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Abstract The age and habitat of the giant squid, Architeuthis sanctipauli Velain, 1877, were determined based
on isotopic analyses of the statoliths of three female
specimens captured oﬀ Tasmania, Australia, between
January and March 1996. Assuming that the aragonite
of the statoliths formed in equilibrium with seawater,
d18O analyses indicated that the squid lived at temperatures of 10.5–12.9C, corresponding to average depths
of 125–250 m and maximum depths of 500 m. The
capture records indicated that these squid may have
occasionally ranged still deeper, to as much as 1000 m.
All the statoliths were labeled with bomb 14C
(D14C=+22.9& to +44.6&), consistent with the
depths inferred from d18O. A thin section through one of
the statoliths revealed 351 growth increments grouped
into check-ring structures every 10–16 increments. A
model for statolith growth and the pattern of temporal
change in D14C in the water column was used to estimate
the ages of the three specimens. These estimates were
very sensitive to the choice of depth range over which
D14C values were integrated. Assuming that the capture
depths represented the maximum habitat depths of these
individuals, the calculations suggested an age of 14 years
or less. More reﬁned age estimates require a better

understanding of the variation of D14C and temperature
with depth in the areas in which the squids live.

Introduction
The giant squid, Architeuthis sanctipauli, is a reclusive
yet widespread cephalopod about which very little is
known. It is increasingly caught in association with
deep-sea ﬁsheries around New Zealand and Australia
(Zeidler and Gowlett-Holmes 1996; Norman and Lu
1997), although recent eﬀorts to observe this squid in its
natural habitat have been unsuccessful (Landman and
Ellis 1998; Roper 1998). We report the ﬁrst isotopic
analysis of statoliths of three individuals in order to
determine their habitat and age. Statoliths of cephalopods are analogous to the otoliths of ﬁshes and have
been used to determine growth rate (Lipinski 1993;
Jackson 1994). Statoliths are composed of calcium carbonate in the form of aragonite (Lipinski 1993). Isotopes
of carbon (12C, 13C, 14C) and oxygen (16O, 18O) that are
incorporated into the statolith can be used as tracers to
determine the water temperature and, hence, habitat
depth, at which precipitation occurred, and to estimate
growth rate and age.
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Materials and methods
We analyzed statoliths from two subadult and one adult female of
the giant squid Architeuthis sanctipauli Velain, 1877 (Table 1). Two
of the squid were collected near one another oﬀ the west coast of
Tasmania (specimens 1 and 3), as reported by Norman and Lu
(1997), and another (specimen 2) was collected oﬀ King Island,
northwest of Tasmania, as reported by Zeidler and GowlettHolmes (1996). The specimens were caught in non-closing trawls by
ﬁshing vessels at depths of 460–1000 m. Each statolith was 2 mm
long (range: 2.12–2.15 mm) and 1.75 mg in mass, comparable in
size to statoliths of other Architeuthis spp. (Jackson et al. 1991;
Roeleveld and Lipinski 1991; Gauldie et al. 1994; Lipinski 1997;
Brunetti et al. 1998; see Lipinski 1993 for a discussion of the terminology used to describe statoliths).

+44.6±9.0 11.0
+34.0±9.2 12.9
+22.9±9.3 10.5
)1.2
)1.5
)1.1
2.1
1.7
2.2

One statolith of each pair was reserved for sectioning and
archiving, and the remaining statolith was analyzed for carbon and
oxygen isotopes (Fig. 1). Because of their small size, we could not
subsample the statoliths and had to analyze them whole. Consequently, the isotopic results integrate over the lifetime of the
individual. One statolith from specimen 3 was embedded in epoxy
and ground on both sides into a thin section to examine growth
increments.
Statoliths analyzed for carbon and oxygen were rinsed in distilled water and then dissolved in 95% orthophosphoric acid for
24 h at 25C. The resulting CO2 was cryogenically transferred to a
sample bottle. Stable C and O isotopes were determined using a
Finnigan MAT 252; 14C was determined using accelerator mass
spectrometry. d13C and d18O values are relative to VPDB; D14C is
calculated taking into account the measured d13C of the sample
(Stuiver and Polach 1977). Precision is ±0.2& for d18O and
±0.1& for d13C. Precision for the D14C measurements is ca. ±9&
(Table 1). Stable isotopic analyses were carried out at the Max
Planck Institute for Chemistry (Mainz, Germany), and radiocarbon analyses were performed at Lawrence Livermore Laboratory.

