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Abstract—To explore the feasibility 
of using beak microstructure to esti-
mate the age of oceanic squid, sagit-
tal sections in the upper beak were 
used to validate the age of the red 
flying squid (Ommastrephes bartra-
mii) in the North Pacific Ocean. The 
growth rates of mantle length (ML) 
and body weight (BW) were estimat-
ed on the basis of beak increments. 
We compared growth curves derived 
from previous statolith-based stud-
ies and those from this study. Re-
sults indicate that the mean age of 
females and males was 203 d (stan-
dard deviation [SD] 55) and 180 
d (SD 45). The hatching period oc-
curred during October–June of the 
following year, and hatching peaked 
during January–April on the ba-
sis of back-calculation. All sampled 
squid belonged to the winter–spring 
cohort. Females and males had a 
similar growth pattern in ML and 
BW with increased ages, except for 
male ML after age 301–350 d. An 
exponential model best described 
the relationships between age and 
ML as well as BW for both sexes. 
The difference in growth curves and 
lower growth rates reported here, 
compared with those of previous 
studies, may result from different 
stock structures and extreme weath-
er. This study confirmed that beak 
length works well for estimating the 
age of oceanic squid. The red flying squid (Ommastrephes 

bartramii) is distributed in subtropi-
cal and temperate waters worldwide 
but is commercially exploited only 
in the North Pacific Ocean, where it 
plays an important role in the ma-
rine ecosystem (Jereb and Roper, 
2010; Navarro et al., 2013). It has 
become a primary target species in 
East Asian countries since the ocean-
ic squid fishery began in the 1970s. 
This squid is not only important as a 
fishery resource but also serves as an 
indicator of large-scale oceanographic 
changes (Chen et al., 2007; Nishika-
wa et al., 2014). The population of 
red flying squid in the North Pacific 
Ocean consists of 2 main cohorts, 
the autumn cohort that yields large 
squid (>350 mm mantle length [ML]) 
and the winter–spring cohort that is 
represented by relatively small squid 

(<350 mm ML) (Chen and Chiu, 
2003). Abundance of both cohorts 
fluctuates greatly with large-scale 
oceanographic and climatic changes 
(e.g., El Ninõ or La Ninã), as well 
as with regional-scale environmental 
changes (Yatsu et al., 2000; Chen et 
al., 2007). 

Age estimation and growth analy-
ses provide critical information for 
fisheries stock assessments and man-
agement. Hard structures often are 
used for aging squid and most stud-
ies measure statoliths (Spratt, 1978; 
Lipinski, 1986; Jackson et al., 1993; 
Durholtz et al., 2002). Although 
statolith-based age determination 
methods have advanced greatly 
over the past 30 years (Arkhipkin 
and Shcherbich, 2012), the process 
of preparing statoliths for aging is 
rather complicated and often has a 
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relatively low success rate. Potential use of alterna-
tive methods has been the topic of recent discussions 
(Moltschaniwskyj and Cappo, 2009). For example, the 
beak, which is the main feeding organ for squids, has a 
stable morphological structure because of its chitinous 
structure (Clarke, 1986) and could potentially be used 
for determination of a squid’s age. Removing a whole 
beak from the buccal mass is much easier than extract-
ing a statolith from the statocyst. The beak, therefore, 
has been identified as an appropriate structure for 
studies of squid biology and ecology (Jackson et al., 
1997; Gröger et al., 2000; Martínez et al., 2002; Cherel 
and Hobson, 2005; Guerra et al., 2010). 

Clarke (1965) first identified the incremental struc-
ture in the beak of Moroteuthis ingens and demonstrat-
ed its potential for estimating age. Raya and Hernán-
dez-González (1998) suggested the sagittal plane of a 
rostrum sagittal section (RSS) as the optimal plane for 
aging common octopus (Octopus vulgaris), and longitu-
dinal increments deposited in RSS were also observed 
to have periodic light and dark bands. The lateral wall 
surface (LWS) of the beak also can be used for reading 
growth increments, and a study over a specific period 
indicated that one ring represents 1 d of life in post-
larvae (Hernández-López et al., 2001). Perales-Raya et 
al. (2010) improved beak aging methods and compared 
the precision of readable growth increments between 
RSS and LWS methods. They found that the RSS yield-
ed more precise age estimates but that the LWS was 
quicker and simpler to prepare (Perales-Raya et al., 
2010). Canali et al. (2011) and Castanhari and Tomás 
(2012) also analyzed the upper beak microstructure 
and the relationship between increments and ML or 
body weight (BW). Examination of the upper beak has 
been recommended as a simple and effective approach 
for estimating cephalopod age (Canali et al., 2011; Cas-
tanhari and Tomás, 2012).

