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Abstract

The present study examined body length (precaudal length, PCL) and age at sexual
maturity, as well as fecundity and maternal investment in the Pacific spiny dogfish
Squalus suckleyi, a long-term commercially exploited shark in the western North
Pacific, using samples caught in several fisheries and across seasons. The PCL and
age at 50% sexual maturity of males were 60.6 cm and 9.4 years, respectively, and
those of females were 73.1 cm and 17.8 years, respectively. The PCL and age at 50%
maternity were 77.4 cm and 19.7 years, respectively. General or generalized linear
models revealed that capture by different fishing method did not significantly corre-
late with sexual maturity and maternity rates or litter size. Other general linear
models revealed an increase in offspring size with maternal size, but litter size was
not affected by embryonic development. These findings indicate that the reproduc-
tive potential of Pacific spiny dogfish is relatively high throughout the whole North
Pacific region because of a smaller size and earlier age at sexual maturation in both
sexes. In addition, pregnant females displayed no resting phase and produced 0.45
more embryos per centimetre of PCL in their lifetime after the onset of maturity,
which is higher than in the eastern North Pacific. We suggest that these qualities are
not a consequence of stock decline associated with the long-term exploitation of the
species, but that its high reproductive potential has likely contributed to the long-
term stability of the landings in Japan.

Significance statement: While reproductive potential has been determined for many
fish species, such information is scarce for Pacific spiny dogfish. We evaluated the
reproductive characteristics of this species in the major fishing grounds of the west-
ern North Pacific. The productivity and rebound potential of sharks is extremely low
compared with those of bony fishes. However, our results indicate that even if the
reproductive potential has a small effect on the population dynamics, it should not be

ignored for sustainable stock utilization.
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1 | INTRODUCTION

Sharks are apex predators in the food web and decreases in their bio-
mass alter the balance of the ecosystem through a weakened top-down
effect (Baum & Worm, 2009; Myers et al., 2007). The sustainable use of
shark stocks requires careful monitoring. The Pacific spiny dogfish Squa-
lus suckleyi is a commercially exploited shark endemic to the North
Pacific (Ebert et al., 2010), where it is abundant in eastern and western
regions (Yano, Ohshimo, et al., 2017) and is a key species in ecosystems
(Harvey et al., 2012; Yonezaki et al., 2016). Until recently, this species
was considered to be the same species as spiny dogfish Squalus
acanthias, which is widely distributed throughout the temperate waters
of the Atlantic and the South Pacific (Ebert et al., 2010). However,
Pacific spiny dogfish shows slower growth, an older age at sexual matu-
ration, and longer longevity compared with other elasmobranchs
(McFarlane & Beamish, 1987; Saunders & McFarlane, 1993). The repro-
ductive mode of pregnant females of Pacific spiny dogfish is classified
as yolk sac viviparity (Conrath & Musick, 2012), and two to 25 embryos
grow in a pair of uteri during a pregnancy of nearly 2 years
(Ketchen, 1972). Such characteristics can result in lower intrinsic rates
of increase (Smith et al., 1998) and lower resilience to fishing mortality
(Hoenig & Gruber, 1990). Accordingly, Pacific spiny dogfish is vulnera-
ble to excessive fishing pressure, as are numerous other shark species
(Hoenig & Gruber, 1990; Holden, 1974). Pacific spiny dogfish is listed
as Least Concern by the International Union for Conservation of
Nature, although the status of stocks in the western North Pacific
remains uncertain (Bigman et al., 2016).

Japan has historically exploited a great amount of Pacific spiny dog-
fish in the western North Pacific (Yano et al., 2022). Its landings in
Japan reached 60,023 tons in 1949, around the time when it became
the country's most-landed shark species (Yano et al., 2022). Thereafter,
Pacific spiny dogfish landings began to drastically decrease, reaching
<10,000 tons by 1965 (Taniuchi, 1990; Yano et al., 2022). Although the
drastic drop suggests reduction of the stock (Taniuchi, 1990), recent
research showed that the drop in landings was probably caused by the
rapidly declining social demand for this species, rather than stock deple-
tion (Yano et al, 2022). Nevertheless, since 1990, to satisfy local
demand for this species as a food resource, the landings have remained
relatively stable at 2800-4500 tons. These catch rates are lower than
those prior to the 1950s (Yano et al., 2022). It was presumed that there
has been long-term, low-level fishing pressure on Pacific spiny dogfish.
The low demand for this species in recent decades may have induced
frequent discards at sea, similar to other commercially unimportant
sharks (Baba et al., 1987). Unfortunately, there is no information on the
amounts of incidental catch and discards of this species in Japanese
fisheries, like in many other countries (Worm et al., 2013), and hence
the discard mortality of this species is also unknown. It is therefore
important to verify the stock status of Pacific spiny dogfish in the west-
ern North Pacific.

