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Abstract

ABSTRACT

The aim of this study was to investigate spatial changes in the trophic and energy pathways
of the benthic community in the shallow shelf waters of the sub-Antarctic Prince Edward
Islands (PEI). A combination of stable isotope and fatty acid analyses were used to provide a
time-integrated view of the assimilated feeding history of selected components of the PEI
benthic community. This study forms part of the larger project entitled “Variability in the
Southern Ocean ecosystems” and is a contribution to the South African National Antarctic
Programme (SANAP). During austral autumn 2009, benthic specimens were collected from
10 stations (from depths of 70 to 295 m) in different regions around the PEI: inter-island
shelf (upstream, between and downstream of the islands) and nearshore. Historical data were
combined with new data collected during 2009 to assess the long-term trends in the feeding

ecology of the benthos in the region of the islands.

The stable isotope and fatty acid signatures of the benthic suspension- and deposit-feeding
organisms generated during this study suggested that these two communities incorporated
both phytoplankton and kelp in their diets. Stable isotope, and to a lesser extent fatty acid
signatures, indicated that kelp contributed more to the diets of those organisms in close
proximity to the kelp beds (nearshore stations) than those from the inter-island region.
Overall, however, pelagic phytoplankton was the dominant food source in the diets of all
organisms, even for those living near the kelp beds. Notable exceptions were the sponges and
bryozoans, in which kelp and phytoplankton contributed similar proportions to their diets,
most likely resulting from a size restricted feeding mode. There were, therefore, no distinct
spatial differences in the importance of the various food sources. However, fatty acid
compositional data indicated increased food quality between and within the lee of the islands
compared to upstream. The organisms collected upstream of the PEI had substantially lower
quantities of total fatty acids (TFAs) than organisms of the same species collected from
nearshore, open shelf or downstream stations. The increased food quality between and within
the lee of the islands was likely a result of the “island mass effect”, which reflects increased

phytoplankton concentrations at the PEIL.
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Abstract

The fatty acid profiles of hyperbenthic shrimp Nauticaris marionis, a key species in the PEI
ecosystem, revealed no distinct ontogenetic or spatial patterns. This result is in contrast to the
stable isotope analyses, which detected both spatial and ontogenetic differences in the diet of
the shrimp. Nearshore shrimp were more BC-enriched than those from the inter-island
region, suggesting increased kelp entering the food web within these regions. In addition, the
shrimps demonstrated enrichment in 8"°C and 8'°N signatures with an increase in size,
resulting in a relatively distinct separation of size classes, thus reflecting niche separation
through their diets. The fatty acid profiles revealed that the shrimp all contained large
proportions of polyunsaturated fatty acids (PUFAs) and essential fatty acids (EFAs),
indicating that the quality of food consumed was similar among size class and region
despite the niche separation and variation in carbon sources utilised. In addition, diatom
and dinoflagellate fatty acids (20:503 and 22:6w3, respectively) occurred in the highest
proportions in N. marionis, highlighting the importance of phytoplankton (indirectly) in their
diet. These results represent strong evidence that phytoplankton is an importance food source

in the PEI ecosystem.

The temporal investigation of isotope signatures in the benthos at the PEI indicated that
N. marionis demonstrated an overall depletion in 5"°C signatures over the period of 1984 to
2009 (nearshore: -2.55 %o, inter-island: -2.32 %o). Overall, the benthic community showed
similar depletions in 8"°C signatures (from -1.96 to -4.70 %o), suggesting that shifts have
occurred in the carbon signatures at the base of the food web. The depletion in §"°C
signatures of the benthos at the PEI most likely reflects increased contributions of smaller
slow growing phytoplankton cells (more depleted signatures than large fast growing cells) in
the diets of these organisms over time. These diet shifts, in turn, suggest a decrease in
productivity has occurred at the islands, likely due to a decreased frequency and intensity of
the “island mass effect”. Decreased phytoplankton productivity at the PEI likely results from
the southward shift in the average position of the sub-Antarctic Front (SAF), most likely in
response to climate change, which in turn promotes flow-through conditions rather than

retention at the PEL
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Chapter 1 Introduction

GENERAL INTRODUCTION

Coastal regions, oceanic islands and ice-edge zones are typically characterised by elevated
levels of primary production compared to the surrounding open ocean region (Subba Rao and
Platt, 1984; Smith and Nelson, 1986; Boden, 1988; Perissinotto and Duncombe Rae, 1990).
Due to the enhanced primary production within these ecosystems they generally support
diverse and abundant benthic communities, usually dominated by suspension-feeders,
through pelagic-benthic coupling (Grebmeier and Barry, 1991; Arntz et al., 1994; Clarke et
al., 1996; McQuaid and Froneman, 2004; Tatian et al., 2008). Despite the moderate to low
production rates recorded in the polar regions, these systems have diverse, biomass-rich
benthic communities (Dayton and Oliver, 1977; Branch et al., 1993a; Clarke et al., 1996;
Sahade et al., 1998; Pakhomov and Froneman, 1999a; Jacob et al., 2006, Tatian et al., 2008).
These benthic communities, in turn, support organisms occupying higher trophic levels, and
therefore play a vital role in the functioning of these ecosystems (Perissinotto and McQuaid,
1990; Hirons et al., 2001; Moore et al., 2003; Simpkins et al., 2003; Corbisier et al., 2004;
Smith et al., 2006). It is therefore important to understand how benthic communities utilise
alternative trophic sources, especially in regions experiencing irregular fluctuations in

primary productivity.

1.1. THE PRINCE EDWARD ISLANDS

1.1.1. Position in the Polar Frontal Zone

The sub-Antarctic Prince Edward Islands (PEI) are situated in the Indian sector of the
Southern Ocean and are comprised of Marion Island and Prince Edward Island (Fig. 1.1).
These two islands are 22 km apart and separated by a shallow (mean depth ~180 m) inter-
island shelf that falls off rapidly to 3000 m (Fig. 1.1; Pakhomov and Froneman, 1999a). The
PEI are situated in the direct path of the easterly flowing Antarctic Circumpolar Current
(ACC), between the sub-Antarctic Front (SAF) to the north, and the Antarctic Polar Front
(APF) to the south (Fig. 1.1), in the transition zone known as the Polar Frontal Zone (PFZ;
Valentine and Lutjeharms, 1983; Lutjeharms and Valentine, 1984; Lutjeharms, 1985;
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Duncombe Rae, 1989a, b). The ACC approaches the PEI at an average speed of 0.35 ms™
(Lutjeharms et al., 1988), with a mean surface speed that varies between 0.15 and 0.67 m s™

(Allanson et al., 1985).

Africa
South /

America

PEI

Antarctica

S}C \

Australia

Figure 1.1. Circumpolar map of the Southern Ocean indicating the average geographical
position of the major fontal systems as well as the positions of the islands and archipelagos
of the Southern Ocean highlighting the Prince Edward Islands (PEI). STC, subtropical
Convergence; SAF, sub-Antarctic Front; APF, Antarctic Polar Front. Figure drawn in the
Ocean Data View computer package and position of the fronts was obtained from Orsi et al.
(1995).
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The PFZ demonstrates a high degree of spatial and temporal mesoscale variability in
oceanographic conditions (Ansorge et al., 1999; Pakhomov and Froneman, 1999a), including
shifting cold-core eddies, changes in the geographic position of the major frontal zones that
delimit the PFZ and meanders in both frontal systems (Legeckis, 1977; Bryden, 1983;
Lutjeharms, 1990; Ansorge et al., 1999). In particular, the positions of the SAF and APF are
highly variable in the region of the PEI (Valentine and Lutjeharms, 1983; Lutjeharms
and Valentine, 1984; Nagata et al., 1988; Duncombe Rae, 1989a, b; Lutjeharms, 1990). The
variability in the flow rates and position of the PFZ results from the interaction of the
ACC with the prominent bottom topography (Nowlin and Klinck, 1986; Park et al., 1993;
Ansorge et al., 1999). The surface waters of the PFZ are characterised by highly variable
concentrations of nutrients such as nitrate (9.5 to 97.5 mmolm™), silicate (0.2 to
16.5 mmol m™) and phosphate (<0.1 to 16.6 mmol m™; Allanson et al., 1985; Duncombe
Rae, 1989a; Ismail, 1990; Balarin, 2000). The intrusion of Antarctic surface and sub-
Antarctic surface waters into the PFZ, as well as eddies generated from either frontal systems
or the interaction between the ACC and the South-West Indian Ridge, contribute to changes
in nutrient concentrations in this region (Ansorge et al, 1999; Froneman et al., 1999;

Ansorge and Lutjeharms, 2002, 2003; Ansorge et al., 2004).

The high degree of variability in the oceanic environment of the PFZ is reflected in the
biology of the ecosystem as the plankton community is comprised of a mixture of
subtropical, sub-Antarctic and Antarctic species (Boden and Parker, 1986; Perissinotto and
Boden, 1989; Froneman and Pakhomov, 1998; Froneman et al., 1999; Pakhomov and
Froneman, 1999a). The open waters of the PFZ are characterised by low phytoplankton
stocks (generally <0.3 pg L"), which are generally dominated by the pico- (<2.0 um) and
nanophytoplankton size fractions (2.0 — 20.0 um; Laubscher et al., 1993; Froneman et al.,
2001). The predominance of the smaller phytoplankton reflects the prevailing high wind
activity and deep water column mixing within this region (Laubscher et al., 1993; Froneman
et al., 2001; Gurney et al., 2002; Froneman and Bernard, 2004). Additionally, low
macronutrient availability may contribute to the predominance of small phytoplankton cells

generally recorded in the open waters of the PFZ (McQuaid and Froneman, 2008).

The zooplankton community of the PFZ is dominated numerically and by biomass by
mesozooplankton (200 — 2000 pm), comprising mainly of copepods (Perissinotto and Boden,

1989; Hunt et al., 2001; Bernard and Froneman, 2002, 2003), but at times macrozooplankton
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(>2000 um) contributes substantially to the community (Pakhomov and Froneman, 1999b).
Overall, the species composition of zooplankton as well as the abundance and biomass of
zooplankton in the open waters of the PFZ exhibit a high degree of spatial variability
(Froneman and Balarin, 1998; Hunt et al, 2001; Bernard and Froneman, 2002, 2003).
Changes in the zooplankton community composition and abundance/biomass appear to be
coupled with the periodic intrusion of the warmer sub-Antarctic surface waters (lowest
zooplankton abundance and biomass) and the colder Antarctic surface waters into the PFZ
(elevated zooplankton abundance and biomass; Hunt et al., 2001). The frontal regions that
delimit the PFZ support elevated biological activity such as enhanced total chlorophyll-a
(chl-a) concentrations and zooplankton abundances (Froneman and Pakhomov, 1998;

Pakhomov and Froneman, 1999b; Bernard and Froneman, 2003).

1.1.2. Hydrodynamics around the islands

The PEI periodically experiences localised enhanced phytoplankton production within the
immediate vicinity of the islands, a phenomenon known as “island mass effect” (El-Sayed et
al., 1979; Allanson et al., 1985; Boden, 1988; Perissinotto and Duncombe Rae, 1990;
Perissinotto et al., 1990; Kaehler er al., 2006). During these periods, the total chl-a
concentrations often exceed 1.5 pg L™ and at times reach 3.0 pg L™, while the phytoplankton
concentrations may be as high as 10° to 10’ cellsm™ (Boden, 1988; Perissinotto and
Duncombe Rae, 1990). The phytoplankton blooms are generally dominated (80%) by the
chain-forming diatom, Chaetoceros radiacans (>20 pm), which are only present during
blooms forming rapidly sinking resting spores (Perissinotto and Duncombe Rae, 1990). In
the PFZ, in the vicinity of the PEI, the most common microphytoplankton species is
Chaetoceros neglectus, followed by Dactyliosolen antarcticus, Chaetoceros atlanticus and
Fragilariopsis spp. (Froneman and Pakhomov, 1998). In the absence of the phytoplankton
blooms, total chl-a concentrations in the region of the islands are equivalent to those found in
the open waters of the PFZ (Boden, 1988; Van Ballegooyen et al., 1989; Balarin, 2000;
Perissinotto et al., 2000). It is generally accepted that the occurrence of the “island mass
effect” in the vicinity of the PEI is largely determined by prevailing hydrodynamics around
the islands (Pakhomov and Froneman, 1999a; Perissinotto et al., 2000; McQuaid and
Froneman, 2008).

The position of the SAF relative to the PEI is a critical component that determines if and

when phytoplankton blooms occur between the islands. When the SAF is far to the north of
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the islands, the flow rate of the ACC past the PEI is slow enough that increased frictional
forces between it and the islands cause the formation of trapped anticyclonic eddies between
and within the lee of the islands (Fig. 1.2B; Perissinotto and Duncombe Rae, 1990; Ansorge
and Lutjeharms, 2002). In contrast, when the SAF lies close to the islands the frictional
forces are less, as flow rates of the ACC are higher closer to the frontal systems, thus creating
a flow-through system that prevents eddies from forming between the islands (Fig. 1.2A;

Perissinotto et al., 2000).

2000 !

Marion Island

2000 B

anticyclonic
eddies

Marion Island

Figure 1.2. Hydrodynamics around the Prince Edward Islands when the sub-Antarctic Front
(SAF) lies in closer proximity to the islands, resulting in a flow-through system (A) and
when the SAF lies far to the north of the islands, resulting in the formation of anticyclonic
eddies between and within the lee of the islands (B). Adapted from Pakhomov and Chown
(2003).
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Enhanced phytoplankton production between and within the lee of the islands has been
attributed to retention of water over the shallow shelf region due to the formation of
anticyclonic eddies between the islands (Allanson et al., 1985; Perissinotto and Duncombe
Rae, 1990). Freshwater runoff from the islands transports nutrients, particularly reduced
forms of nitrogen (ammonia and urea) from guano, into the surrounding surface waters
(Ismail, 1990; Perissinotto and Duncombe Rae, 1990). This freshwater runoff is retained in
these eddies, resulting in the accumulation of nutrients over the shallow shelf region between
the islands (Ismail, 1990; Perissinotto and Duncombe Rae, 1990). The retention of freshwater
runoff in the shelf waters also results in increased water column stability, as the depth of the
mixed layer becomes shallower than the euphotic zone and promotes the development of
periodic phytoplankton blooms if the freshwater is retained between the islands for long
enough (minimum 15 days; Allanson et al., 1985; Boden, 1988; Perissinotto and Duncombe

Rae, 1990; Perissinotto et al., 1990).

The PEI support a large number of top predators on the islands as well as a high density of
benthic organisms (Ryan and Bester, 2008). These populations are supported by either an
inshore (autochthonous) component and/or an offshore (allochthonous) component
(Pakhomov and Froneman, 1999a; Pakhomov and Chown, 2003; McQuaid and Froneman,
2004). The inshore component, which is important to the rich benthic community as well as a
few top predators, is thought to be sustained by the “island mass effect”. The offshore
component, which supports the majority of top predators, is sustained by the advection of
zooplankton/micronekton from the upstream region to the PEI by the easterly flowing ACC
(Pakhomov and Froneman, 1999a; Pakhomov and Chown, 2003; McQuaid and Froneman,
2004). These two sources of food supply to the island ecosystem is termed the “life support
system” of the PEL

1.1.3. Ecosystem of the islands

The PEI, together with a small number of other islands and archipelagos, represent the only
land masses in the vast Southern Ocean (Fig. 1.1). The nearest landfall to the PEI is the
French Crozet Island Group, which lies approximately 950 km to the east, while the nearest
landmass is Africa approximately 2000 km away (Fig. 1.1; Chown and Froneman, 2008).
Despite their remote positioning, the islands seasonally support up to five million land-based

predators, including seals, flying seabirds and penguins (Williams et al., 1979; Condy, 1981;
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Pakhomov and Froneman, 1999a; McQuaid and Froneman, 2004). A theoretical food web

showing the major carbon flow through the PEI ecosystem is shown in Figure 1.3.

| zooplankton grazing |

water retention,
water column stability
nutrient input
via freshwater runoff

Carcasses,
guano
and molts

TOP PREDATORS

phytoplankton blooms

%

Gentoo penguins
Crozet shags
Rockhopper penguins

Phytoplankton and spores sink

Macaroni penguins kelp detritus
A N
hyperbenthic shrimp
Nauticaris marionis
demersal fish < benthic community

Figure 1.3. Theoretical food web indicating the potential carbon flow in the Prince Edward
Islands ecosystem. Adapted from Pakhomov et al. (2009).

The shallow inter-island shelf waters of the islands support a diverse (~550 species) and
biomass-rich benthic community, which is numerically dominated by suspension-feeders
(60%; Branch et al., 1993a). Deposit-feeders and predators/scavengers compose 23 and 12%
of the total abundances, respectively (Branch et al., 1993a). Suspension-feeders dominate the
benthos in all habitats and depths of the shallow shelf region, but the community composition
of the benthos demonstrates some spatial variability reflecting the different habitats (Branch
et al., 1993a). Soft substrata are numerically dominated by polychaetes (Serpula vermicularis
and Lanice marionensis), bivalves (Limatula pygmaea) and brachiopods (Magellania
kerguelenensis), while the deep rocky substrata are characterised by the predominance of

sponges, bryozoans and octocorals (Thouarella variabilis; Branch et al., 1993a). The shallow
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shelf region around the islands, particularly between and within the lee of the islands, has a
high density of organisms, where ophiuroids, brachiopods and bivalves often exceeded
30 ind m™ (each), and ophiuroids reached an average of 193 ind m ? at one station (Branch et
al., 1993a). The hyperbenthic shrimp Nauticaris marionis is also abundant often, exceeding

20 ind m? (Branch et al., 1993a).

The occurrence of a diverse and biomass-rich benthic community on the shelf waters of the
PEI suggest a significant and stable food supply. It is now generally accepted that the
dominant food source for the benthic community in the vicinity of the PEI is derived from
the periodic diatom blooms that occur between and within the lee of the islands (Perissinotto,
1992; Branch et al., 1993a; Pakhomov and Froneman, 1999a; McQuaid and Froneman,
2008). During bloom conditions, when the phytoplankton community is dominated by large
diatoms such as Chaetoceros radicans and Rhizosolenia curvata (Boden, 1988; Perissinotto
and Duncombe Rae, 1990), zooplankton grazing utilises only 5 to 10% of chl-a standing
stock and between 9 and 17% of primary production per day (Perissinotto, 1992). As a result,
large quantities of unutilised pelagic material may be horizontally dispersed or sink to depth,
therefore providing an important food source for the benthic community in the shallow shelf
region (Perisinotto ef al., 1990; Perissinotto, 1992; Pakhomov and Froneman, 1999a). During
non-bloom conditions the phytoplankton community is dominated by smaller cells (<20 pm),
and the zooplankton are able to consume 33 to 48% of the chl-a standing stock and 76 to

81% of the new carbon produced by phytoplankton each day (Perissinotto, 1992).

A key component of the benthos of the PEI is the hyperbenthic caridean shrimp N. marionis
(Perissinotto and McQuaid, 1990). The PEI support a dense population of this shrimp
(Branch et al, 1991, 1993a), which represents the second highest areal biomass after
bryozoans (Parker, 1984; Beckley and Branch, 1992; Branch et al., 1993a). These shrimp are
restricted to the shallow shelf waters within the inter-island region (Perissinotto and
McQuaid, 1990; Pakhomov et al., 1999) and are predominantly found at depths between 50
and 100 m (Branch et al., 1991, 1993a). The megalope larvae of shrimp consume mainly
phytoplankton, while the subadults/adults predominantly feed on benthic suspension- and
deposit-feeders and secondarily on detritus and small plankton (Perissinotto and McQuaid,
1990; Pakhomov et al., 1999; Vumazonke et al., 2003). Adult shrimp represent an important
food source for land-based predators such as Gentoo penguins and Crozet shags that

primarily feed in the inshore waters (Espitalier-Noél et al., 1988; Adams and Klages, 1989),
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and are periodically consumed by Rockhopper and Macaroni penguins (Brown and Klages,
1987). As a result, N. marionis is regarded as a key species in the benthic community of the
PEI, as it represents a direct food web link between the plankton and land-based predators

(Perissinotto and McQuaid, 1990).

In addition to the “island mass effect” another major component of the PEI ecosystem is the
extensive kelp beds around the islands. The kelp Durvillaea antarctica occurs in the
infralittoral fringe within a narrow band around the islands (Haxen and Grindley, 1985;
Beckley and Branch, 1992), while the dominant kelp Macrocystis laevis forms dense beds at
depths from 5 to 20 m, but if rocky substrate exists they can occur at depths of up to 50 m
(Attwood et al.,, 1991; Beckley and Branch, 1992; Perissinotto and McQuaid, 1992).
Macrocystis laevis generates substantial productivity per unit area, estimated at 2.0 to 3.5
times greater than that of the phytoplankton (Beckley and Branch, 1992). As the majority of
kelp production is thought to be washed ashore or transported away from the islands
(Beckley and Branch, 1992), it has generally been presumed to be unimportant in the benthic
food web of the PEL Recent studies employing stable isotope techniques, however, revealed
that kelp-derived detritus may play a vital role in providing organic matter to benthic
communities living within close proximity to the kelp beds (Kaehler et al., 2000, 2006). The
kelp beds also modify local hydrology in the region of the inshore waters of the islands as
they retain freshwater runoff from the islands and thereby promote water column stability

which favours phytoplankton growth (Pakhomov et al., 2002).

1.2. ASSESSING FEEDING RELATIONSHIPS

Trophic and energy pathways in aquatic systems are extremely complex. The most widely
used traditional methods for determining animal feeding habits include gut content analysis
and gut fluorescence techniques (Peterson ef al., 1990; Bautista and Harris, 1992; Pakhomov
et al., 1999; Tatian et al., 2002). These methods, however, provide data about very recent
feeding activities, and in the case of gut fluorescence only herbivorous feeding (Bamstedt et
al., 2000). As these methods provide snap shot views of prey consumption, there is no insight
into potential temporal changes in the diets of opportunistic feeders. Furthermore, it is
difficult to identify detritus and soft-bodied or partially-digested prey, and it provides
information only about ingestion rather than what is assimilated (Boyd ef al., 1984; Michener
and Schell, 1994). Methods such as fatty acid and stable isotope ratio analysis, however,

provide time-integrated information about an organism®s feeding history, and can help to
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determine major carbon sources, even in detritus-driven systems (Michener and Schell, 1994;

Parrish et al., 2000; Dalsgaard et al., 2003; Budge et al., 2007).

1.2.1. Stable isotopes

Stable isotope ratios in the body tissues of organisms are used to determine the sources of
organic matter in a food web, the dominant trophic pathways through food webs and the
trophic level of consumers (Peterson and Fry, 1987). Hydrogen, oxygen, carbon, nitrogen
and sulphur are commonly used elements; however, carbon and nitrogen have been widely
employed to determine dominant food sources and trophic pathways in aquatic systems
(Hobson and Welch, 1992; Kling ef al., 1992; Peterson, 1999; Iken et al., 2001; Corbisier et
al., 2004; Richoux and Froneman, 2007; Allan et al., 2010). These elements are widely used
as the ratios of *C/"?C and "N/'*N show predictable changes through a food web due to
respiration and excretion of lighter isotopes by the consumers (Fry and Sherr, 1984; Peterson
and Fry, 1987; Fry, 1988). For example, different species of primary producers fix BC and
2c isotopes in different ratios, and this resultant ,signature” shows little change when
assimilated by consumers (enriched by ~1.0%o per trophic transfer; Fry and Sherr, 1984). In
this manner, the original source of organic matter that drives benthic food webs can be
determined even after several trophic transfers (Hobson and Welch, 1992; Peterson, 1999;
Tken et al., 2001). Ratios of "N to "N are typically enriched by ~3.4%o at each trophic
transfer (Peterson and Fry, 1987). This enrichment, or fractionation, is due to the
concentration of the lighter '*N isotope in nitrogenous waste, while the heavier "°N isotope is
retained in the body tissue (Peterson, 1999). This large fractionation permits the use of

nitrogen isotope ratios as indicators of the trophic level of an organism (Peterson, 1999).

Unfortunately, food webs can be difficult to resolve using isotopic ratios, especially in
instances where the potential food sources are not isotopically distinct or a wide variety of
potential food sources exists (Peterson, 1999; Schmidt et al., 2003; Richoux and Froneman,
2007). In natural environments, nitrogen isotope fractionation is also not constant and many
factors, such as the origin (nitrogen-fixation versus upwelling or terrigenous nutrient
sources), presence of different nutrient forms (nitrates versus ammonia), denitrification and
nutritional stress, can play vital roles in determining the isotopic composition of the source
nitrogen (Hobson, 1993; Gorokhova and Hansson, 1999; Adams and Sterner, 2000; Tyrrell
and Lucas, 2002; Needoba et al., 2003). Both carbon and nitrogen isotope fractionation can

vary for a single primary producer due to different physiology and metabolic pathways in
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different species or with changes in season and geographical region (Michener and Schell,
1994; Montoya and McCarthy, 1995; Needoba et al., 2003). Different turnover rates of
distinct tissues, and variations in growth rates among individuals, may all hinder
investigations of carbon transfer through a food web (Fry et al., 1983; Tieszen et al., 1983).
In addition, different methods for the storage and preservation of samples may alter their
8'"°C and 8"°N values (Kaehler and Pakhomov, 2001). Therefore, it has been suggested that
stable isotope ratios should be supplemented with additional techniques such as fatty acid

analysis (Perga et al., 20006).