460
980–1000
840–1000

Results and discussion

1 (MV F74482) 22 Mar 1996 Adult
4254¢S; 1450¢E
240
2 (MV 78297) 1 Oct 1996 Subadult 40S; 1439¢E–4015¢S;14315¢E
159 (without ﬁns)
3 (MV 74479) 14 Mar 1996 Subadult 4215¢S; 14441¢E–4200¢S;14435¢E 191

d18O temperature (C)
Dorsal mantle length (cm) Fishing depth (m) d18O (&) d13C(&) D14C (&)
Approximate capture
location
Stage
Capture
date
Specimen

Table 1 Architeuthis sanctipauli. Collection dates, sites, and depths, and isotopic data. Squids and statoliths have been deposited in the Museum of Victoria (MV), Melbourne,
Australia with the accession numbers shown. Approximate capture location was the location of the deep-sea ﬁshing vessel when squid was caught. Precision is 0.2& for d18O and 0.1&
for d13C; errors are ±1 standard deviation for D14C. d18O temperature was calculated using the molluscan aragonite temperature equation (Grossman and Ku 1986) with
d18Owater=)0.2& (Bigg and Rohling 2000)
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Habitat
The values of d18O and d13C for the three specimens are
reported in Table 1. The fractionation of oxygen isotopes in calcium carbonate secreted in equilibrium with
seawater is temperature dependent (Urey 1947; ONeil
et al. 1969; Grossman and Ku 1986), and the isotopic
ratio of 18O to 16O can be used to estimate temperatures
of formation of the carbonate provided that the d18O of
the water is known. The cephalopod, Nautilus belauensis, secretes its shell in isotopic equilibrium with the
water in which it lives (Landman et al. 1994). We presumed that the aragonite in the statoliths of these squids
was also deposited in equilibrium with seawater and
assumed a d18O value of the water of )0.2& based on
the database of seawater d18O values compiled by Bigg
and Rohling (2000). Using the equation pertaining to
oxygen isotopic equilibrium between aragonite and
water in molluscs (Grossman and Ku 1986), we calculated temperatures of 10.5–12.9C for the three specimens (Table 1). The uncertainty of these temperatures,
based on the precision of the d18O measurements, is ca.
±1C.
These temperatures can be converted to habitat
depths, provided that the water column structure in
which the squid lived is known (Fig. 2). The best
available data are temperature proﬁles collected in
January 1991 from shelf-slope areas oﬀ Tasmania and
King Island, SE Australia, near the capture localities
(Gardiner-Garden et al. 1991). We used the data from
the Tasman Shelf to calculate the depths for squids 1
and 3 and the data from the Victoria Shelf to calculate
the depth for squid 2. The calculated depths were 220 m
for specimen 1, 125 m for specimen 2, and 260 m for
specimen 3 (Table 2). These estimates represent averages over the lifetime of the squid and assume that they
continuously secreted the statoliths throughout their
lives. Interpretation of these estimates is complicated,
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Fig. 1 Architeuthis sanctipauli.
Upper panel: anterior (left) and
posterior (right) views of
statolith from specimen 3
showing dorsal dome (DD),
lateral dome (LD), and rostrum
(R). Scale bar: 200 lm. Lower
panel: thin section through part
of dorsal dome region of
statolith from specimen 3.
Direction of growth is to the
right. Section runs through
statolith focus to outer edge of
dorsal dome, perpendicular to
increments, including maximum
growth axis of dorsal dome.
Increment width averaged
3.2 lm and showed no
systematic variation over the
dorsal dome, yielding an
estimate of a1=0.80 (Eq. 3,
ASE=0.01, r2=0.96) similar to
the exponent (0.53) describing
the relationship between total
statolith length and increment
number in Ancistrocheirus
lesueurii (Arkhipkin 1997).
Arrows indicate location of
seven check-rings. Nonlinear
regression of statolith weight
versus dorsal dome length
yielded an allometric exponent
of a2=1.16 (Eq. 4, ASE=0.27,
r2=0.95). Scale bar: 20 lm

