Polar Biology (2018) 41:1707-1715
https://doi.org/10.1007/s00300-018-2310-9

ORIGINAL PAPER

@ CrossMark

Diversification of feeding structures in three adult Antarctic

nototheniid fish

Erica Carlig’
Steve Parker? - Marino Vacchi’

- Davide Di Blasi' - Laura Ghigliotti' - Eva Pisano' - Marco Faimali' - Richard O’Driscoll? -

Received: 30 October 2017 / Revised: 7 March 2018 / Accepted: 9 March 2018 / Published online: 24 March 2018

© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

During their evolution and speciation in the Antarctic waters, notothenioid fish occupied a variety of habitats and ecologi-
cal niches. The diversification led to important variations in several morphological features related to particular aspects of
their ecologies. We investigated the feeding structures and biomechanics of three phylogenetically related species (family
Nototheniidae) with different ecologies: the bentho-pelagic Antarctic toothfish Dissostichus mawsoni, the pelagic Antarctic
silverfish Pleuragramma antarctica, and the benthic emerald rockcod Trematomus bernacchii. The suction index (SI), the
mechanical advantage in jaw closing (MA), and 14 morphological traits related to their feeding activity were analyzed. Sig-
nificant differences among the species were found for all the parameters considered, supporting a high level of specialization.
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Introduction

The dominance and diversity of Notothenioidei in the Ant-
arctic ichthyofauna are the result of a unique history of evo-
lutionary change (Eastman and Clarke 1998; Eastman 2000,
2005; Rutschmann et al. 2011; Mintenbeck et al. 2012). Able
to survive in the cold marine waters surrounding the Antarc-
tic continent owing to the emergence of the ability to synthe-
size antifreeze glycoproteins (AFGPs) (Cheng and Detrich
2007), the Antarctic notothenioids underwent an important
and rapid diversification during the late Miocene cooling
(11.6-5.3 Ma). Such an amazing example of a species flock
(Lecointre et al. 2013), rare in the marine environment, was
favored by the local extinction of most of the previous fish
species, especially the near-shore and continental shelf ben-
thic fauna highly impacted by the advancing polar conditions
and the increased ice activity (Near et al. 2012). Due to the
reduced competition and novel ecological opportunities, the
Antarctic notothenioids were able to occupy semipelagic,
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cryopelagic, and pelagic niches, despite being ancestrally
devoid of a swim bladder (Klingenberg and Ekau 1996; Near
et al. 2012; Eastman et al. 2014).

Pelagic habitat utilization in some lineages (secondary
pelagization) has been accompanied in those species by
important morphological and physiological modifications
(Klingenberg and Ekau 1996). Pelagic notothenioid lineages
show adaptive modifications that span from compensatory
changes in body density (DeVries and Eastman 1978; East-
man 1993; Hagen and Kattner 2017; Voskoboinikova et al.
2017) to morphological adaptations for water column forag-
ing (reviewed in La Mesa et al. 2004a).

In fishes, three broad methods of prey capture are known:
suction feeding, ram feeding, and manipulation (Liem 1980).
The particular feeding mode is primarily determined by the
functional morphology of the feeding apparatus (reviewed
in Sonnefeld et al. 2014).

Suction feeding is based on the generation of nega-
tive pressure in the buccal cavity prior to mouth opening;
then mouth expansion produces a pressure gradient and
causes the prey to be moved towards the open mouth. Fish
using this feeding mechanism are characterized by having
a small gape, low mechanical advantage for jaw closing,
powerful force-generating capability of jaw-opening mus-
cles, and high suction ability (Wainwright and Bellwood
2002). Suction feeding is the most common foraging
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method in predators of mobile animals (Wainwright and
Bellwood 2002), and it is used by most teleosts as the pri-
mary method of prey capture (Lauder 1982; Wainwright
and Bellwood 2002; Westneat 2006).

Ram feeding is a method consisting of ingestion of
free-swimming prey by forward movement of the preda-
tor or protruding jaws (Wainwright and Bellwood 2002).
The feeding mechanism of ram-feeding fishes is char-
acterized by non-robust oral jaws, large gape, moderate
suction ability, low mechanical advantage for jaw closing,
and moderate force-generating capability of the muscles
(Wainwright and Bellwood 2002).

