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ABSTRACT: The distribution and abundance of larval and postlarval fishes was investigated in the 
Lazarev Sea, Southern Ocean, in M arch and April 2004. The upper 200 m of the w ater column w ere 
sam pled w ith an 8 m 2 rectangular m idw ater trawl at 93 stations. The larval species community clus­
tered in a diverse coastal community w ith high densities of Antarctic silverfish Pleuragramma 
antarcticum  larvae and a less diverse offshore community dom inated by Antarctic jonasfish Notolepis 
coatsi and the lanternfish Electrona antarctica. No postlarval fish w ere caught in coastal areas. The 
offshore community of postlarval fishes consisted of the deep-sea smelt Bathylagus antarcticus, and 
the lanternfishes G ymnoscopelus braueri, G. nicholsi and E. antarctica. The latter species clearly 
dom inated, occurring at m ean individual and w et mass densities of 0.17 individuals n r 2 and 0.26 g 
n r 2, respectively. A generalized additive model significantly related  the density of postlarval E. 
antarctica to the abundance of Antarctic krill Euphausia superba, ocean depth  and sea surface tem ­
perature. The diet of E. antarctica was dom inated by copepods and euphausiid  larvae. M ean energy 
density of E. antarctica in the upper 200 m was 2.8 kJ n r 2, w hich is equivalent to 36% of the energy 
stored in Antarctic krill stocks and probably would be considerably higher if a g reater depth  range 
w ere considered. This suggests that E. antarctica is a major energy transm itter in the food w eb of the 
Lazarev Sea, challenging the classical krill-dom inated food w eb paradigm  of the Southern Ocean.
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INTRODUCTION

Pelagic offshore w aters form the largest marine realm  
in the Antarctic, accounting for 89 % of the m arine pri­
mary production (Arrigo et al. 1998). In the early years 
of pelagic ecosystem research, studies focused on the 
role of Antarctic krill Euphausia superba, which forms a 
major food source of m any species of fish, squid, birds 
and mammals (González & Rodhouse 1998, W ienecke

et al. 2000, Casaux et al. 2004, Flores et al. 2004). With 
time it has become increasingly clear that the Antarctic 
food w eb is more complex than  the simplistic d iatom - 
krill-top  predator concept initially assumed. Especially 
the im portance of pelagic fishes as energy transm itters 
may have been  underestim ated (Ainley & DeM aster 
1990, Barrera-Oro 2002).

The m esopelagic ichthyofauna of the Southern 
O cean comprises 73 species belonging to 24 families
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(Kock 1992). It is dom inated, in species num ber as well 
as biomass, by the family M yctophidae or lanternfishes 
(Barrera-Oro 2002). Thirty-five species of myctophids 
are known from the Southern O cean (Hulley 1990). 
Lanternfishes are major consumers of mesozooplank- 
ton (Pakhomov et al. 1996, Pusch et al. 2005) and an 
important, often dom inating part of the diet of a num ­
ber of bird and mammal species (Barrera-Oro 2002, 
Casaux et al. 2004). South of the Antarctic Polar Front 
(APF), the myctophid Electrona antarctica is the most 
abundant lanternfish (Sabourenkov 1990). With the 
exception of the Ross Sea, it exhibits an almost ubiqui­
tous distribution betw een the APF and the continental 
shelf (Hulley 1990).

O ther abundant non-myctophid, mesopelagic and 
epipelagic fishes in the Southern Ocean belong to the 
families Bathylagidae (deep-sea smelts) and Parale­
pididae (barracudinas). The deeper-dw elling bathy- 
lagid Bathylagus antarcticus, for example, is widely 
distributed in the Southern Ocean. It is found at depths 
down to 4000 m, but vertical migration extends up to 
the surface layer (Lancraft et al. 1989, Gon 1990). The 
paralepidid N otolepis coatsi (Antarctic jonasfish) is 
known to occur betw een the surface and 2000 m depth 
(Post 1990).

The early stages of most Antarctic fish species are 
usually epipelagic. Larvae of Bathylagidae, M yctophi­
dae and Paralepididae are common in oceanic near­
surface w aters (Hoddell et al. 2000, Fisher et al. 2004). 
In high Antarctic shelf waters, the nototheniid Pleura­
gramma antarcticum  (Antarctic silverfish) is the 
dom inating pelagic species (White & Piatkowski 1993, 
Hoddell et al. 2000). Spatial separation has been  hypo­
thesized betw een the different life stages of P. ant­
arcticum-, larvae feed on Zooplankton in the surface 
layer of the shelf w aters and move into deeper layers 
farther offshore w hen they become juveniles. M ature 
adults return  to the shelf for spaw ning (Hubold 1992, 
M aes et al. 2006).

The Lazarev Sea belongs to the less intensively 
investigated sectors of the Southern Ocean. Between 
the Antarctic Circumpolar C urrent in the north and the 
Coastal C urrent in the south, large areas are influ­
enced by the eastern  extension of the W eddell Gyre 
with an eastw ard flow in the north and branches tu rn ­
ing south and west in the central Lazarev Sea (Klatt et 
al. 2005). The major part of the Lazarev Sea covers 
deep sea and a narrow  shelf borders the Antarctic 
continent.

A scientific survey in austral autum n 2004 provided 
an opportunity to sample the pelagic ichthyofauna of 
the Lazarev Sea and to evaluate the results in the light 
of various abiotic and biological datasets collected in 
parallel. The objectives of this study are to (1) investi­
gate the distribution of larval and postlarval fishes in

the top 200 m layer of the Lazarev Sea, (2) assess the 
role of different biotic and abiotic factors in controlling 
the distribution of the most abundant species, Elec­
trona antarctica, and (3) evaluate the ecological re le ­
vance of m yctophid fishes to the pelagic ecosystem.

MATERIALS AND METHODS

Sampling scheme. Larval and postlarval fish w ere 
collected betw een 7 and 26 April 2004 during an expe­
dition w ith RV 'Polarstern' (ANT XXI-4). The cruise 
was mainly dedicated to surveying the distribution and 
abundance of Antarctic krill Euphausia superba  on 
behalf of the Convention on the Conservation of A nt­
arctic M arine Living Resources (CCAMLR). The sta­
tion grid in the Lazarev Sea (CCAMLR statistical Sub- 
area 48.6) included 4 longitudinal transects along the 
0°, 2°, 4° and 6° W m eridian and extended from 61° S to 
the continental coast at approxim ately 71° S (Fig. lb). 
Latitudinal spacing betw een stations was 20 nautical 
miles (n miles) (37.0 km).

A rectangular m idw ater trawl (RMT 8+1) net was 
used as the routine sam pling device. It consisted of an 
RMT 1 (mesh size = 0.33 mm) m ounted above an RMT 
8 w ith net opening areas of 1 and 8 m 2, respectively. 
The RMT 8 had  a m esh size of 4.5 mm at the opening 
and a mesh size of 0.85 mm at the cod end. A calibrated 
m echanical impeller flow m eter m ounted outside the 
net opening allowed the volume of w ater passing 
through the net to be estim ated. At each station, stan­
dard  double oblique hauls w ere conducted, reaching 
to a depth  of 200 m at a trawling speed of 2.5 knots 
(4.5 km h-1).

