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Abstract

Target strength (TS) of preserved (frozen and defrosted) Antarctic silverfish (Pleuragramma
antarcticum) of total length (TL) from 110 to 202.5 mm were measured ex situ (Ancona
Bay) at 38, 120 and 200 kHz in May 2007 and in February 2009. Overall ex situ TS-TL
relationships were: TS;3 = 36.83Log TL(cm) —103.62 (N = 18); TS;y, = 34.75Log TL(cm)
-84.20 (N = 19); TSy = 26.71Log TL(cm) —-73.74; (N = 16). Nine in situ acoustic trawl
experiments targeted at juveniles and post-larvae of P. antarcticum with a total length
from 13 to 70 mm, were conducted in the southeast of the continental slope and shelf
of the Ross Sea at depths from 30 to 120 m, during the Italian expeditions of 1997/98,
2000 and 2004. The regression lines for estimating TS from nine experiments were: TS;g
= 57.58Log TL(cm) -123.77; TS5y = 51.94Log TL(cm) —105.92; TS, = 46.61Log TL(cm)
-95.29. These results indicate that the TS-TL relationships at 38, 120 and 200 kHz of adults
of P. antarcticum differ consistently from those of post-larvae and juveniles. However, a
simple model derived from the geometrical and acoustic characteristics of different parts
of adult P. antarcticum and designed to fit fish life stages from adults to post-larvae and
frequencies from 38 to 200 kHz, can predict the experimental TS measured both ex situ and
in situ with a mean difference <1.5 dB, although the differences between the predicted and
measured TS at some fish lengths were high (from 7.16 to -3.14 dB). The model shows that
the main contribution to the scattering for small fish is from soft tissues and for larger sizes
from hard tissues (e.g. skeletal structures). This may explain why small and large fish have
different TS-TL relationships. In the authors” opinion the model could be used to give a
first indication of the absolute abundance of P. antarcticum in the Ross Sea. A critical point
is the decision rule to be used to differentiate P. antarcticum from Euphausia superba and
E. crystallorophias that are present in the same region of the Ross Sea. Following the three-
frequency decision criterion described in Azzali et al. (2004), some sizes of P. antarcticum
could be confused acoustically with E. crystallorophias, but not with E. superba.

Résumé

L'indice de réflexion (TS) de calandres antarctiques (Pleuragramma antarcticum) conservées
(congelées et décongelées) d'une longueur totale (TL) de 110 a 202,5 mm a été mesuré
ex situ (baie d'Ancone) a 38, 120 et 200 kHz en mai 2007 et en février 2009. Dans
I'ensemble, les relations TS-TL ex situ étaient : TS35 = 36,83Log TL(cm) —103,62 (N = 18) ;
TS50 = 34,75Log TL(cm) —84,20 (N = 19) ; TSyo = 26,71Log TL(cm) -73,74 ; (N = 16). Neuf
expériences acoustiques in situ de chalutage visant des juvéniles et des post-larves de
P. antarcticum d'une longueur totale de 13 a 70 mm ont été réalisées au sud-est de la
pente continentale et du plateau de la mer de Ross a des profondeurs de 30 a 120 m,
au cours des campagnes d'évaluation italiennes de 1997/98, 2000 et 2004. Les droites de
régression pour l'estimation de la TS des neuf expériences étaient : TS;g = 57,58Log TL(cm)
123,77 ; TS159 = 51,94Log TL(cm) —105,92; TS,y = 46,61Log TL(cm) —-95,29. Ces résultats
indiquent que les relations TS-TL a 38, 120 et 200 kHz pour les adultes de P. antarcticum
difféerent systématiquement de celles des post-larves et des juvéniles. Toutefois, un modele
simple dérivé des caractéristiques géométriques et acoustiques de différentes parties de
P. antarcticum adulte, concu pour reproduire les stades vitaux des post-larves jusqu'aux
adultes et les fréquences de 38 a 200 kHz, peut prédire le TS expérimental, mesuré tant ex
situ qu'in situ, avec une différence moyenne de <1,5 dB bien que, pour certaines longueurs
de poissons, les différences entre les TS prévus et les TS mesurés soient élevées (de 7,16
a-3,14 dB). Le modele indique que la principale contribution a la rétro-diffusion provient,
pour les poissons de petite taille, des tissus mous et pour ceux de grande taille, des tissus
durs (structures du squelette, par ex.), ce qui peut expliquer pourquoi les poissons de
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petite taille et ceux de grande taille ont des relations TS-TL différentes. Selon les auteurs,
le modele pourrait donner un premier indice de 'abondance absolue de P. antarcticum dans
la mer de Ross. Un point critique est de décider quel critére employer pour différencier
P. antarcticum de Euphausia superba et de E. crystallorophias qui fréquentent la méme
région de la mer de Ross. En suivant le critere de décision a trois fréquences décrit dans
Azzali et al. (2004), certaines tailles de P. antarcticum risquent d'étre confondues, lors d'un
échantillonnage acoustique, avec celles de E. crystallorophias, mais non pas avec celles de
E. superba.

Pesrome

Cuna nemu (TS) coxpaHeHHOI (3aMOPOXKEHHOH M Pa3MOpPOKEHHOW) aHTapKTHYECKOU
cepebpsiaku (Pleuragramma antarcticum) obme#t mmuao#t (TL) ot 110 mo 202.5 mm
u3Mepsiiack ex situ (3anuB AHkoHa) Ha yactorax 38, 120 u 200 k['1; B mae 2007 1. u B
tespane 2009 r. B menom, coorHomenns TS—TL ex situ cocraBmsimu: TS;3 = 36.83Log
TL(cm) —103.62 (N = 18); TS5y = 34.75Log TL(cm) —84.20 (N = 19); TSyo9 = 26.71Log
TL(cm) —73.74; (N = 16). B xoxe uranesackux sxcreauiuii 1997/98, 2000 u 2004 rr.
Ha I0r0-BOCTOKE KOHTHHEHTAJIBHOTO CKIIOHA M IHienbpa mopsi Pocca Ha rmyOunHax or
30 1o 120 M OBUIO BBHINOJIHEHO JEBATH AKYCTHYECKUX TPAJIOBBIX IKCIIEPUMEHTOB i
Situ, HATIPABJICHHBIX HA M3yYEHUE MOJIOAU U MOCTIMYMHOYHBIX 0co0ei P. antarcticum c
o61eit mHo# ot 13 no 70 mm. 'paduku perpeccun amst oueHku TS 1O JaHHBIM 3THX
JIEBSITH SKCTIIEPUMEHTOB Obumn cremytormmMu: TSsg = 57.58Log TL(em) —123.77; TS50 =
51.94Log TL(cm) —105.92; TS, = 46.61Log TL(cm) —95.29. D1u pe3ynbrarsl TOBOPST
o ToM, uto cooTHomeHUs TS—TL Ha wactoTtax 38, 120 u 200 x['11 a1st B3pOCIBIX 0COOCH
P antarcticum cucTeMaTiyecKH OTIMYAIUCh OT COOTHOUICHHH JUIS TOCTIMYMHOYHBIX
ocobeit m momoau. OmHAaKo TpocTas MOJENb, IOMy4YCHHas 110 T'€OMETPHYECKHM W
aKyCTHYECKUM XapaKTEePUCTHKAM PA3JIMUYHbIX YacTell Tesla B CIydae B3pOCIbIX ocoOei
P, antarcticum v npeiHa3HaveHHAs TS aIPOKCUMALIMH CTAANH )KM3HEHHOTO INKJIA PHIOBI
(OT B3pOCITBIX 10 TOCTIANYNHOYHEIX ) 1 yacToT oT 38 10 200 kI 11, MOXKET MPOTrHO3NPOBATh
SKCIEPUMEHTANbHYI0 TS, U3MEepeHHY0 KaK ex sifu, TaK U in Siti cO CPEAHNUM PaCXOKACHUEM
<1.5 nb, X0Ts pacxoKIeHNE MEX/Ty IPOrHO3UPYEeMOii 1 m3MepeHHOH T'S pr HEKOTOPBIX
JUIMHAX PhIOBI ObLTO BHICOKUM (0T 7.16 110 —3.14 nb). Moiesnb 1okasbiBaeT, 4To OCHOBHOE
paccestHHe B CITydae MEJTKOH pbIOBI POMCXOIHUT OT MSTKHX TKaHEH, a B CITydae pelObI Oosree
KPYITHOTO pa3Mepa — OT TBEPABIX TKaHEeH (Harlp., CKeIeTHON CTPYKTYypbl). DTUM MOYKHO
OOBSICHUTD, ITOYEMY MEJIKasi ¥ KpyIHasi pbi0a UMEIOT pa3ynuHble cooTHomenust TS—TL.
Ilo MHEHMIO aBTOpPOB, 3Ta MOJEIb MOXKET MCIOIb30BATHCS Ul MOTY4EHHsS MCXOIHBIX
rmoKasareyell abCONIOTHOW uucieHHOCcTH P antarcticum B Mope Pocca. Pemraromee
3HAUCHNE UMEET MPABUIIO0 MPUHSTHUS PEIIEHUH, HCIIOIb3yEeMOE [UIsl TOTO, YTOOBI OTIINYATh
P antarcticum ot Euphausia superba wu E. crystallorophias, KOTOpble BCTPEUYAIOTCS B
TOM ke pernone mops Pocca. Ecnu cieoBaTh Tpex4acTOTHOMY KPUTEPHIO TPHHATHSA
pelieHwi, onrcanHoMY B padboTe Azzali et al. (2004), HexoTopbie pasmepsl P. antarcticum
MOTYT aKyCTHUECKH OTOXIECTBIAThCSA C E. crystallorophias, Ho ne ¢ E. superba.