Pure suction and ram feeding are relatively rare in
nature; a combination of both modes is the most com-
monly used strategy (Norton and Brainerd 1993).

Fairly uncommon among teleosts is the manipulation
method, based on the direct application of the jaws to prey
to crush or remove it from its substrate. A manipulation
feeder’s mouth apparatus is therefore characterized by
robust oral jaws, small gape, high mechanical advantage
for jaw closing, and powerful force-generating capability
of the adductor mandibulae (Liem 1980; Wainwright and
Bellwood 2002).

Regardless of the method, teleost feeding activity
involves a large number of moving elements, with more
than 20 major skeletal components set in motion by
approximately 40 muscles in all modes of prey capture
(Barnett et al. 2006). However, the analysis of a reduced
number of key morphological traits, such as some attrib-
utes of the head, jaw regions, and gill rakers, provides
valuable information on feeding performance and poten-
tial resource usage in several fish (Wainwright and Rich-
ard 1995; Barnett et al. 2006; Sonnefeld et al. 2014).

Here we analyze the feeding structures and biomechan-
ics of three closely related Antarctic notothenioid species:
the Antarctic silverfish Pleuragramma antarctica, a hol-
opelagic species feeding exclusively on zooplankton; the
Antarctic toothfish Dissostichus mawsoni, a large demer-
sal predator, feeding mainly on fish and cephalopods;
and the benthic generalist emerald rockcod Trematomus
bernacchii, feeding mainly on benthic invertebrates, but
also occasionally on planktonic prey. The main aim of
our work is to characterize each species’ feeding mode
by the use of an ecomorphological approach. Interspe-
cific variation in mechanical advantage (MA) and suction
index (SI) for the jaws is reported. In order to infer each
species’ potential for filter feeding, gill raker morphology
is also considered. Until now, despite a relatively good
knowledge of Antarctic notothenioid fish diet composi-
tion, ecomorphological information was available only on
the feeding capabilities of the nototheniid 7. bernacchii
(Bansode et al. 2014).
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Materials and methods
Sampling

Three species of nototheniids were analyzed: D. mawsoni
(n=20), P. antarctica (n=27), and T. bernacchii (n=14),
collected in the Ross Sea.

Dissostichus mawsoni samples were collected onboard
the FV Janas in June and July 2016 during New Zealand
winter survey on the seamounts of the Subarea 88.1 SSRUs
B-C, at a depth of about 1500 m. Specimens were collected
by bottom longline during commercial fishing (Stevens et al.
2016). Measurements were performed on board on fresh
specimens.

Pleuragramma antarctica were caught on 23 February
2015 during a New Zealand survey conducted onboard of
the RV Tangaroa. Specimens were collected by midwater
trawl at a depth of 540 m (O’Driscoll and Double 2015).
Fish were fixed and stored in 70% ethanol for later analyses.

Trematomus bernacchii were collected in November
and December 2005 during the Italian Antarctic Expedi-
tion 2005/2006 (Bottaro and Vacchi 2006). Sampling was
performed by fishing line through the pack-ice in Tethys
Bay and was authorized by the Italian National Antarctic
Research Programme (PNRA) on behalf of the Italian Min-
istry of Foreign Affairs. Specimens were frozen and stored
at —20 °C.

In order to minimize bias in this study, at the intra-spe-
cific level related to ontogeny, only adult specimens were
analyzed (La Mesa et al. 2004a; La Mesa and Eastman
2012; Hanchet et al. 2015). Accordingly, ranges of Standard
Length (SL) are as follows: D. mawsoni 980-1480 mm, P.
antarctica 151-200 mm, 7. bernacchii 164-246 mm.

Biomechanical indices calculation

Two metrics were assessed: the suction index (SI) and the
mechanical advantage (MA). After cutting off the con-
nection between muscles and bones, measurements were
recorded to the nearest 0.02 mm using a vernier caliper for
P. antarctica and T. bernacchii and to the nearest millimeter
using a ruler for D. mawsoni.

