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of the squid Ommastrephes bartramii in the North Pacific
Ocean in the context of climate change
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Abstract Oceanic squids are typical species that

sensitive to the environment change. Previous studies

on oceanic squids mainly focus on its annually

fluctuated abundance under the background of climate

change. The changes of individual morphological

sizes, including body and beak, have been observed in

recent years. In this study, Ommastrephes bartramii,

an important cephalopod species in North Pacific

Ocean, has been selected to analyze the annual

morphological changes of body and beak under

different scales of climate events. Geometric morpho-

metrics was used to analyze the shape variations of

both upper beak and lower beak. The possible

phenotypic plasticity of body and beak was also

discussed in different aspects. Body size showed

different variations among different climatic years.

The size at the maturity stage in 2015 (El Niño year)

was much smaller than that in other years for both

sexes. The centroid size representing the beak size

showed the significant difference between two types of

Pacific Decadal Oscillation phases. The shapes of

upper and lower beaks showed significant differences

between small-scale climatic patterns in which El

Niño or La Niña event occurred, displaying different

growth patterns.
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Introduction

Pelagic cephalopods, mostly belonging to Ommas-

trephidae, are a typical marine invertebrate widely

distributed in the temperate and subtropical waters

around the world (Chen et al., 2008; Jereb & Roper,

2010). Generally, these squids have a short lifetime

less than two years (mostly one year) and are

characterized by the life cycle of ‘‘grow fast, die

young’’ (Pecl et al., 2004). As a result, the highly

fluctuated abundance of pelagic squid has been

mentioned by some researchers in recent years

(Igarashi et al., 2017; Yu et al., 2019a; Alabia et al.,

2020). The potential response of pelagic squid to the

climate change has also been discussed (Yu et al.,

2019a, b).

With the increasing number of extreme climate

events, changes of feeding habitat and food compo-

sition increasingly influenced squids (Yu et al., 2019a;

Portner et al., 2020). Sea surface temperature (SST) is

the most frequently discussed index in previous

studies (Chen, 2010; Frawley et al., 2019). The

abundance of squids (always represented by catch

per unit effort (CPUE) in fishery) showed significant

annual fluctuations due to small-scale climate events

(El Niño/La Niña) (Yu et al., 2018; Ji et al., 2020).

Some large-scale climate events (e.g. Pacific Decadal

Oscillation, PDO) also significantly affected marine

species in some areas (Kim et al., 2018). In addition,

the significant increase in SST also strongly changed

the distribution pattern (Yu et al., 2019a), body size

and life span of oceanic squids (Arkhipkin et al.,

2015a; Takahara et al., 2017). However, the interan-

nual variation of squid body size was rarely reported

(Argüelles et al., 2008).

Beak, as the main feeding organ of squid, is one of

the important hard corrosion resistance structures in

cephalopod (Fang et al., 2016a, b). This hard structure

is not only taxon-dependent, but also stock- and sex-

dependent in some species (Martı́nez et al., 2002;

Bolstad, 2006; Chen et al., 2012). The lower beak

morphology or the relationship between its morpho-

metric and mantle length is a standard criterion for the

cephalopod taxonomic recognition (Jackson &

McKinnon, 1996; Jackson et al., 1997; GroÈger

et al., 2000; Lefkaditou and Bekas, 2004; Fang et al.,

2015). Due to the strong relationship between the body

size and beak shape, beak is a proper material for the

detection of squid body change. However, the beak

shape is also influenced by the changes in the ambient

environment, including the habitat suitability and food

availability (e.g. Dosidicus gigas (d’Orbigny, 1835),

Hu et al., 2019; Ommastrephes bartramii (Lesueur,

1821), Fang et al., 2020).

