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Statocysts of cephalopods can function with asymmetric
statoliths: on the discovery of an anomality in statolith
ontogenetic development in squid Berryteuthis
septemdentatus (Coleoidea: Gonatidae)
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ABSTRACT: The article presents a description of the first discovered squid Berryteuthis
septemdentatus with an asymmetric pair of statoliths. One statolith from a pair had three
initial crystallization points, two of which gave rise to the development of two separate
paralarval statoliths during squid ontogenesis. These paralarval statoliths were located in
one statocyst chamber at the time of hatching, and merged into single statolith only on the
fourth day after paralarva hatching. The statolith that appeared after merging, retained an
abnormal modified form until the adulthood. The second statolith of the pair had normal
shape for this species. The finding suggests the presence of unknown mechanisms that
may compensate asymmetry in the statolith-statocyst system functioning and allow a squid
with defects in vestibular apparatus to survive and reach adulthood. Apparently, on early
stages of paralarvae ontogenetic development the statocysts do not play a vital role, which
may be related to rather inactive, planktonic lifestyle of paralarvae. Data on morphometry
of statoliths is presented for the commander squid Berryteuthis magister from the Bering
Sea and Pacific Ocean and the previously considered of its subspecies B. septemdentatus,
inhabiting the Sea of Japan. Morphometry of adult and paralarval statoliths of these two
species is compared. The paralarval statoliths are larger in B. septemdentatus than in B.
magister. This is due to the fact that paralarvae of B. septemdentatus hatch from the larger
eggs than paralarvae of B. magister.
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aHOMarium OHTOreHeTU4YeCKoro pa3BuUTUA CTaToNMTOB

Kanbmapa Berryteuthis septemdentatus (Gonatidae:
Coleoidea)
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PE3IOME: B pabote mpeacTaBieHO ONMHMCAaHUE BIEPBBIE OOHAPYKEHHOTO KaiabMmapa
Berryteuthis septemdentatus ¢ accumeTpuaHO# apoii ctaroauToB. OMH U3 CTATOIUTOB ObLT
C TpeMsl TOUKaMU KpUCTAJUIN3ALUH, IBE U3 KOTOPBIX B IPOLIECCE OHTOreHEe3a KalbMapa Aaau
Ha4aso JByM HE3aBUCUMBIM CTATOJIUTaM. DTH CTATONUTH TMYMHOK-TIapaiapB pacloIaraiuch
B OJJHO KaMepe CTaTOLMCTA, 1 JIMIIb Ha YETBEPTHIEC CYTKH ITOCJIC BHIKIIEBA CIMIINCH B OJJMH
00U CTaTONNT, COXPAaHUBIINI Y B3POCIIOTO KaJbMapa ypOIJIMBYIO BHIOHU3MEHEHHYIO
(hopmy. BTopoii cTaTonuT u3 maphl COXpaHUI HOPMAIbHYIO (popMy, TPUCYIITYIO KaJbMapam
sToro BHa. Haxomka mo3BosiseT npeaArnoaokKUTh HAININE HEU3BECTHBIX ITOKa MEXAaHU3MOB
KOMITEHCAIIH ACUMMETPHH B pa00Te CUCTEMBI CTATOIUT-CTATOLUCT, IO3BOJIMBIINX BBDKUTh
KaJbMapy ¢ ie()eKTaMu B pa3BUTHH BECTHOYIISIPHOTO anrapara 1 J0CTHYb Ie(YUHUTHBHBIX
pa3MepoB M TOJI0BOH 3penocTH. [1o-BuauMoMy, Ha paHHHUX CTAANSX OHTOTCHETHYECKOTO
Pa3BUTHS JIMIMHOK-TIapaiapB paboTa CTaTOLMCTOB HE MIPACT KU3HEHHO BAXKHYIO POIIb,
YTO MOXKET OBITH CBA3aHO C MX MaJIOTOBM)KHBIM, IUTAHKTOHHBIM 00pa3oMm ku3Hu. Ilpen-
CTaBJICHBI JJAHHBIE MOP(OMETPUH CTATOINTOB KaJIbMapoB pojia Berryteuthis, BKIOUAIOIIHE
KOMaHJ/IOPCKOTO KanbMmapa Berryteuthis magister n3 bepunrosa mopst u Tuxoro oxeaHa u
paHee CUMTaBIIEroCcs ero MOABUAOM Berryteuthis septemdentatus, Hacemnsroniero SImoHckoe
Mope. I[IpuBeneHs! cpaBHEHHS MOP()OMETPUH CTATOIUTOB B3POCIIBIX KUBOTHBIX, @ TAKKE
CTATOJINTOB JIMIMHOK-TIApATIapB 3THX ABYX BUAOB. CTaTONNTHI ITMYMHOK-TIApanapB Ha MO-
MEHT BBIKJICBA Y B. septemdentatus GonbIlle TAKOBBIX y B. magister. DTo CBSI3aHO C TEM,
4TO JINYMHKHU-TIApANIapBbl Berryteuthis septemdentatus BbUTYTUISIOTCS U3 00JIee KPYITHBIX
SIUL, YeM y KOMaHJI0PCKOTo KajlbMapa.