SIis applied to evaluate suction-feeding capability based
on the specific ability to rapidly expand the buccal cavity,
creating a pressure gradient between this space and the area
around the head (Wainwright and Bellwood 2002). The
model for SI is based on the transmission of force from the
epaxialis muscle to the buccal cavity, generating negative
pressure that allows the predator to engulf its prey.

Following Carroll et al. 2004, SI was calculated as

L.
[esran (1))

- (Gape width X buccal length)’
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where CSA,,,, is the cross-sectional area of the epaxialis, L;,
is the moment arm of the epaxialis, and L, is the moment
arm of the buccal cavity. Gape width and buccal length were
measured to estimate the area of the buccal cavity.

The cross-sectional areas of the ellipse-shaped epaxialis
were calculated by the measurements of their axes. The
major axis was measured from the supracleithrum-post-
temporal (S-PT) joint to the dorsal margin of the epaxi-
alis; the minor as the lateral width of the epaxialis. L;,
(L;,;ST) was calculated as the vertical distance between the
centroid of the epaxialis muscles’ cross section and the
S-PT, L, (L, SI) was measured from the S-PT joint to
the middle of the buccal cavity. Gape width in a maximally
opened mouth was measured as the distance between the
left and right coronoid processes of the mandible, buccal
length (BL) as the distance between the anterior tip of the
mandible and the depression in the sternohyoideus (Collar
and Wainwright 2006).

MA indicates the capability of the fish to produce force
during the closing of the lower jaw. The mandible of an
actinopterygian fish is a third-order lever system for both
opening and closing mechanisms, the fulcrum of the lower
jaw being the quadrate/articular joint through which the
jaw rotates open and is pulled closed during feeding
(reviewed in Westneat 2004). Herein we consider the
closing lever associated with jaw-closing systems. Accord-
ingly, MA was calculated as the ratio of the jaw-closing
in-lever (L;;MA) to the jaw-closing out-lever (L, ,MA).
L;,MA was measured as the distance from the quadrate-
articular joint to the point of insertion of the adductor
mandibulae muscle on the lower jaw, and L, MA as the
distance from the quadrate-articular joint to the anterior-
most tooth of the lower jaw (Bansode et al. 2014).

Gill rakers morphological analysis

In P. antarctica and T. bernacchii, gill arches were
observed under an Olympus SZX7 stereo microscope,
and microphotographs were taken through a Nikon “DS-
L3” digital camera, and measurements taken to the near-
est 0.01 mm. In D. mawsoni, gill arch measurements
were made by the use of ruler and caliper, to the nearest
millimeter.

Measurements were made on the first left branchial arch.
For each specimen, the length of the gill arch (LA), the num-
ber of gill rakers (NG), the length of gill rakers (LG), and the
spacing between subsequent gill rakers (SG) were measured.
The width of gill rakers (WG) was measured for five long
gill rakers in the middle of the gill arch (Tanaka et al. 2006).
To obtain more accurate measurements, the gill arch was
mounted with the gill rakers perpendicular to the base of the
arch (Amundsen et al. 2004).

Statistical analysis

Statistical analyses were performed using the program R
3.2.2 (R Development Core Team 2015).
After transforming data in arcsin 4 / l”m and testing nor-

mality and homoskedasticity of the distributions with Sha-
piro-Wink and Levene tests, two univariate analyses of vari-
ance (ANOVAs) were conducted to test differences in
mechanical advantage (MA) and suction index (SI). Tukey
post hoc tests were employed to detect significant differences
among species. Significance for all statistical analyses was
determined at =0.05.

Principal component analysis (PCA) was developed on
morphological traits to determine which morphometric traits
explain the greatest variation among the three species. A
total of 14 variables were taken into account: the morpho-
logical traits of the feeding apparatus used for the SI and
MA metrics, the length of the head, gill rakers, and gill arch
metrics.