1.2.2. Fatty acids

Fatty acid analysis has been successfully used to enhance our understanding of feeding
ecology and trophic pathways in a variety of aquatic ecosystems (Graeve et al., 1997,
Kharlamenko et al., 2001; Perga et al., 2006; Budge ef al., 2007; Richoux and Froneman,
2008). They can be used to determine an organism®s diet and trophic interactions as well as
identify driving processes that may have an impact on ecosystem structure and functioning
(Dalsgaard et al., 2003; Budge et al., 2007). Fatty acids are important in maintaining the
structure and function of cell membranes and are therefore vital for growth and reproduction
(Sargent et al., 1989; Parrish, 1999; Arts et al., 2001). Some fatty acids cannot be effectively
synthesised by animals but are vital for the function of organs, therefore these must be
obtained from their diet (Olsen, 1999; Parrish, 1999; Arts et al., 2001). These essential fatty
acids (EFAs; include 20:406, 20:503 and 22:6®3) are produced by autotrophs, and they tend
to be preferentially conserved in food webs (Arts et al., 2001). This retention and transfer of
specific components through a food chain allows for the use of fatty acids as biomarkers.
There is evidence, however, that consumers can convert dietary fatty acids such as ®3 and
w6, into longer chain fatty acids with more double bonds (Cook and McMaster, 2002;
Tocher, 2003). These conversions can make it difficult to allocate specific fatty acids to
specific food sources. As a result, the ideal biomarkers are those synthesised at the base of a
food web that persist without major modifications at higher trophic levels (Napolitano et al.,
1997; Dalsgaard et al., 2003). Different primary producers and heterotrophs also possess
distinct fatty acid profiles which can be utilised as ,signatures™ to describe feeding
interactions (Graeve et al., 1994; Dalsgaard et al., 2003; Budge et al., 2007). As a result,
fatty acids can be used to determine trophic interactions and the sources of lipids assimilated
over a period of time (Graeve et al., 1994; Dalsgaard et al., 2003). The use of fatty acids has

been particularly successful in aquatic systems with a small number of primary producers
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that are highly distinct from one another (Richoux et al., 2005; Allan et al., 2010). Fatty
acids can, however, be used to determine the major organic sources in more complex systems
such as detrital systems, which cannot be obtained from gut content analysis (Dalsgaard et
al., 2003; Richoux and Froneman, 2008). As stable isotopes and fatty acids can provide
different information about the feeding ecology of organisms (i.e. an estimate of trophic level
versus detailed dietary composition, respectively), the use of these two techniques as a
complementary approach have been more successful at resolving trophodynamics in complex
aquatic systems (Kiyashko et al., 1998; Kharlamenko et al., 2001; Perga et al., 2006; Allan et
al., 2010).

1.3. GLOBAL CLIMATE CHANGE IN THE SOUTHERN OCEAN

There is growing evidence from a variety of sources that global climate change is beginning
to have an impact on the Southern Ocean ecosystem. Across the sub-Antarctic, there have
been gradual increases in the air and sea (surface and sub-surface) temperatures between the
1950°s and present, but these warming rates have varied both spatially and temporally
(Levitus et al., 2000; Gille, 2002; le Roux, 2008). In the vicinity of the PEI, the sea surface
temperature has increased by 1.4°C between 1949 and 1999 (Mélice et al., 2003), while the
air temperature on Marion Island has increased by 1.2°C over the corresponding period
(Smith, 2002; le Roux and McGeoch, 2008). This rapid rate of warming at the PEI is likely
due to regional changes in climate, as the Antarctic peninsula and other sub-Antarctic islands
have also experienced similar rates of warming over the same period (Frenot et al., 1997,
Tweedie and Bergstrom, 2000; Vaughan et al., 2003; Weimerskirch ef al., 2003; Thost and
Allison, 2005). Marion Island has experienced a concurrent decrease in annual precipitation
since the mid 1960, resulting in the island becoming warmer and drier (Smith, 2002). From
a biological perspective, the drying and warming of the terrestrial system has resulted in
altered patterns of primary productivity, nutrient recycling and habitat structure, and the
range expansion of invasive species (Chown and Smith, 1993; Bergstrom and Chown, 1999;
Smith er al., 2001; Chown et al., 2002; le Roux and McGeoch, 2008). Evidence for the

impact of global climate change on the marine ecosystem is, however, generally lacking.

It has also been suggested that the southern hemisphere westerly winds have intensified in
response to global warming, causing shifts in the position and intensity of major frontal
systems (Thompson and Solomon, 2002; Oke and England, 2004; Fyfe et al., 2007). The
ACC has exhibited a gradual southward shift of up to ~1° of latitude (~111 km) in its average
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position over the last 60 years (Gille 2002). The historical data (1959 — 1999) of the sub-
Antarctic Front (SAF) in the region of the PEI has also indicated, but not conclusively, a
possible southward migration over time (Pakhomov & Chown 2003), likely the result of

large scale change in circulation patterns due to the warming of the surface waters (Moore et

al., 1999; le Roux, 2008; McQuaid and Froneman, 2008).

1.3.1. Changes in the marine environment around the Prince Edward Islands

The southward shift of the geographic position of the SAF has had a substantial impact on
the species composition of the zooplankton assemblages within the region of the PEIL. Over
the past three decades, the occurrence of Antarctic species in the PFZ has decreased by
~20%, while subtropical species occurrence has increased from 6 to 26% (Pakhomov et al.,
2001). The increase in the occurrence of more subtropical species near the PEI suggests an
increased frequency of intrusion of warmer sub-Antarctic surface waters into the PFZ
(Pakhomov et al., 2001). Since the sub-Antarctic surface waters are generally low in
productivity, the increased intrusion of these waters at the PEI could result in a decrease in
total zooplankton biomass, which will likely have a substantial effect on marine productivity
of the PEI ecosystem (Hunt ef al., 2001; Bernard and Froneman, 2003; Chown and
Froneman, 2008). Furthermore, the position of SAF relative to the islands also plays a crucial
role in the hydrodynamics around the islands (Perissinotto and Duncombe Rae, 1990;
Perissinotto ef al., 2000; Ansorge and Lutjeharms, 2002). The southward shift in the position
of the SAF is likely associated with the predominance of a flow-through system in the region
of the islands, with a concomitant decreased frequency of occurrence of the “island mass
effect” (McQuaid and Froneman, 2008). The resultant less frequent diatom blooms in the
inter-island region may have a direct impact on the benthic community and ultimately the

PEI ecosystem as a whole (McQuaid and Froneman, 2008).

A long-term shift in isotope signatures, particularly 8'°C values, have been observed in the
hyperbenthic shrimp Nauticaris marionis at the PEI over the period 1984 to 2000 (Pakhomov
et al., 2004; McQuaid and Froneman, 2008). Variations in 8'°C signatures of phytoplankton
have been linked with changes in isotopic fractionation due to alterations in water
temperature, molecular CO, concentration and growth conditions (Bidigare et al., 1997,
Laws et al., 1997; Rau et al., 1997; Burkhardt et al., 1999a, b). Marine 81°C was proposed
(empirical model) to increase with increasing temperature (Rau et al., 1997), thus warming

.. . . 13 .
sea conditions are unlikely to account for the decrease in & °C values observed in
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N. marionis. An increase in molecular CO, concentration can result in a decrease in marine
8"°C (Rau et al., 1997). The increased CO, in the atmosphere, due to burning fossil fuel,
could decrease the 8'°C value of oceanic dissolved inorganic carbon in subpolar region by
-0.15 %o per decade (Kroopnick, 1985), resulting in a -0.3 %o decrease in &'°C values at the
PEI between 1984 and 2000 (Pakhomov et al., 2004). The shrimp, however, demonstrated a
much larger depletion in their 8"°C values over this period (predicted: -0.3 %o, observed:
-1.5 %o; Pakhomov et al., 2004). The growth rate of phytoplankton has a strong negative
relationship with carbon isotope fractionation (Bidigare et al, 1997; Laws et al., 1997,
Burkhardt et al., 1999a, b). Thus, fast growing phytoplankton should have a more enriched
8'°C signature than slow growing phytoplankton in the same region. As a result, C-
depletions in aquatic systems may indicate a decline in pelagic primary productivity in the
region (Schell, 2000; Hirons ef al., 2001). The apparent depletion in the §"°C signatures of
N. marionis at the PEI may result from changes in the carbon signal at the base of the food
web caused by decreases in the overall productivity around the islands (Pakhomov et al.,
2004; McQuaid and Froneman, 2008). The apparent decrease in productivity in the vicinity
of the islands may reflect global climate change, as a southward shift in the SAF position is
thought to promote a decrease in the frequency of occurrence of the “island mass effect” at
the PEI (Pakhomov et al., 2004; McQuaid and Froneman, 2008). The impacts of global
climate change on the PEI ecosystem are poorly understood since there are no long-term data
available for key components such as the benthos, particularly the suspension- and deposit-

feeders.

During the last two decades, there have been increases in the population sizes of offshore
feeding land-based predators such as the grey-headed albatross and fur seals, which may be
due to decreases in foraging distances from the PEI to frontal systems (Nel et al., 2002;
Crawford et al., 2003a; Pakhomov and Chown, 2003; Hofmeyr et al., 2006). Over the
corresponding period, there has been concurrent decreases in the populations of inshore
pursuit-diving feeders such as Gentoo penguins, Rockhopper penguins and Crozet shags
(Pakhomov and Chown, 2003; Ryan and Bester, 2008). Species that feed in both the inshore
and offshore regions, such as Macaroni penguins, showed less of a decline over the same
period (Ryan and Bester, 2008). The decrease in the populations of inshore feeders likely
reflects changes in food availability in the vicinity of the islands (Crawford et al., 2003a, b,
c), which may be due to decreased availability of important prey species such as N. marionis.

Gut content analysis of inshore feeding predators, however, suggests that there is inter-annual
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variation in the contribution of N. marionis in the diet of these predators, with the shrimp
being almost completely replaced by allochthonous zooplankton in certain years (Brown and
Klages, 1987; Brown et al., 1990). This shift between the contribution of allochthonous
zooplankton and N. marionis may result from an increased availability of zooplankton due to
a flow-through system and/or fluctuations in the abundance of N. marionis due to periods of
high predation pressure (Hunt et al., 2001). To date there have been no quantitative studies
on the estimates of N. marionis in the region of the islands, so long-term trends are not

available.

1.4. THESIS OVERVIEW

The benthic community, through the key species Nauticaris marionis, plays a vital role in
supporting large numbers of top predators at the PEI (McQuaid and Froneman, 2008), thus it
is important to understand the dynamics of the benthos around these islands. As a result, the
focus of this dissertation is to investigate the spatial changes in the trophic and energy
pathways of the benthic and hyperbenthic communities in the shallow shelf waters of the
sub-Antarctic PEI using both stable isotope and fatty acid analyses. As the current marine
research programme at the PEI is restricted to the autumn months (April/May), no data could
be collected to assess seasonal patterns in the benthic trophic ecology and energy pathways in
the region of the islands. Historical data were, however, employed in conjunction with data
collected during the current investigation to assess the long-term trends in the feeding

ecology of the benthos in the region of the islands.

The aims of the study were:

e To provide the first fatty acid compositional data for the benthic community, the
hyperbenthic shrimp N. marionis, and the major food sources at the PEI (Chapters 3 and 4)

e To assess the importance of phytoplankton (blooms) and kelp as food sources for benthic
suspension- and deposit-feeders among different regions around the PEI using stable
isotope ratios and target fatty acids (Chapter 3)

e To investigate the ontogenetic and spatial variations in the diet of the shrimp N. marionis
in the region of the PEI using stable isotope ratios and fatty acid profiles (Chapter 4)

e To assess the potential impact of global climate change on selected components of the
benthos and the shrimp N. marionis by combining stable isotope data collected during the
present study with historical data collected in the region of the PEI over the past 25 years
(Chapter 5)
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Chapter 2 Materials and Methods

MATERIALS AND METHODS

2.1. STUDY AREA AND SAMPLE COLLECTION

The study was conducted in the vicinity of the sub-Antarctic Prince Edward Islands (PEIL
46.77 °S, 37.85 °E) aboard the MV SA Agulhas during Voyage 145 in April 2009. The
research forms part of the larger project entitled —Variability in the Southern Ocean
ecosystems” and is a contribution to the South African National Antarctic Programme
(SANAP). To determine regional variations in carbon utilisation by the benthic and
hyperbenthic communities in the vicinity of the PEIL 10 stations, occupied over a range of
depths from 70 to 295 m, were sampled as follows: seven stations in the inter-island shelf
region and three stations in the nearshore regions of both islands (Table 2.1; Fig. 2.1). The
inter-island stations were further separated into regions: upstream (east of the islands;
Stations 1, 2 and 3), between the islands (Stations 4, 5 and 6) and downstream (west of the

islands; Station 7).

2.1.1. Environmental variables and food sources

Surface water samples were collected at the 10 stations to determine total chlorophyll-a
(chl-a) and suspended particulate matter (SPM) concentrations as well as stable isotope and
fatty acid signatures of the SPM. These variables were also determined for the surrounding
offshore region, in which surface water samples were collected from three stations upstream
(east of the islands; Stations 1, i1 and iii) and five stations downstream (west of the islands;
Stations iv, v, vi, vii and viii; Fig. 2.1). Due to logistical constraints, only surface water could
be collected during this investigation. Water samples (1 m below the surface) were collected
from the nearshore kelps adjacent to Station 8 to determine stable isotope ratios and fatty
acid profiles for the SPM generated in the kelp beds. Fresh samples of the abundant kelp
Macrocystis laevis were obtained from the nearshore kelp beds adjacent to Marion Island

using a small motorised boat.
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Chapter 2 Materials and Methods

Table 2.1. Position and information about the 10 benthic stations sampled around the Prince
Edward Islands during the 2009 investigation.

Station Position Depth (m)  Latitude Longitude Information
Inter-island
Upstream
1 northwest of Marion 130 46°49'55"S  37°38'35"E little detritus
large pieces of sediment
large pieces of volcanic rock
shelf upstream 205 46°43'14"S  37°49'37"E little detritus
3 northeast of Marion 100 46°48'54"S  37°46'38"E  detritus
large pieces of sediment
small pieces of volcanic rock
Between
4 central 140 46°50'14"S  37°54'08"E  detritus
small pieces of sediment
5 Natal Bank 70 46°47'42"S  37°59'S2"E  kelp fragments
detritus
6 south of Natal Bank 150 46°49'46"S  37°59'31"E  detritus
Downstream
7 shelf downstream 240 46°51'26"S  38°04'16"E little detritus
small pieces of sediment
empty polychaete tubes
Nearshore
8 east of Marion 70 46°52'16"S  37°52'15"E  kelp fragments
detritus
9 southeast of Prince Edward 158 46°40'32"S  37°59'46"E  detritus
10 southeast of Marion 111 46°56'10"S  37°54'11"E  lots of detritus

2.1.2. Benthic community

The benthic community was sampled at each of the 10 stations using a benthic trawl (mouth
size: 100 x 30 cm). To assess the relative importance of autochthonous versus allochthonous
sources of organic matter in supporting the inter-island benthic community, suspension- and
deposit-feeding species were selected. A total of 18 species from these two feeding guilds

was collected from the 10 stations sampled (Table 2.2).

2.1.3. Hyperbenthic shrimp Nauticaris marionis

The hyperbenthic community, which is almost exclusively dominated by the shrimp
Nauticaris marionis, was sampled at each of the 10 stations using a benthic trawl. Potential
benthic food sources for these shrimp, such as detritus and benthic suspension- and deposit-
feeding organisms, were also collected with benthic trawls, while pelagic food sources
(zooplankton) were collected with plankton tows (Table 2.3). Zooplankton samples were
collected using vertical tows during the day and night from three stations over the inter-island

shelf region using a WP-2 net (mouth area: 0.25 m?, mesh size: 200 pm).
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2.2. SAMPLE TREATMENT

2.2.1. Environmental variables and food sources

Aboard the MV SA4 Agulhas, total chl-a concentration of each water sample was determined
using a modified procedure from Parsons et al. (1984). For each station, 250 ml aliquots of
water were gently filtered (<5 mm Hg vacuum) through GF/F Whatman glass fibre filters
(47 mm filters) and the chl-a was extracted in 8 ml of 90% acetone for 24 hours at -20°C.
Samples were then centrifuged at 5000 rpm, after which the total chl-a concentration was
measured before and after acidification with 1 M HCI using a Turner Designs 10AU

Fluorometer. The total chl-a concentration was expressed as pg L.

Aliquots of surface water intended for determination of stable isotope signatures (2.0 to
4.5 L), fatty acid composition (4.0 to 6.5 L) and total biomass of SPM (2.0 to 6.5 L) were
filtered onto pre-ignited (450°C overnight), pre-weighed GF/F filters. Filters were frozen and
stored at -20°C for the duration of the cruise, and transferred to -80°C on return to the
laboratory. These freezing procedures were the same for all samples collected during this
study. The concentration of SPM (dry mass of the total suspended particulates in the water
per unit volume; mg L) was determined by weighing each filter once it had been dried to a

constant weight at 60°C.

Fresh fronds of the kelp Macrocystis laevis were washed in distilled water and any visible
epibionts removed using forceps. Samples intended for fatty acid analysis were placed in
boiling distilled water for 2 min to ensure that all lipolytic enzymes were denatured (Budge
and Parrish, 1999), after which the samples were frozen at -20°C and stored. A portion of
fresh kelp fronds was placed in GF/F (pore size 0.7 um) filtered seawater (FSW) and left to
degrade in a bucket in situ for 3 weeks. The degraded fronds were removed and kept, and
aliquots of the remaining water (0.4 to 0.6 L) were filtered onto pre-weighed GF/F filters.
These samples were collected to obtain isotopic and fatty acid signatures of degraded kelp
and kelp particulate organic matter (POM). The filters and kelp fronds were frozen at -20°C

and stored.

2.2.2. Benthic community
Following trawling at each site, the benthic organisms were separated according to feeding
modes to prevent post-capture feeding and left in FSW for at least 12 hours to facilitate gut

evacuation after which all animal samples were frozen at -20°C and stored. In the laboratory,
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frozen animal samples were dissected (when possible) and muscle tissue used for subsequent
analyses. For some organisms, such as the bivalve Limatula pygmaea and the brachiopod
Magellania kerguelenensis, individuals had to be pooled to obtain an adequate signal. Where
possible, individuals of similar size were used (Table 2.2). All animals collected were
processed to obtain fatty acid compositional data; however, stable isotope analysis was
conducted only when there was ample tissue from an individual animal, or ample individuals
sampled (Table 2.2). Where possible, individuals were identified to species level using
taxonomic keys (Branch et al., 1991; Branch and Williams, 1993; Branch et al., 1993b;
Branch, 1994).

2.2.3. Hyperbenthic shrimp Nauticaris marionis

Following collection at each site, the shrimps Nauticaris marionis were left in FSW for at
least 12 hours to facilitate gut evacuation. Samples were repeatedly checked for dead
individuals, and any found were immediately removed to prevent cannibalism. All
N. marionis samples were then frozen at -20°C and stored. In the laboratory, the frozen
shrimp samples were dissected and muscle tissue from the abdomen removed for the
analyses. For each individual, carapace length (CL) was measured from the posterior margin
of the orbit to the dorsal midline of the posterior margin of the carapace (Pakhomov et al.,
1999, 2000a). The shrimps were grouped into the following size classes: 4.0 — 5.0 mm (I),
55-6.5mm (II), 7.0— 8.0 mm (III), 85-9.5mm (IV) and 10.0-11.0 mm (V). All
N. marionis collected were processed to obtain fatty acid compositional data; however, stable
isotope analysis was conducted only when ample individuals were sampled (Table 2.3).

Individual shrimp were analysed at each station.

Following collection, the mixed zooplankton samples were separated into three size fractions
<500 um (small), 500 — 1500 pum (medium) and >1500 um (large), using a sieve of the
corresponding mesh size. Each size fraction was vacuum filtered onto GF/F filters and
immediately frozen at -20°C and stored. In the laboratory, the frozen zooplankton size
fractions were examined on ice under a dissection microscope to determine the species
composition of each sample (Table 2.3) and to remove any contaminant material. Where
possible, individuals were identified to species level using taxonomic keys (Bradford-Grieve
et al., 1999; Casanova, 1999; Gibbons et al., 1999; van der Spoel and Dadon, 1999;
Vinogradov, 1999). All zooplankton samples were processed to obtain fatty acid

compositional data and stable isotope ratios (Table 2.3).
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2.3. STABLE ISOTOPE ANALYSIS

In the laboratory, the SPM, kelp, detritus, benthic organisms, hyperbenthic Nauticaris
marionis and zooplankton samples were lyophilized at -60°C for 24 hours. All kelp and
benthic samples were individually homogenized using a mortar and pestle. Detritus,
bryozoans, brachiopods, gorgonian corals, mixed zooplankton and whole body crustaceans
and echinoderms were treated with 1 M HCI to remove carbonates, rinsed in distilled water
and re-dried for 24 hours at 60°C (Fry, 1988; Fry and Wainright, 1991). Samples were
processed to obtain stable carbon and nitrogen isotope analysis (IsoEnvironmental cc,
Department of Botany, Rhodes University) using a Europa Scientific Elemental Analyser
coupled to a 20-20 Isotope Ratio Mass Spectrometer (IRMS). In-house standards (Casein and
a mixture of beet sugar and ammonium), calibrated against International Atomic Energy
Agency (IAEA) standards, were used as internal calibrants. Isotope results were expressed in

the O notation:
S (%0) = (Rsample/ Ritandard - 1) X 1000,

where & (%o) is 8'3C or 8!°N and Rgample and Rgiandara are the Bc/™C or PN/MN ratios of the

sample and standard, respectively.

As lipids are isotopically lighter than other biochemical components, potential variation in
isotope signatures arising from variable lipid content among species was minimized by

incorporating a correction model from Post et al. (2007):
813Cnormalised = 813Cuntreated -3.32+0.99 (CN),

where C:N is the ratio of carbon-to-nitrogen. In addition, the lipids were removed from a
subset of samples from each species using a solution of chloroform:methanol:water (2:1:0.8;
v/v/v) following Bligh and Dyer (1959). This last procedure was conducted to ensure that the
results obtained using the correction model were comparable to the 8'°C signatures obtained
when the lipids had been extracted. As no discernable difference was found between the two

methods, the correction model was applied to all reported samples.

2.4. FATTY ACID ANALYSIS
In the laboratory, the SPM, kelp, detritus, benthic organisms, shrimp Nauticaris marionis and
zooplankton samples were lyophilized at -60°C for 24 hours. All kelp and benthic samples

were homogenized individually using a mortar and pestle. Each sample, including SPM and
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kelp POM filters, was weighed (range 20 to 200 mg of dry mass, depending on availability)
and stored at -20°C in 2 ml chloroform with butylated hydroxytoluene (BHT) under nitrogen.

Total lipids were extracted using the methods modified from Folch et al. (1957). Samples
were homogenised in 2:1 (v/v) chloroform:methanol and the lipid layer was separated using
aqueous potassium chloride and methanol. A known quantity of an internal standard (23:0)
was added to each sample extract to enable fatty acid methyl ester (FAME) quantification.
FAMEs were prepared using methods modified from Budge ef al. (2006). FAME extracts
suspended in anhydrous dichloromethane were heated with sulphuric acid (1.5%) at 100°C

for 1 hour. Lipid layers were rinsed with hexane and MilliQ-distilled water.

FAME composition of each sample was determined by gas chromatography (GC) analysis in
a Hewlett-Packard 5890 Series II GC equipped with a 100% polyethylene glycol capillary
column (30 m length, 0.32 mm internal diameter, 0.25 um film thickness; ZB-Waxplus 320)
with helium as the carrier gas. Aliquots (1 pl) of sample were manually injected at 250°C
with the oven set at 150°C. After 5 min, the oven temperature was raised to 225°C at
2.5°C min™ and held for 5 min. The temperature of the flame ionization detector was set at

280°C.

Peaks were integrated using Clarity (version 2.6), and identified using gas chromatography-
mass-spectrometry (GC-MS; Agilent Technologies 7000 GCMS-QQQ using the NIST 08
MS library) from a subset of samples for each species by comparing retention times with
those of known external standards (37 component FAME mix, marine PUFA no. 1 and
bacterial acid methyl esters mix, Supelco) and quantified by comparing peak areas with those
of the internal standard. Each fatty acid was measured qualitatively as a proportion of the
total identified fatty acids (% TFA), and quantitatively as the fatty acid weight per mg dry
mass (ug FA mg' DM). Fatty acids are reported in the shorthand form x:awb, where x is the
number of carbon atoms in the acyl chain, a is the total number of double bonds, and b is the
position of the first double bond from the methyl end of the molecule (Dalsgaard et al.,
2003).
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REGIONAL VARIATIONS IN THE DIETS OF BENTHIC
SUSPENSION- AND DEPOSIT-FEEDING COMMUNITIES
AROUND THE PRINCE EDWARD ISLANDS

3.1. INTRODUCTION

The Prince Edward Islands (PEI), despite being situated in a region of low productivity
(Laubscher et al., 1993; Froneman et al., 2001), support a diverse (~550 species) and
biomass-rich inter-island benthic community (Branch et al., 1993a; Pakhomov and
Froneman, 1999a). The PEI periodically demonstrate localised enhanced phytoplankton
production (total chlorophyll-a [chl-a] concentration: >1.5 pg L™ up to 3.0 pg L) within the
immediate vicinity of the islands, a phenomenon known as the “island mass effect” (EI-
Sayed et al., 1979; Allanson et al., 1985; Boden, 1988; Perissinotto and Duncombe Rae,
1990; Perissinotto et al., 1990; Kaehler et al., 2006). This enhanced production is sustained
by localised water column stability and increased macronutrient concentrations conferred by
freshwater runoff from the islands which is retained on the island shelf due to the presence of
anticyclonic eddies (Ismail, 1990; Perissinotto and Duncombe Rae, 1990; Perissinotto ef al.,
2000). During these blooms, the bulk of the phytoplankton production is not utilised directly,
and a large portion sinks to the seafloor, thus providing an important food source for the
benthic community in the shallow shelf regions of the islands (Perissinotto, 1992; Pakhomov
and Froneman, 1999a). The frequency and intensity of the pelagic blooms vary temporally,
as other studies have recorded relatively low total chlorophyll concentrations (<0.3 pg L™)
within the immediate vicinity of the PEI, similar to those typical of the surrounding open
ocean (Miller et al., 1984; Allanson et al., 1985; Van Ballegooyen et al., 1989; Balarin,
2000; Pakhomov et al., 2000b; Perissinotto et al., 2000). The periods of relatively low
productivity usually occur when the sub-Antarctic Front (SAF) lies in close proximity to the
islands, creating the formation of a flow-through system (Pakhomov and Froneman, 1999a;
Balarin, 2000; Perissinotto et al., 2000). In addition to the “island mass effect” the extensive
kelp beds around the islands are potentially important in providing organic matter to the local

benthic communities (Kaehler et al., 2000, 2006).
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The benthic community of the shallow inter-island shelf region of the PEI plays an important
role in supporting higher trophic levels through benthic-pelagic coupling (Perissinotto and
McQuaid, 1990; Pakhomov and Froneman, 1999a; Pakhomov et al, 1999). As a
consequence, the benthic community plays a crucial role in the functioning of the entire
island ecosystem. As open ocean islands are characterised by variable oceanographic
conditions and nutrient inputs, it is important to characterise the diets of this benthic
community to determine trophodynamics of the PEI ecosystem. Thus, the aims of this study
were to use stable isotope and fatty signatures to determine the role of autochthonous and
allochthonous food sources in supporting the benthic community in the vicinity of the PEI,
and to determine whether there are spatial variations in carbon utilisation around the islands.
It was hypothesized that phytoplankton dominates in the diets of the suspension- and deposit-
feeding organisms from the shallow shelf region of the PEI, and that organisms from
nearshore stations have higher contributions of kelp in their diets than those from the open

shelf region due to their close proximity to kelp beds.

