Chapter 7

The Role of Lipids in the Life History

of the Antarctic Silverfish Pleuragramma
antarctica

Wilhelm Hagen and Gerhard Kattner

Abstract A unique characteristic of the pelagic Antarctic silverfish Pleuragramma
antarctica is the massive accumulation and storage of lipids in special oil sacs. The
enormous lipid deposition beyond 50% of body dry mass functions primarily as
buoyancy aid compensating for the missing swim bladder in these fishes, although
the depot lipids could also serve as energy reserves. The lipid signature clearly
reflects the life cycle of P. antarctica. Trophic marker fatty acids of the early larval
and post-larval stages reveal feeding preferences on phyto- and zooplankton, mainly
copepods, which these stages utilize for rapid somatic growth without special lipid
storage. The juvenile stages tend to feed on calanoid copepods, while the adults
shift to krill (Euphausia superba, E. crystallorophias) as major food items. The
findings from fatty acid trophic markers are in accordance with gut content analy-
ses. Juveniles to adults exhibit a pronounced lipid deposition, namely triacylglycer-
ols, in the oil sacs. These triacylglycerols are composed of unmodified dietary fatty
acids, but may also partially be synthesized de novo. This substantial lipid accumu-
lation not only represents a key adaptation of P. antarctica to life in the pelagic
realm. It is also of major importance as high-quality and high-energy food for other
marine vertebrates such as seabirds and seals and ultimately ensures an efficient
energy flow through the lipid-based high-Antarctic food web.
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7.1 Introduction

The Antarctic fish fauna is unique, due to the overwhelming dominance of one per-
ciform group, the Notothenioidei, with 97% of the species endemic to the Southern
Ocean (Andriashev 1987). These species originate from a benthic ancestor without
a swim bladder (Clarke and Johnston 1996; Eastman 2005), which may explain that
only very few species permanently invaded the pelagic zone, a niche with plenty of
lipid-rich food, e.g. copepods and krill, largely unoccupied by fishes (Eastman
2005). The Antarctic silverfish Pleuragramma antarctica is the key species among
these pelagic fishes of the Antarctic ichthyofauna (Koubbi et al. 2009; La Mesa and
Eastman 2012). The biomass of this circum-Antarctic shoaling species is estimated
with 500,000 t (1 t km~2) in the Weddell Sea (Hubold 1992). The complete life cycle
of the Antarctic silverfish has first been intensely studied by Hubold and colleagues
(e.g. Hubold 1984, 1992, 2009) in the Atlantic sector of the Southern Ocean, espe-
cially the Weddell Sea. The ontogenetic development of P. antarctica relies strongly
on lipids from the energy-rich eggs and yolk-sac larvae via post-larval and juvenile
developmental stages to the adults (Wohrmann et al. 1997). The incorporation of
large amounts of triacylglycerols in the lipid sacs (Fig. 7.1), which are fully devel-
oped in the juveniles and adults, is an exclusive key adaptation of this pelagic spe-
cies to counter negative buoyancy (Eastman and De Vries 1982; Friedrich and
Hagen 1994; Hagen et al. 2000). Although not very flexible with regard to buoyancy
regulation, these low-density lipid compounds compensate for the lacking up-thrust
of a swim bladder and allow these sluggish fish to maintain their position in the
water column without additional swimming effort. However, these lipid deposits
may also be utilized for energetic requirements (Eastman and de Vries 1989).

For the first time, ripe eggs of P. antarctica were detected in the stomachs of
benthos-feeding fish (Trematomus spp.) at 450 m depth in the Weddell Sea in

