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INTRODUCTION

Paternity analysis using molecular markers has
revealed multiple paternity in many animals, in
which several males sire offspring within one
female’s clutch or brood, demonstrating that poly -
andry or promiscuous mating systems are wide-
spread in nature (Griffith et al. 2002, Uller &
Olsson 2008, Coleman & Jones 2011). Post-copulatory
sexual selection occurs in polyandrous and pro -
miscuous animals through sperm competition, in
which 2 or more males compete to fertilise eggs

(Parker 1970, Birkhead & Møller 1998), and cryptic
female choice, in which females selectively use
sperm ejaculated by a favoured male for fertilisa-
tion (Thornhill 1983, Eberhard 1996). Paternity
numbers indicate the strength of post-copulatory
sexual selection, and the degree of paternity skew
in a clutch can reveal reproductive strategies such
as the existence of an alpha male and cryptic
female choice. Therefore, studying paternity can
reveal complexities that might remain hidden if
only mating preferences or reproductive output
were measured.
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with time. The seasonal pattern of reproductive traits and paternity in the Japanese pygmy squid,
which has 2 life-history types (large and small types having long and short reproductive periods,
respectively), were compared among 3 reproductive periods: early and late reproductive period of
the large type and middle reproductive period of the small type. Although the gonad somatic
index (GSI) decreased during one of the reproductive periods in males, the number of sper-
matophores and the spermatophoric complex somatic index (SCSI) increased. The GSI was higher
in large-type males, whereas the SCSI was higher in the small type. Multiple paternity was de -
tected in all egg masses, and on average about 10 males were estimated to be sires in a single egg
mass. Paternity numbers differed significantly between life-history types, whereas there were no
significant differences between the early and late reproductive periods in the large type. These
results imply that the Japanese pygmy squid is polyandrous and exposed to a very high level of
sperm competition risk. Paternity numbers did not change during reproductive periods even when
the reproductive traits changed between these periods. Seasonal changes in reproductive traits
may have a minor effect on paternity in promiscuous animals. However, 2 life-history strategies
were observed: large-type males, invested in transferring more sperm to one female, and small-
type males that stored more spermatophores to copulate with many females.
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Although numerous studies have examined multiple
paternity, few have investigated its seasonal var -
iability (Simmons et al. 2007, Demont et al. 2011,
Janssen & Baur 2015). However, physical conditions
(e.g. the number and size of eggs, Gomi et al. 2008,
González-Pisani & Greco 2014; sperm storage, Sim-
mons et al. 2007; ejaculated sperm number, Birkhead
1991, Munehara & Murahana 2010) and the environ-
ment (e.g. intensity of male−male competition, Re-
ichard et al. 2008) vary during the reproductive period.
Therefore, paternity constitution within a clutch could
also be expected to vary with season. For example, in
tettigoniids, females store sperm derived from more
males late in the breeding season than they do early in
the season (Simmons et al. 2007). In addition, the
 intensity of sperm competition and the proportion of
multiply mated females increases during the breeding
season in yellow dung flies (Demont et al. 2011). These
 studies indicate the importance of investigating post-
copulatory sexual selection over different time scales.

Multiple paternity has been found in several
cephalopod species, using genetic assessment of eggs
collected in the field (Buresch et al. 2001, Emery et al.
2001, Naud et al. 2004, 2016, Voight & Feldheim
2009, Squires et al. 2014). Other species provide var-
ious examples of post-copulatory sexual selection.
For example, Heterololigo bleekeri males show alter-
native mating tactics; large ‘consort’ males attach
rope-like spermatangia containing small sperm into
the oviduct of the female, whereas small ‘sneaker’
males attach drop-like spermatangia containing
larger sperm around the seminal receptacle near the
mouth (Iwata et al. 2011, 2015). In some cuttlefish,
males remove spermatangia previously attached by
other males during copulation (Wada et al. 2005,
2010). In Sepia apama, it has been reported that
females selectively store sperm in the seminal recep-
tacle from attached spermatangia (Naud et al. 2005).
The consumption of spermatangia in Sepiadarium
austrinum females after copulation may be related to
cryptic female choice because this behaviour results
in sperm removal (Wegener et al. 2013). In cephalo -
pods, there is seasonal variation in maturity and
fecundity derived from changes in food and temper-
ature (Smith et al. 2005, Conrath & Conners 2014).
Hence, these studies demonstrate that cephalopods
are useful subjects for studying seasonality in repro-
ductive investment and paternity.

