatoms, and was ndgkgin the Great Fish region in March.
The regional consistency in 16:1n-7 proportionsiadicative of the coastal waters in these
parts of the Eastern Cape Province and are assdaiath the predominance of diatoms (St.
John & Lund, 1996; Machu et al., 2005).

Diatoms and dinoflagellates form an intégrart of the phytoplankton assemblages
along the Eastern Cape shoreline. A study exampigpatial changes on a larger scale than
the current study in the diet of mussels alongdhstern coast of South Africa, recorded
substantial contributions of the diatom markerslt6/ and 20:5n-3 to mussels from the
coastal waters upstream and in the vicinity of Kagiega and Great Fish regions, with an
increase in dinoflagellate marker 22:6n-3 levelaiastream of the two regions all the way to
the south-eastern Cape (Allan et al., 2010). & @reat Fish region in 2009, the marked
temporal difference in diatom proportions may caeawith river flows during this period as
result of increased nutrient inputs to the systiow(rates three times those noted during
July; Table 2.1). However, since the marine-doteidaKariega system has negligible
freshwater outflows, the changes observed in 28:Froportions must be ascribed to
alternative factors, likely including changes ire tbhytoplankton communities, influencing
the variability of this biomarker between samptads. It should also be noted that although
diatoms were abundant in the Great Fish regioroth lmonths (Figure 2.4), terrestrial inputs
(18:2n-6 and 18:3n-3) equalled and surpassed playtkipn levels in March and July,
respectively. Due to the high variability in SPM a dynamic region like the coastal
transition zone, making conclusions based on ast@wples is challenging as each individual
sample could have given quite different resultsg darther investigation is therefore

necessary.
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2.4.3 Fatty acid signatures of consumers

The interspecific patterns in the quahtatfatty acids groups of the barnacle, mussel
and polychaete provided information on temporalnges in dietary compositions in the
Kariega and Great Fish regions. The fatty acidfiles of all three suspension-feeders
intermittently reflected the patterns in the SPMtie Kariega and Great Fish regions
(Figures 2.6 to 2.8; Appendix 2.1). As SPM progid&ormation on the current composition
of particulate sources and animal tissues a loagdraveraged view of assimilated nutrients,
discrepancies between the SPM and consumers carpaeted (Hill et al., 2006). Large
proportions of the SFAs 14:0, 16:0 and 18:0 wengeeted since these components represent
the most common fatty acids in nature and form grak parts of cellular membrane
components (Garrett & Grisham, 1999). Detrituseisognised as a source of SFAs with 14
to 18 carbons (Freites et al., 2002), and highl$ewé these fatty acids could indicate
significant inputs of detritic and bacterial ma#tiin the diets of the suspension-feeders. All
three species consistently had substantial leieBFAs in their tissues (4.2-17.7 % TFA),
again reflecting detrital contributions to the dief the suspension-feeders in the Kariega and
Great Fish regions. The mussels and polychaetegever, had greater fractions of BFAs
(i.,e. 15:0, 17:0j-18:0; 9.0-17.7 % TFA) than the barnacles. Similagh BFA levels in
mussels have been previously recorded along thiefBaSape coastline (12.3-21.0 % TFA,
Allan et al., 2010). During March, however, propams of BFAs were one to five percent
greater at the southern sites in the Kariega re@fogures 2.6 to 2.8). As the Kariega
Estuary is characterised by salt marshes in thalmitb lower reaches (Froneman, 2000),
marsh detritus may be more prevalent at southaratitms in summer due to the flow of
water from the estuary mouth captured in a soutthwaection.

The large levels of PUFAs relative to MUFEAgth slight increases in PUFAs during
winter, have been observed in marine invertebrd@esdge et al., 2001; Kharlamenko et al.,
2001; Freites et al., 2002; Saito et al., 2002udd® et al. (2001) noted that bivalves utilise
PUFAs for growth and development, especially lohgie n-3 and n-6 PUFAs. High levels
of 16:1n-7 and 18:1n-7 MUFAs reflected the domimaat phytoplankton as food source for
the intertidal consumers (Freites et al., 2002;vllez et al., 2008). Specifically, the diatom
marker 16:1n-7 in the suspension-feeders mirronedfairly equal proportions found in the
SPM in both regions and seasons, and indicatedstenscontributions of phytoplankton to
their diets. The fatty acid composition data gaherdentified phytoplankton, detritus and

bacterial sources as important food to the roclgresilsuspension-feeders in the Kariega and
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Great Fish regions (Figure 2.19). Although theemebrates consumed these food sources in
different proportions, the results for this studypgorted the hypothesis that all three species
consume similar food sources since they fall withim same trophic guild.

Certain changes in the diatom and dinoflagee markers indicated intraspecific
temporal and spatial patterns in the contributiohgphytoplankton food to rocky shore
barnacles, mussels and polychaetes (Figures 29.19. The significant increase in 20:5n-3
in the SPM during July was reflected in the higiels of EFAs and PUFAs observed in the
barnacles and polychaetes (Table 2.2; Figures 28,and 2.19; Appendix 2.3). The
importance of the diatom markers 16:1n-7 and 2@.5m-barnacle tissues varied temporally,
and 16:1n-7 relative to the other markers was greatMarch and 20:5n-3 and 22:6n-3 were
more important in July (Table 2.2; Figure 2.13)heTpresence of the dinoflagellate marker
22:6n-3 in substantial proportions, along with tago marker (22:6n-3/20:5n-3) which was
significant in both months in the Kariega and Gieiah regions, indicated dinoflagellates as
potentially important in the diets of the barnaclgsgure 2.19). The importance of
dinoflagellates has been observed in the gehetsaclita (i.e. T. squamosga where the
substantial contribution of phytoplankton (~53 % @it contents) in their diet showed
slightly greater levels of dinoflagellates (~30 %@lative to diatoms (~23 %; Hunt &
Alexander, 1991). Mussels also had greater lexfelse dinoflagellate marker in the Kariega
and Great Fish regions during both sample time8-13.3 % TFA), and reflected values
similar to those recorded previously for mussetmglthese coastal regions (9.5-9.7 % TFA;
Table 2.2; Figure 2.14; Allan et al., 2010). Howewhe higher levels of diatoms in mussel
diets in March compared to July in the Kariega sagmay indicate selection of these
microalgae when they are available (Raby et al97)19but more information on food
availability is needed to conclude this with coefide. Alternatively, a strong seasonal
pattern in the phytoplankton community compositoay be present. It is well known that
under conditions of high turbulence, dinoflagekateitcompete diatoms, and such a scenario
would likely exist during winter (Frances & Guewer2008). Polychaetes had small
proportions of the microalgal components 16:1n-d@ 22:6n-3, and had significantly greater
concentrations of 20:5n-3 (4.0-13.4 ug fatty acg'mdry mass) in both regions (Figures 2.15
and 2.19). Similar levels (5.3-6.2 ug fatty acig hary mass) of 20:5n-3 have been recorded
in an analogous nereidid marine polychaete fromirgertidal sand flat in Cardiff Bay
(Garcia-Alonso et al., 2008).

Seston food quantity and quality variedabbt over space and time (Berg & Newell,
1986). A study evaluating the value of differeatty acids (18:2n-6, 18:3n-3, 20:4n-6 and
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22:6n-3) in the quality of the diets for a marimyeartebrate Fenaeus chinengisdentified
22:6n-3 as the EFA with the highest value for eimgugrowth and survival (Xu et al., 1993).
The diets containing 22:6n-3 (~16.3 % TFA) wergoesible for the highest survival and
growth rates of all the PUFA-supplemented dietshvwgreater moulting frequency and
weight gains per moult observed in the animals wonsg this diet (Xu et al., 1993). As the
EFAs can mirror the quality of the food sourcesaoi#d by the suspension-feeders
(Stutzman, 1995; Brett & Muller-Navarra, 1997), gentribution of these fatty acids to the
diets of the mussels and polychaetes (17.0-29.0F%) Bignify that food sources for these
two species were of consistent high quality inKlagiega and Great Fish regions during both
sample times (Figures 2.6 to 2.8). The increasquality of available food sources to
barnacles during July (27-44 % TFA) can likely Iserébed to the elevated contributions of
the 20:5n-3 and 22:6n-3 markers to their diet (Fegl2.13 and 2.19). The literature suggests
that barnacles generally feed unselectively, aatltthe size of particles consumed is largely
a function of body size (Sanford & Menge, 2001; Disbet al., 2007; Riisgard & Larssen,
2010). As such, the significant increase in 2B5BFA levels in the water during July
possibly has a greater influence on the lipid conte#f the barnacles, while mussels and
polychaetes, due to their wide particle selectibititees, are thus able to maintain a more
consistent high quality diet through time (Schley81; Phillips & Pernet, 1996; Espinosa
et al., 2008). The greater levels of the 22:6naBkar inP. pernaandT. serratatissues may
reflect the successional change in phytoplanktserablages when diatoms become silicate-
depleted and dinoflagellates become more abundaschak, 2005). However, as 20:5n-3
and 22:6n-3 are essential to marine invertebrahes variation in fatty acid composition
between species could be due to differences inbok$an and not necessarily diet (Iverson
et al., 2004; Schmidt-Nielsen, 2007; Thompson e28&l08). Although intraspecific temporal
and spatial trends were detected through changi ifatty acid composition of consumers,
interspecific variation was also apparent. Themgations in fatty acid composition among
species disputed the hypothesis that no variattonrs among the suspension-feeders.

The degree of omnivory among the susper®ieders showed differences in the rocky
shore invertebrates’ nutrition. Apart from twoesitin March, terrestrial food sources
appeared insignificant in the diet of the barnaatelsoth regions (Figure 2.6). The presence
of the copepod marker 20:1n-11, and high ratiah@fomnivory ratio 18:1n-9/18:1n-7 (~2.1)
observed inT. serratain both regions during July indicates that baresctonsume
zooplankton (Achituv et al., 1997; Teegarden, 19B&garden et al., 2001). Zooplankton
density peaked during winter in the Kariega (~3#8&8m®) and Great Fish regions (~4860
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ind.m®) in 2006 mainly as result of the copepd@ilanus agulhensiandC. simillimusand
their nauplii (Vorwerk, 2006). In addition, the MHatty acid signatures in July were also
observed to be influenced by the copepod markein29:(Figure 2.5). Large contributions
of small crustaceans (i.e. copepods) have beemdedan the gut contents of barnacles (~18
%) and have highlighted the importance of zooplankh the diet of this suspension-feeder
(Hunt & Alexander, 1991). Mussels are known toesigzooplankton (Davenport et al.,
2000) and appeared to have an overall moderateilmatndn to their diet (18:1n-9/18:1n-7
ratio ~1.3) in the Kariega and Great Fish regiosnilar to barnacles, omnivory appeared to
increase in mussels in the Kariega region in JUy1(n-9/18:1n-7 ratio ~1.5) when copepods
reach maximum densities (Vorwerk, 2006). As phigokton growth may be limited by the
decrease in water temperature in July, supplementat phytoplankton food with additional
animal nutrients may become important during wirjfeffries, 1970). The polychaetes did
not contain large levels of heterotrophic (18:1h891n-7 ratio ~0.4) or terrestrial markers,
which was consistent with the literature regardiogd preferences of serpulid marine
polychaetes (Figure 2.8; Phillips & Pernet, 199Gkdyama et al., 2005). Fatty acids
indicated the contribution of coastal benthic matgae to the diets of the polychaetes in
both regions, as 18:1n-7 (10.8 £ 0.8 % TFA) and4d& (5.3 = 2.7 % TFA) have been
recorded inUlva sp, and 20:4n-6 irGelidium pristoidesandG. enterobium(20-22 % TFA,
Allan et al., 2010).

In contrast to the low contributions of 218:6 and 18:3n-3 to the diets of the barnacles
and polychaetes, musselearly assimilated terrestrial sources during Maand July in both
regions (Table 2.2). Preferential selection hasnbiglentified as a mechanism by which
bivalves (i.e. mussels) sort and ingest partidhed tvould contribute to a higher quality of
food in their diet (Jgrgensen, 1996). Howevernesdrial food sources as direct nutrition
without microbial decomposition contribute verylétto rocky shore suspension-feeder diets
(Kharlamenko et al., 2001; 2008; McLeod & Wing, 20Qebreton et al., 2011). The BFAs
(i.e.i1-16:0 and-18:0) that were abundant in mussel tissues in feglons probably reflected
bacteria from the SPM detritus (Figures 2.9 to 2Afan et al., 2010). Detritus was an
important food source fdP. pernaon a rocky shore in Durban (South Africa), whdre t
organic fraction of the available food comprised%4etritus with attached bacteria (Berry
& Schleyer, 1983). In addition, macroalgae appegénebe important to the diets of mussels
in the Kariega and Great Fish regions (Figure 2Apfendix 2.4). Moderate proportions of
18:1n-7 (10.8 £ 0.8 % TFA) and 18:4n-3 (5.3 £ 2.7T#%A) have been noted in the fatty acid
profiles ofUlva sp in the Kariega region (Allan et al., 2010). Tdwntribution of 20:4n-6 in
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mussel tissues in the Great Fish region in Marah &rly may indicate the macroalg&e
pristoides(21.6 £ 2.6 % TFA) ands. enterobium(20.0 + 1.9 % TFA) as important food
sources to the mussels (Allan et al., 2010).

The distinct intraspecific changes in famlirces for the barnacles recorded during the
current study correspond to the literature regardimnivory on phytoplankton, macroalgae,
bacteria and zooplankton (Achituv et al., 1997; l@ua, 2000; Hill & McQuaid, 2008). The
significant regional and temporal changes in tliy facid profiles of the barnacles concurred
with the regional and temporal hypotheses, as s (16:1n-7) and detritus16:0 and
17:0) were important in March, and the diatoms %8€8), flagellates (18:4n-3 and 22:6n-3)
and zooplankton sources (18:1n-9 and 20:1n-11)n&akeduring July in both regions
(Figures 2.16 and 2.19). Although mussels showméglimediate levels of omnivory, their
preference for autotrophic food was reflected bgirtincreased proportions of macroalgae
(18:1n-7 and 18:4n-4), and terrigenous (18:2n-6 EH18n-3) and detrital food sources (17:0
andi-18:0). Furthermore, the diatoms were more abunidamussel tissues in March in the
Kariega and Great Fish regions, and the dinoflated| copepod marker and detritus during
July in both regions. The temporal differencegha mussel fatty acid signatures did not
closely reflect the SPM, although large dependenceetritus supports the abundant BFAs
that were detected in mussels from both regiongpéfgix 2.1). However, the regional
hypothesis of distinct differences between the tegions was applicable in March when
elevated diatom markers were detected in the Kamagssels (Figure 2.14). Similarly, the
difference between sample times in polychaete faityds agreed with the temporal
hypothesis predicting distinct temporal variatias,the diatoms (16:1n-7 and 20:5n-3) were
consumed in March, and to a lesser extent flagallét8:4n-3 and 22:6n-3) and detritus (
15:0, 15:0, 17:0 and18:0) were important in July in both regions (Fg2.18; Appendices
2.6 and 2.7). For the degree of omnivory, the Itesior this study thus opposed the
hypothesis predicting no variation among the spgces barnacles appeared to show
increased omnivory compared to mussels and polyebaeMussels appeared to consume
food from animal and plant sources, while polychadtad greater contributions of fatty acid
markers from plant origins.

Some potential northersussouth intraspecific differences in fatty acid casition
among the suspension-feeders were observed, ared puaiably related to flow dynamics
down the coast creating a difference in food farstoners at a relatively small spatial scale
(Table 2.2; Figures 2.4, 2.14, 2.16, 2.17 and 2.18) determine what might be driving any

differences more specifically, follow up studiesllwieed to be conducted. The distinct
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north/south separation observed for all three ieates in the Kariega region in March,
while not in the Great Fish region, can probablylibked to the hydrology of the different
systems. The Great Fish Estuary is always fregmw@minated due to the inter-basin
transfer system from the Orange River (Bate etZ4lQ2), while the Kariega Estuary can
switch from net exporter to net importer of nutteennder conditions of upwelling (Grange
& Allanson, 1995). Mouth morphology and plume fation could be important contributing
factors influencing the outflow of river water afidod sources to consumers (Vorwerk,
2006). The morphology of the estuary mouth coully @ vital role in determining the
direction of water outflow, and seasonal change€dastal topography could occur and
influence the direction and magnitude of estuaouevelling. Additionally, the flow of river
water into the coastal water on the eastern shoteSouth Africa is influenced by the
Agulhas Current (Lutjeharms et al., 2000; PescBaR5).

The outflow of river water from the Karie@atuary, with reduced freshwater inputs,
does not form a large plume in the adjoining cdastders (Grange et al., 2000). This was
clearly shown along the marine shore near the iariEstuary, where estuarine-derived
carbon sources were only detected in the watersenimately adjacent to the estuary mouth
(Vorwerk, 2006). Water flowing out of the Kariegatuary is likely entrained by the water
flowing in a south-easterly direction, thereby umfhcing nutrient availability that could
otherwise have contributed to the food sourcesasthern populations. This pattern was
evident in the Kariega region during March in 20@8, dinoflagellates and detritus were
recorded in higher proportions at the sites sitha®uth of the estuary mouth. In contrast,
the Great Fish Estuary, with high freshwater inpatauses local turbulent mixing and the
formation of a large plume upstream and downstrednthe estuary mouth (Grange &
Allanson, 1995; Grange et al., 2000). The absefa@ny spatial patterns in the fatty acid
profiles is therefore not unexpected. It is wonthting that Vorwerk (2006) demonstrated
that POM and ch& derived from the Great Fish Estuary could be detkcip to 12 km
downstream (southwards) of the estuary mouth. {faesport of the estuarine-derived
carbon was probably largely due to the estuarinenpl being entrained in the southward-
flowing Agulhas Current. The results for my stutherefore opposed the hypothesis
predicting a higher dependence by southern population terrestrially-derived plant
material, since although there was a distinct thffiee in fatty acid signatures between
northern- and southern-located populations in thadga region in March, higher plants did

not appear to influence this separation.
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2.5 Summary

The fatty acid compositions of the suspam$eeders reflected that similar food sources
generally contributed to their diets in the Kariegad Great Fish regions during both
sampling times. However, both intra- and interesipee changes were noted in the fatty acid
profiles of the suspension-feeders. Small diffeesrelating to proportional contributions of
various fatty acid groups, like the seasonal imgean PUFAs relative to SFAs in the
barnacles and mussels, and the higher levels ofsBféfnpared to EFAs in the mussels and
polychaetes, indicated that as a trophic guild lhenacles, mussels and polychaetes still
consume similar food sources in the Kariega ancdaGfesh regions. All three suspension-
feeders clearly demonstrated herbivorous feediltigo@gh omnivory was more prevalent in
the barnacles, followed by the mussels based oin thederate to high omnivory ratios
(18:1n-9/18:1n-7). In general, diatoms, macroakyae detritus were food sources in March;
and flagellates, zooplankton, detritus, and diatobecxame important in July. The
interspecific similarities in fatty acid signaturnesthe suspension-feeders between March and
July largely mirrored the SPM. The most importésdd source in the diets of all three
suspension-feeders was phytoplankton. The diaf@ig-7 and 20:5n-3) and dinoflagellate
(22:6n-3) markers consistently influenced intragpecspatial patterns through time,
signifying the importance of phytoplankton assemgbta as food sources to suspension-
feeders. It appeared that levels of the diatonkeral6:1n-7 did not change in the consumer
tissues between regions or dates, but contributdbise diatom marker 20:5n-3 increased in
the consumers at both regions in July, possiblicatohg a species-shift in the phytoplankton
communities through time. Barnacles and musselsnhaderate and high contributions of
the diatom and dinoflagellate markers, respectjwelyereas the polychaetes showed greater
levels of diatoms. The high levels of BFAs relatito HPFAs in the tissues of the
suspension-feeders illustrated that SPM and magabaletritus contributed to consumer
diets. However, the Great Fish region is genereligracterised by large contributions of
terrestrial sources and the significant levels &FAs in the mussel tissues in both regions
suggested a reliance of this suspension-feedeigbrehplants.

Distinct spatial and temporal patterns weeorded for the SPM and three indigenous
suspension-feeders, indicating that regional fiand hydrology play a role in influencing
diets of rocky shore organisms. The results far study supported the regional hypothesis
for the barnacles in March and July and for the sulssin March, signifying that the

differences in freshwater inputs in the two systemfisience regional food sources for these
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suspension-feeders. A change in the contributiohgphytoplankton assemblages and
bacterial inputs between the two regions is likiblg main factor influencing barnacle and
mussel food source variation. No regional chamgéatty acid profiles were observed in the
polychaetes in March or July, which is reflectedthg consistent assimilation of diatoms as
major phytoplankton food. The hypothesis predgtiistinct temporal changes in fatty acid
composition as result of seasonal variation in feodrces, however, was supported by data
on all three suspension-feeders. This possibbteslto distinctions in metabolism and the
seasonal differences in river flows, phytoplankéemmunities and the subsequent variation
in available food. Specifically, detritus appeatedplay a major role in structuring north
versussouth communities in the Kariega region in March.

No evidence was found for increased utilisaof terrestrial sources (i.e. higher plants)
by southern-located populations in the Kariega @nelat Fish regions during March or July,
although mussels incorporated significant levelst@&figenous material in their diets.
Bacterial-derived sources, however, occurred irhdriglevels in the tissues of all three
suspension-feeders at the southern sites of theedéaregion in March. In addition, the
barnacles and mussels fatty acid profiles reflegietential differences in phytoplankton
consumption, whereby higher levels of diatoms weeorded at the northern sites, and
predominance to dinoflagellates at the southemssitMacroalgal detritus also played a role
in influencing southern-located populations in #eriega region during March. Although
the key hypothesis regarding increased utilisabbmiverine carbon (i.e. higher plant) by
southern populations was not supported, geogradpbation and date strongly influenced

fatty acid composition of the invertebrates.
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Appendix 2.1 Fatty acid compositions (% TFA) for the suspendadiculate matter (SPM) in the Kariega and Grash Fegions during austral March and
July 2009. Due to logistical constraints no repgkcsamples were collected per site (1 to 5). Valuesepresented by fatty acids at concentratidn%TFA
(present in at least one sampte= 5 per region or date). TFA, total fatty acid&AS saturated fatty acids; MUFA, monounsaturatdtly facids; PUFA,

polyunsaturated fatty acids; BAFA, bacterial faatyds; HPF, higher plant fatty acids; EFA, esséifditly acids (20:4n-6; 20:5n-3 and 22:6n-3).

March 2009 July 2009

Kariega Great Fish Kariega Great Fish
Fatty Acid 1 2 3 4 5 1 3 4 5 1 2 3 4 5 1 2 3 4 5
14:0 2.9 2.2 4.2 3.2 0.7 0.0 56 0.0 7.4 7.1 40 8 3. 59 45 5.0 2.7 45 3.8 2.4 0.0
i-15:0 1.4 0.0 0.0 1.1 0.7 0.0 0.0 0.0 0.0 0.0 00 .0 0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
15:0 4.3 2.2 4.2 4.2 15 0.0 0.0 0.0 3.7 3.6 40 8 3. 00 0.0 5.0 2.7 4.5 3.8 4.9 7.1
i-16:0 1.4 0.0 2.1 0.5 0.7 0.0 0.0 0.0 0.0 0.0 00 .0 0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
16:0 271 222 260 221 204 250 222 26.7 296213 280 269 235 273 300 27.0 227 269 171 314
i-17:0 0.0 0.0 1.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 00 .0 0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
17:0 2.9 4.4 2.1 4.2 1.5 0.0 00 6.7 3.7 0.0 40 8 3. 59 0.0 0.0 2.7 45 3.8 2.4 0.0
i-18:0 0.0 0.0 0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 00 .0 0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
18:0 7.1 8.9 10.4 5.8 6.6 125 111 133 111 10.78.0 7.7 11.8 9.1 10.0 8.1 9.1 115 7.3 7.1
20:0 0.0 2.2 0.0 0.0 0.7 6.3 00 00 0.0 0.0 00 0 0. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22:0 5.7 4.4 2.1 4.2 1.5 6.3 00 00 3.7 3.6 40 8 3. 59 45 5.0 2.7 45 3.8 4.9 7.1
24:0 29 2.2 7.3 11 15 0.0 56 0.0 0.0 0.0 40 0 0. 0.0 4.5 0.0 0.0 0.0 0.0 2.4 0.0
XSFAs 55.7 48.9 59.4 47.9 36.5 50.0 44.4 46.7 59.37.15 56.0 50.0 52.9 50.0 55.0 45.9 50.0 53.8 415 .7 35
16:1n-7 4.3 4.4 6.3 6.3 2.9 6.3 56 6.7 3.7 3.6 4.07.7 5.9 45 5.0 5.4 45 3.8 4.9 7.1
16:1n-5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
18:1n-9 7.1 200 21 26.3 270 0.0 56 6.7 3.7 71200 192 176 182 15.0 18.9 182 115 171 143
18:1n-7 143 00 20.8 0.0 0.0 188 222 200 259431 00 3.8 5.9 45 5.0 8.1 9.1 7.7 9.8 7.1
20:1n-11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0 0. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
20:1n-9 0.0 8.9 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 8.011.5 118 9.1 10.0 10.8 45 77 122 7.1
20:1n-7 5.7 6.7 8.3 5.8 10.2 6.3 56 6.7 0.0 71 0 4. 38 0.0 45 5.0 0.0 0.0 3.8 7.3 7.1
TIMUFAs 31.4 40.0 375 384 401 31.3 389 40.0 33321 360 462 412 409 40.0 43.2 36.4 346 51.2294
16:3n-4 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
18:2n-6 1.4 8.9 1.0 1.1 0.7 6.3 56 6.7 3.7 3.6 0.00.0 0.0 0.0 0.0 2.7 45 3.8 24 7.1
18:3n-3 0.0 0.0 0.0 0.0 15 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 2.7 4.5 3.8 2.4 7.1
18:4n-3 29 0.0 0.0 3.7 2.2 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 5.0 0.0 0.0 0.0 0.0 0.0
20:2n-6 43 0.0 1.0 6.8 14.6 6.3 56 6.7 7.4 71 0 0. 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
20:4n-6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
20:5n-3 1.4 2.2 1.0 1.1 15 0.0 0.0 00 0.0 0.0 4038 5.9 9.1 0.0 2.7 45 3.8 24 7.1
22:2 NMI 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22:2 NMI 2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
21:5n-3 0.0 0.0 0.0 0.0 0.7 6.3 56 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22:4n-6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22:5n-6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22:5n-3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.00.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22:6n-3 2.9 0.0 0.0 0.0 2.2 0.0 0.0 00 0.0 0.0 4.00.0 0.0 0.0 0.0 2.7 0.0 0.0 0.0 0.0
TPUFAs 129 111 31 13.7 234 188 167 133 111071 8.0 3.8 5.9 9.1 5.0 10.8 136 115 73 214
XBFAs 10.0 6.7 9.4 11.6 5.1 0.0 00 6.7 7.4 3.6 8.07.7 5.9 0.0 5.0 5.4 9.1 7.7 7.3 7.1
XHPFAs 1.4 8.9 1.0 11 2.2 6.3 56 6.7 3.7 3.6 00 00 00 0.0 0.0 5.4 9.1 7.7 49 14.3
YEFAs 4.3 2.2 1.0 1.1 3.6 0.0 00 0.0 0.0 0.0 80 8 3. 59 9.1 0.0 5.4 45 3.8 2.4 7.1
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Appendix 2.2 Fatty acid composition (% TFA) in barnacleefraclita serrata tissues at the Kariega and
Great Fish regions during March 2009. Values apeesented by means + standard deviation for dl fat
acids at concentrations >1 % TFA (present in astleme samplen = 3). TFA, total fatty acids; SFA,
saturated fatty acids; MUFA, monounsaturated fattyds; PUFA, polyunsaturated fatty acids; BAFA,
bacterial fatty acids; HPF, higher plant fatty a¢iEBFA, essential fatty acids (20:4n-6; 20:5n-3 2B6n-3).