Environmental data. O cean depth, sea surface tem ­
perature and surface salinity w ere continuously re ­
corded by the ship's sensors. Based on RMT 8 and 
RMT 1 samples, euphausiid  larval and postlarval 
abundance data (individuals [ind.] 1000 n r 3) w ere 
collected following the procedures described in Siegel 
et al. (2004). Surface w ater total chlorophyll concen­
tration (mg n r 3) at each sam pling station was 
obtained from a public database based on the NASA 
O cean Biogeochemical model (NOBM: NASA 2007, 
G regg & Casey 2007).

The proportion of the sea surface covered by sea ice 
was m onitored by an observer on board while the ship 
travelled betw een stations according to the m ethod 
described in Van Franeker et al. (1997). Total ice cov­
erage was estim ated for each station as a function of 
latitude using a linear model with a logit link function 
(explained deviance = 67.4%, p < 0.001). The same 
m ethod was applied to estim ate the proportion of the 
sea surface covered by pack-ice floes excluding young 
ice (explained deviance = 34.2%, p < 0.05).
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Fig. 1. (a) Cluster dendrogram  of stations according to the species composition of 
larval fishes and (b) geographic distribution of species clusters in polar stereo- 
graphic projection. Stations w here fish larvae w ere caught w ere grouped in  a 
coastal and an oceanic cluster. Geographic overview of the Antarctic continent in 

inset shows the survey area shaded  in  grey

Fish data. All larval and postlarval fish w ere collected 
from the RMT 8 and identified to species level. Larvae 
w ere either frozen or preserved in 70% ethanol. We 
m easured the standard length (SL) of each postlarval fish 
to the lower full millimeter im m ediately after capture. 
O ne-third of the postlarval fish w ere 
preserved on 4 % hexam ine-buffered 
form aldehyde solution in seawater; the 
rest w ere frozen at -20°C. In the home 
laboratory, the frozen fish w ere thaw ed 
and blotted dry w ith paper tissue. Wet 
w eight (WW) was estim ated to an accu­
racy of 0.01 g. The leng th -w eigh t re la ­
tionship obtained from these specimens 
was used to calculate the WW of the 
rem aining fish (Table 1).

From the 14 stations w here a 
sufficient num ber of fish w ere 
caught, the diet was analysed in 139 
Electrona antarctica. Stomachs w ere 
collected from the fish immediately 
after thaw ing and fixed in 4 % hexa- 
m ine-buffered form aldehyde so­
lution in seawater. After fixation, 
stomachs w ere dissected under a 
stereoscopic microscope. Food items 
w ere identified to species level and 
ontogenetic stage if possible. In the 
case of strongly digested crusta­
ceans, the num ber of ingested indi­
viduals was assum ed to be half the 
num ber of facet eyes. Calanoid 
copepods w ere grouped in the size 
classes of small (<3 mm) and large 
(>3 mm). Reconstructed dry weight 
was calculated for major taxonomic 
groups of prey species using p u b ­
lished data on m ean individual dry 
mass (Donnelly et al. 1994, Torres et 
al. 1994, H agen 2001).

Data analysis — fish larvae. A 
hierarchical cluster analysis of sam ­
pling sites w as perform ed to inves­
tigate the spatial structure of larval 
species communities. Unidentified 
larvae and stations w here no lar­
vae w ere caught w ere excluded 
from the analysis. A dissimilarity 
matrix based  on the Bray-Curtis 
index was constructed using pres- 
en ce-ab sen ce  data of species at 
each station. Clusters w ere fused 
by group-average linking. The 
density of fish larvae was esti­
m ated at each station based on the 

num ber of individuals per volume of w ater filtered 
and expressed as the num ber of individuals per sur­
face area  (ind. n r 3 x 200 m = ind. n r 2). Overall d en ­
sity per species w as calculated as the average over 
all stations.

Table 1. Bathylagus antarcticus, Electrona antarctica and Gymnoscopelus 
braueri. Param eters of the leng th -w eigh t regressions. The w et w eight (WW) in 
g was expressed as a function of the standard  length  (SL) in  mm according to the 

equation: log10(WW) = a + 51og10(SL). N = sam ple size

Species N a b R2 P

Bathylagus antarcticus 
Electrona antarctica 
G ymnoscopelus braueri

24
649

35

-5.5296
-5.2708
-5.2182

3.0949
3.21570
3.0709

0.90
0.97
0.91

<0.001
<0.001
<0.001
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Data analysis: postlarval fish. Daylight hauls (solar 
radiation > 10 W n r 2) w ere excluded from analysis of 
postlarval fish to avoid an underestim ation of density 
and biomass due to vertical m igration into deeper lay­
ers at daytime (Piatkowski et al. 1994, Pusch et al. 
2005, Loots et al. 2007). Similar to density estim ates of 
larvae, num ber of individuals, w et biomass and energy 
densities of postlarval fishes w ere calculated and 
expressed in ind. n r 2, g n r 2 and kJ n r 2, respectively. 
Energy density was estim ated based  on the sum of the 
individual energy contents of adult Bathylagus ant­
arcticus, Electrona antarctica and Gymnoscopelus 
braueri. Individual energy contents w ere calculated 
using the m ean w et mass energy content in B. antarc­
ticus and G. braueri and the relationship betw een SL 
and energy content estim ated from a subsam ple of fish 
from the same survey in E. antarctica (Van de Putte et 
al. 2006).

G eneralized additive models (GAMs, Hastie & Tib- 
shirani 1990) w ere used to investigate the relationship 
of environm ental variables w ith the individual density 
of Electrona antarctica using a suite of publicly avail­
able physical and biological datasets and euphausiid 
abundance data obtained simultaneously by RMT 
sampling. Data included: ocean depth, surface tem per­
ature, surface salinity, surface w ater total chlorophyll 
concentration, total ice coverage, abundance of post­
larval Euphausia superba, abundance of larval E. su ­
perba, abundance of postlarval euphausiid  Thysano­
essa macrura, and abundance of larval T. macrura.

GAMs can be considered as an extension of genera l­
ized linear models (GLMs, M cCullagh & Neider 1989). 
They extend the implicit linear relationship betw een 
response and explanatory variables of GLMs by fitting 
higher order smoothing functions to explanatory vari­
ables. The flexibility of the smoothing function is d e te r­
m ined by the degrees of freedom associated with the 
smoothing term. One degree of freedom  is equivalent 
to a GLM; the flexibility of the smoother increases at 
higher degrees of freedom.

Fish density is com parable w ith count data, which 
are typically m odeled using a Poisson error distribution 
(McCullagh & Neider 1989). We used a Poisson error 
distribution w ith a correction for overdispersion (in R 
term ed quasipoisson) com bined w ith a log link func­
tion. The num ber of fish caught per station was used as 
the discrete response variable. To relate the num ber of 
fish to actual densities, the am ount of filtered w ater 
was used as an offset variable.

The 2 shelf stations with depths less than  500 m were 
excluded. Electrona antarctica is an offshore species 
and was not caught at these localities. To obtain an 
equal spread over the entire range of the data, depth 
values w ere log-transformed, and a 4th-root transfor­
mation was applied to the euphausiid abundance data.

Collinearity of variables was assessed by calculating 
correlation coefficients and variance inflation factors 
(VIF). The VIF values of all variables w ere <10, a value 
below which colinearity is usually not regarded  as seri­
ous (Quinn & Keough 2002).