In the Japanese pygmy squid Idiosepius paradoxus,
males perform neither courtship nor male− male ago-
nistic behaviour to gain access to copulation (Kasugai
2000, Sato et al. 2013a) and are able to  copulate with
females without forming copulatory pairs. After copu-

lation, females remove more spermatangia transferred
by large males than spermatan gia transferred by small
males (Sato et al. 2013b, 2014). Sato et al. (2017) re-
ported that females influence paternity via sperm
 removal. These studies suggest that the Japanese
pygmy squid is promiscuous. However, it remains
poorly understood how many males sire an egg mass
and it is important to analyse the paternity of egg
masses collected in the field to determine the details of
the mating process and the effects of sperm competi-
tion and cryptic female choice. In central Japan, the
Japanese pygmy squid has 2 life histories during the
year (Kasugai & Segawa 2005, Sato et al. 2008): a small
body type (‘small type’; dorsal mantle length (DML) 4
to 8 mm in males, 8 to 14 mm in females) that hatches
from spring to early summer (March to July) and
spawns soon after (June to September), and a large
body type (‘large type’; DML 6 to 12 mm in males, 12 to
20 mm in females) that hatches in summer, overwin-
ters, and then spawns the following spring (March to
May). Females spawn many times, at an interval of 2 d,
and large-type individuals in particular continue
spawning over a period of 2 mo (Kasugai 2013). The
body condition and level of sperm competition of the
large type varies during the long reproductive period
and also differs between the 2 life-history types.

This study investigated seasonal changes in repro-
ductive traits (indices related to the gonads, includ-
ing the gonad somatic index [GSI], number and
length of spermatophores in males, spawning number,
and paternity) and compared these traits between
the life-history types of I. paradoxus to elucidate their
reproductive strategies.

MATERIALS AND METHODS

Sample collection and measurements

In total, 207 males and 129 females were collected
in May, June, July, November, and December 2012,
January, March, April, May, June, July, August,
October, and December 2013, and March, April,
May, June, and July 2014 using a hand net and
SCUBA in nearshore seagrass beds in Ohmura Bay,
Nagasaki, Japan (32° 52’ N, 129° 58’ E) (see Fig. A1
in the Appendix). All specimens were preserved in
10% formalin−seawater solution after being anaes-
thetised with 1% ethanol. DML and body weight (BW)
were measured to the nearest 0.01 mm and 0.0001 g,
respectively. The individuals were dissected, and the
reproductive organs (nidamental glands and ovary
in females, and spermatophoric complex organs and
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testes in males) were removed and weighed to the
nearest 0.0001 g. Maturation was determined by con-
firming the presence of spermatophores in the Need-
ham’s sac in males and ripe eggs in the oviduct in
females based on Sauer & Lipiński (1990). The num-
ber of spermatophores stored in the spermatophoric
sac was recorded. Ten randomly selected spermato -
phores were placed on a glass slide and photo -
graphed using a microscope-mounted digital camera
(VB-7010; Keyence Corporation), and their lengths
were measured using IMAGE-J software (NIH).

To elucidate the relationships between life-history
type and reproductive characteristics, squids collected
before the end of June were classified as large type
and those collected after the end of June as small
type based on the seasonal variation in DML. How-
ever, 2 males, one collected on 7 June 2013 and one
on 25 June 2014, were classified as small and large
type, respectively, because June was the transition
period between the 2 types and these males did not
fit the size distribution of either type. Immature males
were excluded from the analyses.