As all the specimens were adults, we assumed that no
intra-specific allometric variations occurred in the morpho-
logical traits in the range of body size of our samples. To
compare individuals and species of different total length,
morphological measurements were standardized to the
standard length of each individual (Barnett et al. 2006).
Since the measures were made on bones or hard elements
of the head, or the insertion points of muscles, we assumed
that the small possible alterations of sizes due to the dif-
ferent methodologies used to preserve the samples did not
influence our results.

Results

ANOVA (F(2,58)=1255, p<0.0001) and Tukey’s post hoc
test indicate that mean SI was significantly different in the
three species. Among the studied species, T. bernacchii had
the highest SI (Table 1); SI values in P. antarctica and D.
mawsoni were significantly lower (Fig. 1).

MA ratios were also significantly different among the
species (ANOVA, F(2,58)=18.47, p<0.0001) with P.

Table1 Mean and standard deviation of suction index (SI) and
mechanical advantage (MA) values in the three nototheniid species
investigated

Nototheniidae N Suction index Mechanical advantage

20 0.034+0.005 0.277+0.013
27 0.064+0.012 0.258+0.017

Dissostichus mawsoni
Pleuragramma antarc-
tica

Trematomus bernacchii 14 0.272+0.024 0.284+0.011

Each value is expressed as Mean + standard deviation
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Fig. 1 Boxplots of the values of a suction index (SI) and b mechanical advantage (MA) calculated on the three species

antarctica having lower MA ratio on average than D. maw-
soni and T. bernacchii (Table 1). A Tukey test confirmed the
significance of the difference between MA of P. antarctica
and those of D. mawsoni and T. bernacchii (Fig. 1).

Table 2 shows the mean values of the 14 variables of
the three species that were taken into account to develop
the PCA to assess what morphological traits were the most
important in the diversification in their feeding structures.
The relative measurement of the length of the head (HL)
of T. bernacchii was significantly lower than those of the
other two species. The value of gape width (GW) observed
in P. antarctica was the lowest among the species studied.
The buccal length (BL) was similar between P. antarc-
tica and D. mawsoni, while it was lower in T. bernacchii,

similar to that of HL. The values of the width and the
height of the cross section of the epaxialis muscle meas-
ured at the S-PT joint (W, and H.,,) were highest for
T. bernacchii. These two factors determine the higher suc-
tion index (SI) of this species. The cross section of the
epaxialis muscle of P. antarctica was narrower and higher
than that of D. mawsoni. The levers of the morphological
pressure linked to the suction index (L;,SI and L, SI) had
higher values in 7. bernacchii. While high values of L, SI
lead to high values of SI, the opposite holds for L SI. P.
antarctica showed intermediate values of SI among the
species in this study, while the low value of L; SI of D.
mawsoni combined with its relatively high value of L SI
resulted in a low total value of SI of this species. Focusing

Table 2 Mean values and

) Trait Dissostichus mawsoni  Pleuragramma antarctica ~ Trematomus bernacchii

standard deviation of the 14

morphological traits of the three  Head length (HL) 0.295+0.012 0.272+0.007 0.0340.010

nototheniids species Gape width (GW) 0.113+0.006 0.068 +0.004 0.106+0.010
Buccal length (BL) 0.140+0.006 0.145+0.005 0.090+0.004
Width epaxialis (W) 0.125+0.006 0.077 £0.004 0.138+0.003
Height epaxialis (H,,) 0.041+0.002 0.052+0.004 0.093+0.003
In-lever SI (L;,ST) 0.017 +£0.001 0.022 +0.002 0.039+0.001
Out-lever SI (L, ST) 0.128 +£0.005 0.110+0.004 0.152+0.007
In-lever MA (L,,MA) 0.031+0.002 0.035+0.002 0.040+0.001
Out-lever MA (L, MA) 0.012+£0.004 0.136 +0.005 0.041+£0.004
Gill rakers length (LG) 0.006 +0.001 0.023 +0.003 0.010+0.001
Gill rakers spacing (SG)  0.005+0.001 0.003 +0.000 0.005+0.001
Gill rakers width (WG) 0.003 +0.000 0.003 +0.000 0.003 +0.000
Gill arch length (LA) 0.181+0.009 0.195+0.013 0.169+0.012
Gill rakers number (NG) 204+1.3 28.7+3.3 20.6+2.3

Measures are expressed in mm
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on the measurements of the lower jaw levers involved in
the mechanism of mechanical advantage (MA), L; MA
and L,,MA, the measure that separated the species was
the L, ,MA value of P. antarctica, which was higher than
those of the other two species. L., MA is negatively linked
to the MA, which for the P. antarctica was significantly
lower than those of the other two nototheniids.