Most of previous studies were focused on beak

morphometrics with the traditional linear distance

method (Fang et al., 2014; Liu et al., 2015). This is a

simple method, although relevant measurements may

increase the potential risk of bias to some degree

(Bookstein, 1998; Adams et al., 2004). Moreover, the

lack of geometric information also limits the applica-

tion of the traditional method. Geometric morphomet-

rics (GM) has been proposed to avoid the limitation

(Adams et al., 2013). A large number of variables in

GM can ensure that even a small shape difference (e.g.

reduced morphological variability or population level)

can be detected (Collyer et al., 2015). In addition, the

object size is closely related to its shape (Klingenberg,

2016), and shape variation may be influenced by

allometry. GM can mathematically separate shape

from size and thus elucidate the level of correlation

between two traits (Rohlf and Slice, 1990; Mit-

teroecker et al., 2013).

Ommastrephes bartramii is the most important

oceanic squid widely distributed in the North Pacific

Ocean (Bower and Ichii, 2005). The environment-

induced abundance fluctuation was reported (Chen,

2010; Yu et al., 2017), but the potential change in body

size or beak shape is still unknown. In this study, in

order to investigate the change patterns of body size

and beak shape under different environment condi-

tions, we selected squid samples from different

climatic years and statistically compared the interan-

nual body size change and beak shape difference

according to GM method for the analysis of beak

morphology.
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Materials and methods

Sampling and image acquisition

The samples were collected in 2009, 2010, 2015 and

2016 by the Chinese commercial jigging vessels in the

main fishing ground for Ommastrephes bartramii

(150 �E to 160 �E, 35 �N to 45 �N) (Table 1).

Different climate events were observed in the North

Pacific Ocean in the above four years. El Niño and La

Niña events were all presented by the mean values of

SSTA during the sample months. The PDO index is

the leading empirical orthogonal function (EOF) of

monthly sea surface temperature anomalies (SSTA)

over the North Pacific (poleward of 20 �N) after the
global average sea surface temperature has been

removed (Deser et al., 2010). During a ‘‘positive’’

phase of PDO, the west Pacific becomes cooler and

part of the eastern ocean warms; during a ‘‘negative’’

phase of PDO, the opposite pattern occurs (Mantua

et al., 1997). In this study, large-scale climate varied

from cold (negative) PDO phase in the years of 2009 to

2013 to warm (positive) PDO phase in the years of

2014 to 2016. El Niño (2009 and 2015) and La Niña

(2010 and 2016) also happened in the changing

climatic years (Fig. 1). Therefore, the squid samples

in El Niño and La Niña years from different large-

scaled climate events were collected and selected for

morphometric analysis (Table 1).

Dorsal mantle length (ML) was measured to the

nearest 1 mm after samples were captured and

randomly selected on the deck. The squid samples

were dissected with scissors to observe the maturity

stage according to the method by Lipiński & Underhill

(1995). All the upper (UB) and lower beaks (LB) were

successfully dissected from the buccal mass of the

samples and then stored in 75% ethyl alcohol. Since a

beak was a parallel structure, we focused on one side

of the beak to analyze and simulate the morphological

variation. Each picture of UB and LB was pho-

tographed with Nikon D7000 camera in the same lens

and a scale (ruler) was placed in each picture to

enhance the morphometric standardization (Crespi-

abril et al., 2010; Fang et al., 2017, 2018). Landmarks

were chosen according to the previous study, includ-

ing 8 landmarks and 2 semi-landmarks for UB and 10

landmarks and 10 semi-landmarks for LB (Fang et al.,

2017, Fig. 2). The combination of landmarks and

semi-landmarks was used to describe the beak char-

acteristics and better simulate the shape of beak (Neige

and Dommergues, 2002; Gunz and Mitteroecker,

2013).

Geometric morphometrics

These series of landmarks were digitized by two

different persons to minimize the measurement errors

and the first digitized data set was chosen when the

error between two measurements was less than 5%

(Viscosi and Cardini, 2011). If the error was higher

than 5%, a third person would be digitized again until

the error between two data sets was less than 5% and

then chose the first of them for the analysis (Viscosi

and Cardini, 2011). A series of coordinate-based

datasets were standardized in size and the landmark

configuration was translated and rotated through the

generalized least-squares Procrustes analysis (GPA,

Rohlf and Slice, 1990). The positions of semi-

landmarks were optimized with Procrustes distance

criterion to minimize the Procrustes Distance across

samples during GPA (Bookstein, 1998). The semi-

landmarks slid separately, so that their positions were

not influenced by the rest landmarks (Gunz and

Mitteroecker, 2013).