M odels w ere fitted w ith smoothing splines using 
cross-validation to obtain the optimal degrees of free­
dom for each variable. The best model was estim ated 
by stepwise forward selection based on the lowest 
deviance. Significance of decreasing deviance was 
confirmed w ith the F-test (Quinn & Keough 2002). 
Regression assumptions w ere assessed visually by 
plotting the response variable against fitted values and 
residuals against variables. The procedure was rep ea ­
ted using ice floe coverage instead of total ice coverage 
as a descriptor of sea ice conditions. Statistical calcula­
tions w ere perform ed with the R (R Development Core 
Team 2006) and Brodgar (Highland Statistics 2006) 
software packages.

RESULTS 

Larval iish

N inety-three stations w ere sam pled for fish larvae. 
At 74 of these stations, 903 fish larvae w ere collected. 
They comprised at least 10 species belonging to 7 fam ­
ilies. Electrona antarctica, Notolepis coatsi and Pleura­
gramma antarcticum  dom inated the species com m u­
nity, altogether accounting for 97 % of the larvae 
caught (Table 2).

A hierarchical cluster analysis separated  the stations 
into 2 groups at a dissimilarity level of 55 % (Fig. la). 
Most stations of one cluster w ere located in the south­
ern  shelf and slope region of the survey area, w hich is, 
therefore, referred  to as the coastal cluster (Fig. lb). 
Sea ice was common in this region. At only one station 
was a single specim en of Notothenia kem pi caught, at 
a bottom depth  of 4100 m. The species composition of 
the coastal cluster consisted exclusively of notothe- 
nioid larvae. It was dom inated by Pleuragranmia 
antarcticum, w hich was encountered at 7 of the 9 sta­
tions in this cluster. Due to the high num bers of P. 
antarcticum  larvae, overall density of larvae in the 
coastal cluster was considerably higher than in the 
oceanic cluster (Table 3).

Stations deeper than 3000 m formed an oceanic 
cluster (Fig. lb). Larvae of Electrona antarctica and 
Notolepis coatsi w ere found throughout this region. 
N. coatsi w ere more abundant than E. antarctica 
larvae (Table 3). On the easternm ost transect, larvae 
of Bathylagus antarcticus w ere encountered  at 8 sta­
tions, and a single M uraenolepis sp. larvae was 
obtained.
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Table 2. Species composition of larval fishes in the Lazarev 
Sea, M arch and April 2004. F0 = frequency of occurrence 
(percentage of stations w here fish larvae w ere caught), FE = 
relative frequency (percentage of the total num ber of fish 

sampled), N = num ber of fish larvae caught

Taxonomic group 
and species

N No. of 
stations

Fo
(%)

Fr
(%)

Bathylagidae
Bathylagus antarcticus 16 8 8.6 1.8
Myctophidae
Electrona antarctica 262 55 59.1 29.0
Muraenolepidae
M uraenolepis sp. 1 1 1.1 0.1
Paralepididae
Notolepis coatsi 362 60 64.5 40.1
Bathydraconidae
Akarotaxis nudiceps 1 1 1.1 0.1
Racovitza glacialis 1 1 1.1 0.1
Channichthyidae
Channichthyidae spp. 4 3 3.2 0.4
Nototheniidae
Notothenia kem p i 2 2 2.2 0.2
Pleuragramma antarcticum 248 7 7.5 27.5
Nototheniidae sp. 1 1 1.1 0.1
Unidentified 5 3 3.2 0.5
No fish - 20 21.5 -
Total 903 93 - 100.0

Table 3. Densities (ind. m  ) of dominant species of fish larvae in  the spatial 
clusters shown in Fig. 1

Cluster — Coastal — — Oceanic — —  Total----
M ean SD M ean SD M ean SD

Bathylagus antarcticus 0.000 - 0.014 0.046 0.010 0.038
Electrona antarctica 0.000 - 0.221 0.258 0.152 0.237
Notolepis coatsi 0.000 - 0.307 0.241 0.211 0.246
Pleuragramma antarcticum 1.454 2.194 0.000 - 0.141 0.778
All species 1.526 2.215 0.546 0.372 0.523 0.825

Postlarval iish

Species composition and distribution patterns

The analysis was limited to the 61 stations sam pled 
in darkness because large parts of the populations of 
the species caught are known to dwell at depths below 
200 m during daylight. In total, 1094 individuals of 
4 species w ere caught. Electrona antarctica clearly 
dom inated the species community. It was caught at 
most stations throughout the oceanic part of the area  of 
investigation (Table 4, Fig. 2a). The distribution of 
Gymnoscopelus braueri w as similar to that of E. ant­
arctica, but it occurred in much lower num bers. Bathy­
lagus antarcticus was collected at 7 localities (Fig. 2b). 
Twenty-nine of the 40 individuals sam pled w ere 
caught at a single locality at 69° S, 6°W. Two G. n i­
cholsi w ere caught at 2 stations in the northern part of 
the survey area (Table 4).

The overall average num ber of individuals, biomass 
and energy densities of postlarval Bathylagus ant­
arcticus, Electrona antarctica and Gymnoscopelus 
braueri are shown in Table 5. H ighest densities of 
E. antarctica w ere found betw een 66° and 68° S 
(Fig. 2a). The length-frequency distribution of the post­
larval E. antarctica covered almost the entire known 
size range (Hulley 1990) and was dom inated by fish 

betw een  25 and 39 mm SL, averaging 
at 43.6 mm (Fig. 3). The low num bers 
caught of B. antarcticus and G. braueri 
preclude a m eaningful analysis of their 
distribution patterns and size distribu­
tions.

Table 4. Species composition of postlarval fishes in the Lazarev Sea, M arch and 
April 2004. F0 = frequency of occurrence (percentage of stations w here fish 
w ere caught), FE = relative frequency (percentage of total num ber of fish 

sampled), N = num ber of fish caught

Taxonomic group 
and species

N No. of 
stations

Fo
(%)

Fr
(%)

Length 
range (mm)

Bathylagidae
Bathylagus antarcticus 40 7 11.5 3.7 29-130
Myctophidae
Electrona antarctica 987 42 68.9 90.2 21-102
G ymnoscopelus braueri 65 20 32.8 5.9 64-132
G ymnoscopelus nicholsi 2 2 3.3 0.2 158-180
No fish - 19 31.1 - -
Total 1094 61 - 100.0 -

Density of postlarval Electrona 
antarctica in relation to environm ental 

variables

The relationship of the density of post­
larval Electrona antarctica w ith a num ­
ber of environm ental variables was ex ­
plored using GAMs. The GAM w ith the 
lowest deviance included abundance of 
postlarval Euphausia superba, ocean 
depth, sea surface tem perature and 
abundance of Thysanoessa macrura lar­
vae. This model explained 78.3 % of the 
deviance (Table 6). The smooth term  of 
the latter variable, however, was in ­
significant (Table 7). Excluding the 
abundance of T. macrura larvae led to an 
increase in unexplained deviance of only 
4% , suggesting that a com bination of 
postlarval krill abundance, depth  and
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abundance of postlarval krill 
had  a negative effect on the 
fitted density of the lanternfish 
(Fig. 4a,b). The effect of sea sur­
face tem perature on m odeled 
fish density was largely neutral, 
although it significantly im ­
proved the overall model fit in 
combination with the other vari­
ables (Fig. 4c). Large confidence 
intervals indicate that model 
reliability was low at depths 
shallower than ca. 3200 m, post­
larval krill abundances above 80 
ind. n r 2 and sea surface tem per­
atures below -1.7°C (Fig. 4).

