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Periodic increments in the jumbo squid (Dosidicus gigas)
beak: a potential tool for determining age and investigating
regional difference in growth rates
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Abstract Age determination of the jumbo squid
(Dosidicus gigas) has been successfully carried out
over its geographic range based on the use of the rings
present in the statoliths. In this study, we propose an
additional method to identify ages of D. gigas off the
Ecuadorian and Chilean Exclusive Economic Zones
(EEZs) waters by using upper beak rostrum sagittal
section (RSS) analysis. Our results show periodic
growth increments and occasional checks located in
the RSS surface. Growth increments meet at the
internal rostral axis in the shape of chevron, and the
marks in the hood are more discernable and clearer
than in the crest. As has been suggested for octopi,
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checks are thought to represent temperature oscillation
and reproductive events. Growth increments are laid
down in the RSS daily, and numbers were similar to
the numbers of increments used to determine age in
statoliths. There was a significant regional difference
in age but not in increment width when mantle length
effects were considered, where squid off the warm
Ecuadorian EEZ waters had a shorter lifespan and
higher somatic growth in mantle length than those in
the temperate Chilean EEZ waters.
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Introduction

There are several direct and indirect methods used to
define cephalopod age and growth (Sifner, 2008).
Indirect methods, i.e. length-frequency analysis, have
proved inappropriate for ageing short-lived, fast-
growing and highly migratory species (Jackson,
2004). Direct methods of tag-recapture and laboratory
are usually unfeasible because of low recapture rate
and high mortality (§ifner, 2008). However, the study
of the microstructure of hard tissues is considered the
most appropriate method for the estimation of
cephalopod age and growth (Sifner, 2008).

Periodic growth increments are commonly found in
cephalopod hard structures including statolith (Jack-
son, 1994), gladius (Perez et al., 1996), stylet (Leporati
et al., 2008; Regueira et al.,, 2015) and eye lenses
(Cérdenas et al., 2011) as well as beaks (Perales-Raya
& Hernandez-Gonzalez, 1998), and these have been
widely used for age determination. The statolith has
been thought to be the most reliable material to
estimate cephalopod, especially squid age (Arkhipkin
& Scherbich, 2012).The gladius has proved to be
unsuitable to define squid age over a whole lifespan
(Perez et al., 1996, 2006), although the daily deposi-
tion of increments during the adult stage has proved to
be suitable and adequate for individual growth studies
(Arkhipkin & Bizikov, 1991). Following the success-
ful utilisation of the beak in age studies of octopi
(Hernandez-Lopez et al., 2001; Perales-Raya et al.,
2010; Castanhari & Tomas, 2012), we carry out the
first attempt to determine adult squid age and growth
by using the growth increment in beaks.

The growth increments within beaks were first
observed in squid Moroteuthis ingens (Clarke, 1965),
but the periodicity of increments was not estimated
until Perales-Raya & Hernandez-Gonzalez (1998)
suggested that regular increment deposition should
be related to an individual’s age. Subsequently, the
daily deposition of the growth increment was vali-
dated in Octopus vulgaris (Oosthuizen, 2003; Canali
et al., 2011; Perales-Raya et al., 2014a) and O. maya
(Rodriguez-Dominguez et al., 2013; Barcenas et al.,
2014). Moreover, the periodic deposition of growth
increments in beaks was validated in five paralarval
squid Dosidicus gigas, Ommastrephes bartramii,
Sthenoteuthis oualaniensis, Illex argentinus and To-
darodes pacificus (Sakai et al., 2007). Hu et al. (2015)
reported the microstructure of beak rostrum of D.
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gigas off Peruvian Exclusive Economic Zone (EEZ)
and attempted to compare it with growth increments in
the statolith.

Over the D. gigas geographic range, age and growth
have been widely studied, mainly based on statolith
microstructure analysis (Argielles et al., 2001;
Markaida et al., 2004; Chen et al., 2011, 2013; Liu
et al., 2013a, b). The main objectives of the present
paper are to analyse periodic growth increments in
beaks and evaluate the possibility of using these as a
potential material for estimating jumbo squid age,
similar to what has been done for octopi. We also
investigate possible regional differences in estimated
age and growth rates. This study might provide
additional or alternative data for determining jumbo
squid age and growth, especially in cases where a
statolith is unavailable.