In males, the GSI, spermatophoric complex somatic
index (SCSI), and total GSI (TGSI) were calculated
as the ratio between BW and the weight of testes
(TW), that between BW and the weight of the sper-
matophoric complex (SCW, i.e. the spermatophore
storage organ [Needham's sac] and the spermato -
phoric gland), and that between BW and the weight
of the reproductive system (RSW, i.e. the sum of TW
and SCW), respectively—GSI = (TW / BW) × 100;
SCSI = (SCW / BW) × 100; TGSI = (RSW / BW) × 100.
The GSI and TGSI were also calculated in females as
the ratio between the weights of the ovaries (OW) or
RSW (ovary, oviduct, oviducal gland, and a pair of
nidamental glands) and BW, respectively (GSI = [OW
/ BW] × 100; TGSI = [RSW / BW] × 100).

In total, 61 complete egg masses were collected on
29 March, 12 and 26 April, 9 and 25 May, 7 and 25
June, and 12 and 19 July 2013 using SCUBA. The
number of eggs in each egg mass was recorded, and
27 egg masses collected during 3 periods (12 April
[defined as ‘large 1’], 25 May [‘large 2’], and 12 July
[‘small’]) were transferred to an incubation aquarium
(45 × 25 × 30 cm) with a closed circulation system.
The larval squid were collected after hatching and
fixed in ethanol for genetic analysis.

Paternity analysis

Paternity was assessed using microsatellite analy-
sis of 3 loci (Himeika1, Himeika6, Himeika26) follow-

ing Sato et al. (2017). The exclusion probability
with neither parent known was calculated as 95.6%
by combining the 3 primers, indicating that the
microsatellite loci in the present study were sufficient
to accurately reconstruct parentage. Genotyping was
conducted using 655 larval squid that had hatched
from 744 eggs. DNA was extracted using a KAPA
Express Extract Kit (KAPA Biosystems) according to
the supplier’s protocol. Polymerase chain reaction
(PCR) was performed using a fluorescent primer 5’-
labeled with NED, ROX, or FAM (Applied Biosys-
tems), and the size of the PCR fragments was de -
termined using a genetic analyser (3730xl; Applied
Biosystems). The PCR mixes contained BIOTAQ PCR
buffer, 50 µM of each dNTP, 1.25 mM MgCl2, 1 unit
of BIOTAQ polymerase (BioLine), 0.5 µM of each
primer, 15 ng template DNA, and distilled water to
a final volume of 10 µl. Thermal cycling reactions
consisted of an initial 60 s at 94°C, followed by 25 to
30 cycles of 30 s at 94°C, 60 s at the primer-specific
annealing temperature (Sato et al. 2017), and 60 s
at 72°C.

Parentage assignment was analysed using the
 software programmes GERUD v.2.0 (Jones 2005) and
COLONY v.2.0.5.8 (Jones & Wang 2010). GERUD and
COLONY infer the minimum estimate and the most
likely number of fathers, respectively. Paternity skew
was calculated from the data of offspring assignment
using COLONY and expressed as the sum of the
squared proportions of offspring sired by each male
(Boomsma & Sundström 1998).

Statistical analysis

Generalised linear models (GLMs) were used to
analyse whether GSI, TGSI, spermatophore number,
and spermatophore length were related to DML and
life-history type. The gamma distribution with log
link function was used for analysing GSI, TGSI, and
spermatophore length, and the negative binomial
distribution with log link function was used for sper-
matophore number. GLMs with a Poisson distribu-
tion and log link function were used to analyse the
relation between paternity number and reproductive
period (large 1, large 2, and small). The egg number
per clutch was used as an offset variable. Tukey’s test
(multcomp package) was applied to assess differ-
ences among the periods. The significance of fixed
factors on dependent variables was assessed using a
likelihood ratio test (LRT). All analyses were per-
formed in R v.2.15.2 (R Development Core Team
2015).
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RESULTS

Seasonal variability in reproductive characteristics

Japanese pygmy squid were collected from March
to July; none were collected from August to February
(see Fig. A1 in the Appendix). Most individuals of
both sexes had matured during the collection period:
197 of 207 (95.2%) males and 124 of 129 (96.1%)
females.