Diet of Electrona antarctica

W 12° 10° 6° 0 ° 2° E W 12'

Fig. 2. Spatial distribution of postlarval fishes (polar stereographic projection), (a) Indi­
vidual density of Electrona antarctica (daylight stations excluded from analysis) and (b) 
stations w here Bathylagus antarcticus, G ymnoscopelus braueri and Gymnoscopelus 

nicholsi w ere caught (all stations included)

Table 5. Individual, biomass and energy densities of the 3 most abundant 
species of postlarval fish

Species Density 
(ind. m~2) 

M ean SD

Biomass 
( g n r 2) 

M ean SD

Energy 
(kJ n r 2) 

M ean SD

Bathylagus antarcticus 0.005 0.027 0.012 0.082 0.036 0.246
Electrona antarctica 0.170 0.172 0.261 0.255 2.827 2.723
G ymnoscopelus braueri 0.011 0.026 0.074 0.175 0.614 1.534

sea surface tem perature was the best predictor of the 
density of postlarval E. antarctica (Table 6).

Postlarval krill abundances betw een 2 and 11 ind. 
n r 3 and depths betw een 3800 and 4500 m positively 
affected the fitted density of Electrona antarctica. Low occasionally.

Stomachs of 139 postlarval 
fish w ere investigated for their 
content. The fish had a m ean SL 
of 43.9 mm, ranging betw een 20 
and 79 mm. Stomachs w ere not 
collected from the few larger 
fish obtained, which w ere sacri­
ficed entirely for energy investi­
gations (Van de Putte et al. 
2006). Of the total examined, 
120 stomachs contained food 
items. Most of the stomach con­
tents, however, w ere at an 
advanced stage of digestion. At 
least 12 prey species w ere 
found. The majority of prey 
items w ere copepods (Table 8). 
Calanoid copepods > 3 mm w ere 
the most num erous, accounting 

for 28% of the num ber of prey items. 
Among them, Metridia gerlachei was 
the most frequently identified species. 
The second most frequent large cope- 
pod species identified was Pareuchaeta 
antarctica. Among the copepods < 
3 mm in size (16% of food items), 
A etidiopsis m inor  and Scolecithricella 
m inor w ere the only identifiable prey 
species. Euphausiids accounted for 
28% of the food items. A small num ber 

of furcilia larvae and adult euphausiids could be iden­
tified as Thysanoessa macrura. Ostracods (6.6%) and 
am phipods (5.7%; e.g. Hyperiella dilatata) w ere less 
frequent (Table 8). Limacina spp. (1.9%) w ere found
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Fig. 3. Electrona antarctica. L ength-frequency  distribution of 
postlarvae. The percen tage of the total num ber of fish is 

show n for each 5 mm length  class

Table 7. Model param eters of smoothing term s of the 2 most 
parsimonious models (from Table 6). df = degrees of freedom, 
p  = significance of smoother. The m odel analyzed in  the 

discussion is h ighlighted in  bold and shaded

Smoother for variable
Model 3 

df p
M odel 4 

df p

Postlarval krill abundance 
O cean depth 
Sea surface tem perature 
Larval Thysanoessa 

macrura abundance

6.6 <0.001 
6.6 0.005 
9.0 0.041

4.7 <0.001 
4.1 0.001
2.7 0.019 
1.6 0.168

et al. 2006). In this sense, the standardized, spatially 
dense sam pling schem e of the present study provided 
a dependable dataset for minimum abundance esti­
m ates of Antarctic m esopelagic fishes.

DISCUSSION Larval fish

Only a few fish surveys have been  conducted in the 
less intensively investigated sectors of the Southern 
Ocean (Hoddell et al. 2000, G ranata 2002, Donnelly et 
al. 2004). Our study forms the first published record on 
the distribution of postlarval fishes in the pelagic 
w aters of the Lazarev Sea and contributes new  data on 
the distribution of fish larvae, 23 yr after the data  col­
lection of the most recent published record (Efremenko 
1991). The restricted fishing depth  (0-200 m) of the 
survey limited the chances of sam pling the full range 
of deep-dw elling species. Because the natural depth 
distributions of the postlarval fishes caught exceed 
200 m at night (Collins et al. 2008), and due to possible 
net avoidance by larger fish, their individual and bio­
mass densities w ere probably underestim ated. With 
few exceptions (Piatkowski et al. 1994, Duhamel et al. 
2000, Collins et al. 2008), however, data collected with 
relatively small m acrozooplankton nets present the 
best information on mesopelagic fish in the Southern 
Ocean available to date (Lancraft et al. 2004, Donnelly

Table 6. Electrona antarctica. Comparison of generalized additive models 
relating  the density of fish to combinations of stepwise added  environm ental 
variables, p  = F-test significance of change in  deviance com pared w ith the 
m odel in  the preceding row. The m odel discussed in the text is highlighted in

bold and shaded

Model
no.

Variables Deviance Explained
deviance

P

1 Postlarval krill abundance 624.1 42.1% 0.003
2 Model 1 + ocean depth 498.0 53.8% 0.008
3 Model 2 + sea surface temperature 247.6 74.5 % 0.032
4 Model 3 + larval Thysanoessa 

macrura abundance
233.6 78.3% 0.041

Ten species of larval fish belonging to 7 families 
w ere collected. The taxonomic richness was small 
com pared w ith reports from nearby areas, such as 
Efremenko (1991) who found 25 species from 8 families 
in the Lazarev Sea in autum n, and White & Piatkowski 
(1993) who reported  18 species from 8 families from 
the adjacent W eddell Sea in summer. Comparability 
am ong studies is often com plicated by the difference in 
depth  ranges sam pled and sam pling gears used. More 
importantly, extensive sam pling of the diverse shelf- 
associated species assem blage in these studies pro­
bably contributed to an elevated species richness com ­
pared  with our more oceanic sam pling scheme. In high 
Antarctic offshore waters, species num bers com para­
ble w ith our findings are representative for a sampling 
depth  betw een 100 and 300 m (Kaufmann et al. 1995, 
M orales-Nin et al. 1995, Fisher et al. 2004).

A distinct separation into coastal and oceanic species 
communities w as apparent from the cluster analysis. 
This pattern  reflects the contrast betw een the shelf- 

associated species community dom i­
nated  by notothenioids and the off­
shore community of m esopelagic fishes 
in the Southern O cean (DeWitt 1970, 
Hoddell et al. 2000, G ranata 2002). The 
6 notothenioid species encountered  on 
the few shelf stations can be considered 
as a subsam ple of the coastal ichthy- 
oplankton community of the Lazarev 
Sea (Efremenko 1991, White & Piat­
kowski 1993). M any species of this tax­
onomic group are endem ic to high 
Antarctic w aters (Loeb et al. 1993). 
Three of these, Akarotaxis nudiceps,
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Fig. 4. Electrona antarctica. G eneralized additive model of the 
num erical density of postlarvae. Effect of additive smoothing 
functions of (a) postlarval Euphausia superba  abundance, 
(b) ocean depth and (c) surface sea tem perature on the 
fitted density of fish. D ashed lines show 95 % confidence 

intervals of smoothers

Rakovitza glacialis and Pleuragramma antarcticum, 
w ere collected during the present survey. The dom i­
nance of P. antarcticum  larvae often observed in 
Antarctic shelf and slope w aters could be confirmed for 
the Lazarev Sea (Kaufmann et al. 1995, Hoddell et al. 
2000, G ranata 2002).