Because of the lack of long-term continuous fishery or survey
data in Japan that could be used to calculate stock index trends for
Pacific spiny dogfish, determining the size at sexual maturity is one

approach to discern the status of the stock. Earlier sexual
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maturation in squaloids, including Pacific spiny dogfish, has been
observed when their population sizes decrease (Sosebee, 2005;
Taylor & Gallucci, 2009). Fortunately, the approximate size at sexual
maturity for Pacific spiny dogfish around Japan was determined dur-
ing a period of high demand for the species (Yamamoto &
Kibesaki, 1950) and therefore it can be compared with the maturity
size at present. In addition, other reproductive parameters, such as
age at sexual maturity, reproductive periodicity, and fecundity are
required to estimate the productivity and rebound potential of
sharks (Baremore & Passerotti, 2013). As maternal effects, the
reproductive potential influences recruitment. While reproductive
potential has been determined for many fish species (Kurita, 2010),
information on the maternal investment to embryos is limited for
Pacific spiny dogfish (Tribuzio & Kruse, 2012). While these data are
needed for stock assessments and future fisheries management in
Japan, such information is scarce for the western North Pacific and
comprises only a few old studies (e.g., Tanabe et al., 1958;
Yamamoto & Kibesaki, 1950), although some of these reproductive
parameters will differ geographically (Ketchen, 1972; Tribuzio &
Kruse, 2012; Yamamoto & Kibesaki, 1950).

The objective of the present study was to evaluate the reproduc-
tive characteristics of Pacific spiny dogfish collected from the Tsugaru
Strait between Hokkaido and Aomori prefectures, and in adjacent
waters off northern Japan where there are major fishing grounds and
important habitat areas for this species in the western North Pacific
(Tohoku National Fisheries Research Institute, Fisheries Agency of
Japan, 1993; Yano, Ohshimo, et al., 2017). In this region, this shark
has been captured using various fishing methods, including offshore
bottom trawls, bottom longlines, gillnets, and set nets (Tanabe
et al., 1958). While it is known that Pacific spiny dogfish caught in a
particular fishery is biased toward mature individuals (Yano, Hattori,
et al., 2017), the main fisheries for this species since the 1950s have
been trawl, longline, and gillnet fisheries, although the latter has not
been used in recent years (Yano et al., 2022). Thus, we examined
whether the fishing methods have influenced the reproductive param-
eters of this species in our study area.

2 | MATERIALS AND METHODS

2.1 | Sampling and data collection

Sampling was performed monthly from November 2013 to October
2015, and a total of 1720 Pacific spiny dogfish (585 males, 1135
females) were obtained from the Tsugaru Strait and adjacent
waters (Figure 1). Specimens were mainly caught by bottom long-
line fishery, but were also caught by offshore bottom trawl, gillnet,
set net, and purse seine fisheries (Figure 2). An additional 242 indi-
viduals (120 males, 122 females) were obtained from offshore
bottom-trawl surveys by the Fisheries Resources Institute of the
Japan Fisheries Research and Education Agency, conducted in
October 2013, April and June 2014, and June and October 2015;
these surveys targeted multiple species, including Pacific spiny
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FIGURE 2 Frequency distribution of precaudal length (PCL) of Pacific spiny dogfish Squalus suckleyi in each seasonal quarter: (a) January-

March, (b) April-June, (c) July-September and (d) October-December. Solid bar colours indicate specimens obtained from gillnet (black), bottom
longline (dark grey), set net (light grey) and purse seine (white) fisheries; patterned bars indicate specimens obtained from fisheries (dark grey) or
surveys (light grey) of offshore bottom trawls

dogfish, so fish with a wide range of body lengths were captured.
The present study was conducted in accordance with the adminis-
trative provision of animal welfare of the Japan Fisheries Research
and Education Agency. All specimens were collected in the

exclusive economic zone of Japan, and all research cruises were
approved by the Japanese Government.
First, the sex of each specimen was determined on the basis of

the presence (males) or absence (females) of claspers. Each shark was
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then measured to determine total length (TL, from tip of the snout to
dorsal tip of tail with upper lobe of caudal fin depressed to align with
the horizontal axis of the body) and precaudal length (PCL, from tip of
the snout to dorsal precaudal notch), which were recorded to the
nearest 0.1 cm (Tribuzio et al., 2016). Body weight (BW) was recorded
to the nearest 0.01 kg.