Fig. 7.1 Pleuragramma antarctica. Double row of subcutaneous lips sacs (sc) from a mid-ventral
location in the trunk of a 90 mm length formalin-preserved specimen. Melanophores between sacs
are in the mid-ventral line. Sacs are 0.7-0.9 mm in diameter (Figure and caption from La Mesa and
Eastman (2012) (with kind permission of John Wiley and Sons Inc))
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October 1986 (Hubold 1992, 2009). The embryonated eggs of P. antarctica have a
diameter of about 2.0-2.5 mm and contain large amounts of lipid-rich yolk, which
explains their initial positive buoyancy, but before hatching the eggs start to sink, as
lipids are catabolized and converted to proteins (Evans et al. 2012). Lipids are also
crucial for growth of the early larvae, which at least partially rely on the yolk sac for
energy. Yolk-sac larvae of 810 mm length can survive more than 3 weeks of starva-
tion (Hubold 1992), although if food is available in the field they may feed soon
after hatching, as the mouth is already well developed (Bottaro et al. 2009). Hatching
has never been observed in the Weddell Sea, but apparently it commences in early
spring (November), with very small larvae also occurring in January and February.
First yolk-sac larvae (9 mm mean length) were only collected (by Multinet) at
depths below 500 m in mid-November. Within a few days very high concentrations
of larvae occurred in the productive surface layer (<50 m depth) and in spite of near-
freezing seawater temperatures the larvae showed surprisingly high growth rates
comparable to boreal herring larvae (Hubold 1992). This early developmental phase
of P. antarctica in the Weddell Sea appears to deviate from that described for the
Antarctic silverfish in the Ross Sea, a phenomenon that may be due to different
hydrographic conditions, but clearly requires further investigations. In Terra Nova
Bay, Ross Sea, developing eggs and freshly hatched larvae of P. antarctica occur in
very high concentrations near the surface among the platelet ice, directly under the
congelation ice (Vacchi et al. 2004, 2012a), although the early larvae showed nega-
tive phototaxis and positive gravitaxis (Evans et al. 2012).

Larvae and post-larvae feed mainly on small cyclopoid copepods and early juve-
niles switch to calanoid copepods at a standard length of >60 mm (Hubold and
Hagen 1997). During this developmental phase they start to store lipids via ingested
food and/or de novo synthesis. In the juvenile stages enormous lipid depots, namely
triacylglycerols, are accumulated. In the ice-covered regions the older stages of P.
antarctica shift from copepods to the dominant neritic “ice krill”, Euphausia crys-
tallorophias. Part of the P. antarctica population is transported by currents from the
southern Weddell Sea towards the eastern side of the Antarctic Peninsula, where the
fish mainly feed on the Antarctic krill, E. superba (Kellermann 1987). Pronounced
lipid storage is a typical characteristic of the adults, with lipids reaching average
levels of 50% of body dry mass (DM), but they may vary from 30% to 60%DM
(Friedrich and Hagen 1994). With increasing age the adults descend to greater
depths and return to the southern Weddell Sea shelf areas. The circle of this life
cycle closes, when the adult P. antarctica migrate to their spawning grounds over
the northeastern shelf areas of the high-Antarctic Weddell Sea (Hubold 1992).

Although P. antarctica is a key component of the high-Antarctic food web and
an important and very lipid-rich prey for marine mammals and birds, e.g. toothed
whales, seals and emperor penguins, there are few detailed reports on its lipid and
fatty acid compositions as a unique characteristic of the Antarctic silverfish. We will
summarize the lipid data and elucidate the role of these high-energy/low-density
compounds in the life history of P. antarctica by tackling questions such as these: Is
the strong lipid increase in the older stages based on de novo biosynthesis or is it
accumulated from the diet? Is the lipid in the oil sacs rather inert or does it show an
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intense turnover, perhaps depending on a seasonally varying food supply? Is the
huge amount of lipids necessary to maintain neutral buoyancy or is it also utilized
as energy reserve? Has the sluggish mode of life of P. antarctica any influence on
the lipid storage and demand?