The ichthyoplankton composition was less diverse in 
offshore waters. Electrona antarctica and Notolepis 
coatsi larvae occurred widely in the offshore parts of 
the survey area. They are typically the dom inant spe­
cies of fish larvae in the oceanic part of the Southern 
O cean south of the APF (Morales-Nin et al. 1995, H od­
dell et al. 2000, Fisher et al. 2004). M uraenolepis sp. 
and Bathylagus antarcticus have been  reported to be 
scarce in high Antarctic surface w aters (Kaufmann et 
al. 1995, M orales-Nin et al. 1995). The elevated fre­
quency of B. antarcticus larvae in the east of the survey 
area might be related  to upwelling of deeper w ater 
layers close to the M aud Rise seam ount (Holland 2001).

As a consequence of their planktonic m ode of life, a 
pronounced role of bottom topography and prevailing 
currents in structuring the distribution of larval fish 
communities is typical (Koubbi et al. 1991, White & 
Piatkowski 1993, Hoddell et al. 2000). In the ocean 
around the Antarctic continent, separation of coastal 
and offshore w aters is enhanced by a latitudinal suc­
cession of circumpolar current systems with longitudi­
nal flow, such as the w estw ard flowing Coastal C ur­
rent. In the Lazarev Sea, the northern boundary of this 
current system largely coincides w ith the shelf break, 
forming an effective physical barrier betw een oceanic 
and coastal ichthyoplankton communities (Klatt et al.
2005).

Postlarval fish

Species composition and distribution patterns

Four species of postlarval fish w ere collected in off­
shore waters: Bathylagus antarcticus (Bathylagidae) 
and Electrona antarctica, Gymnoscopelus braueri and 
G. nicholsi (Myctophidae). The absence of these m eso­
pelagic fishes from the coastal areas reflected the spa­
tial separation observed in the larval community. 
Shelf-associated postlarval fish w ere probably not 
sam pled representatively at the few shelf and slope 
stations of the survey, leaving no evidence of postlarval 
Pleuragramma antarcticum, the dom inating pelagic 
species on the Antarctic shelf. A range of species simi­
lar to our findings w ith E. antarctica as the most com ­
mon postlarval fish was reported from the upper 200 m 
of the w ater column in various areas of the Southern 
O cean (Hoddell et al. 2000, Lancraft et al. 2004, Don­
nelly et al. 2006).
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Table 8. Electrona antarctica. Diet composition from 139 fish sam pled (20 to 
79 mm SL); 19 stomachs w ere empty. Proportional dry w eights w ere recon­
structed based  on published m ean individual weights. DW = dry weight, N =

num ber of diet items

Prey item N Proportional 
N (%)

M ean ind. 
DW (mg)

Proportional 
DW (%)

Ostracods 21 6.6 0.54a 4.55
Copepods 166 52.6 0.68a 44.80
Postlarval euphausiid 8 2.5 3.94b 12.57
Euphausiid fur cilia 13 4.1 0.85c 4.41
Euphausiid calyptotis 67 21.2 0.22c 5.87
Euphausiids total 88 27.8 22.85
Amphipods 18 5.7 3.87b 27.81
Others 23 7.3 - -
Total 316 100.0 - 100.0

aFrom Donnelly et al. (1994); bfrom Torres et al. (1994); cfrom H agen (2001)

The density of Electrona antarctica individuals 
(0.170 ind. n r 2) was substantially higher com pared 
with values reported for the upper 200 m, w hich range 
betw een 0.011 (Lancraft et al. 2004) and 0.099 ind. n r 2 
(Kaufmann et al. 1995). The majority of E. antarctica 
sam pled in the Lazarev Sea w ere juveniles. The 2 m a­
jor modes in the length-frequency distribution (30 to 
34 mm and 55 to 59 mm) correspond to the length 
classes of 1 and 2 year old fish (Fig. 3; Greely et al. 
1999). Due to the dom inance of juveniles, high individ­
ual densities w ere not reflected in biomass density 
(0.261 g WW n r 2), w hich was at the lower end  of the 
range reported from the w estern  W eddell Sea and 
adjacent w aters (Lancraft et al. 1989, Donnelly et al.
2006), but considerably higher than values reported 
from the Ross Sea, the Scotia Sea and the APF 
(Piatkowski et al. 1994, Donnelly et al. 2004, Collins et 
al. 2008). The low num erical and biomass densities of 
Bathylagus antarcticus and Gymnoscopelus braueri in 
the Lazarev Sea w ere in the range reported from the 
near-surface layer (Kaufmann et al. 1995, Donnelly et 
al. 2006).

Density of postlarval Electrona antarctica in relation 
to environm ental variables

Postlarval Electrona antarctica density could best be 
m odeled by a GAM including abundance of postlarval 
Euphausia superba, ocean depth  and sea surface tem ­
perature. O cean depths betw een about 3800 and 
4500 m had  a positive effect on the m odeled density of 
E. antarctica, w hereas low abundances of postlarval 
krill negatively affected the fitted fish density 
(Fig. 4a,b).

A grow ing num ber of studies has 
exem plified the benefit of GAMs in 
ecological datasets, including marine 
and fisheries ecology (Maravelias et al. 
2007, Zarauz et al. 2007). Loots et al. 
(2007) m odeled the habitat use of Elec­
trona antarctica as a function of bathy­
metry, sea surface tem perature and 
chlorophyll a (chi a) concentration in 
the Kerguelen Archipelago. They ar­
gued  that chi a concentration inversely 
reflected food availability. Unlike the 
findings of Loots et al. (2007), surface 
chlorophyll concentration did not sig­
nificantly contribute to the predicted 
density of E. antarctica in our model. 
Chlorophyll concentration cannot 
always be correlated to food availabil­
ity because it indicates algal standing 
stock rather than the prim ary produc­

tion rate. Instead, abundance of postlarval krill was the 
most significant component. In less productive waters, 
postlarval krill can be expected to be scarce. The same 
holds true for copepods and euphausiid larvae, the pri­
mary prey of E. antarctica (Table 8). The negative 
effect of declining postlarval krill abundance on the 
m odeled density of E. antarctica indicates that both 
species responded to similar environm ental con­
straints. Despite differences in approach, hydrograph­
ical setting, zoogeographic zone and environm ental 
variables, the investigations of Loots et al. (2007) and 
ours agree in relating the distribution of E. antarctica 
to hydrography and food availability. It can be 
assum ed that the inclusion of a param eter more 
directly reflecting food availability, such as overall 
mesozooplankton biomass, would increase model p er­
formance, w hen available.

