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Abstract: Krill species are key organisms in the Antarctic food web. Biochemical composition in terms
of lipids, proteins, carbohydrates, and fatty acids and its implications for spatial distribution were
investigated in specimens of Euphausia superba and Euphausia crystallorophias collected in the Ross Sea
and the adjacent Pacific region during an acoustic survey carried out within the framework of the 19th
Italian National Program for Research in Antarctica (PNRA) Expedition, to gain insights into their
trophic relationships and bioenergetic strategies. In both species, the body biochemical composition
(wet) showed a predominance of proteins (62–86%), followed by lipids and carbohydrates, and,
among identified lipid classes, the two species did not seem to differ much in fatty acid composition.
Results showed the highest dissimilarity in biochemical composition between species relative to
differences in latitude (24%) and to inshore/offshore haul (22%). Fatty acid analysis, and particularly
PUFA/SFA and 18PUFA/16PUFA ratios, allowed identification of a more pronounced omnivorous
kind of diet in E. crystallorophias relative to E. superba.

Keywords: bioenergetics; Euphausia superba; Euphausia crystallorophias; biochemical composition; fatty
acids; Ross Sea

1. Introduction

The Ross Sea supports a large concentration of Antarctic krill (Euphausia superba)
and ice krill (Euphausia crystallorophias), which play a key ecological role constituting a
fundamental link between primary producers (phytoplankton) and top predators [1–3].
It has been estimated that the total consumption of krill by marine mammals is around
10–20 million tons/year in the North Pacific, 15–25 million tons/year in the North Atlantic,
and 125–250 million tons/year in the Southern Hemisphere, with the biggest part played
in the Southern Ocean [4]; these numbers give an idea of the importance of this pelagic re-
source in Antarctic waters. Moreover, krill is involved in biogeochemical cycles, and, given
their large size, high biomass, and daily vertical migrations, they are an important vehicle
of transport and transformation of essential nutrients, stimulating primary productivity
and influencing carbon sink [5]. In time, such valuable marine resources have developed
strategies of adaptation to the extreme conditions in Antarctica involved in particular their
diet [6]. The Euphausiids living in Antarctic waters share a predominantly herbivorous
diet, with some differences among species. Bacteria may play an important role in the diet
of E. superba [7]; high bacterial concentrations described in the stomach suggest that they
may be part of the microbiota [8], providing amino acids, enzymes, and vitamins. Adverse
environmental conditions may induce dietary changes [9,10]; for instance, in winter adults
may eat detritus and heterotrophic material [11,12].

Starving krill slow their metabolic rate and feed on body protein [13], as inferred
from the C:N ratio, resulting in body shrinkage. Lipids in the form of triacylglycerols are
used as an energy source through the winter [14,15]; however, they provide only 11% of
the energy for successful overwintering, while reduction of the metabolic rate accounts

Diversity 2023, 15, 480. https://doi.org/10.3390/d15040480 https://www.mdpi.com/journal/diversity

https://doi.org/10.3390/d15040480
https://doi.org/10.3390/d15040480
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/diversity
https://www.mdpi.com
https://orcid.org/0000-0002-0051-2052
https://orcid.org/0000-0002-8990-2929
https://orcid.org/0000-0002-5395-6896
https://orcid.org/0000-0001-7673-1684
https://doi.org/10.3390/d15040480
https://www.mdpi.com/journal/diversity
https://www.mdpi.com/article/10.3390/d15040480?type=check_update&version=2


Diversity 2023, 15, 480 2 of 15

for 71% [15]. A study comparing krill lipid content in autumn and winter has reported
somewhat conflicting evidence that can probably be explained by differences between open
water and pack ice sampling sites and by high inter-individual variability [16].

Lipid storage strategies differ significantly among krill species. Extensive lipid re-
serves (triacylglycerol and phosphatidylcholine) allow E. superba to survive the Antarctic
winter, whereas E. crystallorophias and Thysanoessa macrura rely on wax esters and phos-
phatidylcholine [17,18]. It has also been reported that lipid accumulation by E. superba
during the productive period and lipid consumption in winter/spring before the phyto-
plankton bloom are much more pronounced than previously assumed [14]. The substantial
lipid accumulation by this biomass species clearly has strong implications for the biogenic
energy fluxes in Antarctic waters. Notably, lipids are not only energy reserves, but they
also reduce energy dispersion during vertical transfers in the water column, favouring
buoyancy [19–21].