Resumen

El indice de reverberacién (TS) de muestras conservadas (congeladas y descongeladas) de
diablillo antartico (Pleuragramma antarcticum) de longitud total (TL) entre 110 y 202.5 mm
fue medido ex situ (Bahia Ancona) a frecuencias de 38, 120 y 200 kHz en mayo de 2007 y
febrero de 2009. En general, las relaciones ex situ TS-TL fueron: TS;5 = 36.83Log TL(cm)
-103.62 (N = 18); TS5y = 34.75Log TL(cm) —84.20 (N = 19); TSyq9 = 26.71Log TL(cm) —73.74;
(N = 16). Durante las expediciones italianas de 1997/98, 2000 y 2004 se efectuaron nueve
experimentos acusticos in situ con redes de arrastre dirigidos a P. antarcticum juveniles
y postlarvales de 13 a 70 mm de longitud total, al sureste del talud continental y en la
plataforma del Mar de Ross, a profundidades de 30 a 120 m. Las lineas de regresiéon para
la estimacion del TS de los nueve experimentos fueron: TS;g = 57.58Log TL(cm) -123.77;
TS50 = 51.94Log TL(cm) -105.92; TS,y = 46.61Log TL(cm) —95.29. Estos resultados
indican que las relaciones TS-TL a 38, 120 y 200 kHz para los adultos de P. antarcticum
difieren sistemdticamente de las de los peces postlarvales y juveniles. No obstante, el
TS experimental ex situ como in situ con una diferencia promedio de <1.5 dB se puede
predecir con un modelo sencillo derivado de las caracteristicas geométricas y actisticas
de distintas partes de los peces adultos de P. antarcticum, disehado para acomodar los
estadios de vida de los peces desde adultos a postlarvales y frecuencias de 38 a 200 kHz;
si bien hubo grandes diferencias (de 7.16 a —3.14 dB) entre el TS previsto y el TS medido
en peces de cierta longitud. El modelo muestra que los tejidos blandos contribuyen maés
a la dispersion en los peces pequefios y los tejidos duros (v.g. esqueleto) en los peces més
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grandes. Esto podria explicar la causa de la diferencia entre la relacién TS-TL de peces
grandes y pequenos. Los autores estiman que el modelo podria ser utilizado para dar
una indicacién inicial de la abundancia absoluta de P. antarcticum en el Mar de Ross. Un
elemento esencial es el criterio de decision a ser utilizado para diferenciar P. antarcticum
de Euphausia superba y E. crystallorophias presentes en la misma regiéon del Mar de Ross.
De acuerdo con el criterio de decision de tres frecuencias descrito en Azzali et al. (2004),
algunas tallas de P. antarcticum podrian confundirse actsticamente con E. crystallorophias,

pero no con E. superba.

Keywords: Antarctic silverfish, Pleuragramma antarcticum ex situ target strength,
in situ target strength, target strength models, CCAMLR

Introduction

Antarctic silverfish (Pleuragramma antarcticum)
are an important component of the mid-trophic
level and a key link between plankton and the com-
munity of top predators in the Ross Sea. Several
studies have been published on its biology and
ecology (De Witt, 1970; Hubold, 1985; Hubold and
Hagen, 1997; Guglielmo et al., 1998; Vacchi et al.,
2004). However, there is a lack of knowledge on the
acoustic properties of P. antarcticum and thus there
is no acoustic estimation of their distribution and
abundance in the Ross Sea.

Pleuragramma antarcticum belongs to the cat-
egory of non-swimbladder animals that, unlike
swimbladdered fish, include species (crustaceans,
molluscs, fish) whose physiology, shape, size and
acoustic performance are very different. Acoustic
studies of animals without a swimbladder have
not been conducted over as large a range of species
and sizes as that of fish with swimbladders. The
main acoustic studies of non-swimbladders taxa
are from mackerels, squids and euphausiids. It is
unlikely that those results could be adequate to
give even a rough indication of the target strength
(TS) of P. antarcticum.

TS of non-swimbladder fish (e.g. mackerels) are
from 16 dB (40 times) to 24 dB (250 times) lower
than that of swimbladder-bearing fish of simi-
lar size (e.g. clupeids, gadoids) (MacLennan and
Simmonds, 1992). On the other hand, TS of fish,
such as P. antarcticum, that use lipid stores to con-
trol buoyancy, are expected to be much less depth
dependent than those of fish that move up and
down in the water column adjusting the volume
of their swimbladder. The swimbladder accounts
for over 90% of the echo energy (Foote, 1980a),
and distributes the reflected sound more omni-
directionally than the flesh of a non-swimbladder
fish. Therefore, TS of non-swimbladder fish is more
influenced by the swimming angle. However, this
effect could be less than expected for fish with
scattering components (e.g. skeletal structure)
distributed within their body. No in situ or ex situ

measurements of tilt angle of P. antarcticum have
ever been reported, and almost nothing is known
of the acoustic and directional proprieties of their
body and skeleton.

The ossification of P. antarcticum begins in the
early juvenile stages (size: 45-48 mm; age: second
year), coinciding with an increase in lipid content
in the specific ventral sacs (from 12-15% of first
year to 20-32% dry weight (DW) of second year;
DeVries and Eastman, 1978; Eastman and DeVries,
1982; Wohrmann et al., 1997). The ossification and
lipid accumulation increase gradually up to the
size of 65-70 mm (lipid content: 33-41% DW). Lipid
content and skeleton structures have a crucial role
both on the behaviour and acoustic scattering of
P. antarcticum. Incorporation of low-density lipid
(mainly triacylglycerols) prevents juvenile and
adult P. antarcticum from sinking as the ossification
process accumulates heavy materials in their bod-
ies. In this way, P. antarcticum almost attain neutral
buoyancy (density and speed contrast <1.020; Chu
and Wiebe, 2005), a crucial factor for such a strong
pelagic migrant (Wohrmann et al.,, 1997). Lipid
deposits are almost transparent to sound and so
enhance the relative acoustic and directional prop-
erties of the skeletal structures and the surface of
the body. Therefore, TS of P. antarcticum before the
ossification (post-larvae, sub-juveniles: 15-45 mm
length) can be considered as that of a weakly scat-
tering fluid object, and at length >45-48 mm as that
of an almost fluid object containing distributed
scattering elements.

TS measurements can be grouped into three
main categories (Foote, 1987), in accordance with
the techniques and methods used.

Ex situ measurements on dead, stunned
or living fish in cages

These measurements have been made over
a wide range of frequencies, species and sizes
of fish (Shibata, 1971; Haslett, 1970; Love, 1971;
Greenlaw, 1977; Nakken and Olsen, 1977; Foote,
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1980b; Fedotova and Shatoba, 1983; Sun et al., 1985;
Arnaya et al., 1989; Mukai and lida, 1996; Rose and
Porter, 1996; Yasuma et al., 2006). The validity of
the results has been questioned since they derived
from fish whose acoustic and behavioural char-
acteristics have been manipulated. For example,
Sun et al. (1985) suggested that freezing the fish
reduces the overall backscatter by 30%. However,
the results of several ex situ experiments consti-
tuted a basis for calculating the expected echo from
free-swimming fish, as did the observations on
preserved euphausiids of Greenlaw and Foote’s TS
measurements on tethered and anesthetised fish.
In general, the ex situ method should be considered
as a first-approach method, useful when there is a
lack of knowledge on acoustic performances of a
fish species (e.g. P. antarcticum).

In situ measurements on free-swimming fish

These measurements include two methods: the
direct method and the global method (also called
comparison method; MacLennan and Simmonds,
1992). In the direct method, each fish is individu-
ally located in the beam and TS of each fish is
determined. This method gives the best results
with low bias and high accuracy, however, it may
be of limited value where mixed species occur. In
the global method the fish density, species and size
determined by trawling are compared against echo
integrator data; TS of a species is then given in
terms of an ‘average value’. The global method has
been applied for measuring TS of several fish spe-
cies (Pieper, 1979; Sameoto, 1980; Rose and Porter,
1996; Barange et al., 1996, Misund and Beltestad,
1996; Lillo et al., 1996), but does not allow the easy
control of possible bias: catch composition, trawl
efficiency, sampling selectivity, fishing volume,
avoidance reaction and fitting echo-integrated lay-
ers to towed stratum (Barange and Hampton, 1994).
Therefore, more discrepancies seem to occur in the
TS estimations from the global method than in
those from the direct method. However, faced with
mixed populations with species providing very low
and similar acoustic reflections and where it is very
difficult to detect a single echo from the target spe-
cies, the global approach is the only option. Where
these circumstances are combined with unfavour-
able environmental conditions and large areas to
be sampled, such as in the Ross Sea, the only prac-
tical approach is to determine an average TS using
the global method. With an appropriate sampling
regime it can be expected that, on average, the inac-
curacies of the method can be accommodated.
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Models

In the experimental models used in fishery sci-
ence, TS, at a frequency, is assumed to be linearly
related to the logarithm of the standard length
(SL) or total length (TL) in the dorsal aspect (TS =
m Log [fish length] + b), with the two constants in
the formula to be determined for each species by
the best fit to ex situ or in situ data (TS-TL linear
models). It is assumed that the variation in TS due
to the orientation of the fish body in the acoustic
beam is included in the two constants (Love, 1971;
Nakken and Olsen, 1977; Foote, 1987). The regres-
sion coefficient m has been found to be close to 20
for a great many fish species (e.g. backscattering
is proportional to length-squared). An alternate
approach uses theoretical models. Simple theoreti-
cal models approximate the scattering components
of a fish to geometric figures (spheres, ellipsoids,
finite straight or bent cylinders) that make them
amenable to calculations. The contribution of each
part of the geometric components to the overall
TS are calculated (Anderson, 1950; Haslett, 1962,
1970; Johnson, 1977; Stanton, 1988a, 1988b, 1989a,
1989b; Macaulay, 1994). Advanced theoretical
models accurately measure and represent the mor-
phology of the scattering components of fish using
very-high-resolution instruments (phase contrast
x-rays (PCX), computerised tomography (CT)). The
acoustic properties of the different components are
calculated from detailed laboratory acoustic meas-
urements for a wide range of frequencies, angles
of orientation and boundary conditions. Although
these models have been developed mainly for fish
with swimbladders (Foote, 1985; Francis and Foote,
1998; Clay and Horne, 1994; Horne et al., 2000;
Macaulay, 2002), they are potentially applicable
to other types of marine organisms (e.g. Antarctic
krill (Euphausia superba), Demer and Conti, 2005;
lantern fish Myctophidae, Yasuma et al., 2006).
Theoretical models play a vital part in understand-
ing and validating the results of in situ and ex situ
experiments.