The morphological analysis of the gill rakers revealed
the presence of numerous elongated and little spaced gill
rakers in P. antarctica (Fig. 2a; Table 2). Barely distin-
guishable and short gill rakers were observed in D. maw-
soni and T. bernacchii, respectively (Fig. 2b, c; Table 2).

PCA explained 79.447% of the variance on the first two
axes (Table 3). Investigation of the variables driving the
two components resulted that above all the factors were
important in determining the function. The ordination of
PC1 axis is driven by variables linked to the SI value and
by gill rakers’ characteristics. PC2 is instead driven by the
lower jaw levers, from which we calculate MA. Overall,
PCA clearly segregate the three species regarding the mor-
phological traits of the feeding structures (Fig. 3).

Fig.2 Gill rakers morphology: a Dissostichus mawsoni, b Pleura-
gramma antarctica, ¢ Trematomus bernacchii. Scale bars: 2 mm (a);
1 mm (b, ¢)

Table 3 Standardized coefficients of the 14 traits selected to describe
differences in the mouth apparatus of Dissostichus mawsoni, Pleura-
gramma antarctica, and Trematomus bernacchii as resulting from the
PCA

PC1 PC2
Variance 7.158 3.964
% of variance 51.132 28.315
Cumulative % of variance 51.132 79.447
Traits
Head length (HL) 0.843 —0.135
Gape width (GW) 0.817 —0.494
Buccal length (BL) —0.809 —0.490
Width epaxialis (Wep,y) 0.947 -0.230
Height epaxialis (H,,,) 0.630 0.761
In-lever SI (L;,SI) 0.631 0.760
Out-lever SI (L, SI) 0.956 0.150
In-lever MA (L;,MA) 0.349 0.853
Out-lever MA (L,,MA) —0.061 0.958
Gill rakers length (LG) —-0.789 0.562
Gill rakers spacing (SG) 0.734 -0.330
Gill rakers width (WG) 0.230 0.019
Gill arch length (LA) —-0.724 —0.005
Gill rakers number (NG) —-0.810 0.400

Coefficients <—0.800 and >0.800 are in bold

Discussion

Ecomorphological studies, integrating morphological
and ecological data, hold enormous potential to clarify
form—function relationships, thus providing new elements
to our understanding of the ecology of fish group and their
evolution. A central assumption of ecomorphology is that
the covariation that we observe today between morphologi-
cal and environmental characteristics is the cumulative result
of previous adaptations. Conversely, current morphologi-
cal traits of an organism do not only hold a taxonomic and
phylogenetic fingerprint, but they can in turn play a role in
the evolution and adaptation of the organism, affecting its
capability to adapt to different scenarios.

The rapid adaptive radiation leading notothenioid fish
to occupy many ecological niches (Eastman 2005) makes
this group of fish particularly suitable for investigating eco-
morphological relationships between feeding structures and
the ecology of the species to understand their capabilities
to adapt to future environmental change. Klingenberg and
Ekau (1996) applied this approach to analyze the divergence
of nine nototheniid species into different habitats. A com-
parative morphometric analysis on the feeding structures
was performed within the family Artedidraconidae by tak-
ing into consideration two morphometric measures of the
mouth apparatus (the mouth width and mouth length, as
well as other measurements pertaining to sensory systems

@ Springer
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(Lombarte et al. 2003). A more comprehensive study, focus-
ing specifically on the feeding capabilities of Antarctic fish
using a biomechanics approach, includes among others the
nototheniid 7. bernacchii (Bansode et al. 2014).