3.2. MATERIALS AND METHODS

3.2.1. Study area, sample collection and treatment

To determine regional variations in the diets of benthic suspension- and deposit-feeding
communities in the vicinity of the PEI, 10 stations were sampled as described in Chapter 2,
sections 2.1 and 2.1.2. Eighteen species of suspension- or deposit-feeders were collected
from the 10 stations (see Table 2.2; Chapter 2). Total chl-a and suspended particulate matter
(SPM) concentrations were determined in the immediate vicinity of the islands and the larger
surrounding region (Chapter 2, sections 2.1.1 and 2.2.1). All suspension- and deposit-feeding
organisms (wherever possible), as well as potential food sources (kelp and SPM), were
processed for stable isotope and fatty acid analyses (see Table 2.2; Chapter 2, sections 2.2.1
and 2.2.2).

3.2.2. Stable isotope analysis

All 1sotopic analyses were conducted as described in Chapter 2, section 2.3.

3.2.3. Fatty acid analysis
See Chapter 2, section 2.4 for complete descriptions of the fatty acid protocols used.
Essential fatty acids (EFAs) include 20:4w06, 20:503 and 22:603 (Arts et al., 2001), while

bacterial fatty acids (BAFAs) are those with odd-numbered carbon chains and/or iso- (i-) and
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anteiso- (ai-) branches (Harvey, 1994; Budge and Parrish, 1998) and higher plant fatty acids
(HPFAs) include 18:2w6 and 18:3w3 (Dalsgaard et al., 2003). Saturated fatty acids (SFAs)
are those without double bonds (e.g. 14:0), monounsaturated fatty acids (MUFAs) contain a
single double bond (e.g. 16:1®w7) while polyunsaturated fatty acids (PUFAs) have >1 double
bond (e.g. 16:4®3). All double bonds were assumed to be methylene-interrupted and in cis

configuration unless otherwise noted.

3.2.3.1. Target fatty acids

The fatty acid 20:503 were used to indicate the presence of diatoms in the diets of the
suspension- and deposit-feeders, while 22:6w3 was used to indicate feeding on
dinoflagellates (Parrish et al, 2000; Dalsgaard et al., 2003). To determine the relative
importance of the different food sources (i.e. kelp versus diatoms and dinoflagellates) in the
diets of the benthos among different regions around the islands and among species, specific
fatty acids were examined as follows: 18:2w6, 18:3®w3 and 20:4w6 for kelp plant (fresh and
degraded); 18:1w7 for degraded kelp-associated bacteria; 20:5w3 for diatoms; and 22:6w3 for
dinoflagellates. The fatty acids used as kelp indicators were obtained from the profiles
obtained from the fresh and degraded kelp fronds, and degraded associated particulate
organic matter (POM; see section 3.3.3.1)

3.2.4. Data analysis

Total chl-a and SPM concentrations, and 8'°C signatures and total fatty acid (TFA)
concentrations of SPM from both offshore and the vicinity of the PEI were plotted using
Ocean Data View v. 3.2.2 (Schlitzer, 2010). Coefficient of variation (CV) was calculated
from the ratio of the standard deviation to the mean and expressed as a percentage (% CV).

Variance is reported as one standard deviation (SD) from the mean.

In kelp systems the majority of photosynthesised carbon likely originates from either kelp or
phytoplankton (Dunton and Dayton, 1995; Mann, 2000). To estimate the relative carbon
contributions made by these two sources to the suspension- and deposit-feeding
communities, a simple mixing model for a two-source system (McConnaughey and McRoy,
1979) was employed. For each animal sample, the percentage contribution of kelp-derived

carbon (% Cielp derived) Was calculated as follows:

13 13 13 13
% Ckelp derived = (8 Cconsumer -0 Cphytoplankton —IX 100) / (8 Ckelp -0 Cphytoplankton)a
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where I is the average post-photosynthetic fractionation of 8'°C per trophic level (set at
1.00 %o; DeNiro and Epstein, 1978; Fry and Sherr, 1984; Peterson et al., 1985). The 5"°C
value used for kelp was obtained from the degraded kelp detritus (POM). The contributions
made by kelp and phytoplankton were determined for a mixed phytoplankton community
(likely to be small diatoms, dinoflagellates and coccolithophorids). The 8'°C values used to
represent the mixed phytoplankton community were derived from previous studies conducted
within the region (Kaehler et al., 2006; Pakhomov ef al., 2009). The contribution calculations
could potentially be used to determine the sources of assimilated nitrogen, but due to the lack
of 8'°N values available for primary producers in the region, this was not feasible (see

section 3.3.2.1).

3.3. RESULTS

3.3.1. Environmental variables and food sources

Total chl-a concentrations in the vicinity of the islands showed no distinctive spatial patterns
(Fig. 3.1A) and were similar to those in the surrounding offshore region (vicinity of the
islands: 0.13 to 0.29 pgL™; offshore: 0.16 to 0.33 pgL™; Figs. 3.1A and C), with the
exception of Station viii (0.66 ugL™"). Moderately enhanced SPM concentrations were
recorded at Stations 3 and 8 (7.33 and 8.04 mg L, respectively; Fig. 3.1B). The SPM
concentrations in the vicinity of the islands were still relatively low and similar to those in
the offshore region (3.04 to 8.04 mg L' and 3.64 to 6.72 mg L', respectively; Figs. 3.1B and
D).

3.3.2. Stable isotopes

3.3.2.1. Food sources

As only small volumes of particulate matter could be obtained by filtration, 8'°N values
could not be accurately determined in surface water SPM and the degraded kelp POM
samples. Therefore, only 81C signatures were used to estimate the importance of different
primary producers to the diets of the selected consumers. The surface water SPM in the
vicinity of the islands showed similar 8"°C signatures to that of the offshore region and

ranged from -25.00 to -23.54 %o (Figs. 3.2A and B).
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(A) 813C — vicinity of the PEI %o
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Figure 3.2. 5"°C signatures (%o) of the surface water suspended particulate matter in the
vicinity (A) and in the offshore region (B) of the Prince Edward Islands.

The two dominant types of primary producers found in the vicinity of the PEI had distinct
8'°C signatures (SPM [mixed phytoplankton and detritus]: -25.00 to -23.54 %o and kelp:
-19.31 to -15.34 %o; Tables Al and A2). The kelp Macrocystis laevis had §"°C and §"°N
signatures that varied between degraded and fresh fronds, whereby degraded fronds were
more depleted (-19.01 + 0.29 %o and 3.67 £ 0.31 %o, respectively) than the fresh fronds
(-15.57 + 0.20 %o and 4.27 + 0.52 %o, respectively). Interestingly, the 8'"°C signature of the
degraded kelp POM fell between those of the fresh and degraded fronds (-17.50 %o).

3.3.2.2. Suspension- and deposit-feeders
The suspension-feeding organisms showed a wide range of 8'°N signatures (0.41 to 8.81 %o;

Fig. 3.3) compared to the deposit-feeders (3.82 to 5.91 %o; Fig. 3.4). Some species such as
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bryozoan sp. 1, had a wide range of 8'°N signatures among stations, while others such as
sponge sp. 1, sponge sp. 2 and bivalve sp. 1 had similar §'°N signatures among stations
(Fig. 3.5). The 8"°C signatures of the suspension- and deposit-feeding organisms also showed
a wide range of values among species (Figs. 3.3 and 3.4). The signatures, however, were
similar in both feeding guilds (-23.15 to -19.02 %o and -23.74 to -20.52 %o in suspension- and
deposit-feeders, respectively), and all organisms were enriched by >1.00 %o relative to

surface water SPM (-24.25 + 0.47 %o; Figs. 3.3 and 3.4).

Suspension-feeders

Sponsp. 1
Sponsp. 2
Sponsp. 3
Bryosp. 1
Bryosp. 2
Brac
Bivasp. 1
Biva sp.2
Polysp. 1
Hyd
Gorg
Seapen

Holosp. 1

O
aar
> v a0 %P> D>+ & S @& @ O

Holosp. 2

Primary producers
SPM: downstream degraded fresh
kelp frond kelp POM kelp frond
—O—  inter-island HEH o H

K4 upstream

mixed w—  diatom bloom

phytoplankton

27 26 25 24 23 22 21 20 -19 -18 -17 -16 -15 -14
d13C

Figure 3.3. 8°C and 8N signatures (%o) of the benthic suspension-feeding organisms
collected at all regions around the Prince Edward Islands and 8'°C signatures (%o) of the
potential primary producers contributing to their diets. Phytoplankton signatures were
obtained from previous studies in the region (Kaehler et al., 2006, Pakhomov et al., 2009);
range of 8"°C values for various phytoplankton communities is indicated by the black line
with community composition indicated at each end (mixed: mixture of small diatoms,
dinoflagellates and coccolithophorids; diatom bloom: a phytoplankton community dominated
by large chain-forming diatoms); error bars represent standard deviations.
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Deposit-feeders

-20 -19 -18 -17 -16 -15 -14

KA

upstream

mixed w—— jatom bloom

phytoplankton

Primary producers
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kelp frond  kelp POM  kelp frond
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O Polysp.2
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Figure 3.4. 8°C and 8"°N signatures (%o) of the benthic deposit-feeding organisms collected
at all regions around the Prince Edward Islands and §"°C signatures (%o) of the potential
primary producers contributing to their diets. Phytoplankton signatures were obtained from
previous studies in the region (Kaehler et al., 2006; Pakhomov ef al., 2009); range of 8'°C

values for various phytoplankton communities is indicated by the black line with community

composition indicated at each end (mixed: mixture of small diatoms, dinoflagellates and
coccolithophorids; diatom bloom: a phytoplankton community dominated by large chain-
forming diatoms); error bars represent standard deviations.
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Figure 3.5. 8'°N signatures (%o) of the benthic suspension- and deposit-feeding organisms in
the different regions around the Prince Edward Islands. Error bars indicate standard
deviations.

The contributions of phytoplankton and kelp to the diets of the benthic suspension- and
deposit-feeders among the different regions are depicted in Figure 3.6. As kelp enters the
food web through the detrital food chain (Mann, 1988; Duggins et al., 1989; Kaehler et al.,
2000; Fredriksen, 2003), the 8'°C signature for kelp detritus (i.e. degraded kelp POM) was
used to denote kelp that could be ingested by benthic organisms. For all the suspension- and
deposit-feeding organisms, except nearshore holothurian sp. 1, their diet constitution was
between a 50% kelp/phytoplankton and a 100% mixed phytoplankton diet. Of the 17 species
in Figure 3.6, nine showed a diet almost completely composed of phytoplankton (either from
100% mixed phytoplankton or 100% diatom origin). In general, there was a depletion in §"°C
signatures from upstream individuals to those from between the islands and the nearshore
individuals, suggesting an increase in the contribution of kelp detritus in their diets at stations

closer to the islands.

33



Suspension- and Deposit-Feeders

Chapter 3

"SUOIIBIAQP pIepue)s Juasaidal sieq 10119 {(6007) 7P J2 AoWOoY e WO} PAuIe}qo dIoM UOIFal JB[IUWIS € WOI) SWO0[q WOojeIp I0J SOINJRUSIS
(G861 “Ip 12 UOSINV] ‘H8G[ ‘HAYS pue AIL]) uoqied I0j 09 (' JO JudwyoLud orydony o3eroae ue Juisn poje[nNO[ed dI9M SAUI] IAIP %00 PArewnsy
"SPUB[S] PIeMPH OULIJ Y} PUNOIE SUOITAI JUSIYJIP Y} ul stustuedIo Surpaoy-jyisodop pue -uorsuadsns d1uaq du Jo (0%) sAIMEUSIS ) Q *9°¢ NS

L1 wmﬂ Lr9r s vl €1 Tl 11 o0l 6 8 L 9 S v € 4 I

1o1p vopyuedoykyd paxrt 95001 -———

JOIP WOO0[q WOJBIP %00 -———

[
1o1p uopjuedoikyd / djoy 9%0¢ -———
WeASUMOP PUR[SI-I)UI
UdM)9q pue[SI-1ojul
weansdn puesi-13ur
jo1p smop popesdop djoy %00y - ———————————"—"—""—""—""—""—"—"—" " ——— a10ys1edU
s19pa9j-usodap S19pagJ-uoisuadsns

SC

€C

-

0c-

6l-

8-

Ll-

91-

e

34



Chapter 3 Suspension- and Deposit-Feeders

Using a simple linear mixing model for a two-source system (mixed phytoplankton
community and kelp; McConnaughey and McRoy, 1979) the kelp was estimated to
contribute between 8.8 and 65.5% to the diet of the suspension-feeders and between 0.8 and

44.9% to the deposit-feeders.

3.3.3. Fatty acids

3.3.3.1. Food sources

The fatty acid profiles of the fresh and degraded kelp fronds (M. laevis) both contained
large proportions of 16:0, 18:1w9 and 20:4w6; however, the degraded kelp contained
proportionally less of these three fatty acids than the fresh kelp (Table A2). The fresh
and degraded kelp both had large proportions of PUFAs (47.0 + 10.6% TFA and 51.4 +
7.0% TFA; respectively) and EFAs (25.6 £ 3.5% TFA and 27.1 + 4.6% TFA, respectively),
and moderate proportions of HPFAs (12.5 + 3.2% TFA and 11.6 £ 2.9% TFA, respectively).
The degraded kelp had proportionally more BAFAs and contained >3 times the quantity of
TFAs than the fresh kelp (BAFAs: 3.6 £ 0.4% TFA and 0.7 = 1.0% TFA, respectively;
TFAs: 43.9 + 52 pg FA mg' DM and 13.2 + 1.3 ug FA mg' DM, respectively). The
POM from the degraded kelp contained smaller TFA concentrations, and PUFA and
EFA proportions but greater MUFA proportions than the actual degraded kelp (TFA:
20.4 pg FA mg" DM versus 43.9 + 5.2 ug FA mg"' DM; PUFAs: 14.5% TFA versus 51.4 +
7.0% TFA; EFAs: 6.2% TFA versus 27.1 £ 4.6% TFA; MUFAs: 56.1% TFA versus 18.6 +
2.5% TFA). The fatty acids 18:2w6, 18:3®w3 and 20:4w6 were prevalent in both fresh and
degraded kelp fronds (Table A2). These fatty acids (18:2w6, 18:3®3 and particularly 20:4w6)
can also be found in other plant and macroalgae species (Arts et al., 2001; Dalsgaard et al.,
2003), but as there is a high density of M. laevis kelp around Marion and Prince Edward
Islands (~12 kg m'z; Attwood et al., 1991; Beckley and Branch, 1992), which generates
substantial productivity (estimated 2.0 to 3.5 times greater than that of phytoplankton;
Beckley and Branch, 1992), it was estimated that the majority of these fatty acids originated
from the kelp. Therefore, these three fatty acids (18:2w6, 18:3w3 and 20:4®6) were used as
target identifiers for kelp plant material (fresh and degraded). The fatty acids 16:1®w7 and
18:1w7 were found in large proportions in the degraded kelp POM (34.4 and 17.7% TFA,
respectively; Table A2). As 16:1w7 can also be associated with diatoms (Parrish et al., 2000;
Dalsgaard et al., 2003), only 18:10w7 was used to indicate the prevalence of bacteria

associated with degraded kelp POM.
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Figure 3.7. Concentration (ng FA mg" DM) of total fatty acids (TFAs) in the surface water
suspended particulate matter in the vicinity (A) and in the offshore region (B) of the Prince
Edward Islands.

The concentration of TFAs in the surface SPM in the vicinity of the islands showed a high
degree of spatial variation (2.6 to 13.8 ug FA mg' DM; Table Al; Fig. 3.7A), but were
generally greater between and within the lee of the islands than the surrounding open ocean
area (4.1 to 6.9 ug FA mg"' DM; Table Al; Fig. 3.7B). The SPM from offshore and around
the islands contained large proportions of SFAs (57.6 to 91.1% TFA) and moderate MUFA
proportions (6.4 to 25.5% TFA). The SPM from all the stations, except Station 8 (nearshore
east of Marion), contained very small proportions of EFAs (all stations: 0.0 to 4.8% TFA and
Station 8: 13.3% TFA; Table Al). In the vicinity of the islands, the SPM generally contained
small proportions of the diatom (20:5w3: 0.0 to 2.6% TFA), dinoflagellate (22:6w3: 0.0 to
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1.9% TFA) and degraded kelp bacterial fatty acids (18:1w7: 0.0 to 1.2% TFA). The
nearshore station adjacent to the Marion Island kelp beds (Station 8) appeared to act
independently of the island system, as the SPM from this station contained greater
proportions of 22:1®9, 22:6w3 and 20:5w3 (diatom fatty acid) than SPM from the other
stations (Table A1). The SPM from offshore stations contained small proportions of the
diatom fatty acid (20:5w3: 0.0 to 1.3% TFA), but SPM at stations downstream of the islands
(i.e. Stations vii and viii) had slightly enhanced proportions of this fatty acid relative to the
upstream stations (i.e. Stations i, ii and iii; Table Al). For all offshore stations, the SPM
contained very small proportions of the degraded kelp bacterial and dinoflagellate fatty acids
(18:1®7: 0.0 to 0.5% TFA and 22:6w3: 0.0 to 0.5% TFA, respectively).

3.3.3.2. Suspension- and deposit-feeders

Forty seven fatty acids were detected at concentrations >1.0% TFA in at least one of the
consumers (Tables A3 to A12). The four species of sponge contained the greatest number of
fatty acids. Sponge sp. 1 contained large proportions of 16:0, 18:0, 20:5w3, 22:603 and
SFAs, while the major fatty acids in sponge sp. 2 were 16:0, 24:0 and SFAs, and those in
sponge sp. 3 were 16:0, 16:103, 20:4w6, 22:6w3 and PUFAs, and those in sponge sp. 4 were
ai-15:0, 16:0, 18:0, 18:107 and SFAs (Table A3). Sponge sp. 1 and 3 were EFA-rich (24.0 to
25.2% TFA and 20.9 to 25.0% TFA, respectively) while sponge sp. 2 and 4 were less so (5.9
to 6.9% TFA and 7.5 to 10.1% TFA, respectively). The BAFAs were abundant in sponge
sp. 1 (only in specimens from Station 4), sp. 2 and sp. 4. The two bryozoan species were
dominated by 16:0, 22:6w3, EFAs and PUFAs, with moderate proportions of 20:5w3 and
20:2 nonmethylene interrupted (NMI), except for bryozoan sp. 2 (Table A4).

The brachiopod Magellania kerguelenensis was dominated by 16:0, 18:0, SFAs and PUFAs,
but also had relatively high proportions of 20:5w3, 22:6w3 and EFAs, except for those from
Station 3 (northeast of Marion; Table A5). There were no detectable (>1.0% TFA) HPFAs in
any of the brachiopods. The individuals from Station 3, however, had relatively high
proportions of the degraded kelp bacterial fatty acid (18:1w7; 7.7% TFA versus 1.2 to 2.8%
TFA). The bivalves Limatula pygmaea (sp. 1) and Thracia meridionalis (sp.2) contained
similar proportions of fatty acids among regions with elevated proportions of 22:6w3, SFAs,
PUFAs and EFAs as well as relatively large proportions of 16:0, 18:0 and 20:5w3
(Table A6). The suspension-feeding polychaete Serpula vermicularis vermicularis (sp. 1)

contained large proportions of 16:0, 20:1w11, 20:5w03, 22:6w3, PUFAs and EFAs; however,
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they contained no detectable HPFAs (Table A7). The holothurians Pseudocnus laevigatus
(sp. 1) and Psolus paradubiosus (sp.2) both contained moderate proportions of 18:1®7,
20:109, 20:2 NMI, 22:6w3 and BAFAs, but P. paradubiosus contained greater proportions
of these fatty acids than Pseudocnus laevigatus as well as relatively large proportion of
16:107, 18:109, PUFAs and EFAs (Table A8). The diatom fatty acid 20:5w3, however, was
predominant in both holothurians (20.0 to 29.2% TFA versus the next dominant at 6.6 to
10.7% TFA). The hydrozoan Plumularia insignis contained large proportions of 16:0,
18:109, 20:5w3, 22:6w3, SFAs, PUFAs and EFAs, while the sea pen Pennatula inflata and
the gorgonian coral Thouarella variabilis contained large proportions of 16:0, 18:1®9,

24:6w3, PUFAs and EFAs as well as elevated proportions of 20:5w3 (Table A9).

For the deposit-feeding organisms, the polychaete Thelepus extensus (sp. 3) was dominated
by 16:0, 18:107 and 20:503 and had large proportions of PUFAs and EFAs and no
detectable HPFAs (Table A10). The other deposit-feeding polychaete, Lanice marionensis
(sp. 2), which is likely to be a selective deposit-feeder (Buhr and Winter, 1977; Fauchald and
Jumars, 1979), contained moderate proportions of 22:503 and 22:6w3 and large proportions
of 14:0, 16:0, 20:5w3, SFAs, PUFAs and EFAs, except for those from Station 3 (Table A11).
There were also no detectable HPFAs in any of the L. marionensis. The gastropod
Margarella expansa contained moderate to large proportions of 16:0, 18:10w7, 20:4w6 (kelp
plant), 20:5w3, 22:603, PUFAs, EFAs and BAFAs (Table A12).

3.3.4. Diets of suspension- and deposit-feeders using target fatty acids

To determine the importance of the main food sources, i.e. kelp and phytoplankton, in the
suspension- and deposit-feeders from different regions around the PEI, the target fatty acids
for these three food sources were examined in detail. As different species tend to have
different amounts of total lipids (Richoux and Froneman, 2008; Richoux, in press)
quantitative differences between lipid-rich and lipid-poor organisms will overwhelm any
potential differences due to dietary fatty acids. Therefore, proportional data (% TFA)
were used for among-species comparisons (section 3.3.4.1), while quantitative data (ug FA

mg” DM) were used to investigate intra-specific variations among regions (section 3.3.4.2).

3.3.4.1. Inter-specific variation
There were no distinct patterns in the diets of the suspension- and deposit-feeders among the

different regions, but there were differences among species at each station (Figs. 3.8 and 3.9).
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In the suspension-feeders, the target fatty acids present in the greatest proportions in the
majority of the species were those of diatoms (20:5w3) and/or dinoflagellates (22:6w3;
Fig. 3.8). The exceptions were the sponges and bryozoans, in which the kelp (plant: 18:2w6,
18:3w3 and 20:4w6; bacterial: 18:1w7), diatom (20:5w3) and dinoflagellate (22:6w3) fatty
acids occurred in similar proportions. There were no distinct differences in the proportions of
target fatty acids among the suspension-feeding communities of the inter-island and
nearshore regions. A notable exception was the brachiopod from the inter-island upstream
Station 3, in which the degraded kelp bacterial, diatom and dinoflagellate fatty acids occurred

in similar proportions.

For the deposit-feeders, the diatom fatty acid 20:503 occurred in substantially greater
proportions than the other fatty acids in most regions (Fig.3.9). The polychaete
L. marionensis (sp. 2) at the inter-island downstream Station 7 also had substantial
proportions of the dinoflagellate fatty acid, while the polychaete T. extensus (sp. 3; which
only occurred at the nearshore Station 8) had large proportions of degraded kelp bacterial
fatty acid (18:1w7). All the gastropods (M. expansa) contained substantial kelp (plant and
bacterial) fatty acids, but the individuals from the nearshore Station 8 had more kelp bacterial
fatty acid, while those from the upstream Station 1 had enhanced kelp plant fatty acids, in
particular the EFA 20:406.
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Figure 3.8. Proportions (% TFA) of kelp (plant: 18:2w6, 18:3w3 and 20:4w6; associated
bacteria: 18:1w7), diatom (20:5w3) and dinoflagellate (22:6w3) fatty acids in the benthic
suspension-feeding organisms among the 10 stations around the Prince Edward Islands.
Stations are divided into regions: inter-island - upstream and downstream of the islands (A),

inter-island - between the islands (B) and nearshore (C). Error bars indicate standard
deviations.
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3.3.4.2. Regional variation

Spatial changes in the importance of each food source were investigated using species that
occurred at four or more stations and/or covered a variety of regions around the PEL
Bryozoan sp. 1 showed similar quantities of each target fatty acid among the different
regions, with the exceptions of those from Stations 4 (inter-island between) and 9
(nearshore), in which the dinoflagellate fatty acid occurred in higher quantities than the
others (Fig. 3.10A). The brachiopod Magellania kerguelenensis from each region contained
more diatom and dinoflagellate fatty acids, with the exception of those individuals from
Station 3 (inter-island upstream), in which the quantities of the various food source fatty
acids were similar (Fig. 3.10B). The bivalve Limatula pygmaea showed no differences
among specimens from different stations and contained relatively large quantities of the
dinoflagellate fatty acid compared to the other benthic organisms (Fig. 3.10C). The
polychaete Lanice marionensis contained higher quantities of the diatom fatty acids, with the
exception of Station 7 (inter-island downstream), in which there were also higher quantities
of the dinoflagellate fatty acid (Fig. 3.10D). Of the four species selected for the regional
investigation, the polychaete L. marionensis contained the greatest quantities of TFAs (39.30
to 147.83 pg FA mg"' DM; Fig. 3.11D), followed by the bivalve Limatula pygmaea at
approximately a third of the quantity (32.23 to 40.47 pg FA mg' DM; Fig. 3.11C), then the
brachiopod M. kerguelenensis (10.83 to 26.10 ug FA mg" DM; Fig. 3.11B), and finally the
bryozoan sp. 1 (0.311t02.42 ug FA mg"' DM; Fig. 3.11A). Lanice marionensis contained

approximately 100 times the concentration of TFAs compared to that of bryozoan sp. 1.