7.2 Larval Stages: Rapid Growth and Low Lipid Levels

Pleuragramma larvae can be defined — besides their size — by their rather low total
lipid content dominated by phospholipids. This group comprises larvae between 10
and 19 mm body length, with the largest specimens overlapping with the post-larval
phase. They show rapid growth rates of 0.15-0.21 mm per day, which are similar to
Atlantic herring larvae (Hubold 1985). Body dry mass extends over a very wide
range from 0.3 to 2.8 mg per specimen. This also holds true for the total lipid
amount, which increases accordingly from 0.06 mg in the youngest to 0.4 mg in the
oldest larvae. The relative lipid levels (in % body dry mass, %DM) are rather low.
Smallest larvae (ca. 10 mm) with yolk sac exhibit slightly elevated lipid levels with
19%DM, which decrease with further development to <14%DM in 15-16 mm spec-
imens utilizing their yolk lipids. In larvae of 19 mm size lipid levels start to increase
again to 23%DM (calculated from % of total lipid (%TL) in wet mass) (Table 7.1
and references therein). The respective lipid compositions of larval stages are char-
acterized by phospholipids (ca. 70-80%TL) as the dominant component of bio-
membranes. These early stages contain only low but variable amounts of storage
lipid, namely triacylglycerols (ca. 7-18%TL, Table 7.1). The lipid composition of
the larvae is strongly determined by yolk lipids, which are essential to fuel initial
somatic growth. During early larval development of the Atlantic herring for instance,
these lipids are dominated by phospholipids, mainly phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) (Tocher et al. 1985). These lipid classes also prevail
in the larvae of P. antarctica with PC and PE accounting for 34% and 20%TL,
respectively (Hagen 1988), while Tavernier et al. (2012) reported 40% PC and 13%
PE.

The fatty acid compositions of the larvae (Table 7.2) consist mainly of three
principal components, 22:6(n-3), 20:5(n-3) and 16:0, which make up about 24%,
17% and 18% of total fatty acids (% TFA), respectively. This composition reflects
the typical fatty acid pattern of marine biomembrane lipids. Other important but less
abundant fatty acids (usually between 5 and 10%TFA) are 18:1(n-9), 18:1(n-7) and
16:1(n-7). The fatty acid compositions of the two major lipid classes, phospholipids
and triacylglycerols, were analysed separately by Mayzaud et al. (2011) and
Tavernier et al. (2012) for the larval size range of 17-19 mm.

Differences between these lipid classes mainly concern the fatty acids 22:6(n-3)
and 16:0, which show twice as high percentages in the phospholipids than in the
triacylglycerols (Table 7.3). In addition, 16:1(n-7), 18:4(n-3) and 18:1(n-9) were
clearly higher in the triacylglycerols as compared to the phospholipids. Typically,
the fatty acids of triacylglycerols reflect dietary preferences, whereas phospholipids
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have a more conservative and homogeneous composition less influenced by dietary
interactions (Dalsgaard et al. 2003). A trophic signature is partially reflected in the
fatty acid compositions of the larvae, although it is unknown to what extent the fatty
acid compositions of eggs and yolk influence the overall composition. The fatty
acids 16:1(n-7) and 18:4(n-3) in the larvae may originate from feeding on diatoms
and flagellates, respectively. However, it cannot be excluded that these algae were
ingested by e.g. herbivorous copepods and that this prey together with the phyto-
plankton markers was incorporated by P. antarctica. Gut content analyses by Koubbi
et al. (2007) showed that the larvae (15-30 mm) from Dumont d’Urville Sea, East
Antarctica, are omnivorous, feeding mainly on diatoms and copepods. Vallet et al.
(2011) and Tavernier et al. (2012) reported that about 70% of the larvae feed on a
mixture of phytoplankton and zooplankton, while the rest ingests exclusively phy-
toplankton, mainly diatoms. In contrast, diatoms represented only a negligible food
item in the guts of larvae from the southern Weddell Sea (von Dorrien 1989; Hubold
and Hagen 1997). In both Antarctic regions the ingestion of diatoms by the larvae is
reflected by the 16:1(n-7) marker fatty acid, although the signal is not as high as
expected from the gut content analyses. In addition, polyunsaturated fatty acids
with 16 carbon atoms, another typical diatom marker, are almost missing. These
findings do not suggest an intense incorporation of diatom fatty acids by P. antarc-
tica. Vice versa, fragile flagellates are often damaged and thus very difficult to detect
in the guts of the larvae. This may explain why higher portions of the 18:4(n-3)
flagellate marker are not corroborated by gut content analyses. It should also be kept
in mind that gut contents provide only a snapshot impression of the ingested food
items, whereas fatty acid trophic markers integrate dietary signals over several
weeks (Graeve et al. 1994). This emphasizes an advantage of trophic marker fatty
acid studies over conventional gut content analyses (which may provide higher tax-
onomic resolution). On the other hand, the rapid growth of the P. antarctica larvae
may limit the applicability of trophic marker fatty acids, due to their immediate
conversion and intense utilization for growth and energetic requirements.