We compared the morphology and biomechanics of the
feeding structures of three Antarctic notothenioid species.
These species, all belonging to the family Nototheniidae,
show a remarkable diversity in the diet and trophic niche
spanning from feeding on benthic and epi-benthic inverte-
brate prey in 7. bernacchii feeding (Moreno 1980; Vacchi
et al. 1999; La Mesa et al. 2004b), to zooplanktivory in the
pelagic P. antarctica (Pinkerton 2017), and to fish and squid
feeding of the demersal D. mawsoni, the only piscine top
predator of the Antarctic ecosystem (Stevens et al. 2014).

The structure and diversification of cranial and buccal
skeletons in Nototheniidae has already been deeply investi-
gated (Voskoboynikova 1993, 1994; Voskoboynikova et al.
1994; Balushkin 2000). Here we step forward and encap-
sulate morphometric information in biomechanical metrics
(SI and MA), trying to relate form to function, to explore
the feeding attitudes and preferential methodology of prey
capture of the three studied species and, ultimately, to gain
insights in these species’ feeding mode specialization vs
flexibility.

@ Springer
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Previous SI and MA calculation in 7. bernacchii (Ban-
sode et al. 2014) suggested a degree of plasticity in the
feeding mode for this species. The high MA average value
indicates high manipulation-feeding capability, confirmed
by the available diet information as well as by its observed
foraging behavior on the bivalve mollusk Adamussium col-
beckii (Vacchi et al. 2000). However, owing to the relatively
high SI, a suction-feeding mode is also proposed for the
species, enabling foraging on mobile benthic and pelagic
prey, as reported in the literature (Moreno 1980). Bansode
et al. (2014) suggest that this species can also utilize suction
strikes or ram suction strikes to capture prey.

T. bernacchii had the highest SI and MA values among
the three species studied. High SI implies capability of
rapid movements of the jaws, made possible in 7. bernac-
chii by the relatively short head, short buccal length, and
well-developed epaxialis muscle. This mouth conformation
reduces the size of the buccal cavity, and its sub-ambient
buccal pressure, opposite to the rotation of the neurocranium
and the expansion of the mouth (Carroll et al. 2004; Collar
and Wainwright 2006), while the development of the epaxi-
alis muscle drives the dorsal rotation of the neurocranium.
All these characteristics are consistent with 7. bernacchii
occasionally foraging by selective capture of individual prey,
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either benthic or planktonic. This species’ food items include
isopods, pteropods, copepods, gammarids, tanaiids, mysids,
euphausiids, and hyperiids, all planktonic prey that can be
visually selected from the water column and engulfed by
rapid suction in a particle-feeding mode fashion. Smaller
prey items might be captured through filter feeding, but that
would imply the presence of entrapment structures in the
mouth apparatus such as gill rakers, capable of retaining
the planktonic prey. Although present on the branchial arch,
gill rakers in T. bernacchii are small and the space between
sequential rakers is too large to support filter feeding. Small
prey items are likely incidentally engulfed during the capture
of larger prey.

The average MA of T. bernacchii is the highest among
the three species studied, although not significantly differ-
ent from that of D. mawsoni. In T. bernacchii, a powerful
jaw-closing pressure might assist this fish in durophagous
feeding. Indeed, in some areas, this species is known to feed
on the Antarctic scallop (Vacchi et al. 2000), the hard shells
of which can be broken owing to high MA and mouth con-
formation and also to strong conical jaw teeth with flattened
tips of some that suggest wear (see Bansode et al.2014).
Overall, high MA ratio supports the possibility of manipu-
lation feeding in 7. bernacchii.

Conversely, D. mawsoni, is a known bentho-pelagic pred-
ator observed to feed on demersal and pelagic prey (e.g.,
fish and squids, Stevens et al. 2014). This species is also
reported to feed on scavenged items from the sea floor, such
as the large squids, offal, penguins, and petrels (Fenaughty
et al. 2003; Petrov and Tatarnikov 2011; Roberts et al. 2011).
Such a scavenging foraging strategy is supported by well-
developed olfaction capability, as suggested by the gross
morphology and size of its olfactory organ and bulb (Fer-
rando et al. unpublished data). Feeding on large prey, both
by active water column predation and by seafloor scaveng-
ing, requires a powerful bite in D. mawsoni. High MA ratio
and well-developed dentition (DeWitt et al. 1990) are bio-
mechanical and morphological evidences of this. The fact
that D. mawsoni can display a labriform locomotion, moving
with a rigid body and using pectoral fins for slow propulsion
when undisturbed, but also able to swim fast by vigorous
undulation of the trunk and caudal fin (Fuiman et al. 2002),
suggests ram feeding for this species, associated with pow-
erful bite capability. The finding of very low SI values in
D. mawsoni, the lowest among all the fish species studied
until now (Collar and Wainwright 2006), and the presence
of rudimentary gill rakers on the arch confirm the previously
described feeding strategies, and exclude any kind of filter
feeding in this demersal fish.