The aim of this paper is to determine TS of
P. antarcticum at 38, 120 and 200 kHz using in situ
and ex situ measurements and the usual TS-TL
experimental models and then to design a theoreti-
cal model to explain and validate the experimen-
tal results. In situ measurements were performed
on post-larvae and juvenile P. antarcticum, using
the global method. The measurements on adult
P. antarcticum were conducted on preserved (frozen
and defrosted) fish, because the catches of adults
were sporadic and insufficient to undertake any in
situ calculations. The proposed theoretical model
is based on the gross morphological and acoustic
characteristics of the body and the vertebral col-
umn of adult P. antarcticum. It is a simple model,
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Table 1: ~ EK500 transceiver settings used during the two ex situ experiments.
Nominal frequency 38 kHz 120 kHz 200 kHz
Transducer type ES38-B ES120-7 ES200-7
Beam type split split single
Trasmit power (kW) 2 1 1
Pulse duration (ms) 1 1 0.6
Band width (kHz) wide narrow narrow
Ping interval (s) 0.1 0.1 0.1
Two-way beam by manufacturer -20.6 -20.5 -20.7

angle (dB) by 2007, 2009 calibrations -20.8 -20.1

standardised -20.5

s, threshold (dB re m™) -80
Noise margin (dB) 0 0 0

but adequate to understand and validate the in situ
and ex situ results. The paper is not, in any sense,
a complete investigation of the TS of P. antarcticum,
rather it provides an overview of the current lack
of acoustic knowledge on this important species, as
well as on the Nototheniidae family in general, and
attempts to address this situation using the best
available data.

Methods
Ex situ measurements

Two experiments were conducted, the first in
May 2007 and the second in February 2009 at a
compound moored in Ancona Bay, Italy (43°37'N
13°28'E), near the RV Dallaporta, on which an
acoustic laboratory was installed. Measurements of
water temperature, density and salinity around the
frame were obtained before each experiment from
a Seabird Electronics SBE911 plus CTD. The trials
of the experiments were performed:

* May 2007 — water temperature 16°C, salinity
36.50(psu), density 1026.2 kg m™ and pH = 8,
corresponding to a sound speed of 1512 m s7;

e February 2009 — water temperature 9.1°C, salin-
ity 34.74(psu), density 1 026.9 kgm=and pH =8,
corresponding to a sound speed of 1486 m s7..

For acoustic measurements the Simrad EK500
echo sounder was used, with 38 kHz (type ES38-B)
and 120 kHz (type ES120-7) split transducers and
a single-beam 200 kHz (type ES200-7) transducer.
The measurement data delivered with the three
transducers indicated that their two-way beam
angles, as well as their longitudinal and transversal
-3 dB beam widths, were very similar. The trans-
ducers were bolted, with their centres as close as
possible, to a floating platform, over the centre of
the compound (Figure 1). Routine calibrations were

carried out before each experiment with the copper
spheres at a depth of around 10 m from transduc-
ers. In particular, the two-way beam angles of the
split transducers were calculated from -3 dB points,
measured according to the method described in the
Simrad EK500 manual (1993). Results were close to
the nominal values and constant in time (Table 1).
In the two ex situ experiments, a standard value of
¥ obtained averaging the two-way beam angles
and -3 dB beam widths (0) for all three transduc-
ers, was used:

* two-way beam angle = -20.5 dB
o ¥ =89*103str
e O(transv.) = O(longit.) = 7.2°.

The expected error due to beam-angle stand-
ardisation is <0.5 dB (6%).

The EK500 transceiver settings used in ex situ
and in situ experiments were the same, except the
sy threshold that was set higher (-80 dB re m™!) in
ex situ experiments because the targets were sus-
pended near the centre of the beam (Table 1). It
should be noted that although equal pulse length
and bandwidth at all frequencies, are the best set-
tings (Korneliussen et al., 2004), this was not pos-
sible with the EK500 setup.

In 2007, 40 frozen P. antarcticum, ranging in size
from 110 to 210 mm were used. They were divided
into five length classes of eight individuals, as
shown in Table 2(a). In 2009, only 16 frozen P. ant-
arcticum were available. Their sizes ranged from
120 to 205 mm. They were divided into five classes
as close as possible to those of 2007, containing
from two to four individuals (Table 2b). Fish of the
size class under examination were defrosted before
each trial and their length measured (+5 mm). Then
single fish were loosely tied in a dorsal position by
their upper lip, fin and tail to monofilament lines
(diameter = 0.1 mm; length =3 m). These wires were
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Table 2:  Length classes of Pleuragramma antarcticum used in the experiment of May
2007 (a), and February 2009 (b). Small, medium and large fish used in one-fish
trials are indicated in bold.

(a) May 2007 experiment: 40 individuals

Classes: I 11 111 v A%
Length (mm) 100 125 130 150 170
105 125 135 150 170
110 130 135 155 180
110 130 140 155 180
110 130 145 160 185
115 130 145 160 190
115 130 145 160 190
115 135 150 165 210
Mean 110.0 129.4 140.6 156.9 184.4
SD 5.3 3.2 6.8 5.3 129
Number of trials 1 1 1 1 1

(b) February 2009 experiment: 16 individuals

Classes: I II 111 v A%
Length (mm) 120 140 160 175 200
125 145 165 190 205
130 150 165 200
155 175
Mean 125.0 147.5 166.3 188.3 202.5
SD 5.0 6.5 6.3 12.6 35
Number of trials 2 2 2 2 2

Table 3:  Results of ex situ experiments carried out in May 2007 and in February 2009. Discarded measurements

are in bold.
Experiment Length (mm) 38 kHz 120 kHz 200 kHz
Mean SD TS SD TS SD TS SD
May 2007 110.0 5.3 -64.92 0.58 -70.50 -72.12
129.4 3.2 -63.31 0.22 —44.58 0.50 —42.39 0.90
140.6 6.8 -69.45 —44.78 1.45 —44.77 1.33
156.9 5.3 -58.11 0.25 —40.66 1.27 -40.72 0.57
184.4 12.9 -65.53 -69.25 -49.91
February 125.0 5.0 -60.85 1.51 —45.51 0.88 -43.17 1.81
2009 -60.47 0.23 —48.10 3.23 —44.25 1.58
147.5 6.5 -61.30 0.20 —42.64 1.88 —43.83 3.82
-63.00 0.32 —43.71 2.31 —43.20 3.74
166.3 6.3 -57.78 0.30 —42.36 0.22 —43.23 0.25
-59.29 0.30 —45.36 0.23 -40.87 0.13
188.3 12.6 -54.67 0.35 -39.71 2.00 -39.91 2.67
-41.26 -38.60 2.69 -39.24 1.36
202.5 35 -54.33 2.82 -37.74 2.09 -37.58 2.65
-54.54 1.10 -36.26 1.09 -38.21 0.85
120 small single -63.40 0.22 —-45.86 0.87 —45.08 1.30
split -65.49 4.04 —46.78 441
165 medium single -62.68 0.13 -40.48 1.44 -41.29 2.86
split -61.69 3.40 —41.9 3.81
single -55.88 0.17 -43.01 1.28 -40.20 5.55
190 large split —56.74 450 —41.50 450
Number of TS measurements 18 19 16
Max. TS -54.33 -36.26 -37.58
Min. TS —65.49 —48.10 —45.08
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stretched between two opposite bars of the com-
pound so that fish were situated near the acoustic
axis and from 5 to 7.4 m beneath the transducers.
This distance is greater than the maximum exten-
sion of the near field (2 m at 38 kHz). The monofila-
ment lines had a tilt of around 15° to simulate a fish
swimming angle of +15° (head up) or -15° (head
down). In order to check the calibration and acous-
tic axis orientation, the 60 mm standard sphere
(TS =-33.5 dB at 38 kHz) was kept in place through
the experiments at 10 m from the transducers.

In 2007, one trial was performed on each
length class. In 2009, each length class was exam-
ined twice, through two non-consecutive trials, to
estimate the changes in TS due to changes of fish
position and aspect within the scattering volume.
Moreover, three one-fish trials were carried out on
a small, medium and large fish (Table 2b). A total of
18 trials were carried out in the two experiments.
Each trial consisted of a block of 10 measurements
of s, (m*nmi~) at 38, 120 and 200 kHz taken every
0.2 n miles using a simulated sailing vessel travel-
ling at 10 knots. The ambient noise and backscatter-
ing response from the underwater framework and
wires were measured before and after each trial and
subtracted from the measured data. However, this
contribution was negligible in both experiments.
The volume backscattering coefficient sy (m™) was
calculated from s, values returned from the inte-
gration layer (1, —ry =7.4 -5 = 2.4 m), following the
Simrad EK500 manual (1993). The expected back-
scattering cross-section (m?) of the mean fish TL for
each length class was calculated from the s, values
and the fish-number density p (equation 1).

In the one-fish trials the values of target strengths
at 38 and 120 kHz were calculated from both the o},
values and the TS tables produced by the EK500
echo sounder. A total of 21 TS measurements at 38
and 120 kHz and 18 at 200 kHz was obtained from
all the trials. However, the TS measurements with
the largest (and unexplained) deviations from the
TS-TL least-squares regression line were discarded
(Table 3).

The ex situ experiment in 2007 was carried out
at a water temperature about 7°C higher than that
of 2009 and in both experiments the water tem-
peratures were much higher than that of the Ross
Sea (which ranged from -0.5 to —1°C). There is cur-
rently no information regarding the dependence of
fish acoustic performances on water temperature
parameters on live fish, and very little information
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on dead fish (Yasuma et al., 2006). Therefore, no
adjustment for these differences in water tempera-
ture was attempted.

In situ measurements

Data from 131 hauls conducted during three
expeditions to the Ross Sea (1997/98, 2000, 2004)
and analysed following the global method indi-
cated that taxonomic composition of the catch
accounts for the largest proportion of variation in
mean in situ TS estimation. Other factors that pro-
duce either systematic variations (trawl efficiency,
avoidance reaction) or stationary variations (fac-
tors attributable to fish behaviour) in TS, are either
unknown or not significant if TS is measured as
an average value. It was assumed that a variation
of around 20% or less in mean TS arising from the
taxonomic composition, added to a probable 10%
variation for unknown non-stationary and non-
systematic factors, was sufficient to estimate a cor-
relation coefficient | R | exceeding the critical value
in the TS-TL regression line (| R,, | for the nine tri-
als was 0.666; Table 7 in Crow et al., 1960). For this
study, only catches in which P. antarcticum were
similar in size and comprised around 80% or more
by number were analysed.

These conditions on size and species compo-
sition were found only in nine of 131 examined
hauls. They are:

e three hauls of 35 conducted in December and
January 1997/98;

e three hauls of 63 conducted in January and
February 2000;

e three hauls of 33 conducted in January 2004.