Ecological significance of fish: 
the case of Electrona antarctica

The environm ental variables positively affecting the 
m odeled density of Electrona antarctica in the Lazarev 
Sea occur w idely in the Southern Ocean, indicating a 
huge potential of this species in the pelagic ecosystem. 
The diet of E. antarctica was dom inated by copepods 
w ith respect to num erical and dry mass proportions 
(Table 8). The food composition of E. antarctica is 
known to vary w ith area and season and has been 
reported  to shift towards a higher proportion of 
euphausiids in larger fish (Rowedder 1979, Williams 
1985). The proportion of euphausiids in the diet might 
have been  som ewhat underestim ated because the 
largest fish (SL > 80 mm) w ere very scarce and not
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available for stomach analysis. This study confirms the 
dom inance of copepods in the diet of postlarval 
E. antarctica <90 mm SL in the Lazarev Sea reported 
by Pakhomov et al. (1996).

The taxonomical range of the diet composition 
reflected a typical catholic diet, indicating that Elec­
trona antarctica can rely on a diversity of resources 
(Sabourenkov 1990). A diverse prey spectrum  in com ­
bination with diel vertical migration enables E. antarc­
tica to exploit both m esopelagic and epipelagic r e ­
sources. Through diel vertical migration, the fish acts 
as an effective energy store and carrier betw een the 
m esopelagic and epipelagic realms. Such a 'biological 
pum p' (Radchenko 2007) could work both dow nw ards 
and upwards. The myctophid's high energy storage 
capacity effectively binds resources in periods of e le ­
vated epipelagic secondary production, enhancing a 
fast transfer into deeper layers (Donnelly et al. 1990, 
Van de Putte et al. 2006). During times of poor ep i­
pelagic food availability, the myctophid can rely on 
these reserves as well as deeper living Zooplankton, 
providing energy to the top predators at the surface by 
nocturnal upw ard migration.

The relative im portance of myctophids for the South­
ern  Oceanic ecosystem is often distorted by the 
om nipresence of Antarctic krill and the under-repre- 
sentation of pelagic fishes in many sam pling schemes. 
The perceived limited ecological significance of myc­
tophids contrasts with their common presence in the 
diets of a range of Antarctic marine bird and seal spe­
cies (Ainley et al. 2003, Connan et al. 2007, Luque et al.
2007). Ichii et al. (2007) recently dem onstrated that 
non-breeding chinstrap penguins Pygoscelis antarc­
tica and lactating Antarctic fur seals Arctocephalus 
gazella  perform foraging trips to obtain energy-rich 
myctophids, even w hen krill is abundant close to their 
breeding colonies. While biomass density of Electrona 
antarctica (0.3 g n r 2) was low com pared with the con­
currently sam pled Antarctic krill, which w ere in the 
order of 1.9 g n r 2 (V. Siegel unpubl. data), energy d en ­
sity of the fish averaged 2.8 kJ n r 2 (Table 5). For com ­
parison, a tentative estim ate of the energy density of 
Antarctic krill in the area of investigation, based on an 
average w et w eight energy content of 4.1 kJ g_1 
(Torres et al. 1994), calculates to 7.8 kJ n r 2. Thus, 
E. antarctica in the upper 200 m alone represented  
36 % of the energy density of Antarctic krill. This figure 
is probably an underestim ate of the total population's 
energy content due to the shallow sam pling depth. In 
high Antarctic oceanic waters, about 24 to 70% of the 
biomass of E. antarctica betw een the surface and 
1000 m depth  has been reported to occur in the upper 
200 m at night (Lancraft et al. 1989, Donnelly et al.
2006). In contrast, krill biomass estim ates are unlikely 
to change w hen a w ider depth  range is considered

(Siegel 2005). Thus, E. antarctica may have formed an 
energy resource similar in m agnitude to the more 
abundant krill.

Assuming 2 major trophic pathw ays in the high 
Antarctic (Hopkins et al. 1993), the energy flow start­
ing w ith phytoplankton and protozoans will mainly 
flow either (1) via krill, or (2) via copepods and myc­
tophids to the top predators, partly comprising in ter­
m ediate trophic steps via cephalopods and large 
fishes. The latter food w eb contains an additional 
trophic level, w hich would be associated w ith about 
90% energy loss. Interestingly, estim ates of bulk bio­
mass in the Southern O cean w ere very similar for krill 
(67 to 297 X 10® t; Atkinson et al. 2004, Siegel 2005) and 
myctophids (70 to 275 x 10® t; G josaeter & Kawaguchi 
1980, Naumov 1985, Lubimova et al. 1987). Currently, 
there is an accepted paradigm  that total biomass of 
Antarctic krill and copepods in the Antarctic are equal 
(Voronina 1998). Yet, the annual krill production to 
biomass (P/B) ratio coefficient is about 1 (Pakhomov 
2000, Siegel 2000), while for copepods it is at least 6 to 
7 for large calanoid copepods and perhaps higher for 
small copepods (Voronina 1984). This leads to the con­
clusion that energy flow through the copepod com m u­
nity could be several (up to 10) times higher than 
through krill, largely accounting for an extra trophic 
level and explaining why the total biomass of mycto­
phids and Antarctic krill in the Southern O cean can be 
expected to be in the same order of m agnitude.

By com paring krill and myctophid energy stocks 
sam pled simultaneously, this study provided new  evi­
dence that the copepod-fish -top  predator link is p rob­
ably as im portant as the traditionally em phasized krill 
trajectory in the Southern O cean food web. However, 
better know ledge of trophic interactions at all trophic 
levels is necessary to obtain an accurate picture of the 
role of fish in the pelagic food web, and more precise 
estim ates of m esopelagic fish stocks and their distribu­
tion are needed  that are based on sampling schemes 
specifically tailored for that purpose.

Concluding remarks

This study provided a novel baseline assessm ent of 
the pelagic ichthyofauna of the Lazarev Sea. A wide 
and abundant distribution of larval and postlarval 
fishes and a pronounced role of Electrona antarctica in 
the pelagic energy budget in autum n provided evi­
dence that pelagic fishes play an im portant role in the 
ecosystem of the Southern Ocean, challenging the tra ­
ditional krill-centered concept of the Southern Ocean 
food web. It was dem onstrated that the distribution of 
an ecologically im portant species such as E. antarctica 
can be related  to a limited set of environm ental vari-
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abies. On a larger scale, similar models may help to 
explain the distribution of E. antarctica and its re s­
ponse to a changing environm ent. In the context of 
ecosystem m anagem ent, a closer look at m esopelagic 
fishes could add a new  perspective relating to the eco­
logical consequences of hum an activities in the A nt­
arctic m arine environm ent. This aspect might become 
more im portant in the future w ith respect to bycatch in 
the expanding krill fisheries and potentially develop­
ing fisheries directed at mesopelagic fish.

A cknow ledgem ents. C aptain and crew of RV 'Polarstern' pro­
vided excellent support in  a challenging environment. We 
kindly thank  U. Bathm ann and the Alfred W egener Institute 
for Polar and M arine Research (AWI) for support. We express 
special thanks to M. Haraldsson, M. Vortkamp and S. Scholing 
for technical assistance during the cruise and to R. Johnson for 
grammatical corrections. Some data used  in  this study w ere 
acquired using the GES-DISC Interactive Online Visualization 
ANd aNalysis Infrastructure (Giovanni) as part of the NASA's 
G oddard Earth Sciences (GES) Data and Information Services 
Center (DISC). This study was supported by the N etherlands 
AntArctic Programme (NAAP project no. 851.20.011), the 
Dutch Ministry for Agriculture, N ature and Food Quality 
(LNV), the Belgian Science Policy (BELSPO project no. 
EV/01/30B, 'PELAGANT') and the G erm an Federal Ministry 
for Food, A griculture and Consumer Protection (BMVEL).