Among the three species studied, the planktivore P.
antarctica is the only one having both low MA ratio and
a low SI index. Adaptation to planktophagy in this fish has
already been demonstrated by skeletal analyses (reviewed

in Voskoboinikova et al. 2017); however, no information is
available on the species’ foraging strategy. Planktivorous
fish might use two distinct feeding modes: particulate feed-
ing and filter feeding (reviewed in Lazzaro 1987). The MA
ratio in P. antarctica is significantly lower than those of
the other two species, indicative of poor capability to pro-
duce force with the jaws. The reason for such biomechanic
characteristics is that the silverfish’s elongated lower jaw
makes the out-lever of its closing mechanism longer com-
pared to that of the other two nototheniids. Besides resulting
in poor bite capability, low MA ratio also provides ability
to perform rapid movements with the lower jaw (Westneat
2006). This, associated with the occurrence in the silverfish
of moderately protractile jaws (DeWitt and Hopkins 1977,
Pinkerton 2017), supports particulate feeding as the preva-
lent planktivory foraging mode. In particular, the dentition
of this species, with 1-3 enlarged teeth near the symphy-
sis of upper jaw and 3—4 enlarged teeth about midway in
length of lower jaw (DeWitt et al. 1990), allows P. antarc-
tica to grab relatively large prey items, such as euphausiids.
The morphology of P. antarctica’s gill rakers, numerous,
long, and narrowly spaced, suggests the possibility for the
species to rely on filter feeding as an alternative foraging
mode. The role of gill rakers as entrapment structures to
retain planktonic prey from a volume of engulfed water is
common in planktivorous filter feeder fish (Lazzaro 1987,
Gerking 1994). Although having a SI significantly higher
than that of D. mawsoni, the poor capability of P. antarctica
to create an area of low pressure that draws prey into the
mouth makes suction feeding unlikely. Tow-net filter feeding
is more probable, where prey is not detected a priori but a
volume of water containing food items is rapidly engulfed
by swimming acceleration coupled with fully agape mouth.
Tow-net filter feeding mode by P. antarctica is consistent
with the morphology of the mouth apparatus (specifically
presence of numerous long and dense gill rakers), swim-
ming mode, and with the observed diet of small planktonic
organisms, such as copepods (Pinkerton 2017). Overall,
although specialized for planktivory, P. antarctica has sig-
nificant plasticity to switch from particulate to filter-feeding
modes. The ability to change feeding mechanism is common
throughout ontogeny, but it may also be a response to change
in prey availability. Studies conducted on a number of plank-
tivorous fishes, from various taxonomical orders including
perciformes, demonstrate that particulate feeding is favored
when prey are large or occur in low concentrations, whereas
filter feeding prevails when prey are small and/or present at
high concentration (Gibson and Ezzi 1992). The possibility
of switching from one feeding mode to another might then
be an evolutionary advantage that allows P. antarctica to
maintain its energy intake under changing environmental
and prey availability conditions.
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The data presented here highlight morphological speciali-
zation of the feeding structures that are strikingly different
in the three species, and that underlie the respective feed-
ing modes. Feeding structure involves many morphological
traits. However, although adaptive evolution has driven the
three nototheniid species to a high degree of trophic spe-
cialization, a certain degree of feeding plasticity has been
detected in at least two of the species, 1. bernacchii and P.
antarctica, that allow them to switch foraging mechanisms
in response to changing environmental conditions and prey
availability.
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