The nine hauls were distributed on the Ross
Sea southeast continental slope (four hauls from
72°37'-73°36'S and 175°17'-171°12'E) and the con-
tinental shelf (five hauls from 74°-76°S and 165°—
176°E) (see Figure 2). The trawls of 1997/98 and
2000 were carried out with a 5 m? Hamburg plank-
ton net (HPN, 1 000 pm mesh size). A pelagic trawl
with doors was used in the 2004 expedition. This
net has the same mesh size as the HPN codends
(1000 um), but a mouth opening of 12 m?. The
trawls used in each fishing experiment are shown
in Figure 2. In all the expeditions the trawl depth
was determined on the basis of echo sounder
observations, monitoring only the upper 200 m of
the water column. A Simrad ITI system was used
for monitoring the position and vertical opening

In order to simplify the presentation of the paper, please refer to the appendix for all equations.
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of the net. The filtered volume was measured by a
flowmeter (General Oceanics, Inc.), attached to the
centre of the mouth. The taxonomic composition
and mean length of P. antarcticum was determined
for each haul. The size (TL) in the nine selected
hauls ranged from 13-70 mm. The composition
(% P. antarcticum by number) is reported in Figure 2.
The average towing speed during each haul was
3.4 knots (SD = 0.56 knots). The mean duration of
a haul was 49.7 min (SD = 10.1 min). Immediately
after every haul, a CTD station was performed. On
average, the nine hauls were carried out at a water
temperature of —0.7°C, salinity 34 (psu), relative
density 1.028, corresponding to a sound speed of
1445 ms™.

In the three expeditions to the Ross Sea, TS data
were collected by the same EK500 echo sounder
used in ex situ experiments, with the 38, 120 and
200 kHz transducers housed within an oil-filled
recess in the ship’s hull, behind a polycarbonate
window. For logistic reasons the echo sounder was
calibrated in Italy in November, a few days before
departure of the RV Italica for Antarctica (with the
three copper spheres placed at around 25 m depth,
at a water temperature of around 9°C, salinity
35 (psu), relative density 1.027, corresponding to
a sound speed of 1490 m s™). Transceiver settings
during the fishing experiments were as that used in
ex situ experiments (Table 2), but Sy, threshold was
set at <90 dB re m™! to reduce its impact on fish TS.
The s, coefficients were generally obtained from
the echo sounder at 0.1 n mile intervals. The start
and stop positions for each tow were marked on
the echograms. The distributions of s, coefficients
at the three frequencies in cells corresponding to
0.1 n mile length by 2 m depth were recorded with
date and time. The depth stratum, date and time
sampled by the net and fish distribution were read
from the echograms. The s 4 values corresponding to
the stratum sampled by the net were also recorded.
The mean volume backscattering coefficient sy
was estimated from the s, values averaged along
the transect length and the thickness of the sam-
pled stratum, following the Simrad EK500 manual
(Simrad, 1993). The backscattering cross-section of
the fish o}, was calculated by equation (2).

The echo sounder was calibrated at a temper-
ature about 10°C higher than that at which hauls
were conducted. According to laws of physics, this
difference in sound speed should not affect the
measurements of the mean volume backscattering
coefficient sy, because the changes of the equiva-
lent beam angle ¥ and of gain G cancel each other,
and it has a negligible effect (overestimation of
<0.2 dB) on TS (Bodholt, 2002). However, changes
in transducer materials (piezo-electrical ceramics,
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metals) and then in the electrical impedance Z with
temperature can potentially produce significant
changes in the echo sounder performance (Brierley
et al,, 1998). Demer and Renfree (2008) demon-
strated that the effects of changes in Z with tem-
peratures ranging from 1° to 18°C are different for
different transducer types (ES38-B, ES120-7 and
ES200-7) and potentially also for different trans-
ducers of the same type (depending on whether
the operational frequency is higher or lower than
the resonance frequency). According to Demer and
Renfree (2008), it could have led to TS overestima-
tion of <0.75 dB at 38 and 200 kHz and of <1.5 dB
at 120 kHz. However, recess window material and
oil type could influence these estimations. In the
authors’ opinion these variations in TS are within
the range of the other systematic variations from
other sources and therefore no adjustment for the
effect of water temperature was attempted.

Models

Experimental models of TS-TL relationship
at 38, 120 and 200 kHz are given as a best-fitting
(e.g. least-squares) equation to the experimental
data: TS = m Log (TL.y) + b, for both ex situ meas-
urements on adults (TL = 11.00-20.25 cm) and in
situ measurements on post-larvae and juveniles
(TL = 1.33-6.89 cm) of P. antarcticum.

The proposed theoretical TS model was calcu-
lated by examining in some detail the geometric
and scattering characteristics of the body and the
vertebral column of several adult P. antarcticum.
X-rays of preserved fish, ranging in TL between
110 and 205 mm were examined transversally and
longitudinally. The positions of the sectional views
measured from the reference point (the nose) at dif-
ferent coordinate x and all dimensions (lateral and
dorsal) were related to the overall length of the fish
(TL in mm). The fish were also weighed and the
volume and density of the body as a whole, and of
the backbone in particular, were determined using
the Archimedes principle. The average dimensions
of the body and vertebral column were calculated
at different positions along the axis of the fish. The
bony spines and fins, as well as the light downward
curvature of the vertebral column, were ignored,
as they presumably do not contribute appreciably
to the level of reflected sound. The dimensions of
the ellipsoid that fits reasonably well for the fish
body were: L = standard length = ¢; (TL), H = body
height at the base of the pectoral fin = ¢, (TL) and
W = width of the body at the base of the pectoral
fin = ¢, (TL), where ¢, ¢}, c,, are morphological coef-
ficients of the P. antarcticum body (Figure 3). This
approximation was reasonably accurate, at least
for the fish body volume, that was close (<10%)



to the volume determined experimentally. The
approximate equivalent volume (V) and spherical
radius (r;) of the fish body at a function of the mor-
phologic coefficients were calculated according to
equations (3) and (4).

Forhigh frequencies (i.e. 1<< (kr,)— 20, ellipsoid;
k = wave number = 2n/A), the asymptotic upper
limit of the acoustic cross-section of an ellipsoid
(Opody), approximating the fish body (dorsal aspect),
is expressed in equation (5) (Haslett, 1970).

At low frequencies (i.e. 1>>(kr,) — 0.2, sphe-
roid), when the equivalent spherical radius of the
fish body fall in the Rayleigh scattering region, the
lower asymptotic limit of the acoustic cross-section
can be represented by equation (6) (Haslett, 1970).

The parameter R, in equations (5) and (6) is the
reflection coefficient of the fish flesh. It depends on:
(i) the mass density contrast g (density of P. antarcti-
cum flesh/density of Ross Sea water); (ii) the sound
speed contrast i (compression speed in P. antarcti-
cum flesh/sound speed in Ross Sea water); (iii) the
shape of the fish body (ellipsoidal for adults (equa-
tion 5), spherical for post-larvae and sub-juveniles
(equation 6)). The following formula, obtained by
interpolating those for ellipsoids and spheroids
proposed by Stanton (1989b), was used for calcu-
lating R, at all (kr,) in equation (7).

The density and sound-speed contrast were
taken from experiments on two sets of juvenile
P. antarcticum with lengths of 60-75 mm (9 ani-
mals: ¢ = 1.018; i = 1.017) and 69 mm (11 animals:
¢=1.007; h=1.013) (Chu and Wiebe (2005; Table 3)).
The mean values of the two experiments: g = 1.012
and h = 1.015, produced |R,, (kry)| values ranging
from 1.7% (spheroid) to 2.6% (ellipsoid) (in good
agreement with the mean characteristics of fish soft
tissues: R, = 1.9% (Haslett, 1970)). The frequency
response of the backscattering cross-section Gy,
for (krp) ranging from 0.2 to 20 is similar to that of
a high-pass filter, however, the non-linear models
used in the past (e.g. Johnson, 1977) do not provide
a convenient way to link the asymptotic responses
at low and high frequencies. On the contrary, the
non-linear high-pass model described by Cann
(1980) (see equation (8)), allows the adjustment of
the knee that links the lower and upper asymptotic
limits through the parameter s (s can be adjusted
from 2 (soft knee) to «). The formula is flexible and
can be used in many ways, for example as band-
pass, limiter and detector. Taking this function, and
performing a minor algebraic manipulation, yields
the acoustic cross-section of the P. antarcticum body
(Gpoay) valid in the range (0.2 < kr, < 20) (see equa-
tion 9):
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The sharpness parameter s used in this paper is:
s =10 (hard knee).

For (kry) — o and (kr;) — 0 the asymptotic for-
mulas of the acoustic cross-section were obtained
at high (equation 5) and low (equation 6) frequen-
cies respectively. The backscattering cross-section
of the fish body is: 6yo4, /4.

The core of the vertebral column was approxi-
mated to a straight cylinder of length L, = ¢, (TL)
and radius r, = ¢, (TL) where c, and c, are the mor-
phological characteristics of the backbone. The
backscattering cross-section of the vertebral col-
umn was calculated with a procedure similar to
that followed for the body and using the formulas
reported by Stanton (1989b, Table 1). In the geomet-
ric region (i.e. 1 << (kr,), rigid cylinder with reflec-
tivity R,), the upper asymptotic limit of the acoustic
cross-section is represented by equation (10).

In the Rayleigh scattering region (i.e. 1>>(kr,),
fluid cylinder with reflectivity R,) the lower
asymptotic limit of the acoustic cross-section is rep-
resented by equation (11).

For all (kr,) values (high-pass model), perform-
ing the same computations on equations (10) and
(11) as those done for equations (5) and (6), is
shown in equation (12).

The amplitude reflection coefficient of the bone
R, was calculated after Stanton (1989b) (see equa-
tion (13)).

As there are no measurements of g, h for a
P. antarcticum skeleton, values of ¢ = 1.036 (follow-
ing the measurements on backbone density) and
h = 1.25 were used, giving |R,| = 0.22, which is in
reasonable agreement with the mean characteris-
tics of fish hard tissues (R, ~26%; Haslett, 1970).

Assuming the linearity of acoustics in the fish
target and using the superposition of echoes,
considering that over 98% of the incident energy
passes through the soft tissue so that the value of
R, in water can be taken (although the bones are
surrounded by fish flesh), the total backscatter-
ing cross-section and TS of P. antarcticum can be
expressed as equations (14) and (15).