Fatty Kariega Great Fish
Acid
Site 1 Site 2 Site 3 Site 4 Site 5 Site 1 Site2 teSi Site 4

14:0 49+20 55+0.7 3.1+1.0 4.7+0.6 30.% 1.6+0.3 1.2+0.8 58+28 57+1.8
i-15:0 0.4+0.0 0.3+0.2 0.2+0.1 0.3+0.0 008.6 1.2+04 0.7+0.2 0.9+0.3 0.6+0.2
15:0 0.6+0.1 0.7+0.1 0.7+0.2 0.6 £0.0 00.% 0.8+0.4 0.6+0.2 0.7+0.2 0.6+0.1
i-16:0 1.6 +0.6 1.2+04 1.2+05 1.1+04 00.3 1.4+0.0 1.7+0.3 1.1+04 1.1+0.2
16:0 21.7+14 208+18 142+1.1 165%+15 08609 126+16 151+38 227+19 20.3%3.
i-17:0 0.4+0.1 0.3+0.1 0.2+0.1 0.3+0.1 06.2 0.3+0.1 0.5+0.2 05+0.1 0.4+0.0
17:0 1.6+0.2 1.4+0.2 09+0.1 1.2+0.2 122 1.1+04 0.9+0.3 15+04 1.1+0.3
i-18:0 0.3+0.3 0.1+0.1 0.2+0.2 0.1+0.1 0.0.a 0.7+0.5 0.1+0.1 0.3+0.2 0.1+0.0
18:0 89+0.9 7.4+20 55+04 59+0.6 58.a 7.0+0.8 79+1.9 8.8+27 7.0+0.7
20:0 0.5+0.5 0.9+0.7 0.3+0.5 0.1+0.1 08.% 0.8+04 0.4+0.3 1.0+£0.7 0.5+0.2
22:0 0.7+0.2 0.8+0.4 0.8+0.2 0.6+0.1 08.% 0.7+0.3 0.7+0.2 0.8+0.6 0.5+0.1
24:0 0.4+0.4 0.5+0.2 0.3+0.1 0.3+0.3 08.% 0.4+0.1 0.4+0.1 0.2+0.1 0.2+0.2
XSFAs 37514 473+44 40.2+24 45825 54611 479+27 40.0+64 53.1+51 49.0%5.
16:1n-7 3.6+0.9 40+0.5 2.4+0.8 3.1+0.3 806 25+0.2 31+14 49+1.1 46+0.9
16:1n-5 0.1+0.1 0.0+0.1 0.0+0.0 0.2+0.1 HaA1 0.2+0.3 0.0+£0.0 0.3+0.0 0.1+0.2
18:1n-9 53+0.3 48+1.0 3.7+0.3 3.6+0.2 B®5 3.4+05 44+1.2 55+0.7 48+0.5
18:1n-7 45+0.7 3.6+0.9 3.4+0.3 3.6+0.7 #4D1 41+0.3 55+14 57129 44 +0.7
20:1n-11 0.0+0.0 0.2+0.2 0.0+0.0 0.0+0.0 0€80.0 0.0+0.0 0.0+0.0 0.0+0.0 0.1+0.1
20:1n-9 1.3+0.6 1.0+£0.2 0.8+0.1 0.8+0.2 HB1 15+0.4 1.7+0.4 1.4+0.1 1.1+0.1
20:1n-7 0.0+0.0 0.0+0.0 05+0.5 0.4+05 HRB3 1.0+0.6 0.3+x04 0.2+0.3 0.0+0.0
XMUFAs 13.2+0.7 158+26 157+17 17.3+0.884+26 203+23 20.0+3.8 21.3+35 19.251
16:3n-4 0.7+0.5 0.3+0.1 0.3+0.1 04+0.1 DBl 0.5+0.4 0.6+0.4 0.5+0.2 0.3+0.1
18:2n-6 1.1+0.0 1.0+0.0 09+0.2 1.0+04 401 0.8+0.1 0.8+0.1 0.9+0.1 0.8+0.1
18:3n-3 0.8+0.2 0.8+0.3 05+0.2 0.7+0.1 HBG:1 0.4+0.2 1.0+0.6 0.6+0.2 0.6+0.3
18:4n-3 1.4+05 1.2+0.1 1.0+04 1.4+0.2 D@2 0.7+0.9 1.2+04 0.7+0.6 0.9+0.1
20:2n-6 0.4+0.2 05+0.2 0.7+0.1 0.6+0.1 B2 1.4+0.7 0.8+0.3 0.5+0.2 0.5+0.2
20:4n-6 2.0+£0.2 1.6 +0.3 1.2+0.3 1.1+0.0 473 0.7+0.3 1.6+0.5 1.0+0.0 1.0+0.2
20:5n-3 140+04 103+03 115+22 93+1481%+1.1 6.2+3.0 10.3+1.7 6.7+x0.8 8.8+23

22.22NMI1 00+00 03+05 00+00 00+0.000+00 14+05 07+03 13+07 08+0.1
22.22NMI2 01+02 00+00 00+00 00+0.000+00 00+00 00+00 00+0.0 0.0=%0.0

21:5n-3 0704 0401 0.1+x0.1 02+0.2 HR2 02+0.1 05+0.2 03+0.1 03+0.1
22:4n-6 00+00 02+03 01zx01 00+00 HO1 06+0.5 0.7+0.2 1.2+0.8 1.2+04
22:5n-6 05+06 04+x05 01zx01 08+05 9Ha1 06+0.2 05+0.2 0.3+0.3 0.3+0.3
22:5n-3 0.8+0.3 0701 0.6+0.3 05+02 HB2 05+04 0701 0.7+0.4 0.5+0.0
22:6n-3 144+14 131+ 1.2 143+57 94+068.0+14 7.7+£4.0 10.8+0.8 7.0+0.8 8817
XPUFAs 493+24 369+31 442+81 36.8+23513+28 31.8+9.2 40.0+x49 256+17 31.823
XBFAs 45+12 48+0.38 54+04 5104 6.0.6 9.1+0.2 58+1.8 59+1.2 49+0.6
XHPFAs 1.7+0.1 22+03 20+0.3 25+05 282 19+0.3 2.7+0.7 1.7+0.2 19+0.3
XEFAs 436+19 30.1+18 37.6+80 286+x20 P¥25 212+73 300+x28 17.7+16 23624
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Appendix 2.3 Fatty acid composition (% TFA) in barnaclBefraclita serrata tissues in the Kariega and
Great Fish regions during July 2009. Values areessgnted by means + standard deviation for alf tatids

at concentrations >1 % TFA (present in at least samaple;n = 3). TFA, total fatty acids; SFA, saturated
fatty acids; MUFA, monounsaturated fatty acids; RUJpolyunsaturated fatty acids; BAFA, bacterialkyat
acids; HPF, higher plant fatty acids; EFA, esséfdidy acids (20:4n-6; 20:5n-3 and 22:6n-3).

Fatty Kariega Great Fish
Acid

Site 1 Site 2 Site 3 Site 4 Site 5 Site 1 Site2 te Si Site 4
14:0 1.7+0.5 1.9+0.0 26 +0.2 1.5+04 2l1a 21+1.2 1.3+0.7 1.0+0.1 1.7+1.0
i-15:0 0.2+0.0 0.1+0.1 0.2+0.0 0.1+0.0 0.0.a 0.2+0.1 0.0+0.0 0.0+0.1 0.1+0.0
15:.0 0.4+0.1 0.4+0.1 0.4+0.0 0.3+0.0 08.2 0.4+0.2 0.3+0.2 0.4+0.2 0.3+0.1
i-16:0 1.8+0.3 1.4+0.1 1.7+0.0 1.4+0.5 00.2 1.6 £0.3 1.7+05 1.6+0.2 1.4+05
16:0 136+25 127+12 152+1.1 12.0+03 806 134+39 119+43 10.7+x08 12.7&3.
17:0 1.3+0.4 1.2+0.1 1.1+0.1 1.0+0.2 102 1.0+£0.2 0.9+0.2 1.0+£0.1 0.9+0.1
i-18:0 0.2+0.2 0.3+0.3 0.0+0.0 09+0.1 00.2 0.7+0.5 0.7+0.6 1.1+£0.1 0.5+0.5
18:0 6.4+1.4 59+0.5 6.0+0.2 59+15 40.# 6.0+1.0 6.3+1.3 6.8+0.1 6.4+0.1
20:0 0.6 £0.0 0.6 £0.0 0.5+0.0 0.6+0.1 06.% 0.3+0.2 0.5+0.0 0.6+0.2 0.5+0.0
22:0 0.7+0.1 0.7+0.2 0.5+0.2 0.6 £0.0 129 0.6+0.1 0.8+0.1 0.8+0.2 0.7+0.2
XSFAs 348+52 378+15 40.1+12 35656 .03©2.2 333+7.0 349+76 335%x15 35024.
16:1n-7 1.8+0.3 1.6+0.2 1.8+0.2 1.2+0.2 434 1.8+0.6 1.1+05 1.3+0.5 1.6+0.5
18:1n-9 44+05 3.7+0.8 45+04 40+1.2 440 3.4+0.5 3.4+0.8 4.2+0.6 3.9+0.2
18:1n-7 43+0.6 42+04 40+0.3 43+1.2 8@9 3.9+0.2 46+1.1 51+0.1 45+0.3
20:1n-11 1.6 £0.6 1.4+0.3 1.3+0.2 1.9+0.7 0404 1.2+0.1 1.5+0.1 1.8+0.3 1.6 £0.3
20:1n-9 06+04 0.6 +0.3 0.8+0.2 1.3+0.3 405 0.6+04 0.7+0.5 1.1+0.3 0.7+0.3
20:1n-7 05+0.2 0.0+0.0 0.1+0.2 06+05 H®B3 0.4+0.0 0.7+0.3 0.4+0.2 0.3+0.2
XMUFAs 176+1.1 129+12 135+0.7 166+1654+20 158+1.2 18.1+2.7 185+0.8 16.930
18:2n-6 0.7+0.1 09+0.1 0.8+0.1 0.8+0.1 B2 0.6+0.1 0.5+0.1 0.6 £0.0 0.6+0.1
18:3n-3 05+0.1 0.6 +£0.0 0.6 +£0.0 0.4+0.2 OBl 0.5+0.1 0.4+0.1 0.4+0.1 0.4+0.0
18:4n-3 0.6+0.2 06+0.1 09+0.1 0.8+0.2 4 @6 0.7+0.3 0.4+0.3 0.4+0.1 0.6+0.3
20:4n-6 1.9+0.3 1.7+0.1 1.2+0.0 1.7+0.3 402 1.3+0.2 1.6 +0.3 2.0+0.1 1.4+0.2
20:5n-3 150+29 126+1.1 139+04 13.0+x49.0+x04 145+24 126+3.0 144+16 144%

2222NMI1 00+00 00+00 00+x00 00+0000%x00 00+x00 00%x00 00x00 ©0.0x0.0
2222NMI2 0.0+x00 00+x00 00+x00 00+0000+00 00+x00 00x00 00x00 0.0%0.0

21:5n-3 0401 0.1+x0.1 0.1+0.2 03+x0.2 $HB1 03+0.1 0.2+0.0 0.1+0.1 03+0.1
22:4n-6 0.2x0.1 00+x00 0.1=%0.2 0.2+0.1 HBS 02+0.1 0.1+0.1 0.0+0.0 0.1+0.0
22:5n-6 0.3+0.1 0.2x0.1 0.2x0.1 04+01 o1 0.3+0.2 03+0.1 03+0.1 02+0.1
22:5n-3 0401 06+0.1 04+00 0501 HG1 06+0.1 05+0.1 0.7+0.2 06+0.1
22:6n-3 16.2+34 15723 148+13 156+4721+x08 172+26 156+33 16.6x25 184G

XPUFAs 476+6.7 494+27 464+05 479%+9856+09 509+55 470+6.7 48.0+3.6 4842

XBFAs 48+09 48+05 52+0.3 58+0.9 5.0.2 55+14 48+15 57+0.3 4.2+0.6
XHPFAs 1.4+0.2 2001 21+01 1.8+0.3 202 15+0.1 1.2+0.2 1.3+0.1 1.3+0.1
XEFAs 43.3+6.7 454+28 419+11 429+90.1 73809 464+50 433+66 449+36 443%6.
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Appendix 2.4 Fatty acid composition (% TFA) in muss&lefna perna tissues in the Kariega and Great
Fish regions during March 2009. Values are repteseby means + standard deviation for all fattydaait
concentrations >1 % TFA (present in at least omepéa n = 3). Due to rapid tidal shift no mussels were
collected at Site 1 for the Great Fish Estuary. TEAal fatty acids; SFA, saturated fatty acids; FWA)
monounsaturated fatty acids; PUFA, polyunsaturéaétgt acids; BAFA, bacterial fatty acids; HPF, hegh
plant fatty acids; EFA, essential fatty acids (2064 20:5n-3 and 22:6n-3).

Fatty Kariega Great Fish
Acid

Site 1 Site 2 Site 3 Site 4 Site 1 Site 2 Site 3 te &i
14:0 3.3+26 6.0+1.3 45+20 29+1.8 - 207 3.1+1.9 48 +0.8
i-15:0 0.0+0.1 0.3+0.1 0.3+0.2 0.0+0.1 - $4.2 1.0+0.1 0.4+0.2
15:0 0.7+0.3 0.9+0.1 0.7+0.1 0.7+0.1 - 10.1 1.4+05 1.3+0.3
i-16:0 0.0+£0.0 0.3+0.1 0.3+0.1 0.7+0.1 - $4a1 0.3+0.2 0.4+0.1
16:0 199+47 209+1.7 17.5+2.8 176+1.3 - 17.3+2.0 18.8+4.5 17.8+0.8
i-17:0 0.7+0.2 0.9+0.1 0.7+0.2 0.7+0.1 - 10.3 0.7+0.2 0.9+0.2
17:0 1.3+0.1 1.3+0.1 1.4+0.0 1.5+0.3 - 103 1.7+0.2 2.2+0.4
i-18:0 3.3+0.8 7.0+0.6 10.1+1.7 9.6+1.2 - 8121.9 10.8+4.2 11.7+09
18:0 46+04 47 +0.2 5.2+0.0 51+04 - $184 59+0.8 6.1+0.5
20:0 0.0+0.0 0.0+0.0 0.0+0.1 0.0+0.0 - 162 1.0+£0.7 0.0+0.1
22:0 0.7+0.1 0.3+0.1 0.7+0.3 0.7+0.2 - 105 0.3+0.2 0.4+0.1
24:0 0.0+0.1 0.3+0.1 0.3+0.3 0.0+0.1 - a1 0.0+0.1 0.0+0.0
YSFAs 34.4+39 43.0+24 42.0+2.9 39.7+25 - 47.0+4.4 441 +11.1 46.1+2.2
16:1n-7 9.3+2.0 9.2+1.6 49+26 51+1.3 - .080.8 42+26 43+1.0
16:1n-5 0.7+0.0 0.2+0.2 1.0+0.2 0.7+0.2 - 140.1 1.0+0.2 1.3+0.3
18:1n-9 2.0+£0.2 2.2+0.3 1.4+0.3 1.5+0.2 - 140.2 1.4+04 1.3+0.2
18:1n-7 3.3+04 3.2+0.8 1.7+0.4 2.2+0.7 - 3204 24+0.9 2.2+0.4
20:1n-11 26+1.0 0.9+0.2 1.0+0.2 0.7+0.1 - 0.0+£0.0 0.0+£0.0 1.3+0.2
20:1n-9 1.3+0.4 1.9+0.3 24+0.3 2.2+0.6 - 620.2 28+1.3 2.6+0.3
20:1n-7 1.3+1.1 1.9+04 42+1.2 3.7+x1.0 - .880.9 49+28 35+04
XMUFAs 205+1.6 199+1.3 16.8+1.6 16.2+1.7 - 13.9+0.9 16.7+2.1 16.5+1.2
16:3n-4 0.7+0.1 0.6+0.1 0.7+0.2 0.7+0.1 - 140.2 1.0+0.3 0.9+0.2
18:2n-6 2.0+0.3 1.6+0.1 1.7+0.0 2.2+0.1 - 320.6 24+05 2.2+0.6
18:3n-3 1.3+0.2 0.9+0.0 1.0+0.2 1.5+0.1 - 1415 2.4+0.8 1.3+05
18:4n-3 2.6 +0.9 1.6+0.1 1.0+0.7 1.5+0.1 - .86€0.3 1.0+0.3 0.9+0.6
20:2n-6 0.7+0.1 0.6+0.2 0.7+0.4 0.7+0.1 - .86€0.3 0.3+0.4 04+04
20:4n-6 40+0.8 3.5+0.7 4.2+0.7 44+05 - 6504 45+0.9 52+0.1
20:5n-3 146+1.7 11.7+0.9 9.1+2.2 96+1.6 - 75+1.4 7.3+1.7 83+1.4
2222NMI1 0.7+£0.5 0.6+0.2 1.4+05 1.5+05 - 1.5+0.2 1.7+0.9 1.3+0.2
2222NMI2 26+1.5 25+0.8 3.8+1.1 3.7+0.9 - 41+0.7 42+2.2 35+0.4
21:5n-3 1.3+0.2 0.9+0.3 1.7+0.6 1.5+0.2 - 1404 1.4+0.4 0.9+0.2
22:4n-6 1.3+0.4 0.9+0.3 1.7+0.5 1.5+0.2 - 5404 1.4+0.6 1.3+£0.1
22:5n-6 0.7+0.2 0.9+0.2 1.0+0.2 1.5+0.2 - .8€8€0.0 0.7+0.3 1.3+05
22:5n-3 1.3+0.6 1.6 £0.3 1.7+0.2 2.2+0.2 - 9409 27109 2.2+0.3
22:6n-3 11.3+2.1 89+20 11.2+2.0 11.8+2.4 - 9.0+1.3 8.7+4.2 78+1.2
XPUFAs 45.0+4.2 37.0+5.7 41.3+35 44.1+49 - 39.1+5.1 39.2+8.3 37.4+28
XBFAs 6.0+0.7 10.8+0.4 13.6+1.5 13.2+1.4 - 7.71+2.7 149+54 170+1.7
XHPFAs 3.3+0.5 25+0.1 2.8+0.3 3.7+£0.1 - 321 49+1.3 35+1.1
XEFAs 29.8+2.1 24.1+3.6 245+2.1 25.7+3.8 - 22.2+1.7 205+5.3 21.3+29
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Appendix 2.5 Fatty acid composition (% TFA) in mussélefna perna in the Kariega and Great Fish
regions during July 2009. Values are representednbgns + standard deviation for all fatty acids at
concentrations >1 % TFA (present in at least omepda; n = 3). TFA, total fatty acids; SFA, saturated fatty
acids; MUFA, monounsaturated fatty acids; PUFAypokaturated fatty acids; BAFA, bacterial fattydsci
HPF, higher plant fatty acids; EFA, essential faityds (20:4n-6; 20:5n-3 and 22:6n-3).

Fatty Kariega Great Fish
Acid

Site 1 Site 2 Site 3 Site 4 Site 1 Site 2 Site 3 te &i
14:0 3.7+£0.8 1.8+0.3 42+16 22+1.0 21.a 32+13 49+0.9 3.6+1.7
i-15:0 0.0+£0.0 0.0+£0.0 0.0+£0.0 0.0+£0.0 00.% 0.0+£0.1 0.0+£0.1 0.0+£0.1
15:0 0.7+£0.3 0.9+0.1 1.2+0.1 1.1+0.3 06.%& 0.8+0.2 1.6+0.3 0.9+£0.2
i-16:0 0.0+£0.0 0.0+£0.1 0.6+0.1 0.0+£0.1 02.% 0.0+0.0 0.0+£0.1 0.0+£0.1
16:0 15.6+2.0 14.2+2.0 174+1.6 15.6+3.0 .7#2.0 15.2+3.1 23.0+£7.2 18.0+3.5
17:0 1.5+0.1 1.8+0.2 1.8+0.4 22+04 00.%& 16+0.1 16+05 1.8+0.4
i-18:0 9.6 +0.3 9.7+£0.3 7.8+2.0 10.0+ 3.4 5322 11.2+2.0 74+£22 6.3+1.1
18:0 44+05 44+0.2 4.2+0.3 56+1.0 368.3 48+0.1 49+0.3 54+04
20:0 1.5+0.1 1.8+0.2 1.2+05 22+0.5 00.% 1.6+£04 0.8+0.3 0.9+0.3
22:0 0.7+0.3 0.9+0.2 0.6+0.1 0.0+0.1 008.a 0.8+0.1 0.0+0.2 09+04
XSFAs 37.8+27 354+23 38.9+15 38.9+95 .3383.6 39.2+29 443+115 37.8%x7.0
16:1n-7 44+1.2 1.8+0.4 54124 2.2+0.6 8588 32118 8.2+3.6 45+14
18:1n-9 3.0+0.2 2.7%+0.9 2.4+0.6 33x14 A®B7 1.6 £0.6 85+0.9 1.8+1.0
18:1n-7 22+1.0 2.7+0.6 1.8+1.0 1.1+04 203 1.6+0.3 3.3+£0.3 2.7+0.6
20:1n-11 22104 27204 24+0.0 22+09 540.2 24+0.2 25+1.0 1.8+0.0
20:1n-9 1.5+0.2 1.8+0.7 0.6+£0.2 1.1+0.7 D@3 0.8+0.2 0.8+0.2 0.9+£0.8
20:1n-7 3.0£05 53+£1.0 26+14 44+1.1 209 48+04 33x11 45+1.3
XMUFAs 16.3+2.3 16.8+2.4 16.2+2.3 144+33 83+1.8 144+2.1 205+24 16.2+3.0
18:2n-6 22+0.2 1.8+0.2 1.8+0.2 2.2+0.2 403 1.6 £0.3 1.6 £0.3 1.8+0.2
18:3n-3 1.5+£0.2 1.8+£0.4 1.2+0.2 1.1+£0.1 D@2 1.6+0.4 1.6+0.2 09+0.1
18:4n-3 15+04 0.9+0.2 1.8+1.0 1.1+£0.2 405 1.6 £0.7 1.6+0.4 1.8+05
20:4n-6 52+0.2 53%+0.3 48+1.0 56+0.7 268 48+0.5 33%x14 45+0.9
20:5n-3 104 +2.1 88+1.0 10.2+3.9 6.7+x1.1 4627 88+1.8 8.2+15 9.0+1.9

2222NMI1 3.7+0.2 44+0.0 1.2+0.3 22+03 09+0.2 1.6+0.3 0.8+0.5 1.8+0.2
2222NMI2 3.7+0.3 44+0.2 3.0+£0.6 56+03 3.0+0.3 56+04 25+1.2 3.6+0.8

21:5n-3 15+01 1.8+01 1.8+0.0 22+0.1 @1 1.6+0.2 0.8+0.6 1.8+£0.2
22:4n-6 15+0.2 1.8+£01 1.2+0.3 22+0.1 42 16+0.4 1.6+0.7 1.8+£0.2
22:5n-6 0.7+0.0 09+0.1 1.2+0.1 1.1+03 903 1.6+0.2 16+12 09+0.1
22:5n-3 15+01 2702 1.8+0.1 22+0.2 41®3 24+03 1.6+0.9 2705
22:6n-3 126+1.0 13.3+14 15.0+1.8 144+£2285+1.0 13.6 £0.7 9.8+4.7 153+3.1
XPUFAs 459+43 47.8+2.8 449+42 46.7 £3.3 3.3%4+3.3 46.4+25 352+116 459+6.8
XBFAs 11.9+0.1 124 +0.1 11422 13.3+04 .86€623 13.6+1.8 10.7+3.3 9.0+1.6
XHPFAs 3.7+0.3 3.5+£05 3.0£0.3 3.3+x05 3.85 3.2+0.6 3.3x05 2704
XEFAs 28.1+3.2 274+24 299+44 26.7+3.7 .8b3.7 27219 21.3+£7.6 28.8+5.6
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Appendix 2.6 Fatty acid composition (% TFA) in polychaet@unnarea capensjisn the Kariega and Great
Fish regions during March 2009. Values are repteseby means + standard deviation for all fattydaait
concentrations >1 % TFA (present in at least omepda; n = 3). TFA, total fatty acids; SFA, saturated fatty
acids; MUFA, monounsaturated fatty acids; PUFAypokaturated fatty acids; BAFA, bacterial fattydsgi
HPF, higher plant fatty acids; EFA, essential faityds (20:4n-6; 20:5n-3 and 22:6n-3).