The deposit-feeding polychaete L. marionensis from upstream Station 1 had substantially
less TFAs compared to those from the other regions (39.3 ug FA mg™ DM versus 73.0 to
147.8 ug FA m,g'1 DM; Table A11), with the greatest quantities occurring in individuals from
Station 3. The gastropod Margarella expansa from upstream Station 1 also contained
substantially less TFAs compared to the individuals collected from the nearshore Station 8
(Table A12). The proportion of PUFAs and EFAs in L. marionensis were relatively similar
among stations (42.9 to 48.9% TFA and 28.4 to 35.0% TFA, respectively), with the
exception of Station 3, and to a lesser extent Station 6, which had smaller proportions

(PUFASs: 19.4 and 30.6% TFA, EFAs: 13.7 and 21.9% TFA, respectively; Fig. 3.12).
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Figure 3.10. Quantities (g FA mg DW™) of kelp (plant: 18:2w6, 18:303 and 20:406;
associated bacteria: 18:1w7), diatom (20:5w3) and dinoflagellate (22:6w3) fatty acids in the
suspension-feeding bryozoan sp. 1 (A), brachiopod Magellania kerguelenensis (B), bivalve
Limatula pygmaea (C) and the deposit-feeding polychaete Lanice marionensis (D) among the
10 stations around the Prince Edward Islands. Stations are divided into regions: inter-island
(upstream, between and downstream of the islands) and nearshore. Error bars indicate
standard deviations; note y-axis consists of different scales starting from smallest (A) to
largest (D) quantities.
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Figure 3.11. Quantities (ug FA mg DW™) of total fatty acids (TFAs) in the suspension-
feeding bryozoan sp. 1 (A), brachiopod Magellania kerguelenensis (B), bivalve Limatula
pvgmaea (C) and the deposit-feeding polychaete Lanice marionensis (D) among the 10
stations around the Prince Edward Islands. Stations are divided into regions: inter-island
(upstream, between and downstream of the islands) and nearshore. Error bars indicate
standard deviations; note y-axis consists of different scales starting from smallest (A) to
largest (D) quantities.
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Figure 3.12. Proportions (% TFA) of polyunsaturated fatty acids (PUFAs) and essential fatty
acids (EFAs) in the deposit-feeding polychaete Lanice marionensis at the seven stations from
where it was collected around the Prince Edward Islands. Stations are divided into regions:
inter-island (upstream, between and downstream of the islands) and nearshore. Error bars
indicate standard deviations.

The gorgonian coral Thouarella variabilis showed an accumulation of fatty acids in the
specimen from the inter-island downstream Station 7 compared to the specimen from the
inter-island upstream Station 2, in which the kelp, diatom and dinoflagellate fatty acids were
1.7, 2.5 and 4.6 times higher, respectively (Fig. 3.13). The concentration of TFAs was also
2.9 times higher in the specimen collected from the downstream station compared to the
specimen from the upstream station (upstream: 4.9 pg FA mg' DM and downstream:
14.2 ug FA mg"' DM; Table A9). The quantity of PUFAs and EFAs were also higher in the

specimen collected from the downstream station (2.8 and 2.4 times higher, respectively).
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Figure 3.13. Changes in the quantities (ug FA mg DW™) of kelp (plant: 18:206, 18:3®3 and
20:4w6; associated bacteria: 18:1w7), diatom (20:503) and dinoflagellate (22:6w3) fatty
acids in the gorgonian coral Thouarella variabilis between upstream (inter-island Station 2)
and downstream (inter-island Station 7) areas of the Prince Edward Islands. Error bars
indicate standard deviations.
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3.4. DISCUSSION

The two dominant primary producers in the vicinity of the PEI are the extensive beds of
Macrocystis laevis and phytoplankton (Pakhomov and Froneman, 1999a). These two sources
have distinctly different isotopic signatures and target fatty acids, thus enabling the
assessment of their dietary contributions to benthic suspension- and deposit-feeders in

different regions around the PEI.

3.4.1. Environmental conditions

As the total chl-a and SPM concentrations and 8'°C values of SPM in the vicinity of the PEI
were low (<0.29 ng L', <8.04 mg L, <-23.54 %o, respectively), and in the range reported
for the offshore region (Figs.3.1A and C; Figs.3.1B and D and Figs.3.2A and B,
respectively), there were no apparent phytoplankton blooms in the vicinity of the islands
during the 2009 investigation (PEI bloom chl-a concentration: 1.5 to 3.0 pg L', and 8"C
signature: ~-23.3 %o; Kaehler et al., 2000, 2006; Pakhomov et al., 2009). During bloom
periods in Trinity Bay (Newfoundland), the mean TFA content of the SPM reached
41.0 pg FA mg' DM (Budge and Parrish, 1998). The comparatively low quantity of TFAs
obtained in the vicinity of the PEI (2.6 to 13.8 pg FA mg' DM) further corroborates the
absence of blooms prior to or during this investigation. Interestingly, a study conducted in
the vicinity of the PEI during March/April 2003 documented elevated concentrations of total
chl-a (up to 2.0 ug L") and SPM in the lee of the islands (~18000 particles L but frequently
>30000 particles L™'; Kaehler et al., 2006). The lack of distinct spatial variation in the
biological variables in the surface water during the 2009 investigation suggests little to no
retention of water around the islands, and hence a flow-through system was evident during

this period.

It 1s important to note, however, that there were slightly enhanced SPM concentrations at the
inter-island upstream Station 3 (northeast of Marion) and the nearshore Station 8 (adjacent to
kelp beds east of Marion; 7.33 and 8.04 mg L™, respectively; Fig. 3.1B). These enhanced
SPM concentrations suggest possible microscale oceanographic processes were responsible
for retaining water in some isolated areas. For example, the kelp beds around Marion Island
retain freshwater, which in turn promotes water column stability that may lead to elevated
productivity (Pakhomov et al., 2002). The elevated SPM concentrations and proportions of
diatom and dinoflagellate fatty acids in the SPM at Station 8 are likely due to the close
proximity of the kelp beds (see Fig. 2.1; Chapter 2). As there are no seasonal data available,
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it is not clear whether this microscale water retention at Stations 3 and 8 varies temporally;
however, there is evidence to suggest that during periods of water retention between the

islands, this microscale retention is less evident (see Figure 2 in Kaehler et al., 2006).

3.4.2. Food sources

The 8"°C signatures of the degraded kelp and its detrital POM (-19.07 + 0.29 %o and
-17.50 %o, respectively) were more depleted than those of the fresh kelp (-15.57 = 0.20 %o).
The difference in 8"°C signatures between fresh and degraded kelp was likely due to the
decomposition of the kelp by microbes, thus the degraded kelp had a combined signature of
the plant and the microbial communities (Newell et al., 1982; Mann, 1988; Levinton et al.,
2002). The fatty acid profiles also showed differences between fresh and degraded kelp, such
as greater proportions of BAFAs and 18:1®7 in the degraded kelp (Table A2), also related to

decomposition and presence of microbes.

The 8"°C signatures for the SPM in the vicinity of the islands were similar to those in the
offshore region (Fig.3.2B) and within the range reported for a mixed phytoplankton
community (present study mean: -24.25 + 0.47 %o, mixed phytoplankton range: -24.84 to
-23.51 %o; Kaehler et al., 2000, 2006). As SPM is composed of a mixture of phytoplankton,
detritus and bacteria, the values obtained in 2009 suggested that the SPM around the islands
was dominated by phytoplankton. Furthermore, SPM from the lee of the islands contained
enhanced quantities of TFAs (Fig. 3.7B) suggesting that the islands could play a role in

enhancing the quality of available food sources in the water column.

3.4.3. Diets of benthic suspension- and deposit-feeders

3.4.3.1. Stable isotopes

The suspension- and to a lesser extent deposit-feeding community had a wide range of 5"°C
and 8'°N signatures among species and regions (Figs. 3.3, 3.4, 3.5 and 3.6). This is in
agreement with the findings of Kaehler et al. (2000), which revealed no apparent distinct
trophic levels in the benthic community of the PEI, suggesting that it exhibits a trophic
continuum. A wide range of 8"°C and 8'°N values have also been observed in the benthic
suspension- and deposit-feeders at the sub-Antarctic Bouvet Island (east of the PEI; Jacob et
al., 2006). Benthic suspension-feeding invertebrates in the temperate Kariega Estuary (South
Africa) had a large range of 8'°C values most likely owing to the wide range of 8'"°C values

present in their food sources (seston and/or SPM; Richoux and Froneman, 2007). Selective
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feeding on different size fractions of SPM, as well as among-location variations in food
sources, usually contribute to differences in 8'°C values among consumers (Dittel et al.,
2000; Doi et al., 2005). The wide range of 5"°C and 8"°N signatures among the suspension-
and deposit-feeders suggests a degree of feeding plasticity most likely resulting from a

variety of feeding modes.

The 5"C signatures in all the suspension- and deposit-feeders suggested that both these
communities were incorporating phytoplankton and kelp (detritus) in their diets (Fig. 3.6),
although the contribution by kelp was highly variable (kelp contribution range: 0.8 to 65.5%;
58.3% CV). For all the suspension- and deposit-feeding organisms, regardless of region and
proximity to kelp beds, kelp detritus did not exceed 50% of the diet, except for the
holothurian Pseudocnus laevigatus (sp. 1) at Station 10. In the deposit-feeding community,
there were substantial differences in 8°C signatures between the polychaete Lanice
marionensis (sp.2) and the polychaete Thelepus extensus (sp.3), in which L. marionensis
appeared to consume very little kelp detritus (kelp contribution range: 0.8 to 13.9%;
Fig. 3.6). Benthic organisms collected from stations in the nearshore region tended to have
BC-enriched signatures compared to those from the inter-island shelf region (Fig. 3.6). This
enrichment could be due to increased incorporation of kelp-derived detritus in their diets due
to their close proximity to the fringing kelp beds. This is a tentative pattern that requires
further exploration, as few species were collected from both inter-island and nearshore
regions, and the opposite pattern was observed in bryozoan sp. 1. A similar pattern, however,
has previous been observed in the benthos at the PEI, whereby organisms near the kelp beds
derived high proportions of their diet from the kelp, and this dietary contribution decreased

with increased distance from the kelp beds (Kaehler et al., 2006).

3.4.3.2. Fatty acids

The proportions of target fatty acids (% TFA) in both the suspension- and deposit-feeders
indicated no distinct spatial differences in the utilisation of kelp versus phytoplankton among
the different regions (Figs. 3.8 and 3.9). The suspension-feeders in general had large
proportions of either diatoms and/or dinoflagellate fatty acids, even in the nearshore
organisms (Fig. 3.8). All sponges, however, contained similar proportions of kelp, diatom
and dinoflagellate fatty acids. Although sponges have a non-selective mode of feeding, they
can consume only those particles between 0.1 and 50.0 um, i.e. small enough to be engulfed

by a single cell (Reiswig, 1971; Pearse et al., 1987; Reiswig, 1990; Pile et al., 1996). Most
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sponges feed primarily on small plankton <20 um (Reiswig, 1971, 1990; van de Vyver et al.,
1990; Pile et al., 1996). Thus, it would appear that the sponges would be unable to utilise the
large diatoms that predominate during the “island mass effect” (Boden, 1988; Perissinotto
and Duncombe Rae, 1990). However, as the total chl-a concentrations in the Polar Frontal
Zone (PFZ) within the region of the islands are dominated by small pico- and
nanophytoplankton (<20 um; Laubscher et al., 1993; Froneman et al., 2001; Froneman and
Bernard, 2004), sponges would be able to utilise this offshore productivity in the absence of
blooms and/or during flow-through scenarios. Therefore, the similar proportions of target
fatty acids of the three food sources found in all sponges (Fig. 3.8) are likely to result from
size-limited non-selective feeding rather than changes in available food sources.
Interestingly, the two species of bryozoan also contained similar proportions of kelp and
diatom fatty acids, but slightly higher proportions of the dinoflagellate fatty acid (Fig. 3.8).
Bryozoans, like sponges, can consume particles within a limited size range, but unlike
sponges they can selectively feed upon phytoplankton (McKinney, 1990). This may explain
why the bryozoans showed spatial variations in the proportions of these target fatty acids, in

particular those of dinoflagellates, as they could actively select phytoplankton.

Few species and individuals of deposit-feeding organisms were collected, which was not
unexpected as the benthic community around the PEI is generally dominated (>60%) by
suspension-feeders (Branch et al., 1993a). Like the suspension-feeders, deposit-feeders
utilise phytoplankton as their main food source, but unlike the suspension-feeders, the diet of
the deposit-feeders was dominated by diatoms (Fig. 3.9). The large proportions of diatom and
dinoflagellate fatty acids present in the benthic suspension- and deposit-feeders, most
pronounced in the deposit-feeding polychaete L. marionensis, supports the suggestion that
large quantities of unutilised pelagic material, predominantly from blooms, regularly sinks to
depth where it is utilised by the benthic organisms. It is interesting to note that the
holothurians P. laevigatus and Psolus paradubiosus, which typically feed on suspended
detritus (Jarre-Teichmann et al., 1997; O’Loughlin ef al., in press), contained elevated
proportions of diatom fatty acids further indicating the presence of large amounts of bloom

material settling to the benthos.

The suspension- and deposit-feeders were collected at depths ranging from 100 to 295 m
(except for two stations at 70 m; see Table 2.1; Chapter 2). The depth of the euphotic zone in
the Southern Ocean is highly variable and ranges from 20 to 100 m (Walsh, 1971; Glibert et
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al., 1982; Arrigo, 1994; Pakhomov et al., 1997). In the region of the PEI, the euphotic zone
depth ranges from 78 to 85 m (Perissinotto and McQuaid, 1992). As the majority of the
samples were collected from depths well below the euphotic depth it is unlikely that the
diatom fatty acids recorded in the benthic organisms originated from benthic diatoms.
Microphytobenthos (predominantly composed of benthic diatoms; Maclntyre et al., 1996, de
Bower et al., 2003) have substantially more enriched 8'°C signatures (~-16.70 %o; Corbisier
et al., 2004) than pelagic diatoms (~-23.34 %o; Kaehler et al., 2000; Pakhomov et al., 2009).
These two sources of diatoms are thus isotopically distinct from one another. The mean §"°C
value recorded for sediment from in the inter-island region between the PEI during 1999 was
-23.82 %o (Kaehler et al., 2000), close to that recorded for diatom blooms in the region.
These data provide further evidence to support that the bulk of the production associated with
the “island mass effect” sinks to depth where it accumulates in the shelf sediments of the

islands.

3.4.4. Regional variations in food availability and utilisation by benthic organisms

There were no distinct patterns in the utilisation of the various food sources by suspension-
and deposit-feeding organisms among the different regions (Figs.3.8 and 3.9).
Phytoplankton (diatom and/or dinoflagellate) generally dominated in the diets of these
organisms. There were, however, site-specific enhanced contributions of kelp (upstream
Station 3 and nearshore Station 8), likely due to the position of these stations and their local
environment. For example, despite the upstream position of Station 3 (northeast of Marion),
the brachiopod Magellania kerguelenensis and bryozoan sp.l collected at this station
contained elevated proportions of kelp fatty acids compared to individuals of the same
species from other stations between or downstream of the islands (Figs. 3.10A and B,
respectively). Station 3 also had elevated SPM concentrations, possibly an effect of
water retention within the region of this station arising from microscale oceanographic
hydrodynamics around the PEI. The elevated proportions of kelp fatty acids, coupled with
substantially higher quantities of TFAs in the polychaete L. marionensis (sp. 2) from
Station 3 compared to those from Station 1 (northwest of Marion), i.e. another upstream
station (Fig. 3.10D), further suggest the retention of water and primary production
(phytoplankton and kelp) within this region.

Site-specific enhanced contributions of kelp also occurred at Station 8, in which the deposit-

feeding polychaete T. extensus (sp. 3) and gastropod Margarella expansa collected at this
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station both contained large proportions of diatom (20:5»3) and degraded kelp bacterial fatty
acids (18:1w7; Fig. 3.9). As Station 8 was situated close to the kelp beds off the east coast of
Marion Island, the large proportions of 18:1w7 were not unexpected. The M. expansa at
Station 1 also contained elevated proportions of kelp fatty acids, but these were dominated by
kelp plant fatty acids (in particular the EFA 20:4®6) and only contained a small proportion of
the degraded kelp bacterial fatty acid. The benthic trawl at Station 1 consisted of large
quantities of volcanic rock and sediment with very little detritus, unlike Station 8 (see
Table 2.1; Chapter 2). As protozoans and microeukaryotes in sediment have been proposed
as important sources of 20:4m6 (Bell and Sargent, 1985; Fullarton ef al., 1995), this apparent

enhanced kelp contribution may not in fact originate from kelp but from the sediment.

On a broad scale, the 8'"°C signatures of the suspension- and deposit-feeders collected from
nearshore stations generally had '*C-enriched signatures compared with those from the inter-
island shelf region (Fig. 3.6), possibly due to an increased incorporation of enriched kelp.
Previous studies also observed a similar pattern at the PEI (Kaehler et al., 2000, 2006). The
fatty acid analysis, however, indicated that organisms collected from nearshore Station 8
contained higher proportions of kelp fatty acids than organisms from inter-island stations,
while organisms from Stations 9 and 10 had similar proportions to those from inter-island
stations (Figs. 3.8 and 3.9). As Stations 9 and 10 are not situated adjacent to kelp beds, unlike
Station 8, kelp likely contributes more to the diets of benthic communities situated close to

kelp beds.

Another example of site-specific enhanced contribution of a food source was apparent in the
organisms collected at the inter-island downstream Station 7, particularly the polychaete
L. marionensis. Despite this species’ presence at seven of the ten stations, it exhibited an
enhanced contribution (quantity) of the dinoflagellate fatty acid only in individuals from
Station 7 (Fig. 3.10D). As dinoflagellates tend to replace diatom populations once a bloom
region has become silicon depleted (Conley ef al., 1993; Pitcher et al., 1993; Martin-Jézéquel
et al., 2000; Bruland et al., 2001), the elevated quantity of the dinoflagellate fatty acid
in L. marionensis at Station 7 could result if water is retained over the shallow shelf
region for sufficiently long periods for silicon to become depleted. Evidence for enhanced
phytoplankton biomass in the vicinity of the islands was also reflected in the gorgonian coral
Thouarella variabilis. This organism was collected only at the two deepest stations, the inter-

island upstream Station 2 (295 m) and the downstream Station 7 (255 m). The gorgonian
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corals from the downstream Station 7 contained 2.9 times more TFAs, and 2.8 and 2.4 times
more PUFAs and EFAs than those from the upstream station (Table A9), potentially
reflecting an increased quality of food in the downstream region of the islands. The quantity
of kelp, diatom and dinoflagellate fatty acids were also more concentrated in the downstream
gorgonians relative to upstream (1.7, 2.5 and 4.6 times higher, respectively; Fig. 3.13). This
downstream enhancement may indicate increased food quality downstream of the islands
compared to upstream. Of particular importance, however, are the substantially higher
quantities of diatom and dinoflagellate fatty acids in the downstream gorgonians, which
supports the suggestion that the “island mass effect” has a measurable impact on the benthos
within the immediate vicinity of the islands. Although many species of gorgonian corals
contain zooxanthellae, the deep and/or cold water species do not (Cairns et al., 2009; De Mol
et al., 2009). As T. variabilis at the PEI has only been recorded at depths >150 m (majority
<350 m; Branch et al., 1993a), and as average sea temperatures range between 3 and 7°C
around the PEI (Pakhomov and Froneman, 1999a; Perissinotto et al., 2000), it is highly
unlikely to contain zooxanthellae. The diatom and dinoflagellate fatty acids in 7. variabilis

thus likely originate from its diet sources rather than zooxanthellae.

The quantities (pg FA mg'1 DM) of TFAs in the abundant species also showed some
variation among the different regions, in particular those from the upstream stations
(Fig. 3.11). The polychaete L. marionensis, which was collected at the majority of stations,
had a wide range of TFA concentrations among stations, the most pertinent of which was the
substantially lower quantities in individuals from the upstream Station 1 (northwest of
Marion; Table Al11; Fig. 3.11D). Similar patterns were also observed in the gastropod
M. expansa and the gorgonian coral T. variabilis, in which individuals from upstream
stations (Stations 1 and 2, respectively) had substantially lower quantities of TFAs than those
from nearshore or downstream stations (Stations 8 and 7, respectively; Tables A12 and A9,
respectively). The lower TFA concentrations in individuals from Stations 1 and 2 potentially
reflect a decreased food quality upstream of the islands. The open waters of the PFZ
upstream of the islands are generally characterised by low levels of productivity (Laubscher
et al., 1993; Froneman et al., 2001; Hunt ez al., 2001; Bernard and Froneman, 2002). Thus,
the decreased food quality in organisms in upstream stations suggest that these organisms
may rely more on the advection of productivity from the surrounding PFZ than on the
enhanced productivity associated with the islands (“island mass effect”). During the 2009

investigation, the TFA concentrations in the surface water SPM were in general greater
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between and within the lee of the islands than the upstream island region (Stations 1, 2 and 3)
and surrounding open ocean (Figs.3.7A and B), suggesting an increased food quality
between and immediately downstream of the islands. The benthic trawls at both Station 1 and
2 consisted of large quantities of volcanic rock and sediment with very little detritus, unlike
the benthic trawls at the other stations (see Table 2.1; Chapter 2), further supporting the lack

of accumulation of island-generated detrital productivity at these stations.

Some species had a substantially higher variation in the quantities of TFAs among the
different regions (e.g. polychaete L. marionensis; 36.8% CV; Fig. 3.11D) than other species
(e.g. bivalve Limatula pygmaea; 9.3% CV; Fig. 3.11C). The low among-station variation in
TFA concentrations in L. pygmaea (9.3% CV) suggests that these organisms had a similar
diet quality at all stations. In contrast, bryozoan sp. 1, M. expansa (brachiopod), Lanice
marionensis and T. variabilis (gorgonian coral) all showed different nutritional conditions
depending on the region inhabited (TFAs: 57.2, 36.2, 36.8 and 68.4% CV, respectively;
Figs. 3.11A, B, D and 3.13, respectively). The polychaete L. marionensis does not actively
feed and either consumes SPM deposited behind the anterior projections of its tube (deposit-
feeding mode) or by trapping SPM on mucus on its tentacles (suspension-feeding mode; Fish
and Fish, 1996). Bivalves, however, are active suspension-feeders, and some species (scallop
and mussel) appear to be able to sustain relatively high filtration rates at very low food
concentrations (Winter, 1978; Cahalan et al., 1989), which may account for the apparent
similarity in food quality among specimens from different stations. Interestingly, despite the
different food quality consumed by L. marionensis at different stations, the proportions of
PUFAs and EFAs were high (30.6 to 50.0% TFA and 21.9 to 34.9% TFA, respectively) and
relatively similar (16.0 and 16.1% CV, respectively) among all stations, with the exception of
Station 3. As the amphipod Acanthostepheia malmgreni (Conception Bay, Newfoundland)
maintained high (38.2% TFA) and similar (11.4% CV) proportions of @3 fatty acids during
and after the spring blooms, unlike various other suprabenthic and benthic invertebrates, it
was suggested to be effective at sequestering w3 fatty acids from its food (Parrish et al.,
2009). Therefore, the similar proportions of EFAs, and to a lesser extent PUFAs among
regions (particularly Station 1), could suggest that these organisms are relatively well
adapted at sequestering these essential components from their habitats despite the apparent

differences in food quality, particularly upstream.
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3.5. CONCLUSIONS

The target fatty acids for kelp, diatoms and dinoflagellates were found in all suspension- and
deposit-feeders, indicating that phytoplankton and kelp both play roles in the diets of the
benthic organisms in the shallow shelf waters around the PEI The 8'"°C signatures of the
benthic consumers ranged from -23.74 to -19.02 %o and indicated that phytoplankton (mixed
community) contributed between 52.8 and 92.2% to the diets of suspension-feeders, and
between 34.5 and 99.2% to the diets of deposit-feeders. The elevated proportions of the
diatom (20:5w3) and dinoflagellate (22:6w3) fatty acids in the profiles of the suspension- and
deposit-feeding organisms further supported the notion that pelagic primary production
contributed substantially to their diets. Even those species with increased proportions of kelp
fatty acids in their diets were still highly reliant on phytoplankton as a food source. This
investigation revealed no distinct spatial patterns in the contributions of the different food
sources between the inter-island (upstream, between and downstream) and nearshore regions
of the islands in the suspension- and deposit-feeders. There was, however, strong evidence
for increased food quality between and within the lee of the islands. As this investigation was
conducted during April 2009, it is important to note that there may be temporal changes in
the contribution of kelp versus phytoplankton, as well as the quantity and/or quality of the

food sources available to the benthic community.
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ONTOGENETIC AND SPATIAL VARIATIONS IN THE DIET
OF THE HYPERBENTHIC SHRIMP NAUTICARIS MARIONIS
AROUND THE PRINCE EDWARD ISLANDS

4.1. INTRODUCTION

Nauticaris marionis is a sub-Antarctic hyperbenthic shrimp with a wide distribution from
southern New Zealand to the Prince Edward Islands (PEI; Perissinotto and McQuaid, 1990).
Although it inhabits depths of 5 to 697 m at the PEI, this shrimp is most abundant between
50 and 100 m (Branch et al., 1991, 1993a). Nauticaris marionis is a major component of the
benthic community at the PEI, comprising the second highest biomass after bryozoans
(Parker, 1984; Perissinotto and McQuaid, 1990; Beckley and Branch, 1992; Branch et al.,
1993a). Despite spatial and temporal variations in the diet of N. marionis, the megalope
larvae (carapace length [CL] <4.0 mm) tend to consume phytoplankton, while subadults (and
juveniles) and adults (CL >4.0 mm) predominantly feed on benthic suspension- and/or
deposit-feeders (mainly bryozoans, hydrozoans, polychaetes and foraminifera) and at times
on detritus and pelagic organisms (mainly euphausiids and copepods; Perissinotto and

McQuaid, 1990; Pakhomov et al., 1999; Vumazonke ef al., 2003).

