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THE STATOLITHS OF LOLIGO VULGARIS AND L. FORBESI 
HATCHLINGS : PRELIMINARY MORPHOLOGICAL STUDY 

M.C. MARTINS 
Department ofZoology, University of Aberdeen, Tillydrone Avenue, Aberdeen AB9 2TN Scotland, U.K. 
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ABSTRACT. - This paper présents a comparative morphometric study of the 
statoliths of Loligo vulgaris and L. forbesi late embryos and hatchlings. Corrélation 
between statolith deformities and abnormal swimming behaviour was also assessed. 
L. vulgaris and L. forbesi embryos and hatchlings were obtained by maintaining 
eggs, collected from the wild, in closed natural seawater Systems. A total of 70 
individuals (L.v. n = 44, L.f. n = 26) showing normal and abnormal swimming 
behaviour were sampled, their statoliths dissected and examined. Abnormal 
behaviour was not significantly related to déformation or absence of the statoliths, 
in spite of 25 % of ail erratically swimming individuals having at least one 
deformed statolith. The statolith length was positively correlated with the dorsal 
mantle length as well as with ail other statolith linear measurements. The relative 
dimensions of ail statoliths did not differ significantly between the two species, 
except for the slightly larger focus-lateral dome length (FDL) in L. forbesi 
hatchlings. 
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RÉSUMÉ. - Une étude comparative de la morphométrie des statolithes d'embryons 
et de nouveau-nés de Loligo vulgaris et L. forbesi est présentée. La corrélation 
entre les déformations des statolithes et le comportement anormal a été examinée. 
Les œufs de L. vulgaris et L. forbesi ont été récoltés en mer et amenés à l'éclosion 
dans des systèmes fermés d'eau marine naturelle. Les individus de ces deux espèces 
nageant normalement et anormalement ont été séparés, leurs statolithes disséqués 
et examinés. Le comportement anormal des nouveau-nés n'est pas fortement 
associé à la déformation où à l'absence de statolithes, tandis que 25 % des individus 
nageant anormalement avaient au moins un statolithe déformé. La taille des 
statolithes est corrélée à la longueur dorsale du manteau des individus et aux 
autres dimensions des statolithes. Les dimensions relatives des statolithes des deux 
espèces ne sont pas différentes, à l'exception de la dimension focus-dome latéral 
(FDL) de ceux des nouveau-nés de L. forbesi. 

INTRODUCTION 

The importance of cephalopod statoliths as 
functional, evolutionary, chronological and ecolo-
gical indicators is reported in numerous papers 
(Clarke 1966; Stephens and Young 1982; Radtke 
1983; Young 1988; Clarke and Maddock 1988a, 
1988b). The statoliths of cephalopods are contai-
ned within two fluid-filled cavities, the statocysts, 
located posteriorly to the cranial cartilage. Re-
search work has shown that the statocyst is invol-
ved in the equilibrium and orientation of cepha-
lopods, therefore functionally analogous to the 
vestibular apparatus of vertebrates (Budelmann 
1980). 

Cephalopod statoliths are composed of calcium 
carbonate in the aragonite crystal forms, arranged 

in an organic matrix (Dilly 1976; Radtke 1983). 
Regular déposition of crystals form incréments 
that have been used to estimate âge and growth 
in squid (Rodhouse and Hatfield 1990). Crystal 
déposition dépends upon the ionic concentration 
of the statocyst fluid and that of the development 
médium (Dilly 1976; Morris 1991). Absence or 
low Sr+ concentration in the expérimental culture 
médium deters the mineralization of the embryo-
nic statoliths in différent cephalopod groups (Han-
lon et al. 1989). Behavioural defects in hatchlings 
are strongly related to malformation of some or 
ail statocyst éléments (Colmers et al. 1984; Han-
lon et al. 1989). 

In the Loliginidae, the statolith primordium ap-
pears in the course of embryonic development 
(Segawa et al. 1988). Possibly due to the diffi-
culty in obtaining cephalopod eggs, embryonic 
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statolith growth has received little attention. 
Conversely, hatchling statoliths have been used in 
studies estimating âge and growth of older indi-
viduals (Natsukari et al. 1988; Natsukari and Ko-
mine 1992). Ail statocyst éléments grow and 
change their shape during the life of the squid 
(Maddock and Young 1984), and the adult stato-
lith shape is a very useful tool for the study of 
evolutionary relationships (Clarke and Maddock 
1988a, b). 

