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Abstract

We examined the daily periodicity of otolith increment formation in reared Shishamo smelt Spirinchus
lanceolatus larvae, and investigated the growth history of wild-caught larvae. The mean body length of newly
hatched larvae was 8.4 mm, and the mean otolith radius was 12.7 um (sagitta) and 12.4 um (lapillus),
respectively. Both otoliths displayed a check mark at hatching (1st check), and an additional check mark was
observed later (2nd check). The relationship between the number of increments formed outside the 1st check
on both otoliths (I, I}) and age (A, days) was described by regression lines (Is = 0.86A. (n = 38, r>=0.992,
p<0.01), Ii=0.49A; (n=24, r’=0.932, p <0.01)), where the slopes significantly differed from 1 (t-test,
both p < 0.01). We also examined the relationship between the number of increments outside the 2nd check
(I’s I7) and age (A, days) for both otoliths. As a result, the regression lines (/’s=0.99A19.5 (n = 26,
r?=0.996, p <0.01), 1= 0.61A-—16.3 (n =15, r’=0.928, p < 0.01)) showed that the slope for the sagitta
was not significantly different from 1 (t-test, p =0.38), while the lapillus was significantly different from 1
(t-test, p < 0.01). These results suggest that daily countable increments only form after the 2nd check mark
in the sagitta. One possible reason why daily periodicity was not confirmed between the 1st and 2nd checks
on both otoliths is that the increment width during this period was so narrow that it could not be distinguished
under an optical microscope. This phenomenon has also been reported in cold-water fish species such as
Atlantic herring and European sardine. Therefore, for cold-water fish species, which have increments after
hatching that are generally difficult to distinguish, it is reasonable in age estimation to count increments only
after they are clearly visible, and to compensate for earlier periods using check mark positions and growth
indices. Based on the results of the rearing experiments, we examined the number and width of otolith
increments in Shishamo smelt larvae and juveniles collected by sledge net along the Mukawa and Sarugawa
coasts during June—July in 2023 and 2024. The ranges of hatching dates in both 2023 and 2024, calculated
from age and sampling date, were respectively March 29-April 27 and March 23-April 27. A significant
allometric relationship (r2 = 0.959, p < 0.001) was found between otolith radius (OR, pm) and body length
(BL, mm). The mean back-calculated body lengths of wild-caught individuals in 2023 and 2024 estimated
using the Biological Intercept Method were respectively 11.4 mm and 11.3 mm at 20 days old, 17.0 mm and
17.6 mm at 40 days old, 21.8 mm and 23.3 mm at 60 days old, and 27.6 mm and 31.2 mm at 80 days old.
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Introduction
Fluctuations in marine fishery resources are largely
attributed to the survival rate during the early life
stages (Hjort 1914). Since otolith daily increment
analysis can be used to clarify the hatching date and
growth history of individual larvae and juveniles
(Campana and Neilson 1985), use of this method has

enabled significant contributions to studies on the
early life history, which strongly affects recruitment in
marine fish populations (Laroche et al. 1971; Jenkins
1987; Maillet and Checkley Jr 1991; Noichi et al.
1994; Bailey et al. 1995). Especially in species
inhabiting relatively warm waters, such as Japanese
sardine Sardinops melanostictus and Japanese jack
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mackerel Trachurus japonicus, distinct increments are
observed on otoliths immediately after hatching
(Hayashi et al. 1989; Xie et al. 2005), and the use of
these analyses have been widely adopted (Takahashi
et al. 2008; Xie and Watanabe 2005).

On the other hand, in species such as Atlantic herring
Clupea harengus and European sardine Sardina
pilchardus, which spend their larval and juvenile
phases in relatively cold waters, clarification of daily
increments has been found to be difficult for some
time after hatching due to the narrow width of otolith
increments under low water temperatures (Campana et
al. 1987; Soares et al. 2021). The primary cause is
thought to be that when increment width falls below
approximately 0.3 um, the resolution limit of optical
microscopes makes it difficult to count the increments
(Campana et al. 1987).

Shishamo smelt Spirinchus lanceolatus is a species
of cold-water fish found only along the Pacific coast
of Hokkaido (Mori 2003). The catch of this species in
the southern Hokkaido Pacific area exceeded 1,000
tons in the 1960s, but from 1995 to 2011 has mostly
stayed in the range of 100-250 tons. There was a sharp
decline to 12-36 tons from 2012 to 2015, followed by
a slight recovery, but the catch fell below 1 ton in 2022,
and fishing has been suspended as a resource recovery
measure since 2023 (Saibai suisan shikenjyou 2025).
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Fig. 1. Location of study area (left). The solid
circle indicates the location where a survey was
conducted to collect mature fish, and the areas
marked with crosses represent regions where a
sledge net was towed for wild larval fish sampling
(right). Lines in sea area show the isobaths.