Despite their remote position in the Southern Ocean, the PEI seasonally support up to five
million land-based predators, including seals and seabirds (penguins in particular), during the
summer breeding season (Williams et al., 1979; Condy, 1981; Pakhomov and Froneman,
1999a). Nauticaris marionis represents a very important food source for Gentoo penguins
and Crozet shags (Espitalier-Noél et al., 1988; Adams and Klages, 1989), and at times
contributes substantially to the diets of both Macaroni and Rockhopper penguins (Brown and
Klages, 1987). The shrimp has also been recorded in the stomach contents of the inshore fish
Paranotothenia magellanica (Blankley, 1982) and King penguins (Adams and Klages,
1989). The PEI periodically demonstrates enhanced phytoplankton biomass compared to the
surrounding open waters of the Polar Frontal Zone (PFZ; total chlorophyll-a [chl-a]
concentration: >1.5 ug L™ versus <0.3 pg L™, respectively; Boden, 1988; Perissinotto and
Duncombe Rae, 1990). The majority of this biomass is not utilised directly by the local

zooplankton assemblages and sinks to depth where it provides an important food source for
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the benthic community (Perissinotto, 1992; Pakhomov and Froneman, 1999a; Chapter 3). As
N. marionis contributes substantially to the diets of seabirds that feed close to the islands,
they enable pelagic production to become available to large numbers of land-based predators
(Perissinotto and McQuaid, 1990). As a result, N. marionis is regarded as a key species

within the inter-island ecosystem of the PEI.

At the PEI, subadult and adult N. marionis consume benthic suspension- and deposit-feeders
(Perissinotto and McQuaid, 1990; Pakhomov et al, 1999). Kelp appeared to have an
increased contribution in the diets of benthic species situated close to the kelp beds as well as
those with size-restricted feeding modes (Chapter 3). Overall, however, the suspension- and
deposit-feeders showed no distinct spatial patterns in the food sources utilised, with
phytoplankton contributing substantially in the diets of all organisms (Chapter 3). There is
evidence, however, that there may be differences in quantity (concentrations of chl-a and
suspended particulate matter [SPM]; Kaehler et al., 2006) and quality (concentration of total
fatty acids [TFAs]; Chapter 3) of food sources available between the PEI versus upstream,
reflecting the importance of the “island mass effect” (enhanced pelagic productivity) between
and within the lee of the islands. As a result, potential regional differences in food quality
consumed by the benthos (upstream versus downstream and/or inter-island versus nearshore)
may have an impact on the hyperbenthic shrimp. In turn, any changes in the nutritional
condition of these shrimp may have a subsequent impact on top predators, particularly those

that predominantly feed inshore.

Long-term changes in the isotope signatures, particularly 8'°C, of N. marionis at the PEI have
been observed over the period of 1984 to 2000, likely reflecting changes in the overall
productivity of the PEI ecosystem (Pakhomov et al., 2004; McQuaid and Froneman, 2008).
The suggested decrease in productivity in the vicinity of the islands is thought to result from
global climate change culminating in the decreased frequency of occurrence of the “island
mass effect” (Pakhomov et al, 2004; McQuaid and Froneman, 2008). A decrease in
productivity around the islands may result in changes in the abundance of N. marionis. To
date there have been no quantitative studies on the biomass and abundance of N. marionis in
the region of the PEI since the initial photographic assessments of the benthos conducted
between 1984 and 1989 (Branch ef al., 1993a). As a consequence, long-term trends in the
population dynamics or status of N. marionis at the PEI are unknown. As N. marionis forms

a crucial link between phytoplankton and selected top predators, it is important to ascertain
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the spatial, temporal and ontogenetic variations in its diet to enable predictive modelling of
climate change effects on the greater food web. The aim of this study was to determine
spatial and ontogenetic changes in the diet of N. marionis around the PEL It was
hypothesized that there are differences in the diets of large and small shrimp, but that there
are no spatial differences in diet due to their motility. The phytoplankton were also
hypothesized to provide an important carbon source (indirectly) to these shrimp, reflecting

the predominant dietary intake of the suspension- and deposit-feeding organisms at the PEL

4.2. MATERIALS AND METHODS

4.2.1. Study area, sample collection and treatment

To determine ontogenetic and spatial variations in the diet of Nauticaris marionis, 10 stations
were sampled as described in Chapter 2, sections 2.1 and 2.1.3. The shrimps were divided
into five size classes according to their CL (Chapter 2, section 2.2.3). All N. marionis
(wherever possible), in addition to potential benthic (detritus, suspension- and deposit-
feeding organisms) and pelagic (zooplankton) food sources (obtained from gut content
analyses; Perissinotto and McQuaid, 1990; Pakhomov ef al., 1999), were processed for stable

isotope and fatty acid analyses (see Table 2.3; Chapter 2, section 2.2.3).

4.2.2. Stable isotope analysis

All isotopic analyses were conducted as described in Chapter 2, section 2.3.

4.2.3. Fatty acid analysis

See Chapter 2, section 2.4 for complete descriptions of the fatty acid protocols used.
Essential fatty acids (EFAs) include 20:4w6, 20:503 and 22:6w3 (Arts et al., 2001), while
bacterial fatty acids (BAFAs) are those with odd-numbered carbon chains and/or iso- (i-) and
anteiso- (ai-) branches (Harvey, 1994; Budge and Parrish, 1998) and higher plant fatty acids
(HPFAs) include 18:2w6 and 18:3®3 (Dalsgaard et al., 2003). Saturated fatty acids (SFA) are
those without double bonds (e.g. 14:0), monounsaturated fatty acids (MUFAs) contain a
single double bond (e.g. 16:1w7) while polyunsaturated fatty acids (PUFAs) have >1 double
bond (e.g. 16:4®3). All double bonds were assumed to be methylene-interrupted and in cis

configuration unless otherwise noted.
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4.2.3.1. Target fatty acids

The fatty acid 20:503 were used to indicate the presence of diatoms in the diet of the shrimp,
while 22:6mw3 was used to indicate dinoflagellates (Parrish et al., 2000; Dalsgaard et al.,
2003). The fatty acids 18:1w7, 18:2w6, 18:3w3 and 20:406 were used to indicate
consumer uptake of kelp-derived material (plant and associated bacteria; Chapter 3). The
ratio 18:1w9/18:1w7 was used to determine the relative contribution of animal prey, i.e.
carnivory index (Cripps and Atkinson, 2000; Dalsgaard et al., 2003), and the sum of 22:1w11
and 20:109 was employed to indicate the consumption of copepods particularly calanoids

(Sargent and Falk-Petersen, 1988; Saito and Kotani, 2000; Scott et al., 2001).

4.2.4. Data analysis

Principal component analysis (PCA) was used to examine associations of the fatty acid
profiles among the different size classes of N. marionis in the different regions around
the PEL. All fatty acids >1.0% of the total fatty acids (% TFA) were included, and the
proportional data were arcsine square root transformed for standardisation and to improve
normality. Statistical analyses were completed using PAST 1.42 (Hammer et al., 2001).
Coefficient of variation (CV) were calculated from the ratio of the standard deviation to the
mean and expressed as percentages (% CV). Variance is reported as one standard deviation

(SD) from the mean.

4.3. RESULTS

The shrimp Nauticaris marionis was collected at all stations except for the upstream
Station 2 (deep shelf). All five size classes were recorded only at Station 6 (inter-island south
of Natal Bank; see Table 2.3; Chapter 2). No shrimp were collected in the vertical WP-2 net
tows. The greatest abundances of N. marionis were found at Station 3 (nearshore northeast of
Marion), Station 6 (inter-island south of Natal Bank) and Station 8 (nearshore east of
Marion), while Station 5 (shallow mount Natal Bank) and Station 7 (deep shelf downstream)
had the fewest. Shrimps ranged in size from 4.0 to 11.0 mm (CL), but the majority were 7.0
to 9.5 mm (size class IIl and IV) with very few large (10.0 — 11.0 mm) or small (4.0 —
5.0 mm) individuals. As megalope larvae generally have a CL <4.0 mm (Perissinotto and
McQuaid, 1990; Pakhomov et al., 2000a), it is likely that only subadults and adults (and the

occasional juvenile) were collected during this investigation.
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4.3.1. Ontogenetic and spatial variation

4.3.1.1. Stable isotopes

Nauticaris marionis demonstrated an enrichment in 8”C and 8N signatures with an
increase in size at all stations (Fig. 4.1). A notable exception was recorded in the individuals
collected at the downstream Station 7. There were distinct separations in the isotopic
signatures among size classes, except at Stations 3 (upstream) and 6 (between the islands)
where there was some overlapping of size classes (II + III and III + IV). At each station,
there were substantial differences between the isotope signatures of shrimps in the
smallest and largest size classes, whereby the largest size class was always more C- and
"N-enriched, except at Stations 5 (Natal Bank) and 7 (downstream; Fig. 4.1). Overall the
shrimp collected from the nearshore stations, particularly those from Station 8 (east of
Marion), had enriched 8'"°C signatures compared to those from the inter-island regions

(Fig. 4.2).

The spatial variation in isotope signatures among the different size classes of N. marionis is
shown in Figure 4.2, excluding size class I (4.0 — 5.0 mm) as there were data only from one
station. All the size classes of N. marionis showed relatively similar ranges in 8"°N values.
Individuals from Station 6 (inter-island shelf) were the most '*N-enriched in every size class.
Individuals from the second smallest size class (II: 5.5 — 6.5 mm) had the narrowest range of
8"°C values, even when including individuals from Station 8 (-21.89 to -21.03 %o).
Individuals in the next size class (III: 7.0 — 8.0 mm) showed a wider range of 8'°C values
(-22.28 to -21.04 %o), followed by those in the second largest size class (IV: 8.5 — 9.5 mm),
which had the widest range (-22.04 to -20.97 %o, excluding Station 5). Shrimps from the
largest size class (V: 10.0 — 11.0 mm), however, showed a relatively narrow range in §'°C
values (-21.20 to -20.67 %o, excluding downstream Station 7), as well as a narrower (but
isotopically heavier compared with other size classes) range in 8'"°N values (7.94 to 9.84 %o).
In general, the smallest N. marionis (size classes I and II), had the most C-depleted
signatures (-22.13 to -21.60 %o), while the largest (size class V) had the most *C-enriched
signatures (-21.20 to -20.67 %o).
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Figure 4.2. 8'"°C and 8"°N signatures (%o) for each size class of Nauticaris marionis (A to D)
collected around the Prince Edward Islands. Regions: inter-island upstream (1 and 3),
between (4, 5 and 6) and downstream (7) of the islands, and nearshore (8, 9 and 10); error
bars represent standard deviations.

4.3.1.2. Fatty acids

Eighteen fatty acids were detected in N. marionis at concentrations >1.0% TFA (Table A13).
The predominant fatty acids in all size classes and sampling locations were 16:0, 20:5»3 and
22:6m3. The principal fatty acids showed a range of values but no distinct spatial patterns
were evident (ranges 16:0: 14.7 to 25.7% TFA, 20:503: 17.4 to 24.7% TFA and 22:603:
13.6 to 23.7% TFA). The principal fatty acids were also consistently found in substantially
greater proportions than all other fatty acids (next most abundant were 18:1w7: 5.2 to
8.0% TFA and 18:1w9: 5.6 to 10.9% TFA). There were also moderate proportions of BAFAs
(1.5 to 5.5% TFA) and very small proportions of the copepod fatty acids 22:1w11 and
20:109 (0.0 to 1.1% TFA) in all N. marionis samples. The ratios of 18:1w9/18:1w7 ranged
from 0.8 to 1.8 (carnivory index). All fatty acids and indices showed no distinct ontogenetic
or spatial patterns. The results from the PCA scores plot were first examined by size class
(Fig. 4.3A) and then by sample location (Fig.4.3B). Fatty acid profiles in shrimps of
different size classes were highly variable and overlapped within the PCA scores plot. Fatty
acid profiles of N. marionis from different locations were also highly variable and overlapped
in several cases; however, Stations 5 and 8 (inter-island Natal Bank and nearshore east of

Marion, respectively) and Stations 6 and 9 (inter-island south of Natal Bank and nearshore
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southeast of Prince Edward, respectively) were all distinct. Principal components (PCs) 1 and

2 explained 30 and 15%, respectively, of the variance. The fatty acids with influential
loadings (>0.2) for PC-1 included 16:0, 16:107, 18:107, 18:109, 18:2w6, 22:0, 22:5»3 and
22:6m3, whereas those for PC-2 were 14:0, 16:0, 18:0, 22:5m3, 18:2w6, 20:4m6 and 22:6m3.
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Figure 4.3. Principal component analysis (PCA) of transformed proportional data of
Nauticaris marionis collected around the Prince Edward Islands. Convex hulls indicate size

classes (A) and stations (B). Arrows running parallel to each axis denote the influence of the
specified fatty acids that have loading values >0.2.
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The proportions of EFAs in N. marionis were substantial (ranged from 35.5 to 49.4% TFA)
and similar among size classes and regions (Fig. 4.4A). The concentrations of TFAs in
N. marionis showed more variability with ontogeny and region than the proportion of EFAs
(TFAs: 30.5% CV versus EFAs: 8.0% CV; Fig. 4.4B). The largest shrimps (V: 10.0 —
11.0 mm) contained the lowest concentrations of TFAs (33.0 to 37.7 ug FA mg"' DM) and
had the least variability among regions relative to the other size classes (I: 24.3% CV,
II: 26.9% CV, III: 16.8% CV, IV: 35.3% CV and V: 6.5% CV). Overall, the N. marionis at

Station 8 had the highest concentration of TFAs in each size class.
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Figure 4.4. Proportion (% TFA) of essential fatty acids (EFAs; A) and quantity (ug FA rng'1
DM) of total fatty acids (TFAs; B) in the various size class of Nauticaris marionis at the nine
stations it was collected from around the Prince Edward Islands. Stations are divided into
regions: inter-island (upstream, between and downstream of the islands) and nearshore. Error
bars indicate standard deviations.

4.3.2. Food sources

The detritus had a wide range in 8'°C values (from -31.79 to -23.01 %o) and a narrower range
in 8"°N values (from 0.64 to 2.79 %o; Table 4.1). The detritus collected at Station 6 (south of
Natal Bank), Station 9 (southeast of Prince Edward) and Station 10 (southeast of Marion) had
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similar 8'°C values (-23.88 to -23.01 %o), while the detritus samples from Station 1 (upstream
northwest of Marion) and Station 5 (Natal Bank) were more *C-depleted (-25.32 + 0.40 %o
and -27.17 = 0.99 %o, respectively). The detritus from Station 3 (upstream northeast of
Marion) was the most depleted (-31.79 £ 1.79 %o). The zooplankton fractions had relatively
narrow ranges in 6°C and 8"°N signatures (-23.67 to -22.97 %o and -0.02 to 1.87 %o,
respectively; Table 4.1). The benthic suspension- and deposit-feeders, however, had wide
ranges of 8"°C and 8'"°N signatures (-23.74 to -20.36 %o and 0.41 to 7.12 %o, respectively,
Table 4.1), and were generally more enriched than those of the zooplankton and detritus. In
general, the shrimp were more “C-enriched than the detritus and zooplankton (Table 4.1).
For the benthic community, the shrimp were consistently more '*C-enriched than sponge
sp. 2, bryozoan sp. 1, Lanice marionensis (tube-dwelling polychaete), Thouarella variabilis

(gorgonian coral), Plumularia insignis (hydrozoan) and both bivalve species (Table 4.1).

Even though the fatty acid profiles of the detritus were highly variable among stations
(Table A14), all detrital samples had relatively large proportions of EFAs (27.8 to
65.0% TFA), dominated by 20:4®m6 and 22:6®3 (6.6 to 41.3% TFA and 12.2 to 22.0% TFA,
respectively). The detritus contained moderate proportions of BAFAs (3.3 to 7.9% TFA) and
large proportions of PUFAs (51.5 to 77.4% TFA). The concentrations of TFAs in the
detritus, however, were relatively small (1.3 to 6.0 pg FA mg"' DM). The fatty acid profiles
of the zooplankton showed distinct changes among size fractions (Table A15). The small
fraction (<500 pm) was almost completely dominated by SFAs (95.6 + 1.4% TFA), while the
medium (500 — 1500 um) and large fractions (>1500 um) contained relatively large
proportions of PUFAs (44.5 + 3.8% TFA and 48.3 & 8.3% TFA, respectively). The small size
fraction contained the most BAFAs of the three categories (10.1 = 2.2% TFA versus 2.1 +
0.3% TFA and 2.6 + 1.8% TFA, respectively) but had no EFAs, unlike the medium and large
fractions with relatively large proportions (39.6 + 3.6% TFA and 40.2 + 10.6% TFA,
respectively). Only the medium and large zooplankton fractions contained fatty acids
generally associated with calanoid copepods (£22:1w11+20:1®w9). The small zooplankton
had the lowest concentrations of TFAs (8.6 = 1.5 pg FA mg' DM), followed by the
medium fraction (20.6 = 0.7 pg FA mg' DM), while the large zooplankton fraction had the
greatest concentrations (51.0 + 8.8 ug FA mg' DM). Fatty acid profiles of the benthic
suspension- and deposit-feeding organisms (for individual species and collection locations)

are described in Chapter 3 (section 3.3.3.2). Overall, these organisms contained moderate to
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large proportions of 16:0, 18:0, 20:5w3, 22:6w3 and EFAs, but moderate proportions of
18:1w7 (Tables A3 to A12).

Table 4.1. 3"°C and 8"°N signatures (mean = SD; %o) of all potential pelagic and/or benthic
food sources (zooplankton, detritus and benthic suspension-/deposit-feeders) and Nauticaris

marionis (consumer) at each station around the Prince Edward Islands.

Taxonomic category or species Station 8" C 5"N
Food sources
Pelagic
Zooplankton <500 pm shelf -22.97+0.24 -0.02+£0.21
500 — 1500 um shelf -23.51+£0.32 0.84 +0.57
> 1500 um shelf -23.67+0.16 1.87 £0.66
Benthic
Detritus 1 -25.32+0.40 1.33+0.27
3 -31.79+1.79 1.73£0.12
5 -27.17+0.99 0.64 +0.40
6 -23.01 £0.38 2.79+0.33
9 -23.32 £ 0.61 2.16 £0.88
10 -23.88+0.41 1.44+0.37
Sponge sponge sp. 1 4 -21.59+0.17 3.22+0.67
9 -20.36 +£0.12 3.03+0.30
sponge sp. 2 6 -22.15+0.04 2.20+0.35
9 -21.62+0.13 1.98 +0.54
sponge sp. 3 6 -21.23 £ 0.07 4.68 £0.16
9 -20.63 £ 0.32 5.76 £0.26
Bryozoan bryozoan sp. 1 3 -22.15 0.41
4 -22.13 4.12
6 -22.58 5.24
9 -22.60 4.56
10 -23.15+0.12 1.62 +0.09
bryozoan sp. 2 7 -20.50 6.31
Bivalve Limatula pygmaea 1 -22.60+0.18 2.39+0.11
5 -22.32+0.14 2.53+0.33
Thracia meridionalis 1 -21.71 3.80
Polychaete Serpula vermicularis vermicularis 10 -21.64 3.65
Lanice marionensis 1 -23.74+£0.16 495+0.19
3 -23.72+£0.45 3.82+0.44
4 -23.38 5.91
6 -23.08 5.17
9 -22.79 +£0.08 5.62+0.17
Thelepus extensus 8 -20.52 +0.17 5.78 £0.61
Hydrozoan Plumularia insignis 7 -22.83 5.50
Gorgonian coral Thouarella variabilis 7 -22.31 7.12
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Table 4.1. (cont.)

Taxonomic category or species Station 3" C 3N
Consumer
Nauticaris marionis

7.0 — 8.0 mm 1 -22.28 £0.04 7.21+0.50
8.5-9.5mm -22.04 +£0.09 7.95+0.15

10.0 - 11.0 mm -20.71 +£0.21 8.63+0.49
5.5-6.5mm 3 -21.76 £0.14 7.21+0.44
7.0 — 8.0 mm -21.71 £0.06 7.35+0.26
8.5-9.5mm -21.69 £0.20 7.87+£0.17

10.0 - 11.0 mm -21.20+0.40 8.42+0.31
5.5-6.5mm 4 -21.86 7.49
7.0 — 8.0 mm -21.83 7.17
8.5-9.5mm -21.23+0.01 7.40 £ 0.48

10.0 - 11.0 mm -21.05 7.94
8.5-9.5mm 5 -23.63 +£0.06 6.19+0.24
4.0 - 5.0 mm 6 -22.13 8.22
5.5—-6.5mm -21.89+0.13 8.79+0.19
7.0 — 8.0 mm -21.54+0.17 8.89+£0.31
8.5-9.5 mm -21.36 +£0.22 8.81+0.55

10.0 - 11.0 mm -21.19+0.22 9.84 £ 0.02
5.5—-6.5mm 7 -21.88 8.07

10.0 - 11.0 mm -23.19+0.08 6.20 £ 0.67
5.5-6.5mm 8 -21.03+0.13 6.10+0.35
8.5-9.5 mm -20.66 £ 0.16 6.29 £ 0.60

10.0 — 11.0 mm -20.67 8.01
5.5—-6.5mm 9 -21.63 £ 0.01 6.69 £ 0.07
7.0 — 8.0 mm -21.40+0.26 7.45+£0.49
8.5-9.5 mm -20.97 8.09
5.5—-6.5mm 10 -21.60+0.05 7.21+0.20
7.0 — 8.0 mm -21.42£0.03 7.13+£0.34
8.5-9.5 mm -21.10+0.10 7.95+£0.12
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4.4. DISCUSSION

4.4.1. Ontogenetic variation

The general pattern of enrichment in 8'°C signatures with increasing body size of Nauticaris
marionis (Fig. 4.1), resulting in relatively distinct separation of size classes, suggests that
these shrimp feed on different food sources throughout their development. This ontogenetic
variation in the diet results in resource partitioning through niche separation. The observed
pattern was relatively consistent among stations, suggesting that this niche separation with
ontogeny is similar among shrimp inhabiting different regions in the shallow shelf of the PEIL
The pattern of enrichment in 8"°C and 8'°N values with increased size has previously been
documented between megalope larvae (CL <4.5 mm) and subadult/adult (CL >4.5 mm)
shrimp at the PEI (8"°C: -20.11 %o and -19.54 %o, respectively; 8'°N: 4.85 %o and 8.34 %o;
Pakhomov et al., 2004). The isotopic shift is thought to reflect changes in the diet as
megalope larvae feed predominantly on phytoplankton, while subadult/adult shrimp consume
mainly benthic organisms and detritus, and at times, zooplankton (Perissinotto and McQuaid,
1990; Pakhomov et al., 1999). The deep-water prawn Pandalus borealis from the marginal
ice zone of the Southern Scotia Sea also exhibits ontogenetic changes in diet composition,
whereby younger prawns mostly consume calanoid copepods, while the older prawns also
consumed euphausiids (Hopkins et al., 1993). Niche separation between subadult and adult

N. marionis is thus not unexpected.

It is particularly interesting, however, that this separation is also evident in later
developmental stages i.e. that different adult size classes were isotopically different. This
apparent niche separation may lead to reduced cannibalistic interactions among the different
size classes of the shrimp (Pakhomov et al, 1999). The 8'"°N values of the shrimp also
showed an enrichment with an increase in size where the largest shrimp (CL:10.0 — 11.0 mm)
were generally more '“N-enriched than the smaller shrimp (CL: 4.0 — 5.0 mm; mean §'"°N
value: 8.17 and 7.37 %o, respectively). This ontogenetic enrichment could result from the
consumption of different food sources, however, body size related differences in tissue
turnover rates (Gorokhova & Hansson 1999, Sweeting et al. 2007) and/or impact of moulting
on 8"°N signatures (Doi et al. 2007) could also result in the ontogenetic differences observed
in the 8"°N values of the shrimp. It is important to note, however, that all individuals
contained large proportions of PUFAs and EFAs (39.8 to 55.1% TFA and 35.5 to 49.4%

TFA, respectively) with no differences among size classes (Fig. 4.4). These similarities may
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suggest that the different developmental stages are well adapted at sequestering these vital

components from their habitats despite the apparent niche separation (Parrish ef al., 2009).

In contrast, the fatty acid profiles of N. marionis exhibited no apparent pattern among the
different size classes of shrimp and were similar regardless of size or location (Table A13;
Fig. 4.3A). The fatty acids 16:0, 20:503 and 22:6®3 were always present in high proportions.
Similar patterns have been observed among the later developmental stages of copepod
species in various high latitude regions (Kattner and Krause, 1987; Kattner and Hagen,
1995). It is interesting to note that, unlike some deposit-feeders at the PEI (Station 1;
Chapter 3), each size class of N. marionis had relatively similar TFA concentrations among
regions (Fig. 4.4), indicating that the same size classes in each region were maintaining a
similar nutritional condition regardless of region. Out of all the size classes, however, the
largest shrimp had the smallest TFA concentrations, which was consistent among regions
(Fig. 4.4). Low quantities of TFAs have been observed in spent females of Mysis mixta
(Mysidacea) in a cold temperate bay (Richoux et al., 2005). At the PEI, large numbers of
gravid female N. marionis have been recorded during March, with only a few gravid females
recorded in April and May (Pakhomov ef al., 2000a). Furthermore, as N. marionis exhibits
sexual dimorphism, only females have a CL >9 mm (Pakhomov et al., 2000a), thus the
largest size class are unlikely to contain males. Therefore, the lowest quantities of TFAs in

the largest size class of shrimp may be reflect the reproductive state of these shrimp.

Although there was a clear trend of ?C- and "*N-enrichment in N. marionis with increasing
size at each station (Fig. 4.1), there were large ranges of 8"°C and 8'°N values in each size
class among stations (Fig. 4.2). Small N. marionis (size class 11) had the narrowest range of
81°C signatures among stations (-21.98 to -21.03 %o, excluding nearshore Station 8). As the
shrimps increased in size, so did their range of 8'°C signatures (-23.63 to -20.66 %o; Fig. 4.2).
The increase in 8'"°C values with size suggests that the smaller size classes of N. marionis
may have a more restricted diet than larger individuals. Generally, pelagic prey and detritus
contribute more to the diet of smaller shrimps (CL: <7.0 mm), while benthic prey is more
prevalent in larger individuals (CL: >8.5 mm; Pakhomov et al., 1999; Vumazonke et al.,
2003). Zooplankton and detritus had depleted 8'°C signatures (-23.67 to -22.97 %o and -31.79
to -23.01 %o, respectively), while the benthic suspension- and deposit-feeders were generally
more enriched (-23.74 to -20.36 %o). As individuals in the smallest size classes (I and II)
generally had the most "*C-depleted values (-21.77 + 0.17 %o, excluding Station 8), the
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isotope data provide support that zooplankton and detritus may form a large component in
the diet of these smaller shrimp. The fatty acids often associated with calanoid copepods
(22:1w11 and 20:109) were, however, not particularly abundant in the shrimps (0.0 to
1.1% TFA; Table A13). Euphausiids (in particular Thysanoessa spp.) and harpacticoid
copepods, together with calanoid copepods, can also contribute substantially to the pelagic
prey recorded in the stomach contents of N. marionis (Perissinotto and McQuaid, 1990;
Pakhomov et al., 1999). As a result, the observed pattern in the stable isotopes may not be
reflected in the fatty acid profiles as euphausiids and non-calanoid copepods generally do not

have specific target fatty acids associated with them.