Previous studies on squid growth have focused pri-
marily on seasonal and population variability in body 
size (Chen and Chiu, 2003; Ichii et al., 2004). Varia-
tion of oceanographic conditions and feeding habits can 
greatly impact the growth of red flying squid (Wata-
nabe et al., 2004; Ichii et al., 2009). Oceanic squid tend 
to migrate over long-distances between their spawning 
or nursery grounds and their feeding grounds (Sem-
mens et al., 2007). Individuals are exposed to varied 
environmental conditions during ontogenesis. There-
fore, age estimation is an important part of analyzing 
growth rates for the different life stages of squids. The 
age-based calculation of growth rates that is based on 
measurements of statoliths is a popular method and 
has been used in making growth estimations for oce-
anic squid. The growth rates of ML and BW for some 
ommasterphid species have also been derived from 
statoliths (Markaida et al., 2004; Keyl, 2009; Chen et 
al., 2011, 2013).

In this study, we used beak microstructure of red 
flying squid to identify its spawning season and to ex-
amine age composition. The relationships between ML, 
BW, main beak morphometric variables, and age were 

defined in order to examine squid growth patterns. The 
relative differences between females and males were 
also investigated. This study is one of the first in which 
oceanic ommasterphid squid has been aged by using 
beak measurements. These methods can be applied to 
age and growth analyses of other oceanic cephalopods.

Materials and methods

Squid samples were randomly collected from Chinese 
commercial jigging vessels FV Jinhai 827 and FV 
Ningtai 21 in fishing grounds (between 154°E–174°W 
and 39°N–45°N) of the North Pacific Ocean from July 
through November in 2011 (Fig. 1). Samples were im-
mediately frozen at −18°C for subsequent laboratory 
work.

After samples were thawed in the laboratory, dorsal 
ML and BW were measured to the nearest 1 mm and 
1 g, respectively. The upper and lower beaks were then 
dissected from the buccal mass, washed with fresh wa-
ter, and stored in a solution of 75% ethyl alcohol. The 
following 12 morphological variables were measured 
to the nearest 0.1 mm: upper hood length, upper crest 
length, upper rostrum length (URL), upper rostrum 
width, upper lateral wall length, upper wing length, 
lower hood length, lower crest length, lower rostrum 
length, lower rostrum width, lower lateral wall length, 
and lower wing length (Fig. 2A; Chen et al., 2012). 

For age estimation, the use of RSS has been reported 
to be more precise than the use of LWS (Perales-Raya 
et al., 2010). The lower beak is more likely to be sub-
ject to erosion because it always covers the upper beak 
during biting and chewing. Moreover, the rostrum tip 
of the lower beak also has the function of paralyzing 
prey organisms (Nixon, 1973). The upper beak has a 
relatively complete rostrum tip, although erosion may 
still occur. Therefore, we measured the RSS of the up-
per beak in this study. The upper beak was cut in half 
with scissors, producing 2 RSS pieces. To count incre-
ments as accurately as possible, we cut the RSS into 2 
different sizes and used the larger one, which tended 
to have a preserved focal plane representing all growth 
rings in the central section. The larger half of the RSS 
was cleaned with water to remove mucus and was em-
bedded in a small mold with epoxy resin. We ground 
the focal plane with 120-, 600-, and 1200-grit water-
proof sandpaper until the growth increments became 
clearly visible. Finally, we polished the RSS slice with 
0.05-μm aluminium oxide powder to remove scratches 
on the surface. This preparation process is similar to 
that for statoliths (Dawe and Natsukari, 1991). 