This model is designed to fit data to a range
of frequencies and life stages as wide as those
examined in this paper, i.e. frequencies from 38 to
200 kHz and lengths from 0.013 to 0.202 m.
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Results
System performance

The acoustic system calibrations with standard
spheres exhibited statistical stationarity (almost
constant mean and variance for all frequencies) in
TS and in beam-angle parameters both over days
(during ex situ experiments) and between years
(during the experiments in situ: 1997 /98, 2000, 2004
and ex situ: 2007, 2009).

Ex situ results

The mean s, coefficient from the underwater
framework and wires was stationary and very low
during both ex situ experiments: mean s 4 from noise
<10~ mean s4 from small single fish (120 mm).

The results of the two experiments are summa-
rised in Table 3. The overall distribution of P. ant-
arcticum TS (dB re 1 m?) ranged:

e at 38 kHz from —65.49 (TL = 110 = 5.4 mm) to
—-54.33 (TL = 202 + 3.5 mm);

e at 120 kHz from —48.10 (TL = 125 + 5 mm) to
-36.26 (TL = 202 + 3.5 mm);

e at 200 kHz from —45.08 (TL = 120 mm) to -37.58
(TL =202 + 3.5 mm).

In the repeated trials, TS from the same fish but
with different aspects in the beam differed from
-1.5 to 3 dB.

TSlevels (dBre 1 m?) were significantly (P <0.05)
related to fish total length at 38, 120 and 200 kHz
(Figure 4). The best-fit (least-squares) linear model
was:

o at38kHz: TS;s(adult) = 36.83Log(TL,,,) — 103.62;
N =18; R? = 0.75;

e at 120 kHz: TSpy(adult) = 34.75Log(TL.y)
—-84.20; N =19; R*=0.73;
e at 200 kHz: TSyy(adult) = 26.71Log(TL.y)

-73.74; N =16; R = 0.78.

In situ results

Details of in situ fishing experiments are reported
in Table 4. The maximum depth of the net in the
nine hauls ranged from 30 to 119 m (mean value
69.4 + 33.5 m). The mean water parameters aver-
aged from 0 to 200 m depth during the nine hauls
were: T = - 0.74° = 0.37°C; S = 34.20 = 0.12 (psu);
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density: 1027.73 + 0.22 kg m~. The overall distribu-
tion of P. antarcticum TL ranged from (13.3 + 0.3) to
(68.9 +11) mm, spanning life stages from post-larvae
(TL = 10-30 mm; N = 104 070) to sub-juveniles and
juveniles (TL = 30-70 mm; N = 2 899). The trawl
catchesinall hauls were dominated by P. antarcticum
(mean value in % by numbers 87.0 = 7.6 and by
weight 89.2 = 14.1). Other species present in the
catch that could be present in the acoustic signals
were ice krill (E. crystallorophias) (highest in % by
numbers —21.3%), E. superba (highest in % by num-
bers —17.7%) and bigeye krill (Thysanoessa macrura)
(highest in % by numbers — 10.5%). Figure 5 shows
the relationship between TS and TL measured in
situ at 38, 120 and 200 kHz. The overall distribution
of P. antarcticum TS ranged:

e at 38 kHz from —115.02 (TL = 13.3 + 0.3 mm) to
-74.98 (TL = 68.9 + 11 mm);

e at 120 kHz from -98.83 (TL = 13.3 = 0.3 mm) to
—64.07 (TL = 68.9 = 11 mm);

e at 200 kHz from —-90.36 (TL = 13.3 + 0.3 mm) to
-53.81 (TL = 68.9 = 11 mm).

TS levels were very significantly (P < 0.01)
related to total length at 38, 120 and 200 kHz. The
line of best fit to data was:

e at 38 kHz: TSg(juven.) = 57.58Log(TL.,)
-123.77; R = 0.99;

e at 120 kHz: TSjy(juven.) = 51.94Log(TL.,)
—-105.92; R =0.98;

e at 200 kHz: TSyp(juven.) = 46.61Log(TL.,,)
-95.29; R? = 0.97.

Results from the theoretical model

After measurements of the dimensions of
18 preserved fish, ranging in TL between 110 and
205 mm, the mean body of a ‘standard silverfish’
was approximated to an ellipsoid of axes L, H, W:

L = standard length SL = ¢(TL) = (0.88 =
0.02)TL;

H = body height at the base of the pectoral fin =
cy(TL) = (0.118 + 0.01)TL;

W =body width at the base of the pectoral fin =
c,(TL) = (0.087 + 0.007)TL.
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Giving an equivalent spherical radius and volume:

7, = ay(TL) = (104 + 7)107% (TL)
V= (4/3)n () = (4.74 + 0.95)1073 (TL)?;

where TL = overall fish length in metre;
ap = [((Cl Cp Cw)l/3)/2]-

Overall, the standard silverfish volume calcu-
lated from ellipsoid approximation was 8% lower
than the overall fish volume determined by the
Archimedes’ principle.

The square of the mean acoustic reflectivity of
P. antarcticum flesh [R, (kry)]?, from equation (7),
ranged from (2.89)10™* to (6.76)10~. Taking into
account the values of ¢, and a,, the equation (9) of
the backscattering cross-section of the fish body
becomes as expressed in equation (16).

The core of the vertebral column of the standard
silverfish approximates a cylinder having;:

r, = radius = ¢,(TL) = (0.011 + 0.001)(TL)
L, = length = ¢,(TL) = (0.65 + 0.02)(TL).

On average, the volume of the vertebral column
calculated from these measurements was:

V, = (2.64  0.52)10~ (TL)?.

The mean volume of the vertebral column
was 5.1% of the overall measured volume of the
fish, and 5.6% of the calculated volume (V). The
mean density of fish bones has been found to
be (1.065 + 0.004)10° kg m™ (density contrast:
g = 1.036). Assuming a sound speed contrast
h = 1.25 (i.e. compression speed in the bones =
1811 m s7!) on the basis of the TS measured in situ
and ex situ, the square of the mean acoustic reflec-
tivity of wet P. antarcticum bones results would be
(R,)? = (4.72)1072. Taking into account the values of
r,, ¢y and (R,)? equation (12) becomes as expressed
in equation 17. Figure 6 shows the TS-TL relation-
ships at 38, 120 and 200 kHz, with TS calculated
from equations (16) and (17): TS = 10Log((Spea, /4m)
+ 0,) where (Gy,4,/4m) + G, = O is the backscatter-
ing cross-section (m?).

The differences between TS predicted from the
model and those measured in situ and ex situ are
reported in Table 5. Although for some small-sized
fish (<70 mm) the differences between the pre-
dicted and measured TS are very high (up to 7.6 dB
re 1 m?), the difference averaged from 205 to 13 mm
is <1.5 dB at all frequencies.

Target strength studies on Antarctic silverfish

Defining the ratio between backbone and fish
backscattering cross-sections as y = Gyert./Ops and
averaging y from TL = 15 to 205 mm, gives:

o at 38 kHZ, Yyean = 43%
e at 120 kHz, Yyean = 81%
e at 200 kHZ, Yyean = 90%.

Therefore the mean backscattering cross-
section of P. antarcticum o, within the bounds of
the model (TL = 15-205 mm), is governed at low
frequency mainly by the body flesh, and at higher
frequencies by the material and dimensions of fish
bone. Moreover, for sizes smaller than about three
wavelengths, the main contribution to the scatter-
ing comes from the soft tissues of the fish (y < 50%),
while for larger sizes it is formed by hard tissues
(y > 50%). This gives, for example:

e at 38 kHz (A = 38.1 mm) for TL < 130 mm,
Y < 48(70;

e at 120 kHz (A = 12.1 mm) for TL < 40 mm,
Y < 460/0,'

e at 200 kHz (A = 7.2 mm) for TL < 25 mm,
¥ <49%.

The equation of TS-TL deduced from equa-
tions (16) and (17) is not linear and quite complex.
However, it can be put into a more commonly used
linear form with excellent approximation:

e at 38 kHz: TS38
R%=0.97;

53.1Log(TLem) — 120.9;

e at 120 kHz: TS]ZO
R?=10.99

48.3Log(TLe) — 100.65;

e at 200 kHz: TSy = 41.1Log(TL.,) - 89.8;
R?=0.97.

These equations could be used as a first
approach for estimating the absolute abundance
of P. antarcticum in the Ross Sea. A critical point is
the criteria to be used to discriminate P. antarcticum
from E. superba and E. crystallorophias that co-occur
in some areas. Following the three-frequency deci-
sion criterion described in Azzali et al. (2004), the
results summarised in Table 6 were obtained. Some
sizes of P. antarcticum (145-95 mm and 45-25 mm)
could be misclassified as E. crystallorophias, how-
ever, it seems improbable to confuse P. antarcticum
with E. superba.
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Discussion

The strengths and weaknesses of this study can
be elaborated by consideration of the following
topics.

Appropriateness of methods used for TS meas-
urements. The choice of methods for measuring
TS (dead fish suspended in a cage, global method)
was determined by the difficulty of detecting sin-
gle P. antarcticum in the field. This is because adults
that have a very low acoustic reflection, occurred
in deep water (200400 m), and post-larvae, sub-
juveniles and juveniles that have a TS similar to
that of Euphausiids, were often found associated
with krill populations. Moreover, in the Ross Sea
the opportunities to carry out net sampling where
fish were detected were severely limited by the
presence of ice. Therefore, in situ TS measurements
using sophisticated (e.g. direct) methods were not
available for this study.

Input power and its effect on TS measure-
ments. Sound will always be generated non-
linearly, but if the energy in the sound is low, the
non-linear wave equation can be approximated
by the usual linear equations (Korneliussen et al.,
2004). In ex situ and in situ measurements, however,
1kW input power was used at 120 kHz and 200 kHz
(Table 1). This leads to a non-linear generation of
sound in the water column that cannot be ignored.
For 200 kHz at 1kW, the non-linear effects would
lead to a theoretical 6 dB loss at 100 m range (4 dB
loss is within 10 m, 5 dB within 20 m). From 100 to
400 m, there would only be an additional 0.5 dB
loss. There is a similar trend for 120 kHz: 2 dB loss
within 100 m (0.75 dB loss within 10 m, 1.25 dB loss
within 20 m), additional 0.75 db up to 600 m. For
38 kHz non-linear effects are negligible. As the cali-
bration sphere was placed: (i) at 25 m depth before
in situ TS measurements most of the loss (5 dB) was
already accounted for; (ii) at 10 m depth before ex
situ TS measurements (5-7.4 m) the loss was com-
pletely compensated.