Although the frilled shark Chlamydoselachus anguineus maintains
its embryos only in the right uterus, both the right and left uteri are
functional in many other sharks (Tanaka et al., 1990). Previous studies
measured only one side of reproductive organs for Pacific spiny dog-
fish (Tribuzio et al., 2009; Tribuzio & Kruse, 2012) because the repro-
ductive organs of the left and right are similar in size, therefore
reproductive organs from the left side of the body were measured in
the present study for consistency. For males, the clasper inner length
(CIL, from the anterior margin of the cloaca to the posterior tip of the
left clasper) was measured to the nearest 0.01 mm, and the clasper
condition (uncalcified or calcified) was recorded. The presence or
absence of semen was confirmed by applying pressure to a seminal
vesicle. For females, the left oviducal gland width (OGW) was mea-
sured to the nearest 0.01 mm. Based on observations of the uterus,
each female was classified as nonpregnant or as an individual carrying
candle-stage embryos (translucent gelatinous fertilized egg cases con-
tained within the uteri, a stage that lasts ~4 months) or developing
embryos (each embryo is free in the uterine lumen, but has a large
pendent external yolk sac that is completely absorbed by the time of
birth). For pregnant females carrying candle-stage embryos, as an esti-
mation of litter size, the number of fertilized eggs or embryos within
the candles was recorded if the candle was not broken. The internal
organs were then extracted and frozen until later measurements.
Defrosted gonad weight (GW) was recorded to the nearest 0.01 g.
Oocyte diameter (OD) in each ovary was measured to the nearest
0.01 mm; the OD was recorded as the mean value of up to three
oocytes from the largest follicle groups because it is difficult to select
the largest one from a group of similarly sized follicles within a limited
measurement time. The number of embryos within a pair of uteri and
their PCL were recorded along with information on the presence or
absence of an external yolk sac.

2.2 | Sexual maturity assessment

To characterize gonadal development, the gonadosomatic index (GSI)
was calculated for males and females based on GW divided by BW
and multiplied by 100. Individuals were secondarily classified as imma-
ture or mature based on clasper condition and the presence of semen
in males, and pregnancy status and development of the oviducal gland
and ovarian oocytes in females (Yano et al., 2020).

Sz6cs and Schifer (2015) strongly recommended that proportions
from counts should be analysed using a generalized linear model
(GLM) because proportion data are rarely normally distributed and the
use of proportions loses sample size information. In the present study,
the proportions of mature males and mature females at a given PCL

were estimated using a GLM with binomial distribution:

Y = Bin(1,x) (1)
var(Y) =z x (1—x) 2)

and
logit(r) = a+PCL+FM+PCL x FM 3)

where Y is the response variable for the binary response of immature
or mature and 7t represents the probability of maturation, Bin and logit
represent the binominal error and logit link, respectively, a is a con-
stant (also called the intercept), PCL is precaudal length (a continuous
variable), FM is the effect of fishing method (a categorical variable),
and PCL x FM is the interaction term among explanatory variables.
The best model was selected from those including all possible combi-
nations of explanatory variables on the basis of the Akaike informa-
tion criterion (AIC) value. All analyses were conducted in R version
4.1.2 (R Core Team, 2021) using the package ‘MuMIn’ (Barton, 2020).
The model with the lowest AIC value was considered the best. The
PCL at 50% and 95% sexual maturity was estimated from the GLM
for each sex. The same procedure was conducted for calculating PCL
at 50% and 95% maternity, with the response variables being a binary
choice of pregnant or nonpregnant females, and the explanatory vari-
ables the same as those in the sexual maturity model. While the
reported reproductive periodicity is the same between the western
and eastern North Pacific, the timing of parturition and subsequent
mating are different (Jones & Geen, 1977; Ketchen, 1972; Tanabe
et al.,, 1958; Tribuzio et al., 2009; Tribuzio & Kruse, 2012). Around
Japan, parturition occurs from February to April and mating occurs
soon after, finishing by June at the latest (Ketchen, 1972;
Yamamoto & Kibesaki, 1950). To eliminate the influence of mature
females with an empty uterus during the period from the birth of
juveniles to subsequent mating and ovulation events, all females col-
lected from February to June were excluded from the analysis of
length at maternity. We did not carry out age determinations, thus the
50% and 95% ages at sexual maturity and maternity were derived
from parameters of the von Bertalanffy growth equation as provided
by Orlov et al. (2011), using consistent lengths estimated in the pre-
sent study. A bootstrapping procedure was used to the calculate 95%
confidence interval (Cl) of each estimated value based on re-sampling
1000 times. The PCL and age at sexual maturity were considered sig-
nificantly different if the bootstrap confidence intervals and previ-

ously reported values did not overlap.

2.3 | Examination of fecundity and embryonic
development

Individual fecundity of fish, including Pacific spiny dogfish, is generally
reported as a linear function of maternal length (Tribuzio &
Kruse, 2012). A general linear model was used to determine the rela-
tionship between maternal PCL and litter size for pregnant females

carrying candle-stage embryos or developing embryos, respectively,
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and these were continuous variables. The explanatory variables in the

model were the same as those that would be used in a GLM. The
slope and intercept between two regressions were tested by analysis
of covariance (ANCOVA) implemented in the R package ‘car’ (Fox
et al., 2021).