Only data collected in 2013 were used to determine
the seasonal  variability in DML and reproductive
traits. DML increased from mid-March to mid-June,
and decreased at the end of June (Fig. 1). In males,
the GSI decreased from mid-March to mid-June,
increased at the end of June, and then decreased
again to mid-July, whereas SCSI showed a trend
opposite to that of GSI. The TGSI in males did not
vary over time, whereas the GSI and TGSI in
females increased over time (Fig. 1). The number of
spermatophores increased from mid-March to mid-
June, and decreased at the end of June (Fig. 2A).
Spermatophore length remained unchanged until
mid-June, and then decreased at the end of June
(Fig. 2B). The egg number per egg mass increased
until the beginning of June, and decreased at the end
of June (Fig. 3), which suggests that egg generation
changed during June.

Relationships between reproductive characteristics
and life-history type, and between DML and 

life-history type

The GSI and TGSI in males were significantly
lower in the small type than in the large type
(GLM with LRT: GSI, χ2 = 1.474, p < 0.001; TGSI,
χ2 = 0.295, p < 0.001) and decreased with DML
(GLM with LRT: GSI, χ2 = 0.922, p < 0.001; TGSI,
χ2 = 0.219, p < 0.01; Fig. 4A,B). There was a signif-
icant interaction between DML and life-history
type in the GSI, but no significant interaction was
observed between DML and life-history type in
the TGSI (GLM with LRT: GSI, χ2 = 0.178, p <
0.05; TGSI, χ2 = 0.042, p = 0.19). The SCSI was
significantly higher in the small type (GLM with
LRT: χ2 = 0.549, p < 0.01) and increased with DML
(GLM with LRT: χ2 = 0.282, p < 0.05; Fig. 4C),
whereas there was no significant interaction in the
SCGI model (GLM with LRT: χ2 = 0.068, p = 0.29).
In females, the GSI and TGSI increased with DML
(GLM with LRT: GSI, χ2 = 1.662, p < 0.001; TGSI,
χ2 = 2.316, p < 0.001; Fig. 4D,E). The GSI and
TGSI in the small type were significantly lower
than in the large type (GLM with LRT: GSI, χ2 =
1.723, p < 0.001; TGSI, χ2 = 2.461, p < 0.001;
Fig. 4D,E), and there was a significant interaction
between DML and life-history type (GLM with
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Fig. 1. Mean (±SD) seasonal variation in Japanese pygmy squid dorsal mantle length (DML), reproductive indices in males
(left column), and females (right column). Sample size for each month is shown above the graphs. The letters B, M, and E on
the x-axis indicate beginning, middle, and end of month, respectively. GSI: gonad somatic index; TGSI: total GSI; SCSI: 

spermatophoric complex somatic index. Note differences in y-axis scales
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LRT: GSI, χ2 = 0.355, p < 0.05; TGSI, χ2 = 0.453,
p < 0.01; Fig. 4D,E). The number of spermatophores
was not significantly correlated with type, DML,

or the relationship between type and DML (GLM
with LRT: type, χ2 = 0.660, p = 0.42; DML, χ2 =
2.631, p = 0.10; interaction, χ2 = 2.108, p = 0.15;
Fig. 5A), while spermatophore length increased
with DML and was longer in the large type (GLM
with LRT: DML, χ2 = 0.533, p < 0.001; type, χ2 =
0.239, p < 0.001; Fig. 5B). There was no significant
interaction between DML and life-history type
(GLM with LRT: χ2 = 0.002, p = 0.48).
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Fig. 2. Mean (±SD) seasonal variation in Japanese pygmy
squid (A) spermatophore number and (B) length. Sample
size for each month is shown above the graphs. The letters
B, M, and E on the x-axis indicate beginning, middle, and 