4.4.2. Food sources

Nauticaris marionis were generally more *C-enriched than the detritus, zooplankton and a
select group of benthic suspension-/deposit-feeding organisms including bryozoans, bivalves,
octocorals, hydrozoans and the tube-dwelling polychaete Lanice marionensis (Table 4.1). As
there is an enrichment of ~1.00 %o in 8'°C per trophic level (DeNiro and Epstein, 1978; Fry
and Sherr, 1984; Peterson et al., 1985), it is likely that the detritus, zooplankton and various
benthic invertebrates represent potential carbon sources for these shrimp. The detritus,
particularly at Stations 1, 3 and 5, were very BC-depleted compared to the shrimp, while the
8'"°C signatures of the various benthic invertebrates, and at times the zooplankton, were
generally closer to that of the shrimp (Table 4.1). Therefore, N. marionis probably consume a
combination of food sources, a conclusion supported by previous gut content analysis of
juvenile, subadult and adult shrimp (Perissinotto and McQuaid, 1990; Pakhomov et al., 1999;
Vumazonke et al., 2003). The contributions of detritus versus benthic organisms vary
spatially and temporally, but overall detritus tends to contributed proportionally more to the
diets of smaller individuals than benthic organisms (Pakhomov et al., 1999). The fatty acid
data indicated that the ratios of 18:109/18:1w7 in N. marionis ranged from 0.8 to 1.8
(Table A13). As suspension-feeders at the PEI such as sponges and brachiopods, had ratios
between 0.0 and 0.7 (Table A3 and AS5), and cnidarians (predominantly carnivorous; Cairns
et al., 2009) had ratios between 3.3 and 9.9 (Table A9), the mid-range values obtained in
N. marionis suggest an omnivorous diet. The shrimps also contained moderate proportions of
BAFAs, indicating a microbial component in their diet. As the BAFAs likely originated from
the detritus (Levinton et al., 2002), an omnivorous diet is further supported. The carnivory
index of the shrimp had a wide range of values among size class and region (from 0.1 to 2.1),

which, like the proportion of BAFAs, showed no distinct spatial or ontogenetic patterns,
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suggesting that the dietary contributions of animal prey and detritus were highly variable and
location-specific. As N. marionis is an omnivorous opportunistic feeder (Perissinotto and

McQuaid, 1990; Pakhomov et al., 1999), these findings were not unexpected.

Despite the apparent variation in food source contribution among individuals, all N. marionis
specimens were dominated by the fatty acids 16:0, 20:503 and 22:603 (Table A13). As
20:5w3 and 22:6w3 are important component of membranes (Olsen, 1999; Arts et al., 2001)
and help maintain membrane fluidity at lower temperatures (22:6®3 to a lesser extent than
20:5w3; Buda et al., 1994; Hall et al., 2002; Copeman and Parrish, 2003), the conservation of
these fatty acids by shrimps in all size classes is not surprising. As 20:5®03 and 22:6w3 are
EFAs, they cannot be synthesised by most heterotrophs and must therefore be obtained in
consumer diets (Olsen, 1999; Parrish, 1999; Arts et al., 2001). As a consequence, these EFAs
are highly conserved in aquatic systems (Arts et al., 2001). Both these fatty acids were found
in large proportions in the majority of benthic suspension- and deposit-feeding organisms at
the PEI, likely obtained through consumption of phytoplankton (20:5»3: diatom, and
22:6w3: dinoflagellate; Chapter 3). These EFAs were also prevalent in the medium (500 —
1500 um) and large (>1500 um) zooplankton fractions (20:5w3: 15.0 to 15.2% TFA, and
22:6w3: 23.8 to 24.1% TFA). As a result, pelagic primary production was accessible by
N. marionis through the consumption of benthic or pelagic prey. The next most abundant
fatty acid in N. marionis was 18:109 (Table A13). As 18:109 is generally abundant in
animal prey (Stevens et al., 2004), the dominance of this fatty acid supports an omnivorous
feeding mode. The fatty acid 18:1w7 was also present in relatively significant proportions in
N. marionis. This component occurs in abundance when a food source contains a large
amount of bacteria (Kharlamenko et al., 1995; Dalsgaard et al., 2003), and was present in
kelp detrital particulate organic matter (POM) and most benthic suspension- and deposit-
feeders at the PEI (Chapter 3). These data suggest that the shrimp may consume kelp detritus
either directly or indirectly. Thus, kelp and phytoplankton may contribute (directly or
indirectly) to the diet of N. marionis in the vicinity of the PEIL. Chain elongation of 16:1w7
(has been associated with diatoms; Parrish et al., 2000; Dalsgaard et al., 2003) to 18:1®7 can
also occur (Sargent and Henderson, 1986), so the 18:1w7 in N. marionis could also have
originated from diatoms. The deep water prawn P. borealis (shelf off northeast Greenland)
contained the same dominant fatty acids (20:5w3, 22:6®3, 16:0, 18:109, 18:1w7 and 16:1®7)
as N. marionis and in similar relative proportions (Graeve et al., 1997), suggesting the

importance of these fatty acids in cold aquatic food webs. As P. borealis contributes to the
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diet of several species of fish, in particular cod, and marine mammals (Pedersen and Riget,
1993; Berenboim et al., 2000; Nilssen et al., 2000), and as the phytoplankton fatty acids
occurred in highest proportions, this prawn also forms a key species linking primary

production to higher trophic levels.

4.4.3. Spatial variation

Despite N. marionis exhibiting a high degree of variation in isotopic signatures among
stations, shrimp collected from the inter-island Station 6 as well as the nearshore stations
(particularly Station 8) showed an overall increase in 8'°N and §'°C signatures (respectively)
among size classes (Fig. 4.2). All N. marionis collected at Station 6 had the highest 8'°N
values in each size class; however, their 8"°C values were similar to individuals from other
stations. Pakhomov et al. (2004) also observed differences in 8'"°N values in N. marionis
between regions, possibly a result of the consumption of difference food sources by shrimps
in different regions (nearshore regions: more deposit-feeding polychaetes, crustaceans and
detritus, inter-island regions: more suspension-feeding hydrozoans). Nauticaris marionis
from the nearshore stations, particularly those from Station 8, were the most “C-enriched
shrimp in size classes II, III and IV (Fig. 4.2). This BC-enrichment was particularly
pronounced in the smaller shrimp (size class II), as the other specimens from different
stations had very similar "°C values (-21.98 to -21.55 %o), while those from Station 8 were
more enriched (-20.91 + 0.23 %o). As Station 8 was situated close to the kelp beds, and as
kelp detritus had an enriched 81°C value (-17.50 %o; Chapter 3), it is likely that the Be-
enrichment in N. marionis at Station 8 resulted from kelp entering the food web. Kaehler et
al. (2000) found that benthic organisms near the kelp beds (similar position to Station §)
exhibited more enriched 8'°C signatures than those in the inter-island region. A similar but
less prominent trend was also observed in the benthic organisms during the current study (see
Fig. 3.6; Chapter 3). Therefore, the substantial BC-enrichment of N. marionis at Station 8,
compared to individuals from other stations, suggested that Station 8 shrimp were feeding
primarily on benthic organisms from within the kelp beds rather than on benthic organisms

from the open shelf region.

Interestingly, the shrimp collected at Stations 8 (east of Marion) and 5 (Natal Bank), both
situated near kelp beds, clustered together in the fatty acid PCA plot and showed little
overlap with other stations (Fig. 4.3B). As the fatty acids 18:206 and 18:1®w7, of which

elevated proportions were associated with kelp (plant and degraded kelp-associated bacteria,
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respectively; Chapter 3), contributed to the separation of N. marionis from these two stations,
it is likely that enhanced input of kelp into the food web in these regions was responsible for
these spatial patterns. The fatty acid data, therefore, suggest some broad spatial differences in
diet between N. marionis that live in shallow regions, possibly feeding within the kelp beds,
and those that live in the deeper open shelf region. Off the northeast coast of Greenland, the
proportion of fatty acids in the copepod Calanus hyperboreus changed according to the
hydrographic system from which they were collected, and were strongly linked to changes in
their food sources, i.e. a shift between diatom- and dinoflagellate-dominated phytoplankton
communities (Kattner and Hagen, 1995). As a result, individuals in the marginal ice zone had
similar proportions of dietary target fatty acids among sampling sites since the phytoplankton

community was dominated by dinoflagellates (Kattner and Hagen, 1995).

4.5. CONCLUSION

Stable isotope and fatty acid signatures of Nauticaris marionis both showed some degree of
variation among size class and region, indicative of an opportunistic omnivore. The 8"°C and
8'"°N signatures of the shrimp showed an enrichment from small to large individuals,
indicating niche separation among the size classes. The data further suggested that smaller
individuals may have had more restricted diets than larger individuals. Despite the niche
separation and variation in carbon sources utilised, all shrimp had similar fatty acid profiles,
with large proportions of PUFAs and EFAs that indicated that all of the shrimp were well
adapted at sequestering these vital components from their habitats. The nearshore shrimp,
particularly those from Station 8, were more “C-enriched than those from the inter-island
region, suggesting a increased consumption of kelp (directly or indirectly). The diatom and
dinoflagellate fatty acids (20:5w3 and 22:6w3, respectively), however, dominated the fatty
acid profiles of all the shrimps, suggesting that indirectly phytoplankton was an important
component in the diet of N. marionis in all regions around the PEIL. These shrimp
demonstrate a high degree of plasticity in their diet, most likely in response to the variable

supply of food within the region.
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TEMPORAL VARIATION IN STABLE ISOTOPE SIGNATURES
OF THE BENTHIC AND HYPERBENTHIC COMMUNITY IN
THE VICINITY OF THE PRINCE EDWARD ISLANDS AND
POTENTIAL LONG-TERM CHANGES

5.1. INTRODUCTION

Global climate change has been associated with changes oceanic circulation in the Southern
Ocean resulting from strengthening and shifting of southern hemisphere westerly winds, thus
causing shifts in the position and intensity of major frontal systems (Oke and England, 2004;
Fyfe et al., 2007). The Antarctic Circumpolar Current (ACC) has exhibited a gradual
southward shift of up to ~1° of latitude in its average position over the last 60 years (Gille,
2002), while historical data (1959 — 1999) of the sub-Antarctic Front (SAF) in the region of
the PEI has also indicated, but not conclusively, a possible southward migration over time
(Pakhomov and Chown, 2003). The Prince Edward Islands (PEI) are situated in the direct
path of the easterly flowing ACC between two of the major oceanic frontal systems of the
Southern Ocean, the SAF to the north and the Antarctic Polar Front (APF) to the south. The
position of the SAF relative to the islands plays a crucial role in the oceanographic conditions
around the islands (Perissinotto et al., 2000). When the SAF is far to the north, the flow rate
of the ACC is slow enough that frictional forces between it and the islands result in the
formation of trapped anticyclonic eddies within the inter-island region and lee of the islands
(Perissinotto and Duncombe Rae, 1990; Ansorge and Lutjeharms, 2002). However, when the
SAF lies close to the islands, the flow rate of the ACC near the islands is much faster,
resulting in a flow-through system occurring and the absence of eddies between the islands
(Perissinotto et al., 2000). Decreased water retention between the islands results in less
frequent diatom blooms within the inter-island region, which may have an impact on the

benthic community due to changes in food availability (McQuaid and Froneman, 2008).

There is growing evidence that global climate change is impacting the terrestrial ecosystem
of the PEI through increased air temperatures, decreased precipitation and the melting of
Marion Island’s ice plateau (Smith, 2002; Sumner et al., 2004; le Roux and McGeoch, 2008).
From a biological perspective, these changes have been associated with a decrease in the

primary productivity of terrestrial plants and the range expansion of invasive species (Chown
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and Smith, 1993; Bergstrom and Chown, 1999; Chown et al., 2002). Evidence for the impact
on the marine ecosystem is, however, generally lacking. Pakhomov et al. (2004) observed an
overall depletion in the 8'°C signatures of the hyperbenthic shrimp Nauticaris marionis at the
PEI over the period of 1984 to 2000. As carbon isotope fractionation has a strong negative
relationship with phytoplankton growth rates (Bidigare et al., 1997; Laws et al., 1997,
Burkhardt et al., 1999a, b), fast growing phytoplankton should have more enriched §'°C
signatures than slow growing phytoplankton in the same region. Thus, phytoplankton in less
productive oceanic waters are likely to have more depleted 5'°C values compared to those in
productive coastal waters at the same latitude (Michener and Schell, 1994; Rau et al., 1997).
As a result, *C-depletions in aquatic systems can indicate an overall decline in pelagic
primary productivity (Schell, 2000; Hirons et al., 2001). The overall depletion in the §'"°C
signatures of the shrimp, independent of changes in the 8'°N signatures, may have resulted
from shifts in the carbon signal at the base of the food web due to the long-term decrease in
productivity within the PEI ecosystem (Pakhomov et al., 2004; McQuaid and Froneman,
2008). It is therefore important to determine whether concurrent changes in isotope
signatures are occurring in the shrimp and other key components of the benthic community in

the vicinity of the islands.

This chapter represents an analysis of the temporal trends in the isotopic signatures of
selected components of the benthic community of the PEI towards an attempt to determine
the impact of global climate change on this productive ecosystem. It was hypothesized that
there is a temporal depletion in 3"°C values of the benthic organisms, reflecting an increased
frequency of flow-through system conditions between the islands as a direct result of long
periods of less productive small cell-dominated phytoplankton communities (i.e. more C-
depleted than diatom-dominated communities). Organisms such as sponges and hydrozoans,
however, may not reflect the decreased frequency in bloom events due to their size restricted
and/or selective feeding modes. It was also hypothesized that if the frequency of blooms
between the islands has further decreased since 2000, the shrimp will reflect a subsequent

depletion in 8'"°C values.

5.2. MATERIALS AND METHODS
5.2.1. 8"*C and 6"°N signatures in the hyperbenthic shrimp Nauticaris marionis
Stable carbon and nitrogen signatures in Nauticaris marionis (defatted samples) for the

period April/May 1984 to 2000 were obtained from Pakhomov et al. (2004). The 2009

74



Chapter 5 Temporal Variation in the PEI Ecosystem

investigation (Chapter 4) demonstrated that N. marionis from the nearshore and inter-island
regions and different size classes had different isotope signatures (see Figs. 4.1 and 4.2). For
comparative purposes, only N. marionis within the same size ranges (carapace length [CL]:
5.0 — 7.5 mm) and collection locations (Station 8: nearshore east of Marion, Station 4: inter-
island central shelf, Station 6: inter-island south of Natal Bank and Station 7: inter-island
downstream) were employed for this comparison. Furthermore, as shrimps collected from
Station 8 had substantially different isotope signatures from those collected from the open
shelf region between the islands, the shrimp were separated according to their region,
i.e. nearshore or inter-island shelf. The 8'°C and 8"°N signatures of N. marionis from 1984,
1985 and 1997 were corrected for preservation according to Pakhomov et al. (2004). By
combining isotope data from Pakhomov et al. (2004) with data generated from this current
study, the dataset was expanded from 16 to 25 years, providing a long-term data set to assess

temporal variations in the shrimp in the vicinity of the PEL

5.2.2. "C and 6"°N signatures in the benthic community: nearshore and inter-island

Stable carbon and nitrogen signatures for selected components of the benthos in the
nearshore and inter-island benthic communities (defatted samples) from April 1999 were
obtained from Kaehler ef al. (2000). The 2009 data (Chapter 3) demonstrated that benthic
organisms from different locations within the nearshore and inter-island regions (see
Figs. 3.5 and 3.6) tended to have different isotope signatures. As a result, the comparisons of
the 2009 data (Chapter 3) with Kaehler et al. (2000) were made on the benthos collected
from the same locations: nearshore, which included individuals from Station 8 (east of
Marion) and inter-island central shelf which included individuals from Station 4 (central
shelf) and Station 6 (south of Natal Bank). The same species from the two studies were
compared within each region. Sponges were not identified to species level in either study and
were thus regarded as a single taxonomic group. Hydrozoans collected in 1999 (Kaehler et
al., 2000) were not identified to species but are likely the same species (Plumularia insignis)
collected in 2009 (Kaehler pers. comm.). Two species of zooplankton (the chaetognath
Sagitta gazellae and the euphausiid Euphausia vallentini) collected from the vicinity of the
islands during both studies were also compared. Isotopic analyses of the asteroids and
ophiuroids in 2009 were conducted as described in Chapter 2, section 2.3. By combining
isotope data from Kaehler et al. (2000) with data generated from the 2009 study, the first

evaluation of long-term changes in stable isotope ratios of select components of the benthic
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community at the PEI including suspension- and deposit-feeders as well as scavengers/

predators, could be performed.

5.2.3.6"C signatures of suspended particulate matter at the Prince Edward Islands
Stable carbon signatures for suspended particulate matter (SPM) around the PEI during
March/April 2003 were obtained from Kaehler et al. (2006) and compared to those obtained
in April 2009 (Chapter 3). Sea-surface temperature data for the region surrounding the PEI
during both study periods (March/April 2003 and April 2009) were obtained from monthly
averages (11 micron day, MODIS-Terra.R1.1) using NASA’s Giovanni product (available at
http://disc.sci.gsfc.nasa.gov/giovanni), hereafter NASA Giovanni. The position of the SAF
was determined by the 8.0 to 8.5°C isotherms, as described by Uddstrom and Oien (1999).

5.3. RESULTS
Compared to the historical data (1984 to 2000), Nauticaris marionis collected in 2009 were
more *C-depleted in both the nearshore and inter-island individuals (Figs. 5.1A and B).
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Figure 5.1. Temporal shifts in 8'°C and 8'°N signatures (%o) of Nauticaris marionis collected
from nearshore (A) and inter-island (B) regions around the Prince Edward Islands during
April/May between 1984 and 2009. Data (mean + SD) for N. marionis from 1984, 1985,
1987, 1999 and 2000 were obtained from Pakhomov et al. (2004). Nearshore: near kelp beds
(Station 8); inter-island: * central shelf (Station 4), ” south of Natal Bank (Station 6) and
¢ downstream (Station 7). Note that the 5"°C and §'°N signatures of N. marionis from 1984,
1985, 1987 and 1997 were corrected for preservation according to Pakhomov et al. (2004).
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There was some inter-annual variation in the 8"°C signatures of N. marionis among years, but
the overall trend was a substantial depletion in 8"°C values over time in both the nearshore
and inter-island individuals (3"°C change: -2.55 %o and -2.32 %o, respectively). The §"°C
signatures of the benthic organisms obtained in 2009 were more depleted than those from
1999 (8"°C change: from -1.96 to -4.70 %o), with the notable exceptions of the zooplankton,
sponges and hydrozoans, which had similar isotope signatures during both studies (Table 5.1;

Fig. 5.2).

Table 5.1. 8"°C and 8'°N signatures (mean + SD; %o) of the zooplankton and benthic
organisms collected during April 1999 (Kaehler et al., 2000) and April 2009 (current study)
around the Prince Edward Islands. The benthic community is separated into nearshore and
inter-island (central) regions.

2000 2009
Taxonomic category or species 3" *C 3N e RN
Zooplankton
Chaetognath
Sagitta gazellae -23.29+0.45 3.05+0.10 -22.87+0.11 3.66 £0.13
Euphausiid
Euphausia vallentini -22.18 +2.00 3.40+0.83 -22.49 +0.35 1.17+0.17
Benthos: nearshore
Deposit-feeder
Polychaete
Thelepus extensus -17.41+0.21 5.52+£0.53 -20.52+0.17  5.78£0.61
Benthos: inter-island
Suspension-feeders
Sponges -21.80 £ 0.24 1.92+1.22 -21.66+£046  3.37+1.25
Brachiopod
Magellania kerguelenensis  -18.47 = 0.06 3.78+0.33 -20.43 4.14
Hydrozoans -22.35 2.50 -22.83 5.50
Scavengers/predators
Ophiuroid
Ophionotus hexactis -16.71 £3.11 7.72 +£0.44 -21.03£0.54  6.04+£0.68
Ophiacantha vivipara -18.59+0.24 828 £0.11 -20.18£0.49  8.38+£0.40
Asteroid
Porania antarctica -15.41+0.10 6.00+0.17 -20.11£0.09  9.56+£0.10
Odonaster meridionalis -19.93 + 0.06 7.70 £ 0.22 -22.89+0.13  5.59+0.17
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Figure 5.2. 8"°C signatures (%o) of zooplankton and benthic organisms collected from the
nearshore and inter-island regions during April 1999 (Kaehler et al., 2000) and April 2009
(current study) around the Prince Edward Islands.

Sea-surface temperature data, derived from monthly averages (MODIS-Terra.R1.1, NASA
Giovanni), indicated that during March/April 2003, the SAF (8.0 to 8.5°C isotherms) was
located far to the north of the islands (Fig. 5.3B). During April 2009 the SAF appeared to be
immediately north of the PEI and less intense than in 2003 (Fig. 5.3D). During March/April
2003, the 813C values of the SPM between and within the lee of the PEI were more enriched
than those upstream, i.e. east of the islands (-21.17 + 0.68 %o and -23.51%0 + 0.61 %o,
respectively; Fig. 5.3A). During April 2009, however, the 8"°C values of the SPM were
similar between the regions (between: -24.33 £ 0.42 %o, upstream: -24.16 £ 0.58 %o;
Fig. 5.3C). The 8"°C values recorded for the SPM between and within the lee of the islands
during 2003 were also more enriched than those recorded during 2009 (2003: -21.17 +
0.68 %o, 2009: -24.33 + 0.42 %o; Figs. 5.3A and C).
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Figure 5.3. 5"°C signatures (%o) of the surface water suspended particulate matter (SPM)
collected during March/April 2003 (Kaehler ef al., 2006; A) and April 2009 (current study;
C) around the Prince Edward Islands. The sea-surface temperature data were derived from
monthly averages (MODIS-Terra.R1.1, NASA Giovanni) for March/April 2003 (B) and
April 2009 (D) in the vicinity of the Prince Edward Islands. The position of the sub-Antarctic
Front was identified by the 8.0 to 8.5°C isotherms, as described by Uddstrom and Oien
(1999).
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5.4. DISCUSSION

Despite a high degree of inter-annual variation, Pakhomov et al. (2004) found an overall
depletion in 8'"°C signatures of Nauticaris marionis from 1984 to 2000. This pattern of
depletion in the 8"°C signatures of N. marionis over time has subsequently continued as the
shrimp collected in 2009 were substantially more '*C-depleted relative to previous years
(Figs. 5.1A and B). As N. marionis collected from stations close to the kelp beds tend to have
substantially more enriched 8'°C values relative to those from the open shelf region
(Fig. 5.1A versus Fig. 5.1B; Chapter 4), the more pronounced inter-annual variation observed
by Pakhomov et al. (2004), compared to the current comparison (Fig. 5.1), likely results from
the lack of separation of shrimp into regions i.e. nearshore and inter-island. As this pattern of
BC-enrichment in N. marionis collected near the kelp beds of Marion Island was observed in
both 2000 and 2009 (Chapter 4), this enrichment may be a permanent regional feature, most

likely due to the local influence of kelp in the nearshore food webs.

The suspension- and deposit-feeders, and the higher benthic trophic levels (scavengers/
predators), have also demonstrated a substantial depletion in 8"°C values from 1999 to 2009
(Table 5.1; Fig. 5.2). There were, however, two groups of suspension-feeding organisms
(sponges and hydrozoans) that showed no changes in their 8'°C signatures over time, which
may be linked to their feeding modes. Since sponges can consume only a limited size range
of particles, generally within the pico- and nano-size range (<20 pm; Reiswig, 1971, 1990;
van de Vyver et al., 1990; Pile et al., 1996), they are unlikely to utilise the diatom blooms
(>20 pm) that periodically occur between the islands. The position of the SAF relative to the
PEI is a critical component that determines if and when phytoplankton blooms occur between
the islands (Perissinotto and Duncombe Rae, 1990; Perissinotto et al., 2000; Ansorge and
Lutjeharms, 2002). The southward shift of the SAF, in response to global climate change
(Pakhomov and Chown, 2003), is thought to promote a decrease in the frequency of
occurrence of the “island mass effect” at the PEI due to unique flow-through hydrodynamics
around the island (Pakhomov et al., 2004; McQuaid and Froneman, 2008). The decreased
frequency of occurrence of the “island mass effect” in response to global climate change is
thus unlikely to impact on the feeding ecology of the sponges. As a result, the absence of any

change in the 8"°C signatures of the sponges between 1999 and 2009 is not unexpected.

The 8'"°C signatures of the hydrozoans demonstrated a trend of depletion between the two

studies, although the extent of the change was minimal (~0.48 %o; Table 5.1; Fig. 5.2). The
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majority of hydrozoans are predominantly carnivorous and feed primarily on zooplankton
(Gili and Hughes, 1995; Gili et al., 1998; Cairns et al., 2009). Hydrozoans are, however, able
to feed on a variety of additional food sources including bacteria, protozoa, phytoplankton
and detritus, and may even feed opportunistically, i.e. capture the most abundant food source
available (Gili et al., 1998). The hydrozoans collected in 2009 contained elevated proportions
of the fatty acids 16:0 and 18:1w9 (Plumularia insignis; see Table A9; Chapter 3), which are
abundant in animal prey (Stevens ef al., 2004). Additionally, the hydrozoans had a carnivory
index >3.0, suggesting a carnivorous diet (18:109/18:1w7; Arts et al., 2001; Dalsgaard et al.,
2003). As a result, it is likely that the hydrozoans obtained a large proportion of their diet
from animal prey such as zooplankton. The hydrozoans, like the sponges, may not utilise
large amounts of diatom bloom production generated between the islands. The two species of
zooplankton collected in the vicinity of the PEI had similar §'°C signatures between 1999
and 2009, suggesting no large-scale changes in the productivity of the PFZ surrounding the
PEL As the zooplankton had similar §"°C signatures between 1999 and 2009, the absence of

any trend in the carbon signature of the hydrozoans is thus not unexpected.