To assess whether the size of pregnant females or number of
embryos carried affected embryonic development, the embryo PCL at a
given PCL and litter size of the pregnant female carrying them was
examined using a general linear model. A total of 1019 embryos were
used for this analysis; notably, two groups of embryos at different
growth stages can be observed in a pregnant female owing to the long
gestation period of approximately 2 years (i.e., first- and second-year
embryos can be observed in the same month). To eliminate bias for
embryo PCL, only embryos with a completely absorbed yolk sac (i.e.,
those in the last half of the gestation period or the second year in the
uteri) were included in this analysis. The PCL of embryos is a continu-
ous variable and was used as the response variable. The explanatory
variables, that is, the body length and litter size of pregnant females,
were also continuous. Time was specified in 3-month intervals,
whereby January-March, April-June, July-September and October-
December constituted the first, second, third and fourth quarters,
respectively. The effect of quarters was included in the model as a cate-
gorical variable because the embryo PCL varies with growth depending
on when the female shark was caught. We assessed the influence of
the second to fourth quarters relative to the first quarter.

We also examined embryonic development within the same preg-
nant female based on the coefficient of variation (CV) for the embryos
retained in each pregnancy, generated from the mean and standard
deviation (SD) for embryos from each pregnant female. To confirm
good or poor development among embryos within a pregnancy,
embryo PCL was normalized so that 1 was the median value for
embryos in the same pregnancy. Then, box and whisker plots of nor-
malized embryo PCL were created at 1-cm length intervals based on
the median PCL for embryos in the same pregnancy. In this study, out-
liers outside the whiskers extending to the minimum and maximum
values within 1.5 times the length of the box (where the bottom and
top of the box represent the 25th and 75th percentiles, respectively)
were considered as good or poorly growing embryos.

A general linear model was also used to convert TL to PCL,
enabling comparison of our data with those reported in previous stud-
ies. The TL was used as the response variable to determine relation-
ships between PCL and TL. Each variable was continuous, and a
model was created for each sex, with the slope and intercept between
two regressions tested by ANCOVA. A bootstrapping procedure was

also used to calculate the 95% Cls in the general linear model analysis.

3 | RESULTS
3.1 | Body-length frequency in different fisheries

The range of minimum to maximum PCL was 17.5-79.5 cm for males
and 17.7-111.5 cm for females (Figure 2). Pacific spiny dogfish with
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FIGURE 3 Relationship between precaudal length (PCL) and

(a) clasper inner length (CIL) or (b) gonadosomatic index (GSI) of male
Pacific spiny dogfish Squalus suckleyi. Light- and dark-grey colours
indicate males with uncalcified and calcified claspers, respectively;
crosses and solid circles indicate absence and presence of sperm,
respectively

PCL of <30 cm (mainly 20-25 cm PCL) were observed in all quarters
outside the first quarter; such small sharks were more frequently
caught in the trawl survey conducted offshore of Aomori Prefecture
from Hachinohe City to Misawa City, an area south of the Tsugaru
Strait mouth on the Pacific Ocean side (Figures 1 and 2). These small
sharks were judged to have been caught shortly after birth because
an obvious umbilical cord scar was present.

The two regressions between PCL and TL for both sexes showed
significant differences in slopes (ANCOVA, F = 68.69, P < 0.001) and
intercepts (ANCOVA, F = 40.55, P < 0.001), thus we determined con-

version equations as follows for males:

PCL=0.81xTL—-1.02

and females:

PCL=0.83xTL—-1.72

where the coefficient of determination (r?) was 0.999 for both males

and females.
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3.2 | Size and age at sexual maturity

The inner length of the claspers rapidly increased for males in size
class 50-60 cm PCL (Figure 3a). The proportion of individuals with
calcified claspers changed drastically from 11.5% in the 50-60 cm
PCL group to 89.9% in the 60-70 cm PCL group. The minimum PCL
of males with calcified claspers was 57.2 cm, and the maximum PCL
of males with uncalcified claspers was 67.1 cm. These males had
semen in their seminal vesicles. Approximately half (44.8%) of males
with uncalcified claspers and >60 cm PCL had semen in their vesicles,
indicating that the male sharks can produce semen before their
claspers are fully calcified. The GSI values increased with clasper
development (Figure 3b). Thus, males were regarded as mature if their
claspers were calcified and other males were treated as immature.
When the explanatory variable related to fishing method was dropped
from the best GLM (Table 1), male PCL at 50% and 95% sexual matu-
rity as estimated by the best model was 60.6 cm (95% ClI 60.0-

TABLE 1 Results of the best-fit generalized linear models to
predict sexual maturity and maternity of Pacific spiny dogfish
Squalus suckleyi

Coefficient Parameter Standard error P value
Male maturity model

Intercept -40.84 4.80 <0.001
PCL 0.67 0.08 <0.001
Female maturity model

Intercept —28.02 2.03 <0.001
PCL 0.38 0.03 <0.001
Maternity model

Intercept -2191 1.97 <0.001
PCL 0.28 0.02 <0.001

Note: PCL, precaudal length.