In a separate study on the swimming behaviour 
of hatchlings (Martins, in préparation), it was 
observed that L. vulgaris swims near the surface 
for longer periods than L. forbesi. Some indivi-
duals of both species show erratic or abnormal 
swimming behaviour during the early post-hat-
ching phase. The main purpose of this study was 
to assess if this abnormal behaviour was related 
to the absence or déformation of the statoliths, 
and to détermine if the différences in swimming 
behaviour were in any way associated to différent 
statolith dimensions. 

MATERIALS AND METHODS 

Loligo vulgaris and L. forbesi egg clusters were 
collected off the southern coast of Portugal and off the 
northwestern coast of Scotland, respectively. L. vulgaris 
early embryos and hatchlings were reared at 15°C, and 
L. forbesi late embryos and hatchlings were reared at 
11°C. Natural seawater was used in both experiments 
and the water quality monitored throughout. After hat-
ching, L. vulgaris hatchlings were fed live zooplankton, 
and L. forbesi hatchlings were fed a mixture of Artemia 
sp. nauplii in diluted Liquifry®. Late embryos, from 
Naef's (1928) stages XVI-XVIII, and hatchlings of both 
species were sampled individually for the dissection of 
statoliths. The swimming behaviour of each hatchling 
was recorded as abnormal if it was erratical, i.e. spin-
ning. Hatchlings showing normal swimming behaviour 
moved actively in the water column in both horizontal 
and vertical directions. 

The dorsal mantle length (DML), in millimètres, was 
taken from each individual prior to the dissection of 
the statoliths. The statoliths were dissected with fine 
needles, washed in 70% ethanol and mounted in DPX 
on glass slides. Whenever possible both left and right 
statoliths were mounted. Each statolith was viewed by 
transmitted light microscopy and the digitized image 
was measured (Fig. 1A) using the image analysis Sys-
tem PCImage . Statoliths were recognised and defined 
as deformed when their form differed significantly from 
the form of most statoliths at the same stage 
(Fig. 1I,J,K). Statolith total length (TL) and maximum 
width (MW) measurements were adapted from those 
referred to by Clarke (1978) for adult statoliths. The 
lengths taken from the focus to the ends of the dorsal 
dome (FDD), latéral dome (FLD), wing (FW) and ros-
trum (FR) were adapted from Natsukari et al. (1993). 
The angles at the dorsal dome (< DD), latéral dome 
(< LD), wing (< W) and rostrum (< R) were calculated 
by triangulation of adjacent sides. Deformed statoliths 

were not measured. Ail measures were taken in tripli-
cate by the author on separate digitized images, and 
their coefficients of variation were less than 10%. Li-
near corrélation coefficients were computed with the 
statistical package MINITAB without data transforma-
tion. Descriptive statistics was performed after size 
correction of linear measurements, dividing them by 
the statolith total length. Thèse ratios were arctangent 
transformed before analysis. 

RESULTS 

Ail L. vulgaris and L. forbesi embryos or hatch-
lings sampled had both statoliths (Fig. 1B to 1K). 
Embryonic statoliths were round at stages XVI-
XVII (Fig. 1B, C), becoming oval in shape by 
stage XVIII (Fig. 1D, E), and attaining the hat-
chling 'bean-shaped' statolith form (Fig. 1F, H) at 
pre-hatching stages. In L. vulgaris this shape does 
not change significantly during the first week 
post-hatching (Fig. 1G). Growth rings were visi-
ble in most statoliths from stages XVIII (Fig. 1D, 
E), but their counts will be presented in a separate 
report (Martins, in préparation). Statoliths from 
seventy individuals (L.v. n = 44; L.f. n = 26) were 
dissected and analysed, of which sixteen hatch-
lings showed abnormal behaviour (L.v. n = 10; L.f. 
n = 6). Abnormal behaviour was not significantly 
correlated to the présence of deformed statoliths 
(r2 = 0.341, n=16). Ca 25% of the hatchlings 
showing abnormal behaviour had one or both sta-
toliths deformed (Fig. 1J, 1K). However, 5 to 6% 
of hatchlings with one apparently deformed sta-
tolith (Fig. II) swam normally during the first two 
days after hatching. 