Table 1 Annual information of Ommastrephes bartramii samples in the North Pacific Ocean

Years Sampling

time

Longitude Latitude Sample size

(F,M)

Beak sample size

(F,M)

Mantle length (mm)

(F,M)

2009 Jul–Oct 150� 000 E–
160� 000 E

39� 000 N–
44� 300 N

149 (89,60) 77 (40,37) 187–443, 199–412

2010 Jul–Nov 186 (91,95) 104 (48,56) 192–425, 197–359

2015 Jul–Nov 202 (128,74) 145 (80,65) 168–357, 164–319

2016 Jul–Oct 217 (121,96) 168 (97,71) 210–386, 184–348
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Statistical analyses

An ANOVA test was performed to evaluate the

variations of mantle length and size of mature

individuals among different years. We performed the

Procrustes MANCOVA to investigate the effects of

climatic factors (including small-scale and large-scale

factors), sex and their interaction on the beak shape

variation. Then, to reduce the redundancy of Pro-

crustes shape coordinate, the principal component

analysis (PCA) on Procrustes coordinates was per-

formed (Dryden andMardia, 1998) and the beak shape

variation associated with each principal component

(PC) was graphically depicted. Multivariate patterns

of beak shape variation were visualized with the scores

from multivariate regressions of beak shape versus

log(Centroid Size). Furthermore, in order to facilitate

the climate comparison, the predicted values, which

was the regression of shape on size were chosen to

compare the allometric trend among factors (Adams

Fig. 1 Sampling time (grey shadow) and the corresponding Nino index (SST Anomalies) from 2009 to 2016 in this study

Fig. 2 Morphology and digitized landmarks (hollow dots) and semi-landmarks (solid dots) of the squid Ommastrephes bartramii
upper beak (A) and lower beak (B) (Fang et al., 2017)
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and Nistri, 2010). Thus, the plots of the predicted

values from multivariate regressions by years (in

different climatic patterns) versus log(Centroid Size)

were also generated (Adams and Nistri, 2010; Kelly

et al., 2013). Thin-plate spline (TPS) deformation

grids for the phenotypic mean shapes of O. bartramii

at different scales of climatic patterns were also

presented to improve the ecological interpretation of

allometric changes in beak shape. All the statistical

analyses were performed in R 3.5.3 (R Core Team,

2019) with the package ‘‘geomorph’’ (Adams &

Otarola-Castillo, 2013).

Results

Body size variation in different years

Mantle length showed the different changing trends

among different climatic years (Fig. 3). As for

females, mean ML was the largest (295.3 mm) in

2016 and the smallest (249.2 mm) in 2010. The female

samples in 2009, 2010 and 2015 with the ML of

240–320 mm accounted for approximately 80% of

total female samples (Fig. 3A). In 2016, the ML range

of the majority of female samples was 280–360 mm

(Fig. 3A). The ML of female samples with the highest

proportion was 280 mm in 2009 and 2015 (more than

40%), 240 mm in 2010 (nearly 50%) and 320 mm in

2016 (nearly 35%) (Fig. 3A). Similarly, for males,

mean ML was the largest (260.2 mm) in 2016 and the

smallest (243.6 mm) in 2010. The ML range of the

majority of male samples was 240–320 mm in all the

selected years and accounted for more than 90% of the

total male samples in all the investigated years except

2015 (81.25%) (Fig. 3A). The ML of male samples

with the highest proportion was 280 mm in 2009, 2015

and 2016 (more than 40%) and 240 mm in 2010

(nearly 50%) (Fig. 3A). Significant differences were

found between different years for both males and

females (ANOVA, $:F = 35.23, P = 0.0001; #:

F = 41.87, P = 0.0001).

The body size at the maturity stage of female squid

samples in 2009 and 2010 were large than that in other

two years (Fig. 3B). The individuals in 2015 were the

smallest with the mean size less than 300 mm at the

maturity stage. In all the male samples, the mean size

was still the largest in 2009 and the smallest

(292.2 mm) in 2015 and the mean sizes in 2010 and

2016 were close to 300 mm (Fig. 3B). TheML of both

males and females at the maturity stage showed

significant differences among different years

(ANOVA, $:F = 26.91, P\ 0.0001; #: F = 23.17,

P\ 0.0001).