Data on lipid amount and composition in krill species in different areas and envi-
ronmental conditions are not very common. Hellessey et al. [22] described some regional
differences among Antarctic krill populations in Atlantic, Indian, and Pacific sectors of
the Southern Ocean, finding that Indian sector krill presented a different dietary lipid
pattern relative to Atlantic and Pacific sector krill by examining their fatty acid profiles;
moreover, the krill diet from the Indian sector was characterized more by copepods and
diatomeae. Ju and Harvey [23] have described an interesting difference in total lipids
between adult individuals of E. superba (20.2%) and E. crystallorophias (30%) caught in the
vicinity of Adelaide Island. In E. superba, 45.5% of lipids were triacylglycerols, whereas in
E. crystallorophias more than half were wax esters (55.9%); in both species, a higher content
of polyunsaturated fatty acids (PUFAs) was found in larvae compared with adults. Where
differences in fatty acid (FA) and sterol content were not significant, greater amounts of
fatty alcohols (14:0, 16:0), which are needed for wax ester biosynthesis, were found in
E. crystallorophias. FA and gut content analysis highlighted a greater reliance on lipid
reserves by the latter species for overwintering [23].

This paper analyses the biochemical composition in terms of lipid, protein, and carbo-
hydrate contents and fatty acid composition of E. superba and E. crystallorophias from the
Ross Sea to reveal differences that could be associated with different dietary strategies and
thus different ways of adapting to the surrounding environment. These differences could
also be associated with the main food source for each species and consequently with their
different geographic localization in the Ross Sea [2,24].

2. Materials and Methods
2.1. Study Area and Sampling

E. superba and E. crystallorophias specimens were collected in the western sector of the
Ross Sea (Antarctica) (hauls 7, 8, 10, 13, and 17) and the adjacent Pacific area (hauls 1, 26, 27,
28, and 30) in January 2004, during an oceanographic cruise aboard R/V Italica. The study
was conducted within the framework of the 19th Italian National Program for Research in
Antarctica (PNRA) Expedition. The area boundary coordinates are 69◦ and 76◦ S latitude
and 165◦ E and 175◦ W longitude. The top 200 m of the pelagic domain were studied using
an acoustic survey. Krill swarms were monitored acoustically at three frequencies (38, 120,
and 200 kHz), to maximize species discrimination, and using periodical trawling to obtain
ground truth data. Bottom depth ranged from about 300 to 3500 m, the northern area at the
border between Ross Sea and the Southern Ocean being the deepest.

Specimens were collected with target fishing mainly using the HPRI-1000 plankton
net (mesh size 1 mm), which was designed by CNR-IRBIM (Ancona, Italy), and was
largely based on the observation of krill swarms by acoustic surveys [25]. The geographical
position of each haul is reported in Figure 1. Haul duration was about 30 min; after net
recovery, all krill specimens, or a subsample in case of huge catches, were sorted, measured,
and weighed as quickly as possible. Some specimens were then frozen at −20 ◦C.
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Figure 1. Krill sampling stations. Asterisks indicate the hauls that provided the specimens subjected
to fatty acid analysis.

Main information concerning haul locations is reported in Table 1.

Table 1. Geographical location of the hauls in western Ross Sea and the adjacent Pacific Ocean:
latitude, longitude, water depth, maximum fishing net depth, and main environmental variables.

Haul Lat. Long. Water Depth (m) Net Depth (m) Ice Cover (%)

1 68◦42.3′ S 179◦53.1′ W 3438.5 120 30

7 75◦56.4′ S 178◦30.9′ E 540.0 100 20

8 75◦36.0′ S 172◦39.8′ E 555.5 100 0

10 75◦6.59′ S 177◦24.5′ W 450.9 37 10

13 74◦27.1′ S 170◦0.35′ E 578.3 125 0

17 73◦8.8′ S 170◦44.4′ E 512.6 75 0

26 70◦10.6′ S 171◦56.8′ E 1479.0 40 0

27 70◦2.69′ S 169◦54.0′ E 2662.5 21 0

28 69◦54.1′ S 172◦0.95′ E 1863.0 35 0

30 69◦11.7′ S 171◦47.8′ E 3043.5 64 0
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2.2. Biometric Measurements

Morphometric characteristics were assessed in specimens preserved at −20 ◦C. Total
length (TL, from the tip of the rostrum to the tip of the telson) and carapax length (CL, from
the tip of the rostrum to the posterior margin of the carapax) were measured to the nearest
0.05 mm using a calliper. The wet weight of soft tissue was measured to the nearest 0.0001 g
after removing the exoskeleton; the soft tissue was then used for biochemical analyses.