because the squid may have migrated vertically and
horizontally or have spent the early part of their lives
in shallow water, only descending to depth later on. If
we integrate the temperature–depth proﬁle over the
water column (with 50 m as the shallowest depth), the
calculated temperatures translate into maximum habitat depths of as much as 500 m (Table 2). This is
consistent with reported capture depths of 30 Architeuthis spp. specimens from New Zealand, which
averaged 450–500 m (Förch 1998). The capture records
for our specimens suggest that the squids may have
occasionally ranged to depths as great as 1000 m
(Table 1).
The carbon isotope composition of molluscan carbonate reﬂects both the d13C of the dissolved inorganic
carbon (DIC), from which the carbonate is precipitated,
and any contribution from metabolic carbon (derived
from food). Because metabolic processes are temperature dependent, the metabolic contribution may vary
with temperature, causing a slight temperature dependence of the d13C of the precipitated carbonate, with
lighter values at higher temperatures (Grossman and Ku
1986; Kalish 1991a; Thorrold et al. 1997). The d13C
values of the specimens range from )1.5& to )1.1& and
show a correlation with the d18O-calculated tempera-

tures (Table 1). The fraction of metabolic carbon
incorporated into biogenic carbonates has been estimated at 50% in the shells of marine gastropods,
bivalves, and barnacles (Tanaka et al. 1986) and 30%
in the otoliths of Australian salmon (Kalish 1991b).
Such calculations require knowledge of the d13C of the
DIC in the water in which the organism lived and the
d13C of the metabolic carbon (usually assumed as equal
to the d13C of the tissue of the organism). We do not
know the d13C of the DIC of the water in which the
squid lived, but open-ocean values range from ca.
+1.5& to +0.5& in the upper 1000 m of the water
column. If the d13CDIC of the water in which the squid
lived averaged ca. +0.7& and the d13C of their food was
typical of marine carbon, ca. )20&, then using the
model of Tanaka et al. (1986) and Kalish (1991b), we
calculated that the fraction of metabolic carbon incorporated into the statoliths was 35%.
The upper 1000 m of the water column has been
strongly aﬀected by the introduction of radiocarbon to
the oceans as a consequence of atmospheric testing of
atomic weapons (Broecker and Peng 1982). Bomb
radiocarbon ﬁrst became evident in surface waters of the
South Paciﬁc after 1956 and increased progressively
thereafter until about 1980, when values began to
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Fig. 2 Temperature (C) versus depth (m), January 1991, on the
Victoria and Tasman shelves based on Gardiner-Garden et al. (1991)

Fig. 3 D14C (&) versus depth (m) from Geochemical Ocean
Sections Study (GEOSECS, 1974) and World Ocean Circulation
Experiment (WOCE, 1992, 1996) stations closest to squid capture
localities

decline (Landman et al. 1988; Druﬀel and Griﬃn 1995).
Data on depth proﬁles of D14C in the dissolved inorganic
carbon reservoir of seawater following the introduction
of bomb radiocarbon mainly come from the Geochemical Ocean Sections Study (GEOSECS) (Williams et al.
1976) and World Ocean Circulation Experiment

(WOCE) expeditions and indicate that the bomb 14C
pulse was mixed progressively deeper with time (Fig. 3).
All three squid specimens have positive D14C values
(+22.9±9.3& to +44.6±9.0&, Table 1), indicating
that they are labeled with bomb radiocarbon. If the
fraction of metabolic carbon in the statoliths is 35%,