7.3 Post-Larval Stages: Slower Growth and Initial Lipid
Accumulation

With the development from larvae to post-larvae (ca. 30-50 mm length) there is a
clear increase in total lipid levels, indicating the onset of lipid accumulation in spe-
cial subcutaneous and intermuscular depots, the oil sacs typical of Pleuragramma
(Eastman and De Vries 1989). Dry mass and lipid mass increase clearly with length
to 50 mg DM and 14 mg TL, respectively (Table 7.1). This results in a near doubling
of the lipid content from about 19%DM in the smaller to 30%DM in the larger post-
larvae. This initial lipid increase in the post-larvae is clearly due to an accumulation
of triacylglycerols (Table 7.1). These compounds comprise the only neutral lipid
component stored by P. antarctica and reach about 40% of total lipids in these
post-larvae.
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Apparently, during this critical phase of early development the post-larvae need
to invest energy into somatic growth, but also channel already substantial amounts
of energy, namely triacylglycerols, towards lipid deposition. It is a matter of conjec-
ture, whether this lipid storage is primarily functioning as buoyancy adaptation,
since there are no density data available for the post-larval phase. This lipid deposi-
tion may explain that — in contrast to the rapid growth of the larvae — growth of
post-larvae slows down drastically to 0.06—0.08 mm per day (La Mesa and Eastman
2012). These post-larvae use the ingested energy partially for a distinct lipid
deposition, which is quite unique among early developmental stages. It is in contrast
to other species, e.g. herring or hake post-larvae, which suffer from high predation
pressure and tend to rapidly outgrow this critical early developmental phase (Grote
et al. 2012).

In accordance with the increasing triacylglycerol portions, the fatty acid compo-
sitions of the post-larvae reflect more clearly their dietary preferences. Unfortunately,
for the post-larval stages only fatty acid data of total lipids are available, but not of
triacylglycerols, which would provide stronger dietary signals. This signal is indi-
cated by higher concentrations of long-chain monounsaturated fatty acids, in par-
ticular 20:1(n-9), in the most advanced post-larvae. Other principal fatty acids are
similar to those of the larval stages. The 20:1(n-9) fatty acid supports the intense
ingestion of calanid copepods, namely the older lipid-rich copepodite stages of
Calanoides acutus. This trophic marker comprises about a quarter of total fatty
acids in C. acutus (Kattner et al. 1994). It is the only Antarctic copepod species
characterized by high amounts of wax esters with long-chain monounsaturated fatty
acids and alcohols, both moieties dominated by 20:1(n-9). These wax esters make
up 90% of total lipids in this copepod species. The other principal prey items are
cyclopoid copepods of the genus Oncaea (Hubold and Hagen 1997). They are simi-
larly rich in wax esters as C. acutus, but its fatty acids are strongly dominated by
18:1(n-9) (33-79%TFA), while 14:0 and 16:0 prevail in the fatty alcohol moieties
(Kattner et al. 2003). This is partially reflected in the most advanced post-larvae. P.
antarctica hardly contains any wax esters. The trace amounts detected may still
originate from undigested food in the guts, although according to Giraldo et al.
(2013) the gut content has no significant influence on the lipid analyses. Thus, wax
esters have to be cleaved into fatty acids and alcohols, probably in the liver. Both
moieties may be used for metabolic demands and for the production of triacylglyc-
erols, with fatty alcohols following conversion into fatty acids. Alternatively, the
alcohols may not be absorbed and egested unutilized, making no use of this high-
energy compound. However, Sargent et al. (1979) suggested that fatty alcohols are
efficiently assimilated and converted to fatty acids, usually as triacylglycerol moi-
eties, by marine fish, e.g. Atlantic herring. The suggested feeding preferences of P.
antarctica based on its fatty acid markers is supported by conventional gut content
analysis, since the wax ester-rich older C. acutus have been reported as the domi-
nant prey item in P. antarctica specimens <50 mm comprising more than 40% of
prey biomass (Hubold and Hagen 1997). Small cyclopoid copepods of the genus
Oncaea were the second most important prey and accounted for 25% of the ingested
biomass and 60% in terms of prey abundance.
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7.4 Juveniles and Adults: Slow Growth and Pronounced
Lipid Storage