The number of increments in each RSS were counted 
with a microscope (Olympus Corp.,1 Tokyo) at magnifi-
cations of 10×, 40×, and 400×. Images of different sec-
tions were taken with a charge coupled device (CCD) 

1 Mention of trade names or commercial companies is for iden-
tification purposes only and does not imply endorsement by 
the authors or the National Marine Fisheries Service, NOAA.
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Figure 1

Locations where samples of red flying squid (Ommastrephes bartramii) were collected for 
this study in the North Pacific Ocean from July through November in 2011.

then processed with Adobe Photoshop CS 5.0 (Adobe 
Systems Inc., San Jose, CA). Two readers counted the 
number of increments, and readings were accepted 
only when the difference in mean counts between the 
2 independent readers was less than 10% (Chen et al., 
2013). Beak growth increments in previous studies 
were assumed to be deposited daily for several octopu-
ses species (Raya and Hernández-González, 1998; Her-
nández-López et al., 2001; Perales-Raya et al., 2010, 
2014; Canali et al., 2011; Castanhari and Tomás, 2012; 
Rodríguez-Domínguez et al., 2013; Bárcenas et al., 
2014). A strict age validation for ommasterphid squids 
with the use of statolith and beak measurements has 
been performed and the results of those experiments 
indicate that the beak is a reliable material for age 
estimation (Hu et al., 2015; Liu et al., 2015). If the 
beak is a reliable structure for age estimates, we can 
back-calculate hatching dates from the capture dates 
documented in our study.

The relationships between age and ML, BW, and 
URL were established with 4 types of curves: linear, 
power, exponential, and logarithmic. Akaike’s informa-
tion criterion was used to compare the fits of models, 
by following the calculations of Haddon (2001). Differ-
ences in growth curves between sexes also were evalu-
ated by using analysis of covariance (ANCOVA).

Instantaneous growth rate (G) and absolute daily 
growth rate (DGR) of ML or BW were measured in mil-
limeters per day or grams per day and estimated for 
each 50-d interval by sex. The G and DGR were calcu-
lated with the following models proposed by Forsythe 
and Van Heukelem (1987):

 G=
ln(S2)− ln(S2)

t2− t1
×100%  (1)

and 

 DGR=
S2−S1

t2− t1
,  (2)

where S1 and S2 = mean ML or BW at the beginning 
(t1) and end (t2) of the time interval. 

Statistical analyses were conducted with SPSS, vers 
19.0 (IBM Corp, Armonk, NY). 

Results

Microstructure of growth increments in red flying squid

The microstructure of a beak RSS of a red flying squid 
in this study is shown in Figure 2. The longitudinal 
increments in the transverse surface were easily vis-
ible from the tip of rostrum to the joint of the hood 
and crest (Fig. 2B), and the hood was darker than the 
crest because of pigmentation (Fig. 2B). The tip of the 
rostrum was missing in some samples because of ero-
sion from feeding behavior. Increments were more obvi-
ous in the center of the focal line and were visible as 
bands that were alternately dark and light (Fig. 2C). 
The increments in the middle of each internal rostral 
axis were much thicker than those in the anterior and 
posterior areas. The middle parts of the RSS had the 
widest incremental width in relation to other RSS 
parts (Fig. 2C). The interval widths tended to vary in 
different parts of the RSS at increased magnification 
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Figure 2
(A) Schematic diagram of the rostrum sagittal sections (RSS), the internal rostral axis (IRA), and upper 
rostral length (URL) in the beak of red flying squid (Ommastrephes bartramii). Photographic images of (B) 
a whole RSS and (C) IRA of a male individual with mantle length of 245 mm and age of 174 d, every blue 
dot represents one ring, and images with (D) longitudinal increments in the hood of the RSS of a female 
individual with mantle length of 390 mm and age of 268 d, every white line represents one ring, and (E) a 
check ring at 40× magnification.  

A

B C

D E

(400×) (Fig. 2D). The mean width of increments in the 
RSS was 12.6 μm (standard deviation [SD] 0.03). 

In some atypical beak samples, we found “check” 
rings, which were similar to the rings in the micro-
structure of the statolith (Fig. 2E). A check ring was 
an extremely light band that appeared in multiple in-
crements. These types of increments were easy to dis-
cern in comparison with the surrounding regular incre-
ments. This structure occurred much more frequently 
in females than in males.