Fatty Kariega Great Fish
Acid

Site 1 Site 2 Site 3 Site 4 Site 1 Site 2 Site 3 te &i
14:0 7.0+1.7 53+1.8 9.7+05 8.6 +3.0 T4.F 7.2+0.9 72+2.6 76+1.2
i-15:0 1.3+0.3 1.5+0.5 1.6+0.2 1.1+0.7 143 19+0.1 15+04 21+04
15:0 1.3+0.2 1.5+0.5 1.5+0.2 1.1+0.2 14.3 1.5+0.3 0.9+£0.6 1.0+0.7
i-16:0 0.7+£0.1 0.8+0.5 1.0+0.2 0.8+0.3 08.3 1.0+0.2 0.8+0.2 0.6+0.3
16:0 15.3+0.7 145+2.1 17.0+1.6 16.5+2.0 .6m1.5 16.0+0.5 14.2+2.6 15.1+2.0
i-17:0 0.9+0.1 0.8+0.2 1.0+0.1 09+0.1 00.% 1.2+0.1 09+£0.1 1.1+0.1
17:0 0.9+£0.2 0.8+0.1 1.0+0.1 0.9+£0.3 184 1.0+0.1 09+0.1 1.1+0.2
i-18:0 6.7+£1.0 6.9+2.0 7.6 £0.5 7.4 +1.3 6.8.4 6.4+1.6 6.4+1.5 48+1.9
18:0 5804 6.9+0.3 6.0+x0.4 57+1.0 6.0.& 6.6 £0.5 6.3+04 6.6+1.0
20:0 0.1+£0.0 0.0+0.2 0.6 +0.0 0.6 +0.0 06.4 0.4+0.3 0.2+0.0 0.2+0.1
22:0 0.4+0.1 0.0+0.0 0.2+04 0.3+x04 008.4 0.1+0.2 0.2+0.3 0.2+0.2
24:0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0.a 0.0+0.0 0.0+0.0 0.2+0.2
XSFAs 40.4 £ 3.3 38.9+8.0 47.2+1.6 43.9+2.4 2427.6 43.4+1.8 39.6 +6.9 405+4.7
16:1n-7 29107 2.3+0.3 34+03 3.3+x1.2 20.1 2.7+£0.3 2.1+05 26+04
16:1n-5 0.9+0.3 0.8+0.1 0.6+£0.2 0.6+0.3 D@0 0.9+£0.2 0.8+04 1.0+0.2
18:1n-9 20+£0.7 0.8+0.1 1.6+0.5 21+1.0 4 ®6 2.8+0.8 1.3+0.1 1.4+0.1
18:1n-7 52+0.6 46+0.1 4.9+0.7 54+13 #47.3 51+£0.2 53+£0.8 51+04
20:1n-11 55+£0.7 6.1+£1.0 49+04 48+0.2 2505 50+£04 57+x1.1 5.3+£0.3
20:1n-9 1.7+£0.4 1.5+£0.3 1.3+0.1 1.2+0.2 A®B2 1.5+0.1 1.7+0.3 1.8+0.1
20:1n-7 0.7+0.0 0.8+0.2 0.8+0.2 0.8+0.5 HR2 0.6+0.1 0.4+0.0 0.6 +0.3
XMUFAs 19.0+x24 16.8 0.7 175+1.1 18.3+28 6.9+1.3 18.8+1.5 17.2+0.5 17.8+0.7
16:3n-4 0.9+0.2 0.8+04 1.1+£0.1 0.9+0.3 D@2 1.0+£0.2 0.9+0.2 0.8+0.2
18:2n-6 1.0+£0.1 0.8+0.3 0.8+0.1 0.9+0.0 H@0 0.9+0.0 09+0.1 1.1+£0.3
18:3n-3 0.7+0.1 0.8+0.2 0.5+0.1 0.6+0.1 B3 0.5+0.1 0.4+0.1 0.6+0.2
18:4n-3 0.3+04 0.0+£0.0 0.2+£0.0 0.2+£0.1 HO0 0.0+£0.0 0.0+£0.0 0.3+£0.3
20:2n-6 0.9+£0.2 0.8+0.1 1.0+0.5 0.8+0.2 D02 0.9+£0.3 0.8+0.1 0.6+0.1
20:4n-6 3.3+05 3.8+0.3 2.8+£0.0 3.0+£0.7 B®6 35+£0.3 3.6+£0.6 35+£0.3
20:5n-3 17.2+15 18.3+2.6 151+04 17.4+0.318.1+£2.0 17.2+1.0 19.3+1.4 185+1.6

2222NMI1 2204 23+0.8 1.8+£0.1 1.8+£03 1.7+£0.6 15+0.1 21+0.6 19+05
2222NMI2 3.5%0.2 3.8+15 3.1+£0.2 2705 33=x12 3.1+0.0 3.6+0.9 3.2+0.9

21:5n-3 0.6 +0.0 0.8+0.1 0.6+0.2 0.5+£0.1 961 0.4+0.0 0401 05+0.1
22:4n-6 3.5+£0.7 46+13 26+0.2 2907 8581 3.2+x01 40%1.1 3.2+0.9
22:5n-6 04+0.1 0.8+0.1 0.6+0.7 0.5+£0.3 B2 0.6+0.3 0.4+0.2 05+0.1
22:5n-3 3.8+x04 46+15 3.1+£01 3.2+x05 8581 3.1+£0.2 42+1.0 4010
22:6n-3 23+0.2 23+0.6 21+04 26+03 P26 1.8+0.1 27x05 24+0.6
XPUFAs 40.6 £3.3 443 +6.4 353+x11 37.8+£29 0.%+53 37.8+05 43.2+52 41.6+4.0
XBFAs 11.8+1.7 12.2+3.9 13.6 £0.7 121+22 41238 131+1.4 11.6+25 10.8+2.7
XHPFAs 1.7+£0.2 15+0.3 1.3+£0.1 15+01 1.6.3 14+£01 1.3+0.2 1.8+04
XEFAs 22.8+22 24.4+£33 19.9+£0.6 23.0+0.8 @829 225+14 25625 244+21
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Appendix 2.7 Fatty acid composition (% TFA) in polychaet@unnarea capensjisn the Kariega and Great
Fish regions during July 2009. Values are represkbly means + standard deviation for all fatty satl
concentrations >1 % TFA (present in at least omepda; n = 3). TFA, total fatty acids; SFA, saturated fatty
acids; MUFA, monounsaturated fatty acids; PUFAypokaturated fatty acids; BAFA, bacterial fattydsci
HPF, higher plant fatty acids; EFA, essential faityds (20:4n-6; 20:5n-3 and 22:6n-3).

Fatty Kariega Great Fish
Acid

Site 1 Site 2 Site 3 Site 4 Site 1 Site 2 Site 3 te &i
14:0 57+0.8 57+0.8 53%+1.3 6.1+0.4 706.9 46+05 6.6+1.3 6.4+0.5
i-15:0 1.1+0.7 1.4+0.1 1.5+04 1.7+0.2 16.2 1.5+0.3 1.8+0.2 19+0.1
15:0 1.1+0.1 1.4+0.1 1.1+0.2 1.2+05 12% 1.0+0.2 1.2+0.2 1.3+0.1
i-16:0 0.8+0.2 1.0+0.3 0.8+0.1 0.9+£0.2 08.% 1.0+0.0 0.6+£0.2 05+£0.1
16:0 13.8+0.7 148+1.8 144+1.8 152+1.1 .11625 134+15 156+1.0 16.8+0.9
17:0 1.1+0.0 1.0+0.1 1.1+0.1 1.2+0.1 12% 1.0+0.0 0.9+£0.0 1.1+0.0
i-18:0 54+18 6.7+05 65+14 7.3+19 6.1.6 72+1.2 42+15 48+1.0
18:0 54+0.3 57+09 57+0.8 58+04 56.% 57+0.3 4.2+0.0 53+0.5
20:0 0.0+0.0 0.0+0.1 0.0+0.1 0.0+0.0 04.%x 0.5+0.2 0.3+0.2 0.3+0.1
22:0 0.4+0.2 0.0+0.2 0.4+0.0 0.6+0.1 00.2 0.0+0.3 0.3+0.3 0.3+0.3
XSFAs 349+3.6 37.8+4.4 36.9+27 39.9+23 .9402.5 36.1+16 35.7%x3.7 38.8+04
16:1n-7 3.1+04 29+0.3 2.7%0.6 29+0.3 839 2605 3.9+0.2 35204
18:1n-9 1.9+£0.1 19+£04 1.9+£0.2 2.0+0.2 4®1 1.5+0.2 1.5+£0.0 1.6 £0.3
18:1n-7 46 +0.3 48+05 42+04 4.4+0.3 #47.3 4.1+0.7 48+0.3 45+0.7
20:1n-11 54+0.6 43+1.1 49+0.7 50+£0.3 340.0 46+0.2 48+04 45+05
20:1n-9 1.9+0.2 1.9+0.3 19+04 1.7+04 201 2.1+£0.3 2.1+0.2 1.9+0.2
20:1n-7 0.4+£0.1 1.0+0.7 0.4+£0.1 0.6 £0.0 D@1 1.0+0.1 0.6+0.1 05+£0.1
XMUFAs 172+ 1.7 16.7+0.9 16.0+0.5 16.6+0.2 6.9+3.0 16.0+16 17.7+£05 16.6+1.4
18:2n-6 1.1+£0.2 1.0+£0.0 1.1+£0.2 1.2+0.1 421 1.0+£0.2 1.2+£0.2 1.3+0.3
18:3n-3 0.8+0.1 05+0.1 0.8+0.1 0.9+0.0 HR1 0.5+0.0 09+0.1 0.8+0.1
18:4n-3 04+0.1 0.0+0.0 04+0.1 0.3+0.1 HD1 0.5+0.3 0.3+0.2 0.3+0.1
20:4n-6 3.8+0.3 57%+0.8 46+0.9 35+0.2 802 41+0.2 3.9+0.2 3.7+0.2
20:5n-3 20.7+2.2 19.1+09 21.7+1.6 21.6+17 209+0.4 21.1+05 22.2+0.8 209+1.6
2222NMI1 1.9+0.0 1.9+£0.3 1.9+0.3 1.7+02 16+0.1 2.1+0.2 1.5+£0.2 1.6+0.1
22:2NMI2 3.8+£0.3 3.3+£0.8 3.8+04 29+0.1 3.1+0.1 3.6+0.1 3.3+£0.6 29+0.3
21:5n-3 1.1+04 1.0+0.3 0.4+£0.1 0.6 £0.0 DAl 1.0+0.3 0.9+£05 05+£0.1
22:4n-6 42+0.9 48+15 42+0.8 29+0.3 802 46+0.2 3.3+05 3.7+£0.6
22:5n-6 15+1.2 1.0+04 0.8+0.3 0.6+0.1 DAl 05+£0.1 0.6 +£0.2 05+£0.1
22:5n-3 46+0.8 3.8+£0.3 3.8+£05 38+x1.1 B8@2 46+0.1 36+04 4.0£0.1
22:6n-3 3.8+1.0 3.3+£1.0 3.8+£0.2 35+£0.6 B8GB2 4.1+0.3 488+1.0 43+0.1
YPUFAs 479+4.7 455+ 2.8 47.1+3.2 43.4+3.7 2.14+0.6 479+15 46535 44.7+2.0
YBFAs 9626 11.5+1.3 11.0+x1.7 122+1.7 441.0 11.9+08 8.7+1.8 9.6+1.0
XHPFAs 1.9+£0.3 1.4+£0.1 19+04 2.0+0.1 2.0.2 1.5+£0.1 2.1+0.3 2.1+0.2
YEFASs 28.4+3.4 28.2+1.3 30.0+ 16 28.6+2.2 &@%0.5 29.4+05 309%1.5 289+14
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Appendix 2.8 Multivariate ANOVA results (with PC-1 and PC-2 ses data as dependent, and region or date as imdimevariables) indicating temporal
and regional differences in fatty acid signaturéshoee indigenous suspension-feeding organismenélcte Tetraclita serrata musselPerna perna and
polychaeteGunnarea capensisUnivariateF-test results for PC-1 and -2 scores and percem@aggeibution of PC-1 and -2 axes (%) to the vazenbserved
within the data were given. Data represent qudiviitalata (g fatty acid nfgdry mass). Levene's test for homogeneity was cotedlto verify the validity of
each model. K, Kariega; GF, Great Fish; Mar, Madth; July; ns, not significant.

Species Season Region ANOVA Levene's Test PCA
df F-ratio P Statistic P PC-2 (%)

Quantitative results

Tetraclita serrata Mar Kx GF 8 14.590 <0.001 0.841 ns 58
Jul K x GF 8 4.678 <0.01 3.765 ns 61
Mar x Jul K 9 7.735 <0.001 3.772 ns 81
Mar x Jul GF 7 12.983 <0.001 3.743 ns 65

Perna perna Mar Kx GF 6 1.885 ns 2.541 ns 65
Jul K x GF 7 5.697 <0.01 3.056 ns 50
Mar x Jul K 7 8.682 <0.001 2.813 ns 70
Mar x Jul GF 6 20.903 <0.001 6.032 ns 66

Gunnarea capensis Mar K x GF 7 10.014 <0.001 6.617 ns 80
Jul K x GF 7 5.694 <0.01 3.220 ns 70
Mar x Jul K 7 12.597 <0.001 5.387 ns 85
Mar x Jul GF 7 33.834 <0.001 2.084 ns 80

Quantitative results

Tetraclita serrata  Mar K x GF 7 6.363 <0.01 0.841 ns 13
Jul K x GF 8 3.644 <0.05 3.765 ns 11
Mar x Jul K 8 7.735 <0.001 3.772 ns 4
Mar x Jul GF 7 8.766 <0.001 3.743 ns 12

Perna perna Mar K x GF 6 4,531 <0.01 2.541 ns 22
Jul K x GF 7 9.040 <0.001 3.056 ns 14
Mar x Jul K 7 5.822 <0.01 2.813 ns 14
Mar x Jul GF 6 3.168 <0.05 6.032 ns 10

Gunnarea capensis Mar K x GF 7 1.271 ns 6.617 ns 6
Jul K x GF 7 0.436 ns 3.220 ns 11
Mar x Jul K 7 8.719 <0.001 5.387 ns 5
Mar x Jul GF 7 6.487 <0.01 2.084 ns 5
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CHAPTER 3

REGIONAL AND TEMPORAL CHANGES IN &%C AND N
SIGNATURES IN THREE INDIGENOUS ROCKY SHORE
SUSPENSION-FEEDERS

3.1 Introduction

Stable carbon and nitrogen isotopes haveessfully been employed to study estuarine
and marine trophic ecology (Jennings et al., 1%éra & Richard, 1996; Hill et al., 2006;
Dubois et al., 2007). Stable isotopes are an itapbtool to assess the contributions of food
in the diets of consumers by identifying the degrbdependency on certain food sources by
consumers (Riera et al., 2009). Stable isotopéysisaof estuarine and marine fauna have
been widely applied in South Africa (Bustamante &aiikch, 1996; Paterson & Whitfield,
1997; Froneman, 2000; 2001; 2002; Richoux & Frongn2®07; Henninger et al., 2009),
however, less attention has been given to troghitiess of rocky shore invertebrates (Hill et
al., 2006; Hill & McQuaid, 2008; Allan et al., 2010

Some studies have used stable isotope aamdty examine the influence of freshwater
inputs on the biology and food webs in southernicafi estuaries (i.e. ichthyofaunal and
plankton assemblages; Jerling & Wooldridge, 199%5i&her & Wooldridge, 1996; Paterson
& Whitfield, 1997; Froneman, 2001; Richoux & Fronam) 2007). Little is known about the
role of estuaries as suppliers of food for neamshoarine suspension-feeders. In South
Africa, Vorwerk (2006) examined the effects of hgldgical variation in two contrasting
estuaries (i.e. Kariega and Great Fish Estuariasjhe contributions of estuarine-derived
carbon to the nearshore marine organisms. Stalolwpge data revealed that estuarine
productivity contributed to the food of zooplankt@ire. the copepod€alanus agulhensis
and Clausocalanus spand the mysidRhopalophthalmus terranata)i®nd two suspension-
feeders (i.e. unidentified sponges and the tuniBgtea stolonifera in the adjacent marine
environment in both regions (Vorwerk, 2006). Thespension-feeders from the adjoining
marine environment adjacent to the freshwater-thiKariega Estuary reflectéd®C values
(-17.9 to -16.7 %o) similar to the particulate orgadetritus from the salt marshes and
macrophytes (i.eSpartina maritimaandZostera capensjs16.9 %.) from the lower reaches
of the estuary (Vorwerk, 2006). In contrast, ttetipulate organic matter (POM) in the

Great Fish Estuary adjoining marine environment uwalstinguishable between sources
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from estuarine or oceanic origin (-20.2 to -18.25. %d he large riverine outflow to the

marine environment was therefore responsible fomtaming a mixture of POM carbon

sources between the estuary and coastal habitats tfp2 km southwards from the Great
Fish Estuary mouth (Vorwerk, 2006).

Hydrodynamic factors are important in stming the spatial patterns §°C and§*°N
signatures in suspension-feeders on rocky shospecelly as the distance between food and
consumer may be influenced by river hydrology, talawater currents and wave exposure
(Machas et al., 2003; Vizzini & Mazzola, 2006; Sahet al., 2009). A study conducted in
Northern Brittany assessed the contribution of kelpminaria digitata as a potential food
source in two rocky shore areas with contrastingenexposure (Schaal et al., 2009). As the
northeast Atlantic Ocean is characterised by distahytoplankton-dominated POM*C:

-23 %o; Grall et al., 2006), the contribution of peletritus as food source to filter-feeders
was hypothesised to be limited. These authorsrdedothat the suspension-feeders in the
region with high wave exposure had more depleteatojsc signatures and lower
contributions of kelp organic matter (22-71 %) thlaose in the inner bay area with low wave
exposure (31-90 %; Schaal et al., 2009). In anlditthe suspension-feeders from the inner
bay had enriched*C ands™N signatures compared to the wave-exposed regibe. higher
accessibility of kelp detritus to inner bay orgamsswas explained by the decreased wave
action and increased water retention in the baychvhilowed significant kelp degradation.
In the exposed bay, increased export of kelp natdrom the wave-exposed region
contributed to reduced retention times, so loweriaglegradation time and availability and
thus contributing to the reduced input of organiatter derived from kelp to the diets of
suspension-feeders (Schaal et al., 2009). Viz&inMazzola (2006) also identified the
importance of hydrodynamics in influencing the sgatariability in organic matter food
sources to the diets of invertebrates in a shatloastal basin, Stagnone di Marsala, along the
southern coast of Italy. The consumers from thetrak basin with low hydrodynamic
dispersion had enrichedf*C and depleted'N values compared to the southern region
which experienced vast water exchange. The disipatial and temporal changes in the
isotopic signatures in the consumers were thusaltref the hydrodynamic regimes in the
two regions which affected the distribution andnsfer of organic matter (Vizzini &
Mazzola, 2006).

In addition to spatial questions involviagtuarine contributions to coastal systems, a
second aspect of ecological interest is the paktggimporal variation of these contributions.

For example, a study examining the flux of parae$ within the CTZ of the Swartkops
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Estuary (a well-mixed permanently open system)h@ Eastern Cape Province of South
Africa identified a small-scale tidal influence @uspended particulate matter (SPM)
concentrations (Baird et al., 1987). Baird et (@987) reported the amount of total
suspended particulates outwelled annually fronestaary was equivalent to 5306 tonnes, of
which particulate organic carbon comprised ~31 %hef total estuarine production, and
consisted mainly of salt marsh detritus and indettiinvertebrate faecal material. The
majority of the total suspended particulate expaas recorded during summer and autumn
when the frequency and quantity of net export ssged that of net import (Baird et al.,
1987). The extensive export of particulates from éstuary was directly related to increased
freshwater outflow during monthly ebb-spring tid@gaird et al., 1987). Similarly, the
seasonal changes in carbon and nitrogen signaturiesertidal musselsRerna pernaand
Mytilus galloprovinciali3 and their potential food sources (offshore andrsi@re SPM,;
macroalgae) were examined along the coast of Séfuiba from Namibia to Mozambique
(Hill et al., 2006). Although the isotopic signeda for the macroalgae and mussels showed
large seasonal variations with no consistent trerfidar biogeographic regions were
identified (Hill et al., 2006). The nearshore SBNC values became enriched from the east
coast to the south coast and were ascribed toatige-scale changes in regional nutrient
status of the coastal waters of South Africa, sigftrom eastern low-nutrient to western
eutrophic conditions (Lutjeharms et al., 2000; ak¢ 2005). The potential of estuaries to
supply nutrients to the coastal marine environmgmolves numerous and complex
components, and further study is warranted.

As an example of component complexity, ldrge diversity of primary producers and
other potential food sources for suspension-feeddyag rocky shores results in a rich
variety of food web structures through space amdeti Terrestrial vascular material
represents low quality organic matter until it keagered the detrital food chain and been
exposed to microbial decomposition (Deegan & Gart@97; Marin Leal et al., 2008). As a
consequence, terrestrial vascular plants are raretirect source of nutrition for aquatic
consumers (McLeod & Wing, 2009). Indeed, isotogmalysis in Fiordland, New Zealand,
revealed that terrestrial organic matter (TOM) dad make a substantial contribution to the
diets of benthic suspension-feeders (Mytilus edulisand various sponges; McLeod &
Wing, 2009). In contrast, coastal macroalgae &present a substantial direct source of
nutrition for rocky shore invertebrates (Hill et,&006; Hill & McQuaid, 2008; Riera et al.,
2009). A study by Hill et al. (2006) revealed tbéishore SPM along the entire coastline of

South Africa mainly comprised oceanic phytoplanktevhile SPM from the nearshore
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reflected a mixture of macroalgal detritus, phyamiton and inorganic debris which
contributed more than 50 % to the organic carbahratrogen sources of intertidal mussels
(Hill et al., 2006). Although the dynamic naturkparticulates in coastal ecosystems can
provide an array of local and imported food sourtesuspension-feeders, species-specific
food assimilation may also influence consumer diets

Selective feeding has been well documeritgdco-occurring consumers including
mussels and tube-building polychaetes (Davies.e1989; Rossi et al., 2004; Espinosa et al.,
2008; Noffke et al., 2009). Carbon and nitrogegnatures in various suspension-feeders in
an estuarine and marine habitat in Normandy (FlaimckBcated that bivalves had the most
depleted values, and polychaetes the most enrifitefébvre et al., 2009). These results
suggested that bivalves mainly relied on phytopamkfood sources and polychaetes on
organic matter from microphytobenthos and macra@al@daefebvre et al., 2009). Physical
habitat and feeding behaviour were factors ascritzeeéxplaining the food partitioning
between these two suspension-feeders (Lefebvie 20@0). A further study by Schaal et al.
(2010) proposed that selective feeding played aportant role in the seasonal resource
partitioning amongst the filter-feeders of an itital rocky shore in the Bay of Brest
(France). The Bay of Brest has substantial antigepic influences (i.e. harbour and marina
developments) and receives nitrogen inputs from tulnutaries draining stock farming
effluents (Schaal et al., 2010). A wide rangedbiC signals in the food sources was
recorded, and the POM varied seasonally as rekalilistantial sediment resuspension, with
maximum contributions in November, January and a3, 66 and 95 % to the POM-pool,
respectively (Schaal et al.,, 2010). Despite thgelavariation in food source isotopic
signatures, suspension-feeders had fairly consisseasonald™>C values, but showed
significant variability in5'°N signals (Schaal et al., 2010). The significaatiation in
nitrogen signatures between the barnacles (~11.@d6b)mussels (~8.0 %0), however, clearly
identified a higher degree of omnivory in the bates, and the presence of resource
partitioning, as barnacles have been observed sim#éate zooplankton in their diet
(Zhukova, 2000; Riisgard & Larsen, 2010; Schaall¢2010).