Table 2 Architeuthis sanctipauli. Habitat depths, D14C parameters,
and calculated ages of three specimens. Fishing depth was estimated from d18O-derived temperatures and temperature–depth

relationships near squid capture sites. Depth range corresponds to
depth in column 2; b1–b4 are parameters describing temporal trend
of D14CDIC over depth range analyzed, see Fig. 4

b1 (& year)1)

b2 (&)

b3 (& year)1)

b4 (&)

Age estimate
(years)

95% conﬁdence
interval (years)

0.98
1.17
1.07

37.6
49.0
28.6

5.41
5.76
5.07

)59.7
)54.6
)62.6

26
38
35

0–37
27–51
20–46

Scenario 2: depth ranges based on capture records
1
460
50–500
1.07
2
980–1000
50–750
1.59
3
840–1000
50–750
1.59

28.6
)1.9
)1.9

5.07
3.84
3.84

)62.6
)71.1
)71.1

14
0
13

0–33
0–21
0–31

Specimen

Depth (m)

Depth range (m)

Scenario 1: depth ranges based on d18O data
1
220±90
50–400
2
125±50
50–250
3
260±90
50–500
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then the D14C values of the statoliths dominantly reﬂect
the D14C of the dissolved inorganic carbon reservoir. We
note that WOCE D14C data collected in 1996 (the date
the squid were captured), although sparse, show that
values of D14CDIC at 1000 m were ca. )100& (Fig. 3). If
the squid lived permanently at this depth, were shortlived (i.e. approximately 1 year old), consumed prey
with D14C values typical of 1996 surface water (ca.
+75&, Fig. 3), and incorporated 35% metabolic
carbon, then the D14C values of the statoliths would be
ca. )34&. These values represent a maximum because if
the squid were longer-lived, they would have consumed
prey with lower values of D14C reﬂecting the temporal
history of bomb D14C in the water column (Fig. 3). The
positive D14C values of the statoliths thus reinforce the
depths inferred from the d18O-calculated temperatures,
suggesting that the squid could not have been living
permanently at a depth of 1000 m, but instead lived
shallower or experienced a range of depths.
Age
We can determine the age of each specimen using the
D14C of the whole statolith, provided that the D14C of
the statolith is dominated by the D14C of the dissolved
inorganic carbon reservoir, the temporal change in
D14CDIC in the water column is known, and a model of
statolith growth is speciﬁed. The most detailed data
available on temporal changes in D14C in the upper
water column near the localities where the squid were
caught are from stations at the same latitude in the
South Paciﬁc. Comparison of the 1974 GEOSECS station 296 (4459¢S; 16642¢W) with the 1992 WOCE
station P16A-10 (410¢28¢¢S; 15030¢5¢¢W) shows increases in D14C, as the bomb signal was mixed in the
upper 1 km of the water column (Fig. 3). Data on
radiocarbon distributions in the Indian Ocean are
sparse, especially with respect to temporal variation.
However, WOCE station V196-65 (4442¢S; 1446¢E) is
closest to the squid capture localities, and, although
D14C measurements were made only at 100 and 1000 m,
the values are comparable to those at similar depths at
station P16A-10. For estimating the ages of our specimens, we used the temporal variation in D14C recorded
at GEOSECS station 296 and WOCE station P16A-10
(Fig. 3; Table 2). The depth proﬁles of D14C were integrated (using trapezoidal integration) over the estimated
depth ranges of the squid to obtain the temporal variation of D14C in the water in which the squid lived (Fig. 4;
Table 2).
The thin section of the statolith from specimen 3 revealed growth increments (Fig. 1) similar to those observed in the statoliths of other Architeuthis spp.
(Jackson et al. 1991; Lipinski 1993, 1997; Gauldie et al.
1994; Brunetti et al. 1998; Lordan et al. 1998). We
counted 351 very regular growth increments averaging
3.2 lm in width from the nucleus to the edge of the
dorsal dome, counting each couplet of dark and light