No significant différences were found between 
the dimensions of the right and left statoliths in 
both species (t = - 0.19, d.f. = 35, p < 0.05). At 
hatching, L. forbesi individuals are larger than 
those of L. vulgaris (Boletzky 1987). After one 
week, L. vulgaris individuals fed adequately are 
similar in size, DML and TL, to L. forbesi 1 day 
old hatchlings. The other statolith dimensions did 
not differ between the two species, except for the 
slightly larger focus-lateral dome length (FDL) 
and the smaller latéral dome angle (< LD) in L. 
forbesi hatchlings (t = - 2.64, d.f. = 47, p < 0.05). 

Ail measurements taken were linearly correla-
ted to the dorsal mantle length or the statolith 
total length (Fig. 2). Of ail linear measurements, 
the focus-rostrum length exhibits the highest 
growth rate and the focus-wing length the lowest 
growth rate (Fig. 2). The négative corrélation be-
tween the angles < R and < DD with both DML 
and TL also indicates that the statolith at thèse 
stages grows mainly in length (Table I). In L. 
forbesi statoliths the négative corrélation between 
the angle < LD with both DML and TL confirms 
the more laterally extended latéral dome (Table I). 



STATOLITHS IN HATCHLING LOLIGO 173 

A 

TL 

Fig. 1. - A, Hatchling statolith morphology and measurements taken, DD-dorsal dome, LD-lateral dome, R-rostrum, 
W-wing, TL-total length, MW-maximum width, FDD, FDL, FR and FW are the distances from the focus (F) to the 
dorsal dome, latéral dome, rostrum and wing, respectively ; <DD, <LD, <R and <W are the angles from triangulation 
of adjacent sides. B to K, transmitted light micrographs of embryos and hatchlings' statoliths (scale bar = 38 um). 
B and D, statoliths of Loligo vulgaris embryos from stage XVI (Naef 1928). C and E, statoliths of Loligo forbesi 
embryos from stage XVII (Naef 1928). F, L. vulgaris statolith of 1 day old hatchling (2.8 mm DML). G, L. vulgaris 
statolith of 6 days old hatchling (3.3 mm DML). H, L. forbesi statolith of 1 day old hatchling (3.8 mm DML). I, 
statolith from a 1 day old L. forbesi hatchling with normal swimming behaviour (3.6 mm DML). J, deformed statolith 
of 1 day old L. vulgaris hatchling that swam erratically (2.5 mm DML). K, deformed statolith of 1 day old L. forbesi 
hatchling (4.0 mm DML) showing abnormal swimming behaviour. 

DISCUSSION 

Information on the development and growth of 
the loliginid statoliths at embryonic and pre-hatch-
ling stages is scarce, usually restricted to the 

indication of their présence or absence. This study 
shows that the statolith shape and size of both 
species changes from mid-embryonic to hatching 
stages. Statolith dimensions increase linearly, with 
the rostrum length exhibiting the highest growth 
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Tabl. I. - Linear corrélation coefficients between the dorsal mantle length, the statolith total length and ail statolith 
measurements. N is the total number of statoliths measured. Measurement ranges are also indicated for each species. 

Loligo vulgaris N = 34 Loligo forbesi N = 20 

DML TL DML TL 
[1.5 - 3.3 mm] [55.0 - 209.5 (Un] [1.7-4.4 mm] [66.7 -190.5 |im] 

TL 0,987 0,878 
[L.v. 55.0 -209.5 |lm; L.f. 66.7 - 190.5 ^im] 
MW 0,965 0,978 0,912 0,941 
[L.v. 34.8 - 93.7 Jim; Uf. 45.5 - 96.7 (Un] 
FDD 0,975 0,982 0,899 0,968 
\L.v. 28.9 - 93.8 (lm; Uf. 29.3 - 91.6 (Un] 
FW 0,667 0,709 0,512 0,525 
[L.v. 8.7 - 30.9 nm; Uf. 12.8 - 32.4 \Lm] 
FLD 0,975 0,971 0,905 0,933 
[Uv. 21.5 - 69.1 nm; Uf. 22.1 - 73.7 nm] 
FR 0,982 0,993 0,846 0,984 
[Uv. 28.3 -120.0 |im; Uf. 34.4 -111.6 nm] 
<R -0,857 -0,859 -0,543 -0,772 
{L.v. 38.4 - 70.9°; Uf. 40.2 - 69.2°] 
<W 0,719 0,705 0,809 0,841 
[L.v. 106.7 ■ 157.2°; Uf. 105.4 - 157.5°] 
<DD -0,662 -0,658 -0,622 -0,766 
[Uv. 42.4 - 72.6°; Uf. 48.5 ■ 74.7°] 
<LD 0,511 0,540 -0,608 -0,344 
[L.v. 97.5 - 126.2°; L.f. 102.2 -124.0°] 