2.3. Biochemical Analyses

For the biochemical analyses, 20 individuals of E. superba and 20 of E. crystallorophias
per haul were used to determine percent lipids, carbohydrates, and proteins in known
amounts of soft tissue (wet weight, WW). Soft tissue from each individual, after the
removal of the exoskeleton, was homogenized in 0.9% NaCl solution (final volume, 2 mL)
and subsequently ensonified. Each analysis used 100 µL of homogenised tissue.

Total protein was determined using Hartree’s colorimetric method [26] adapted to
crustaceans [27], using the modified Lowry protein assay [28].

Total carbohydrates were determined according to Dubois et al. [29], using a method
applied to sediment by Gerchakov and Hatcher [30].

Total lipids were determined according to the method of Bligh–Dyer [31], adapted to
crustaceans [27].

The FA composition of lipid extracts was analysed using gas chromatography; total
lipid content was determined according to Folch et al. [32], with some modifications. The
krill sample (0.5–1 g), placed in a Falcon test tube, was mixed with 16 mL of a 1:1 (v/v)
chloroform:methanol solution and homogenized with Ultraturrax (IKA, Staufen, Germany)
for 3 min. Then, 8 mL of chloroform were added, and after having been homogenized for
2 min, the mixture was filtered through a Buchner filter, through the vacuum created by
the water pump. The filtrate, once collected in a flask, was transferred into a Falcon test
tube and was mixed with 6 mL of aqueous solution of KCl 1M. After being stirred for a
minute with vortexing, the aqueous phase and the organic phase were separated using
centrifugation (3000 revolutions/minute, time = 15 min). Then, the organic phase (below)
was recovered, which was then filtered through a pleated filter, in a 50 mL flask. Finally,
the solvent was removed from the organic phase using a rotary evaporator under vacuum
in a thermostatic bath at 40 ◦C. Methyl esters of fatty acids (FAMEs) of total lipids were
obtained according to Christie [33]. These analyses used specimens from 5 hauls (marked
with an asterisk in Figure 1) [34].

Hauls were compared in pairs to determine which conditions yielded the largest
differences between species (E. superba vs. E. crystallorophias), geographical position of
the same species (Ross Sea vs. Southern Ocean), and distance from the coast of the same
species (inshore vs. offshore). A larger number of E. crystallorophias individuals per haul
had to be analysed due to their smaller mean size and to the fact that at least 0.5 g of fresh
tissue are needed to provide reliable data. As regards E. superba, FA classes were analysed
separately in adults and subadults (<35 mm) from hauls n. 1 and 27, to seek differences
between them.

2.4. Statistical Analysis

A number of statistical tests were applied to the data by means of SPSS software.
First of all, one-way ANOVA and Newman–Keuls test were applied to E. superba and
E. crystallorophias specimens from haul n. 10, the only one that had provided a sufficient
number of individuals of both species, to analyse differences in size and biochemical
composition, due to the satisfied criterion of normality of the distributions.

The Kruskal–Wallis test was applied to measure intraspecies differences in biochemical
composition in specimens of different length classes from different hauls, to learn whether
composition varies between sites and during growth; this test was selected because its
proper use foresees series of measurements of individuals of the same population.
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Mann–Whitney’s test was instead used to compare biochemical composition between
species, as this test is mainly used to compare individuals of independent groups (species
in this case).

SIMPER analysis was applied to establish in detail whether differences in biochemical
composition were due to species-specific or geographical-environmental factors. Its results
were tested using ANOSIM. MDS analysis enabled a clearer identification of the groups
resulting from biochemical composition analyses.