Fig. 4 Change in D14C versus time over depths of 50–250, 50–400,
50–500, 50–750, and 50–1000 m (Table 2). Depth-integrated
WOCE station P16A-10 (1994) and GEOSECS station 296 (1974)
data (see Fig. 3) were used to model temporal variation of D14C in a
piecewise linear function of the form:
8
< b1 ðt  1974Þ þ b2 19746t61996
14
D CðtÞ ¼ b3 ðt  1956Þ þ b4 19566t61974 .
:
t61956
b4
Year 1956 was taken as the last year for which pre-bomb
radiocarbon values were clearly evident at the habitat depth of
the squid. Constants b1–4 were derived from (assumed) linear trends
of D14C variation between time points

bands as a single increment. The growth increments were
bounded by 27 or 28 conspicuous check-ring structures
similar to those described by Gauldie et al. (1994) for A.
kirki and by Arkhipkin (1997) for Ancistrocheirus lesueurii. (The exact number of check-ring structures is
unknown, because it became diﬃcult to detect them near
the margin due to the thinness of the thin section.) The
mean number of growth increments between successive
check-ring structures was 12.8 and ranged from 10 to 16.
To determine an appropriate model for statolith
growth, we modeled the relationship between dorsal
dome length and increment number as a power function
of the form:
d ¼ k1 n a 1

ð1Þ

where d is dorsal dome length (not increment width), n is
increment number, and k1 and a1 are constants that were
estimated by nonlinear least squares regression for the
statolith of specimen 3. Except for the substitution of
dorsal dome length for total length, Eq. 1 is identical in
form to that used for the mesopelagic squid A. lesueurii
(Arkhipkin 1997). Assuming that growth increments
were deposited at periodic intervals, increment number
was related to age by a simple linear function of the
form:
n ¼ k2 ðt  tb Þ

ð2Þ
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where t is date, tb is birth date, and k2 is a constant. By
utilizing both equations, dorsal dome length was described as a function of age:
d ¼ k3 ðt  tb Þa1

ð3Þ

The ﬁnal step in developing a statolith growth model
was to relate statolith weight to dorsal dome length. An
allometric relationship between weight and dorsal dome
length was assumed:
w ¼ k4 d a2

ð4Þ

where w is statolith weight, and k4 and a2 are constants.
Estimates for these constants were obtained by nonlinear least squares regression using statolith weight versus
dorsal dome length measurements for all three specimens. The growth model was then obtained by combining Eqs. 3 and 4:
wðt  tb Þ ¼ k5 ðt  tb Þc

ð5Þ

where c=a1a2.
We used whole statolith D14C measurements to estimate age by combining the model for statolith growth
with estimates of the temporal variation in D14C over the
range of depths at which the squids lived, assuming that
D14C was incorporated throughout the lifetime of the
organism (Fig. 4). The overall relationship was written
in ﬁnite diﬀerence form:
D14 Cðtf  tb Þ ¼

tf
X
Dwðt  tb Þ
ttb

wðtf  tb Þ

D14 CðtÞ

ð6Þ

where tf is the time of collection, D14C(tf)tb) is the
measured D14C value in the whole statolith, w(tf)tb) is
the weight of the statolith, Dw(t)tb) is the growth
increment of the statolith between time t and time t+Dt,
and D14C(t) is the estimate of D14C in the water at time t.
Using Eq. 6, the fraction of the statolith weight added
between time t and time t+Dt can be expressed as:
Dwðt  tb Þ ½wðt þ Dt  tb Þ  wðt  tb Þ
¼
wðtf  tb Þ
wðtf  tb Þ
½ðt þ Dt  tb Þc  ðt  tb Þc 
¼
ðtf  tb Þc

ð7Þ

Substituting Eq. 7 into Eq. 6 yields the ﬁnal expression:
D14 Cðtf  tb Þ ¼

tX
f Dt
ttb

½ðt þ Dt  tb Þc  ðt  tb Þc  14
D C ðt Þ
ðtf  tb Þc
ð8Þ

Given D C(tf)tb), the measured D C value in the whole
statolith, an estimate of the exponent c obtained from
nonlinear regressions of dorsal dome length versus
increment number and statolith weight versus dorsal
dome length (c=a1a2), and the temporal variation in the
value of D14C in the water, Eq. 8 was solved iteratively
for the date of hatching of each specimen. We note that
14