Different location of data acquisition and
acoustic system calibration. There is no doubt that
calibration must be performed in waters having
similar properties as that of the measurement area
(MacLennan, 1990). For logistic reasons, however,
the acoustic system had to be calibrated in waters
(Adriatic Sea) at a temperature about 10°C higher
than that of the data acquisition area. This could
have led to a maximum overestimation of in situ
TS at 38 and 200 kHz of =0.75 dB and at 120 kHz
of =1.5 dB.

Acoustic proprieties of fish in relation to freez-
ing and defrosting. It is very well known that the

Target strength studies on Antarctic silverfish

risk of deteriorating fish tissues by freezing and
defrosting is very high. Following Sun et al. (1985),
freezing the fish reduces the overall backscatter by
around 30%. However, the variations may depend
on the method of treatment and perhaps on fish
species, leading to an unknown systematic error in
the ex situ TS measurements.

Acoustic properties of dead fish in relation to
water temperature. The water temperature during
the 2007 ex situ experiment (16°C) was about 7°C
higher than that of the 2009 experiment and about
17°C higher than that of the Ross Sea (from —0.5 to
-1°C). TS is very sensitive to variation in relative
density and sound speed that could be caused by
water temperature. The densities of seawater and
of lipids, an acoustically important component
of the P. antarcticum body, change less than 0.03%
between 4°C and 30°C (Neighbors and Nafpaktitis,
1982); such change has a negligible influence on the
value of the relative density g. There is little infor-
mation on the relative sound-speed parameter h in
relation to water temperature. It seems to decrease
as temperature increases (Yasuma et al., 2006). If
that is so, comparison between TS measured in
2007 and 2009 experiments and between ex situ and
in situ TS could be questionable. However, the pos-
sible variations of h with water temperature are not
yet corroborated by sufficient experimental data.

Tilt-angle distribution. It is well known that
tilt-angle distribution is required to calculate aver-
age TS. However, there is a lack of information on
the in situ tilt angle of P. antarcticum which prob-
ably is different for animals of different size. In the
ex situ experiments, a random distribution of +15°
was applied which was considered reasonable for
adult P. antarcticum. The in situ experiments were
performed on different sizes of P. antarcticum (post-
larvae, sub-juveniles and juveniles), that probably
swim at different tilt angles. Future studies need
direct observations, with a video for example, on
the actual mean swimming angle of P. antarcticum
and on the relationship with age classes.

The theoretical model and its limitations. The
theoretical model is based on few geometric param-
eters of the fish body and vertebral column, there-
fore it can provide only a general approximation of
the scattering properties of fish. However, because
it gives exact solutions of oy,4(f), it can provide guid-
ance for other more detailed models. The morpho-
logical measurements were taken from only 18 fro-
zen adults. In future, the body measurements must
be validated by examining freshly caught fish of a
greater range of TL.
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Relative density and speed sound through
the fish body. If the target species does not con-
tain a swimbladder, the use of a theoretical model
requires estimates of ¢ and / in both the flesh and
bone. In this study g and h of the flesh were taken
from the experiments of Chu and Wiebe (2005) on
juvenile P. antarcticum (60-75 mm), while g and h
of adult fish bone were calculated theoretically (g)
or deduced (h) from in situ and ex situ data. It is
assumed that these parameters do not change with
fish length. From the measurements of adult fish,
no significant relationship was found between mass
density (g) and TL. Additional research is required
to improve the reliability of these parameters.

Overall ex situ and in situ TS-TL relationships
compared to TS-TL equations from the model.
The TS-TL relationships at 38, 120 and 200 kHz for
adult P. antarcticum (ex situ measurements) differ
consistently from those of post-larvae and juveniles
(in situ measurements). However, the equations of
the theoretical model are in good agreement with
both in situ and ex situ data. The model can predict
in situ and ex situ experimental data with a mean
difference <1.5 dB at all frequencies, although
for some small sizes (<70 mm) the discrepancies
between the measured and predicted TS are high.
The model shows that the main contribution to the
scattering in fish smaller than three wavelengths is
from soft tissues, while for larger sizes it is from
hard tissues. This can explain why small and large
fish have different TS-TL relationships.

Regression coefficientin the data. Experimental
models used in fishery science to relate TS to TL
often have a regression coefficient (slope) close to
20 dB. Data from ex situ and in situ measurements
in this study, as well as from a theoretical model,
indicate that the use of a slope of 20 is not appro-
priate for P. antarcticum. This result is in agreement
with the reports of McClatchie et al. (2003) and
Yasuma et al. (2003).

Discrimination of P. antarcticum from Euphau-
siids. Using the theoretical models for TS estima-
tion and the three-frequency decision criteria for
discrimination of Euphausiids (Azzali et al., 2004),
indicates that in some length classes P. antarcticum
could be confused with E. crystallorophias, but not
with E. superba. It is of note that g and h of P. ant-
arcticum are closer to those of E. crystallorophias than
those of E. superba (Chu and Wiebe, 2005).
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The transducers at 38, 120 and 200 kHz l,-"' Floating platform

Upper steel ring

Hollow bars in fibreglass:

diameter = 8 cm \

Fish suspension wires

=
L
Lower steel ring
Reference target
Figure 1: Apparatus used for ex situ target strength measurements on dead fish. The lower steel ring

and the reference target are 7.5 and 10 m respectively below the transducers. The diameter
of the two steel rings is 3 m. The fibreglass bars are 2 mm thick, 7 m long and filled with
seawater. The suspension wires have a tilt angle of around 15°.
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Location of fishing experiments
and mean value in % by number 0
of Pleuragramma antarcticum catches. i
Haul Lat (S) % by Date
Lon. (E) |number r
PHN-08 | 73°56.70' | 82.3% 1997 :
A 17501374 19 Dec. g _
I g
- v
PHN-14 | 73°35.53" | 82.9% 1997 5 g
. I &
A | 17504144 21 Dec -
E ROSS SEA
69°S
PHN-33 | 74°53.40' | 78.7% 1998
A | 164°3840 02Jan. | 7S %
718 L [
PHN-07 | 75°54.00' | 96.8% 2000 [ \
[0 | 176°07.20 2Jan. | 728 [ w
L o
i 6‘ QO HPRI-19 %
i HPRI-18 :
PHN-57 | 73°12.60" | 92.5% 2000 73°s L O g
i [IpHin-67 /\ PHN-14 3
O | 17101200 04 Feb. . : ApHNos
i [ .
PHN-59 | 74°33.60 | 99.7% | 2000 i <~ []PHN-59 m
S  /A\PHN-33 b
] 170° 58.20' 05 Feb. i QHPRI-33 'Cz‘J
[ o
I PHN-07
HPRI-18 | 72°50.36' | 78.9% 2004 76°S v O
O |174°30.58 15 Jan.
77°s | 2 ”
HPRI-19| 72°37.30" | 84.6% 2004 I UE\ E
i % P <
L = e
O |[175°16.38 16 Jan. L S
S L ﬂ Ross Lee Shelf
; ® |
HPRI-33| 75°13.20' | 87.1% | 2004 |
O 167° 28.80' 27 Jan. 160°E 165°E 170°E 175°E 180° 175°W
Figure2:  Map of the fishing experiments conducted in three expeditions to the Ross Sea: December and January
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1997/98 (A), January and February 2000 (), and January 2004 (O). The nine trials are distributed on
the continental slope (four hauls: HPRI-19, HPRI-18, PHN-57 and PHN-14) and continental shelf (five
hauls: PHN-08, PHN-59, PHN-33, HPI-33, PHN-07). The trawl catches in all hauls were dominated by
Pleuragramma antarcticum (mean value in % by numbers 87.0 + 7.6 and by weight 89.2 + 14.1).
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Parts of a fish (e.g. Pleuragramma antarcticum) contributing to its acoustic echo, showing nomenclature
concerning dimensions, on which calculations of acoustic echoes from fish flesh and backbone were based,
the reference point which was used to fix the position of the fish and the ellipsoid which approximates
the body of the fish. All dimensions are given in terms of TL. L = standard length; H = body height at the
base of the pectoral fin; W = body width at the base of the pectoral fin; the fitted ellipsoid has dimensions:
L, H, W; L, = length of vertebral column; d, = mean diameter of vertebral column.
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TS-TL relationship at 38 kHz:
TS =36.83 Log(TL.m) — 103.62;
N =18; R? = 0.75; P < 0.05 (significant)

* o
—56 /3/ —
NE A ’/
[
Q —61 ‘ 2 z
'_
—66
10 12 14 16 18 20 22
TL (cm)
TS-TL relationship at 120 kHz:
TS =34.75 Log(TLm) — 84.20;
N =19; R? = 0.73; P < 0.05 (significant)
-34
-36

‘o¢

L4
OOY

A [ 2
¢

P gt .
48

10 12 14 16 18 20 22

TS (dBre 1 m?)
IS
N

TL (cm)

TS-TL relationship at 200 kHz:
TS =26.71 Log(TL¢m) — 73.74;
N =16; R? = 0.78; P < 0.05 (significant)

40 %

—42

) e

10 12 14 16 18 20 22

TS (dBre 1 m?)
>

Figure 4: Target strength to total length (TS-TL) relationships at 38, 120 and 200 kHz derived from
ex situ trials on preserved (frozen and defrosted) Pleuragramma antarcticum, carried out in
February 2009 (®) and May 2007 (A). TS levels were significantly (P < 0.05) related to fish
total length at 38, 120 and 200 kHz.
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TS (dBre 1 m?)
|
©
(6]

TS-TL relationship at 38 kHz:
TS =57.58 Log(TL¢m) — 123.77;
N=9; R?=0.99; P <0.01 (highly significant)

TL (cm)

TS-TL relationship at 120 kHz:
TS =51.94 Log(TL¢m) — 105.92;
N=9; R?=0.98; P <0.01 (highly significant)

A = |

/‘/1/:./

TS (dB re 1 m?)
|
=]
o

TL (cm)

TS-TL relationship at 200 kHz:
TS =46.61 Log(TL.m) — 95.29;
N=9; R?=0.97; P < 0.01 (highly significant)

TS (dBre 1 m?)
|
4
(4]

TL (cm)

Figure 5:

Target strength to total length (TS-TL) relationships derived from nine in situ fishing experiments on
post-larvae and juvenile Pleuragramma antarcticum, carried out in December and January 1997/98 (A),
January and February 2000 (l) and January 2004 (@). TS levels are very significantly (P < 0.01) related

to fish TL at 38, 120 and 200 kHz.
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Theoretical model at 38 kHz compared with in situ and ex situ measurements
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Theoretical model at 120 kHz compared with in situ and ex situ measurements
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Theoretical model at 200 kHz compared with in situ and ex situ measurements
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Diagrammatic presentation of the acoustic model of Pleuragramma antarcticum at 38, 120 and 200 kHz
in relation to fish size. Theoretical target strengths are compared in each plot with the target strengths
measured in situ (1) and ex situ (A).
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Liste des tableaux
Réglage du transducteur EK500 lors des deux expériences ex situ.