Kak nmtupoBars 5Ty crareio: Zimina V.R. 2024. Statocysts of cephalopods can function with
asymmetric statoliths: on the discovery of an anomality in statolith ontogenetic development
in squid Berryteuthis septemdentatus (Gonatidae: Coleoidea) // Ivert. Zool. Vol.21. No.1.
P.67-80. doi: 10.15298/invertzool.21.1.03

KJIFOUEBBIE CJIOBA: Berryteuthis septemdentatus, Berryteuthis magister, asymmetric
statoliths, paralarval statolith, nuclei, morphometry.

Introduction

Statocysts are the paired equilibrium organs
located in cartilaginous cranium of cephalopods
(Budelmann, 1988). Serving as acceleration and
gravity receptors, the statocysts of squids and
other decapod cephalopods (cuttlefishes, bobtail
squids and Spirula) represent the most complex
balance organs ofall invertebrates and are similar
in structure to the vestibular apparatus of fishes.

The similarity with fishes is due to the similarity
inecology, high maneuverability and the need for
complex orientation in space in both squids and
fishes (Packard, 1972). Different types of loco-
motion determine the structure of the statocysts,
which reflects animal’s way of life (Budelmann,
Wolff, 1976; Maddock, Young, 1984).

Basing on morphological differences, the
statocysts in cephalopods are classified into three
types: nautilus type, octopod type and decapod
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type (Budelmann, 1988). Decapod statocysts
are the most complexly developed, being an ir-
regularly shaped cavity due to the cartilaginous
protrusions called anticristae and containing cal-
careous statolith. The statocyst cavity is partially
separated into three chambers: anterior, posterior
and ventral. Within the statocyst there isa sensory
epithelium called macula to which the statolith
is attached (Young, 1960; Budelmann, 1988).
The sensory cells of macula serve as a part of
gravitation-reception system, while the sensory
epithelium of the crista provides reception of
endolymph motion under angular acceleration;
each of the receptor areas has its own projection
in the animal’s brain (Stephens, Young, 1982;
Budelmann, 1988, 1990). The structure of the
gravitational system consists of the three lami-
nae of the sensory epithelium (macula) and two
statoconial layers. These layers are completely
adjacent to macula neglecta superior (MNS)
and macula neglecta inferior (MNI), while the
statolith is attached to maculae statica princeps
(MSP) only in the wing area called the spur
(Budelmann et al., 1973; Arkhipkin, Bizikov,
2000). Typically, statolith of decapod cepha-
lopods consists of the four main parts: wing,
rostrum, dorsal dome and lateral dome.

The angular acceleration reception system
in decapod statocysts consists of about a dozen
of finger-like cartilaginous processes inside the
statocyst cavity (curved hamuli and straight
antictistae) as well as low cartilaginous ridges
covered with sensitive hair cells called cristae,
which run along the anterior, posterior and lateral
walls of the statocyst (Dilly et al., 1975; Arkhip-
kin, Bizikov, 1998). The cristae are divided into
4 sections: the anterior transversal crista (cta),
longitudinal crista (cl), posterior transversal
crista (ctp) and vertical crista (cv). The finger-
like cartilaginous processes protruding into the
chamber of statocyst (curved hamuli and straight
anticristae) structure the inner statocyst cavity
forming channels that direct the endolymph flow.
All crista have a transparent sail-like structure
called cupula, attached to theirridge. Deviation of
the cupula under the endolymph flow may excite
hair cells of the sensory epithelium providing
reception of angular acceleration (Stephens,
Young, 1978; Arkhipkin, Bizikov, 1998, 2000).
The most developed, almost completely closed
horizontal channel in statocysts is associated with
the cristae responsible for reception of angular

acceleration, produced by yawing (Stephens,
Young, 1978).

During the animal’s movement the statoliths
attached to the anterior wall of statocysts by
the macula, oscillate on it, generating directed
flows of endolymph in the statocysts chambers.
The morphology of the statoliths is function-
ally determined: each part of the statolith while
oscillating directs the flow of endolymph to
corresponding part of the sensory epithelium
(Arkhipkin, Bizikov, 1998).