The strong lipid accumulation already noted in the post-larvae continues exponen-
tially in the juveniles, which comprise several age classes. First-year juveniles had
a total lipid mass of about 35 mg and a lipid content of 37% DM (calculated from
wet mass by Mayzaud et al. 2011). The exponential increase in dry and lipid
mass from the younger to the older juveniles (size range 54-98 mm) is shown in
Figs. 7.2 and 7.3, reaching about 1.2 and 0.6 g, respectively (Table 7.1). Second and
third-year juveniles exhibit slightly higher mean lipid levels between 30% and
47%DM. Adult P. antarctica (size range 120—190 mm) reach highest mean lipid
levels around 47%DM with a maximum of 58%DM (Friedrich and Hagen 1994).
These total lipids are clearly dominated by the storage lipid triacylglycerol, increas-
ing from 60%TL in first-year juveniles to 80%TL in the adults (Fig. 7.4). The
remaining lipid compounds comprise primarily phospholipids, but also low levels
of cholesterol (Table 7.1).

The fatty acid compositions reveal a change in trophic preferences from larvae to
juveniles and adults. As already indicated by the older post-larvae, portions of
20:1(n-9) reached up to 17%TFA in juveniles, but decreased again towards the
adults to 6%TFA. A similar trend occurred for 22:1(n-11) and 22:1(n-9) with maxima

(=1

Body dry mass (mg ind."")
8 &8 3 8
o o o

o

0 20 40 60 80 100 120
Body length (mm)

Larvae  Post-larvae Juv. 1 Juv. 2 Juv. 2+

<20 mm <50 mm <60mm <80mm <100 mm

Fig. 7.2 Pleuragramma antarctica. Growth curve includes major lipid accumulation. Body dry
mass in dependence of body length for larvae to juvenile age 2+. The insert shows the data in a
semi-logarithmic scale. Spring (red dots), summer (blue diamonds); Juv. juveniles



7 The Role of Lipids in the Life History of the Antarctic Silverfish Pleuragramma... 141

Fig. 7.3 Pleuragramma 60
antarctica. Lipid content — o
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Fig. 7.4 Pleuragramma antarctica. Changes in lipid classes during growth. Logarithmic trend-
lines are shown. Triacylglycerols (red symbols/line), phospholipids (blue symbols/line), dots: data
from spring, diamonds: data from summer

of 12% and 10%, respectively, in juveniles decreasing to about 3—4%TFA in the
adults (Table 7.2). These 22:1 isomers suggest an increasing importance of the
larger calanoid copepod, Calanus propinquus, in the diet of juvenile P. antarctica.
C. propinquus deposits triacylglycerols instead of wax esters and it is the only dom-
inant Antarctic copepod, which biosynthesizes very high amounts of the fatty acid
22:1(n-9) with up to 26%TFA (Kattner et al. 1994). This intriguing shift from C.
acutus to C. propinquus by larger P. antarctica (60—-100 mm) is clearly supported by
gut content analyses (Hubold and Hagen 1997). The 22:1(n-11) isomer shows even
higher percentages in C. propinquus, but it is also typical of Calanoides acutus, as
discussed above. Wax esters may contribute 90% of the total lipids in C. acutus,
hence the percentage of the 22:1(n-11) alcohol is comparable to that of the corre-
sponding fatty acid in C. propinquus. Although the 22:1(n-11) trophic marker is a
powerful tool to identify these two dominant calanid copepods as food items, it is
limited with regard to the differentiation between these species. Apart from their
dominance, it is probably also energetically advantageous for P. antarctica to feed
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on these two calanid species, since long-chain moieties have a higher energy content
than shorter ones (Albers et al. 1996). The preference for C. propinquus as prey sug-
gests that it is easier for P. antarctica to utilize the large amounts of triacylglycerols
in comparison to wax esters.