61.2 cm) and 65.0 cm (95% Cl 64.0-65.9 cm), respectively. The 50%
and 95% ages at sexual maturity based on those sexual maturity
lengths were computed to be 9.4 years (95% Cl 9.2-9.6 years) and
10.8 years (95% Cl 10.5-11.2 years), respectively.

The GSI showed high variability among females sized >70 cm
PCL (Figure 4a). Gonadal development was observed at an OD of
>20 mm and OGW of >15 mm (Figure 4b,c). The smallest pregnant
female was 67.4 cm PCL with 8.29 mm OD and 8.51 mm OGW,
and was caught in August 2015. Accordingly, nonpregnant females
were regarded as mature if their ovarian OD was >20 mm or their
OGW was >15 mm. All other females were regarded as immature.

30
N
. 20 A
g
5

10

0
70 80 90 100 110
PCL (cm)
FIGURE 5 Relationship between precaudal length (PCL) and

number of embryos in individual pregnant females of Pacific spiny
dogfish Squalus suckleyi. Dark solid circles and open circles represent
females carrying candle-stage embryos or developing embryos,
respectively. Dark-grey and light-grey solid lines indicate linear
regression lines fitted to data of females carrying candle-stage
embryos or developing embryos, respectively; shaded regions around
solid lines depict 95% confidence intervals
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FIGURE 4 Relationship between gonadosomatic index (GSI) to (a) precaudal length (PCL), (b) oocyte diameter (OD) and (c) oviducal gland
width (OGW) in female Pacific spiny dogfish Squalus suckleyi. Light-grey solid squares indicate nonpregnant females; dark-grey solid and open
circles represent females carrying candle-stage embryos or developing embryos, respectively
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The explanatory variable related to fishing method was also
dropped from the best model of female maturity (Table 1). As a
result, female PCL at 50% and 95% sexual maturity was estimated
as 73.1cm (95% Cl 72.4-73.7 cm) and 80.7 cm (95% CI 79.7-
81.7 cm), respectively. Based on those lengths at sexual maturity,
the ages at 50% and 95% sexual maturity were computed to be
17.8 years (95% Cl 17.5-18.0 years) and 21.3 years (95% Cl 20.8-
21.8 years), respectively. These determinations of PCL and age at
sexual maturity for females were significantly larger than those for
males as the bootstrap confidence intervals for males and females
did not overlap.

The explanatory variable fishing method was dropped from the
best GLM of maternity, as with the model of sexual maturity (Table 1).
The PCLs of pregnant females at 50% and 95% maternity estimated
by the resultant model were 77.4 cm (95% Cl 76.5-78.3 cm) and
87.8 cm (95% Cl 85.8-89.6 cm), respectively. The ages at 50% and
95% maternity based on those lengths were 19.7 years (95% Cl 19.3-
20.1 years) and 25.3 years (95% Cl 24.1-26.5 years), respectively.
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FIGURE 6 Relationship between oocyte diameter (OD) and
precaudal length (PCL) of embryos in Pacific spiny dogfish Squalus
suckleyi. Dark-grey circles represent females carrying candle-stage
embryos. Light-grey open circles and dark-grey solid squares indicate
embryos with or without external yolk sac, respectively

3.3 | Fecundity and embryonic development

The number of embryos ranged from three to 22 in females carrying
candle-stage embryos and from one to 34 in females carrying devel-
oping embryos (Figure 5). Litter size increased with maternal length. In
the present study, the pregnant female with the most embryos had a
PCL of 111.5 cm and was the largest individual collected; the smallest
litter size was observed in four pregnant females, with a PCL range of
79.5-83.2 cm.

Embryonic growth and the mother's ovarian oocyte development
occurred synchronously (Figure 6), indicating that once females expe-
rience pregnancy they may be pregnant continuously. In the two
regressions between maternal length and litter size for pregnant

Boomuoinns

Median PCL (cm)

FIGURE 8 Box and whisker plots for embryonic development of
Pacific spiny dogfish Squalus suckleyi embryos within pregnant
females. Precaudal length (PCL) of embryos was normalized so that

1 is the median value for embryos in the same pregnancy. Each plot
was created with 1-cm length intervals based on median PCL for
embryos in the same pregnancy. The horizontal black bar in the box
indicates the median value and the bottom and top of the box
indicate the 25th and 75th percentiles, respectively. Whiskers extend
to minimum and maximum values within 1.5 times the length of the
box; dark-grey solid circles represent outliers
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females carrying candle-stage embryos and those carrying developing
embryos, the explanatory variable fishing method was dropped from
the best model (as with the other models). Significant differences
between the two groups were then observed in the slopes (ANCOVA,
F =4.57, P < 0.05) and intercepts (ANCOVA, F = 105.92, P < 0.001),
and the litter size of pregnant females carrying candle-stage embryos
was larger than that of pregnant females carrying developing embryos
(Figure 5). These results indicate that regardless of the body length of
the female, a certain number of embryos will flow from the cloaca of
females carrying developing embryos, with pup abortion more preva-
lent in larger females. The linear regression for litter size in pregnant
females carrying candle-stage embryos was:

litter size =0.57 x PCL—37.00

and for pregnant females carrying developing embryos was:

litter size =0.45 x PCL — 30.39

where the r? is 0.64 for females carrying candle-stage embryos and

0.41 for females carrying developing embryos.