Beak size variation in different years

The centroid size (CS) representing the beak size was

calculated by GPA. The result showed that the squid

beak size in cold PDO pattern (2009 and 2010) was

significantly different from that of warm PDO pattern

(2015 and 2016) for UB (ANOVA, F = 14.881,

P = 0.0005), but the difference in LB was not

significant (ANOVA, F = 0.643, P = 0.0980). The

beak size in El Niño years (2009 and 2015) was in the

similar small range, but more outliers (below lower

quartile) were observed in warm PDO pattern (Fig. 4).

The wider quartile of the beak size was depicted in

cold PDO pattern with a lower median value in La

Niña years (2010 and 2016) for both UB and LB

(Fig. 4).

Interannual shape variation of upper beak

Sex and climatic pattern represent the covariates for

the analysis of beak shape differences. As for the UB

shape, sexual dimorphism was not observed based on

the results of MANCOVA (Table 2). However, the

UB shape difference in small climatic patterns (El

Niño and La Niña events) was detected (Table 2) most

probably due to the larger width of the hood observed

in thin-plate spline grid configurations (Fig. S1).

Allometric trends of UB growth significantly differed

between small climatic patterns (Table 2). Large

climatic patterns (cold PDO and warm PDO) also

showed an interactive effect on small climatic pattern

for UB shape (Table 2).

The first four components (PC1, PC2, PC3 and

PC4) explained 53.6% of total variation in UB shape

(Fig. 5A and B). UB shape significantly increased

with the increase in body size in cold PDO pattern

(Fig. 6A, left panel), but the change trend of UB shape

with the increase in body size was not significant in

warm PDO pattern (Fig. 6A, right panel). Predicted

values showed negative trends in all the sampling

years (Fig. 6B). However, the predict values of the

individuals were negative/positive in cold/warm PDO

pattern, respectively (Fig. 6B).
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Fig. 3 Distributions of mantle length (A) and size at the mature stage (B) in different years
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Interannual shape variation of lower beak

The Procrustes MANOVA with sex and climatic

pattern as covariates revealed that LB shape had no

significant difference between sex, but the difference

in LB shape between small-scale climatic pattern (El

Niño and La Niña event) and large-scale climatic

pattern (cold PDO and warm PDO) was significant

(Table 3). The configuration result of thin-plate spline

grids indicated that the lateral wall shape and width of

the wing were the characteristics for distinguish the

LB shapes under small-scale climatic pattern and

large-scale climatic pattern, respectively (Fig. S2).

Allometric growth of LB shape existed among small-

scale climatic patterns as well as large-scale climatic

patterns (Table 3). Large-scale climatic patterns also

Fig. 4 Beak size variation in different years and climatic patterns

Table 2 MANCOVA of different effects on upper beak shape

by climatic factors of Ommastrephes bartramii; Z = effect size

(Collyer et al., 2015); S-climate = small-scale climate (El Niño

and La Niña); L-climate = large-scale climate (cold PDO and

warm PDO)

Model parameters df SS MS Rsq F Z P

Size 1 0.0332 0.0332 0.0167 8.8418 5.9358 0.001*

S-climate 1 0.0129 0.0129 0.0065 3.4277 4.0074 0.001*

L-climate 1 0.0607 0.0607 0.0306 16.1733 8.1678 0.001*

sex 1 0.0155 0.0155 0.0078 0.1213 0.5091 0.351 ns

Size 9 S-climate 1 0.0064 0.0064 0.0032 1.7133 1.7594 0.019*

Size 9 L-climate 1 0.0052 0.0052 0.0026 1.3887 1.2900 0.098 ns

S-climate 9 L-climate 1 0.0236 0.0236 0.0119 6.2865 5.6279 0.001*

Size 9 S-climate 9 L-climate 1 0.0051 0.0051 0.0026 1.3746 1.1993 0.111 ns

Residuals 485 1.8215 0.0037

Total 493 1.9843

ns Not significant

*P significant at a = 0.05
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had an interactive effect on small-scale climatic

patterns for LB shape (Table 3).