14

one component of c (i.e. a1) is based on an analysis of
growth increments from the statolith from specimen 3,
and both the age and errors estimated for specimens 1
and 2 assume that the estimate for a1 can also be applied
to these two other specimens. This is a reasonable
assumption because variation in age is more sensitive to
measurement error than to variability in the value of the
exponent c.
Determination of the age of the specimens is very
dependant on the choice of depth range over which we
integrate D14C. We present two scenarios. In the ﬁrst
scenario, we used the depth range inferred from the d18O
data. The calculated age estimates range from 26 to
38 years (Table 2). We performed a Monte Carlo analysis of error, taking into account the analytical error for
the D14C values as well as the estimated errors for the
parameters in c in Eq. 8. This yielded 95% conﬁdence
intervals of 0–37 years for specimen 1, 27–51 years for
specimen 2, and 20–46 years for specimen 3 (Table 2).
The range of overlap of the conﬁdence intervals for all
three specimens is 27–37 years. These ages suggest that
the growth increments in the statolith of specimen 3
could be lunar monthly in origin, perhaps related to
increased feeding in shallow water during the new or full
moon. This would, therefore, imply that the check-ring
structures are annual, perhaps related to migratory
activity, and that the age of this squid is approximately
29 years. However, a lunar monthly periodicity of
growth increment formation has not been documented
in any other squid.
In the second scenario, we recalculated the ages of the
squids using a depth range more consistent with the
reported depth of capture of the specimens, with 50 m as
the shallowest depth. We selected a maximum depth of
750 m for specimens 2 and 3, because integrating to
1000 m produced values of D14C less than those observed in the specimens. The recalculated ages are
14 years for specimen 1, 0 for specimen 2, and 13 years
for specimen 3, implying an overall age of 14 years or
less, if the specimens are considered together (Table 2).
A Monte Carlo analysis of error yielded 95% conﬁdence
intervals of 0–33 years for specimen 1, 0–21 years for
specimen 2, and 0–31 years for specimen 3. The range of
overlap of the conﬁdence intervals for all three specimens is 0–21 years. This large range of variation could
easily accommodate the possibility that the growth
increments in the statolith of specimen 3 were secreted
daily and, therefore, that the age of this squid is
approximately 1 year.
The two scenarios yield a two- to threefold diﬀerence
in age estimate (Table 2). The results from the second
scenario are more consistent with the ages of most other
squid (Forsythe and Van Heukelem 1987). Published
hypotheses about the age of the giant squid range from 1
to 3 years, based on the assumption that the growth
increments in the statoliths are deposited daily (Jackson
et al. 1991; Gauldie et al. 1994; Lipinski 1997; Brunetti
et al. 1998; Lordan et al. 1998). On the other hand,
Wood and ODor (2000) determined the relationship
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between age and size in cephalopods based on a sample
of 18 diﬀerent species, and concluded that larger cephalopods take longer to reach maturity. Their sample of
cephalopods was restricted to species <17 kg in mature
weight. However, using their equation (excluding Nautilus spp.) and assuming an average weight of 150 kg for
a female giant squid comparable in size to those studied
here, yields an age of about 13 years, consistent with the
age estimates of specimens 1 and 3 in scenario 2.
Selecting among these various estimates is diﬃcult.
Our approach requires assumptions about the temporal
change in D14C in the water column, the range of depths
over which the squid live, and the mode of growth of the
statoliths. In many ways, our results provide a blueprint
for further studies. However, these studies require a
better understanding of the physical and chemical
properties of the water column in which the squids live,
especially the variation in D14C and temperature with
depth, and more specimens covering a wider range of
ontogenetic stages. Such investigations will provide
more information on the age and habitat of the giant
squid and improve the chances of ﬁnding live specimens.
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