TABLE 2 Results of the general linear model analysis for
embryonic development in Pacific spiny dogfish Squalus suckleyi

Coefficient Parameter  Standard error P value
Intercept 12.89 0.82 <0.001
Maternal precaudal length 0.08 0.01 <0.001
Litter size -0.01 0.01 0.53

Second quarter —-249 0.32 <0.001
Third quarter -1.78 0.14 <0.001
Fourth quarter -0.90 0.11 <0.001

Relatively high CV values of >8% were observed for the PCL

of embryos in individual pregnant females (Figure 7). While these
high values exhibited no clear relationship with maternal length
(Figure 7a), they tended to be higher with decreasing litter size
(Figure 7b); however, there were few such pregnant females.
Regardless of the stage of embryonic growth, individuals with
good growth and individuals with poor growth were observed,
although there was a clear trend toward poorer growth (Figure 8).
The proportion of good or poorly growing embryos out of all
embryos was 5.1% and the growth of such embryos was 1.23 at
best and 0.73 at worst to achieve a median of 1. Although the
embryo body length and the PCL or litter size of the pregnant
female carrying them displayed an unclear relationship (r?> = 0.26),
embryonic growth was significantly better in larger pregnant
females whereas litter size had no effect on embryonic growth
(Table 2).

4 | DISCUSSION

41 | Data collection and influence of fishing
method on reproductive parameters

Understanding the reproduction of elasmobranchs is an integral part
of successful management because stock or population assessments
require accurate data on maturity and reproductive potential
(Walker, 1998). It is therefore necessary to collect a set of samples
with a wide range of body lengths to obtain relevant biological param-
eters. In addition, the sample set should include fish caught by various
fishing methods and throughout the year to ensure the assessment
accuracy. This is because data limited to certain seasons or fishing

methods may weaken the representativeness of the biological

TABLE 3 Comparison of the results for precaudal length (PCL) and age at maturity or maternity for Pacific spiny dogfish Squalus suckleyi in

the present study versus previous studies

PCL (cm) Age (years) Maternity
Region Males Females Males Females PCL (cm) Age (years) Source
Tsugaru Strait  60.6 (60.0-61.2) 73.1(72.4-73.7) 9.4 (9.2-9.6) 17.8(17.5-18.0) 77.4(76.5-78.3) 19.7 (19.3-20.1) Present study
Sea of Japan 56.0-60.0 72.7-76.8 Yamamoto and
Kibesaki (1950)
Strait of 75.6 Ketchen (1972)
Georgia
Strait of 75.9 (75.5-76.3) 35.5(35.0-35.9) Saunders and
Georgia McFarlane
(1993)
Puget Sound 76.0 for the 1940s 43.3 for the 1940s Taylor and
71.2 for the 2000s 31.5 for the 2000s Gallucci (2009)
Puget Sound  53.2(52.8-53.8) 72.6(71.9-72.7) Tribuzio et al.
(2009)
Gulf of Alaska 59.6 (58.5-60.4) 78.7 (77.6-79.6) 20.9 (19.9-22.0) 36.1(34.0-38.9) 80.5(80.0-81.1) Tribuzio and
Kruse (2012)

Note: Bold font indicates values at 50% maturity or maternity; values in parentheses are the 95% Cls.
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characteristics of the study species, ultimately leading to assessment
failures. The previously reported maximum body length of Pacific
spiny dogfish in the western North Pacific, as converted from TL mea-
surements and binned in 10-cm length intervals, was 80.4-88.5 cm
PCL and 105.8-113.0 cm PCL for males and females, respectively
(Yamamoto & Kibesaki, 1950). The largest male (79.5 cm PCL) in our
study was close to the maximum length previously reported; the larg-
est female was within the range of the maximum PCL interval previ-
ously reported. Overall, our specimens that were collected year-round
covered a wide size range of immature to mature individuals
(Figure 2).

The criteria used to determine maturation were almost the
same between our study in the western North Pacific and previous
studies conducted in the eastern North Pacific (i.e., Ketchen, 1972;
Saunders & McFarlane, 1993; Taylor & Gallucci, 2009; Tribuzio
et al., 2009; Tribuzio & Kruse, 2012), but our methods of assessing
both sexes differed slightly from those used in an earlier study in
Japan (i.e.,, Yamamoto & Kibesaki, 1950). In the latter study, male
maturation was determined based on drastically elongated claspers
without information on whether they were uncalcified or calcified;
the criteria for female maturation were based on uterus condition
and OD in the ovaries, and the OGW was not considered
(Yamamoto & Kibesaki, 1950).