The first four components (PC1, PC2, PC3 and

PC4) explained 55.3% of total variation in LB shape

(Fig. 7A and B). The LB shape varied with the

Fig. 5 Results of principal component analysis (PCA) for upper beak ofOmmastrephes bartramii, the first principal component (PC1)

vs PC2 (A) and PC3 vs PC4 (B) shape variation with 95% ellipse confident intervals in different years and different climatic patterns
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increase in body size under both PDO patterns

(Fig. 8A). Predicted values showed positive trends in

all the sampling years (Fig. 8B). Most of the individ-

uals’ predicted values in cold PDO pattern were

negative (Fig. 8B, left panel) and some of the

predicted values in warm PDO pattern (most individ-

uals in 2016 and half of individuals in 2015) were

positive (Fig. 8B, right panel).

Fig. 6 Results of upper beak shape of regression score (A) and predicted values (B) of squid Ommastrephes bartramii versus log
centroid size
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Discussion

Body size differences

As a typical phenotypic plasticity species, squids

always tend to change their morphology to adapt the

changing environment (Arkhipkin et al., 2015a; Jones

et al., 2019). In the selected years of this study, the

high proportion of small ML groups (\ 240 mm) ofO.

bartramii occurred in 2010 (more than 50% of small

groups, Fig. 3) and 2015 (nearly 40% of small groups)

and no male sample[ 360 mm (Fig. 3). In El-Niño/

La Niña years, the small body size could be a

consequence of extreme high/low environmental

temperatures for other oceanic squids (D. gigas, Keyl

et al., 2011), as observed in this study. A higher

ambient temperature led to the shrinkage of squid

body size, as reported in other species (D. gigas:

Arkhipkin et al., 2015a; Todarodes pacificus (Steen-

strup, 1880): Takahara et al., 2017). The annual body

size variation of D. gigas, which is a sibling species

with O. bartramii and has similar biological features

(Arkhipkin et al., 2015b), had been discussed in

previous studies (Argüelles et al., 2008; Keyl et al.,

2008, 2011; Arkhipkin et al., 2015a). Environmental

conditions and food availability are the two main

causes for this interannual change (Keyl et al.,

2008, 2011). Unfavorable temperature might restrain

the metabolism of squids, so this phenomenon might

also promote body size miniaturization, just like the

size at the maturity stage in 2015 in this study

(Fig. 3B).

The annual difference in body size of female

samples was much bigger than that of male samples

(Fig. 3). Body size of females tended to be more

plastic than that of males (Fig. 3). Most of previous

studies also discussed the variation of female body

size in other squid species (e.g. D. gigas, Argüelles

et al., 2008; Keyl et al., 2008, 2011; Arkhipkin et al.,

2015a). In general, female squids grow faster than

males due to their high-rate feeding, thus leading to the

faster metabolism and gonadal growth (Markaida

et al., 2004; Fang et al., 2016b). This was shown forO.

bartramii (Fang et al., 2016b) and D. gigas (Markaida

et al., 2004), but also in other oegopsid species, such as

Illex illecebrosus (Lesueur, 1821) and Illex argentinus

(Castellanos, 1960) (O’Dor 1998). This is a kind of

survival strategy to maintain the population in a

certain scale (O’Dor 1998).

GM-based beak shape variation among different

years

Geometric morphometrics (GM) is a useful method to

examine the squid beak shape variation at the stock

level (Fang et al., 2017) or in different years (this

study), but such variations are too small to be detected.