Finally, the Mann–Whitney test was applied to FA data to assess the presence and
possible significance of species-specific differences between E. superba and E. crystallorophias;
this test was chosen because it is more suitable in a specific case such as this where a group
of individuals were used together to reach a minimum critical weight needed to perform
the analysis, resulting in only one sample per haul for the seven hauls selected for analysis.

3. Results
3.1. Biochemical Composition of E. superba and E. crystallorophias

A total of 220 krill individuals obtained from 10 hauls conducted in the western Ross
Sea and the adjacent Pacific Ocean area were analysed. The krill assemblages sampled can
be considered as representative of the whole krill population in the area [35,36]. A different
distribution of the two species was documented, as reported in earlier studies [2,24,35,37,38].
Individuals from different hauls exhibited considerable total mean length homogeneity
(E. superba, 42 mm; E. crystallorophias, 22 mm; Table 2), probably due to the scarcity of
juvenile specimens in the samples. Although juveniles are identified by sexual development
stage, they generally measure up to 25–30 mm in E. superba and 15–20 mm in E. crystal-
lorophias [35,39,40].

Table 2. Mean total length ± standard deviation of E. superba and E. crystallorophias specimens and
percent content in Total Organic Matter (TOM) and ash relative to the wet weight of each organism.
No. = number of analysed samples, σTL = standard deviation, TL = total length, WW = wet weight,
TOM = Total Organic Matter, na = not available.

Species Haul No. Mean TL (mm) σTL (mm) Mean WW (g) σWW (g) TOM (%) Ash (%)

E. superba 1 20 42.94 3.72 0.1113 0.0283 na na

E. superba 10 20 39.92 4.90 0.1156 0.0441 na na

E. superba 26 20 41.75 4.01 0.1277 0.0481 84.9 15.1

E. superba 27 20 41.82 2.46 0.1026 0.0268 81.8 18.2

E. superba 28 20 40.56 2.29 0.1115 0.0348 88.4 11.6

E. superba 30 20 42.48 2.50 0.1233 0.0383 82.9 17.1

E. cryst. 7 20 24.12 1.82 0.0281 0.0171 86.4 13.6

E. cryst. 8 20 22.35 2.22 0.0167 0.0093 86.0 14.0

E. cryst. 10 20 24.85 3.04 0.0224 0.0087 na na

E. cryst. 13 20 22.84 3.30 0.0258 0.0157 88.1 11.9

E. cryst. 17 20 23.26 3.28 0.0138 0.0055 82.0 18.0

In both species (Figure 2), proteins were the predominant biochemical class of organic
compounds (62–86%), followed by lipids in E. crystallorophias (23 ± 3%) and by carbohy-
drates in E. superba (9.4 ± 0.7%). The protein/carbohydrate ratio was >1 in all specimens.
The biochemical composition of organic matter (OM; Figure 3) showed large quantitative
differences with higher protein and lipid concentrations in E. crystallorophias
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Figure 2. (a) Percent biochemical composition of E. superba in the selected hauls; (b) percent bio-
chemical composition of E. crystallorophias in the selected hauls. CHO = carbohydrates, LIP = lipids,
PRT = proteins.
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Figure 3. (a) Mean content in lipids, proteins, and carbohydrates (mg/mg wet weight) with standard
deviation intervals in the selected hauls for E. superba; (b) Mean content in lipids, proteins, and
carbohydrates (mg/mg wet weight) with standard deviation intervals in the selected hauls for
E. crystallorophias. CHO = carbohydrates, LIP = lipids, PRT = proteins, WW = wet weight.

The biochemical composition (in mg/mg of fresh tissue) and size of specimens of both
krill species collected at haul n. 10 were analysed using one-way ANOVA and Newman–
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Keuls test, which highlighted significant differences in lipids, carbohydrate content, and TL,
whereas differences in protein content were not significant (Table S1), showing evidence
that the main differences between the two species in terms of biochemical composition are
due to lipid and carbohydrate contents and not due to protein contents.

Data analysis of species using nonparametric Kruskal–Wallis test found significant
differences among sampling hauls for total lipid and carbohydrate fresh content (mg/mg
tissue) in E. superba and for all three compounds in E. crystallorophias (Table S1), demon-
strating a good degree of variability for the same species among different sampling sites.
Analysis by species and by size class (2 mm intervals) found a significant relationship only
in E. crystallorophias, where carbohydrates fell with increasing TL (Table S1).