Thus, morphology of the statolith is de-
termined by the functional role of each of its
parts that together with complexly structured
inner space of statocysts comprise vestibular
apparatus of decapods ensuring them effective
direction and acceleration control during jetting
swimming. As the morphology of the statolith
is closely related to its function, it is important
to note that the statoliths of squids with dif-
ferent lifestyles differ. Two types of statoliths
are distinguished: demersal (near-bottom) and
pelagic. Typical features of demersal statoliths
are the presence of large usually paddle-shaped
rostrum that is mostly free from wing, and well-
developed lateral and dorsal domes separated by
adistinct groove. Dorsal and lateral domes of the
pelagic statolith are poorly separated from each
other and function as a unit; rostrum is short and
wing is long, extending almost to the rostrum
distal end and overlapping most of the dorsal
dome. Statoliths of demersal squids are two or
more times larger than those of pelagic squids
among animals of the same size class (Clarke,
Maddock, 1988; Arkhipkin, 1997; Arkhipkin,
Bizikov, 2000). Taking into account the statolith
functioning model described above, the more
massive and structurally differentiated statolith
of demersal type ensures better sensitivity to
angular accelerations and provides accurate
movements such as roll and yawing, in highly
structured space of near-bottom environment,
while pelagic type statoliths are more adopted to
monitor accelerations in the water column where
there are no obstacles for the jetting swimming
(Arkhipkin, Bizikov, 2000).

Statoliths are widely used as registering
structures to age squids and cuttlefishes. Their
slides bear growth marks (increments) with veri-
fied daily periodicity (Rosenberg ef al., 1981;
Dawe et al., 1985; Lipinski, 1986; Jackson,
2004; Arkhipkin et al., 2018). These increments



70 V.R. Zimina

start to form either during late embryogenesis
before hatching (loliginid squids) or at the mo-
ment of hatching (oegopsid squids). The first
check (hatching mark) is located outside the
focus (nucleus), which is the point of statolith
growth (Arkhipkin, Bizikov, 1997; Arkhipkin,
2005). Growing throughout the life of an animal,
statoliths contain information about individual
life events such as stress, mating, spawning and
so on. These events may be seen as stress-marks
on the statolith sections (Arkhipkin et al., 1999;
Arkhipkin, 2005). In general, statolith growth in-
crements consistof crystals ofaragonite (CaCO3)
lying in a protein matrix consisting mainly of
acidic proteins. Statoliths contain large amount
of aspartic acid, which can serve as a catalyst for
the precipitation of calcium carbonate (Radtke,
1983). The protein matrix can induce and direct
crystallization process (Weiner, Traub, 1984).
On the other hand, inhibition of growth may
occur through the interaction of proteins with
the axes of crystal, so stereochemical control
takes place (Addadi, Weiner, 1985). Diurnal
increments are related to the peculiarities of the
biomineralization process: the calcium-protein
ratio in the statocysts endolymph changes during
the day. In this case the presence of calcium-
binding proteins can block carbonate deposition
even after crystallization has begun (Wright,
1991). Thus, variations in the organic/calcium
ratio in statocysts endolymph throughout the
day produce alternating light and dark growth
increments that may be observed on sections of
statoliths (Castro, Guerra, 1989; Sauer, Lipinski,
1991). The lighter growth increments contain
more calcium and the darker ones contain more
protein. The concentration of magnesium ions
probably affects the deposition of calcium, as
there is more magnesium than calcium in the
endolymph during the day and vice versa during
night. As a result, more organic matter with less
calcification may be deposited in the daytime. The
visibility of growth increments on the rostrum
is also related to biomineralization: it becomes
difficult to distinguish growth lines because less
organic matter is deposited as the animals gets
older (Bettencourt, Guerra, 2000). It has also
been found that statoliths do not start to form at
all in the absence of strontium in the water: the
presence of this cations is vital for cephalopods
normal growth (Hanlon et al., 1989).

Material and methods

COLLECTION DATA AND BIOANALYSIS.
Squids Berryteuthis septemdentatus Sasaki, 1915
were collected from trawl catches of R/V “Bukhoro”
(expedition of “TINRO” — Pacific branch of Russian
Federal Research Institute of Fishery and Oceanog-
raphy (“VNIRO”) carried out on 11.07.2014 and
18.07.2014 at the continental slope in the Peter the
Great Bay in the Sea of Japan (Primorsky Krai). The
squids were sampled on July, 11, 2014 in position
42°24'5" N 131°34'9" E and on July, 18, 2014 in
position 42°27'8" N 132°30'0" E. A total of 97 squids
were collected (51 specimens for July, 11 and 46 speci-
mens for July, 18). Bioanalysis was conducted for all
squids with determination of sex, stage of maturity,
mantle length and body weight; for females the length
of nidamental glands was recorded. In all analyzed
squids a pair of statoliths were extracted from the
statocysts through a ventral incision at the base of
the head behind the funnel. Sampled statoliths were
stored in tubes containing 96% ethanol. All in all, the
statoliths from 39 squids (19 specimens caught on July,
11 and 20 specimens caught on July, 18) were used in
this study. Mantle length of squids ranged from 141
mm to 203 mm, in this area are mainly individuals
in 3-5 stages of maturity with domination of 3 stage.