Materials and methods
Sampling

A total of 382 beaks of D. gigas were analysed. These
were obtained from the waters off the Chile and Ecuador
EEZs by Chinese jigging vessels (Table 1). After
removal, the beaks were soaked in soapy water, washed
and then preserved in 75% ethanol for further analyses.
Dorsal mantle length (ML) was measured to the nearest
1 mm and body weight (BW) to 1 g. Upper beak
rostrum length (URL) was measured with a vernier
caliper to the nearest 0.1 mm. Sex was identified, and
maturity stages were assigned according to five stages
following a modified version of Lipinski and Underhill
(1995) scale: immature (stages I and IT), maturing (stage
III) and mature (stage IV and V).

Beak processing and ageing

Upper beaks were selected for sectioning. The upper
beak was first cut into two pieces along the post-edge
of the hood and crest to the rostral tip (Fig. 1). Then,
the rostral area of one piece was cut off and embedded
with the section plane face down in a small mould of
epoxy mixed with a hardener (Fig. 2). The embedded
mould was left for 24 h to harden and then glued to a
microscope slide after being cut into small blocks
(~2-3 mm thickness). Each sample was ground
gradually on the cutting plane to near the medial
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Table 1 Sampling information of the jumbo squid (Dosidicus gigas) analysed

Sampling area Coordinate Sampling date

Number of beaks ML range (mm) URL range (mm)

Ecuador 114°59'-119°W, April to June 2013
1°18'N-1°S
Chile 75°05'-79°21'W, April to June 2010

24°04'-29°25'S

234 221-380 4.75-11.17

148 225-529 6.12-14.70

ML mantle length, URL upper rostrum length

plane surface with 240, 600 and 1200 grit waterproof
sandpaper, and then grinding continued with 2000 grit
waterproof sandpaper until the medial plane was
exposed (Fig. 2). The block was then turned over,
attached to the glass slide and ground again to the
medial plane. During the grinding process, the blocks
needed to be constantly checked with a microscope to
avoid over grinding into the medial plane. Finally,
they were fine-ground with 2500 grit waterproof
sandpaper and polished with 0.05 pm aluminium
oxide powder.

Increments within the rostrum sagittal section
(RSS) were observed at x100 and x400 magnifica-
tions using an Olympus light microscope, and digital
images of the whole sections were captured with a

Fig. 1 Diagrams of the A
upper beak of the jumbo
squid (Dosidicus gigas).

A Upper beak sections;

B medial surface (dark) after
sagittal sectioning; C RSS
shows growth increments in
the dorsal (hood) and ventral
(crest)

Lateral wall

Charged Coupled Device (CCD) and then processed
with PhotoShop7.0 software. The number of incre-
ments in each beak was counted along the axis a little
further away from the internal rostral axis (IRA) with a
large increment width (Liu et al., 2015). The RSS for
each beak was counted three times independently by
the same skilled person, and the mean value of the
three independent counts was accepted when they
differed by less than 10%.

Increments periodicity validation
The statolith-determined age of each squid from

Ecuador was obtained from recently unpublished data
(Liu [unpubl. data]), while the statolith-determined
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Fig. 2 Flow charts of the
upper beak of the jumbo A i
squid (Dosidicus gigas) RSS \

preparation. A Sectioned |\ EpOXy resin

beak rostrum; B mould for
embedding rostrum; C: RSS
was embedded in the mould

4

with epoxy mixed with B . 4
hardener; D-F block was

glued to microscope slide

and then ground to the
medial plane

age of squid from Chile was obtained from previously
published data (Liu et al., 2013b). The number of
increments in the RSS was related to the statolith-
determined age by a linear regression analysis to
validate its periodicity.