Mann–Whitney’s test, applied to analyse the differences in biochemical composition
between species, highlighted significant differences for all three parameters (Table S2).
SIMPER (Table S3), ANOSIM (Table S4), and MDS (Figure 4) analysis were performed with
PRIMER software [41], to establish the role of each factor in such differences.
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Figure 4. Differences concerning biochemical composition in the selected hauls. Dendrogram relative
to MDS analysis applied on biochemical composition data from the two krill species. 10 s = E. superba
individuals from haul n. 10; 10c = E. crystallorophias individuals from haul n. 10.

High similarity was found among individuals from the same haul (74–88%); dissimilar-
ity was higher by species (average 34%) than by differences in latitude (24%) and distance
from the coast (22%) (SIMPER, Table S3). MDS analysis found similar results and appeared
to identify three groups in terms of biochemical composition (Figure 4): E. crystallorophias
from haul n. 10 is the most diverse group; the other two groups are composed of E. crys-
tallorophias from hauls n. 7, 8, 13, and 17 and by E. superba from hauls n. 1, 10, 26, 27, 28,
and 30.

3.2. Fatty Acid Composition in E. superba and E. crystallorophias

The specimens used for FA analyses are described in Table 3, while FA classes and
their percent amount are reported in Table 4 (E. superba) and Table 5 (E. crystallorophias).
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Table 3. Krill specimens used for fatty acid characterisation, their length measurements, content in
SFA, MUFA, and PUFA and PUFA/SFA ratio. TL = total length, σTL = standard deviation, SFA = sat-
urated fatty acids, MUFA = mono-unsaturated fatty acids, PUFA = polyunsaturated fatty acids.

Species and Life Stage Haul Specimen
No.

Mean TL
(mm)

σTL
(mm)

SFAs
(%)

MUFAs
(%) PUFAs (%) PUFAs/SFAs

E. superba adults 1 5 44.70 1.70 28.6 30.0 41.4 1.4

E. superba subadults 1 8 29.60 10.15 27.4 36.6 36.0 1.3

E. superba adults 10 13 40.85 4.82 36.3 30.3 33.4 0.9

E. superba adults 27 11 41.20 2.67 33.8 29.2 37.0 1.1

E. superba subadults 27 9 31.85 3.55 31.8 29.2 39.0 1.2

E. crystallorophias adults 7 25 24.85 2.58 16.4 49.3 34.3 2.1

E. crystallorophias adults 17 32 24.88 2.37 20.7 42.4 36.9 1.8

Table 4. Fatty acids classes and percent content found in E. superba individuals. At the bottom of the
table the most relevant ratios, useful to characterize krill main diet, are reported. E. s. = Euphausia
superba, PUFA = polyunsaturated fatty acids, SFA = saturated fatty acids, DHA = docosahexaenoic
acid, EPA = eicosapentaenoic acid.

Fatty Acid Haul 1
(E. s. Adults)

Haul 1
(E. s. Subadults)

Haul 10
(E. s. Adults)

Haul 27
(E. s. Adults)

Haul 27
(E. s. Subadults)

C14:0 6.0 5.6 10.4 8.7 9.2
C15:0 0.4 0.3 0.2 0.1 0.1
C16:0 21.0 19.7 23.7 23.1 20.8

C16:1ω7 3.4 3.3 5.3 3.9 4.1
C16:2 1.4 1.2 1.4 1.2 1.2
C18:0 1.3 1.8 2.0 1.9 1.7

C18:1ω9C 16.7 25.8 16.2 16.8 16.2
C18:1ω7C 8.5 6.1 7.1 7.2 7.4
C18:2ω6 3.4 3.8 2.4 2.1 1.8
C18:3ω6 0.1 0.2 0.4 0.6 0.7
C18:3ω3 0.7 0.5 0.8 0.8 0.8
C18:4ω3 2.6 2.4 5.5 5.3 6.2
C20:1ω9 1.1 1.1 1.3 0.9 1.2
C20:3ω6 0.5 0.5 0.6 0.4 0.3
C20:4ω6 0.8 0.7 0.4 0.6 0.6
C20:5ω3 16.7 13.6 11.8 12.5 12.8
C22:1ω9 0.2 0.2 0.4 0.4 0.4
C22:6ω3 15.2 13.1 10.0 13.5 14.5