Spatial and temporal changes in potentaddf sources available to rocky shore
suspension-feeders are influenced by regional atigat and seasonal changes in the
physical and biological parameters of aquatic emrrents. Further investigation into the
factors contributing to the species-specific changeconsumer diets through space and time
is therefore required. The aim of this chapter waassess the spatial and temporal changes

in 8*C and5™N signatures of the barnacleetraclita serrata musselPerna perna and
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polychaeteGunnarea capensi® the coastal marine environment adjacent todamatrasting
estuaries in the Eastern Cape Province of SouticaAfrThe study regions were located near
the freshwater-deprived Kariega Estuary (refereoti®n 2.2.1.1) and freshwater-dominated
Great Fish Estuary (refer to Section 2.2.1.2). fOlewing hypotheses were tested:

1) Intraspecific stable isotope signatures in the deles, mussels and polychaetes vary
regionally due to the differences in freshwatemitspof the two systems influencing
regional food sources.

2) Intraspecific stable isotope signatures in the &eas, mussels and polychaetes differ
temporally as result of seasonal variation in adé food sources.

3) Since all three species fall within the same trophild (i.e. suspension-feeders),
each species is assumed to experience similar r@anpad regional changes in
isotopic signatures.

4) Given that the coastal region of the Eastern Camominated by the south flowing
Agulhas Current, suspension-feeders found dowmsti@auth) of an estuary mouth
demonstrate greater dependence on terrestriallyedercarbon than those located
upstream (north). As a result, suspension-feeldeeted south of an estuary mouth
with greater terrestrial sources in their diets ehaignificantly depleted carbon

signatures compared to those consumers situat#ld ofdihe estuary mouth.

3.2Materials and Methods
3.2.1 Sample collection

A detailed description of the study regioasd procedures followed for sample
collection, preparation and analyses have beeniggdvin Chapter 2. A brief summary is
presented here, with particular focus on the methietévant to the stable isotope procedure.
Sampling was conducted during March 2009 and JOB92at five sites along the coastal
nearshore marine environment in the Kariega an@tG¥ish regions. Two sites north (Sites
1 and 2) and south (Sites 3 and 4) of the estuanytimand one site situated within the mouth
(Site 5) were sampled to determine physico-chenandl biological parameters (See Figures
2.2 and 2.3 for study sites in the Kariega and Gfesh regions, respectively).

Water samples comprised two replicates edch5 litre aliquots for POM and SPM
(mg ') stable isotope signature determination per sitsich regionn(= 10 per region). All
filters were visually inspected after water filtocat to remove any zooplankton or debris. At
each site, three replicate animal samples werantltken haphazardly selected patches of the

barnacleTetraclita serrata the mussePerna pernaand the polychaet€unnarea capensis
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The absence of mussels and polychaetes at theripstiséte (Site 5a) in the Kariega and
Great Fish regions resulted in miss#fgC ands™N values during both seasons. The rapid
tidal shift in the Great Fish region during Mar@sulted in no mussel collection at the most
northern site (Site 1).

Isotopic data for potential food sourcesthe Kariega and Great Fish regions were
derived from the literature (Richoux & Fronemanp20Vorwerk & Froneman, 2009; Allan
et al., 2010). In the Kariega region, the follogiimod sources were included in #€C and
8N signature plots (Figures 3.1 and 3.2): macroalytea sp., Gelidium pristoidely SPM
(Allan et al., 2010); seagrasgdstera capensiand Spartina maritimg, seston, salt marsh
plants Garcocornia perennignd Chenolea diffusg macroalgae Godiumsp) and benthic
algae (Richoux & Froneman, 2007). Potential foodrees were selected based on the sites
and sampling time most representative of the dall@ated during the current study. Data
from February 2006 were selected to coincide withdonsumer plots for March (Figure 3.1)
and from October 2005 for July (Figure 3.2). le threat Fish region, macroalgal and SPM
data from Vorwerk and Froneman (2009) and Allaale{2010) were incorporated into the
plots for both March (Figure 3.3) and July (Fig8rd). Thes*C values for the zooplankton,
dominant riparian plants, salt marsh plants, resds sedges located within the Kariega and
Great Fish regions were obtained from Vorwerk arah&man (2009). The isotopic data of
the oceanic and riverine/estuarine phytoplanktagirated from Fry and Sherr (1984) and
Cloern et al. (2002).

3.2.2 Sample preparation

After collection, water samples were fi#@ronto pre-combusted and pre-weighed GF/F
Whatman glass fibre filters (47 mm). The filtergere lyophilized for 24 hours and then
stored at -20 °C until further processing. All raai tissues were lyophilized and
homogenised as in Section 2.2.3, and a small amaiuech sample was separated into
individual eppendorf vials.

To remove the effect of variable lipid cemt on carbon isotope ratios (Tamelander et
al., 2006), the lipids were extracted from all g#@mples using a method from Folch et al.
(1957). Acidification of the samples was not doag,the tissues contained few carbonates
(Jacob et al., 2005; Hill & McQuaid, 2008; Shinadt, 2008). Each of the homogenised
samples was transferred to a glass tube and covated® ml of 2:1 chloroform-methanol
(CHCI3:MeOH v:v) and a single drop of MilliQ water. Samples weogtexed, capped and

left for 24 hours before the solution was removédthe procedure was repeated and after the
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second removal of the 2:1 (CHMNeOH) solution, the samples were transferred &arml

eppendorf vials and oven dried prior to final homioigation.

3.2.3 Stableisotope analysis

All samples destined for isotopic evaluatisere analysed by the Stable Light Isotope
Laboratory at the University of Cape Town (Archagyl Department). All homogenised
tissue samples were weighed in tin cups (Sartonusrobalance; accuracy of 1 pg).
Combustion of samples occurred in a Flash EA 1ldres elemental analyser (Thermo
Finnigan, Italy) and the gases were passed to ta Péls XP isotope ratio mass spectrometer
(IRMS) (Thermo electron, Germany), via a Conflo dgkhs control unit (Thermo Finnigan,
Germany). The in-house standards used for theysirabf the animal tissues were
proteinaceous gel (Merck), crushed seal bone (dmmlised, dissolved in acid and then
reconstituted in gel form) and DL Valine (Sigmdjor the filtered water, Merck Gel, dried
lentils and Australian National University (ANU) @ose were used. All in-house standards
were calibrated against the International Atomiefgy Agency (IAEA) standards. Nitrogen
was expressed in terms of its value relative tooapheric nitrogen, and carbon in terms of
its value relative to Vienna Pee-Dee Belemniteotdge ratios were expressed in standard

delta notationd).

3.2.4 Data analyses

All data were checked for normality withetlshapiro-Wilks test. Independéantests
were used to determine any temporal and regiofifgreinces in thé*C ands**N signatures
of the SPM in the Kariega and Great Fish regioAsalyses of variance (Kruskal-Wallis
ANOVA for 8**C; one-way ANOVA ford™°N) were used to examine regional and temporal
differences in theé*C and&™N signatures of each suspension-feeder (intraspetciinds
with isotope signatures as dependent, and dategur as independent variables). Kruskal-
Wallis ANOVA was used to test for regional and temgp differences in thé'*C ands™N
signatures among the suspension-feeders (intefep&i@nds with isotope signatures as
dependent, and date or region as independent ies)aland ranked sum comparisons were
used to identify significant groups (significanaveél atP < 0.05). A Levene’s test for
homogeneity was used where appropriate. Whereifferethces among sites within each
region or sample time were found in the isotopeaigres of the SPM and suspension-feeder
tissues, data from the northern and southern sitgs pooled. The pooled data were then

assessed for potential norbrsussouth distinctions with independentests i = 10 and 6
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per region and date for SPM and suspension-feedgectively). Coefficients of variation
(CV; standard deviation expressed as percentagheomean) were used to compare the
variability in 8C and8™N signatures in the coastal SPM and among spetiteiKariega
and Great Fish regions in both months. Analyse®wenducted with the use of SYSTAT
(v12.0) and PAST 1.42 (Hammer et al., 2001).

The Bayesian mixing model SIAR (Stable dp&t Analysis in R; Parnell et al., 2010)
was used to quantify the percentage contributiorthef potential estuarine and oceanic
suspended particulate matter (SPM) and zooplanktod sources in the diets of the three
suspension-feeders. This model requires the imciusf several dietary sources, consumer
tissue isotopic values and trophic enrichment factand their associated variability, to
generate robust probability distributions of poi@nfood sources in consumer diets. The
contributions of potential SPM or zooplankton faadhe diet of the suspension-feeders are
reported as means and the 95 % confidence inte(@d)s The SIAR mixing model was
computed with the use of the SIAR software packK&genell et al., 2010).

3.3Results
3.3.1 ¢™Cand ¢™N signatures of suspended particulate matter

Thes™*C signatures of the coastal SPM were significadiffierent between March and
July in the Great Fish region, and between thedgariand Great Fish regions in both months
(P < 0.05 in all cases; Table 3.1). SRMN signatures were significantly different between
March and July in both regions, and between thegl§arand Great Fish regions in Jub/<
0.05 in all cases; Table 3.1). Variation in cobS@aM §*3C signatures in the Kariega (CV:
~0.55 %) and Great Fish regions was low (CV: ~0)&¥sing both sample times (Tables 3.2
and 3.3). Variation iB*°N signatures in March (CV: ~1.6 %) was greater carag to July
(CV: ~0.65 %) in both regions (Tables 3.2 and 3.3).
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Table 3.1 Independent-test results for the suspended particulate m88M) indicating
differences in thé**C ands™®N signatures (%o) in the Kariega and Great Fishamsjiduring
March and July. Variance equality was assessed avitbvene’s test for homogeneity ¢
0.05 in all cases). K, Kariega; GF, Great Fish; Maarch; Jul, July; ns, not significant.

Stable  Region Date Independent-test
Isotope
t-value P df
8°C K & GF March 5.386 <0.001 14
K& GF July 2.658 <0.05 14
Kariega Mar & Jul -0.409 ns 14
Great Fish Mar & Jul -3.587 <0.01 14
8N K&GF  March -0.042 ns 13
K & GF July 3.042 <0.01 14
Kariega Mar & Jul -4.111 <0.01 14
Great Fish Mar & Jul -2.780 <0.05 13
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Table 3.25"C andd'N signatures (%o) of the primary producers, suspératel particulate
organic matter (SPM and POM) and zooplankton inktheega region. Values are presented
as ranges or means = standard deviation. Coeftecieh variation (CV) document the
variance in coastal SPM in March and July (€¥C: 0.6 and 0.5 %, respectively; G¥N:

1.7 and 0.8 %, respectively). Data derived from &r@8herr (1984)*, Cloern et al. (2002)*,
Richoux & Froneman (2007)**; Vorwerk & Froneman (@)***; and Allan et al.,
(2010)****; - no data.

Producers Kariega Region

March 3-C 3N
Oceanic SPM (current study) -15.2+0.9 52+0.9
Estuarine SPM (current study) -25.7+£0.0 5.54t 0.
SPM**xx -14.8+0.6 6.0+0.5
Seston** -23.0x0.5 3.6+0.9
Seagrass**,*** -16.9t0 -8.0 7.1t08.3
Macroalgae** -17.2+£0.9 9.3+0.1
Salt marsh plants**, *** -29.9t0-14.3 9.3to 111
Riparian plants*** -28.1t0-21.1 3.5t04.1
POM - lower estuary*** -209+1.6 -
POM - opposite mouth*** -17.3+£1.9 -
POM - 0.5 km upstream*** -15.6+0.5 -
POM - 0.5 km downstream*** -15.7+£0.2 -
Oceanic phytoplankton* -200+15 9.0+1.7
Riverine/estuarine phytoplankton* -27.0+£2.9 8.9.6
Oceanic zooplankton** *** -16.5+0.3 8.5t010.5
Estuarine zooplankton** *** -215+1.4 8.5 to 10.
July

Oceanic SPM (present study) -15.0+£0.8 6.7 £0.6
Estuarine SPM (present study) -23.5+0.2 5.72+ 0.
SPM***x -14.8+0.6 6.0+ 0.5
Seston** -21.2+0.2 84+20
Seagrass** -11.5t0-10.1 6.310 8.3
Benthic algae** -155+£1.0 10.3+2.7
Macroalgae**** -1791t0-154 6.1t07.0
Salt marsh plants** -26.51t0 -13.3 6.6t08.4
Oceanic phytoplankton* 20015 9.0+1.7
Riverine/estuarine phytoplankton* -27.0+2.9 8.P.6
Oceanic zooplankton** *** -16.5+0.3 8.5t010.5
Estuarine zooplankton** *** -215+1.4 8.5 to 10.




Table 3.35%C and5™N signatures (%o) of the primary producers, susperai® particulate
organic matter (SPM and POM) and zooplankton in @reat Fish region. Values are
presented as ranges or means * standard devi@wafticients of variation (CV) document
the variance in coastal SPM in March and July @%C: 0.8 and 0.6 %, respectively; CV
8°N: 1.5 and 0.5 %, respectively). Data derived frBry & Sherr (1984)*, Cloern et al.
(2002)*, Richoux & Froneman (2007)**; Vorwerk & Fmeman (2009)***; and Allan et al.,

(2010)****; - no data.

Producers

March

Great Fish Region

813C 815N

Oceanic SPM (present study)
Estuarine SPM (present study)
SPM****

Riparian plants***
Reed/sedge***

Salt marsh plants***

POM - lower estuary***

POM - opposite mouth***
POM - 0.5 km upstream***
POM - 0.5 km downstream***
Oceanic phytoplankton*
Riverine/estuarine phytoplankton*
Oceanic zooplankton** ***
Estuarine zooplankton** ***
July

-18.4+1.5 5.2+0.8
-20.4 £ 0.1 6.31+ 0.
-16.5+0.2 56+14
-29.9 10 -26.9 -
-29.6 t0 -26.9 -
-27.710-14.4 -
-19.2+0.3 -
-202+x1.1 -
-19.7+£0.6 -
-19.4 £ 0.7 -
-20.0+1.5 9.0+1.7
-27.0+£2.9 8.0+2.6
-18.8+1.4 8.510 10.5
-16.8+0.4 8.5 to 10.

Oceanic SPM (present study)
Estuarine SPM (present study)
SPM****

Macroalgae****

Oceanic phytoplankton*
Riverine/estuarine phytoplankton*
Oceanic zooplankton** ***
Estuarine zooplankton** ***

-16.2+1.0 6.0+0.3
-24.4+0.0 6.61+ 0.
-16.5+0.2 56+14
-17.3t0-14.6 6.2t07.3
-20.0+1.5 9.0+1.7
-27.0+2.9 8.0+2.6
-188+1.4 8.5t010.5
-16.8+0.4 8.5t0 10.
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Table 3.48%C and$™N signatures (mean + SD, %o) of suspended partieutaatter (SPM) and three indigenous filter-feedimganisms
collected in the Kariega and Great Fish regiongnduvarch and July 2009. Site 1, most northerne 3itjust north of mouth; Site 3, just south
of mouth; Site 4, most southern; Site 5, mouthp data.

Kariega Region Great Fish Region

March 2009 July 2009 March 2009 July 2009
613C 815N 813C 615N 613C 815N 813C 615N
SPM 1 -15.7+£0.2 4.7 +£0.6 -14.0 £0.3 6.0£0.2 16.7x0.2 45+1.2 -16.3+£0.1 59 £0.1
2 -15.9+0.1 42+0.2 -14.7 £ 0.0 6.6 £0.2 -175+0.1 56+0.1 -17.4 £0.1 6.3 £0.1
3 -13.9+0.7 6.2+0.1 -15.1 £0.1 6.9 £0.2 -20.1+£0.1 57205 -16.4 £0.1 57 £0.3
4 -15.2+0.6 57+£0.2 -16.1 +0.2 74 £0.2 -19.3+x0.0 35+138 -14.7 £0.1 6.2 £0.1
5 -25.7+£0.0 55+04 -25.3 £0.2 57 £0.2 -204+0.1 6.3+£0.1 -24.4 £0.0 6.6 £0.1
Tetraclita serrata 1 -15.7+0.0 10.7+0.1 -16.0+£0.0 11.0+£0.0 1160.2 10.0+£0.2 -16.6 £ 0.1 10.2+£0.1
(barnacle) 2 -15.1+04 10.3+£0.2 -16.1+0.1 10.7+£0.2 .#150.0 10.8+£0.2 -16.2+0.1 10.7£0.2
3 -15.9+£0.0 10.5+£0.0 -16.2+0.1 10.7£0.2 .6160.7 11.4+£0.2 -16.6 £ 0.0 11.4+£0.2
4 -15.9+0.0 10.2+£05 -16.0 £ 0.2 10.8+0.1 .6150.3 10.8+0.1 -16.4+0.1 106 +£0.1
5 -149+£0.0 11.1+14 -16.4+0.1 10.3+0.3 - - - -
Perna perna 1 -15.1+£0.2 7901 -15.0+£0.1 8.0x£04 - - 162+£0.1 7.7+0.2
(mussel) 2 -149+0.2 8.0x£0.1 -15.0+0.2 8.0£0.2 -1504 8.0£0.2 -16.4 +0.3 8.4+0.3
3 -15.1+£0.1 7.6+0.1 -15.3+04 7.6 £0.0 -16@2 8.4+0.3 -16.6 £ 0.3 8.0+0.3
4 -15.2+0.0 7.4+04 -149+0.1 8.3+£0.2 -156.1 7.8+£0.2 -15.8+0.3 7.7+0.1
5 - - - - - - - -
Gunnarea capensis 1 -14.7+0.1 8.9+0.0 -14.0+£0.2 9.4+0.2 -140.1 9.1+£0.2 -15.3+£0.3 9.0+£0.2
(polychaete) 2 -144+02 9.1+0.1 -14.2+0.1 9.5+0.3 -14.6.1 9.5+0.2 -14.4+0.1 9.6+0.2
3 -145+0.3 9.1+£0.2 -14.6 £ 0.0 9.0£04 -156.1 9.3+£0.2 -16.0+£0.3 9.5+£0.2
4 -149+0.2 8.7+£0.2 -14.6 £0.1 89+£0.2 -1533 89+0.1 -15.3+0.1 8.9+£0.2
5 - - - - - - - -
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3.3.1.1Kariega region

Thes'®C signatures of the SPM showed intermediate vahiieke coastal sites during
March (Sites 1 to 4: -15.9 to -13.9 %o) and July6(11to -14.0 %0), whereas the estuarine site
was highly**C-depleted during both sample times (Site 5: -26.725.3 %o, Table 3.4;
Figures 3.1 and 3.2). Th#C and&™N signatures at the northern (Sites 1 and 2) and
southern sites (Sites 3 and 4) were significantffeent during March and July in the
Kariega region® < 0.05; Table 3.5). The SP&°N signatures at the northern sites (Sites 1
and 2) in March were more depleted (4.2 to 4.7P%s; 0.05) than the southern sites (Sites 3
and 4: 5.7 to 6.2 %o; Table 3.4; Figure 3.1). ImyJthe most northern site (Site 1) had
significantly **C-enriched and®N-depleted signatures compared to the other sifles(( +
0.3 %0 and 6.0 + 0.2 %0; Table 3.4; Figure 3.2). #k&y multiple-comparisons test did not
reveal a significant temporal distinction in SBMC ands™*N signatures at the estuarine site
(Site 5) in the Kariega regio® ¢ 0.05).

Table 3.5Independent-test results for the suspended particulate megeM)53C ands™N
signatures (%o) indicating differences between tbehern sites (Sites 1 and 2) and southern
sites (Sites 3 and 4) in the Kariega and Great faglons during March and July;= 5 per
region or date; ns, not significant. Variance efyalias assessed with a Levene’s test for
homogeneity® > 0.05 in all cases).

Stable Region Date Independent test
Isotope
t-value P df
8°C Kariega  March -2.539 <0.05 6
Kariega July 3.137 <0.05 6
Great Fish March 8.109 <0.05 6
Great Fish  July -2.275 ns 6
8N Kariega March -5.285 <0.05 6
Kariega July -3.693 <0.05 6
Great Fish March 0.583 ns 5
Great Fish  July 0.552 ns 6

3.3.1.2Great Fish region

The8'*C signatures of the SPM in March at the northetessivere significantly
enriched (Sites 1 and 2: -17.5 to -16.7 B 0.05) compared to the southern and estuarine
sites (Sites 3 to 5: -20.4 to -19.3 %o; Tables 3id &.5; Figure 3.3). Th&C values in July
were intermediate at the coastal sites (Sites #:tel7.4 to -14.7 %o.) compared to the
estuarine site, which was relatively depleted (Site24.4 + 0.0 %o; Table 3.4; Figure 3.4).
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During March, the sites furthest from the mouth teelmost depleted!™N signatures (Sites

1 and 4: 3.5 to 4.5 %0), the sites closest to thatmmtermediate values (Site 2 and 3: 5.6 to
5.7 %0), and the estuarine site the most enrichgualasires (Site 5: 6.3 + 0.1 %o; Table 3.4;
Figure 3.3). Tukey multiple-comparisons tests ada@ significant temporal distinctions in
SPM&™C and™N signatures at the estuarine site (Site 5) inGheat Fish regionR < 0.05

in both cases). However, the SRVMN signatures from the Great Fish region did ndfedif
from north to south in March or Julf? & 0.05; Table 3.5).

3.3.2 ¢™Cand ¢™N signatures of consumers

Thes**C ands™N signatures in the tissues of the three indigersuspension-feeding
invertebrates revealed several intraspecific tretitsugh time and space. THE’C
signatures in the barnacleetraclita serratawere significantly different between March and
July in both regions, and were slightly enrichedMarch (Kariega: -15.1 + 1.4 %o; Great
Fish: -16.0 £ 0.4 %P < 0.001; Tables 3.6 and 3.7). The barnaclesviea¢ located within
the estuary mouth (Site 5: -14.9 £+ 0.0 %o; 11.14 %0) were significantly more enriched in
83C andd™N during March in the Kariega region than thos¢hef coastal sites (Sites 1 to 4:
-15.9 to -15.1 %o; 10.2 to 10.7 %, < 0.05; Table 3.4; Figure 3.1). TBEC signatures in
the barnacles were notably more depleted than tlezseded for the other two invertebrates
in the Kariega region in July (Kariega: -16.1 + & P < 0.001; Table 3.9; Figure 3.2). In
contrast, barnacléN signatures were significantly enriched relatigethe mussel and
polychaete in both regions in March and July (Kgaiel0.4 to 10.7 %.; Great Fish: 10.7 to
10.8 %0;P < 0.001 in all cases; Table 3.9; Figures 3.1 #).3The barnacles in the Kariega
region had8™C signatures similar to those of the coastal SPXMP benthic algae,
macroalgaes. pristoidesand salt marsh plar@porobolus virginicusn both months. The
signatures of the barnacles were, howeW?€renriched relative to the riparian vegetation and
salt marsh plant€. diffusaandS. perennisand**C-depleted compared to the seagrass
capensigTable 3.2; Figures 3.1 and 3.2). In the GreahFéegion, thé'°C signatures in the
barnacles closely reflected those of the macroalyae were moré®C-enriched than the
SPM (not including the northern sites), ripariagettion and POM (Table 3.3; Figures 3.3
and 3.4). Thé™N values in the barnacles (10.0 to 11.4 %.) showetemporal or regional
distinctions P > 0.05; Table 3.8) but were substantially enrichethpared to the SPM (3.5
to 7.4 %o) in the Kariega and Great Fish regions(d@8.4; Figures 3.1 to 3.4).
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Table 3.6 °C and8'N signatures (%o) in three indigenous suspensiodeiee (barnacle
Tetraclita serrata musselPerna pernaand polychaet&unnarea capensisn the Kariega
and Great Fish regions during March and July. \Valaee presented as means + standard
deviation; and coefficient of variation (CV, %).

Barnacle Mussel Polychaete
(Tetraclita serrata) (Perna perna) (Gunnarea capensis)
Kariega §°C 3N §°C 5N §°C 8N
March -151+14 10405 -151+0.2 7.7£0.2146+03 89x0.2
CcVv 0.9 0.4 0.1 0.4 0.2 0.3
July -16.1+0.2 10.7+0.2 -150+03 80+£03144+03 9.2+x04
CcVv 0.1 0.2 0.1 0.4 0.2 0.4
Great Fish
March -16.0+04 108+05 -158+03 81+0.315.0+05 9.2+0.3
Cv 0.3 0.5 0.2 0.4 0.3 0.3
July -16.5+0.2 10.7+05 -16.3+04 79+04153+06 9.3+x04
CV 0.1 0.4 0.2 0.5 0.4 0.4

Thed™*C signatures in the musdeérna pernawere significantly different between the
Kariega and Great Fish regions in March (Karie@&:1 + 0.2 %o; Great Fish: -15.8 £ 0.3 %o)
and July (Kariega: -15.0 = 0.3 %o; Great Fish: -16.3.4 %o0;P < 0.001; Tables 3.6 and 3.7).
The mussels had intermediate and distinctly diffeéé’C values in comparison to the other
filter-feeders in the Kariega region in July (-15:00.3 %o; P < 0.001; Figure 3.2), and
significantly depleteds™N signatures in the Kariega and Great Fish regiumsng both
sample times (Kariega: 7.7 to 8.0 %o; Great FisB:t@.8.1 %o;P < 0.001 in all cases; Table
3.9; Figures 3.1 to 3.4). Carbon signatures of nthessels were similar to those of the
barnacles, and closely reflected the coastal SRMthic algae, and macroalg@e pristoides
and salt marsh pla®. virginicus In addition, the mussels wel€-enriched relative to the
riparian vegetation, salt marsh plants and maceesfpdium sp and Ulva sp, and**C-
depleted compared to the seagrdssapensigTable 3.2; Figures 3.1 and 3.2). T§EC
signatures of the mussels closely resembled the @®khern sites only during March) and
the dominant macroalgal species in the Great F6glon in both months (Table 3.3; Figures
3.3 and 3.4). Nitrogen signatures in the musselg {0 8.1 %) showed no temporal or
regional distinctionsK > 0.05; Table 3.8) but were enriched comparet¢oc3PM (3.5 to 7.4
%o) in the Kariega and Great Fish regions, and résennthose of the seagradscapensisn
the Kariega region (8.0 to 8.3 %o; Tables 3.2 add Bigures 3.1 to 3.4).
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Table 3.7 Kruskal-Wallis ANOVA results (with isotope signatudata as dependent, and
date and region as independent variables) indigagj@ographic location and temporal
differences in thé**C signatures (%o) of three indigenous suspensiodifigeinvertebrates
(barnacleTetraclita serrata musselPerna pernaand polychaet&unnarea capensisThe
between-groups comparisons among the species iaatedl by their ranked sums were also
given; K, Kariega; GF, Great Fish; Mar, March; Jauly; vs, represents a significant
difference between the stated variables.