Age composition and hatching time

The total sample size was 211 Squid, of which 109 were 
females and 102 were males. The ML of females ranged 
from 199 to 417 mm (average=268 mm [SD 44]). The 
majority (85.4%) of females ranged from 240 to 320 
mm in ML. Male ML ranged from 201 to 354 mm (av-
erage=248 mm [SD 33]); 85.4% males ranged from 240 
to 280 mm ML (Fig. 3A). Female BW ranged from 140 
to 2230 g (average=603 g [SD 353]); 72.7% of females 



38 Fishery Bulletin 114(1)

Figure 3
Composition of (A) mantle length, (B), body weight (C) age, and (D) hatching time, by sex, for red 
flying squid (Ommastrephes bartramii) collected for this study in the North Pacific Ocean from July 
through November in 2011.
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Table 1

Absolute daily growth rates (DGR) as defined by Forsythe and Van Heukelem (1987) and instanta-
neous growth rate (G) for mantle length (ML) and body weight (BW) of red flying squid (Ommastrephes 
bartramii) by sex and age class. Squid were collected in the North Pacific Ocean from July through 
November 2011.

 Mantle length Body weight

 Age Sample Mean DGR  Mean DGR 
Sex class (d) size ML (mm)  (mm/d) G BW (g)  (g/d) G

Female >150 23 219.13 – – 302.42 – –
 151–200 34 241.74 0.45 0.20 374.67  1.44 0.43
 201–250 20 277.67 0.72 0.28 619.55  4.90 1.01
 251–300 26 321.27 0.87 0.29 1005.18  7.71 0.97
 301–350 4 374.75 1.07 0.31 1571.85 11.33 0.89
Male >150 32 216.88 – – 287.76 – –
 151–200 38 241.16 0.49 0.21 399.54  2.24 0.66
 201–250 23 277.22 0.72 0.27 613.65  4.28 0.86
 251–300 7 318.71 0.83 0.28 959.06  6.91 0.89
 301–350 1 354.00 0.71 0.21 1440.30  9.62 0.81
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ranged from 150 to 250 g. The BW of males ranged 
from 210 to 1440 g (average=462 g [SD 225]); 92.7% of 
males ranged from 150 to 250 g (Fig. 3B). 

The estimated age, which was based on the micro-
structure of upper beak RSS, ranged from 107 to 322 
d (mean age=203 d [SD 55]) for females. The dominant 
age for females ranged from 150 to 300 d—a range that 
accounted for 75.4% of the female samples. Estimated 
age ranged from 110 to 320 d ( mean age=180 d [SD 
45]) for males, and the dominant age, from 110 to 250 
d, which accounted for 92.2% of male samples (Fig. 3C). 
The back-calculated hatching time in this study ranged 

from October 2010 through June 2011. The peak hatch-
ing time occurred from January through April for fe-
males, accounting for 72.7% of female samples, and 
from February through April for males, accounting for 
74.7% of male samples (Fig. 3D). Most of the squid in 
this study hatched in late winter and early spring.

Growth rate patterns

Growth rate patterns were similar between ML and 
BW despite squid age (Table 1; Fig. 4, A and B). For 
female squids, the maximum DGR was 1.07 mm/d for 

Figure 4
Variation of instantaneous growth rate (G) and absolute daily growth rate (DGR) measured in (A) mantle 
length (ML) and (B) body weight (BW) for male (M) and female (F) red flying squid (Ommastrephes bar-
tramii), and growth curves in relation to (C) ML and age, (D) BW and age, and (E) upper rostral length 
and age of red flying squid in this study.
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Table 2

Results from an analysis of covariance between sexes 
of red flying squid (Ommastrephes bartramii) in the 
relationships between age and the following variables: 
mantle length (ML), body weight (BW), and upper ros-
tral length (URL).  No differences between sexes were 
significant.

Measurements df F P

ML 107 0.125 0.725
BW 199 0.065 0.806
URL 151 1.974 0.166

Table 3

Estimated model parameters and Akaike’s information criterion (AIC) val-
ues of the relationship between age and the following variables: mantle 
length [ML], body weight (BW), and upper rostrum length (URL) for red 
flying squid (Ommastrephes bartramii). Underlined values are the lowest 
AIC values chosen with the best model.  Linear=linear function: y=a+bx; 
power=power function: y=axb; exponential=exponential function: y=aebx; 
logarithmic=logarithmic function: y=aln(x)+b; AIC=Akaike’s information 
criterion.