end of month, respectively

Fig. 3. Mean (±SD) seasonal variation in Japanese pygmy
squid egg number in egg masses collected in the field. Sam-
ple size for each month is shown above the graphs. The let-
ters B, M, and E on the x-axis indicate beginning, middle, 

and end of month, respectively

Fig. 4. Relationships between Japanese pygmy squid dorsal mantle length (DML) and (A) total gonad somatic index (TGSI), (B)
gonad somatic index (GSI), and (C) spermatophoric complex somatic index (SCSI) in males, and (D) TGSI and (E) GSI in
 females. Filled and open circles: small and large life-history types, respectively. Solid and broken lines represent the gamma 

regression
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Paternity analysis among 3 reproductive periods

Multiple paternity was detected in all egg masses.
In GERUD, the estimated minimum number of fathers
per egg mass was >6 in many of the egg masses.
Unfortunately, the correct minimum number was not
calculated because the GERUD programme was not
used to calculate the paternity of egg masses with >6
fathers. COLONY estimated 11 males (SD = 1.8, range
= 7 to 13) in large 1 egg masses, 12.8 males (SD = 4.1,
range = 7 to 19) in large 2, and 8.9 males (SD = 2.3,
range = 6 to 14) in small (Table 1). There was signifi-
cant variation in these values among collection dates
(GLM with LRT: χ2 = 6.613, p < 0.05). There were no
significant differences between large 1 and large 2
(GLM with Tukey’s test: z = 1.793, p = 0.17), or
between large 1 and small (GLM with Tukey’s test:
z = 0.717, p = 0.75), but the difference was significant
between large 2 and small (GLM with Tukey’s test:
z = 2.429, p < 0.05). The proportions of the dominant
sire’s offspring per egg mass were 25.5% (SD = 9.9,

range = 13.6 to 45.5) in large 1, 30.6% (SD = 10.3,
range = 15.8 to 45.0) in large 2, and 26.4% (SD = 4.7,
range = 20.0 to 33.3) in small. The skewness of pater-
nity was fairly low in all seasons, but the paternity
pattern in one egg mass (ID L2F3) significantly dif-
fered from uniform distribution (Table 1).

DISCUSSION

The data showed multiple paternity in the Idio -
sepius paradoxus egg masses collected from the
field. The mean paternity numbers of the egg masses
calculated in COLONY was 11 to 12 in the large type,
and 9 in the small type. GERUD estimated a minimum
of >6 fathers clutch−1 in many of the egg masses.
Although there have been several studies of pater-
nity in cephalopod egg masses collected from the
field (Loligo reynaudii, Shaw & Sauer 2004, Naud et
al. 2016; L. pealeii, Buresch et al. 2001; L. forbesi,
Shaw & Boyle 1997, Emery et al. 2001; Euprymna tas-
manica, Squires et al. 2014; Octopus vulgaris, Quin-
teiro et al. 2011; O. minor, Bo et al. 2016; Granele-
done boreopacifica, Voight & Feldheim 2009), the
maximum number of fathers was not >5 in those spe-
cies. Compared to these studies, the results of the
present study suggest that I. paradoxus has a mating
process involving higher promiscuity. This is sup-
ported by the values for the GSI. The GSI of I. para-
doxus males was 4 to 7%, which is higher than in
other cephalopod species (1.03 to 2.53% in Sepiola
intermedia, 0.55 to 1.89% in S. robusta, 0.22 to 2.23%
in S. steenstrupiana, Salman & Önsoy 2004; 1 to 2%
in L. reynaudii, Olyott et al. 2006; and <1% in O.
 vulgaris, Oosthuizen & Smale 2003).