Consumer Variables Kruskal-Wallis Rank Sum
df statistic P Comparisons
Tetraclita serrata K, GF, Mar, Jul 3 31.730 <0.001 Mars qUI
(Barnacle) (both regions)
Perna perna K, GF, Mar, Jul 3 33.328 <0.001 Kis GF
(Mussel) (both seasons)
Gunnarea capensis K, GF, Mar, Jul 3  17.447 <0.01 Kis GF
(Polychaete) (both seasons)

Table 3.80ne-way ANOVA results (with isotope signature dasadependent, and date and
region as independent variables) indicating terpard regional differences among 6téN
signatures (%o) of three indigenous suspension-fgedivertebrates (barnacletraclita
serratg mussel Perna perna and polychaeteGunnarea capensis Levene’s test for
homogeneity was conducted to verify the validityeaich testR > 0.05 in all cases). K,
Kariega; GF, Great Fish; Mar, March; Jul, July; mgt, significant.

Consumer Variables SN

df F-ratio P
Tetraclita serrata K, GF, Mar, Jul 3,44 1.781 ns
(Barnacle)

Perna perna K, GF, Mar, Jul 3,41 1.951 ns
(Mussel)

Gunnarea capensis K, GF, Mar, Jul 3,44 2.417 ns
(Polychaete)
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Table 3.9 Kruskal-Wallis ANOVA results (with isotope signatudata as dependent, and
estuary or date as independent variables) indigagaographic location and temporal
differences between t#&°C andd™N signatures (%o) of three indigenous suspensiodifee
invertebrates (barnacl@etraclita serrata musselPerna perna and polychaeté&unnarea
capensid The between-groups comparisons among the spasiesdicated by their ranked
sums were also givens, represents a significant difference betweersthted variables.

Stable Estuary Date Kruskal-Wallis Rank Sum
Isotope
df statistic P Comparisons

3°C Kariega March 2 15.163  <0.01  polychaesebarnacle & mussel
Kariega July 2 33.656 <0.001 all species signifilyatifferent
Great Fish  March 2 17.538 <0.001 polychastdarnacle & mussel
Great Fish  July 2 20.262 <0.001 polychastdarnacle & mussel

3N Kariega March 2 33.646 <0.001 all species sigmifilyedifferent
Kariega July 2 33.653 <0.001 all species signilsedifferent
Great Fish  March 2 28.299 <0.001 all species Bagmitly different
Great Fish ~ July 2 31.135 <0.001 all species dicpnitly different

Thes™C ands™N signatures in the polychae@unnarea capensiwere significantly
distinct between the Kariega and Great Fish regaumeng both sample timed (< 0.01;
Table 3.7). The polychaetes show&iC-enriched values compared to the other two
suspension-feeders, and were significantly morelesd during both months in the Kariega
(-14.6 to -14.4 %o0) and Great Fish regions (-15.31t0 %o;P < 0.01 in all cases; Tables 3.6
and 3.9; Figures 3.2 to 3.4). THEN values in the polychaete tissues remained camsigt
intermediate (8.9 to 9.3 %0) between those recoidethe barnacles and mussels in both
regions through time (Table 3.6; Figures 3.1 tg.3.€arbon signatures in the polychaetes
from the Kariega region reflected the coastal SRMnthic algae, and macroalg&e
pristoidesand salt marsh pla®. virginicus but were more enriched relative to the POM, salt
marsh plants and riparian vegetation, and moreetieghlthan the seagradscapensigTable
3.2; Figures 3.1 and 3.2). In the Great Fish megjmwlychaete5*C values mirrored the
coastal SPM (northern sites only in March), the malgaeGelidiumspp. andCodiumsp.,
and salt marsh plan§. virginicus but were more enriched compared to the riparian
vegetation, POM and macroalg@e filiformis andH. specifera(Table 3.3; Figures 3.3 and
3.4). The polychaet&™N signal (8.7 to 9.6 %.) showed no temporal or regldlistinctions
(P > 0.05; Table 3.8) but was enriched compared ¢0SRM (3.5 to 7.4 %o) in the Kariega
and Great Fish regions, and resembled thoseodfiumsp. andS. perennisn the Kariega
region (9.3 to 9.5 %o; Tables 3.2 and 3.4; Figurdst@ 3.4).
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Intraspecific variation in th&*C ands'®N signatures was small in all three suspension-
feeders within both regions (CV: 0.1-0.9 %; Tabl&)3 However, the interspecific
differences in thé'C signatures among all three invertebrates closslgcted those of the
coastal SPM, with the mo$iC-enriched values occurring in the Kariega regioMarch and
the most'*C-depleted values in the Great Fish region in Jligble 3.6). Differences in
carbon signatures among the suspension-feederswitle region was significant between
the barnacles and polychaetes (1.0 to 1.7 %o), @Xoefhe Kariega region in March (~0.5
%0), while among-species differences in nitrogematgres were significant in the Kariega
and Great Fish regions in both sample times (22Z.8%%o; Table 3.6; Figures 3.1 to 3.4). No
significant northversussouth trends were observed in #1€C and5™N signatures in the
suspension-feeders in the Kariega and Great Fgbne @ > 0.05 in all cases).

The results of SIAR indicated that oce&®iRM was the most important food source in
the diets of the barnacles (mean = 30-60 %; 95 % £3-65 %), mussels (mean = 60-85 %;
95 % CI = 50-90 %) and polychaetes (mean = 68-89834% Cl = 62-90 %; Figures 3.5 to
3.8). The barnacles, however, had a larger caritab of oceanic SPM in the Kariega region
(mean = 54-60 %; 95 % CI = 50-65 %; Figures 3.5& &la), whereas those in the Great
Fish region showed significant contributions of axtie zooplankton to their diet during both
sample times (mean = 31-68 %; 95 % CI = 32-68 %ufes 3.7a and 3.8a). Oceanic SPM
contributed more to mussel diet during March in Klagiega and Great Fish regions (mean =
75-85 %; 95 % CI = 69-90 %; Figures 3.5b and 3.@hgreas oceanic zooplankton supplied
important nutrients in July in both regions (meah0=15 %; 95 % CI = 1-24 %; Figures 3.6b
and 3.8b). A consistently large contribution otacic SPM (mean = 68-85 %; 95 % CI =
62-90 %; Figures 3.5c to 3.8c) and small contrdoutrf zooplankton (mean <10 %; 95 %

Cl = 0-18 %; Figures 3.5c to 3.8c) to polychaetet dvas recorded in both regions. The
estuarine SPM contributed <20 % to the diets obdmmacles (95 % Cl = 5-22 %) and <10 %
to the diets of the mussels and polychaetes (95 9% @-15 %,; Figures 3.5 to 3.8).
Contributions of estuarine zooplankton to consudiets were <20 % (95 % CI = 5-22 %)
for the barnacles, <10 % (95 % CI = 0-10 %) for mmessels and <5 % for the polychaetes
(95 % CI = <5 %; Figures 3.5 to 3.8).

110



salt marsh plants Producers € SPM (current study)
12 1 zooplankton dk Zostera capensis (fresh)
) @ Zostera capensis (dry)
] $ Spartina maritima
10 A % macrgalgae g seagrass V¥ Codium sp.
|y A Seston
H—O— %  Sarcocornia perennis
8 1 T l ank J_ M Chenolea diffusa
p ytOp ankton . UlVa Sp.
E O Gelidium pristoides
6 4@9*3 O SPM
“5§ i ol - < Riparian plants
riparian plants i gl © Zooplankton (copepods)
4 |_<}IQ-| vV Oceanic phytoplankton
> 2 A Riverine/estuarine
% P phytoplankton
8’ 2 T T T T 1
"é -30 -25 -20 -15 -10 -5
o B Consumers Tetraclita serrata
12 1 A Pernaperna
@® Gunnarea capensis
10 -
y €
6 u
4
2 T T T T 1
-30 -25 -20 -15 -10 -5

&"Carbon

Figure 3.18%C andd™N signatures (%) of (A) potential carbon sourced &®PM, and (B)
the barnacleTetraclita serrata musselPerna perna and polychaeté&sunnarea capensis
along the rocky shore environment in the Karieggia® during March 2009n(= 2 for
barnacles at Sites 2 and 5 for carbon, and Siter Sifrogen;n = 3 for all other sites).
Significant variations among the groups are inéidaby ellipses (Kruskal-Wallis ANOVA
ranked sum comparisons). Values are presented assnte standard deviation. Data on
producers, zooplankton and SPM in the Kariega regraginate from Richoux & Froneman
(2007), Vorwerk & Froneman (2009) and Allan et @010). Phytoplankton data originate
from Fry & Sherr (1984) and Cloern et al. (2002je3, most northern; Site 2, just north of
mouth; Site 3, just south of mouth; Site 4, mositlsern; Site 5, mouth.
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Figure 3.23"C and3™N signatures (%o) of (A) potential carbon sourced &M, and (B)
the barnacleTetraclita serrata musselPerna perna and polychaeté&sunnarea capensis
along the rocky shore environment in the Karieggiom during July 2009n(= 3 for all
sites). Significant variations among the groups iadicated by ellipses (Kruskal-Wallis
ANOVA ranked sum comparisons). Values are preseatedneans * standard deviation.
Data on producers, zooplankton and SPM in the Kariegion originate from Richoux &
Froneman (2007), Vorwerk & Froneman (2009) and Ak al. (2010). Phytoplankton data
originate from Fry & Sherr (1984) and Cloern et(2D02). Site 1, most northern; Site 2, just
north of mouth; Site 3, just south of mouth; Sitenbst southern; Site 5, mouth.
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Figure 3.38"C and3™N signatures (%o) of (A) potential carbon sourced &M, and (B)
the barnacleTetraclita serrata musselPerna perna and polychaeté&sunnarea capensis
along the rocky shore environment in the Great Fegfion during March 2009n(= 2 for
barnacles at Sites 3 and 4 for carbon, and muased#te 3 for carbomy = 3 for all other
sites). Significant variations among the groups iadicated by ellipses (Kruskal-Wallis
ANOVA ranked sum comparisons). Values are presebtedneans + standard deviation.
Data on producers, zooplankton and SPM in the Giisatregion originate from Vorwerk &
Froneman (2009) and Allan et al. (2010). Phytoplankdata originate from Fry & Sherr
(1984) and Cloern et al. (2002). Site 1, most resrthSite 2, just north of mouth; Site 3, just
south of mouth; Site 4, most southern; Site 5, imoR@&pid tidal shift resulted in no mussel
collection at Site 1 for March.
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Figure 3.45%C andd™N signatures (%) of (A) potential carbon sourced &PM, and (B)
the barnacleTetraclita serrata musselPerna perna and polychaeté&sunnarea capensis
along the rocky shore environment in the Great Féegjion during July 2009n(= 3 for all
sites). Significant variations between the groups iadicated by ellipses (Kruskal-Wallis
ANOVA ranked sum comparisons). Values are preseatedneans * standard deviation.
Data on producers, zooplankton and SPM in the Giisatregion originate from Vorwerk &
Froneman (2009) and Allan et al. (2010). Phytoplankdata originate from Fry & Sherr
(1984) and Cloern et al. (2002). Site 1, most resrthSite 2, just north of mouth; Site 3, just
south of mouth; Site 4, most southern; Site 5, imout
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Figure 3.5 Dietary contribution (%) of potential suspendedtipalate matter (SPM) and
zooplankton food sources for the barna@letraclita serrata musselPerna perna and
polychaeteGunnarea capensialong the rocky shore environment in the Karieggiare
during March 2009. Results determined by a SIARimgixnodel using carbon and nitrogen
isotopic signatures of consumer tissues. Contoinutif each food source to consumer diet is
indicated by 95, 75, and 50 % credibility intervals
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Figure 3.6 Dietary contribution (%) of potential suspendedtipalate matter (SPM) and
zooplankton food sources for the barna@letraclita serrata musselPerna perna and
polychaeteGunnarea capensialong the rocky shore environment in the Karieggiare
during July 2009. Results determined by a SIAR ngxmodel using carbon and nitrogen
isotopic signatures of consumer tissues. Contiinutif each food source to consumer diet is
indicated by 95, 75, and 50 % credibility intervals
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Figure 3.7 Dietary contribution (%) of potential suspendedtipalate matter (SPM) and
zooplankton food sources for the barna@letraclita serrata musselPerna perna and
polychaeteGunnarea capensialong the rocky shore environment in the Great Fegjion
during March 2009. Results determined by a SIARimgixnodel using carbon and nitrogen
isotopic signatures of consumer tissues. Contoinutf each food source to consumer diet is
indicated by 95, 75, and 50 % credibility intervals
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Figure 3.8 Dietary contribution (%) of potential suspendedtipalate matter (SPM) and
zooplankton food sources for the barna@letraclita serrata musselPerna perna and
polychaeteGunnarea capensialong the rocky shore environment in the Great Fegjion
during July 2009. Results determined by a SIAR ngxmodel using carbon and nitrogen
isotopic signatures of consumer tissues. Contoinutif each food source to consumer diet is
indicated by 95, 75, and 50 % credibility intervals
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3.4 Discussion
3.4.1 ¢2C and ¢™N signatures of suspended particulate matter

The isotopic signatures of the suspendeticpiate matter (SPM) showed significant
regional variability for carbon and distinct temalochanges for nitrogen in the Kariega and
Great Fish regions (Table 3.1; Figures 3.1 to 3[3jstinct regional variation in March and
July 8*3C signatures clearly reflected the dynamic natdir8RM in coastal waters due to an
array of environmental factors (i.e. temperaturel atrient status), and the interplay
between estuarine outflows and the adjoining magc@system (Vizzini & Mazzola, 2006;
Lefebvre et al., 2009). Th#*C and$™°N signatures of the SPM recorded during this study
were similar to those recorded in previous stuthidbe Kariega (-15.0 to -13.0 %0) and Great
Fish regions (-16.0 to -13.0 %o; Hill et al., 20@8tan et al., 2010). River discharge can play
an important role in influencing the availabilityf dood sources and the amount of
decomposition in coastal waters (Berg & Newell, @98More enriched SPM signatures in
the Kariega region compared to the Great Fish regiere observed during this investigation
(Tables 3.1 and 3.2). The Kariega region, withlats freshwater inputs and long water
residence time (~2 weeks; Jennings, 2005), is pblysgiredisposed to greater bacterial
degradation of its salt marsh plants and macroghytdquatic vegetation that has been
subject to substantial decomposition may contrilboite greater variability in carbon sources
and more enriched isotopic signatures, as the ongobol could comprise an array of fresh
plant fragments, detritus and bacterial sources\®r, 1994).

The only significant spatial trend was ttighly depleted**C signals recorded at the
estuarine site in the Kariega region in both mordhd in the Great Fish region in July
(Figures 3.1, 3.2 and 3.4). The carbon valueben3PM at the estuarine site in the Kariega
Estuary fell within the range of published litenawn isotopic data for the depleted riverine
phytoplankton and the riparian vegetation (Pate&dihitfield, 1998; Cloern et al., 2002;
Vorwerk & Froneman, 2009). The lack of a tempadaiiatinction at the estuarine site possibly
reflects the general homogeneity in river flowstlod Kariega Estuary throughout the year
(Grange & Allanson, 1995).

The highly depleted*C values at the estuarine site in the lower reachi¢ke Great
Fish Estuary closely reflect those recorded inrtparian vegetation, riverine phytoplankton
and reeds or sedges (-29 to -25 Hgure 3.4). However, due to the low retentionet of
freshwater within the estuary (<1 day; Jenning€)520it has been suggested that &fie-
signal rather reflects the riverine or estuaringtpplankton (-30.0 to -24.0 %digure 3.4)
transported via the Orange River Basin transfeeseh(Vorwerk & Froneman, 2009). The
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SPM at the estuarine site in the Great Fish Estahoyved temporal variability, and along
with the southern sites in March, had’C signatures more representative of temperate
marine phytoplankton (-24.0 to -18.0 %o; Figure 3.3s result of the large plume that is
formed in the adjacent marine environment of theaGFish Estuary (Grange et al., 2000),
intense mixing of riverine and marine waters woatdur. This would cause a dilution effect
of the estuarine water by the nearshore marine ravdterances & Guerrero, 2008) and
thereby possibly allow a marine phytoplanktonicnaigto be observed at the estuarine and
southern sites in March. Hill et al. (2006) re@xdd spatial pattern in carbon-depletion from
nearshore to offshore waters. The signatures fewtidn the estuarine and southern sites in
the Great Fish region during this study are thkelyi representative of the marine

phytoplankton up to four kilometres from the coastl

3.4.2 ¢™C and ¢™N signatures of consumers

The distinct temporal and regional changeserved in thé'°C andd™N signatures in
the barnacles, mussels and polychaetes refleceed/ghations observed in the SPM and
highlight the diverse nature of water column paitates in providing food to consumers
(Table 3.7; Figures 3.1 to 3.4). All three suspem$eeders showed’C-enriched signals
relative to the riparian vegetation, salt marshnga(C. diffusa and S. perennig
phytoplankton, reeds and sedges, &i@tdepleted values compared to the seagrass (Tables
3.2 and 3.3; Figures 3.1 to 3.4). Since all theeasumers had enriched carbon values
compared to the terrestrial plants in the Kariegd &reat Fish regions, terrestrial material
appears to be a limited source of nutrition for Huspension-feeders. McLeod & Wing
(2009) also recorded limited inclusion of terredtorganic matter (TOM) into filter-feeder
diets in a coastal New Zealand fjord, since thesertebrates consistently showed enriched
isotopic signatures relative to the TOM and a higbkance on marine algae.

Changes in consumer diet across spaceimedcan be indicated by thé>C-range in
the tissues of consumers (Schaal et al., 2010 slispension-feeding invertebrates showed
slightly enricheds'C signatures in the Kariega region compared toGheat Fish region,
possibly reflecting greater variability in the SPgnatures and increased contribution of
detrital food sources in the Kariega region (TaBl2; Figures 3.1 and 3.2; Dubois et al.,
2007). Considering the published literature fag gnimary producers in the Kariega region,
consumer carbon signatures were similar to thoserded in the coastal SPM (current
study), and identified the benthic algae, macraal@a pristoides salt marsh planS.

virginicus and zooplankton as potential sources (Table 3ig@urés 3.1 and 3.2). The
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importance of macroalgal detritus as major foodrs®tio rocky shore suspension-feeders is
well recognised (McLeod & Wing, 2009; Riera et &Q09; Schaal et al., 2010). When

considering the proportion of SPM relative to z@ogton potential food sources, SIAR

identified that oceanic SPM contributed most to thets of all three suspension-feeders
during March and July in the Kariega region (Figude5 and 3.6).

Slightly depleted consumét®C signatures in the Great Fish region, relativethie
Kariega region, could signify greater contributiarigphytoplankton and terrestrial sources to
the diets of the suspension-feeders (Table 3.3jr€&3.3 and 3.4). Vorwerk (2006) also
noted the importance of riverine phytoplanktonhia tliets of suspension-feeders in the Great
Fish region due to the high freshwater outflowssoag a mixture of POM in the coastal
environment from estuarine and marine origins. eRlwdrology can influence tt°C and
8N signatures of consumers through the amount of T&M the increase of bacterial
decomposition of algae into nutrient-rich detri{¥szzini & Mazzola, 2006; Marin Leal et
al., 2008). High river flows are typically assdei with elevated terrestrial fragments and
thus more depletedf°C signals in the consumers that utilise TOM forrition. Conversely,
low freshwater flows can lead to enrichi#dN signals due to an increase in algal degradation
by heterotrophic bacteria (Marin Leal et al., 2088haal et al., 2009). The slightly depleted
carbon values in the suspension-feeders in thetGish region during July, when reduced
flows were recorded, can possibly be attributedricelevated utilisation of TOM due to an
increase in bacterial decomposition of the vegetatnaterials (Figure 3.4). Althoudfic-
depleted values closely reflecting oceanic phytoian were recorded in the SPM at the
estuarine and southern sites in the Great Fislomegi March, thes**C signatures in all three
suspension-feeders remained enriched relative ¢o SRM, thus illustrating that these
consumers assimilated a variety of sources withenwater column (Figure 3.3). SIAR also
identified that the particles within the oceanicMsPnade up the bulk of the dietary
contribution to consumer diets in the Great Figfiaie (Figures 3.7 and 3.8). The temporal
hypothesis predicting distinct differences in igitosignatures through time was supported
in the Kariega and Great Fish regions in the baesaavhoses'°C signatures were most
depleted during July. The 2009 data supported ridgional hypothesis stating that
intraspecific changes occur in carbon signaturésden the Kariega and Great Fish regions,
since the mussels and polychaetes in the Greatr&gsbn had more depleted signatures than
those recorded in the Kariega region.

Interspecific variation in isotopic signeds has been recorded among suspension-

feeding mussels Mytilus eduli3, barnacles Elminius modest)ys and polychaetes
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(Pomatoceros lamarckiin an oyster culture ecosystem in the Bay of Veysl identified
that co-occurring consumers showed distinct sigeatwithin the same trophic guild as
result of diverse feeding mechanisms and the alsgion of similar food sources in different
proportions (Dubois et al., 2007). Intraspecifarigtion in the isotopic signatures of the
suspension-feeders was small in March and July¢clwbuggests the dominance of mixed-
diets in the Kariega and Great Fish regions (T&xg. Schaal et al. (2010) examined an
intertidal rocky shore food web in the Bay of BrgBrance), and recorded unchanged
isotopic signatures in consumers (i.e. suspengedHhg crustaceans, bivalves and annelids)
despite the seasonal variation in dominant foodrcesu These authors attributed the
seasonal stability in isotopic signatures of thamnaits to the presence of an array of food
sources and the ability of the consumers to maintaked-diets (Schaal et al., 2010). In my
study, the range i™°C values in all three suspension-feeders (-16:84a} %o) was narrow,
indicating that these invertebrates probably coreswmilar food sources. However, the
barnacles had the most depleted carbon signatilvesnussels intermediate values and the
polychaetes the most enriched (Table 3.6; Figurdst®@ 3.4). The significant carbon
enrichment observed in the barnacles from the estuaite compared to the coastal sites in
the Kariega region in March is possibly due tomereased contribution of estuarine detritus
and microphytobenthos to their diets (Figure 3.Rarge contributions of small crustaceans
(i.e. copepods) have been recorded in the gut otmtef barnacles (~18 %; Hunt &
Alexander, 1991). The carbon signatures of thedrdes in both regions during July closely
reflected that of the zooplankton, and probablyhhgnt substantial inputs of zooplankton in
their diet (Figures 3.2 and 3.4). Zooplankton dess peak during winter in the Kariega
(~3788 ind.n?) and Great Fish regions (~4860 in#)mmainly as result of the copepods
Calanus agulhensiaand C. simillimus and their nauplii (Vorwerk, 2006). SIAR also
identified that oceanic zooplankton contributed stabtially to the diet of barnacles
compared to the mussels or polychaetes (Figureto3338). Barnacles therefore appear to
demonstrate generalist feeding behaviour due to tloa-selective assimilation of plant and
animal sources (Dubois et al., 2007; Riisgard &skear 2010). Mussels, however, are able to
feed selectively via mucous or ciliary processesaavide array of particulates ranging from
detritus and microflagellates to phyto- and mesepiatkton (Schleyer, 1981; Davenport et
al., 2000; Espinosa et al., 2008; Lefebvre et &009). Phytoplankton and
microphytobenthos have been identified as the mi@od sources for intertidal bivalves,
although the relative contribution of these mayyw#pending on the time of year or location
(Riera et al., 1999; Page & Lastra, 2003; Marinlletaal., 2008). The intermediaéé’C
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signatures recorded in the mussels relative td#neacles and polychaetes during the current
study probably arise from the combined assimilatddrphytoplankton, TOM, macroalgal
detritus and microphytobenthos. Results from SlAiRlicated a consistently large
contribution of oceanic SPM to mussel diets withaBen inputs from oceanic zooplankton,
particularly during July in both regions, which mhg responsible for maintaining their
intermediateés**C signatures (Figures 3.5b to 3.8b).

The consistently mor&-3C-enriched values in the polychaetes relative ® dkther
consumers can be ascribed to their preferenceniatler food particles such as microalgae,
detritus and flagellates (2-12 um), and the entexgnof a variety of particles amongst their
tubes (i.e. sediments, microphytobenthos and mhbyaiodetritus; Table 3.6; Davies et al.,
1989; Phillips & Pernet, 1996; Lefebvre et al., 200 The higher abundance of enriched
organic particles in close association with theyplohetes could therefore increase the
assimilation of these particles in their diet (Fiegi3.2 to 3.4; Lefebvre et al., 2009), leading
to more enriched signatures than the barnaclesnamgkels. The results for this study
therefore opposed the interspecific variation higpsts for thes**C signatures that suggested
no changes in isotopic signatures among specigbedsarnacles, mussels and polychaetes in
general showed depleted, intermediate, and enrichle@s, respectively.