The decreasing importance of the long-chain monounsaturated fatty acids with
increasing size of P. antarctica may be compensated by higher lipid deposits. It also
emphasizes the change in dietary preferences of the older specimens supported by
the corresponding change in fatty acid compositions. 18:1(n-9) is by far the domi-
nant fatty acid in the adults (25%TFA), followed by similar amounts of 16:0 and
14:0 (ca. 15%TFA each, Table 7.2). These fatty acids are not as specific trophic
indicators as the long-chain monounsaturates, since they are rather common end-
products of the fatty acid biosynthesis. The fatty acid 18:1(n-9) usually originates
from the elongation and desaturation of 14:0 and 16:0 dietary precursors, but may
also derive from de novo biosynthesis. This may reflect a considerable biosynthetic
production of lipids in adult P. antarctica. Despite its limitation as a trophic marker,
18:1(n-9) can provide dietary information, as it is a major fatty acid component of
the ice krill Euphausia crystallorophias (Bottino 1975, Kattner and Hagen 1998),
especially in juveniles and adults with up to 75% in the wax ester fraction, which
may comprise 50% of total lipids. In addition, the 14:0 fatty alcohol, the predomi-
nant wax ester moiety in ice krill (75% of total alcohols), may be converted to the
corresponding 14:0 fatty acid by P. antarctica. Hence, these fatty acid components
provide supportive evidence that older P. antarctica rely on ice krill as major prey
item. In addition to calanid copepods, various authors report the importance of
euphausiids, especially ice krill in high-Antarctic waters, in the diet of P. antarctica
(Hubold 1985; Hubold and Ekau 1990). In more northerly regions of the Southern
Ocean, e.g. off the Antarctic Peninsula, older silverfish specimens shift to the
Antarctic krill (La Mesa and Eastman 2012 and references therein). However, the
lipid and fatty acid compositions of E. superba do not exhibit specific trophic mark-
ers (Hagen et al. 2001) and thus do not provide evidence for the ingestion of this
krill species. It should be noted that Hubold (1991) reported a strong seasonal shift
for juvenile P. antarctica from a krill-based diet in summer to a copepod-dominated
diet in late winter. This diet was mainly composed of deep-living copepods
(Spinocalanidae, etc.), which the juveniles apparently encountered at depth. The
fatty acid composition of these copepods is not known, however, due to their car-
nivorous feeding mode, they are very unlikely to biosynthesize long-chain monoun-
saturated fatty acids typical of herbivorous calanids.

Other relevant food items include the calanoid copepods Rhincalanus gigas and
Euchaeta spp. (Hubold and Hagen 1997). These species also accumulate large
amounts of wax esters and have similar fatty acid and alcohol compositions as the
ice krill, although 18:1(n-9) is less dominant in the omnivorous R. gigas than in
carnivorous Euchaeta spp. (Kattner et al. 1994; Hagen et al. 1995; Albers et al.
1996). Hence, these lipid components provide no distinguishing dietary resolution.
Nevertheless, the high percentage of 16:1(n-7) in those copepod species (up to
25%TFA in Euchaeta) seems to be reflected in older Pleuragramma specimens
(ca. 10%TFA). This high percentage is intriguing, since 16:1(n-7) is a typical marker
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of diatoms (Graeve et al. 1994), but it may be incorporated unmodified via the
ingestion of these copepods and retained by P. antarctica.