rate and the focus-wing length the lowest growth 
rate. Changes in statolith growth axes have been 
assumed to reflect transitions in the life history 
stages of some squid species (Bigelow and Land-
graf 1993), such as passage from paralarval to 
juvénile forms also associated with a change from 
the planktonic to the nektonic mode of life (Bo-
letzky 1974). Comparing the shapes of the stato-
liths of Loligo hatchlings and adults (Natsukari 
and Komine 1992) we can perceive significant 
changes. In this study, hatchlings were not reared 
beyond the first post-hatching week. During this 
week the statolith of L. vulgaris increased in size 
but did not change in relative dimensions. Appa-
rently, the main changes occur at hatching when 
the late embryo shifts from an activity limiting 
chorionic space to a free swimming life. Obser-
ving closely the late embryos, one can detect an 
increased embryonic activity towards the late de-
velopmental stages, i.e. the embryo swirls or 
bounces back and forward inside the chorion when 
disturbed. Generally the late embryos remain 
quiescent due the tranquillizing action of the pe-
rivitelline fluid (Marthy et al. 1976). The factors 
triggering hatching are still poorly understood, 
and the hatching time undefined (Boletzky 1974). 
Embryos at stage XIX that hatch prematurely are 
also able to swim actively after losing their outer 
yolk sac and their statolith is already 'bean-sha-
ped' (pers. obs.). Hence, there must be a stage in 
later embryonic development when the embryos 
reach the minimum morphological and physiolo-
gical conditions that allow them to survive as 
free-swimming individuals. 

The term 'paralarva' is based on ecological 
criteria and associated with the planktonic mode 
of life at early post-hatching stages (Young and 
Harman 1988). The statolith shape changes during 
the life cycle of cephalopods could be useful for 
the définition of the paralarval stage, but only if 
the statolith shape is indeed functionally related 
to the swimming behaviour. Clarke and Maddock 
(1988b) note that the statolith morphometric fea-
tures are more related to evolutionary factors than 
to statolith function. However, thèse authors as-
sumed that the gênera studied have similar body 
form and swimming methods. In aquaria, indivi-
duals of the two loliginid species studied showed 
différences in swimming behaviour (Martins, in 
préparation), and the statoliths of one day old 
Loligo forbesi hatchlings are slightly broader than 
those of Loligo vulgaris. In newly hatched squids 
the most developed statocyst élément is the sta-
tolith (Stephens and Young, 1982; Maddock and 
Young, 1984). The relative size of the statocyst 
decreases with growth, and the volume and flow 
of endolymph is restricted by the growth of some 
of its éléments, including the statolith (Young, 
1988). Fastest movers have the greatest restriction 
of flow (Maddock and Young 1984). Boletzky 
(1987) indicated speeds between 5 and 10 cm sec-1 

for L. forbesi swimming by sustained backward 
jetting. Although sufficient évidence is not pre-
sently available, the broader statolith of L. forbesi 
hatchlings could be related to a more efficient 
swimming. 

The incidence of deformed statoliths in both 
species was lower than the 16% mentioned by 
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Fig. 2. - Loligo vulgaris and Loligo forbesi hatchling 
statolith measurements plotted together against the total 
length of the statolith. Ail statolith lengths are in micro-
mètres (|am) and the angles in degrees (°). 

Hanlon et al. (1989). Statolith deformities were 
not the sole cause of abnormal behaviour of the 
hatchlings in both loliginid species studied. Other 
deformities within the statocyst may account for 
erratic swimming, but vérification of their occur-
rence in such small animais is difficult and this 
was not approached in this study. Debilitation due 
to starvation may also have contributed to the 
erratic behaviour of hatchlings. Further research 
work is necessary to investigate the significance 
of the statolith differentiation in the évolution, 
chronology and behaviour of cephalopods throu-
ghout their life cycle. 
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