The distinct'°N-ranges observed among suspension-feeding invatésbcan identify
the degree of omnivory and the likelihood of reseupartitioning within the trophic group
(Grall et al., 2006; Schaal et al, 2010; Schaall.e®2011). No significant spatial or temporal
differences were recorded in t6€N values for all three suspension-feeders (Tale 3The
barnacles, however, showed the most enricB&t signatures relative to the other
suspension-feeders in both regions in March ang (iUhble 3.6). Schaal et al. (2010)
recorded similar isotopic differences in intertidaicky shore barnacles (~10.9 %.) and
mussels (~8.0 %o) in the Bay of Brest, and attridutee enrichment in barnacles to an
increased assimilation of zooplankton in their diStAR also showed that zooplankton made
significant contributions to barnacle diet, partaly in the Great Fish region (Figures 3.7a
and 3.8a). This may result from higher densitiéxapepods in the Great Fish region
compared to the Kariega region (Vorwerk, 2006). sgamsion-feeding bivalves can
preferentially select microalgae witfiN-depleted values, such as flagellates over diatoms
which are then reflected in the consumer tissuesigBer et al., 1997). Barnacles therefore
showed a higher degree of omnivory than musseltherEastern Cape rocky shore. The
intermediate nitrogen values recorded in the pagtds probably reflect their feeding in

close proximity to the trapped organic particula@®mongst their tubes, resulting in
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contributions of both water column (i.e. phytoplto®® and sediment food sources to their
diet (i.e. microphytobenthos and macroalgal dedriRhillips & Pernet, 1996; Lefebvre et al.,
2009). Results from SIAR reflect polychaete sebecof water column particulates of plant
origin, as they demonstrated very limited consuorpbdf zooplankton (Figures 3.5c to 3.8c).
In addition, »>N-enriched signatures in the barnacle and polyehéissues relative to the
mussels may have resulted from the consumption afroalgae with enriched nitrogen
values (i.eUlva spp.) or highly decomposed microalgal detritus #/df 2009; Dubois et al.,
2007). Lefebvre et al. (2009) attributed nitrogesotopic differences among benthic
suspension-feeders from an estuarine and marineoement along the coast of Normandy
to variations in their diet. Because there araigant distinctions in nitrogen among the
three suspension-feeders, the interspecific vanatiypothesis for thesN signatures
predicting no isotopic differences would occur aguéime barnacles, mussels and polychaetes
was not supported.

The contrasting nature of the Kariega an@aG Fish regions (i.e. hydrology and
vegetation) contributes to regional and seasonarsity in food sources and the amount of
particulates outwelling from each estuary (Vorwed®06; Vorwerk & Froneman, 2009). In
the Kariega and Great Fish regions, the susperisenters located at the southern sites were
characterised by slightly depleted®C values during both months, which could mean
increased contributions of terrestrial sourcesdnsamer diets (Table 3.4). However, the
lack of significant small-scale spatial trends Ire tisotopic signatures of the barnacles,
mussels, and polychaetes suggests that the suspdastding invertebrates exhibit enhanced
trophic plasticity and maintain mixed-diets depewgdion the region and seasonal
contributions of the available food sources (Maclehsal.,, 2003). As no significant
differences were noted in the isotopic signatuegsvben northern and southern populations,
the data collected in 2009 did not support the bygsis that predicted southern-located
populations of barnacles, mussels and polychabtes a higher dependence on terrestrially-

derived carbon.

3.5Summary

Thes™C signatures in the barnacles, mussels and poliehabanged regionally and
temporally in this study of the Kariega and GreghRegions, although no such differences
were noticed for thé™N values. As a result of differences in vegetatioml freshwater
outflow to the marine environment within the Kamegnd Great Fish Estuary systems,

consumers in the Kariega region had slightly emitst>C values relative to the Great Fish
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region, possibly due to a higher incidence of nb@bdegradation of benthic microalgae and
macroalgal detritus. The Great Fish region is ati@rised by more terrestrial influences,
and substantial riverine phytoplankton inputs cateptially contribute to consumer diets
(reflected in the slightly depletedfC values in the consumers compared to the Kariega
region). The 2009 data supported the regional thgsis predicting intraspecific changes in
carbon signatures between the Kariega and Grehtrégons, since the suspension-feeders
in the Great Fish region had more depleted sigaattiian those recorded in the Kariega
region. No clear trend was observed between sadhgies in suspension-feeder isotopic
signatures in both regions for the mussels and chalgtes. However, the temporal
hypothesis predicting differences in isotopic signes through time was supported in the
Kariega and Great Fish regions by the barnaclessas1°C signatures were more depleted
during July. Lower river flows in winter could havresulted in increased bacterial
decomposition of TOM in the Great Fish region, éfiere increasing the assimilation of
TOM in suspension-feeder diets.

The barnacl€etraclita serrata mussePerna pernaand polychaet&unnarea capensis
are all co-occurring suspension-feeders, presumeatiiguming similar food sources. The
proportional contribution of various food sourcessuspension-feeder diets, however, can
vary over space and time, leading to distinct igmtosignatures in consumer tissues.
Barnacles do not feed selectively and the sizé@fparticles consumed is largely a function
of body size (Turner et al., 2001). Barnaclestheeefore not able to preferentially consume
the more enriched organic materials from the watdumn (Dubois et al., 2007; Riisgard &
Larsen, 2010). In contrast, mussels display sekdéeeding and have the ability to accept
particles of known size and character (Schleye8119 Mussels can consume zooplankton,
although they are known to preferentially assireilphytoplankton, microphytobenthos and
macroalgal detritus (Riera et al., 1999; Page &tlays2003). As zooplankton forms a
substantial contribution to the diets of barnacldésjs plausibly an important factor
responsible for their enriched nitrogen values.cémparison, the depletéd®N signatures
recorded in the mussdP. perna possibly reflect their stronger preference foto&ophic
food. The barnacl€el. serrata can thus be described as a generalist feederanitigher
incidence of omnivory compared to the mud3epernaand polychaet&. capensis The
suspension-feeding polychaet&, capensis also feeds selectively and prefers smaller
particles such as microalgae, flagellates andtdettreflected by their enrichéd®C values).
However, their physical habitat also plays a ral@ioviding easy access to enriched organic

particles that become trapped amongst their tub&ke results for this study therefore
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opposed the interspecific variation hypothesis be &°C signatures that predicted no
changes in isotopic signatures among species,eabamacles, mussels and polychaetes in
general showed depleted, intermediate, and enrightees, respectively. In addition, the
interspecific variation hypothesis for th&°N signatures predicting that no isotopic
differences would occur among the consumers wasuported.

Suspension-feeding invertebrate populatisiisated downstream (i.e. south) of the
estuary mouth showed somewhat depleted carbonlisignboth regions, which could imply
an elevated contribution of terrestrial carbon heit diets relative to those populations
situated upstream (i.e. north). Even so, thisepathlong with other local spatial trends was
not significant, so my data did not support the difipsis that barnacles, mussels and
polychaetes situated south of the estuary moutlv shgreater dependence on terrestrially-
derived carbon. The contrasting nature of the égmiand Great Fish regions appear to
contribute to the regional and temporal diversity food sources and the amount of
particulates outwelling from each estuary. Howeudie distinct changes in isotopic
signatures in the suspension-feeders through timéoth regions appear to result from
seasonal changes in food sources, species-speatilmg mechanisms and food partitioning

among the invertebrates.
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CHAPTER 4

SUMMARY DISCUSSION

Coastal transition zones (CTZs) form imanttinterlinking regions where marine
ecosystems, rivers and estuarine environmentsfisigmily influence each other (Levin et al.,
2001; Moberg & Ronnback, 2003). Coastal rocky shasre key habitats that sustain a
variety of primary producers and invertebrates inithhe CTZ (Peshcak, 2005). Due to the
dynamic nature of coastal ecosystems, suspensaaieife on rocky shores can be influenced
by an array of locally-produced (i.e. nearshoreingaphytoplankton and coastal macroalgae)
and imported food sources (i.e. riverine or esheaphytoplankton and detritus outwelling;
Kang et al., 2006). Estuaries are regarded asuptiveé systems, and the export of organic
particles can significantly contribute to the diefsadjacent rocky shore suspension-feeders
(Dame & Allen, 1996; Perissinotto et al., 2003; Werk & Froneman, 2009). Increasing
human impacts on South African rivers and estuaresthe regional and seasonal changes
in hydrodynamics and vegetation composition, cdiu@émce water seston characteristics
(Peschak, 2005). Investigation into the poterfoadd sources for suspension-feeders in the
nearshore marine habitat bordering estuaries refibre essential. The key aim of this study
was to assess the spatial and temporal changebeirdiets of the indigenous coastal
suspension-feeding barnacl€etraclita serrata mussel Perna perna and polychaete
Gunnarea capensis Fatty acid profiles and stable isotope ratiosengsed to examine the
intra- and inter-specific changes in the signatofebese filter-feeders in the adjacent marine
environment of the freshwater-restricted Kariegal dreshwater-dominated Great Fish
Estuaries during March and July 2009.

Distinct temporal changes in the suspenpadiculate matter (SPM) fatty acid and
stable isotope profiles were observed in the GFesdt region, whereas there were few such
patterns evident in the Kariega region. The oletispatial pattern appears to be related to
differences in the vegetation and hydrology betwtbentwo systems. The Kariega Estuary
receives consistently low riverine inputs, and sgjoently the degree of freshwater outflow
to the marine environment remains low throughoet year (Grange et al., 2000). SPM in
the Kariega region showed slightly enriched canoaines compared to the Great Fish region
and large contributions of bacterial fatty acid$/8) mainly ascribed to the longer water
residence time and substantial bacterial decompnositithin the Kariega Estuary (~2 weeks;
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Jennings, 2005). The small inputs of higher pfatty acids are possibly due to the low input
of terrestrial plants as result of attenuated fnedbr outflow. In addition, the significantly
depleted carbon values at the estuarine site inKdréega region appeared to be largely
ascribed to the presence of autochthonous estuphgplankton rather than terrestrial
inputs (Appendix 2.1). This is mainly due to thgher levels of the marker 16:1n-7 (2.9-5.0
% TFA) compared to HPFAs (0.0-2.2 % TFA) that wezeorded at the estuarine site in
March and July (Appendix 2.1). The Great Fish oagiin contrast, received equal
contributions of riverine phytoplankton (16:1n-76 36 TFA) and terrestrial inputs (3.6 %
TFA) during summer (Appendix 2.1). The signifidgntiepleted carbon signatures at the
estuarine site in the Great Fish region during Judye associated with the distinctly larger
levels of HPFAs (14.3 % TFA) and the phytoplanktorarker 16:1n-7 (7.1 % TFA,
Appendix 2.1). The Great Fish Estuary is char&#dr by dynamic changes in seasonal
hydrology patterns which, along with greater terigus influences and slightly depleted
carbon signatures, are likely responsible for g$igamt differences in SPM and total
chlorophylla concentration, and fatty acid and isotopic sigreguover time (Grange &
Allanson, 1995).

Distinct differences between the Kariegd &reat Fish regions were observed in the
fatty acid and isotopic signatures in the mussets @lychaetes (Table 3.7; Figures 2.7 and
2.8), which likely reflected regional changes ie tBPM detritus and in the contribution of
bacterial and phytoplankton sources to their dietritus and bacteria form a large part of
the seston within the Kariega Estuary, while altbomous riverine phytoplankton dominates
the seston composition in the Great Fish EstuargriGe & Allanson, 1995). The outwelling
of these particulates from the Kariega and Gresh Estuaries to the adjoining nearshore
environment may therefore likely contribute to aamer diets. A study examining the
isotopic signatures in suspension-feeders fromdistinct habitats along the northwest coast
of France also identified large contributions ofrifles and microphytobenthos to the diets of
the consumers in the estuarine environment with dieer flows, while phytoplankton was
the major food source to the filter-feeders in ithtertidal rocky shore bordering an estuary
with substantial freshwater outflow (Lefebvre et, &2009). Although carbon isotopes
distinguished between the Kariega and Great Figjtpaetes (Table 3.7), fatty acid analyses
contrasted the isotopic results and showed no megiifferences in the polychaete fatty acid
profiles (Table 2.3). Carbon and nitrogen sigreguin primary producers and consumers
have been documented to vary widely with seasonatgional changes (Hill & McQuaid,
2008; Allan et al., 2010; Schaal et al., 2010; k¢tm et al., 2011). As a resuwt>C and
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8N ratios may display a greater sensitivity in flimting environments than fatty acid

profiles (Allan et al., 2010). The Kariega and &rd-ish polychaetes displayed little
omnivory and had consistent contributions in tlikats of food sources from plant origins
(i.e. microalgae and detritus; Figures 2.15 an@)2.The results from SIAR also showed that
polychaetes consumed plant food sources ratherahamnal nutrients such as zooplankton
(Figures 3.5c to 3.8c). The barnacles and musisgiéayed a higher degree of omnivory and
likely a wider consumption of possible carbon searcthan the polychaetes, likely
responsible for the significant temporal differemicecorded in their carbon isotopic and fatty
acid signatures (Tables 2.3 and 3.7). However,ldok of a regional distinction in the

polychaete fatty acid profiles could possibly berded to their consistent preference for
autotrophs. The large proportions of diatoms (88515.1-22.2 % TFA) and BFAs (8.7-

13.6 % TFA) in polychaete diets in the Kariega a&atkat Fish regions significantly

influenced polychaete signatures (Figure 2.19), @nobably prevented a measurable
difference between the Kariega and Great Fish &adiy profiles.

The interspecific trends in the isotopiadatty acid signatures complemented each
other in the identification of potential food soescin the diets of the barnacles, mussels and
polychaetes. While stable isotopes were able ¢vige information on the contributions of
potential food sources within each region, fattdsomarkers could also identify temporal
changes in food source contributions and diffeetatiamong potential food constituents.
Due to the slightly enriched carbon signaturesanscmers and SPM in the Kariega region,
benthic macroalgae, detritus, the salt marsh fguartina maritimaand zooplankton were
identified as potentially significant food sourdessuspension-feeders (Figures 3.1 and 3.2).
The more depleted carbon signatures in the Graat iéigion possibly highlight, in addition
to benthic macroalgae and the salt marsh pl8pbrobolus virginicus an input of
allochthonous riverine phytoplankton and terrestsiganic matter (TOM) to consumer diets
(Figures 3.3 and 3.4). Distinct spatial changethenisotopic signatures in consumers from
two different areas in a basin along the southeastof Italy were suggested to result from
differences in hydrodynamic regimes, which in taffected the distribution and transfer of
organic matter (Vizzini & Mazzola, 2006). Speddfily, the central basin with limited
hydrological dispersion had significant vegetatbhacterial decomposition leading to more
enriched signatures in the suspension-feedersewid southern basin was exposed to large
volumes of water exchange and export of vasculdemad, limited bacterial decomposition
and thus more depleted consumer signatures dine thigher contribution of phytoplankton
in their diets (Vizzini & Mazzola, 2006).
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Fatty acid profiles identified the potehti@y food sources for all three filter-feeders
during March as phytoplankton (i.e. diatoms), matgae and detritus and during July as
phytoplankton (i.e. flagellates), zooplankton aretritis. Stable isotopes revealed that
benthic macroalgae was a key food source for tlspesnsion-feeders in the Kariega and
Great Fish regions during both sampling times (FégwB.1 to 3.4). Similar to the fatty acid
results, which identified the copepod marker 2M1as influential to SPM proportions
during July in both regions (Figure 2.5), stabletopes showed that zooplankton became
important during July (Figures 3.2 and 3.4) andrsity influenced barnacle signatures
(Figure 2.19). The SIAR results, however, illusththat the barnacles in the Great Fish
region may potentially rely on zooplankton nutrgenuring both months (Figures 3.7a and
3.8a). Although isotopic signatures of the conssmeemained slightly**C-enriched
compared to the riverine and marine phytoplankteigures 3.1 to 3.4), the more depleted
carbon values in the Great Fish region compardtiédKariega region possibly highlight a
greater contribution of phytoplankton to consumetsd However, the monounsaturated
fatty acid 16:1n-7 illustrated a consistent avaligbof phytoplankton to the suspension-
feeders in both the Kariega and Great Fish regiagle the polyunsaturated fatty acids
20:5n-3 and 22:6n-3 identified a possible shifthia phytoplankton communities when these
biomarkers became important in July (Figure 2. %ihe significance of phytoplankton as the
major food source for suspension-feeders is wetludented (Desvilletes et al.,, 1997,
Kharlamenko et al., 2001), and the presence obuhatand dinoflagellates are characteristic
of the coastal waters along the eastern shoreswhSAfrica (Machu et al., 2005; Allan et
al., 2010).

Both the fatty acid and stable isotopalygses supported the published literature on the
species-specific feeding patterns and potentiatl feources in the barnacles, mussels and
polychaetes. Carbon isotopes were able to sepératesuspension-feeders into slightly
depleted (barnacles; -16.5 to -16.1,%atermediate (mussels; -15.8 to -15.0 %ad enriched
(polychaetes; -15.0 to -14.4 p@onsumers, but did not provide conclusive evigeoic their
preferences for specific phytoplankton. Fatty aaithlyses, however, highlighted that
barnacles and mussels relied largely on dinoflatgd] whereas polychaetes relied on
diatoms (Figure 2.19). Stable isotopes were né¢ &b provide any information on the
bacterial sources consumed, since isotopic ratidsacteria generally reflect those of their
substrate (Lebreton et al., 2011). In contrasty facid markers showed that the three species
had consistent BFA levels in March and July, amddgproportions of saturated fatty acids

with 14 to 18 carbons, suggesting that bacteridldatritus food sources played an important
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role in their diets (Freites et al., 2002). Suspamfeeding invertebrates consume bacterial
food and algal detritus since they provide richamig nutrition, and may even be important
supplementary food sources when phytoplankton besdimited during winter (Meziane et
al., 1997, Lefebvre et al., 2009). It is importéamtnote that although specific marker fatty
acids can be used to identify possible food camestits (Dalsgaard et al., 2003), factors such
as endogenous fatty acid biosynthesis, lipid méistinoand selective deposition should also
be considered when attempting to estimate the itapoe of primary sources in consumer
diets (lverson et al., 2004; Thiemann et al.,, 2004s lipid metabolisation can cause
consumer signatures to differ from assimilated feodrces, a thorough understanding of
species- and tissue-specific lipid metabolisatiod aeposition is therefore crucial, and
requires further investigation.

The degree of omnivory in the suspensi@uées was illustrated by both the fatty acid
and stable isotope results. All three filter-femsdgemonstrated herbivory in the Kariega and
Great Fish regions during March and July since tla#lyhad substantial amounts of
microalgal markers. Fatty acid analyses identifead levels of 18:2n-6 and 18:3n-3 in the
tissues of the barnacles and polychaetes, suggestat TOM is not an important food
source for these suspension-feeders. Isotopiyseslalso verified the limited assimilation
of TOM in the polychaetes due to their enricheoarvalues. Depleted carbon signals in
the barnacles could indicate the contribution ofMI@ their diets, although insignificant
levels of the terrestrial markers (18:2n-6 and @&} in their tissues probably indicate the
contrary. Suspension-feeders do not generally woaeshigher plants unless they have
undergone substantial microbial degradation (DeegaBarritt, 1997; Marin Leal et al.,
2008; McLeod & Wing, 2009). The intermediate carbalues recorded in the mussels
possibly reflected fairly equal contributions ofriehed and depleted food sources in their
diets (Espinosa et al., 2008; Kharlamenko et &Q12. In contrast to the barnacles and
polychaetes, the mussels had significant propastminterrestrial markers (>2.5 %) in their
tissues, thus identifying TOM as a food sourcetlits suspension-feeder. The results from
the current investigation therefore highlightedt tftecky shore suspension-feeders probably
maintain trophic plasticity as result of distinttanges in food delivery between the Kariega
and Great Fish regions during summer and winter.

Barnacles can consume large amounts oflaokfon (i.e. copepods; Hunt & Alexander,
1991; Turner et al.,, 2001). The extent of omnivbgythe barnacles was evident by the
presence of the copepod marker 20:1n-11, high ocompivatios (18:1n-9/18:1n-7; ~2.1),

significantly enriched nitrogen signatures (~10.6 &ad substantial dietary contributions of
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oceanic zooplankton (mean = 10-61 %, SIAR) in hb#h Kariega and Great Fish regions.
Moderate contributions of the copepod marker 2@ 1nintermediate omnivory ratios (~1.3)
and dietary contributions of oceanic zooplanktoregm = 10-15 %, SIAR) identified
zooplankton as a food source for the mussels. bEmeacles and mussels showed the most
elevated omnivory ratios (1.0 to 4.8) during winterthe Kariega and Great Fish regions,
which also coincided with the greatest abundandezooplankton in the two regions
(Vorwerk, 2006). However, although mussels arevkndo ingest zooplankton and can be
omnivorous feeders, their depleted nitrogen sigest(+~7.9 %o) relative to the barnacles and
polychaetes possibly suggest a stronger prefer@arcautotrophic food (Davenport et al.,
2000). In particular, the markers 16:1n-7 and A& lwere identified to significantly
influence mussels fatty acid signatures during metimths (Figure 2.19). Polychaetes mainly
consumed plant-based food sources (i.e. microalpaeroalgae and detritus; high levels of
i-18:0, 18:1n-9, 18:4n-3 and 20:5n-3; Figure 2.1Byidence in support of this was apparent
from small 20:1n-11 levels, low carnivory ratio®(4), and enriched carbon signatures (~9.1
%0) relative to the barnacles and mussels, and sdiefary contributions of zooplankton
(mean = <10 %, SIAR). Studies examining resouamrditfpning among suspension-feeding
invertebrates suggested that due to their spepesfi feeding mechanisms, including the
non-selective feeding of barnacles and the alititgreferentially select particles by mussels
and polychaetes, distinct differences in fatty aoid isotopic signatures can result among co-
occurring consumers (Machas et al., 2003; Gral.e2006; Vizzini & Mazzola, 2006). The
data obtained during this investigation are thussigient with the published literature.

Fatty acid and isotopic data on the consandéd not support one another regarding
differences in diet from the north to south in eaeffion. Although southern-located animals
did show slightly depleted carbon signals compdcethose in the north in both regions,
possibly suggesting an increased input of TOM ieirttdiets, stable isotopes did not
significantly delineate between northern and sauthsuspension-feeders. In contrast,
invertebrate fatty acid signatures clearly distisgad northern from southern barnacles,
mussels and polychaetes in the Kariega region guhitarch (Figures 2.16 to 2.18).
Phytoplankton assemblages appeared to influence gbparation in the barnacles and
mussels, with elevated contributions of diatomstmoof the estuary mouth, and of
dinoflagellates in the south. Detritus and BFAsoadppeared important in the diets of
southern-located animals, with one to five peragmetater BFA proportions relative to the
north, and especially greater levels of 14:0, 161®:0 and-18:0 in the polychaetes south of
the estuary mouth. Both techniques, thereforepuiéxsl the hypothesis predicting higher
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dependencies on terrestrially-derived food soulgesouthern-located animals compared to

those located north of the estuary mouth in bagiores.

4.1 Final conclusions

This study documents the temporal and apetianges in the diets of three indigenous
suspension-feeders in the nearshore marine cdzabitht of the Eastern Cape coastline of
South Africa. The distinct changes in the fattidaand stable isotope signatures in all three
filter-feeders in the Kariega and Great Fish regi@me likely due to differences in the
regional vegetation and hydrology of the systenm&] mterspecific resource partitioning
among the species. The Kariega Estuary has estggasid salt marsh vegetation and minor
terrestrial inputs, whereas the Great Fish Esthas/reeds and sedges along its banks and
increased terrestrial plant influences (Grangelet2800). River discharge can play an
important role in influencing the availability armitwelling of vegetative material from
estuaries, and the amount of decomposition of thal @omponents to detritus (Berg &
Newell, 1986). Significant temporal differencediiophic signatures in all three suspension-
feeders were observed between the Kariega and Gigategions. The Kariega region is
possibly predisposed to more bacterial degradatioms salt marsh plants and submerged
macrophytes due to low freshwater inputs (Grangél&anson, 1995; Marin Leal et al.,
2008). The suspension-feeders had greater cotitmitsuof detritus and BFAs in their tissues
and more enriched carbon signatures in the Kariegpon, reflecting the substantial
contributions of these food sources to their dieSuspension-feeders in the Great Fish
region, however, with slightly more depleted cars@natures, appear to have a greater input
of riverine phytoplankton and terrestrial matenmatheir diets.