The suspension-feeding brachiopod Magellania kerguelenensis and the deposit-feeding
polychaete Thelepus extensus do not have restrictive feeding modes or specific food sources,
and hence the depletion in their 5"°C signatures between 1999 and 2009 (Fig. 5.2) may reflect
changes in the available food sources in the region of the islands. Organisms occupying
higher trophic levels in the benthic community also showed a depletion in their §'"°C
signatures over time (Fig. 5.2). Shifts in 81C signatures of scavengers/predators may result
from their consumption of different food sources, or from changes in their feeding position in
the food web. All the scavengers/predators around PEI demonstrated a substantial depletion
in their 8"°C signatures over time (by 1.59 to 4.70 %o), suggesting that their food sources
have become "C-depleted. The depletion of &°C signatures in M. kerguelenensis
(suspension-feeding brachiopod) and 7. extensus (deposit-feeding polychaete) between 1999
and 2009 was similar to the depletion seen in N. marionis over the corresponding period
(depletion: 1.96, 3.11 and 2.28 %o, brachiopods, polychaetes and shrimps, respectively).
Since N. marionis showed a continuing depletion in 8'°C signatures over 25 years (1984 to
2009), it is likely that the shifts in the benthic organisms over 10 years also reflect long-term
changes in the ecosystem. As the fatty acid profiles of N. marionis showed that, at least
indirectly, phytoplankton forms a vital component in the diet of these shrimp (Chapter 4), the

continuing depletion in 8'"°C signatures of both the benthic and hyperbenthic communities
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over time indicates that the 8'°C signatures of the phytoplankton base of the food web are

gradually shifting.

Variations in 8"°C signatures of phytoplankton have been linked with changes in isotopic
fractionation due to alterations in water temperature, molecular CO, concentration and
growth conditions (Bidigare et al., 1997; Laws et al., 1997; Rau et al., 1997; Burkhardt et al.,
1999a, b). As marine 8'3C tends to decrease with increasing molecular CO; concentration
(Rau et al., 1997) increased atmospheric CO, due to burning of fossil fuels could account for
some of the observed depletion 8'°C signatures. In subpolar regions, a decrease of ~-0.15 %o
per decade has been calculated in 8"°C of marine dissolved inorganic carbon (Kroopnick,
1985). Over the period 1984 to 2009, this would result in a decrease of 0.38 %o in §"°C
signatures which cannot explain the depletion of -2.32 and -2.55 %o observed in the shrimp
(nearshore and inter-island individuals, respectively). The lack of a consistent pattern in the
8'°C signatures of the pelagic and benthic organisms also suggests that the isotopic shifts at
PEI could not result from changes in temperature or molecular CO, concentrations. As a
result, changes in phytoplankton productivity in the vicinity of the PEI are more likely to be
responsible for the observed changes. Phytoplankton growth rate has a strong negative
relationship with carbon isotope fractionation, thus when phytoplankton grow more rapidly,
their 8'°C values increase (Bidigare et al., 1997; Laws et al., 1997; Burkhardt et al., 1999a,
b). This pattern has been observed in the vicinity of the PEI, as diatom blooms had an
enriched 8"°C value compared to a phytoplankton community dominated by small, slow
growing cells indicative of the Polar Frontal Zone (PFZ; bloom: ~-23.3 %o versus small cells:
~-24.8 %o; Kachler et al., 2000, 2006). The depletion of 8'°C signatures in N. marionis and
various benthic invertebrates at the PEI over time therefore likely reflects a long-term decline
in phytoplankton productivity in the vicinity of the islands. Over the period 1997 to present,
total chlorophyll-a (chl-a) concentrations (monthly averages) of the PFZ upstream of the
islands have remained relatively low (<0.3 pg L), and showed no long-term changes
(SeaWiFS.R2009, NASA Giovanni). Thus, the apparent decrease in phytoplankton
productivity in the vicinity of the islands likely results from a decline in the frequency of
occurrence of phytoplankton blooms in the vicinity of the PEI over time (Pakhomov et al.,

2004).

The increased frequency of occurrence of flow-through conditions between the islands may

also effect the composition of the SPM. During the investigation in 2003, the 8'°C values for
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the SPM between and within the lee of the islands were more enriched than those recorded in
the upstream region (Fig. 5.3A). Conversely, during 2009 no spatial patterns in the 8'°C
values of the SPM were evident (Fig. 5.3C; Chapter 3). Since SPM is composed of a mixture
of phytoplankton, detritus and bacteria, the 8'°C values obtained during 2009 suggest that the
SPM was largely comprised of phytoplankton (2009: -24.33 + 0.42 %o, mixed phytoplankton:
from -24.84 to -23.51 %o; Kaehler et al., 2000, 2006). The SPM during 2003 appeared to
comprise a mixture of phytoplankton with a more '*C-enriched source such as kelp detrital
POM (-17.50 %o). Also during the 2003 investigation, large quantities of detrital fragments of
the kelp Macrocystis laevis were present in the SPM, while large quantities of degrading kelp
fronds were collected in the benthic trawls over the open shelf region (Kaehler ef al., 2006).
During the 2009 investigation, however, degrading kelp fronds were only collected in the
benthic trawls at stations adjacent to kelp beds (Station 8 and 5; see Table 2.1; Chapter 2).
Sea-surface temperature data indicated that during March/April 2003, the SAF was located
far to the north of the PEI, while during April 2009 the SAF was immediately north of the
islands and was less intense than in 2003 (Figs. 5.3B and D; MODIS-Terra.R1.1, NASA
Giovanni). The hydrodynamics around the PEI during 2003 likely promoted the retention of
water between the islands, leading to increased rates of primary production. During 2009,
however, a flow-through system probably predominated, resulting in low total chl-a
concentrations and depleted 8'°C signatures of SPM in the vicinity of the islands, similar to
those of the offshore region upstream of the islands (Chapter 3). The position of the SAF
may therefore influence the retention of kelp detritus between the islands, thereby further

affecting food webs around the islands.

The majority of studies aimed at assessing the impacts of climate change on benthic
communities in polar regions have been focused on potential long-term effects due to
increasing temperatures (Schiel et al., 2004; Thatje, 2005; Clarke et al., 2007; Smale and
Barnes, 2008; Tatidn et al., 2008). To date, very few studies have focused on long-term
changes related to shifts in food availability in both the sub-Antarctic/Antarctic region and
the Arctic region (Clarke and Harris, 2003; Dunton et al., 2005; Smith et al., 2006; Clarke et
al., 2007). In the Arctic (Schell, 2000; Hirons et al., 2001; Moore et al., 2003; Hobson et al.,
2004) and Antarctic regions (Weimerskirch et al., 2003; Hilton et al., 2006; Lescroél and
Bost, 2006) food web studies have instead focused on long-term changes in the population

dynamics of top predators and how these link with changes in food availability and structure.
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In the Alaskan waters, the populations of Steller sea lions, northern fur seals and harbor seals
have undergone various degrees of decline over the last three decades (Pitcher, 1990; Hirons
et al., 2001). Over the period of 1951 to 1997 (Bering Sea and Gulf of Alaska), a significant
depletion in 8"C values (almost -2.0 %o) was evident in Steller sea lions, while declining
trends were evident in harbor seals and northern fur seals (Hirons et al., 2001). As all three
species exhibited no significant changes in 8'°N values during this period, this depletion in
8'°C values was more likely due to changes at the base of the food web rather than from
shifts in their trophic level feeding (Hirons et al., 2001). The diets of predators in the
northern Bering and Chukchi Seas are dominated by benthic organisms such as bivalves and
amphipods, thus benthic production is important to higher trophic levels including marine
mammals and seabirds (Grebmeier and Dunton, 2000; Lovvorn et al., 2003; Moore et al.,
2003; Simpkins et al., 2003). It is therefore important to note that in this region, the
predominant prey species for many top predators such as various pinnipeds (clupeid fish),
grey whales (Ampeliscid amphipods) and spectacled eiders (clams), have also decreased in
abundance (Merrick, 1997; Grebmeier and Dunton, 2000; Moore et al., 2003). Bowhead
whales from the Bering Sea, which feed exclusively on zooplankton (primarily euphausiids
and large calanoid copepods), exhibited similar depletions in 8'°C values as Steller sea lions
during a similar period (1947 to 1998; Schell, 2000). The depletion in 8'°C values of ~-2.7 %o
(between 1966 and 1997) recorded from the baleen plates implied, using relationships
described by Laws et al. (1995) and Bidigare et al. (1997), and assuming similar
phytoplankton composition among years as well as relatively constant 8"°C values of
dissolved free CO,, that the ecosystem has experienced a decrease of between 30 to 40% in
average seasonal primary productivity (Schell, 2000). In the mid 1970’s, a rapid change in
climate occurred in the Pacific Ocean (Hare and Mantua, 2000), resulting in changes in wind
patterns/intensity, mixed layer depth, sea surface temperatures, sea-ice extent and depth of
ocean current patterns (Trenberth and Hurrell, 1994; Freeland et al., 1997). Thus, declines in
the numbers of top predators in the Bering Sea and key benthic species, coupled with similar
depletions in 8'"°C values in Steller sea lions and Bowhead whales, highlights the impact that
changes in primary production (resulting from changing oceanic conditions in response to

climate change) can have on entire ecosystems.

Across the sub-Antarctic region, there have been gradual increases in sea surface and sub-
surface temperatures (Levitus et al., 2000; Gille, 2002), while at a similar time (time lag of 2

to 9 years) there have been substantial declines in the populations of most seabirds and seals
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at several monitored breeding sites (with the notable exception of two species, King penguins
and Amsterdam fur seals, that have increased; Weimerskirch et al., 2003; Hilton et al., 2006;
Lescroél and Bost, 2006). In the southern Indian Ocean, there is evidence of a decline since
the 1970’s in total chl-a and zooplankton concentrations, suggesting a drop in primary
productivity in the region accompanied by increased wind stress (Hunt et al., 2001; Gregg et
al., 2003). The concurrent decreases in seabird and seal populations, coupled with apparent
changes in primary productivity, were suggested to result from system shifts driven by
climate change (Weimerskirch et al., 2003). The population size of the Rockhopper penguin,
a prominent top predator, has demonstrated distinct declines throughout the majority of its
circumpolar breeding distribution coupled with an overall depletion in 81C signatures (at
seven breeding sites) over time (Hilton ef al., 2006). The depletion in 8"°C values of these
penguins and the decline of their population size may have resulted from decreases in
primary productivity, and thus carrying capacity, of the ecosystem (Hilton et al., 2006).
There was also evidence of depletion in 8'°N values in penguins at some sites during warmer
years, suggesting a dietary shift to prey at a lower trophic level during these periods (Hilton

et al., 2006).

5.5. CONCLUSION

The continuing depletion in 8'"°C signatures of Nauticaris marionis from 1984 to 2009
suggests that temporal changes are occurring in the PEI marine ecosystem. The benthic
community also had a depletion in 8'"°C signatures from 1999 to 2009, except in organisms
(sponges and hydrozoans) that are unable to utilise the diatom production generated between
the islands. The suspension-feeding brachiopod and deposit-feeding polychaete showed
relatively similar depletions of 8'°C signatures over the same time period, suggesting that
shifts are occurring in the carbon signatures at the base of the food web. The observed
depletions in 8'°C signatures in organisms around the PEI are likely due to decreases in the
frequency and intensity of the “island mass effect” around PEI, related to a southward shift in
the position of the SAF in response to global climate change. Flow-through conditions result
in the export of large proportions of kelp production out of the PEI shallow shelf ecosystem

eastward to the open waters of the PFZ.
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GENERAL DISCUSSION

This study aimed to use a combination of both stable isotope and fatty acid analyses to
provide a time-integrated view of the assimilated feeding history of selected components of
the benthic community in the vicinity of the sub-Antarctic Prince Edward Islands (PEI).
Although situated in a region of low productivity (Laubscher ef al., 1993; Froneman et al.,
2001), the PEI support a diverse and biomass-rich inter-island benthic community (Branch et
al., 1993a). The islands are also seasonally home to many land-based predators during their
breeding seasons (Williams et al., 1979; Condy, 1981; Ryan and Bester, 2008), with many
species relying on allochthonous and/or autochthonous production in the shallow shelf waters
around the islands, i.e. the inshore component of the life support system (Espitalier-Noél et

al., 1988; Adams and Klages, 1989; McQuaid and Froneman, 2004; Ryan and Bester, 2008).

6.1. TROPHODYNAMICS OF THE BENTHIC AND HYPERBENTHIC COMMUNITIES

The inshore component of PEI ecosystem was initially thought to be sustained by organic
carbon derived from phytoplankton blooms associated with the “island mass effect” at the
PEI (Perissinotto et al., 1990; Perissinotto, 1992; Pakhomov and Froneman, 1999a). More
recently, the importance of kelp-derived carbon in the diets of those benthic organisms in
close proximity to kelp has been highlighted (Kaehler ez al., 2000, 2006). The stable isotope
and fatty acid signatures of the benthic suspension- and deposit-feeding organisms generated
during this study suggested that these two feeding guilds incorporated both phytoplankton
and kelp into their diets (Chapter 3). Results from the simple mixing model for a two-source
system (3"°C), coupled with elevated levels of the diatom (20:5w3) and dinoflagellate
(22:6w3) fatty acids, all suggested that pelagic primary production contributed substantially
to the diets of these organisms in all regions around the islands. Indeed, even those organisms
living near the kelp beds with increased proportions of kelp in their diets, such as the
polychaete Thelepus extensus and gastropod Margarella expansa, were also highly reliant on
phytoplankton as a food source. Notable exceptions were the sponges and bryozoans, in

which kelp and phytoplankton fatty acids were present in similar proportions, most likely
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resulting from their particle size-restricted feeding mode. The suspension- and deposit-
feeders collected from nearshore stations were generally more “C-enriched than those from
the open shelf region, possibly due to an increased incorporation of enriched kelp detritus in
their diets. This finding was in agreement with previous isotope studies at the PEI (Kaehler et
al., 2000, 2006). The target fatty acids (predominant food sources) in the benthic organisms,
however, indicated no distinct spatial patterns between the inter-island (upstream, between
and downstream) and nearshore regions, with the exception of the two species collected at
Station 8. There was, however, strong evidence for increased food quality between and
within the lee of the islands compared to upstream, as all Lanice marionensis (polychaete),
M. expansa (gastropod) and Thouarella variabilis (gorgonian coral) collected upstream
(Station 1 or 2) had substantially lower quantities of TFAs than those from nearshore, open

shelf or downstream stations.

The hyperbenthic shrimp Nauticaris marionis is a key species of the inter-island ecosystem,
representing an important food web link between the benthic community and land-based
predators (Perissinotto and McQuaid, 1990). Even though these shrimp demonstrate a high
degree of plasticity in their diet (Perissinotto and McQuaid, 1990; Pakhomov et al., 1999;
Vumazonke et al., 2003), most likely in response to the variable supply of food within the
region, their fatty acid profiles revealed no distinct ontogenetic or spatial patterns
(Chapter 4). This result is in contrast to their stable isotope signatures, which demonstrated
strong spatial and ontogenetic variation. The stable isotope ratios indicated that the nearshore
shrimp, particularly those from Station 8 (near Marion Island kelp beds), were more *C-
enriched than those from the inter-island region. This *C-enrichment was most likely due to
increased kelp detritus entering the food web within these regions, in agreement with the
findings from Chapter 3 and Kaehler et al. (2000, 2006). In addition, the subadult/adult
shrimps showed enrichment in 8"°C and 8'°N signatures with an increase in size, resulting in
a relatively distinct separation of size classes that reflected niche separation in their diet.
Individuals in the smaller size class appeared to have a more restricted diet than larger
individuals, and the largest individuals fed at a higher trophic level. Interestingly, all of the
shrimps contained large proportions of PUFAs and EFAs, indicating that food quality was
similar among the different size classes and regions despite the apparent niche separation and
variation in carbon sources utilised. In addition, all the shrimp contained the diatom and
dinoflagellate fatty acids (20:5w3 and 22:6w3, respectively) and 16:0 in large proportions,
highlighting the importance of phytoplankton (indirectly) in their diet. This result provides
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further evidence that phytoplankton is an important food source that may be transferred from
the base of the food web to higher trophic levels through this key species. On the shelf off
northeast Greenland, the fatty acid profile of the deep water prawn Pandalus borealis, which
is an important prey item to several species of fish and marine mammals (Pedersen and
Riget, 1993; Berenboim et al., 2000; Nilssen et al., 2000), also contained high proportions of
20:5w3 and 22:6w3 (Graeve et al., 1997), further indicating the importance of these fatty
acids in marine food webs. The different findings of each method highlights the merits of
using these two techniques as a complementary approach in resolving trophodynamics in

complex aquatic systems.

6.2. LONG-TERM EFFECTS OF GLOBAL CLIMATE CHANGE

There is growing evidence from a variety of sources that global climate change is having an
impact on the terrestrial ecosystem of the PEI (Chown and Smith, 1993; Bergstrom and
Chown, 1999; Chown et al., 2002; le Roux and McGeoch, 2008). Evidence for the response
of the marine ecosystem to this long-term trend is, however, generally lacking. The temporal
investigation of changes in the isotope signatures of Nauticaris marionis at the PEI
demonstrated an overall depletion in their 8"°C signatures over the period of 1984 to 2009
(Chapter 5). The depletion in the 3'"°C signatures of the shrimp and in other selected
components of the benthos over time suggests that long-term changes in the marine

ecosystem of PEI are occurring.

In the Southern Ocean, global climate change, through increases in air and sea (surface and
sub-surface) temperatures, is affecting oceanic circulation (Levitus et al., 2000; Gille, 2002;
le Roux, 2008), and causing shifts in the position and intensity of major frontal systems
(Moore et al., 1999; McQuaid and Froneman, 2008). Marion Island has experienced a
decrease in annual precipitation since the mid 1960’s (Smith, 2002; le Roux and McGeoch,
2008). As freshwater runoff is an important factor promoting phytoplankton growth between
the islands through the input of nutrients and the promotion of water column stability, the
decrease in precipitation is likely to affect the productivity of the marine ecosystem
surrounding the islands. This freshwater input, however, needs to be retained between the
islands for a minimum 15 days to enable the development of phytoplankton blooms
(Perissinotto and Duncombe Rae, 1990). The position of the sub-Antarctic Front (SAF)
relative to the islands plays a crucial role in the hydrodynamics around the islands

(Perissinotto and Duncombe Rae, 1990; Ansorge and Lutjeharms, 2002). The southward shift
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in the average position of this front (Pakhomov and Chown, 2003), most likely in response to
global climate change (Moore et al., 1999; le Roux, 2008), promotes the predominance of a
flow-through system between the islands and a concomitant decreased frequency of
occurrence of the “island mass effect” conditions (Perissinotto and Duncombe Rae, 1990;
Perissinotto et al., 2000; McQuaid and Froneman, 2008). A flow-through system between the
islands also reduces the retention of kelp detritus within the inter-island and nearshore
regions (Chapter 5). As a result, the benthic communities around the islands on the whole
may become more reliant on the influx of primary production advected to the islands by the
casterly flowing ACC. The depletion of 8'"°C signatures in the benthos in the vicinity of the
PEI most likely reflects decreases in productivity between the islands due to increased

contributions of smaller phytoplankton cells in the diets of these organisms over time.

To date, there have been no additional quantitative studies on the biomass and abundance of
the benthic community in the shallow inter-island shelf region of the PEI since the initial
photographic assessments conducted between 1984 and 1989 (Branch et al., 1993a). As a
consequence, it is not possible to assess whether the perceived changes in the hydrodynamics
in the region of the islands is associated with changes in benthic community population
dynamics. As phytoplankton is an important base for the entire food web (Chapters 3 and 4),
a decrease in the frequency of occurrence of diatom blooms between the islands is likely to
have far-reaching consequences that reach the highest trophic levels. Essential fatty acids
(EFAs) are important in organ functioning and are obtained from the diets of consumers
(Arts et al., 2001). As a consequence, EFAs act as fundamental drivers of ecosystem fitness
and stability (Arts et al., 2001). As diatoms and dinoflagellates are both important sources of
EFAs (20:503 and 22:6w3, respectively), a decrease in the frequency of occurrence of
“island mass effect” conditions in the vicinity of the islands may lead to a reduction in the
overall nutritional fitness of the benthos in the PEI ecosystem. The PEI seasonally support up
to five million land-based predators, including seals, flying seabirds and penguins, that come
to the islands to breed and moult (Williams et al., 1979; Condy, 1981; Ryan and Bester,
2008). As these activities are energetically expensive (Gales et al., 1988; Wendeln and
Becker, 1999) a reduction in ecosystem fitness could have a substantial impact on these top
predators, particularly the inshore feeders. Continuous decreases in the population sizes of
inshore pursuit-diving feeders such as Gentoo penguins, Rockhopper penguins and Crozet
shags have been observed at the PEI over the last decade (Pakhomov and Chown, 2003;
Ryan and Bester, 2008). On the other hand, the population sizes of those species with a
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mixed inshore and offshore diet such as Macaroni penguins have remained relatively stable
over the same period (Ryan and Bester, 2008). Adult N. marionis represent an important food
source for Gentoo penguins and Crozet shags (Espitalier-Noé€l et al., 1988; Adams and
Klages, 1989), and periodically for Macaroni and Rockhopper penguins (Brown and Klages,
1987). As a result, these shrimp represent a crucial link between primary production and top
predators. As lipid-rich organisms form high quality prey, any decreases in food quality
(quantities of EFAs and TFAs) at the PEI mediated by global climate change could be
reflected in the nutritional condition of the benthic community, which may ultimately result
in changes in the overall fitness of the PEI ecosystem. Changes in the productivity of the PEI
ecosystem may also result in decreased abundances of benthic species, which may have
further impacts on higher trophic levels if there are changes in population dynamics of key

species such as N. marionis.

It is generally accepted that ecosystems in the polar regions are particularly sensitive to
global climate change (Clarke and Harris, 2003). Studies conducted in the open waters of the
Southern Ocean and high Antarctic region have focused mainly on determining the potential
long-term effects of increasing temperatures on benthic communities such as replacement of
cold-water species by warm-water tolerant species (Schiel et al., 2004; Clarke et al., 2007),
and range expansions by invasive species (Tavares and Melo, 2004; Thatje, 2005; Lee and
Chown, 2007), and community changes resulting from increased sedimentation with glacial
retreat (Smale and Barnes, 2008; Tatian et al., 2008). Particle-flux studies conducted in a
variety of shelf habitats indicated that between 6 and 60% of the annual primary production
is exported to depth, where it provides an important food source for benthic communities
(Valiela, 1984). As Antarctic and sub-Antarctic shelf waters generally support diverse and
abundant benthic communities (Grebmeier and Barry, 1991; Amtz et al., 1994; McQuaid and
Froneman, 2004; Tatian ef al., 2008), these findings suggest that the transfer of water-column
production to the benthos is important in the functioning of these ecosystems. Declines in
populations of top predators and their predominant benthic prey species have already
occurred in Arctic regions (Bering and Chukchi Seas; Merrick, 1997; Grebmeier and Dunton,
2000; Hirons et al., 2001; Moore et al., 2003). Over the period of 1947 to 1998, similar
depletions in 8'°C values were recorded in benthic feeding Stellar sea lions (almost -2.0 %o;
Hirons et al., 2001) and zooplankton-feeding (primarily euphausiids and large calanoid
copepods) Bowhead whales (~-2.7 %o; Schell, 2000), suggesting a change in carbon

signatures at the phytoplankton base of these two food webs. These changes in pelagic
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primary production may have resulted from changing oceanic conditions in response to
climate change (Gregg et al., 2003). Across the sub-Antarctic region, similar patterns have
also been observed, with substantial declines in populations of many top predators,
particularly seabirds and seals (Weimerskirch et al., 2003; Hilton et al., 2006; Lescroél and
Bost, 2006). These population declines have been linked to reductions in ocean productivity
mediated by climate change (Hunt et al., 2001; Gregg et al., 2003; Weimerskirch et al.,
2003). The Rockhopper penguin, which has demonstrated distinct population declines
throughout the majority of its circumpolar breeding distribution, showed an overall depletion
in 8'°C signatures over time, further suggesting decreases in primary productivity within their
feeding regions (Hilton et al., 2006). These findings highlight the potential impact that
changes in primary production, predominantly in response to climate change, may have on

Southern Ocean marine ecosystems.

6.3. FUTURE STUDIES

The results of this study have demonstrated the importance of determining the dominant
carbon sources and pathways through the PEI ecosystem. This study also highlighted the
complex interactions of hydrodynamics with the base of the food web, and indicates the
importance of monitoring long-term changes in the components of this ecosystem. We
urgently need to undertake a quantitative baseline study on the benthos in the shallow shelf
waters of the PEI so that future changes in response to global climate change can be detected.
Investigations of possible long-term changes in food sources to benthic communities of other
sub-Antarctic islands such as Bouvet Island or the Crozet Islands will provide important
information about the impacts of global climate change on food webs of other sub-Antarctic

island systems.

Data on long-term patterns in the terrestrial ecosystem and the populations of top predators at
the PEI and other sub-Antarctic islands are currently available (Inchausti et al., 2003;
Weimerskirch et al., 2003; Hilton et al., 2006; Lescroél and Bost, 2006; Trathan et al., 2007;
Ryan and Bester, 2008). However, information on the terrestrial/marine environment link is
lacking, and comprehensive data regarding the top predators are also scarce. For example,
limited information about shifts in diet (particularly through stable isotope ratios and fatty
acid profiles) are available for inshore feeders such as Gentoo and Rockhopper penguins at
the PEI. As these seabirds feed predominantly within the inshore region of the PEI they will
be greatly affected by any changes in the productivity of the PEI marine ecosystem.
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Table A2. Fatty acid composition (mean % TFA + SD) of the kelp Macrocystis laevis. Fresh
and degraded fronds, and degraded kelp particulate organic matter (POM) and the suspended
particulate matter (SPM) obtained from within the kelp beds near Marion Island. Data
represent all fatty acids at concentrations >1% TFA in at least one sample.