Classes de longueur de Pleuragramma antarcticum utilisées dans l'expérience de mai 2007 (a) et de février
2009 (b). Les caracteres gras indiquent les poissons de petite taille, de taille moyenne et de grande taille
utilisés dans les essais réalisés sur un poisson unique.

Résultats des expériences ex situ réalisées en mai 2007 et en février 2009. Les mesures non retenues sont
en caractéres gras.

Précisions sur les expériences in situ réalisées sur Pleuragramma antarcticum au cours des campagnes
d'évaluation italiennes de 1997/98, 1999/2000 et 2003 /04 en mer de Ross : date de commencement et de
fin et position de chaque pose, distribution des poissons au moment de la pose, captures en résultant et
estimations de l'indice de réflexion moyen. Deux types de distribution des poissons sont considérés : la
distribution locale, lorsque les poissons se concentrent dans un transect d'une longueur inférieure a un
mille nautique, et la distribution diffuse, pour les poissons répartis sur deux milles nautiques ou plus.
Dans ces deux distributions, les poissons sont classés en deux catégories : dispersés ou regroupés, selon
la forme de 1'échogramme.

Comparaison entre les données prédites par le modele théorique et celles enregistrées in situ et ex situ.

Résultats de I'application du critere de décision a trois fréquences décrit dans Azzali et al. (2004) pour
distinguer Pleuragramma antarcticum de Euphausia superba (E.s.) et de E. crystallorophias (E.c.) ; classe
« espece inconnue » : (?). Les TS de Pleuragramma antarcticum a 38, 120 et 200 kHz ont été calculés a partir
du modeéle théorique.

Liste des figures

Equipement utilisé pour mesurer l'indice de réflexion ex situ de poissons morts. L'anneau inférieur en
acier et la cible de référence sont respectivement a 7,5 et 10 m en dessous des transducteurs. Les deux
anneaux en acier ont un diametre de 3 m. Les barreaux en fibres de verre sont de 2 mm d'épaisseur, de
7 m de long et remplis d'eau de mer. Les fils de suspension ont un angle d'inclinaison d'environ 15°.

Carte des péches expérimentales réalisées au cours de trois campagnes d'évaluation en mer de Ross :
décembre et janvier 1997/98 (A), janvier et février 2000 (OJ) et janvier 2004 (O). Les neuf essais sont
répartis sur la pente continentale (quatre chalutages : HPRI-19, HPRI-18, PHN-57 et PHN-14) et sur le
plateau continental (cinq chalutages : PHN-08, PHN-59, PHN-33, HPI-33, PHN-07). Dans les captures de
tous les chalutages, Pleuragramma antarcticum prédominait (valeur moyenne en % du nombre 87,0 + 7,6
et du poids, 89,2 + 14,1).

Les parties d'un poisson (Pleuragramma antarcticum, par ex.) qui contribuent a son écho acoustique,
montrant les dimensions sur lesquelles étaient fondés les calculs des échos acoustiques de la chair et
de la grande aréte, le point de référence utilisé pour déterminer la position du poisson et l'ellipsoide
correspondant approximativement au corps du poisson. Toutes les dimensions sont données en fonction
de la TL. L = longueur standard ; H = hauteur du corps a la base de la nageoire pectorale ; W = largeur
du corps a la base de la nageoire pectorale ; 1'ellipsoide ajusté a les dimensions : L, H, W ; L, = longueur
de la colonne vertébrale ; d, = diameétre moyen de la colonne vertébrale.

Relations indice de réflexion-longueur totale (TS-TL) a 38, 120 et 200 kHz dérivées des essais ex situ
réalisés sur des spécimens de Pleuragramma antarcticum conservés (congelés et décongelés) en février
2009 (®) et mai 2007 (A). Les niveaux de TS présentent une corrélation significative (P < 0,05) avec la
longueur totale des poissons a 38, 120 et 200 kHz.

Relations indice de réflexion-longueur totale (TS-TL) dérivées de neuf péches expérimentales in situ sur
des post-larves et des juvéniles de Pleuragramma antarcticum, menées en décembre et janvier 1997/98 (A),
janvier et février 2000 (M) et janvier 2004 (@). Les niveaux de TS présentent une corrélation significative
(P < 0.01) avec la longueur totale des poissons a 38, 120 et 200 kHz.

Représentation diagrammatique du modele acoustique de Pleuragramma antarcticum a 38, 120 et 200 kHz
par rapport a la taille des poissons. Dans chaque graphique, les indices de réflexion théoriques sont
comparés aux indices de réflexion mesurés in situ (1) et ex situ (A).
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Crucoxk Tabnun
VYeranosku TpancuBepa EK500, ncnonb3oBaBiuecs B X0 AByX SKCIIEPUMEHTOB ex Situ.

Knaccwl qnmun Pleuragramma antarcticum, MCTIONB30BaBIIECS B dKcniepuMeHTax B Mae 2007 r. (a),
u B despaine 2009 1. (b). Menkasi, cpenHsist U KpynHasi pbl0a, UCIIOIB30BABINASICS B OMBITAX C OIHOH
0C00BI0, TTOKa3aHa YKUPHBIM MIPU(TOM.

Pe3ynbrarhl SKCIIEpUMEHTOB ex situ, npoBonuBinuxcs B Mae 2007 . u B ¢pepaiie 2009 . OrOpakoBaHHbIE
H3MEpEeHNs TOKa3aHbl )KUPHBIM HIPH(TOM.

Wudopmanust 06 skcriepuMeHTax in situ ¢ Pleuragramma antarcticum, BBIOTHEHHBIX B XOIE
UTAIbIHCKUX dKcreaunuit 1997/98, 1999/2000 u 2003/04 rr. B Mope Pocca, moka3siBaroiias JaThl
HA4yala/OKOHYaHUSI M KOOPJIUHATHI KO BBHIOOPKH, pacrpesiesieHHe pbhIObl BO BpEMsi BBIOOPOK,
pE3yNBTATHI JIOBA M OICHKH CPEMHEH CHUIBI Ieir. PaccMaTpuBacTCst IBa THIIA PACTIPEACICHUS PHIOHI:
JIOKaJbHOE, KOrJa pbiba KOHICHTPHPYETCS B MpEAeNax paspesa, JUIMHA KOTOPOTO MEHBINE OIHOM
MOPCKOM MHJIH, W PacCesHHOE, KOTJa phIiba paccpenoToueHa Ha IBYX WM Gojlce MOPCKMX MUJISX. B
000HX CiTydyasx pacrpeielicHHe PhIObI KIaCCH(HIPYETCs KaK PaccpeOTOUCHHOE, KOCIKOBOC HITH
MOCTIOHHOE B 3aBUCUMOCTH OT (DOPMBI 9XOTPAMMBI.

CpaBHEHHE TaHHBIX, TOTYYCHHBIX TI0 TEOPETUIECCKOW MOICIH, C JTAaHHBIMU, I3MEPEHHBIMH i71 Sifu U ex
situ.

Pesynbrarel MpUMEHEHHS TPEXYACTOTHOTO KPUTEPUS IIPHHATHUS PEIICHHIA, ONIICAHHOTO B pabote Azzali
et al. (2004), rcrionp30BaBIIETOCS TSI TOTO, YTOOBI OTIHINTE Pleuragramma antarcticum ot Euphausia
superba (E.s.) u E. crystallorophias (E.c.); knacc "neusBectuwii Bun" — (?). TS Pleuragramma
antarcticum Ha 38, 120 n 200 k' paccuuThIBaNIaCh 110 TEOPETUYECKOW MOJEIH.

CIrcoK pruCyHKOB

Amnmapar, UCIIoIb30BaBIIMICS ISl U3MEPEHHUST CUIIBI LIETIM MEPTBOW pBIOHI ex situ. HwkHee cranbHOe
KOJIBLIO ¥ KOHTPOJIbHAS II€Th HAXOAATCS COOTBETCTBEHHO Ha 7.5 1 10 M HIbKe TpaHcapiocepos. [Auamerp
JIBYX CTaJIbHBIX KoJIell paBeH 3 M. HarmomHeHHbIe MOPCKOM BOAOH TPyOKH M3 CTEKIOBOJIOKHA TOJIIIUHON
2 MM umerotT AnuHy 7 M. IIpoBonouHas noxBecka UMeEET yroil HakJIoHa Okoao 15°.

Kapra mpoMBICIIOBEIX 3KCIIEPUMEHTOB, NPOBEICHHBIX BO BpeMsl Tpex sKkcmeaniuii B mope Pocca:
nekabpp u sHBaph 1997/98 . (A), stHBaps u despans 2000 1. (L) u suaBaps 2004 . (O). JeBsath
WCTIBITaHM OBLIO IPOBE/ICHO HA KOHTHHEHTAIBHOM cKitoHe (4 BeiOopku: HPRI-19, HPRI-18, PHN-57
n PHN-14) u xoutrHeHTansHOM menbde (5 Beroopok: PHN-08, PHN-59, PHN-33, HPI-33, PHN-07).
B TpanoBsIx ynoBax Bo Bcex BeIOOpKax npeodnanana Pleuragramma antarcticum (CpeJHUH OKa3aTelb
B % 1o uncnennoctu 87.0 = 7.6 n mo Becy — 89.2 + 14.1).