An overview of the fatty acid data of the various P. antarctica stages from larvae
to adults sorted by Principal Component Analysis (PCA) is given in Fig. 7.5, which
highlights the differences and similarities. The first two principal components
explain 86% of the variance. The first axis (PC1) discriminates mainly between
developmental stages with the early larvae arranged towards the left hand side and
the juveniles and adults towards the right hand side. Post-larval data are not as
tightly sorted due to their higher variability and comprise a larger area, partially
overlapping with larvae and juveniles. PC1 is negatively correlated with the fatty
acids 22:6(n-3), 20:5(n-3), 16:0, 18:1(n-7) and 18:0 (in decreasing order of explana-
tory power) typical of larval stages, especially from summer. The positive values of
PC1 are associated with the isomers 22:1(n-11) and (n-9), the isomers 20:1(n-9) and
(n-7) as well as 14:0 and 16:1(n-7) characteristic of the juveniles. Within the stages
the data are also discriminated according to season, but this influence is less pro-
nounced. The few data of the adults and some juveniles, both from summer, are
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Fig. 7.5 Pleuragramma antarctica. Principal Component Analysis (PCA) of larvae to adults,
sorted based on their fatty acid compositions. Light colours: spring data, dark colours: summer
data, data in circle from Tavernier et al. (2012). PCA was conducted based on the composition of
the most abundant fatty acids using the Primer v6 software. Prior to PCA, proportions of the fatty
acids were normalized with arcsine-square-root transformation to correct deficiencies in normality
and homogeneity of variance
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separated from the younger stages and mostly represented by positive correlations
with 18:1(n-9), 14:0, 18:1(n-7), 16:1(n-7), 16:3(n-4), and negative values of 22:6(n-3),
22:1(n-11, n-9) and 20:5(n-3) (PC2). The figure emphasizes the close correlation of
the ontogenetic development and lipid accumulation, reflected by the changing fatty
acid compositions as one of the most important features of P. antarctica.

7.5 Importance of Lipids as Buoyancy Aid and Energy
Reserve

Two key aspects are discussed with regard to the function of lipids in P. antarctica,
buoyancy and energetics (Eastman 1988). The Antarctic silverfish is one of the very
few fully pelagic Antarctic fish species, which originates from a bottom-dwelling
notothenioid ancestor without a swim bladder (La Mesa and Eastman 2012). Hence,
P. antarctica has no efficient buoyancy aid to regulate its density in the water col-
umn, an obvious disadvantage for a pelagic life style. However, due to different
adaptive mechanisms, the species was able to strongly reduce its density and thus
achieved almost neutral buoyancy in seawater (Eastman 1985). P. antarctica shows
various adaptations to increase its sinking resistance and to reduce its density, e.g.
enlargement of pectoral and pelvic fins, reduced ossification and calcification of the
skeleton, replacement of bones by cartilage, small otoliths, and a persistent noto-
chord. The species is also retaining larval features, which delays the formation of
scales (Albertson et al. 2010; La Mesa and Eastman 2012).

The other prominent feature of P. antarctica contributing to neutral buoyancy are
the intermuscular and subcutaneous oil sacs, which apparently serve to compensate
for the lack of a swim bladder. Eastman and de Vries (1989) suggested that the lipid
sacs are primarily used as buoyancy aid and doubted their utilization as energy
reserves, due to the limited cell membrane surface area. To fulfil this buoyancy
function, it would be much more effective for P. antarctica to store these deposits as
wax esters (specific gravity at 5 °C: 0.90 g cm®) instead of triacylglycerols (specific
gravity at 5 °C: 0.96 g cm?), because wax esters provide one third more up-thrust
than triacylglycerols (Lee and Patton 1989). Many marine copepod species follow
this strategy of wax ester deposition and they are able to biosynthesize enormous
amounts of these lipids. Ingesting wax ester-rich copepods could enable P. antarc-
tica to transfer and incorporate huge amounts of these low-density lipids in their oil
sacs. However, P. antarctica and apparently the whole group of Notothenioidei do
not accumulate wax esters (Phleger et al. 1999b; Hagen et al. 2000; Mayzaud et al.
2011), which also indicates their inability to biosynthesize these lipids. (The high
wax ester contents in flesh and lipid sacs of adult P. antarctica as well as the very
high hydrocarbon levels in the larvae reported by Reinhardt and Van Vleet (1986)
must be erroneous results.) During digestion wax esters are cleaved into fatty acids
and fatty alcohols, the latter are obviously converted into the corresponding fatty
acids. This is acommon biochemical pathway known of many triacylglycerol-storing
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fish species, e.g. the well-investigated Atlantic herring (Sargent et al. 1979), and
apparently it is also used by P. antarctica. In contrast, Antarctic myctophids (Phleger
et al. 1999a) and many other marine fish species, e.g. capelin, as well as meso- and
bathypelagic fish, e.g. deep-sea cod, biosynthesize wax esters, as already reviewed
by Nevenzel (1970).