For comparison, 65 pairs of statoliths from squid
Berryteuthis magister Berry, 1913 (commander squid)
were also analyzed: 30 pairs from squids caught in
the Bering Sea (61°18'30"” N; 175°11'59" E) during
TINRO expedition in the end of November 1996
and 35 pairs from squids caught in the Pacific Ocean
(Middle Kuril Islands, 49°44'42" N; 155°14'6" E) in
TINRO expedition in the end of December of 2006.
All statoliths of B. magister were accompanied by
bioanalysis data of the specimens from which they
were extracted. Squids from the Bering Sea were 188-
258 mm in mantle length and from 2 to 5 maturity
stages with domination of stage 2 and Pacific Ocean
specimens were 158-231 mm in mantle length and
in 2-3 maturity (only one specimen in 4 stage) stages
with domination of stage 2. Statoliths from these squids
were stored dry, without fixation for a long time (27
and 17 years, respectively).

MORPHOMETRY AND GRINDING. Statoliths
were measured similarly to the scheme used in Lish-
chenko & Lishchenko (2017) (Fig. 1), where the length
of dorsal dome is ddl, free part of rostrum length is

fprl, length of lateral dome is /d/, rostrum base width

is rbw, rostrum length is r/; statolith width is sw, total
statolith length is #s/ and the wing length is wi. Mea-
surements were taken with an ocular ruler, converting
the values obtained to millimeters with rounding to
the nearest thousandth. A total of 133 statoliths were
measured: 77 statoliths of B. septemdentatus (38 pairs
from specimens sampled 11.07.2014 and 39 pairs from
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tsl

Fig. 1. Scheme of statoliths measurements.

wi

Abbreviations: ddl — length of dorsal dome; fprl — free part of rostrum length; 1dl — length of lateral dome; rbw — ros-
trum base width; rl — rostrum length; sw — statolith width; tsl — total statolith length; wl — wing length (Lishchenko,

Lishchenko, 2017 with changes).
Puc. 1. Cxema npoMepoB CTaTOIUTOB.

O6o3nauenus: ddl — mimHa gopcanbHOro Kyrnomna craronura; fprl — nianxa cBoGoaHol yactu poctpyma; ldl — ninua
JIATePaIBbHOTO KyIIOJIa CTaTOINTa; Tbw — IIMPHHA OCHOBAHHUS POCTPYMa; Il — JUTiHA poCTpyMa; SW — IIMPHHA CTATOJINTA;
tsl — oGmas uiHa craronuta; wl — jutiHa Kpbuta craronura (Jlumenko, Jlumenko, 2017, ¢ ©3MEHEHHAMH).

specimens sampled 18.07.2014); 56 statoliths of B.
magister: 28 pieces from two TINRO expeditions
for 1996 and 2006 years. All statoliths were grinded
on both sides according to the standard methodology
(Arkhipkin, Shcherbich, 2012; Arkhipkinezal.,2018)
(Fig.2A). Before grinding, the statoliths were mounted
on Crystalbond 509 resin. The resin was melted using
anelectric cooker. Each side of the statolith was grinded
with 1000 or 1500 grit sandpaper and then polished
with 3000 grit sandpaper. A total of 108 statoliths
were grinded. Morphometric data were obtained from
95 statoliths. Low quality or overgrinded slides were
not used in the study.

The section with a drop of glycerol was covered
with a coverslip and observed at 40X magnification
(Fig. 2B). Paralarval statoliths were also morpho-
metrically measured: length and width to the nearest
thousandths in micrometers using a measuring ruler
in ToupView software. Optical images were obtained
using cameras mounted on Olympus microscope
(Olympus Corporation, Tokyo, Japan), Zeiss (Zeiss
Axioplan2 microscope equipped with an AxioCam
HRm digital camera), Leica microscope (Leica Mi-
crosystems, Wetzlar, Germany), Olympus binocular
and softwares such as Toup View, Axio Vision, Helicon
Focus and Adobe Photoshop CC2019. STATISTICS:
Statistical data processing was performed in Microsoft
Exceland Numbers using atwo-sample t-test with dif-
ferent variances, calculating correlation coefficients,
coefficients of determination and trend line functions.
To analyse how statolith proportions change with
growth we studied correlations between different
statoliths parameters. In all cases these correlations

could be described in first approximation by a linear
regression function (Y = a + b*X, where ‘a’ and ‘b’
are linear regression coefficients).

Results

STATOLITHS’ MORPHOLOGY AND
MORPHOMETRY. General morphology of
the statolith of B. septemdentatus from the Sea
of Japan is presented on Fig. 3. Average total
length of the statoliths was 2.56+0.11 mm in B.
septemdentatus from the Sea of Japan; 2.48+0.10
mm in B. magister from the Kuril Islands area,
and 2.65+0.16 mm in the B. magister from the
Bering Sea.