 Age (d)

Body variables  Model a b AIC

 ML Linear  0.763  111.766  846.971 
  Power  12.773  0.573  924.242 
  Exponential 147.200  0.003  755.171 
  Logarithm −500.730  145.350  1020.454 
 BW Linear  5.389  −500.970  2008.414 
  Power  0.008  2.102  1918.870 
  Exponential 74.541  0.010  1850.317 
  Logarithm −4704.3  1003.1  2091.505 
 URL Linear  0.014  3.682  −93.550
  Power  0.682  0.427  −91.991
  Exponential 4.211  0.002  −93.228
  Logarithm −7.775  2.711  −89.493

ML and 11.33 g/d for BW within 301–350 d (Table 
1; Fig. 4, A and B), and the maximum G was 0.31 
for ML within 301–350 d and 0.97 for BW within 
251–300 d. In males, maximum DGR occurred within  
251–300 d for ML (0.83 mm/d) and then decreased, 
and maximum G also occurred during within 251–300 
d for both ML (0.28) and BW (0.89) (Table 1, Fig. 4, 
A and B). 

On the basis of results of the ANCOVA test, there 
was no significant difference in ML, BW, and URL be-
tween females and males (P>0.05) (Table 2). Therefore, 
we used the pooled data to analyze the relationship 
between ML, BW, URL, and age. Growth curves of 
ML–age and BW–age relationships were fitted with 
an exponential model, and the URL–age relationship 

provided the best fit with a linear model (Fig. 4, C–E) 
because it represented the best fit to the data (Table 3). 
These relationships were calculated with the following 
equations:

ML–age relationship: ML = 148.47e0.0028age (coeffi-
cient of determination [r2]=0.980, n=211, P<0.01)

BW–age relationship: BW = 83.80e0.009age (r2=0.914, 
n=211, P<0.01)

URL–age relationship: URL = 0.0141age + 3.6816 
(r2=0.460, n=211, P<0.01)

Discussion

The beak has been used to estimate age for a few 
neritic molluscan species (e.g., the common octopus, 
Perales-Raya et al., 2014; Octopus maya, Bárcenas et 
al., 2014). On the basis of the results of our study, we 
can see that the microstructure of the beak in red fly-
ing squid is similar to that in different cephalopods, 
as was reported in a previous study (Perales-Raya et 
al., 2010). Although the rostrum in squids seems to 
account for a much larger proportion of the crest than 
it does in octopuses, RSS increments are smaller in 
squid than in octopuses, nearly 12 μm in this study 
compared with roughly 20 μm for common octopus 
(Raya and Hernández-González, 1998) and with 15–30 
μm after 50 increments reported by Perales-Raya et 
al. (2010). In this study, we used only reflected light 
to observe the increments clearly, as opposed to the 
use of violet or ultraviolet light by Perales-Raya et al. 
(2010). It is easy to distinguish RSS increments at low 

magnification with reflected light, 
but this method should be used with 
caution because it is easy to con-
fuse “first-order” and “second-order” 
increments, as it is with statoliths 
(Arkhipkin and Shcherbich, 2012). 
Check rings were also found in this 
study, and those rings may have 
resulted from stressful conditions, 
such as spawning (Perales-Raya et 
al., 2014). The microstructure of 
statoliths also displays check rings 
(Chen et al., 2013).

This study is one of the first that 
has provided estimated ages for oce-
anic species of ommasterphid squid 
on the basis of beak microstructure. 
Cephalopods are typically short-lived 
invertebrates, and the lifespan of red 
flying squid was estimated to aver-
age about 1 year in previous reports 
(Bigelow and Landgraph, 1993; Yat-
su et al., 1997; Chen and Chiu, 2003; 
Chen et al., 2011). All the squid ana-
lyzed in this study were less than 1 
year in age, and the results of this 
study are consistent with the results 
of previous studies where ages were 
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Figure 5
Comparison of growth curves in relation to mantle length (ML) 
and age for red flying squid (Ommastrephes bartramii) from dif-
ferent studies of the age and growth of this species.
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estimated from statolith growth increments (Yatsu et 
al., 1997; Yatsu, 2000). 