The fat reserves in the lipid sacs of P. antarctica would be quite useful during
periods of food shortage, e.g. in winter, or in times of higher energy demand such as
gonad maturation and egg formation (vitellogenesis). The few seasonal data from
early spring and from summer show no clear differences in total lipid contents
between seasons for the juveniles (Hubold and Hagen 1997). Surprisingly, lipid
levels of these juveniles were lower in summer than in early spring (Fig. 7.3), but
the few data do not allow a sound explanation. It is a matter of conjecture, if this
difference indicates poorer feeding conditions in summer than in spring. The devel-
opment of P. antarctica demands maximum amounts of lipid during the formation
of the oil sacs, which requires plenty of (lipid-rich) food. Once they have reached
adulthood and filled their oil sacs, there is less need for further energy investment to
maintain the buoyancy function of the sacs. This is in accordance with the rather
sluggish and thus energy-saving mode of life suggested for P. antarctica
(Zimmermann and Hubold 1998). If lipids were crucial for neutral buoyancy, utili-
zation of the lipid sacs by P. antarctica would result in negative buoyancy. The spe-
cies would be forced to increase its swimming activity to maintain its position in the
water column, further depleting its lipid depots, a vicious circle. Accordingly, a
model applied by Maes et al. (2006) suggests maximum fitness of P. antarctica, if
the oil sacs function as metabolically inert buoyancy aids and are not utilized as
energy stores. However, the variability of lipid levels in P. antarctica, which range
from 30% to almost 60%DM in the adults (Friedrich and Hagen 1994) indicates that
lipids are not only maintained for optimum buoyancy, but may suggest utilization,
depending on the available food supply. We know from feeding experiments of
copepods with labelled phytoplankton that the turnover in their oil sacs is consider-
able and lipids are exchanged within 2-3 weeks during good feeding conditions
(Graeve et al. 2005). Unfortunately, information about the fatty acid composition of
adult P. antarctica during ageing is still missing.

The pronounced lipid accumulation of P. antarctica represents not only an
impressive adaptive mechanism to occupy the productive pelagic realm, this species
also represents a crucial component within the Antarctic food web. Trophodynamics
in the Southern Ocean are largely based on the efficient transfer of high-energy and
high-quality (rich in (n-3) fatty acids also known as omega-3 fatty acids) lipids from
one trophic level to the next, from extremely lipid-rich calanoid copepods and
euphausiids via oily P. antarctica to the top predators, warm-blooded vertebrates
with a high-performance metabolism. This fragile and well-balanced Antarctic sys-
tem is quite vulnerable to climate change and may result in the displacement of P.
antarctica populations for instance in the Antarctic Peninsula region, which already
shows dramatic changes due to warming (Mintenbeck et al. 2011). Investigations in
the Ross Sea emphasize the close association of Pleuragramma’s life cycle, espe-
cially spawning and larval development, with the cryopelagic habitat and sea-ice
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cover (La Mesa and Eastman 2012; Vacchi et al. 2012b). The reduction and eventu-
ally disappearance of P. antarctica stocks in more northerly Antarctic regions may
result in a dramatic shift from a lipid-based to a less energy-rich food web with
drastic effects for the whole community. In this respect, the Antarctic silverfish may
prove to be a keystone predator, an essential component of the Antarctic Ocean.
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