Proportions of statoliths parts were slightly
different in two species. The ratios sw/tsl, rbw/
tsl and rbw/rl in B. magister were lower than in
B. septemdentatus (Table 1). To test the valid-
ity of the differences in these three indices, the
B. magister data from the Kuril Islands and the
Bering Sea were combined into one sample
and a t-test with unequal two-sided criterion
was performed: for sw/zs/ the significance level
was p=0.01, for rbw/tsl p=0.0003 and for rbw/
rl p=0.0006. Thus, differences are reliable and
sw/tsl, rbw/tsl and rbw/rl indices can be used
as diagnostic features to distinguish these two
squid species.
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Fig. 2. Scheme of statolith grinding (A) and general principle of section observation (B), (Arkhipkin, Shcher-
bich, 2012, with changes).

Puc. 2. Cxema nutndosku craroiuta (A) n odmuit npunimn ananusa uumda (B), (Arkhipkin, Shcherbich,
2012, ¢ U3BMEHEHUSMHU).

Table 1. Morphometric indices determining the main proportions of B. septemdentatus

and B. magister statoliths.

Tabnuua. 1. Mopdomerpuyeckie nokasaTeliu, olnpeessoIe OCHOBHbIC IPOIIOPLIN CTATOIUTOB
KaJbMapoB B. septemdentatus u B. magister.

B. septemdentatus B. magister
Sea of Japan Pacific Ocean Bering Sea
Index

n=39 n=28 n=28

masd masd m+sd
rl/tsl 0,459+0,02 0,470+0,03 0,460+0,04
sw/tsl 0,527+0,04 0,515+0,03 0,510+0,02
rbw/tsl 0,259+0,02 0,246+0,02 0,240+0,02
1d1/tsl 0,443+0,05 0,439+0,03 0,437+0,02
rl/ldl 1,045+0,11 1,075+0,09 1,053+0,09
fprl/tsl 0,275+0,05 0,273+0,03 0,279+0,04
ddl/tsl 0,125+0,02 0,126+0,01 0,128+0,02
ddl/id1 0,284+0,04 0,289+0,03 0,288+0,03
wl/tsl 0,594+0,05 0,599+0,04 0,591+0,03
rbw/sw 0,492+0,05 0,480+0,05 0,472+0,03
rbw/rl 0, 565+0,05 0,525+0,04 0,526+0,06

Mantle length of B. septemdentatus was 141-203 mm, maturity stage — 3-5; Mantle length of B. magister was
158-258 mm, maturity stage — 2-5.

Abbreviations: m — mean value; n — number of statoliths; sd — standard deviation; ddl — length of dorsal dome;
fprl — free part of rostrum length; 1dl — length of lateral dome; rbw — rostrum base width; rl — rostrum length; sw —
statolith width; tsl — total statolith length; wl — wing length.
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Fig. 3. Structure of B. septemdentatus statolith, light microscopy. Left — view from the posterior side,

right — view from the anterior side.

Abbreviations: dd—dorsal dome; ds— dorsal spur; Id— lateral dome; r—rostrum; s— spur; w—wing. Scale bar: 500 pm.
Puc. 3. Crpoenue cratonura kainbmapa B. septemdentatus, cBeToBasi MUKpockonusi. CrieBa BUJ C 3aHEH

CTOPOHBI, ClIpaBa BUJ C HepeﬂHeﬁ CTOPOHBI.

0O6o03Hauenns: dd — nopcanbHblii Kynos; ds — gopcanbHast mopa; ld — narepanbHblil KyIoJl; T — poCTpyM; s — ILTIOPa;

W — KpbU10. Macmra6: 500 pm.

Regression coefficients for different statoliths
indices were processed for the purpose how
statoliths change during its growth. Low nega-
tive correlation was found between the growth
of rbw/tsl, rbw/rl indices with the growth of the
statolith for both squid species indicating that
the statoliths become more streamlined as the
squid grows. Low positive correlation of growth
indices in all samples was observed for fpri/tsi,
rl/ldl and rbw/sw indicating to a change in shape
of'the statolith that becomes more elongated and
slenderer as it grows. On the contrary, propor-
tions of the wing (w/) and the lateral dome (/dl)
do not change during the growth of statolith. In
two of the three cases, a low positive correlation
is noted for the sw/ts/ and rl/tsl indices, confirm-

ing “stertching” of the statolith, while the dd//ts]
and ddl/ldl indices in two of the three samples
do not change with statolith growth, indicating
that the dorsal dome grows proportionally with
the growth of the statoliths.