Although the TGSI did not vary during the repro-
ductive periods of either life-history type in males,
the GSI decreased and SCSI increased. Males may
make a greater effort to produce sperm at the begin-
ning of the reproductive period, and then shift their
effort to making and storing spermatophores at the
end of the period. It is possible that males employ 2
tactics at the end of the reproductive season: their
copulation strategy is to transfer more spermato -
phroes or to copulate with many females. However,
paternity numbers and skewness did not vary
between the early and late season in the large type,
and if males had copulated with many females, there
would have been a higher paternity number late in
the season. Hence, the males may employ the latter
tactic of copulating with many females, otherwise
their fertilisation success would be reduced in the
environment with stronger sperm competition.
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Fig. 5. Relationships between Japanese pygmy squid dorsal
mantle length (DML) and (A) number of spermatophores,
and (B) mean spermatophore length. Filled and open circles:
small and large life-history types, respectively. Solid and 

broken lines represent the gamma regression



Sato: GSI and paternity in pygmy squid 127

E
g

g
 m

as
s 

E
g

g
 

P
at

er
n

it
y 

n
u

m
b

er
 

P
at

er
n

it
y 

n
u

m
b

er
 

%
 E

m
b

ry
os

 s
ir

ed
 

%
 E

m
b

ry
os

 s
ir

ed
 

S
k

ew
n

es
s

F
is

h
er

’s
 e

xa
ct

 
ID

n
u

m
b

er
b

y 
G

E
R

U
D

b
y 

C
O

L
O

N
Y

b
y 

d
om

in
an

t 
m

al
e

b
y 

su
b

d
om

in
an

t 
m

al
es

te
st

 p
-v

al
u

e

L
ar

g
e 

1
L

1F
1

32
6

12
31

.3
21

.9
0.

17
6

0.
68

L
1F

2
25

>
6

12
16

.0
12

.0
0.

10
4

0.
99

L
1F

3
27

>
6

12
29

.6
11

.1
0.

14
1

0.
99

L
1F

4
17

6
11

17
.6

11
.8

0.
10

7
0.

99
L

1F
5

19
6

13
15

.8
15

.8
0.

09
7

0.
99

L
1F

6
33

>
6

12
45

.5
9.

1
0.

24
0

0.
39

L
1F

7
17

5
10

17
.6

17
.6

0.
12

8
0.

99
L

1F
8

26
6

10
30

.8
15

.4
0.

16
0

0.
70

L
1F

9
8

4
7

25
.0

12
.5

0.
15

6
0.

99
A

ve
 ±

 S
D

22
.7

 ±
 8

.1
11

.0
 ±

 1
.8

25
.5

 ±
 9

.9
14

.1
 ±

 3
.9

0.
14

5 
±

 0
.0

4

L
ar

g
e 

2
L

2F
1

20
4

7
45

.0
20

.0
0.

27
0

0.
26

L
2F

2
34

>
6

14
20

.6
14

.7
0.

10
9

0.
99

L
2F

3
46

2
11

34
.8

26
.1

0.
22

1
0.

04
L

2F
4

24
5

8
37

.5
20

.8
0.

21
9

0.
68

L
2F

5
53

>
6

19
37

.7
7.

5
0.

17
1

0.
12

L
2F

6
26

>
6

13
26

.9
15

.4
0.

13
3

0.
99

L
2F

7
37

>
6

14
18

.9
16

.2
0.

11
2

0.
82

L
2F

8
19

6
11

15
.8

10
.5

0.
10

8
0.

99
L

2F
9

44
>

6
18

13
.6

11
.4

0.
08

1
0.

99
A

ve
 ±

 S
D

33
.7

 ±
 1

2.
2

12
.8

 ±
 4

.1
30

.6
 ±

 1
0.

3
16

.0
 ±

 6
.0

0.
15

8 
±

 0
.0

7

S
m

al
l

S
F

1
18

6
10

33
.3

16
.7

0.
17

3
0.