Fresh Degraded Kelp bed
Fatty acid frond frond POM SPM
M. laevis M. laevis

14:0 12.8+6.5 8.7+20 3.9 2.7
i-15:0 02+0.3 2.0£0.1 0.3 0.6
16:0 19.5+0.6 16.5+0.9 21.8 343
i-17:0 04+0.5 1.2+£0.3 0.7 0
17:0 0 0 0 1.5
18:0 1.1+£0.5 09+0.2 2.3 28.5
20:0 04+0.5 0.4+0.1 0 1.8
22:0 0 0 0 3.6
X SFA 345+6.0 30.1£5.6 29.4 75.0
16:107 0.6+0.3 6.6£0.5 344 2.1
18:105 0 0 0 7.0
18:107 0 0.6 +0.1 17.7 2.4
18:109 17.9+4.9 11.3+1.8 4.0 4.6
~ MUFA 18.5+4.6 18.6 £2.5 56.1 9.9
16:401 0 0 0 1.2
18:206 7.1+1.0 47+1.3 1.8

18:3m3 54+£22 6.9+£27 3.2

18:4m3 6.7+£3.7 10.7+£3.0 2.5 0
20:209 0 0 0 5.9
20:4m03 1.0+ 0.6 1.2+04 0.3 0
20:4w06 18.6 0.3 15.0+0.6 34 0
20:503 7.0£3.2 12.1+43 2.8 1.0
~ PUFA 47.0+10.6 514+7.0 14.5 15.1
> EFA 25.6+3.5 27.1+4.6 6.2 1.0
Y~ BAFA 0.7£1.0 3.6+04 1.4 2.6
> HPFA 125+3.2 11.6+29 5.0 0
X TFA 142+13 439+52 20.4 1.7

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty
acids; EFA: essential fatty acids; BAFA: bacterial fatty acids; HPFA: higher plant fatty acids;
TFA: total fatty acids (ug FA mg"' DM); NMI: nonmethylene interrupted
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Appendix

Table A4. Fatty acid composition (mean % TFA + SD) of the two species of bryozoan at the
stations where they were collected. Data represent all fatty acids at concentrations >1% TFA

in at least one sample.

Inter-island Nearshore Inter-island

Upstream Between Between Downstream

Fatty acid St3 St4 St6 St9 St 10 St6 St7
sp. 1 sp. 1 sp. 1 sp. 1 sp. 1 sp. 2 sp. 2

14:0 2.7 1.6 2.7+£0.8 24+09 33+0.3 2.8+0.7 0.9=+0.1
i-15:0 0.6 0.6 0.7+0.1 0.8+0.4 0.7+0.1 0.4+0.3 02+0.2
15:0 1.6 0.9 2.1+0.5 0.8+0.1 1.4+£04 1.5+0.2 0.7+0.1
16:0 23.4 12.9 151+22 13.5+0.3 19.7+4.6 20.3+0.2 16.5+£2.3
i-17:0 1.0 0 1.6+0.2 0.4+0.8 0.5+0.9 0 1.4+0.3
17:0 4.6 3.7 3.2+0.0 2.4+0.7 32114 2.7+£0.0 1.4+£0.3
18:0 11.1 7.2 6.5+1.2 7.1+£2.1 85+2.5 7.1£1.5 53+1.1
22:0 0.4 0 0.5+0.1 0.5+04 0.9+0.3 0.8+0.2 0.1+0.1
X SFA 45.4 27.0 323+£3.0 28.0£ 1.6 38.3+£8.0 35.7+£1.2 26.6+3.8
16:107 5.0 2.5 3.8+£0.7 32+0.5 43+0.8 1.3+£04 2.1+04
18:107 2.8 2.6 2.8+0.9 23+0.1 3.8+0.3 1.5+0.0 2.3+£0.7
18:109 2.4 3.0 3.1+£0.7 29+0.1 34+£0.7 35+£04 53+1.1
18:1o11 0.7 0 1.3+0.2 0 0 0 0
20:107 0 0 0 0 0 0.8+0.0 1.2+0.2
20:109 1.2 0 0 0.4+0.6 1.0£0.9 1.7+£0.3 2.4+0.5
22:109 0 0 0 0 0 1.1+0.1 1.4+0.1
~ MUFA 12.2 8.1 11.1+24 8.9+1.0 125+2.6 10.0+0.2 147+ 1.5
18:2w6 0.7 3.0 40=+0.5 33+£2.0 30+1.1 3.7+0.1 0
18:4®3 0.7 1.0 1.0£0.3 1.0£0.0 0.7+0.1 0.5+£0.0 02+0.2
20:206 1.7 2.1 1.6+ 0.0 1.7+0.2 1.7+£0.2 23+0.2 3.7+0.1
20:2 NMI 10.7 8.5 8.6+ 1.1 84+0.2 7.3+£2.7 1.0+£0.2 2.0+£0.2
20:403 0.7 0 04+0.1 0.5+0.5 1.3+£04 1.0+ 0.4 0.3+£0.3
20:406 4.4 2.8 53+14 55+0.2 8.6+53 120+0.4 9.6+0.1
20:5w3 53 7.7 6.5+ 0.6 7.2+0.6 53+0.6 9.5+0.6 11.7£0.9
22:2NMI 1 1.3 0 0.1+0.1 0.2+£0.2 1.2+0.2 1.7+£0.0 24+0.5
22:2 NMI2 0.3 1.6 1.3+£0.3 1.4+ 0.6 0 3.8+0.1 47+1.0
22:3w6 3.2 0.9 0.5+£0.1 0.5+0.5 2.8+0.6 0.6+0.0 0
22:406 1.6 2.8 1.9+04 22+0.2 1.8+0.1 04+0.1 0.7+0.1
22:5w3 1.2 2.6 2.0+0.1 24+0.3 1.3+£0.0 0.9+0.1 2.5+£0.6
22:506 0.8 2.5 1.6+ 0.4 20+0.3 1.1+£0.2 1.1£0.0 1.9+04
22:603 8.8 26.7 19.7+1.7 24.0+0.9 10.3+£0.2 144+1.1 184 +£3.1
> PUFA 41.2 62.2 544+4.5 60.3+1.9 46.6 +4.0 529+2.0 58.1+5.1
> EFA 18.5 37.2 31.5+25 36.7+1.4 2424+6.2 359+13 39.7+£24
X BAFA 7.9 5.2 7.5+0.5 45+1.1 58=+1.5 4.6+0.1 3.7+£0.4
X~ HPFA 0.7 3.0 40+0.5 33+2.0 3.0£1.1 3.7+£0.1 0
> TFA 2.4 1.1 1.4+£0.0 1.1£0.2 1.6 £0.7 0.6+0.1 0.4+£0.2

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; EFA: essential fatty acids; BAFA: bacterial
fatty acids; HPFA: higher plant fatty acids; TFA: total fatty acids (ug FA rng'I DM); NMI: nonmethylene interrupted
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Table AS. Fatty acid composition (mean % TFA + SD) of the brachiopod Magellania
kerguelenensis at the stations where they were collected. Data represent all fatty acids at
concentrations >1% TFA in at least one sample.

Inter-island Nearshore

Fatty acid Upstream Between
St 3 St4 St5 St 6 St 10

16:0 254 204+1.8 21.9 23.5+2.1 224432
i-17:0 1.0 2.1+£0.8 0 2.4+£0.8 1.1+£0.3
17:0 1.9 1.8+ 0.6 1.4 20+£04 1.6+04
18:0 14.1 122+1.1 17.2 124+£1.4 139+1.0
20:0 1.4 0 0.9 0 0
21:0 1.9 0 1.3 0 0
22:0 5.0 0.5+0.0 2.5 0 0.6 +£0.1
> SFA 50.8 37.0+1.1 453 403+1.3 39.6+£1.2
16:105 0.2 1.1+0.3 0.7 1.5+£03 0.3+0.0
18:1w7 7.7 2.6 +0.4 2.2 1.2+0.5 2.8+0.8
18:109 2.3 1.2+0.7 1.3 09+0.2 1.5+£0.7
20:19 0.7 1.1+£0.1 0 0.7+0.1 1.2+0.2
20:1w11 2.4 48+0.7 2.7 43+0.3 42+0.8
> MUFA 13.3 10.8 £0.4 6.8 8.6+04 10.0+0.3
20:2m6 1.5 1.6 +0.4 1.8 1.4+03 1.9+£04
20:2m9 8.3 49+0.9 4.9 46+1.0 53+1.0
20:4w3 0.5 1.6 +£0.7 1.3 14+02 1.3+£0.3
20:4w6 3.0 54+09 32 53+0.5 53+0.7
20:503 6.7 13.0+1.2 13.0 113£1.0 134+1.4
22:2 NMI 1 1.9 3.5+0.5 2.2 39+1.3 33+1.0
22:406 0.7 1.4+0.7 1.1 1.6 +0.7 14+0.8
22:5m3 0.9 1.7+£0.7 1.6 20+£04 1.6+0.2
22:5w6 0.7 1.2+£0.6 0.9 1.2+0.5 1.3+£0.2
22:6m3 8.1 16.0+1.0 16.6 173£1.0 145+0.9
> PUFA 32.3 503 +1.8 46.4 50.0£1.5 492 +1.5
> EFA 17.7 344+1.6 32.8 339+£1.2 332+£1.3
Y BAFA 3.0 39+0.2 1.4 44+£04 2.7+£0.3
> HPFA 0 0 0 0 0
X TFA 26.1 17.0+ 0.9 21.2 10.8 0.4 123+£0.6

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; EFA:
essential fatty acids; BAFA: bacterial fatty acids; HPFA: higher plant fatty acids; TFA: total fatty acids (ug FA
mg”' DM); NMI: nonmethylene interrupted
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Table A6. Fatty acid composition (mean % TFA =+ SD) of the bivalves Limatula pygmaea and
Thracia meridionalis at the stations where they were collected. Data represent all fatty acids
at concentrations >1% TFA in at least one sample.

Inter-island Inter-island

Upstream Between Downstream Upstream
Fatty acid St1 St3 StS St 7 St 1
L. pygmaea T. meridionalis

14:0 3.6£0.3 2.8 1.0 4.4 3.2
15:0 2.0+0.1 1.3 0.8 0.7 1.1
16:0 21.3+£3.0 18.7 14.6 27.5 20.0
i-17:0 1.4+0.2 0.8 0.7 1.0 0.6
17:0 1.1+£04 1.0 1.2 1.9 2.1
18:0 92+23 9.1 13.0 8.4 114
2 SFA 38.5+3.0 33.6 31.3 43.9 38.4
16:1m5 1.2+0.2 1.0 1.0 0.3 0
16:107 04+0.0 1.2 0.4 1.4 1.2
18:107 1.2+0.1 1.7 1.6 4.5 1.3
18:109 09+0.1 1.5 1.5 2.4 2.0
20:1w7 6.7£0.5 5.9 6.3 1.4 3.0
20:1w11 54+03 5.5 3.1 1.6 4.9
> MUFA 159+1.3 16.8 13.9 11.6 12.4
20:2 NMI 1.3£0.1 1.6 1.1 0 0
20:406 3.1+£0.2 3.5 3.8 2.5 3.9
20:5mw3 104+2.0 11.6 12.6 11.0 11.8
22:2NMI 1 0 0 0 0 23
22:2 NMI 2 1.2+0.3 1.7 0.8 0 7.9
22:306 0.5+0.0 0.6 0.7 0.6 1.9
22:5m3 1.0+£0.1 1.1 1.2 2.8 1.3
22:6m3 272+1.6 26.8 28.0 26.5 154
> PUFA 442 +3.7 46.2 47.4 42.9 44.5
> EFA 40.7 £2.8 41.9 443 40.1 31.1
> BAFA 44+04 3.0 2.7 3.6 3.8
> HPFA 0 0 0 0 0
X TFA 35.7+2.2 36.3 32.2 40.5 39.7

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; EFA: essential
fatty acids; BAFA: bacterial fatty acids; HPFA: higher plant fatty acids; TFA: total fatty acids (ug FA mg" DM);

NMI: nonmethylene interrupted
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Table A7. Fatty acid composition (mean % TFA + SD) of the polychaete Serpula
vermicularis vermicularis at the stations where they were collected. Data represent all fatty
acids at concentrations >1% TFA in at least one sample.

Nearshore

Fatty acid

St9 St 10
14:0 0.5 1.5
16:0 10.8 17.1
i-17:0 1.1 1.4
17:0 1.9 2.2
18:0 8.5 8.7
> SFA 22.9 30.8
16:107 4.1 7.7
18: 107 1.7 2.1
18:109 2.1 1.6
20:1w11 13.2 12.4
>~ MUFA 21.1 23.9
18:403 1.9 1.5
20:406 3.9 2.9
20:5m3 17.7 16.1
22:3w6 0.8 1.2
22:5m3 1.5 0.8
22:6m3 25.7 19.4
> PUFA 51.6 41.9
Y EFA 473 38.4
Y BAFA 3.1 3.6
¥ HPFA 0 0
> TFA 40.5 60.9

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated
fatty acids; EFA: essential fatty acids; BAFA: bacterial fatty acids; HPFA: higher plant
fatty acids; TFA: total fatty acids (ug FA mg" DM); NMI: nonmethylene interrupted
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Table A8. Fatty acid composition (mean % TFA + SD) of the holothurians Pseudocnus
laevigatus and Psolus paradubiosus at the stations where they were collected. Data represent

all fatty acids at concentrations >1% TFA in at least one sample.

Fatty acid

14:0
ai-15:0
i-16:0
16:0
18:0
20:0
21:0
22:0
24:0

X SFA
16:103
16:107
18:107
18:109
20:109
20:1w11
22:109
24:109
~ MUFA
18:206
18:4®3
20:2 NMI
20:206
20:4m3
20:406
20:5w3
22:5m06
22:6m3
> PUFA
> EFA
> BAFA
> HPFA
> TFA

Inter-island Nearshore Inter-island
Between Between
St5 St 10 St6
P. laevigatus P. paradubiosus
2.6 10.5 3.6+1.7
1.3 4.1 52+1.4
0 0 3.1+£0.3
43 4.4 5.0£0.8
4.7 4.5 6.0+1.7
1.9 1.8 1.5+1.1
0 0 21+1.8
0.8 0.8 27+24
0 0 0.8+0.7
15.5 26.1 30.1+34
0.5 0 1.1+0.1
9.2 10.2 26+09
5.1 4.4 6.0x1.6
10.7 10.0 3.1+0.6
3.7 2.8 6.6+0.2
1.0 1.1 1.5+£2.2
1.7 1.3 1.3+£09
1.4 2.2 33+27
33.3 32.0 255+2.7
1.3 0.5 03+04
3.9 33 1.1+0.8
2.4 3.0 6.2=+1.5
1.0 1.0 1.4+0.1
1.7 1.2 04+0.6
2.4 1.8 6.1+1.6
29.2 259 20.0+2.3
0 0 12+1.3
4.1 3.1 3.8+0.8
46.1 39.7 40.5+6.6
35.8 30.8 299+47
1.3 4.1 83+1.7
1.3 0.5 0.3+04
96.1 53.9 29+£0.5

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated
fatty acids; EFA: essential fatty acids; BAFA: bacterial fatty acids; HPFA: higher plant
fatty acids; TFA: total fatty acids (ug FA mg™ DM); NMI: nonmethylene interrupted
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Table A9. Fatty acid composition (mean % TFA + SD) of the hydrozoan Plumularia
insignis, gorgonian coral Thouarella variabilis and the sea pen Pennatula inflata at the
stations where they were collected. Data represent all fatty acids at concentrations >1% TFA
in at least one sample.

Inter-island Inter-island Inter-island
Downstream Upstream Downstream Upstream
Fatty acid St7 St2 St7 St2
P. insignis T. variabilis P.inflata
14:0 6.9 2.6 1.7 2.3
16:0 22.0 20.8 8.8 15.1
18:0 6.7 7.5 9.2 3.9
~ SFA 35.6 30.9 19.6 21.3
16:1w7 5.0 3.2 3.7 L.5
18: 1007 3.8 3.2 1.5 2.7
18:1w9 14.1 10.5 14.9 10.8
20:1w7 0.3 0.9 2.0 1.5
20:109 3.0 23 9.1 6.9
22:109 0.3 0.4 0.9 3.2
22:1w11 0.8 1.0 1.1 2.2
~ MUFA 27.2 21.3 333 28.8
18:2w6 1.6 0 0.8 0.5
18:4m03 3.5 0.9 2.0 0.7
20:303 0 0 0 0
20:4m03 1.0 0 1.5 0.3
20:4w6 3.1 5.7 2.4 4.6
20:503 10.2 22.1 19.5 26.5
22:603 11.9 2.1 3.2 4.1
24:603 0 15.4 11.8 9.8
> PUFA 313 46.1 41.2 46.5
2 EFA 25.2 29.8 25.1 353
Y~ BAFA 0 0 0 0
2~ HPFA 1.6 0 0.8 0.5
18:109/18:107 3.7 33 9.9 4.1
2 22:1011+20:109 3.8 33 10.2 9.1
>~ TFA 58.9 4.9 14.2 45.7

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; EFA: essential
fatty acids; BAFA: bacterial fatty acids; HPFA: higher plant fatty acids; TFA: total fatty acids (ug FA mg' DM);
NMI: nonmethylene interrupted
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Table A10. Fatty acid composition (mean % TFA + SD) of the polychaete Thelepus extensus
at the station where it was collected. Data represent all fatty acids at concentrations >1%

TFA in at least one sample.

Nearshore

Fatty acid
St 8

14:0 2.7+£0.3
16:0 20.1+£1.1
i-17:0 1.6+£0.3
18:0 29+02
2 SFA 273+1.1
16:107 39+£0.5
18:107 16.5+1.8
18:109 2.3+0.1
18:1w11 1.8+ 0.0
20:1w11 4.1+0.3
>~ MUFA 28.6+£23
20:209 2.0+0.3
20:4w6 2.8+£04
20:5m3 244+ 0.3
22:503 24+£0.2
22:6m3 53+£1.2
¥ PUFA 369+1.6
X EFA 325+1.8
> BAFA 1.6 0.3
> HPFA 0
> TFA 67.2+59

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated
fatty acids; EFA: essential fatty acids; BAFA: bacterial fatty acids; HPFA: higher plant
fatty acids; TFA: total fatty acids (ug FA mg” DM); NMI: nonmethylene interrupted
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Table A12. Fatty acid composition (mean % TFA + SD) of the gastropod Margarella
expansa at the stations where they were collected. Data represent all fatty acids at
concentrations >1% TFA in at least one sample.

Inter-island Nearshore

Fatty acid Upstream

St1 St8
14:0 0.8 1.1
16:0 9.0 19.1
i-17:0 1.1 1.5
17:0 1.4 1.6
18:0 8.8 6.0
20:0 1.1 0
2 SFA 254 314
16:107 1.0 6.0
18:1w7 4.5 13.3
18:19 2.1 4.6
20:1w7 1.0 0.9
20:1w11 1.9 2.3
¥~ MUFA 11.9 28.0
18:2w6 3.6 2.2
20:2m6 2.2 1.3
20:406 10.4 6.7
20:5w3 18.6 17.9
22:2 NMI 1 3.7 0.6
22:2 NMI 2 5.0 2.8
22:406 1.3 0.4
22:503 4.6 3.0
22:6m3 9.7 4.0
¥ PUFA 62.6 40.6
X EFA 38.6 28.6
2 BAFA 5.3 4.8
> HPFA 3.6 2.7
X TFA 15.3 43.4

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated
fatty acids; EFA: essential fatty acids; BAFA: bacterial fatty acids; HPFA: higher plant fatty
acids; TFA: total fatty acids (ug FA mg' DM); NMI: nonmethylene interrupted
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Table A14. Fatty acid composition (mean % TFA + SD) of the detritus at the stations where
it was collected. Data represent all fatty acids at concentrations >1% TFA in at least one

sample.
Inter-island Nearshore
Fatty acid Upstream Between
St 1 St3 St5 St6 St9 St 10
14:0 25+0.7 33+0.5 23+0.7 2.1+03 21+1.0 23+0.6
i-15:0 0.7+0.1 32+0.7 04+0.1 0.7+0.2 05+0.1 0.5+0.1
15:0 1.4+04 21+04 1.3+04 1.4+0.2 1.2+03 09+0.3
16:0 10.4+1.0 176 1.2 58+04 10.9+0.7 47+04 12.3+£0.9
i-17:0 1.0+£0.1 19+04 0 25+04 0.6+0.2 1.5+03
17:0 1.1+£0.3 0 05+0.1 1.6 £0.3 0.6+0.0 14+03
i-18:0 1.1+0.2 0 0704 1.0+£0.3 05+0.2 0
18:0 8.8+0.8 5.7+0.3 47+0.2 74+04 6.6+04 5+£03
20:0 1.4+03 0 1.2+0.2 32+0.2 0.7+0.1 0
22:0 0.6+0.1 0 05+0.0 1.8+0.3 0 0
2 SFA 29.7+3.4 33.7+£3.6 17.7+£2.2 332+34 194 +£2 243+23
16:1w7 34+1.1 31+0.5 29+1.1 34+1.6 1.1£0.3 41+23
18:107 22+0.6 25+0.7 0.8+0.2 32+0.9 0.7+0.1 2.8+09
18:109 3.0+0.9 2.1+£0.6 1.0+£0.3 22+0.8 1.4+04 2.1+0.6
18:1w11 0 0 0 0 0 14+0.7
20:1w9 0.8+0.2 0.6+0.1 03+0.0 1.0+£0.3 0 1.4+0.4
20:1w11 1.1+£0.5 1.0+£0.5 0.6+0.3 23+0.8 0 1.9+0.8
¥ MUFA 122+2.3 94+2.1 6.7+0.9 153+2.6 32+0.7 13.7+3.3
16:2w6 1.2+0.3 0 0.7+0.2 20+04 0 1.3+£0.2
18:2w6 1.1+04 0 1.0+£0.2 0 1.1+£0.2 0
18:4m3 1.0+ 0.2 0 1.0+ 0.2 1.1+£0.3 0 1.3+£0.2
20:2 NMI 1.3+£0.8 32+1.8 04+0.2 27+1.6 0 49+1.7
20:206 09+0.2 0 0 20+0.6 0 20+04
20:3w6 0 0 0 0.6+0.4 0 1.7+£09
20:403 0 0 0 0 0 24+0.6
20:406 155+2.2 21.8+34 302+5.6 95+2 41.3+9.2 6.6 1.1
20:5w3 8.7+0.9 97+1.0 122+1.0 6.0+0.9 69+0.5 98+1.2
22:2NMI 1 0.6+0.2 0 0 33+0.7 0 3+£0.6
22:2 NMI 2 0 0 0 1.1+£0.8 0 0
22:206 0 0 0 0 1.7+ 0.6 0
22:306 0 0 0 1.1+£0.6 0 0
22:406 1.9+0.8 1.7+£0.5 1.6 £0.7 25+09 1.8+0.3 2.1+0.6
22:5m3 26+1.0 1.4+£0.7 1.2+0.6 1.9+0.3 14+03 25+09
22:506 40+1.5 29+1.3 6.7+1.1 45+1.0 57+1.0 2.1+£09
22:603 188+ 1.6 16.1+1.5 20+£2.0 122 +2.1 16.8 +1.5 222+19
2 PUFA 58.1+104 56.9+9.6 756+11.4 51.5+12.1 77.4+£13.9 62.0+10.5
Y EFA 429+5.0 47.6 £5.7 62.4+7.8 27.8+5.0 65+10.1 38.6+4.4
2 BAFA 6.0+0.4 72+1.1 33+0.5 7.9+0.9 42+0.5 46+04
X HPFA 1.1+£04 0 1.0+£04 0 1.1+£0.5 0
X TFA 2+0.3 4.6+0.8 6+12 09+0.1 36+0.8 1.3+£0.3

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; EFA: essential fatty acids;
BAFA: bacterial fatty acids; HPFA: higher plant fatty acids; TFA: total fatty acids (ug FA mg"' DM); NMI: nonmethylene interrupted
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Table A1S. Fatty acid composition (mean % TFA + SD) of the three size fractions of
zooplankton for the stations where they were collected. Data represent all fatty acids at
concentrations >1% TFA in at least one sample.

Inter-island

Fatty acid small medium large
<500 pm 500-1500 pm >1500 um
14:0 9.8+6.1 2.9+0.7 1.6+0.2
i-15:0 1.8+0.7 03+0.1 0.2+0.0
15:0 27+1.5 0.5+0.1 04+0.1
16:0 474+11.4 14.6 £4.7 13.7+1.6
i-17:0 09+0.6 04+03 0.3+0.1
17:0 3.0+09 0.6+0.2 0.7+0.2
i-18:0 1.2+0.1 0.4+0.1 0.4+0.1
18:0 152+£5.5 3.6+0.8 2.5+0.6
20:0 2.1+1.1 09+0.2 0.8+0.3
22:0 6.1+6.7 0.6+0.1 0.5+0.2
24:0 2.8+£3.9 0 0
X SFA 95.6+1.6 252+7.0 212+29
16:107 0 39+1.0 4.0£0.2
17:107 0 09+04 0.7+0.1
18: 17 0 1.7+£0.6 1.9+04
18:109 0 6.8+1.7 69+04
20:107 0 09+03 02+0.2
20:109 0 1.3+£0.5 1.1+£0.2
22:109 0.5+0.7 42+2.1 45+1.4
22:1w11 0 8.0=+3.7 8.6+2.7
24:109 0 1.6 0.6 2.8+£0.2
>~ MUFA 09=+0.1 303+3.2 30.6 +5.8
18:206 0 1.1+£0.1 14+02
18:403 1.84+0.8 1.4+02 1.5+0.1
20:406 0 0.8+0.0 0.8+0.2
20:503 0 15.0+0.2 152+53
22:503 1.2+0.1 09+0.0 38+53
22:603 0 23.8+34 24.1+5.0
> PUFA 35+1.7 44.5+3.8 48.3+8.3
¥ EFA 0 39.6 3.6 40.2+£10.6
¥ BAFA 10.4+3.0 2.6+0.8 2.1+03
¥ HPFA 0 1.1+£0.1 14+0.2
18:109/18:107 0 4.1+0.5 3.7+ 09
¥ 22:1011+20:109 0 9.4+42 9.7+2.8
X TFA 8.6+1.5 20.6 £0.7 51.0+ 8.8

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated
fatty acids; EFA: essential fatty acids; BAFA: bacterial fatty acids; HPFA: higher plant fatty
acids; TFA: total fatty acids (ug FA mg' DM); NMI: nonmethylene interrupted
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