PARALARVAL STATOLITHS’ MOR-
PHOMETRY. Statolith nucleus and first check
mark are distinguished clearly on the grinded
statolith (Fig.4) The morphometrics of paralarval
statoliths were measured according to scheme
on Fig. 5. In average, the paralarval statoliths
of B. septemdentatus were 242.3 pm in length
and 121.9 um in width. The width to length ratio
was 0.5. Morphometry was performed for 38
specimens. In B magister, the following values
were obtained: average length of the paralarval
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Puc. 4. JIByxcTopoHHHU# Hung Tena cratoiura KajapMapa B. septemdentatus, CBETOBas MUKPOCKOITHS.
Macuira6: 100 um.

Fig. 5. Scheme of paralarval statolith morphometry, light microscopy.
Abbreviations: | — length; w — width. Scale bar 100 pum.

Puc. 5. Cxema mopdoMeTpuu THINHOYHOTO CTATONNTA, CBETOBAS MUKPOCKOIIHSL.
O6o3Hauenus: | — mmaa; w — mupuna. Macmra6: 100 pm.
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Table 2. Morphometry of paralarval statoliths of squids B. septemdentatus and B. magister.
Tabnuma 2. MopdoMeTpus TMYHHOYHBIX CTaTOUTOB KaJbMapoB B. septemdentatus u B. magister.

W, mm (average)

B. septemdentatus 0,122+0,01
B. magister 0,106+0,01
t-statistics 7,842
P(T<=t) 10011
two-sided 2,38%10

I, mm (average) wi/l n
0,242+0,01 0,503+0,03 38
0,197+0,01 0,540+0,04 40

14,733 5,16
7,68%10% 2,39*10°¢

Abbreviations: | —mean length of paralarval statolith; w—mean width of paralarval statolith; n—number of statoliths.

statolith was 196.5 um; average width: 106 pm.
The width to length ratio was 0.54. All in all,
thin sections of 40 B. magister statoliths were
analysed. Results and t-statistics are presented
in Table 2.

ABNORMAL STATOLITH. During our
study one pair of statoliths extracted from ma-
turing female B. septemdentatus with a mantle
length of 198 mm and age of 191 days was found
to be asymmetric: the left statolith had normal
shape specific for this species, while the right
statolith had abnormal shape due to develop-
ment anomalies: it initially appeared as three
crystallization points (Fig. 6A) located at 169,
46 and 215 pm apart from each other. First two
crystallization points (Fig. 6A) represent the
nuclei of two anomalous embryonic statoliths. In
the larger embryonic statolith (Fig. 6A) the first
growthmark corresponding to paralarva hatching
islocated at49, 100, 74, 53 um from the nucleus
(measurements 104 clockwise on Fig. 6A). Inthe
smaller embryonic statolith the distances from
the nucleus to the first (hatching) growth mark
are47,61,23 and 45 pm (clockwise). The larger
embryonic statolith is 169 um in length and 120
pm in width, for smaller embryonic statolith
similar meanings are 107 and 72 pm. Width to
lengthratios were 0.71 and 0.67 for both statoliths
respectively. At the moment of hatching, each
of these statoliths did not have tear-drop shape
that is characteristic for the genus Berryteuthis.
The third crystallization point (Fig. 6A) formed
abubble-like structure on the smaller embryonic
statolith (Fig. 6B). The two separate paralarval
statoliths merged into a single statolith only on
the fourth day after hatching (Fig. 6B), the length
of this statolith was 337 um. Merging of two
paralarval statoliths resulted in formation of a
single anomalous dumbbell-shaped statolith. It

is important to note that this anomaly resulted
in the formation of an ugly statolith in adult-
hood with an altered general shape (Fig. 7B). In
adult statolith, an abnormal convexity is visible
in the area of transition of the statolith’s body
into rostrum, while in normal statoliths of this
species such convexity is absent. This modified
zone is marked by 3 longitudinal sutures lines
originating from the boundary of two paralarval
statoliths, the distance between these sutures is
274,565 and 136, 177 pm for larger and smaller
statoliths respectively (Fig. 6C). Thus, anomality
in the appearance of three growth points and two
paralarval statoliths of modified shape induced
to the change in the crystallization process for
this defective statolith asa whole. As can be seen
from the growth pattern of abnormal statolith,
this squid for the first 4 days after hatching had
two statoliths in the right statocyst chamber and
one statolith in the left chamber. Such anomality
resulting in appearance of asymmetric statoliths
within one pair has never been described yet in
coleoid cephalopods.