The contrasting hydrology and vegetatiomposition of the Kariega and Great Fish
regions are likely important contributing factonsthe spatial and temporal variety of carbon
sources and the amount of estuarine particulateveslinng (Vorwerk, 2006; Vorwerk &
Froneman, 2009). The lack of significant smaéiscspatial trends in the fatty acid and
isotopic signatures of the barnacles, mussels pahgthaetes suggested that the suspension-
feeders had very flexible diets depending on thgiore and seasonal contributions of
available food sources (Machas et al., 2003). @dreacle,Tetraclita serrata appears to be
a non-selective generalist feeder utilising phyogton, macroalgae, bacteria, detritus and
zooplankton (Turner et al., 2001; Dubois et al)2Riisgard & Larsen, 2010). The mussel,
Perna perna can selectively consume a wide array of partteslasupported by their

intermediate carbon ratios. Although they do comswooplankton (Espinosa et al., 2008),
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the mussels showed a stronger preference towagedsotisumption of autotrophic food and
TOM than the barnacles. The polychagBynnarea capensisshowed less feeding on
heterotrophic sources than the barnacles, and rpedfethe smaller particulates (i.e.
microalgae and detritus). The distinct changesaphic signatures in the suspension-feeders
through time in the Kariega and Great Fish regibesefore appeared to largely result from
changes in seasonal vegetative inputs, speciesfispieeding mechanisms (i.e. selective
versusunselective feeding), food partitioning among imeertebrates (i.e. consumption of
phytoplankton, detritus, bacteria, TOM and zooptankin different proportions), and
possible distinctions in metabolism (Machas et 2003; Iverson et al., 2004; Grall et al.,
2006).

Fatty acid and stable isotope trophic merkeere successfully applied to determine
regional and temporal changes in the diets of ra@tigre suspension-feeders adjacent to two
contrasting estuaries in the Eastern Cape of Safitba. Many studies have suggested that
rocky shore food webs are notably linked to terrgishabitats (Finlay et al., 2002; Kang et
al., 2006; Riera et al., 2009; Schaal et al., 2016)owever, the regional and temporal
changes in the connections between rivers and ¢kanoremain poorly resolved. Since
coastal rocky shores are influenced by variablerdgyghamic factors that can affect food
sources on temporal and spatial scales, furthesiigation into the processes contributing to
the dynamics of local populations, communities andsystems, and the factors responsible

for the fluxes of material among these environmastBindamental.

4.2 Future research

Estuaries have a highly diverse natureresgmt suitable habitat for a variety of species
and are continuously utilised by man (i.e. watestztion). Within South Africa, numerous
studies in the CTZ (i.e. on the ecological impaifthydrodynamics, biological components,
estuarine trophic relationships, and physico-chama@nd biological characteristics in the
river-estuary interface zone) have aided in praxgda good foundation of knowledge for
estuaries and their connectivity with the nearshoagine habitat (Berry & Schleyer, 1983;
McQuaid & Branch, 1985; Bustamante & Branch, 198@&neman, 2001; Vorwerk, 2006;
Richoux & Froneman, 2007). Further investigatiomoithis dynamic zone is therefore
required to assess the influences of altered fle&rs on nearby coastal feeding dynamics
and to broaden our knowledge on the potential mesg® of these ecosystems to human

impacts.
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Follow-up studies within the Kariega ance@rFish regions could assist in broadening
our limited knowledge on the feeding dynamics afisiamers along the eastern coastline of
South Africa. For this investigation, fatty acidere able to identify some of the primary
carbon sources while stable isotopes revealed farelit degree of omnivory in all three
indigenous suspension-feeders. Examining the amaedand transport of potential carbon
sources for consumers between estuaries and tlaa egeherefore vital. Further research
incorporating longer time scales (i.e. annual gsdntegrating all seasons) and consumers
from different trophic levels may thus provide het insight into the food web ecology of
these complex coastal ecosystems.

The highly variable nature of SPM in agoaystems was confirmed by this study.
Ongoing research into the dynamics of coastal SBMpeovide a better understanding of the
factors involved in causing the large variabilityserved within the SPM from estuarine and
marine environments. In addition, follow-up studassessing the north-south distinctions in
isotopic and fatty acid signatures of consumersldcquossibly elucidate how the flow
dynamics along coastlines create changes in al@ilabd sources.

A substantial amount of aquatic food welsgs have used stable isotopes as a tool to
assess trophic relationships and potential foodcgsuo consumers. However, research into
species-specific fractionation values for marinespgunsion-feeders has been limited.
Considering the variability in fractionation valuegthin the suspension-feeding trophic
guild, further laboratory-based evaluations to sss®nsumer-diet discrimination values of
local species (i.e. the barnadle serrata musselP. pernaand polychaet&. capensismay
be necessary.

Since the barnacl&, serrata displays greater omnivory compared to the mussads
polychaetes, a thorough study examining the patefttod sources of this suspension-feeder
could provide further insight on their particle iasitation and position in the food web.

Tube-building rocky shore polychaetes hbheen identified to obtain food from two
distinct ecotones in close association with onetltaro(i.e. benthic sediments and water
column; Lefebvre et al., 2009). A study examinihg relationship between the feeding
mode and physical habitat of the polycha&e,capensiould present information on the
degree to which the polychaetes feed from the waikimn or in close association with the
sediments, and whether any specific factors angoresble for influencing their degree of
feeding from each ecotone.

Since there is a general trend to focusiogle level trophodynamic research, further

study into multiple trophic levels would be morefus in evaluating the relationships within
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aguatic food webs over larger spatial and seasscalkes. Although suspension-feeders
comprise the most abundant organisms on rocky shather functional groups such as
herbivores, detritivores, scavengers and preddtake important roles in the food web
dynamics. Therefore, by obtaining information anire rocky shore trophic webs, a more
comprehensive representation of the spatial anghdeah patterns in potential food sources
can be obtained which will allow for objective mgeaent of coastal marine habitats.

The EFAs are generally obtained from a oore’s diet. However, various other
processes such as nutrient status and physiolajetal of primary producers and distinctions
in consumer metabolism have been identified taerite fatty acid signatures. In particular,
reproduction and growth dynamics have been recedris influence fatty acid signatures in
consumers (Richoux et al., 2005; Kang et al., 2006)udies investigating the ontogenetic
and growth dynamics of consumers in conjunctiomwjatial and temporal questions along
the coastal rocky shores of South Africa could éfeme be relevant. These studies may
highlight the degree at which variation in food sms$, compared to species-specific

physiological function, influence fatty acid andtispic signatures in consumers.

136



REFERENCES

Able, K.W. 2005. A re-examination of fish estuaritependence: evidence for connectivity
between estuarine and ocean habitassuarine, Coastal and Shelf Scietee 5-17.

Achituv, Y., Brickner, I. & Erez, J. 1997. Stablarbon isotope ratios in Red Sea barnacles
(Cirripedia) as an indicator of their food sourbtarine Biologyl30 243-247.

Ackman, R.G. & Hooper, S.N. 1973. Long-chain mohgksnic and other fatty acids in
heart, liver and blubber lipids of two harbour se@hoca vituling and one grey seal
(Halichoerus grypus Journal of the Fisheries Research Board of Canatie833-341.

Ackman, R.G., Sebedio, J-L. & Kovacs, M.1.P. 19B0le of eicosenoic and docosenoic fatty
acids in freshwater and marine lipiddarine Chemistr: 157-164.

Alfaro, A.C. 2006. Evidence of cannibalism and erpelagic coupling within the life-cycle
of the musselPerna canaliculusJournal of Experimental Marine Biology and Ecology
329 206-217.

Alfaro, A.C. 2009. Diet of the pulmonate gastropddchidella nigricans in the intertidal
rocky shore, New Zealan@nimal Biology59: 231-240.

Alfaro, A.C., Thomas, F., Sergent, L. & Duxbury, N006. Identification of trophic
interactions within an estuarine food web (north&ew Zealand) using fatty acids
biomarkers and stable isotop&stuarine, Coastal and Shelf Scied@:271-286.

Allan, E.L., Ambrose, S.T., Richoux, N.B. & Fronema.W. 2010. Determining spatial
changes in the diet of nearshore suspension-feedeng the South African coastline:
Stable isotope and fatty acid signatuiestuarine, Coastal and Shelf Sciel®e 463-471.

Allanson, B.R. & Read, G.H.L. 1987. The responsesttiaries along the south eastern coast
of southern Africa to marked variation in freshwatistitute for freshwater studies,
Rhodes University, Grahamstown, Special ReNort2/78. pp 40.

Allanson, B.R. & Read, G.H.L. 1995. Further commentthe response of Eastern Cape
Province estuaries to variable freshwater infloB®uth African Journal of Aquatic
Science21: 56-70.

Baird, D., Winter, P.E.D., and Wendt, G. 1987. The of particulate material through a
well-mixed estuaryContinental Shelf Resear@h1399-1403.

Bate, G.C., Whitfield, A.K., Adams, J.B., HuizingR, & Wooldridge, T.H. 2002. The
importance of the river-estuary interface (REI) eon estuariesWater SA28(3): 271-

280.
137



Beal, L.M., Chereskin, T.K., Lenn, Y.D. & Elipot,. 006. The sources of mixing
characteristics of the Agulhas Curreddurnal of Physical Oceanograpg: 2060-2074.
Berg, J.A. & Newell, R.ILE. 1986. Temporal and sgavariations in the composition of
seston available to the suspension fedli@ssostrea virginicaEstuarine, Coastal and

Shelf Scienc23: 375-386.

Berry, P.F. & Schleyer, M.H. 1983. The brown mu$3&ina pernaon the Natal coast, South
Africa: utilization of available food and energydmet. Marine Ecology Progress Series
13 201-210.

Bodin, N., Le Loc’h, F. & Hily, C. 2007. Effect dipid removal on carbon and nitrogen
stable isotope ratios in crustacean tissdesrnal of Experimental Marine Biology and
Ecology341 168-175.

Bougrier, S., Hawkins, A.J.S. & Héral, M. 1997. iRgestive selection of different
microalgal mixture inCrassostrea gigaandMytilus edulis analysed by low cytometry.
Aqualculturel50 123-124.

Branch, G. & Branch, M. 1983 he Living Shores of Southern Africa. Struik Publishers,
Cape Town. 272 pp.

Branch, F.M., Odendaal, F. & Robinson, T.B. 2010mpetition and facilitation between the
alien musseMytilus galloprovincialisand indigenous species: moderation by wave action.
Journal of Experimental Marine Biology and Ecol&88 65-78.

Brett, M.T. & Miller-Navarra, D. 1997. The role bighly unsaturated fatty acids in aquatic
foodweb processeBreshwater Biology8: 483-499.

Brewer, R. 1994The science of ecology — Second EditiSaunders College Publishing,
Orlando. 773 pp.

Budge, S.M., Iverson, S.J. & Koopman, H.N. 2006id$ing trophic ecology in marine
ecosystems using fatty acids: a primer on analgsts interpretationMarine Mammal
Science22(4): 759-801.

Budge, S.M. & Parrish, C.C. 1998. Lipid biogeochs&tnyi of plankton, settling matter and
sediments in Trinity Bay, Newfoundland. Il. Fattyids. Organic Geochemistr9:1547-
1674.

Budge, S.M., Parrish, C.C. & McKenzie, C.H. 200lattfF acid composition of
phytoplankton, settling particulate matter and seits at a sheltered bivalve aquaculture
site.Marine Chemistryr6: 285-303.

Bustamante, R.H. 1994. Patterns and causes otid@ecommunity structure around the

coast of southern Africa. Ph.D. thesis, UniversitfCape Town, South Africa.

138



Bustamante, R.H. & Branch, G.M. 1996. The depeneeafcntertidal consumers on kelp-
derived organic matter on the west coast of Soditit#® Journal of Experimental Marine
Biology and Ecology 96 1-28.

Bustamante, R.H., Branch, G.M., Eekhout, S., RebertB., Zoutendyk, P., Schleyer, M.,
Dye, A., Hanekom, N., Keats, D., Jurd, M. & McQuail 1995. Gradients of intertidal
primary productivity around the coast of South édriand their relationships with
consumer biomasfecologial02 189-201.

Canuel, E.A. 2001. Relations between river flowjmary production and fatty acid
composition of particulate organic matter in Samr€isco and Chesapeake Bays: a
multivariate approaclOrganic Geochemistr$2: 563-583.

Carabel, S., Godinez-Dominguez, E., Verisimo, Brn&nhdez, L. & Freire, J. 2006. An
assessment of sample processing methods for stabdpe analyses of marine food webs.
Journal of Experimental Marine Biology and Ecol&B6 254-261.

Chavez, F.P., Barber, R.T., Kosro, P.M., Huyer, Ramp, S.R., Stanton, T.P. & De
Mendiola, B.R. 1991. Horizontal transport and th&ribution of nutrients in the coastal
transition zone off northern California: Effects @mimary production, phytoplankton
biomass and species compositialournal of Geophysical Resear@6(C8): 14,833-
14,848.

Cloern, J.E., Canuel, E.A. & Harris, D. 2002. S¢atdhrbon and nitrogen isotope composition
of aquatic and terrestrial plants of the San FisantcEstuarine Bay systeilnimnology and
Oceanography7: 713-729.

Connolly, R.M., Gorman, D. & Guest, M.A. 2005. Morent of carbon among estuarine
habitats and its assimilation by invertebrat@scologial44 684-691.

Copeman, L.A. & Parrish, C.C. 2003. Marine lipidsai cold coastal ecosystem: Gilbert Bay,
Labrador.Marine Biologyl143 1213-1227.

Costanza, R., D’'Arge, R., De Groots, R., Farber&asso, M., Hannon, B., Limburg, K.,
Naeem, S., O'Neill, R.V., Paruelo, J., Raskin, R&utton, P. & Van Der Belt, M. 1997.
The value of the world’s ecosystem services andrabtapital Nature387: 253-260.

Cravo, A., Madureira, M., Felicia, H., Rita, F. &Banno, M.J. 2000. Impact of outflow
from the Guadiana River on the distribution of sreged particulate matter and nutrients
in the adjacent coastal zortestuarine, Coastal and Shelf Scieff@e 63-75.

Dalsgaard, J., St. John, M., Kattner, G., Mullen&laa, D. & Hagen, W. 2003. Fatty acid

trophic marker in the pelagic marine environment.Advances in Marine Biolog\Eds.

139



A.J. Southward, P.A. Tyler, C.M. Young & L.A. FuimaAcademic Press, Amsterdam. pp
225-340.

Dame, R.F. & Allen, D.M. 1996. Between estuariesd #me seaJournal of Experimental
Marine Biology and Ecolog200 169-185.

Dannheim, J., Struck, U. & Brey, T. 2007. Does slentjulk freezing affect stable isotope
ratios of infuanal macrozoobenthogdurnal of Experimental Marine Biology and
Ecology351 37-41.

Davenport, J., Smith, R.J.J.W & Packer, M. 2000.s8#ls Mytilus edulis significant
consumers and destroyers of mesozooplankfiamine Ecology Progress Serié98131-
137.

Davies, B.R. & Day, J.A. 1998/anishing watersUniversity of Cape Town Press, Cape
Town. 487 pp.

Davies, B.R., Stuart, V. & de Villiers, M. 1989. @Hhfiltration activity of a serpulid
polychaete populatior{copomatus enigmaticu$auvel) and its effects on water quality
in a coastal marin&stuarine, Coastal and Shelf Scie28 613-620.

Deegan, L.A. & Garritt, R.H. 1997. Evidence for splavariability in estuarine food webs.
Marine Ecology Progress Seriégd7: 31-47.

Desvilettes, C.H., Bourdier, G., Amblard, C.H. &rBa B. 1997. Use of fatty acids for the
assessment of zooplankton grazing on bacteriappwahs and microalga&reshwater
Biology38: 629-637.

Dijkstra, H.A. & De Ruijter, W.P.M. 2001. On the y#ics of the Agulhas Current: Steady
retroflection regimeslournal of Physical OceanograpBy: 2971-2985.

Drazen, J.C., Phleger, C.F., Guest, M.A. & Nich&d). 2008. Lipid, sterols and fatty acids
of abyssal polychaetes, crustaceans, and a cmdafiam the northeast Pacific Ocean:
food web implicationsMarine Ecology Progress Seri832 157-167.

Dubois, S., Jean-Louis, B., Bertrand, B. & Lefehvi® 2007. Isotope trophic-step
fractionation of suspension-feeding species: ingpiins for food partitioning in coastal
systemsJournal of Experimental Marine Biology and Ecol®@§1:121-128.

Dunton, K.H. 2001.5"®N and §'*C measurements of Antarctic Peninsula fauna: tmphi
relationships and assimilation of benthic seawegdgerican Zoologis#l: 99-112.

DWAF, D.O.W.A.A.F. 2004. DWAF Report No. PBV000-00310. Thukela Bank: Impacts
of flow scenarios on prawn and fish catch repoReserve Determination Study: Thukela
River System. Prepared by IWR Source-to sea as @dathe Thukela Water Project

Decision Support Phase.

140



Erlandsson, J, McQuaid, C.D. & Kostylev, V.E. 20@ontrasting spatial heterogeneity of
sessile organisms within mussePefna perna L) beds in relation to topographic
variability. Journal of Experimental Marine Biology and Ecol@&j4 79-97.

Espinosa, E.P., Allam, B. & Ford, S.E. 2008. P#etiselection in the ribbed mussel
Geukensia demissand the eastern oyst@rassostrea virginicaeffect of microalgae
growth stageEstuarine, Coastal and Shelf Scief7& 1-6.

Falk-Peterson, S., Hagen, W., Kattner, G., Clake& Sargent, J. 2000. Lipids, trophic
relationships and biodiversity in Arctic and Antaedkrill. Canadian Journal of Fisheries
and Aquatic Science7: 178-191.

Farkas, T. & Herodek., S. 1964. The effect of emwnental temperature on the fatty acid
composition of crustacean planktdiournal of Lipid Research: 369-373.

Finlay, J.C., Khandwala, S. & Power, M.E. 2002. tgppscales of carbon flow in a river food
web.Ecology83: 1845-1859.

Folch, J., Lees, M. & Stanley, G.H.S. 1957. A denmethod for the isolation and
purification of total lipides from animal tissuekurnal of Biological Chemistr226.497-
509.

Forrest, B.M., Gillespie, P.A., Cornelisen, C.D.Rbgers, K.M. 2007. Multiple indicators
reveal river plume influence on sediments and lentin a New Zealand coastal
embaymentNew Zealand Journal of Marine and Freshwater Rededf. 13-24.

France, R.L. 1995. Carbon-13 enrichment in bentbimpared to planktonic algae: foodweb
implications.Marne Ecology Progress Seri@24 307-312.

Frances, P. & Guerrero, A.G. (Eds.) 2008ean Dorling Kindersley, London. pp 512.

Freites, L., Fernandez-Reiriz, M.J. & Labarta, 002 Fatty acid profiles oMytilus
galloprovincialis (Lmk) mussel of subtidal and rocky shore origi@omparative
Biochemistry and Physiology Partl32 453-461.

Froneman, P.W. 2000. Preliminary study on the fooEb structure of two contrasting
estuaries along the eastern Cape coast, SouthaAftiacan Journal of Aquatic Science
25: 13-22.

Froneman, P.W. 2001. Seasonal changes in zooplabkbonass and grazing in a temperate
estuary, South Africéstuarine, Coastal and Shelf Scie®@ 543-553.

Froneman, P.W. 2002. Trophic cascading in an dligphic temperate estuary, South Africa.
Journal of Plankton Resear@4: 807-816.

Froneman, P.W. 2004. Food web dynamics in a tertgpéemporarily open/closed estuary
(South Africa).Estuarine, Coastal and Shelf Scie®& 87-95.

141



Froneman, P.W. & McQuaid, C.D. 1997. Preliminaryeastigation of the ecological role of
microzooplankton in the Kariega Estuary, South &driEstuarine, Coastal and Shelf
Sciencet5: 689-695.

Fry, B. & Sherr, E. 19845"°C measurements as indicators of carbon flow in meagnd
freshwater ecosystemSontributions in Marine Sciencr: 13-47.

Garcia-Alonso, J., Miller, C.T. & Hardege, J.D. 20hfluence of food regimes and fatty
acid composition in the rag worAquatic Biology4: 7-13.

Garcia-Soto, C., de Madariaga, I., Villate, F. &v@t E. 1990. Day-to-day variability in the
plankton community of a shallow coastal embaymentasponse to changes in river
runoff and water turbulenc&stuarine, Coastal and Shelf Scieldde 217-229.

Garrett,R.H. & Grisham, C.M. 199Biochemistry — Second Editiorsaunders College
Publishing, Orlando. 1127 pp.

Graeve, M., Kattner, G. & Hagen, W. 1994. Diet-indd changes in the fatty acid
composition of Arctic herbivorous copepods: expertal evidence of trophic markers.
Journal of Experimental Marine Biology and Ecoldf2 97-110.

Graeve, M., Kattner, G. & Piepenburg, D. 1997. digpin Arctic benthos: does the fatty acid
and alcohol composition reflect feeding and trophieractions®Polar Biology18: 53-61.
Grall, J., Le Loc’h, F., Guyonnet, B. & Riera, RI0B. Community structure and food web
based on stable isotopeSN and **C) analysis of a North Eastern Atlantic mearl bed.

Journal of Experimental Marine Biology and Ecol@&88 1-15.

Grange, N. & Allanson, B.R. 1995. The influencdreshwater inflow on the nature, amount
and distribution of seston in estuaries of the &astCape, South AfricaEstuarine,
Coastal and Shelf Sciendé: 403-420.

Grange, N., Whitfield, A.K., De Villiers, C.J. & Knson, B.R. 2000. The response of two
South African east coast estuaries to altered rilesv regimes.Aquatic Conservation:
Marine and Freshwater Ecosystef® 155-177.

Hall, D., Lee, S.Y. & Meziane, T. 2006. Fatty ac@s trophic tracers in an experimental
estuarine food chain: tracer transfdsurnal of Experimental Marine Biology and Ecology
336 42-53.

Hama, T. 1991. Production and turnover rates di fatids in marine particulate matter
through phytoplankton photosynthed¥arine Chemistrn83: 213-227.

Hammer, @., Harper, D.A.T. & Ryan, P.D. 2001. PApa&laeontological statistics software
package for education and data analysis. Pala@gioElectronica 4, p 9. Available at:

palaeo-electronica.org/2001_1/past/issuel_01.htm.

142



Harrison, T.D., Hohls, D.R., Meara T.P. and Wehs#6. 2001. National Summary Report.
South African Estuaries: Catchment land-covBrepared by the Division of Water,
Environment and Forestry Technology (CSIR) as padrtthe National Land-Cover
Database Project (NLC), for the Directorate Enwmental Information and Statistics
(DEAT). pp 30.

Henninger, T.O., Froneman, P.W., Richoux, N.B. &dgson, A.N. 2009. The role of
macrophytes as refuge and food source for the mstusopodExosphaeroma hylocetes
(Barnard, 1940)Estuarine, Coastal and Shelf Scie®& 285-293.

Herman, P.M.J, Middelburg, J.J., Widdows, J., Luc$i. and Heip, C.H.R. 2000. Stable
isotopes as trophic tracers: combining field sangplknd manipulative labelling of food
resources for macrobenthddarine Ecology Progress Seri@®4 79-92.

Hickman, C.P., Roberts, L.S. & Larson, A. 200ttegrated principles of zoology — Eleventh
Edition. McGraw-Hill, New York. 899 pp.

Hill, J.M. & McQuaid, C.D. 20085™*C and5™N biogeographic trends in rocky intertidal
communities along the coast of South Africa: evadeaf strong environmental signatures.
Estuarine, Coastal and Shelf Sciel®fe 261-268.

Hill, .M., McQuaid, C.D. & Kaehler, S. 2006. Biaggraphic and nearshore-offshore trend
in isotope ratios of intertidal mussels and thewd sources around the coast of southern
Africa. Marine Ecology Progress Seri848 63-73.

Hiscock, K. & Marshall, C. 2006. Dossier on EcosystStructure and Functioning —
characterization and importance for managemenkyrehores. In: Hiscock, K., Marshall,
C., Sewell, J. & Hawkins, S.J., 2006. The strucame functioning of marine ecosystems:
an environmental protection and management peigpe&eport to English Nature from
the Marine Life Information Network (MarLIN). Plynuth: Marine Biological
Association of the UK. [English Nature Research &ty ENRR No. 699]

Hobson, K.A., Schell, D.M., Renouf, D. & Noseworthy. 1996. Stable carbon and nitrogen
isotope fractionation between diet and tissuesagpitice seals: implications for dietary
reconstructions involving marine mammafzanadian Journal of Fisheries and Aquatic
Scienceb3; 528-533.

Hodgson, A.N. 1987. Distribution and abundancehef macrobenthic fauna of the Kariega
estuary South African Journal of Zoolod2(2): 153-162.

Howell, K.L., Pond, D.W., Billit, D.S.M. & Tyler, FA. 2003. Feeding ecology of deep-sea
seastars (Echinodermata: Asteroidea): a fatty-bmdharker approachiviarine Ecology
Progress Serieg55 193-206.

143



Hudson, I.LR., Pond, D.W., Billett, D.S.M., Tyler,A®, Lampitt, R.S. & Wolff, G.A. 2004.
Temporal variations in fatty acid composition ofedesea holothurians: evidence of
bentho-pelagic couplindgdarine Ecology Progress Serieg81 109-120.

Hunt, M.J. & Alexander, C.G. 1991. Feeding mechasisin the barnacleletraclita
squamosdBruguiere).Journal of Experimental Marine Biology and Ecoldd4 1-28.

lverson, S.J., Field, C., Bowen, W.D. & Blanchand, 2004. Quantitative fatty acid signature
analysis: a new method of estimating predator digtslogical Monograph34: 211-235.

Jacob, U., Mintenbeck, K., Brey, T., Knust, R. &yBe K. 2005. Stable isotope food web
studies: a case for standardized sample treatniMatine Ecology Progress Series
287:251-253.

Jeffries, H.P. 1970. Seasonal composition of teatpeplankton communities: fatty acids.
Limnology and Oceanograptiy: 419-426.

Jennings, M.E. 2005Nutrient dynamics in and offshore of two permanewniben South
African estuaries with contrasting freshwater imflo M.Sc., Rhodes University,
Grahamstown. 155 pp.