Analyses of multiple fishery data using sexual maturity, maternity,
and fecundity models showed that capture by different fishing
method did not significantly correlate with sexual maturity and mater-
nity rates or litter size depending on body length among the captured
sharks (Table 1). This result indicated that the reproductive parame-
ters could be analysed without considering the effect of the fishing
methods used in our study area. Furthermore, because sharks' body
size is generally larger than that of bony fishes, data can be efficiently

collected using the most convenient fishing methods.

4.2 | Size and age at sexual maturity and maternity
Taylor and Gallucci (2009) stated that the size at sexual maturity of
Pacific spiny dogfish in Puget Sound (eastern North Pacific) was possi-
bly density-dependent, based on a decline in abundance caused by
the lingering effects of an intense liver fishery in the 1940s. The
Pacific spiny dogfish in the present study encountered a similar situa-
tion between the 1940s and the 2000s. Nevertheless, our recent esti-
mated length at 50% sexual maturity does not significantly differ from
that in 1948-1949 for each sex (Table 3), hence, based on the length
at sexual maturity, we found no evidence to suggest that populations
of this shark in the western North Pacific have declined compared
with those during a period of high demand for this species.

A previous study found that the body lengths of Pacific spiny
dogfish at sexual maturity differ geographically, even between closely
located habitat areas. This was thought to be caused by very low
long-term mixing of the sharks inhabiting each area (Tribuzio &
Kruse, 2012). Populations of this species do not carry out large-scale
movements or migrations between the western and eastern North
Pacific (Yano, Ohshimo, et al., 2017). The significant difference in

maturity size between our study area and each region supported the
previous findings (Table 3). Around Japan, Pacific spiny dogfish sea-
sonally migrate in the Sea of Japan and areas of the North Pacific near
Japan, moving northward in spring/summer and southward in
autumn/winter (Tanabe et al., 1958). Thus, geographical differences in
size at maturity do not seem to occur, and the results from the pre-
sent study are considered to be representative of the population.

While the maturity size was similar for each sex among some areas,
differences of more than 10 years and around 18 years in age at 50%
sexual maturity were observed for males and females, respectively
(Table 3). Although the large difference in sexual maturity age between
Pacific spiny dogfish in the western and eastern North Pacific is surpris-
ing, the regional age differences revealed in the present study are con-
sidered probable because reproductive parameters such as size and age
at sexual maturity or the number of embryos are variable in Pacific
spiny dogfish (Taylor & Gallucci, 2009). Ageing of Pacific spiny dogfish
was historically conducted using the spine located anterior to the dorsal
fin, but the spine is subject to wear and breakage (Tribuzio et al., 2017),
therefore several approaches were proposed to estimate the number of
band pairs lost because of spine erosion. However, these approaches
and a new method involving stained thin sections of vertebral centra
were also problematic (Taylor et al., 2013; Tribuzio et al., 2017). Age
information can be a vital parameter in stock or population assess-
ments, thus, although bolstered by our results, any conclusions should
bear in mind the difficulty and potential errors of age determination for
Pacific spiny dogfish.

The difference in values between 50% maturity and correspond-
ing 50% maternity was 4.3 cm for length and 1.9 years for age
(Table 3). The length values represent the approximate amount of
growth that females undergo from the time at first maturity to being
in a maternal condition, which fits well with the timing of the biennial
reproductive cycle. Thus, our results may support the validity of the
parameters of the von Bertalanffy growth equation, as provided by
Orlov et al. (2011), although various problems remain in age estima-
tion for Pacific spiny dogfish. For future stock or population assess-
ments, it is important to acknowledge the time-lag between maturity
and when actual reproduction occurs because a major bias will be
generated if the number of births is overestimated (Walker, 2005).
Based on the length at 50% maternity in the western North Pacific,
half of the females with ~77 cm PCL were reproductively well
advanced. Minmaya is a main landing port for Pacific spiny dogfish
catches in Japan, and mostly female sharks are caught at the fishing
grounds in the Tsugaru Strait (Figure 1); most annual catches at Min-
maya comprised sharks of 65-85 cm PCL and the mean PCL of the
landings was ~77 cm (Yano, Hattori, et al., 2017). Thus, roughly half
of the individuals will have given birth at least once before capture,
and larger individuals will contribute more to sustainability of the
stock because litter size increases with maternal length (Figure 5).