The statolith in the left chamber of statocyst
had no anomalies in its development (Fig. 7A),
but at first sight it seems that paralarval statolith
in this specimen was more rounded than usual
for B. septemdentatus (Fig. 8). The length of'this
paralarval statolith was 242 um and the width
was 131 um. Thus, the width to length ratio was
0.54, while intherest 38 B. septemdentatus speci-
mens studied the width to length ratio averaged
0.5. Distances from nucleus to first-check mark
were 49, 125, 58 and 118 um. It can be noted
that the distance from the crystallization point
to the hatching line in direction to lateral dome
in all there paralarval statoliths from this pair of
statocysts is almost identical: 49 um and 47 pm
for the defective one and 49 um for the normal.
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Fig. 6. Nuclei of abnormal B. septemdentatus statolith, light microscopy. A — three crystallization points
(also called nuclei), lines radiating from the nucleus (marked from 1 to 4 clockwise) indicate the measurments
of embryonic statolith (distances between nucleus and first check mark); B — dumbbell-shape paralarval
statolith, black tips indicate to the first three growth lines after hatching when paralarval statoliths were
separate: white tip indicates to the formation of the first common growth increment (on the fourth day after
hatching) when two separate paralarval statoliths merged into a single dumbbell-shaped structure, lines show
bubble-like structure; C — longitudinal sutures lines running from the boundary of two paralarval statoliths,
lines show distances between sutures lines:1 and 2 are 274 and 565 pm, respectively; 3 and 4 are 136 and
177 pum, respectively.

Abbreviations: nl — nucleus number one or the first crystallization point; n2 —nucleus number two; n3 — nucleus number
3. Scale bars: A—50 pm, B— 50 pm, C — 150 um.

Puc. 6. flnpa aHomanpHOro craronuta B. septemdentatus, cBeTOBasi MUKPOCKONHUS. A — TpPU TOUYKH
KpUCTAJUTM3alnK (TaKXkKe Ha3bIBa€MbIE Apa), OTPE3KAMH PACXOASAIIMMHUCS OT S/ipa U MapKUPOBAHHBIE 110
4acoBOH cTpeske oT 1 104, moka3zaHbl H3MEpEHHs1 YMOPHOHAIBHOTO CTATOINTA (PACCTOSIHUE OT sI/Ipa J10 TepBOit
OTMETKH BEIKJIEBa); B — ranTtenenonoOHbIHi TMINHOYHBIHN CTaTONINT, YepHEIE CTPEJIKH YKa3bIBAIOT Ha IIEPBBIE
TPH HE3aBUCHUMBIX NPUpPOCTa, Oenasi CTpesika yKa3blBaeT HA IEPBBIH OOIMI MPHPOCT, CHOPMHUPOBAHHBII
Ha YETBEPTHIN JICHb JKM3HH, KOTJa JBa Pa3/Ie/IbHBIX JINYMHOYHBIX CTATOJIUTA CPOCINCH BMECTE, 00pa30BaB
raHTeNe000pasHyIO CTPYKTYPY, JMHHUH TIOKa3bIBAIOT My3BIPEBUIHYIO CTPYKTYpY; C — MHUKpPOCTPYKTypa
MIPOJIOJIBHBIX IIBOB BJIOJIb JIBYX JIMYMHOYHBIX CTAaTOJUTOB, CBETOBAs MHKPOCKOIMS, JIMHUM IMOKAa3bIBAIOT
paccrosiHue Mexy mBamu. 1 1 2 paBHsl 274 n 565 pm, coorBercTBeHHO; 3 1 4 paBubl 136 and 177 um,
COOTBETCTBEHHO.

O6o3HaueHns: A — nl— nepBoe sapo, WK NepBas TOYKa KPUCTATM3ALKMK; N2 — BTOPOE SAp0; N3 — TPEThe SApo.
Macmra6: A— 50 um, B — 50 pm, C — 150 um.
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Fig. 7. Comparison of two statoliths, light microscopy. A — general view of normal statolith, light micros-
copy; B — abnormal statolith with modified zones. Grey rectangle on modified zone. Scale bar: 300 pm.

Puc. 7. CpaBHEHHE JIByX CTAaTOJIUTOB, CBETOBAsE MUKPOCKOITHS. A — OOIIMI BHJI HOPMAJIBHOTO CTATOJINTA,;
B — n3meHeHHast popma aHOMAIBLHOTO cTarouTa. Cephlil MPSIMOYTOIBHUK MOKA3bIBAET 30HY M3MEHEHHS

BHEIIIHETo 00/KKa cratonuTa. Macmta6: 300 pm.