In a previous study, hatching time was estimated to 
be from January through April, indicating that samples 
belonged to the winter–spring cohort (Chen and Chiu, 
2003). The winter–spring cohort inhabits traditional 
fishing grounds (150° to 170°E) in the Northwest Pa-
cific (Bower and Ichii, 2005). We obtained results for 
hatching time, using a back-calculation based on up-
per beak increments, and our results were similar to 
estimates from statoliths for squid caught in a similar 
area and time during a previous study (Chen et al., 
2011). Meanwhile, age were validated for the same spe-
cies by using statoliths and beaks (Liu et al., 2015). 
The results from that previous study showed that beak 
increments had a high correlation with statolith incre-
ments for red flying squid: beak increments=1.0177×s-
tatolith increments – 6.6795 (r2=0.969, n=21, P<0.001) 
(Liu et al., 2015). Therefore, we conclude that the beak 
is a hard structure that can be used reliably for age 
determination of ommasterphid species.

Females and males presented a similar growth pat-
tern during ontogenesis (Table 1, Fig. 4). This finding 
differs from the observation of Chen et al. (2011), who 
suggested that females grow faster than males in ev-
ery age class and that the peak growth rates occur 
in a relatively younger age class (140–220 d) (Chen 
et al., 2011). Sexual asynchrony of growth for red fly-
ing squid at different life stages also was found by 
Yatsu et al. (1997) and Brunetti et al. (2006). Chen 
and Chiu (2003) analyzed the growth of 2 geographi-
cally distinct stocks of red flying squid in the North 
Pacific Ocean and divided the females into 2 groups: 
large-size (>350 mm ML) and small-size (<350 mm 
ML) females. They found that small-size females in 
the northwestern stock had a growth mode that was 

similar to that of males that can be described 
best with a Gompertz function, but large-size 
females in the northwestern stock grew much 
faster than males in either stock. Therefore, 
the female samples in our study may belong 
to the small-size group of females in the nor-
thwestern stock—a possibility that could ex-
plain the nearly synchronous growth between 
sexes. It is also notable that the ML DGR for 
males was much lower than that for fema-
les after ages 301–350 d (Fig. 4). The reason 
for this difference may be the greater energy 
need of females to support their metabolism 
during gametogenesis (Rocha et al., 2001).

There was no significant difference in 
growth curves between the 2 sexes, accord-
ing to the results of ANCOVA (P>0.05). Ex-
ponential curves seem to be appropriate for 
ML–age and BW–age relationships, whereas 
a linear curve was suitable for the URL–age 
relationship, although it showed a low correla-
tion between the two variables. Different rela-
tionships between age and ML and BW have 
been found with various techniques in previous 

studies (e.g., exponential model for paralarve, Bigelow 
and Landgraph, 1993; Yatsu, 2000; linear model, Yatsu 
et al., 1997, Chen et al., 2011; Gompertz model, Chen 
and Chiu, 2003). The exponential curve is a logical 
choice for describing the very fast growth rate of squid, 
especially for paralarve (Bigelow and Landgraph, 1993; 
Sakai et al., 1999, 2006; Yatsu, 2000). 

We also compared the growth curves for adult red 
flying squid with those derived from 2 other studies, 
and we found that our reported growth rate was rela-
tively lower than those rates in the other 2 studies 
(Fig. 5). There are 2 potential reasons for this differ-
ence: 1) the female squids in this study belonged to 
the group of small-size females in the northwestern 
stock (Chen and Chiu, 2003), a group that tends to 
have a low growth rate than that of the squid used in 
the other 2 studies, especially in the study by Yatsu 
et al. (1997), whose samples may have belonged to 
large-size females of that stock, and 2) the size and 
life span of squid can be influenced by ambient tem-
perature, an influence that is more obvious in extreme 
weather (e.g., El Ninõ or La Ninã), as has been docu-
mented for the jumbo squid (Dosidicus gigas) (Arkh-
ipkin et al., 2015). 

Compared with squid in our 2011 study, squid in 
previous studies tended to attain larger sizes but have 
a shorter life span (in years) with warm temperatures 
(i.e., squid hatched during 1991–1993 for Yatsu’s [2000] 
study and in 1997 for Chen and Chiu’s [2003] study) 
and to attain smaller sizes but a long life span with 
cold temperatures (i.e., squid hatched in 2007 for the 
Chen et al. [2011] study). However, model selection can 
be influenced by sample size and sampling range. Ad-
ditional sampling and a greater size range of individu-
als will be needed to evaluate growth functions more 
thoroughly.
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