The unusual small centroid size outliers in 2015

Table 3 MANCOVA of different effects on lower beak shape

by climatic factors of Ommastrephes bartramii; Z = effect size

(Collyer et al., 2015); S-climate = small-scale climate (El Niño

and La Niña); L-climate = large-scale climate (cold PDO and

warm PDO)

Model parameters df SS MS Rsq F Z P

Size 1 0.0382 0.0381 0.0118 6.1002 4.9703 0.001*

S-climate 1 0.0474 0.0473 0.0147 7.5702 5.4707 0.001*

L-climate 1 0.0354 0.0354 0.0110 5.6569 4.7778 0.001*

sex 1 0.0048 0.0047 0.0015 0.7621 0.4484 0.668 ns

Size 9 S-climate 1 0.0155 0.0154 0.0048 2.4725 2.6025 0.006*

Size 9 L-climate 1 0.0132 0.0132 0.0041 2.1096 2.1473 0.02*

S-climate 9 L-climate 1 0.0226 0.0226 0.0070 3.6133 3.603 0.001*

Size 9 S-climate 9 L-climate 1 0.0076 0.0076 0.0023 1.2148 0.8052 0.199 ns

Residuals 485 3.0336 0.0062

Total 493 3.2181

ns Not significant

*P significant at a = 0.05
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(Fig. 4), which were coincident with the ML distribu-

tion (Fig. 4), indicated that these small beak shapes

were closely related to the slower growth in the beak.

Different scales of climatological and environmen-

tal variability, including ENSO events (Chen et al.,

2008) and different PDO phases (Yu et al., 2017), may

Fig. 7 Results of principal component analysis (PCA) for lower beak ofOmmastrephes bartramii, the first principal component PC1 vs

PC2 (A) and PC3 vs PC4 (B) shape variation with 95% ellipse confident intervals in different years and different climatic patterns
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result in large uncertainties of feeding behaviors

(Villanueva et al, 2017). This variation of feeding

habits, including prey item, may also act as one of the

main factors influencing the squid growth, as well as

the beak growth. The results of statistical analyses in

this study suggested that the beak shape of winter-

Fig. 8 Results of lower beak shape of regression score (A) and predicted values (B) of squid Ommastrephes bartramii versus log
centroid size
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spring cohort of O. bartramii presented the varied

morphology for both UB and LB under different

climatological conditions (Tables 2 and 3). The

change of feeding habits (i.e. prey type) for squid

might be one of the reasons for the variation of beak

shape, as reported in other cephalopod species (Matias

et al., 2019). The annual beak shape variation was

difficult to be identified only from the reconstructed

TPS grids (Figs. S1 and S2) because this annual

environmental change might not substantially affect

the beak shape. However, GM-based statistical anal-

ysis results indicated that the annual difference was

significant.

Relationship between oceanic squid

morphological variation and climate change

In the last several decades, climate change events

frequently occurred and induced the landing variation

of squids (Igarashi et al., 2017). Actually, the landing

fluctuation and the morphological change had been

discussed for other squid species in previous studies

(Argüelles et al., 2008; Keyl et al., 2008, 2011). The

body size change of O. bartramii in El Niño year was

similar to that of other Ommastrephidae species, thus

it is important to understand the beak morphological

variation, which is closely related to the feeding

behavior (Hu et al., 2019). Beak shape variation was

consistent with the mantle length change in this study,

so it is reasonable to emphasize the impact of feeding

behavior on the squid body size. Indeed, the morpho-

logical size would change under the background of

climate change. However, the growth pattern change

was seldom reported. Here, in this study, we found that

the growth pattern of beak shape was changed in

different climate events, regardless of UB and LB

(Tables 2 and 3). Oceanic squid is a typical oppor-

tunist species and has a large feeding spectrum. A

squid can utilize surrounding foods as possible to keep

the fast growth rate, even in the circumstance of food

deficiency (Watanabe et al., 2004, 2008). In this study,

O. bartramii both changed its body size and beak

shape. In addition, the body size had a strong resilience

and could be largely changed within a short time. This

phenomenon was also observed in the beak morphol-

ogy (Figs. 4 and 5). Thus, the phenotypic plasticity of

O. bartramii is a kind of response to the environmental

change and can be regarded as a survival strategy.
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Kato, O. N. Katugin, M. Kawano, H. Kidokoro, V.

123

Hydrobiologia (2021) 848:1295–1309 1307

http://creativecommons.org/licenses/by/4.0/


V. Kulik, V. V. Laptikhovsky, M. R. Lipinski, B. Liu, L.
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