PUFA/SFA 1.4 1.3 0.9 1.1 1.2
DHA/EPA 0.9 1.0 0.9 1.1 1.1

C18:4ω3/C16:1ω7 0.8 0.7 1.0 1.4 1.5
C18:1ω9C/C18:1ω7C 2.0 4.2 2.3 2.3 2.2
18PUFA/16PUFA 4.9 5.8 6.5 7.3 7.9

The major FA components found in E. superba and E. crystallorophias were the same
as reported by Ju and Harvey [23], except for 18:4ω3 and 22:6ω3 (docosahexaenoic
acid = DHA), which were abundant in our specimens and absent in those examined
by the cited study. The same applies to the high concentrations of 14:0 measured in adult
and sub-adult E. superba and of 18:1ω9C found in adult E. crystallorophias, as well as to the
small amounts of 20:1 and 22:1 found in both species, even if the slightly higher values in
E. superba for these two last isomers could indicate bigger quantities of copepods in its diet.
Schaafsma et al. [16] found that the most represented fatty acids in age class 0 E. superba
were 16:0, 22:6ω3, and 20:5ω3 (eicosapentaenoic acid = EPA); similar to the findings of this
work, these two last compounds are the basic components of phospholipids.
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Table 5. Fatty acids classes and percent content found in E. crystallorophias individuals. At the
bottom of the table the most relevant ratios, useful to characterize krill main diet, are reported.
E. c. = Euphausia crystallorophias, PUFA = polyunsaturated fatty acids, SFA = saturated fatty acids,
DHA = docosahexaenoic acid, EPA = eicosapentaenoic acid.

Fatty Acid Haul 7
(E. c. Adults)

Haul 17
(E. c. Adults)

C14:0 2.0 3.7
C15:0 0.1 0.1
C16:0 13.2 15.9

C16:1ω7 4.1 4.5
C16:2 0.4 0.4
C18:0 1.0 1.0

C18:1ω9C 32.5 26.9
C18:1ω7C 12.0 10.1
C18:2ω6 2.0 1.9
C18:3ω6 0.4 0.4
C18:3ω3 0.3 0.4
C18:4ω3 2.4 2.0
C20:1ω9 0.6 0.8
C20:3ω6 0.2 0.3
C20:4ω6 0.6 0.7
C20:5ω3 15.7 16.4
C22:1ω9 0.1 0.1
C22:6ω3 12.3 14.4

PUFA/SFA 2.1 1.8
DHA/EPA 0.8 0.9

C18:4ω3/C16:1ω7 0.6 0.4
C18:1ω9C/C18:1ω7C 2.7 2.7

18PUFA/16PUFA 12.8 11.8

There was no remarkable difference between E. superba adults and subadults for what
concerns PUFAs, except that C22:6ω3 is higher in subadults.

Comparison of the FA results of the two species by non-parametric Mann–Whitney
test failed to highlight significant differences for the whole set of lipid classes. This suggests
that E. superba and E. crystallorophias differ less in the level of simple FAs than in how
they form complex lipids, specifically triacylglycerols in E. superba and wax esters in
E. crystallorophias [14], and in lipid body content. In any case, both species showed relatively
high contents in FA classes as 22:6ω3 and 20:5ω3 and intermediate levels of 18:4ω3 and
16:1ω7, which indicate the presence of phytoplankton in the diet; moreover, they also
presented a high level of FA class 18:1ω9C, plus low levels of 20:1, which denote feeding
on zooplankton, even if at a more minor extent than on phytoplankton. On the bases of the
specific FA ratios analysed, E. crystallorophias shows a more pronounced omnivorous diet
in respect to E. superba, at least in austral summer, i.e., the season of the acoustic survey.