LITERATURE CITED

Ainley DG, DeM aster DP (1990) The upper trophic levels in 
polar m arine ecosystems. In: Smith I, W alker O (eds) Polar 
oceanography. Academic Press, London, p  599-630 

^ . Ainley DG, Ballard G, Barton KJ, Karl BJ, Rau GH, Ribic CA, 
Wilson PR (2003) Spatial and tem poral variation of diet 
w ithin a p resum ed m etapopulation of Adelie penguins. 
Condor 105:95-106 

Arrigo KR, W orthen D, Schnell A, Lizotte MP (1998) Primary 
production in  Southern O cean waters. J  Geophys Res 
O ceans 103:15587-15600 

Atkinson A, Siegel V, Pakhomov E, Rothery P (2004) Long­
term  decline in krill stock and increase in salps w ithin the 
Southern Ocean. N ature 432:100-103 

^ . Barrera-Oro E (2002) The role of fish in the Antarctic m arine 
food web: differences betw een  inshore and offshore 
w aters in  the southern Scotia Arc and w est Antarctic 
Peninsula. A ntarct Sei 14:293-309 

Casaux R, Bellizia L, Baroni A (2004) The diet of the Antarctic 
fur seal Arctocephalus gazella  at Harmony Point, South 
Shetland Islands: evidence of opportunistic foraging on 
penguins? Polar Biol 27:59-65 

Collins MA, Xavier JC , Johnston NM, North AW and others 
(2008) Patterns in  the distribution of m yctophid fish in  the 
northern  Scotia Sea ecosystem. Polar Biol 31:837-851 

Connan M, Cherel Y, M abille G, M ayzaud P (2007) Trophic 
relationships of w hite-chinned petrels from Crozet Is­
lands: combined stomach oil and conventional dietary 
analyses. M ar Biol 152:95-107 

DeWitt HH (1970) The character of the m idw ater fish farma of 
the Ross Sea, Antarctica. In: Holdgate MW (ed) Antarctic 
ecology, Vol 1. Academic Press, London, p  305-314 

Donnelly J, Torres JJ, Hopkins TL, Lancraft TM (1990) Proxi­
m ate composition of Antarctic mesopelagic fishes. Mar 
Biol 106:13-23

Donnelly J, Torres JJ, Hopkins TL, Lancraft TM (1994) C hem ­
ical composition of antarctic Zooplankton during austral 
fall and winter. Polar Biol 14:171-183 

Donnelly J, Torres JJ, Sutton TT, Simoniello C (2004) Fishes of 
the eastern  Ross Sea, Antarctica. Polar Biol 27:637-650 

Donnelly J, Sutton TT, Torres JJ  (2006) Distribution and abun­
dance of m icronekton and macrozooplankton in  the NW 
W eddell Sea: relation to a spring ice-edge bloom. Polar 
Biol 29:280-293 

Duhamel G, Koubbi P, Ravier C (2000) Day and night 
mesopelagic fish assem blages off the K erguelen Islands 
(Southern Ocean). Polar Biol 23:106-112 

Efremenko V (1991) Ichthyoplankton studies in the Lazarev 
Sea. J  Ichthyol 32:129-133 

Fisher EC, Kaufmann RS, Smith KLJ (2004) Variability of 
epipelagic m acrozooplankton/m icronekton community 
structure in  the NW W eddell Sea, A ntarctica (1995-1996). 
M ar Biol 144:345-360 

Flores H, Kock KH, Wilhelms S, Jones CD (2004) Diet of two 
icefish species from the South Shetland Islands and Ele­
phant Island, Champsocephalus gunnari and Chaeno­
cephalus aceratus. Polar Biol 27:119-129 

G josaeter J, Kawaguchi K (1980) A review  of the world 
resources of mesopelagic fish. UN FAO Fish Tech Pap 193 

Gon O (1990) Bathylagidae. In: Gon O, H eem stra PC (eds) 
Fishes of the Southern Ocean. JLB Smith Institute of 
Ichthyology, Grahamstown, p  107-110 

González AF, Rodhouse PG (1998) Fishery biology of the 
seven star flying squid Aiartialia hyadesi at South Georgia 
during winter. Polar Biol 19:231-236 

G ranata A (2002) Ichthyoplankton abundance and distribu­
tion in the Ross Sea during 1987-1996. Polar Biol 25: 
187-202

Greely T, G artner JVJ, Torres J J  (1999) Age and growth of 
Electrona antarctica (Pisces: Myctophidae), the dominant 
m esopelagic fish of the Southern Ocean. Mar Biol 133: 
145-158

G regg W, Casey N (2007) M odeling coccolithophores in  the 
global oceans. D eep-Sea Res II 54:447-477 

H agen W (2001) Lipid m etabolism of the Antarctic krill 
Euphausia superba  and its ecological implications. Mar 
Biol 139:95-104 

H astie T, Tibshirani R (1990) G eneralized additive models. 
C hapm an and Haii, London 

► HoddeU RJ, Crossley AC, Williams R, Hosie GW (2000) The 
distribution of Antarctic pelagic fish and larvae (CCAMLR 
division 58.4.1). D eep-Sea Res II 47:2519-2541 

H olland DM (2001) Explaining the W eddell Polynya — a large 
ocean eddy shed at M aud Rise. Science 292:1697-1700 

Hopkins TL, Ainley DG, Torres JJ, Lancraft TM (1993) 
Trophic structure in  open w aters of the m arginal ice zone 
in  the Scotia-W eddeU confluence region during spring 
(1983). Polar Biol 13:389-397 

Hubold G (1992) Zur Ökologie der Fische im W eddelmeer.
Ber Polarforsch 103:1-157 

Hulley PA (1990) M yctophidae. In: Gon O, H eem stra P (eds) 
Fishes of the Southern Ocean. JLB Smith Institute of 
Ichthyology, Grahamstown, p  146-178 

Ichii T, Bengston JL, Boveng PL, Takao Y and others (2007) 
Provisioning strategies of A ntarctic fur seals and  chin- 
strap penguins produce different responses to distribu­
tion of common prey  and  habitat. M ar Ecol Prog Ser 344: 
277-297

Kaufmann R, Smith KJ, Baldwin R, Glatts R, Robinson B, 
Reisenbichler K (1995) Effects of seasonal pack ice on the 
distribution of macrozooplankton and micronecton in the 
northw estern  W eddell Sea. Mar Biol 124:387-397



282 M ar Ecol Prog Ser 367: 271-282, 2008

Klatt O, Fahrbach E, H oppem a M, Rohardt G (2005) The 
transport of the W eddell Gyre across the Prime M eridian. 
Deep-Sea Res II 52:513-528 

Koek KH (1992) The composition of the fish farma. Cam bridge 
University Press, Cam bridge 

Koubbi P, Ibanez F, Duham el G (1991) Environm ental influ­
ences on spatio-tem poral oceanic distribution of ichthy­
oplankton around the K erguelen Islands (Southern 
Ocean). M ar Ecol Prog Ser 72:225-238 

Lancraft TM, Torres JJ, Hopkins TL (1989) M icronekton and 
m acrozooplankton in  the open w aters near Antarctic 
ice edge zones (AMERIEZ 1983 and 1986). Polar Biol 
9:225-233