\\\A R b S o
Fig. 8. Normal paralarval statolith B. septemdentatus. Lines show approximate boundaries of paralarval
statolith. Scale bar: 50 um
Puc. 8. HopmaJsibHBII THUNHOYHBIN CTAaTONUT B. septemdentatus. Jluanuu 0ToOpakaroT MpUMEpHBIE TPAHULIBI

JIMYUHOYHOTO cTaroiuta. Macmirad: 50 pm.
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Discussion

STATOLITHS’ MORPHOMETRY. Ber-
ryteuthis magister and B. septemdentatus have
benthopelagic lifestyle and share similar eco-
logical niche. Both species have morphologi-
cally similar statoliths of demersal type, with
well-defined rostrum, lateral and dorsal domes
(Arkhipkin, Bizikov, 1998, 2000). The differ-
ences between total lengths of statoliths in squids
from different locations can be explained by the
differences in size and ontogenetic stages of the
squids sampled. The specimens of B. septem-
dentatus from the Sea of Japan were maturing
males and females at stages between 3 and 5
that corresponds to reproductive maturation and
readiness for spawning (Alexeyev, 2020). In the
Kuril Island area, the specimens of B. magister
in catches were mainly at maturity stages 2 and
3 that corresponded to immature stages. This
pattern is consistent with the conception of the
migratory and spatial organization of this spe-
cies in the Kuril Islands area (Alexeyev, 2022).
In the Bering Sea specimens of B. magister
were at stages of maturity from 2 to 5. Females
predominated in the sample (22 females versus
6 males) having higher growth rates and larger
body sizes than males (Arkhipkin et al., 1996).
Thus, differences in absolute size of statoliths
can be explained by differences in body size
of animals in our sample. B. septemdentatus
from the Sea of Japan is generally smaller than
B. magister. But in the Kuril Islands area the
squids in catches haven’t reached definitive
sizes yet and their statoliths was smaller. Table
1 presents a number of relative values describ-
ing the parameters of statoliths of adult squids.
It shows that proportions of statoliths between
the two species of Berryteuthis are very similar.
This is consistent with the general conception
that the statoliths of squid species with similar
lifestyle are similar (Arkhipkin, Bizikov, 2000). It
seems that statolith development in the statocyst
chamber is strictly determinative and conserva-
tive process.

A possible reason for the differences in the
samples noted for the rl/tsl, ddl/tsl, ddl/Id] and
sw/tsl indices and low correlation coefficients
may be due to insufficient material to estimate
morphometric and statistical parameters. Consid-
ering that statolith structure is conservative and
determined by its functional role, we can expect

that their morphometric parameters should be
similar (Arkhipkin, Bizikov, 1998, 2000).

PARALARVAL STATOLITHS’ MOR-
PHOMETRY. The paralarval statoliths of B.
septemdentatus from the Sea of Japan are larger
than those of B. magister from the Kuril Islands
area and from the Bering Sea. Larger size of
paralarval statoliths in B. septemdentatus than
in B. magister apparently is due to the larger size
of eggs and paralarvae (Natsukari ef al., 1993
cited from Katugin, 1998, Nazumi et al.,1979
cited from Katugin, 2000) in B. septemdentatus.
General shape of paralarval statoliths of the two
squid species is very similar, but the paralarval
statoliths of B. septemdentatus are more elon-
gated and this difference is a diagnostic feature
of the species. In both species, paralarval stato-
liths have peculiar ‘teardrop’ shape with clearly
distinguished rostrum and statolith body that is
typical for the genus Berryteuthis (Arkhipkin,
Bizikov, 1997).

ABNORMAL STATOLITH. Development
anomalies in gonatids statoliths have never been
described yet in literature. Our study represents
the first reported case of statolith with three
nuclei, which originally gave two paralarval
statoliths in one statocyst chamber, merging
only on several days after hatching. Formation
of the first common growth line indicates to the
formation of a single statolith, while the statolith
in the second chamber has been developing as
usual. Thus, development abnormalities of one
statolith from a pairhas led to substantial changes
in overall shape of the statolith that persisted
throughout the squid life.

According to the existing conceptions, asym-
metry in the statoliths’ structure should lead to
disturbance in their vestibular apparatus, because
each partofthe statolith has its functional impor-
tance in determination of angular acceleration
and morphologically corresponds to the structure
and anatomy of statocyst chamber (Arkhipkin,
Bizikov, 1998, 2000). So, we can assume that al-
tered shape of the right statolith may influence the
endolymph flows and therefore nerve perception
resulting in disbalance in functioning between
the right and left statocyst chambers. The fact
that the squid survived this disbalance indicates
that during first days after hatching the statoliths
don’tplay a vital role in paralarval coordination,
astheyhoverinthe epipelagium and have inactive
lifestyle (Arkhipkin, Bizikov, 1996, Boletzky,
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2003) or the second normal statolith can com-
pensate work of abnormal statolith. Likewise,
a key point can be the merger of two paralarval
statoliths into one on the fourth day of paralarva
life that is quite early during post embryonic
period of life. The causes of abnormalities in
statolith embryonic development are unclear.
There could be mutations in genes responsible
for the development of the vestibular apparatus
or statoconia formation, disorders of paralarval
development or ocean acidification (Maneja et
al., 2001, Kaplan et al., 2013).

Nevertheless, the fact that squid with asym-
metric statoliths survived and reached sexual
maturity indicates the existence of some still
unknown mechanisms of compensation for such
deformities in the vestibular structure of coleoid
cephalopods.
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