UYactu puiObl (Hamp., Pleuragramma antarcticum), KOTOpble BHOCST BKJIAJ B €€ aKyCTHYECKOE 9XO, C
0003HaYEHNEM Pa3MEPOB, Ha KOTOPBIX OCHOBBIBAJIMCH PACUEThl aKyCTHYECKOTO 3XOCUTHAJIA OT MSTKUX
TKaHEeH M IT03BOHOYHMKA pBIOBI, HadaJbHAs TOUYKA, KOTOpPAs MCHONB30Bajach I (DUKCHPOBAHUS
TIOJIOXKEHUSI PBIOBI, ¥ AJUIUIICOM ]I, allIPOKCUMHPYIOIINiT Teslo pbiObl. Bee pasmepsl IPUBOISATCS UCXOAS
n3 TL. L = crannaprras ;uimHa; H = BbicoTa Tesia y OCHOBaHHS TPyAHOTO IUTaBHUKA; W = IIMpHHA Tella
Yy OCHOBaHUS TPYAHOTO IIABHHUKA; TOTOOPAHHBIN AIIIMIICOU] MMEET clemyrommue pasmepsr: L, H, W;
L, = 1uiHa TI03BOHOYHUKA; d, = CpPEHUI TMaMEeTp TT03BOHOYHUKA.

CoortHorreHust cmibl nenn U obmeit amuabl (TS—-TL) Ha wactorax 38, 120 u 200 x['1, moxy4eHHBIC
M0 WCTBITAHWUSAM, TIPOBEACHHBIM exX Sifu C WCIONb30BaHUEM COXPAHEHHBIX (3aMOPOXKEHHBIX U
pa3sMOpOXKeHHBIX) ocobert Pleuragramma antarcticum B ¢epane 2009 . () u mac 2007 1. (A).
CymecTBoBaia 3HagnMast cBs3b (P < 0.05) mexny ypoasimu TS 1 o0mieit mymmHOM peiOs! ipu 38, 120
200 kI,

CootHomenust cuibl nenu u obmerd jumHbl (TS-TL), monydeHHblE TO JEBATH HPOMBICIOBBIM
9KCTIEPUMEHTaM, TPOBEICHHBIM i1 Sifu Ha TMOCTIMYMHOYHBIX OCO0SX W Mojomu Pleuragramma
antarcticum B niexa0pe u stuBape 1997/98 . (A), stuBape u pespasne 2000 1. (M) u B ssuBape 2004 1. (@).
CymecrBoBasia oueHb 3HaunMast cBsi3b (P < 0.01) mexay ypoBusimu TS u TL peiosr npu 38, 120 u
200 kI
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I'pacuueckoe mpencTaBieHUe aKycTHYeCKOH Mopenu Pleuragramma antarcticum Ha 4dactoTax 38,
120 1 200 xI'x mo oTHOMIEHHIO K pazMepy pbIObl. TeopeTuyeckrne MOKa3aTesy CHIIbI eI Ha KaKIOM
rpaduke CpaBHUBAIOTCS C TIOKA3aTeISIMUA CHITBI 1esd, u3mepeHubivu in situ (L) u ex situ (A).

Lista de las tablas
Especificaciones de un transceptor EK500 utilizado durante los dos experimentos ex situ.

Clases de talla de Pleuragramma antarcticum utilizadas en el experimento efectuado en mayo de 2007 (a),
y febrero de 2009 (b). Los peces pequefios, medianos y grandes utilizados en experimentos con un pez se
indican en negrita.

Resultados de los experimentos ex situ llevados a cabo en mayo de 2007 y en febrero de 2009. Las
mediciones eliminadas se indican en negrita.

Detalles de los experimentos sobre Pleuragramma antarcticum realizados in situ durante las expediciones
italianas al Mar de Ross en 1997/98, 1999 /2000 y 2003 /04, mostrando las fechas de inicio/fin y la posicién
de cada lance, la distribucién de los peces durante el lance, los detalles de las capturas y las estimaciones
del indice de reverberacién promedio. Se consideran dos tipos de distribuciones de peces: local, cuando
los peces se encuentran distribuidos en un transecto menor de una milla nautica de longitud, y dispersa
si estan distribuidos a lo largo de dos o mas millas nduticas. Dentro de ambas distribuciones los peces se
clasifican como dispersos o en cardiimenes, segtin la forma del ecograma.

Comparacién entre los datos pronosticados por el modelo tedrico y los datos medidos in situ y ex situ.

Resultados del criterio de decisién para tres frecuencias descrito en Azzali et al. (2004), aplicado para
discernir entre Pleuragramma antarcticum y Euphausia superba (E.s) y E. crystallorophias (E.c); clase de
‘especie no identificada’- (?). E1 TS de Pleuragramma antarcticum a 38, 120 y 200 kHz ha sido calculado
con el modelo tedrico.

Lista de las figuras

Dispositivo para mediciones ex situ del indice de reverberacién de peces muertos. El anillo de acero
inferior y el blanco de referencia se sittian debajo de los transductores a 7.5 y 10 m respectivamente. El
diametro de los dos anillos de acero es de 3 m. Las barras de fibra de vidrio tienen 2 mm de grosor, 7 m
de largo y estan llenas de agua de mar. El angulo de inclinaciéon de los alambres suspendidos es de 15°
aproximadamente.

Posicién de los experimentos de pesca realizados durante tres expediciones al Mar de Ross: diciembre
y enero de 1997/98 (A), enero y febrero de 2000 (), y enero de 2004 (O). Los nueve experimentos
fueron distribuidos en el talud continental (cuatro lances: HPRI-19, HPRI-18, PHN-57 y PHN-14) y en la
plataforma continental (cinco lances: PHN-08, PHN-59, PHN-33, HPI-33, PHN-07). La captura en todos
los arrastres estuvo compuesta principalmente de Pleuragramma antarcticum (porcentaje promedio en
nuamero 87.0 + 7.6 y en peso 89.2 + 14.1).

Partes de un pez (vg. Pleuragramma antarcticum) que contribuyen a su eco actistico mostrando: la
nomenclatura de las dimensiones utilizadas para el calculo del eco acustico del tejido y de la espina
dorsal del pez, el punto de referencia utilizado para ajustar la posicion del pez, y la elipsoide que
se aproxima a la forma del cuerpo del pez. Todas las dimensiones estin dadas en términos del TL.
L = longitud estandar; H = altura del cuerpo por la base de la aleta pectoral; W = ancho del cuerpo por
la base de la aleta pectoral; las dimensiones de la elipsoide ajustada son: L, H, W; L, = longitud de la
columna vertebral; d, = didmetro promedio de la columna vertebral.

Relacion entre el indice de reverberacion y la longitud total (TS-TL) a 38, 120 y 200 kHz derivada de los
experimentos ex situ en muestras conservadas (congeladas y descongeladas) de Pleuragramma antarcticum,
realizados en febrero de 2009 (®) y mayo de 2007 (A). La relacion entre la magnitud del TS y la longitud
total del pez a frecuencias de 38, 120 y 200 kHz es significativa (P < 0.05).
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Figura 5:

Figura 6:
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Relacién entre el indice de reverberacion y la longitud total (TS-TL) derivada de nueve experimentos in
situ en Pleuragramma antarcticum juveniles y postlarvales realizados de diciembre a enero de 1997/98 (A),
enero y febrero de 2000 (M) y enero de 2004 (@®). La relacién entre la magnitud del TS y la TL del pez a
frecuencias de 38, 120 y 200 kHz es muy significativa (P < 0.01).

Presentaciéon esquematica del modelo actstico de Pleuragramma antarcticun a 38, 120 y 200 kHz en
relacién con el tamafio del pez. Los valores tedricos del indice de reverberacién se comparan en cada
grafico con las mediciones in situ () y ex situ (A).
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APPENDIX

EQUATIONS

< Gbs(TLmean) >= SV/p; (m2 ﬁSh_l) (1)

where p=N/V, V = ‘I’(r23 — r13 ) / 3 is the effectively insonified volume (m?), and N is the number
of fish within it.

< cSbs(TLmean) > = SV/ p; (m2 ﬁSh_l) (2)

where p = N/V fish-number density, N = number of P. antarcticum, and V = filtered volume (m?).

_é LHW _é C1ChCo 3
V—37r[ 5 ]—371[—8 ](TL) ; (md) 3)
1/3 1/3
r, = [%] - [%] (TL) = a,(TL) ; (m) )
LWY , cc ’ 2 2 4 2/p \2

Gpoy (1 << krb):n[ﬁ] Ry = “[?:}] R,*|(TL)" =16n(a; / ¢;)"[a,(TL)I*(R;)"; (m?) )
Gpoay (1>> kry) = 167° ‘;—42]&3 = 167“('% ) [, (TL)P(R, ) ; (m?) (6)
Ry(kr,) =[(1— gh*)/ 2+ exp(~kn,)*)gh®)] +[(1— §)/(1+ exp(—kn,)*)g)] @)
6= by / 111/ (k)T ®)

where (kr,) is the input, o is the output, I;;, is the asymptotic limit of ¢ and s is the sharpness
parameter, does provide such a link.

_16n [1+[(9a,/c,)" tanh(kr,)* T 2R Y2 (2
Gbody - 9 \/ 1+[1/(k1’b)4]s [ab(TL)] (Rh) ’ (m ) (9)
6 o, (1 << k) = 4—1n<krv>[cz,(TL>12<Rv 2 (m2) (10)
4 2
G (15> i) = EEDE g 2 (1)
B LS 1+ (kr,)’ 2 2., 2
Cvert. = \/ [1+4(1/(kr, )* ) 1[4(1+ 2arctg(kr, )* )S][C”(TL)] (Rp)"3 (erc) (12)

R, =[(1-gh*)/2gh*1+[1~g)/(1+&)] (13)
s = [(Cpody /4T) + Cpert. 1 (m? fish™) (14)
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TS = 10Log(oy,) ; (dB re 1m?)

4
Gy 4 |1+|549tanh (0.104k (L))

4n

zgs | [0.104(TL)[*[R, (k) ; m?

1+{1/(0.104k (L)) |

where kzg = 164.66 m™%; kypp = 519.99 m™; kygy = 866.65 m™!; s = sharpness parameter = 10.

! \/ 1+ (0.011K(TL)) [(0.65)(TL)P(4.72)10" 2 ; m?

Overt. = E v 14 (1/(0‘011]((']”[‘,))4 Y141+ 2arctg(0.011k(TL))4 )]

where k, TL and s are the same as used in equation (16).
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