Lancraft TM, Reisenbichler KR, Robinson BH, Hopkins TL, 
Torres J J  (2004) A krill-dom inated m icronekton and 
m acrozooplankton community in Croker Passage, A ntarc­
tica w ith an estim ate of fish predation. D eep-Sea Res II 
51:2247-2260

Loeb V, Kellermann A, Koubbi P, North A, White M (1993) 
Antarctic larval fish assemblages: a review. Bull M ar Sei 
53:416-449

Loots C, Koubbi P, Duhamel G (2007) H abitat m odelling of 
Electrona antarctica (Myctophidae, Pisces) in  K erguelen 
by generalized additive models and geographic inform a­
tion systems. Polar Biol 30:951-959 

Lubimova TG, Shust KV, Popkov VV (1987) Specific features 
of the ecology of Southern O cean mesopelagic fish of the 
family M yctophidae. In: Biological resources of the Arctic 
and Antarctic (collected papers). N auka Press, Moscow, 
p 320-337

► Luque S, Arnould JPY, Miller EH, Cherel Y, G uinet C (2007) 
Foraging behaviour of sympatric A ntarctic and subantarc- 
tic fur seals: Does their contrasting duration of lactation 
m ake a difference? M ar Biol 152:213-224 

M aes J, Van de Putte A, H ecq J, Volckaert FAM (2006) State- 
dependent energy allocation in the pelagic Antarctic 
silverfish Pleuragramma antarcticum: trade-off betw een 
w inter reserves and buoyancy. M ar Ecol Prog Ser 326: 
269-282

M aravelias C, Tsitsika E, Papaconstantinou C (2007) Evi­
dence of Morocco dentex (Dentex maroccanus) distribu­
tion in  the NE M editerranean and relationship w ith envi­
ronm ental factors determ ined by G eneralized Additive 
Modelling. Fish O ceanogr 16:294-302 

M cCullagh P, N eider JA (1989) G eneralized Linear Models, 
2nd edn. C hapm an & Haii, New York 

M orales-Nin B, Palom era I, Schadw inkel S (1995) Larval fish 
distribution and abundance in  the A ntarctic Peninsula 
region and adjacent w aters. Polar Biol 15:143-154 

NASA (2007) Giovanni. http://reason.gsfc.nasa.gov/O PS/ 
Giovanni/ocean.modelDay.shtml. A ccessed 01 M ay 2007 

Naumov AG (1985) System analysis of the structure of the 
Antarctic w aters community. In: Vinogradov ME, Flint MV 
(eds) Biological basis of the commercial utilization of the 
open regions of the ocean. N auka Press (in Russian), 
Moscow, p 57-80 

Pakhomov EA (2000) D em ography and life cycle of Antarctic 
krill, Euphausia superba, in the Indian sector of the South­
ern Ocean: long-term  comparison betw een  coastal and 
open ocean regions. C an J  Fish A quat Sei 57:68-90 

Pakhomov EA, Perissinotto R, M cQuaid C (1996) Prey compo­
sition and daily rations of m yctophid fishes in the Southern 
Ocean. M ar Ecol Prog Ser 134:1-14

Editorial responsibility: A ndrew  Brierley,
St. Andrew s, UK

Piatkowski U, Rodhouse PG, White MG, Bone DG, Symon C 
(1994) N ekton community of the Scotia Sea as sam pled by 
RMT 25 during austral summer. Mar Ecol Prog Ser 112: 
13-28

Post A (1990) Paralepididae. In: Gon O, H eem stra PC (eds) 
Fishes of the Southern Ocean. JLB Smith Institute of 
Ichthyology, Grahamstown, p  138-141 

Pusch C, Hulley PA, Koek KH (2005) Community structure 
and feeding ecology of mesopelagic fishes in the slope 
w aters of King G eorge Island (South Shetland Islands, 
Antarctica). D eep-Sea Res I 51:1685-1708 

Q uinn G , Keough M (2002) Experim ental design and data ana­
lysis for biologists. Cambridge University Press, Cambridge 

R Development Core Team (2006) R: A language and environ­
m ent for statistical computing. R Foundation for Statistical 
Computing, Vienna 

Radchenko VI (2007) M esopelagic fish community supplies 
'biological pum p'. Raffles Bull Zool Suppl 14:265-271 

Rowedder U (1979) Feeding ecology of the m yctophid E lec­
trona antarctica (Günther, 1878) (Teleostei). M eeres- 
forschung 27:252-263 

Sabourenkov E (1990) M esopelagic fish of the Southern 
O cean — sum m ary results of recen t Soviet studies. Rep No 
WG-FSA-90/23, CCAMLR, H obart 

Siegel V (2000) Krill (Euphausiacea) variability in  abundance 
and distribution. Can J  Fish A quat Sei 57:151-167 

Siegel V (2005) Distribution and population dynamics of E u­
phausia superba: sum m ary of recent findings. Polar Biol 
29:1-22

Siegel V, Loeb V, Bergström B, Scholing S, H araldsson M, 
Kitchener J, Vortkamp M (2004) D em ography of Antarctic 
krill in  the Lazarev Sea (Subarea 48.6) and the Elephant 
Island area (Subarea 48.1) in  2004. Rep No CCAMLR-WG- 
EMM 23, CCAMLR, H obart 

Torres J, Donnelly J, Hopkins T, Lancraft T, A arset A, Ainley 
D (1994) Proximate composition and overw intering stra te­
gies of Antarctic micronektonic crustacea. M ar Ecol Prog 
Ser 113:221-232 

Van de Putte A, Flores H, Volckaert F, van Franeker JA (2006) 
Energy content of A ntarctic mesopelagic fishes: Implica­
tions for the m arine food web. Polar Biol 29:1045-1051 

Van Franeker JA, Bathm ann UV, M athot S (1997) Carbon 
fluxes to Antarctic top predators. D eep-Sea Res II 44: 
435-455

Voronina NM (1984) Pelagic ecosystems of the Southern 
Ocean. N auka Press (in Russian), Moscow 

Voronina NM (1998) Comparative abundance and distribu­
tion of major filter-feeders in  the Antarctic pelagic zone. 
J  M ar Syst 17:375-390 

White MG, Piatkowski U (1993) A bundance, horizontal and 
vertical distribution of fish in  eastern  W eddell Sea 
m icronekton. Polar Biol 13:41-53 

W ienecke BC, Lawless R, Rodary D, Bost CA and others 
(2000) Adelie penguin  foraging behaviour and krill abun­
dance along the Wilkes and Adelie land  coasts, A ntarc­
tica. D eep-Sea Res II 47:2573-2587 

Williams R (1985) Trophic relationships betw een  pelagic fish 
and euphausiids in  Antarctic waters. In: Siegfried W, 
Condy PR, Laws RM (eds) Antarctic nutrient cycles and 
food webs. Springer Verlag, Berlin, p  453-459 

Zarauz L, Irigoien X, U rtizberea A, Gonzalez M (2007) M ap­
ping plankton distribution in the Bay of Biscay during three 
consecutive spring surveys. M ar Ecol Prog Ser 345:27-39

Subm itted: N ovem ber 16, 2007: Accepted: April 18, 2008 
Proofs received  from  author(s): Sep tem ber 2, 2008

http://reason.gsfc.nasa.gov/OPS/