4. Discussion
4.1. Biochemical Composition of E. superba and E. crystallorophias

A predominance of protein has previously been described in marine benthic and
planktonic organisms [27,42,43]. Herbivorous zooplankton species generally show high
lipid levels [19,44]. High protein and low carbohydrate content have consistently been
reported in most studies of marine crustaceans such as copepods [45], mysidaceans [46],
harpacticoids [47], euphausiids [43], and amphipods [27]. Biochemical composition, par-
ticularly protein and lipid content, is held to be affected by the bioenergetics strategies
adopted by populations inhabiting different environments [48]. Lipid accumulation is the
most common long-term energy storage strategy in aquatic organisms, whose reproductive
potential is largely determined by lipid content [41]. In this study, lipid concentrations were
much higher in E. crystallorophias (Figure 2); this is probably due to the lower level of winter
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consumption of lipid stores by ice krill, so that this species could be active in reproduction
earlier in spring compared with E. superba, as hypothesized by Hagen and Auel [14].

Concerning the potential differences between different sizes in the same species in
terms of biochemical composition, only one relationship could be detected through the
analysis of species by size classes, which is a decrease in carbohydrate content with increas-
ing size of E. crystallorophias. To our knowledge, there are no indications from literature on
this specific aspect; the authors think that one possible explanation may be greater sugar
consumption by adults due to different metabolic rates.

The present data clearly document that biochemical composition is affected primarily
by species and secondarily by geographical factors, with latitude playing a greater role than
distance from the coast. The hauls in the Southern Ocean or on its border with the Ross Sea
(n. 1, 26, 27, 28, and 30) were quite close to each other and provided very similar data for
E. superba, whereas haul n. 10, which is further south in the mideastern Ross Sea, yielded
different data. Likewise, the biochemical composition of E. crystallorophias specimens was
quite similar in the inshore hauls (n. 17, 13, and 8), and these differed from the one found
in the offshore hauls (n. 7 and 10).

4.2. Fatty Acid Composition in E. superba and E. crystallorophias

Concerning fatty acid composition, the high content in 18:4ω3 and 22:6ω3 detected
in both species seems to reflect a non-negligible number of dinoflagellates in their diets,
whereas 16:1ω7, 20:5ω3, 14:0, 20:1, and 22:1 would reflect diatom and copepod consump-
tion [22]. Krill samples examined in this work seem to be in an intermediate position
between a spring-kind diet as reported in Ericson et al. [49], more oriented on diatoms and
copepods, and a summer-kind diet, more based on flagellates, at least concerning E. superba.
The period in which the acoustic survey that provided our samples was conducted could
support these findings.

The difference between our data and those of Ju and Harvey [23], already men-
tioned in the ‘Results’ paragraph, is probably due to the sampling season, respectively
austral summer (greater phytoplankton availability due to ice melting) and austral winter.
Phleger et al. [50] and Ju and Harvey [23] performed analyses at various trophic levels.
According to their data the major components of seston are 16:0, 18:0, 18:1ω9C, 18:1ω7,
and 22:6ω3; those of ice-associated algae are 14:0, 16:0, 16:1ω7, 16:4ω1, and 20:5ω3; those
found in the stomach contents of E. superba are 14:0, 16:0, 16:1ω7, 18:1ω9C, and 20:5ω3;
and those found in copepods are 16:1ω7, 18:1ω9C, and 20:1.

A comparison with other data acquired in summer has been made with the find-
ings of Yang et al. [51] and Ko et al. [52]; they both identify a higher omnivorous at-
titude in E. crystallorophias than in E. superba, basing their analysis on the PUFA/SFA,
C18:1ω9C/C18:1ω7C, and 18PUFA/16PUFA ratios. Even in our case, PUFA/SFA and
18PUFA/16PUFA (see Table 4) are higher in E. crystallorophias, while there is no evident
difference in C18:1ω9C/C18:1ω7C ratio between the two species. Two ratios out of three
seem to indicate a more omnivorous diet for ice krill, so this conclusion could be valid also
in our case because it is not only based on the PUFA/SFA ratio, which may be dependent
on the total lipid content [53–55]; in fact, in our case E. crystallorophias presents higher lipid
content at the same time as higher values of PUFA/SFA ratio (compare Table 3 and Figure 3).
This result is not necessarily in contrast with the positive correlation between ice krill
biomass and fluorescence as proxy of phytoplankton abundance found by Leonori et al. [2]
in the same area, since the higher local concentration of phytoplankton may be associated
with higher abundance of zooplankton organisms such as protists, ciliates, and small
copepods [52] that could be in certain cases the main prey for adult ice krill.