Data analysis

Two-group independent ¢ test was used to compare
regional differences in age and the mean increment
width of each readable sample between Ecuador and
Chile. ANCOVA was used to remove the size-
dependent influence on regional differences with ML
used as a covariate. Linear, power, exponential,
logarithmic, von Bertalanffy, logistic and Gompertz
models were fitted to age-URL and age-ML. The
model with the least Akaike Information Criterion
(AIC) value was selected to describe growth (Arkhip-
kin et al., 2000).

Results

RSS microstructure

After the upper beaks of D. gigas were uniformly cut
and ground, a pattern of bands could be seen on the

medial surfaces of the RRS across the rostrum tip to
the joint of the hood (dorsal part) and crest (ventral
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part) (Fig. 1). The anterior portion of the bands in both
parts met at the IRA in the shape of chevron, and the
posterior portions were parallel to the rostrum edges
(Fig. 1c). These bandings consist of a wider light
increment and a thinner dark increment (Fig. 3a, b), in
which the hood is more discernable and clearer than
the crest (Fig. 3c, d). The increments at the tip of
rostrum are narrowest (Fig. 3a), gradually becoming
wider at the anterior joint (Fig. 3b), reaching to their
widest at the medial part of the rostrum (Fig. 3c) and
then becoming slightly narrower again to the posterior
joint (Fig. 3d). In most specimens, there were promi-
nent checks in the anterior (Fig. 4a), medium (Fig. 4b)
and posterior region (Fig. 4c) of the RSS. An aberrant
structure was found in the peripheral region of the
hood for one specimen (Fig. 4d).

Increment width

Two-group independent #-test showed that there was a
significant difference in the mean widths of incre-
ments (P = 0.000 < 0.01), with 16.1 & 2.2 um
(11.5-22.3 mm) for squid off Ecuador and
14.1 £ 1.8 pym (9.9-18.3 mm) for squid off Chile.
However, ANCOVA showed that there was no
significantly regional difference in the widths of
increments when ML was considered as a covariate
(P =0.629 > 0.01).
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Fig. 3 Increments in the tip
part of the rostrum (A), the
anterior joint part (B),
medial part of rostrum

(C) and posterior joint part
(D) for the upper beak of the
(Dosidicus gigas) showing
the difference in the width of
increments alone counting
direction

Fig. 4 Stress checks
(indicated by white arrows)
and aberrant structure
(within black circle) in the
rostrum sagittal sections of
the jumbo squid (Dosidicus
gigas): A anterior region,

B medium region,

C posterior region,

D peripheral region of hood
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Validation of increment periodicity

The number of growth increments in the RSS for D.
gigas off Ecuador and Chile both showed significant
linear relationships with statolith-determined age,
where the values of the regression slopes were close
to 1 and the intercepts were close to 0 (Fig. 5).

Age structure

Two-group independent f-test and ANCOVA both
showed that the ages of samples of D. gigas off
Ecuador were significantly lower than the ages of D.
gigas off Chile (P = 0.000 < 0.01). The ages of D.
gigas off Ecuador were from 106 to 240 days with
dominant ages from 151 to 180 days consisting of
45.9% of all the samples, whereas the ages of squid off
Chile ranged from 222 to 432 days with dominant
ages from 301 to 360 days accounting for 69.2% of the
total sample (Fig. 6).

300
Ecuador

250 | ¥=0.9785x-6.0655

Beak (increments)

100 150 200 250 300
Statolith (age, days)

450 T chile

400 L y=1.0155x-11.006
R?=0.8736

350

300 -

Beak (increments)

200 250 300 350 400 450
Statolith (age, days)
Fig. 5 The relationship between the number of increments

counted in the RSS of beaks and statolith-determined age for the
jumbo squid (Dosidicus gigas) off Ecuador and Chile
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Rostrum growth

The least AIC value was obtained when the URL-age
data for both Ecuador and Chile were described by
linear curves (F test: Ecuador, Fj,53 = 228,
P < 0.01; Chile, F; 126 = 85, P <0.01, Fig. 7) and
functions as follows:

Ecuador : URL =0.0378 Age + 1.1284 (R2 = 0.5166)

Chile : URL = 0.0228 Age + 3.6525(R* = 0.4034)

Somatic growth in ML

The least AIC value was obtained when the ML-age
data for both Ecuador and Chile were described by
linear curves (F test: Ecuador, Fz0 = 1484,
P < 0.01; Chile, Fy 159 = 251, P < 0.01, Fig. 8) and
functions as follows:

Ecuador : ML = 1.2928 Age + 75.041 (R* = 0.8709)

Chile : ML = 0.7292 Age + 206.76(R* = 0.6605)

Discussion

As demonstrated in octopi (Perales-Raya & Hernandez-
Gonzalez, 1998; Perales-Raya et al., 2010; Barcenas
etal.,2014; Perales-Raya et al., 2014a), the RSS surface
of the upper beak in D. gigas always reveals a clearly
visible pattern of growth increments, where those in the
hood are more discernable and clearer than those in the

60 - Ecuador
50 L M Chile

40 |
30 |
20 |

Frequency (%)

10 -

120 180 240 300 360 420

Beak (increments)

Fig. 6 Age frequency distribution of D. gigas off Ecuador and
Chile
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Fig. 7 Relationships between the number of increments
counted in the RSS of beaks and upper rostrum length for the
jumbo squid (Dosidicus gigas) off Ecuador and Chile

crest (Fig. 4c, d). Similar to that observed in M. ingens
(Clarke, 1965) and O. vulgaris (Hernandez-Lopez et al.,
2001), we found different increment widths along the
beak (Fig. 4). Such variation is in agreement with the
suggestion proposed by Perales-Raya et al. (2010) of
different ontogenetic growth rates in the beak rostrum
of D. gigas, with a rapid increase in the early life stages
and a slight but continuous decrease in later life. The
increments near the RRS tip (representing the very
early stage) are usually indiscernible due to their
narrower widths, while the marginal increments near
the joint of the hood and crest are very clear. This
contrasts with statoliths, in which early stage incre-
ments are distinct but marginal increments are ambigu-
ous due to their narrower widths (Gonzalez et al., 1996).

Checks are prominent growth increments caused by
a growth delay or interruption (Canali et al., 2011). In
this study, checks were clearly located in different
parts of the RSS in D. gigas (Fig. 4a—c). This had
previously been reported for the same species from the
waters off Peru (Hu et al., 2015) and in another squid
O. bartramii (Fang et al., 2016). Unfortunately, the

450 1 Ecuador

400 | y=1.2928x+75.041
350 L R?=0.8709

300
250
200 r
150

ML (mm)

100 150 200 250
Beak (increments)
600" rchile
550 y=0.7292x +206.76
500 r
450 r

ML (mm)

400 r
350
300

200 250 300 350 400 450
Beak (increments)

Fig. 8 Relationships between the number of increments
counted in the RSS of beaks and mantle length for the jumbo
squid (Dosidicus gigas) off Ecuador and Chile

factors contributing to these formations have yet to be
rigorously explained. However, Perales-Rayaet al.
(20144, b) and Franco-Sanos et al. (2015) reported that
the development of checks in octopus beaks might
result from physiological changes and/or environmen-
tal variation. Based on their assumption, checks in the
central part of the RSS (Fig. 4b) may relate to
temperature variation, while checks in the posterior
region in mature individuals (Fig. 4c) may be associ-
ated with reproductive events. Interestingly, similar to
previous reports on D. gigas beaks off Peruvian waters
(Hu et al., 2015), one of the specimens from our study
area was found to have an aberrant structure in the
hood peripheral region (Fig. 4d), but what caused the
formation of this structure is unclear.