91
S

F
2

12
3

7
25

.0
16

.7
0.

16
7

0.
99

S
F

3
18

6
10

22
.2

16
.7

0.
13

0
0.

98
S

F
4

10
4

6
30

.0
20

.0
0.

20
0

0.
99

S
F

5
17

5
9

29
.4

11
.8

0.
15

6
0.

98
S

F
6

10
4

8
20

.0
20

.0
0.

14
0

0.
99

S
F

7
13

4
8

23
.1

23
.1

0.
16

0
0.

99
S

F
8

16
5

8
31

.3
18

.8
0.

18
0

0.
93

S
F

9
34

>
6

14
23

.5
17

.6
0.

12
5

0.
92

A
ve

 ±
 S

D
16

.4
 ±

 7
.3

8.
9 

±
 2

.3
26

.4
 ±

 4
.7

17
.9

 ±
 3

.1
0.

15
9 

±
 0

.0
2

T
ab

le
 1

. S
u

m
m

ar
y 

of
 p

at
er

n
it

y 
an

al
ys

is
 r

es
u

lt
s 

fo
r 

w
il

d
-c

au
g

h
t 

Ja
p

an
es

e 
p

yg
m

y 
sq

u
id

 e
g

g
 m

as
se

s 
in

 3
 r

ep
ro

d
u

ct
iv

e 
p

er
io

d
s.

 P
er

ce
n

ta
g

e 
of

 e
m

b
ry

os
 s

ir
ed

 b
y 

d
om

in
an

t
an

d
 s

u
b

d
om

in
an

t 
m

al
es

 w
er

e 
as

si
g

n
ed

 b
y 

C
O

L
O

N
Y
. 

F
is

h
er

’s
 e

xa
ct

 t
es

t 
p

-v
al

u
e 

is
 a

 s
ig

n
if

ic
an

ce
 o

f 
d

ep
ar

tu
re

 f
ro

m
 u

n
if

or
m

 d
is

tr
ib

u
ti

on
. 

B
o

ld
: 

si
g

n
if

ic
an

t 
d

if
fe

re
n

ce
 

(p
 <

 0
.0

5)
. E

g
g

 m
as

se
s 

co
ll

ec
te

d
 o

n
 1

2 
A

p
ri

l,
 2

5 
M

ay
, a

n
d

 1
2 

Ju
ly

 2
01

3 
w

er
e 

d
ef

in
ed

 ‘l
ar

g
e 

1’
, ‘

la
rg

e 
2’

, a
n

d
 ‘s

m
al

l’
, r

es
p

ec
ti

ve
ly



Mar Ecol Prog Ser 582: 121–131, 2017

The increases in the TGSI and GSI in females up to
the end of June were consistent with the trend of
increasing egg number per egg mass in the large
type (Figs. 1 & 3). The females invested their energy
in reproductive traits from the beginning of matura-
tion. They may become more selective in mate choice
with time because their fecundity is high late in the
season. This is consistent with the results of Sato et
al. (2013b), who showed that females who had previ-
ously copulated made a greater effort to remove
spermatangia than did virgin females. However,
females, via cryptic female choice, may also employ
tactics to keep genetic bet-hedging and attempt to
copulate with various males who equalise their
sperm volume, because there were no differences in
paternity number between the early and late season
in the large type. There was a mismatch between
both indices and egg number in July. Females were
unable to produce enough eggs in the small type,
even if they invested more in reproductive traits.