Jennings, S., Refones, O., Morales-Nin, B., PoJuNi¥v.C., Moranta, J. & Coll, J. 1997.
Spatial variation in the N and C stable isotopeplaints, invertebrates and fishes on
Mediterranean reefs: implications for the studytaiphic pathwaysMarine Ecology
Progress Serie$46. 109-116.

Jerling, H.L. & Wooldridge, T.H. 1995. Feeding afd mysid species on plankton in a
temperate South African Estuadournal of Experimental Marine Biology and Ecology
188 243-259.

Jargensen, C.B. 1996. Bivalve filter feeding raei Marine Ecology Progress Series
142287-302.

Kanazawa, A. & Koshio, S. 1994. Lipid nutrition thfe spiny lobstePanuliris japonicus
(Decapoda, Panuliridae): a revie@rustacean&®7: 226-234.

Kang, C-K., Lee, Y-W., Choy, E.J., Shin, K-K., SetS. & Hong, J-S. 2006.
Microphytobenthos seasonality determines growthrapdoduction in intertidal bivalves.
Marine Ecology Progress Seri845 113-127.

Kharlamenko, V.I., Kiyashko, S.I., Imbs, A.B. & Wkvartzev, D.l. 2001. Identification of
food sources of invertebrates from the seagfastera marinacommunity using carbon
and sulfur stable isotope ratio and fatty acid ysed.Marine Ecology Progress Series
220 103-117.

144



Kharlamenko, V.I., Kiyashko, S.I., Rodkina, S.A.l&bs, A.B. 2008. Determination of food
sources of marine invertebrates from a subtidatl smmmunity using analyses of fatty
acids and stable isotopéscology34: 101-109.

Kosro, P.M., Huyer, A., Ramp, S.R., Smith, R.L.,a@&z, F.P., Cowles, T.J., Abbott, M.R.,
Strub, P.T., Barber, R.T., Jessen, P. & Small, 0991. The structure of the transition
zone between coastal waters and the open oceaortifiern California, winter and spring
1987.Journal of Geophysical Resear8f(C8): 14,707-14,730.

Kupfer, A., Langel, R., Scheu, S., Himstedt, W. &idun, M. 2006. Trophic ecology of a
tropical aquatic and terrestrial food web: insigfitm stable isotopes™(). Journal of
Tropical Ecology22: 469-476.

LaBarbera, M. 1984. Feeding currents and partiédptuwre mechanisms in suspension-
feeding animalsAmerican Zoologis24: 71-84.

Labarta, U., Fernandez-Reiriz, M.J. & Babarro, F.ML997. Differences in physiological
energetic between intertidal and raft cultivatedssalisMytilus galloprovincialis Marine
Ecology Progress Serid$2 167-173.

Largier, J.L. 1993. Estuarine fronts: how importard theyEstuariesl6: 1-11.

Largier, J.L. & Taljaard, S. 1991. The dynamicdidél intrusion, retention, and removal of
seawater in a bar-built estuaBstuarine, Coastal and Shelf Sciel3@ 325-338.

Lebreton, B., Richard, P., Galois, R., Radenac,R#éger, C., Guillou, G., Mornet, F. &
Blanchard, G.F. 2011. Trophic importance of diatomsan intertidalZostera noltii
seagrass bed: evidence from stable isotope andafetd analysisEstuarine, Coastal and
Shelf Scienc€011), doi:10.1016/j.ecss.2010.12.027.

Lefebvre, S., Marin Leal, J.C., Dubois, S., Orvain, Blin, J-L., Bataillé, M-P., Ourry, A.
and Galois, R. 2009. Seasonal dynamics of tropéiationships among co-occurring
suspension-feeders in two shellfish culture donedacosystem&stuarine, Coastal and
Shelf Scienc82: 415-425.

Lesser, M.P., Shumway, S.E., Cucci, T., Smith, 2021 Impact of fouling organisms on
mussel rope culture: interspecific competition ffmod among suspension-feeding
invertebratesJournal of Experimental Marine Biology and Ecold§s 91-102.

Levin, L.A., Boesch, D.F., Covich, A., Dahm, C.,sBus, C., Ewel, K.C., Kneib, R.T.,
Moldenke, A., Palmer, M.A., Snelgrove, P., Strayer,& Weslawski, J.M. 2001. The
function of marine critical transition zones an@ tmportance of sediment biodiversity.
Ecosystem4: 430-451.

145



Levinton, J.S. 2001Marine biology: function, biodiversity and ecologyxford University
Press, New York. 515 pp.

Little, C. & Kitching, J.A. 1996The biology of rocky shore®xford University Press, New
York. pp 240.

Lorenzen, C. & Jeffrey, S.W. 1980. Determination obfforophyll in sea waterUnesco
Technical Papers in Marine Scien8g 1-20.

Lutjeharms, J.R.E. 2007. Three decades of researdhe greater Agulhas Curre@cean
Science3: 129-147.

Lutjeharms, J.R.E., Cooper, J. & Roberts, M. 200pwelling at the inshore edge of the
Agulhas CurrentContinental Shelf Resear@®: 737-761.

Machas, R., Santos, R. & Peterson, B. 2003. Tratiadlow of organic matter from primary
producers to filter feeders in Ria Formosa Lag@muthern PortugaEstuaries26. 846-
856.

Machu, E., Biastoch, A., Oschlies, A., Kawamiya,, Mutjeharms, J.R.E. & Garcon, V.
2005. Phytoplankton distribution in the Agulhas tegs from a coupled physical-
biological modelDeep-Sea Researctb?: 1300-1318.

Maksymowska, D., Richard, P., Piekarek-Jankowska&HRiera, P. 2000. Chemical and
isotopic composition of the organic matter souiicethe Gulf of Gdansk (southern Baltic
Sea) Estuarine, Coastal and Shelf Sciede 585-598.

Mann, K.H. 1988. Production and use of detritusanous freshwater, estuarine, and coastal
marine ecosystemkimnology and Oceanograpi33(4, part 2): 910-930.

Marchinko, K.B. 2007. Feeding behaviour revealsatiaptive nature of plasticity in barnacle
feeding limbsBiological Bulletin213 12-15.

Maree, C. & Casey, N.H. 1993Livestock production systemsAgri-Development
Foundation, Pretoria. 403 pp.

Marieb,E. N. & Hoehn, K. 201(Human anatomy and physiology — Eighth EditiBearson
Benjamin Cummings, San Francisco. 1114 pp.

Marin Leal, J.C., Dubois, S., Orvain, F., Galois, Rlin, J-L., Ropert, M., Bataillé, M-P.,
Ourry, A. & Lefebvre, S. 2008. Stable isotop&S°C, 5*°N) and modelling as tools to
estimate trophic ecology of cultivated oysters wo tcontrasting environmentdlarine
Biology53: 673-688.

Mayzaud, P.,Chanut, J.P. & Ackman, R.G. 1989. Sedsohanges of the biochemical
composition of marine particulate matter with speceference to fatty acids and sterols.
Marine Ecology Progress Serié§. 189-204.

146



McCutchan, J.H., Lewis, W.M., Kendall, C. & McGrath.C. 2003. Variation in trophic shift
in stable isotope ratios of carbon, nitrogen arflisuOikos102 378-390.

McLeod, R.J. & Wing, S.R. 2009. Strong pathwaysifamorporation of terrestrially derived
organic matter into benthic communitidsstuarine, Coastal and Shelf Scier82 645-
653.

McQuaid, C.D. & Branch, G.M. 1985. Trophic strugusf rocky intertidal communities:
response to wave action and implications for endtgyw. Marine Ecology Progress
Series22: 153-161.

McQuaid, C.D. & Mostert, B.P. 2010. The effects within-shore water movement on
growth of the intertidal mussdterna perna An experimental field test of bottom-up
control at centimetre scaledournal of Experimental Marine Biology and Ecology
384119-123.

Michener, R.H. & Schell, D.M. 1994. Stable isotop#os as tracers in marine aquatic food
webs. In:Stable Isotopes in Ecology and Environmental SeieBds. K. Lajtha & R.H.
Michener. Blackwell, Oxford, pp 138-157.

Moberg, F. Ronnback, P. 2003. Ecosystem servictheftropical seascape: interactions,
substitutions and restoratior@cean and Coastal Managemédit 27-46.

Narvaez, M., Freites, L., Guevara, M., MendozaGliderley, H., Lodeiros, C.J. & Salazar,
G. 2008. Food availability and reproduction affdgigl and fatty acid composition of the
brown musselPerna pernaraised in suspension cultu@omparative Biochemistry and
Physiology BL49 293-302.

Nicholls, P. & Ellis, J. 2002. Fringing habitats estuaries: the sediment-mangrove
connectionWater and Atmosphed#)(4): 24-25.

Noffke, A., Hertweck, G., Kroncke, I. & Wehrmann, 2009. Particle size selection and tube
structure of the polychaet®wenia fusiformis Estuarine, Coastal and Shelf Science
81:160-168.

Odum, E.P. 1980. The status of three ecosysten-leyaotheses regarding salt marsh
estuaries: tidal subsidy, outwelling, and detritased food chains. IKennedy, V.S.
(Ed). Estuarine Perspectivedcademic Press, New York. pp 485 - 496.

Olsen, Y. 1999. Lipids and essential fatty acidaquatic food webs: what can freshwater
ecologists learn from mariculture? lnpids in freshwater ecosystentsds. M.T. Arts &
B.C. Wainman. Springer-Verlag, New York. pp 161-202

Page, H.M. & Lastra, M. 2003. Diet of intertidalvhives in the Ria de Arosa (NW Spain):
evidence from stable C and N isotope analyderine Biologyl43 519-532.

147



Parnell, A.C., Inger, A., Bearhop, S. & Jackson,.A2010. Source partitioning using stable
isotopes: coping with too much variation. PLoS ONB(3): €9672.
doi:10.1371/journal.pone.0009672

Parrish, C.C. 1999. Determination of total lipidpid classes, and fatty acids in aquatic
systems. InLipids in freshwater ecosystentsds. M.T. Arts & B.C. Wainman. Springer-
Verlag, New York. pp 4-20.

Parsons, T.R., Maita, Y. & Lalli, C.M. 198A manual of chemical and biological methods
for seawater analysi$?ergamon Press, Oxford. pp 173.

Pasquaud, S., Lobry, J. & Elie, P. 2007. Facing rleeessity of describing estuarine
ecosystems: a review of food web ecology studyriegles Hydrobiologia588 159-172.
Paterson, A.\W. & Whitfield, A.K. 1997. A stable ban isotope study on the food-web in a
freshwater-deprived South African estuary, withtigatar emphasis on the ichthyofauna.

Estuarine, Coastal and Shelf Scied&e 705-715.

Perga, M-E., Kainz, M., Matthews, B. & Mazumder, 2006. Carbon pathways to
zooplankton: insights from the combined use of Istaptope and fatty acid biomarkers.
Freshwater Biologypl: 2041-2051.

Perissinotto, R., Nozais, C., Kibiridge, I. & Anaaf A. 2003. Planktonic food webs and
benthic-pelagic coupling in three South African pamarily-open estuariesActa
Oecologica24: S307-S316.

Peschak, T.P. 200%Currents of contrast — life is southern Africa’sotvoceans Struik
Publishers, Cape Town. 200 pp.

Peters, J., Renz, J. & van Beusekom, J. 2006. daptamics and seasonal cycle of the
copepodPseudocalanus acusp@s the central Baltic Sea (Bornholm Basin): evicken
from lipid compositionMarine Biology149 1417-1429.

Phillips, N.E. & Pernet, B. 1996. Capture of lapggeticles by suspension-feeding scaleworm
larvae (Polychaeta: Polynoida8jological Bulletin191: 199-208.

Prins, T. & Escaravage, V. 2006an bivalve suspension-feeders affect pelagic fweld
structure?In: R.F. Dame & S. Olenin. The comparative rolésswspension-feeders in
ecosystems. Springer, Dordrecht. pp 31-51.

Quifiones, R.A. & Montes, R.M. 2001. Relationshifpween freshwater input to the coastal
zone and the historical landings of the benthic/isal fishEleginops maclovinusn
central-south ChileFisheries Oceanographi0: 311-328.

148



Raby, D., Mingelbier, M., Dodson, J.J., Klein, Bagadeuc, Y. & Legendre, L. 1997. Food
particle size and selection by bivalve larvae itemperate embaymeri¥larine Biology
127 665-672.

Ray, G.C. 2005. Connectivities of estuarine fisteeshe coastal realnEstuarine, Coastal
and Shelf Sciend®: 18-32.

Ricciardi, A. & Bourget, E. 1999. Global patternismoacroinvertebrate biomass in marine
intertidal communitiesMarine Ecology Progress Serié85 21-35.

Richoux, N.B., Deibel, D., Thompson, R.J. & Paris€.C. 2005. Seasonal and
developmental variation in the fatty acid compasitiof Mysis mixta(Mysidacea) and
Acanthostepheia malmgrenfAmphipoda) from the hyperbenthos of a cold-ocean
environment (Conception Bay, Newfoundland)urnal of Plankton Resear@v(8):719-
733.

Richoux, N.B., Jaquemet, S., Bonnevie, B.T., CheYel& McQuaid, C.D. 2010. Trophic
ecology of Grey-headed albatrosses from Mariomtsl&outhern Ocean: insights from
stomach contents and diet tracéarine Biologyl57: 1755-1766.

Richoux, N.B. & Froneman, P.W. 2007. Assessmerdpatial variation in carbon utilization
by benthic and pelagic invertebrates in a tempe$ateth African estuary using stable
isotope signature&stuarine, Coastal and Shelf Scieffde 545-558.

Richoux, N.B. & Froneman, P.W. 2008. Trophic ec@lagf dominant zooplankton and
macrofauna in a temperate, oligotrophic South Afrieestuary: a fatty acid approach.
Marine Ecology Progress Seri887: 121-137.

Riera, P., Escaravage, C. & Leroux, C. 2009. Trogleology of the rocky shore community
associated with theAscophyllum nodosunzone (Roscoff, France): &°C vs §°N
investigation Estuarine, Coastal and Shelf Scie@de 143-148.

Riera, P. & Richard, P. 1996. Isotopic determinatad food sources o€rassostrea gigas
along a trophic gradient in the estuarine bay ofévaes-OléronEstuarine, Coastal and
Shelf Sciencé2: 347-360.

Riera, P., Stal, L., Nieuwenhuize, J., Richard, Blanchard, G. & Gentil, F. 1999.
Determination of food sources for benthic inverédes in a salt marsh (Aiguillon bay,
France) by carbon and nitrogen stable isotopesotitapce of locally-produced sources.
Marine Ecology Progress Serié87. 301-307.

Riisgard, H.U & Larsen, P.S. 2010. Particle captorechanisms in suspension-feeding

invertebratesMarine Ecology Progress Serigd8 255-293.

149



Riley, G.A. 1970. Particulate organic matter in geder.Advances in Marine Biolog§: 1-
118.

Rossi, F., Herman, P.M.J. & Middelburg, J.J. 20@derspecific and intraspecific variation
of 8%C and "N in deposit- and suspension-feeding bivalveadoma balthicaand
Cerastoderma edu)e evidence of ontogenetic changes in feeding motidMacoma
balthica Limnology and Oceanograpi#®: 408-414.

Rousch, J.M., Bingham, S.E. & Sommerfeld, M.R. 200Banges in fatty acid profiles of
thermo-intolerant and thermo-tolerant marine diaairing temperature streskurnal
of Experimental Marine Biology and Ecolog95. 145-156.

Saito, H., Kotani, Y., Keriko, J.M., Xue, C., Tali,, Ishihara, K., Ueda, T. & Miyata, S.
2002. High levels oh-3 polyunsaturated fatty acids Huphasia pacificaand its role as a
source of docosahexaenoic and eicosapentaenois facidhigher trophic leveldMarine
Chemistry78: 9-28.

Sanford, E. & Menge, B.A. 2001. Spatial and tempegiation in barnacle growth in a
coastal upwelling systerMarine Ecology Progress Seri@f9 143-157.

Sanina, N.M., Goncharova, S.N. & Kostetsky, E.Y.020 Fatty acid composition of
individual polar lipid classes from marine macrogsyPhytochemistrg5: 721-730.

Schaal, G., Riera, P. & Leroux, C. 2008. Trophiagng between two adjacent benthic food
webs within a man-made intertidal area: a staldoes evidenceEstuarine, Coastal
and Shelf Sciencér: 523-534.

Schaal, G., Riera, P. & Leroux, C. 2009. Trophgngicance of the kelpaminaria digitata
(Lamour.) for the associated food web: a betwetssstomparisonEstuarine, Coastal
and Shelf Sciend@b: 565-572.

Schaal, G., Riera, P. & Leroux, C. 2010. Microscadgiations in food web functioning
within a rocky shore invertebrate communityMarine Biology (2010),
doi:10.1007/s00227-010-1586-2.

Schaal, G., Riera, P., Leroux, C & Grall, J. 208AGeasonal stable isotope survey of the food
web associated to a peri-urban rocky shbtarine Biologyl57: 283-294.

Schaeffer, M.B. 1972 onservation of biological resources of the coagtaie In: Peel
Brahtz, J.F. (Eds). Coastal Zone Management: Maltifse with Conservation. John
Wiley and Sons Inc., New York. pp 35-79.

Schlacher, T.A. & Wooldridge, T.H. 1996. Ecologicasponses to reductions in freshwater
supply and quality in South Africa’s estuariessltass for management and conservation.
Journal of Coastal Conservatic¢h 115-130.

150



Schlechtriem, C.H., Focken, U. & Becker, K. 2003feEt of different lipid extraction
methods ors**C of lipid and lipid-free fractions of fish and féifent fish feedslsotopes
in Environmental and Health Studig$(2): 135-140.

Schleyer, M.H. 1981. Microorganisms and detritushi@ water column of a subtidal reef of
Natal. Marine Ecology Progress Serids307-320.

Schmidt, K., Atkinson, A., Petzke, K-J., Voss, M.Rbnd, D.W. 2006. Protozoans as a food
source for Antarctic krill, Euphasia superbacomplimentary insights from stomach
content, fatty acids, and stable isotopesinology and Oceanograptbl: 2409-2427.

Schmidt-Nielsen, K. 200Animal Physiology, Adaptation and Environment tH-Edition
Cambridge University Press, New York. 612 pp.

Schumann, E.H. & Pearce, M.W. 1997. Freshwatepwfand estuarine variability in the
Gamtoos Estuary, South Africastuaries20: 124-133.

Shi, W., Sun, M-Y., Molina, M & Hodson, R.E. 20QZariability in the distribution of lipid
biomarkers and their molecular isotopic compositionAltamaha estuarine sediments:
implications for the relative contribution of orgammatter from various source®rganic
Chemistry32. 453-467.

Shin, P.K.S., Yip, K.M., Xu, W.Z., Wong, W.H. & Cheg, S.G. 2008. Fatty acid as marker
to demonstrating trophic relationships among diatoratifers and green-lipped mussels.
Journal of Experimental Marine Biology and Ecol®&§y7.75-84.

Stevens, C.J., Deibel, D. & Parrish, C.C. 2004. épogl omnivory in the North Water
Polynya (Baffin Bay) during autumn: spatial patterim lipid composition.Deep-Sea
Research b1: 1637-1658.

St. John, M.A. & Lund, T. 1996. Lipid biomarkergKking the utilisations of frontal plankton
biomass to enhanced condition of juvenile North S8&hMarine Ecology Progress Series
131 75-85.

Tamelander, T., Soreide, J.E., Hop, H. & CarrollLM2006. Fractionation of stable isotopes
in the Arctic marine copepo@alanus glacialis effects on the isotopic composition of
marine particulate organic mattdiournal of Experimental Marine Biology and Ecology
333231-240.

Teegarden, G.J. 1999.Copepod grazing selectiorpartitle discrimination on the basis of
PSP toxin contenMarine Ecology Progress Serié81 163-167.

Teegarden, G.J., Campbell, R.G. & Durbin, E.G. 2(0doplankton feeding behaviour and
particle selection in natural plankton assemblagestaining toxic Alexadrium spp
Marine Ecology Progress Serigd8 213-226.

151



Thiemann, G.W., Budge, S.M., Bowen, W.D. & Ivers@y. 2004. Comment on Grahl-
Nielsen et al. (2003) ‘fatty acid composition okthdipose tissue of poler bears and of
their prey: ringed seals, bearded seals, and leals’sMarine Ecology Progress Series
281 297-301.

Thompson, J.L., Manore, M.M. & Vaughan, L.A. 2008e science of nutrition — Tenth
Edition. Pearson Benjamin Cummings, San Francisco. pp..1062

Tieszen, L.L., Boutton, T.W., Tesdahl, K.G. & Sla8ieA. 1983. Fractionation and turnover
of stable carbon isotopes in animal tissues: Imafitms for §*°C analysis of diet.
Oecologias7(1): 32-37.

Turner, J.T., Levinsen, H., Nielsen, T.G. & Hans&W. 2001. Zooplankton feeding
ecology: grazing on phytoplankton and predatiorpmtozoans by copepod and barnacle
nauplii in Disko Bay, West Greenlandarine Ecology Progress Serig21 209-2109.

Turpie, J. & Clark, B. 200Mevelopment of a conservation plan for temperatgiSAfrican
estuaries on the basis of biodiversity importareeysystem health and economic costs
and benefitsCape Action Plan for the Environment (C.A.P.E.)gReaal Management
Programme, Cape Nature. pp 125.

Underwood, G.J.C. & Kromkamp, J. 1999. Primary picbn by phytoplankton and
microphytobenthos in estuariésdvances in Ecological Researzé 93-154.

Van Den Meersche, K., Van Rijswijk, P., Soetaert, & Middelburg, J.J. 20009.
Autochthonous and allochthonous contributions tsereoplankton diet in a tidal river
and estuary: integrating carbon isotope and fattid aconstraints.Limnology and
Oceanographyp4(1): 62-74.

Van der Elst, R. & King, D. 200@Everyone’s guide to sea fishes of southern Afi8tauik,
Cape Town. 112 pp.

Vander Zanden, M.J. & Rasmussen, J.B. 2001. Variain 8'°N and 5°C trophic
fractionation: implications fro aquatic food welidies.Limnology and Oceanograpti:
2061-2066.

Van Rooyen, N. 2002. Geomorphology and climate ot Africa. In: Game Ranch
Management — Fourth Editioried. J. du P. Bothma. Van Schaik Publishers, Eldtfipp
34-35.

Vizzini, S. & Mazzola, A. 2006. Sources and transié organic matter in food webs of a
Mediterranean coastal environment: evidence fotiapeaariability. Estuarine, Coastal
and Shelf Sciendg6. 459-465.

152



Vorwerk, P.D. 2006A preliminary examination of selected biologicailks between four
Eastern Cape estuaries and the inshore marine enment Ph.D., Rhodes University,
Grahamstown. 245 pp.

Vorwerk, P.D. and Froneman, P.W. 2009. The impagaof estuarine-derived carbon for the
nearshore marine environment: studies on two cstnigaSouth African estuarie&frican
Journal of Aquatic Scienc®t 137-146.

Vorwerk, P.D., Froneman, P.W., Paterson, A.W., &im, N.A. & Whitfield, A.K. 2008.
Biological responses to a resumption in river flowa freshwater-deprived, permanently
open southern African estuaiyater SA35: 597-604.

Vorwerk, P.D., Whitfield, A.K., Cowley, P.D. & Pason, A.W. 2001. A survey of selected
Eastern Cape estuaries with particular referenceh& ichthyofauna.chthyological
Bulletin 72.

Vorwerk, P.D., Whitfield, A.K., Cowley, P.D. & Paton, A.W. 2003. The influence of
selected environmental variables on fish assembsagesture in a range of southeast
African estuariesEnvironmental Biology of Fishé6: 237-247.

Ward, J.E., Sanford, L.P., Newell, R.LE. & MacDthaB.A. 1998. A new explanation of
particle capture in suspension-feeding bivalve osa$.Limnology and Oceanography
43. 741-752.

Whitfield, A.K. 1998. Biology and ecology of fishem Southern African estuaries.
Ichthyological Monograph of the J.L.B. Smith Ingtt of Ichthyology: 223 pp.

Winter, P.E.D., Schlacher, T.A., and Baird, D. 19G8arbon flux between an estuary and the
ocean: a case for outwellingydrobiologia337. 123-132.

Wong, W.H. & Levinton, J.S. 2006. The trophic ligkabetween zooplankton and benthic
suspension feeders: direct evidence from analysebivalve faecal pelletsMarine
Biology 148 799-805.

Xu, X., Ji, W., Castell, J.D. & O’Dor, R. 1993. Thetritional value of dietary n-3 and n-6
fatty acids for the Chinese prawRgnaeus chinegisAquaculturel18 277-285.

Yokoyama, H., Tamaki, A., Koyama, K., Ishihi, Y.hiBioda, K. & Harada, K. 2005.
Isotopic evidence for phytoplankton as a major famiirce for macrobenthos on an
intertidal sandflat in Ariake Sound, Japafarine Ecology Progress Seri@94 101-116.

Zhukova, N.V. 2000. Fatty acid components of twecsgs of barnacledjesperibalanus
hesperiusand Balanus rostratugCirripedia), as indicators of food sourc€sustaceana
73 513-518.

153



Zhukova, N.V., Kharlamenko, V.l., Svetashev, V.I.Rdionov, I.A. 1992. Fatty acids as
markers of bacterial symbionts of marine bivalvelloszs. Journal of Experimental
Marine Biology and Ecolog¥62 253-263.

154