We found the mean width of the increments along the
beak in tropical Ecuadorian waters (16.1 & 2.2 pm) to
be larger than in temperate Chilean waters (14.1 +
1.8 pm). This is contrary to what was revealed by
Hernandez-Lopez et al. (2001), but in agreement with
findings reported by Canali et al. (2011) in O. vulgaris,
where individuals collected during the summer months

@ Springer
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have thicker increments than during winter. As reported
for statolith in Lolliguncula brevis (Durholtz and
Lipinski, 2000), such potential temperature-dependent
increment widths seem to indicate that D. gigas living in
warm waters have a faster growth rate in the beak
rostrum than those living in cold waters, which is
confirmed by a steeper linear regression slope between
the URL and the number of increments in samples from
Ecuador than in those from Chile (Fig. 7). However,
ANCOVA showed that there was no significantly
regional difference in the widths of increments when
ML was considered as a covariate, which indicates that
ML is responsible for the regional difference.

Previous studies using chemical or environmental
markers suggested the formation of one increment per
day in the RSS and LWL of octopi (Oosthuizen, 2003;
Canali et al., 2011; Rodriguez-Dominguez et al., 2013;
Barcenas et al., 2014; Perales-Raya et al., 2014b). The
periodicity of increment in squid beaks was first
validated for five paralarvae of five oceanic squid species
by correlating it with daily deposited statolith increments
or days elapsed since rearing (Sakai et al., 2007).
However, the only available method to validate the
periodicity of increment formation in squid beaks over
their whole life is by comparison with the statolith-
determined ages (Liu et al., 2015), since squid, especially
adults, are difficult to rear in the laboratory (Iglesias etal.,
2014). In this study, the number of increments in the RSS
is similar to the statolith-determined age (Fig. 6)
supporting the hypothesis of “one day, one increment”
in beaks of D. gigas from Ecuador and Chile. However,
age underestimation caused by erosion of the rostral tip
has to be taken into account (Liu et al. 2015).

If growth increments in beaks are laid down daily as
discussed above, our results are consistent with a
lifespan for D. gigas of 8 months in Ecuador (Liu
[unpubl. data]) and 1.5 years in Chile (Liu et al.,
2013b) which is supported by statolith microstructure
analysis. The somatic growth in mantle length of D.
gigas showed significant linear relationship with age,
and the growth rate in waters of Ecuador was higher
than in waters off Chile (Fig. 8). The spatial difference
in age and somatic growth could be due to a
discrepancy in temperature or food availability and
quality. Indeed, in warm waters, squid commonly have
a shorter lifespan than the same species inhabiting
temperate or cold waters (Arkhipkin, 2004) For
example, S. oualaniensis living with D. gigas in
tropical Ecuadorian waters have a lifespan of no more
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than 6 months and high growth rate in ML (Liu et al.,
2016a in press), while those from the northwestern
Indian Ocean have a lifespan of about 1 year and low
growth rate in ML (Liu et al., 2009). As Chavez and
Messié (2009) indicated, Ecuadorian waters have
higher SST than Chilean waters. This might be the
reason why the maximum determined age of D. gigas
from Ecuadorian waters (240 days) was less than
those from Chilean waters (432 days), on the contrary
growth rate in ML was higher in Ecuadorian waters.

In summary, despite statolith having been systemat-
ically used to define squid age, growth increments in D.
gigas RSS provide an alternative method of ageing that
can be applied to assess regional differences in the
growth pattern. Beaks were found to have advantages
over statoliths during sampling, extracting, preserving
and manipulating, and could provide additional data in
those cases where a statolith was unavailable. However,
bias in the determination of age due to the erosion of the
rostrum tip caused by feeding cannot be ignored (Liu
et al., 2015). In addition, beaks have another important
advantage over statoliths in that the growth increments
in the RSS in the marginal regions are always distinct,
whereas this is often not the case in the corresponding
area in statoliths. This distribution pattern of growth
increments in the beak’s marginal regions can allow the
matching of environmental factors (such as SST and
chlorophyll a) at the stage of life just before capture
much more accurately than when using statoliths. As a
consequence, the use of such potentially accurate
methods to analyse squid life history, especially when
reconstructing migratory routes, have the potential to be
more effective than methods which use statoliths (Liu
et al., 2016b).
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