The TGSI and GSI in males were higher in the
large type than in the small type, whereas the SCSI
was higher in the small type. Although there were no
significant differences in the number of stored sper-
matophores between the 2 life-history types, sper-
matophore length was longer in the large type.
These results suggest that large-type males invest in
producing fewer, longer spermatophores with more
spermatozoa. It may be more important for males of
the large type to transfer large numbers of sperm in a
single copulation than to keep multiple reserves of
spermatophores to copulate with many females. This
prediction is consistent with the prediction of sea-
sonal change in the male’s tactics. Small-type males
invested more in storing spermatophores than in
having longer spermatophores, which indicates that
their reproductive strategy may be suitable to copu-
late with many females. There were no differences in
sperm storage number between large and small
types, and both TGSI and GSI were lower in the
small type than in the large type. In the small type, in
which sperm competition risk is lower, males may not
have to transfer more sperm to a female to secure
their fertilisation. However, small-type males may
have to invest more in sperm storage to achieve
 sufficient fertilisation in promiscuous mating systems.

The TGSI and GSI in females were also lower in
the large type than in the small type. Small-type
females lay smaller and fewer eggs than large-type
females (Kasugai 2013). The mean egg number pro-
duced during the reproductive period was 853 in the
large type and 342 in the small type. However, small-
type females spawn more frequently and the spawn-

ing span is shorter (Kasugai 2013). This suggests that
the investment by small-type females is to produce
eggs as rapidly as possible.

Most egg masses showed low paternity skew. A
last male copulating in a male-parallel position fer-
tilised the majority of egg clutches in Heterololigo
bleekeri (Iwata et al. 2005). Although there was
no last-male precedence, fertilisation success was
skewed in Euprymna tasmanica (Squires et al. 2015).
However, I. paradoxus did not appear to display
sperm precedence. In this species, when a female
copulated with 2 successive males, the fertilisation
success of the second male was correlated with the
relative sperm volume of spermatangia remaining on
the female’s body after spermatangia removal (Sato
et al. 2017). This means that sperm were transferred
to the seminal receptacle from the spermatangia,
where they were mixed and stored. Therefore, fertil-
isation success was reflected by the sperm volume of
each male. This suggests that no single male trans-
ferred significantly more than others, and females
did not bias paternity toward specific males.

Kasugai & Segawa (2005) reported that Japanese
pygmy squid occur in nearshore areas in Nagoya,
central Japan, in all months except between August
and February. The squid are harvested for only 4 mo,
from September to December, in the northern limits
of their distribution, because they do not survive the
low temperatures in winter (Sato et al. 2009). How-
ever, in Nagasaki, their seasonal disappearance is
not related to low temperatures as the average winter
water temperature is >6°C (N. Sato pers. obs.), which
is high enough for them to survive the winter (Sato et
al. 2009, Sato & Munehara 2013c). The seasonal pat-
tern of body size during the reproductive period is
similar in Nagasaki and Nagoya. Although the distri-
bution area of immature squid can differ between the
Nagasaki and Nagoya populations in the large type
due to the absence of the Nagasaki population dur-
ing winter, the life-cycle patterns are similar in the 2
locations. The absence of the Nagasaki population
may be related to the distribution and abundance
of prey.

In conclusion, the results imply that I. paradoxus is
exposed to a very high level of sperm competition
risk. However, although paternity numbers differed
between life-history types (large 2 and small), there
were no significant differences between the early
and late periods of the large type. Male I. paradoxus
copulate with many females during the reproductive
period because they do not form pair-bonds, and
 copulate freely with females (Kasugai 2000), i.e. they
have a promiscuous mating process. Therefore, no
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variation in paternity may be observed even if the
reproductive traits vary with time. However, the find-
ing of a seasonal pattern in the reproductive traits
suggests that large-type males invest in transferring
more sperm to one female, and small-type males
store more spermatophores to copulate with many
females. It is unclear why the squid exhibited a high
level of multiple paternity and did not show any
skewness in their fertilisation success. To elucidate
the evolutionary process of the promiscuity and the
reproductive strategy in I. paradoxus, it is necessary
to determine the benefits of promiscuity and multiple
paternity.
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Fig. A1. Dorsal mantle length (DML) and number of Japanese pygmy squid collected from 2012 to 2014 in Nagasaki. Grey 
diamonds: number of collected squid