No significant differences between E. superba adults and subadults were found for what
concerns PUFAs; similar results were found by Cripps et al. [56], but in that case juveniles
(not available in our samples) were found to have higher contents of PUFAs, meaning that
they probably fed more on copepods than adults, also given the low local algal biomass.
Interestingly, age class 0 Antarctic krill from the Northern Weddell Sea [16] presented high
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concentrations of 16:0, 20:5ω3 (EPA), and 22:6ω3 (DHA), which are basic components of
phospholipids; in this study, the same fatty acid classes were the most representative, plus
C18:1ω9C and, to a minor extent, C18:1ω7C. Both E. superba and E. crystallorophias from
the Weddell Sea [15] showed a very similar composition of fatty acid classes to those found
for the Ross Sea samples analysed in the present paper, especially considering polar lipids,
while some difference was evidenced for EPA and DHA for triacylglycerols, where these
last two compounds were important only in certain seasons. These results added evidence
regarding how biochemical composition in terms of fatty acids for the two krill species
studied in this work are quite similar even in different Antarctic sectors.

Comparison of the FA results of the two species by non-parametric Mann–Whitney
test failed to highlight significant differences for the whole set of lipid classes. This suggests
that E. superba and E. crystallorophias differ less at the level of simple FAs than in how
they form complex lipids, specifically triacylglycerols in E. superba and wax esters in
E. crystallorophias [14], and in lipid body content. In any case, both species showed relatively
high contents in FA classes as 22:6ω3 and 20:5ω3 and intermediate levels of 18:4ω3 and
16:1ω7, which indicate the presence of phytoplankton in the diet; moreover, they also
presented a high level of FA class 18:1ω9C, plus low levels of 20:1, which denote feeding
on zooplankton, even if at a more minor extent than on phytoplankton. On the bases of the
specific FA ratios analysed, E. crystallorophias shows a more pronounced omnivorous kind
of diet in respect to E. superba, at least in austral summer, i.e., the season of our survey.

In summary, the present work gave some interesting insights into the diet of the two
krill species predominant in the Ross Sea, confirming their ability to switch their diets
according to the surrounding environmental conditions and food availability. In particular,
fatty acid composition presented an important presence of markers identifying diatoms
and flagellates, but also copepods, evidencing krill adaptability to prey, also including
zooplankton organisms and not exclusively phytoplankton that could be scarce in certain
periods of the year, such as austral winter.

5. Conclusions

Both in Euphausia superba and Euphausia crystallorophias proteins were the predominant
biochemical class of organic compounds, followed by lipids in E. crystallorophias and
carbohydrates in E. superba. The main differences in terms of biochemical compositions
were found between the two species; secondary in importance were differences in terms of
spatial localization (latitude, distance from the coast).

Fatty acid analysis denoted a prevalent herbivorous kind of diet for both species,
even with a minor presence of zooplankton. PUFA/SFA and 18PUFA/16PUFA ratios were
higher in E. crystallorophias, meaning that this species presents a more omnivorous kind of
diet in respect to E. superba, at least in austral summer. Comparison of the fatty acid classes
of the two species did not highlight significant differences for the whole set of lipid classes,
suggesting that E. superba and E. crystallorophias differ less at the level of simple FAs than in
how they form complex lipids, specifically triacylglycerols in E. superba and wax esters in
E. crystallorophias.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d15040480/s1, Table S1: (a) Biochemical composition of individuals
of the two species collected at haul n. 10 analysed with one-way ANOVA and Newman–Keuls test;
(b) differences among hauls and among 2 mm TL size classes in E. superba and E. crystallorophias
analysed using non-parametric Kruskal–Wallis one-way ANOVA. ns = not significant, TL = total
length; Table S2: Biochemical composition of the two krill species analysed using Mann–Whitney’s
test; Table S3: Similarity percentages among samples from the same haul and dissimilarity percentage
among hauls according to different parameters; Table S4: Hauls displaying significant differences
(p < 0.1%). 10s = E. superba from haul n. 10, 10c = E. crystallorophias from haul n. 10.
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