4.3 | Fecundity and embryonic development

The fecundity of Pacific spiny dogfish is considered to be higher in
the western North Pacific than in other regions. A small percentage of
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mature females in the resting period was observed in the Gulf of
Alaska (Tribuzio & Kruse, 2012). In contrast, our data indicate that, in
the western North Pacific, embryonic growth and ovarian oocyte
development occurred synchronously across all pregnant females
(Figure 6), thus a resting period was not observed. In addition, preg-
nant females carrying developing embryos produced 0.45 more
embryos per centimetre of PCL after the onset of maturity (Figure 5),
which is higher than estimates of 0.24-0.30 embryos per centimetre
in the eastern North Pacific (Ketchen, 1972; Taylor & Gallucci, 2009;
Tribuzio et al., 2009; Tribuzio & Kruse, 2012), as calculated using the
TL to PCL conversion equation used in the present study.

In the future, the high fecundity obtained in the present study
should be verified and compared with more appropriate data from
each region because some embryos will have aborted by the time
developing embryos in pregnant females can be counted (Tribuzio &
Kruse, 2012). We observed this in the present study, based on the
ANCOVA for the general linear model of fecundity on maternal PCL,
and we found that pup abortion was more frequent in larger pregnant
females (Figure 5). While there is no concern about embryo outflow
from the uterus during counting embryos in pregnant females carry-
ing candle-stage embryos, freezing the samples will cause the candles
to deteriorate and become fragile. In such cases, counting is not
appropriate. Fertilized eggs or embryos within the candle should be
counted in fresh fish. Nonetheless, these counts are thought to be
the most appropriate method for determining litter size in Pacific
spiny dogfish.

The pregnant female produces larger embryos as she grows
and this characteristic was not affected by litter size (Table 2). The
results show that embryo development is enhanced in larger preg-
nant females, which likely reflects the fact that growing maternal
bodies require more energy. Additionally, a smaller number of
good or poorly growing embryos were observed in small litter
sizes, regardless of the maternal body length (Figures 7 and 8).
There was an extremely low number of such embryos present in
the same pregnancy, suggesting that the mother's nutritional
intake may have a limited effect on specific embryos within the
same pregnant female. In Pacific spiny dogfish, it takes approxi-
mately 2 years for ovarian oocytes to mature and become ready to
form the next embryos (Figure 6; Ketchen, 1972). The embryos are
mostly nourished by yolk sac reserves (Jones & Geen, 1977), as
revealed in other Squalus species (Braccini et al., 2007). It remains
to be clarified how nutrients accumulate for the ovarian oocytes
and how this affects egg quality. Pacific spiny dogfish seem to
require small or few, albeit nutritious, prey items because they
need to maintain a large space in the abdominal cavity for more
embryos. The feeding habits of this species differ between the
eastern and western North Pacific (Yano, Ohshimo, et al., 2017),
which may also help to explain the relatively early age of sexual
maturity in both sexes in the present study.

The natural mortality rate generally decreases with growth, yet
the fishing mortality rate increases for commercially exploited fishes.
In addition, most fisheries target large individuals and excessive

exploitation is biased toward large individuals. Thus, fishery captures

s FISHBIOLOGY |

diminish the productivity of populations because the reproductive
potential becomes higher with larger and older individuals, as shown
in bony fishes (Katsukawa & Watanabe, 2010). Pacific spiny dogfish
females tend to be larger than males, and this size difference causes
differential exploitation of the sexes, coupled with market demand
(Dell'Apa et al., 2015). The fecundity of sharks is extremely low com-
pared with that of bony fishes, thus the maternal investment is con-
sidered to have a small effect on the population dynamics. Even
though fisheries target larger individuals because of their higher com-
mercial value (Yano, Hattori, et al., 2017) and fishing pressure may be
applied continuously for a long time (Yano et al., 2022), sustainable
stock utilization should not ignore the maternal effect.

5 | CONCLUSIONS

The reproductive characteristics of Pacific spiny dogfish, as elucidated
here, may explain why the landing amounts in Japan have remained
stable over a long period (Yano et al., 2022). The reproductive poten-
tial of Pacific spiny dogfish appears to be higher in the western North
Pacific than in other regions. The sexual maturity size of males hardly
differs among areas, but the age to reach that size is younger in the
western North Pacific than in other areas (Table 3). Females exhibit a
smaller size and earlier age at sexual maturation, with no apparent
resting phase. In addition, the pregnant female produces more
embryos than in the eastern North Pacific as she grows, and such
embryo development largely does not decrease in relation to increas-
ing maternal body length or litter size. We sought to elucidate the
reproductive characteristics of Pacific spiny dogfish in the western
North Pacific by collecting a wide range of specimens, from small to
large body lengths, captured by several fishing methods and across
seasons. However, the data were not suitable for some analyses, such
as calculating the average number of embryos, which can be pointless
unless there is reasonable assurance that the average length of preg-
nant females in the samples is close to the average for the pregnant
population overall. Future research to obtain quantitative estimates of
this reproductive parameter will contribute to more-effective stock
assessments and appropriate management for sustainable stock

utilization.
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