Regarding the ecology during the early life history,
field studies have revealed suitable river conditions for
spawning and migratory spawning behavior (Nii et al.
2006;

upstream around November to spawn on riverbeds,

Ishida 2020). Specifically, adults migrate

with the eggs hatching in April or May of the
following year and the larvae being immediately
transported to the sea (Mori 2003). In coastal areas,
they transition from a pelagic to a demersal lifestyle
from mid- to late May (Torao and Kudo 2013).
Although knowledge regarding seed production under
hatchery conditions has been documented (Ishida
2016; Hokkaido Aquaculture Promotion Corporation
2017), details about growth during the larval stage in
the wild have not been clarified. Furthermore, insights
into otolith daily increment analysis—an effective
the daily
increment formation and otolith

method for such studies—including
periodicity of
ultrastructure, remain unknown.

In this study, (1) we examine the daily periodicity of
microincrement formation in Shishamo smelt larvae
obtained from rearing experiments, particularly
elucidating the characteristics of otolith increment
formation in cold-water fish, which are considered to
have slow early growth. Further, based on these
findings, (2) we estimate the hatching season and
growth process of larvae and juveniles collected from

the southern Hokkaido Pacific area.

Materials and Methods

Validation of Daily Increment Formation
Rearing of Shishamo Smelt Larvae

On November 11, 2022, broodstock (70 females and
72 males, total length range: females 99.2-152.0 mm,
males 121.7-157.5 mm) were collected using a fukube
net (a type of set net) in the Mukawa River, Hokkaido,
by Iburi district Shishamo fisheries promotion council
(Fig. 1). Eggs and sperm were obtained and fertilized
artificially using the dry method to produce fertilized
eggs. The fertilized eggs were placed in 30-liter round
tanks and maintained in a constant temperature room
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at 3.4 £2.65 °C (mean £ SD), with the temperature
regime adjusted based on accumulated thermal units
(Omi 1977). Approximately 5,000 hatched larvae
were transferred to a 500 L round tank and reared at a
13.9+4.43°C
(mean = SD) over the entire rearing period, based on

mean  water temperature  of
the natural seawater temperatures experienced by
migrating larvae in the coastal areas of the Mukawa
and Sarugawa rivers, which were represented by the
water temperatures observed from April to May at the
Tomihama Fishing Port near the mouth of the
Sarugawa river. Larval rearing was conducted under a
photoperiod of approximately 15 hours per day (7:00—
22:00 lights on), matching the natural photoperiod
from spring to early summer in the Mukawa region.
Feeding started on the second day post-hatch. From 2
to 8 days after hatching (DAH), newly hatched
Vietnamese Artemia Artemia sp. was provided; from
8 to 22 DAH, Artemia sp. enriched with Marine Gross
EX (Marintech Co., Ltd., Aichi), a DHA-rich
microalgae supplement, was used; from 22 DAH
onward, a combination of formulated feed (Wakauo,
Nosan Corporation, Kanagawa) and enriched Artemia
from the Great Salt Lake (Artemia franciscana) was
provided. It has also been reported that the survival
rate of larval Shishamo smelt increases when
Nannochloropsis or freshwater Chlorella is added to
the rearing water (Hokkaido Aquaculture Promotion
2017).
Nannochloropsis (Yanmarine K-1, Chlorella Industry
Co., Ltd., Fukuoka) was added twice daily (1.6
million cells/mL

Corporation Therefore, refrigerated

before yolk absorption,
800,000 cells/mL after yolk absorption). The larvae
were reared for 80 days post-hatch, and specimens
were collected at 0, 8, 16, 22, 31, 38, 45, 59, and 80
DAH, then anesthetized with MS-222 (NACALAI

TESQUE, Inc., Japan) and fixed in 90 % ethanol.

Otolith Observation and Data Analysis
For yolksac larvae and preflexion larvae (with an
incomplete notochord), the notochord length (NL,

measured from the tip of the upper jaw to the end of
the notochord) was measured. For postflexion larvae
and juveniles, standard length (SL, measured from the
tip of the upper jaw to the base of the caudal fin, i.e.,
the end of the hypural bone) was measured.
Measurements were taken with an ocular micrometer
mounted on a stereomicroscope to the nearest
0.01 mm, and the resulting NL and SL values were
recorded as body length (BL) for the respective larval
stages. The larval developmental stages were
categorized according to Okada et al. (Development of
shishamo smelt larvae and juveniles under rearing
conditions, Poster presented at: Annual Meeting of
Japanese Society for Aquaculture Science; November
29, 2024; Okinawa, Japan).

Stage A: yolksac larval stage

Stage B: yolk absorbed but oil globule remains

Stage C: caudal fin rays appear

Stage D: notochord starts flexion and swim bladder
visible

Stage E: dorsal fin rays appear

Stage F: post-flexion

Stage G: fin rays (excluding the pectoral fins) reach
definitive count, black pigment cells appear in the fin
membrane and head

Stage H: juvenile stage

Lapillus and sagitta otoliths were extracted under a
stereomicroscope and embedded on a glass slide using
nail resin (D Top Coat MA, Daiso Sangyo Co., Ltd.,
Hiroshima). Prior to observation, embedded otoliths
were polished with 3 um grit lapping film (3 um
lapping film, MARUTO instrument Co., Ltd., Tokyo)
until the core was exposed. Observations were
conducted under a biological microscope at
400-1000x magnification. Measurements of otolith
radius and counts of increment rings were performed
with images projected to a computer from a CCD
(WRAYCAM-NOA2000, WRAYMER,

Osaka) mounted on the microscope, using otolith

camera

increment measurement software (Ratoc System
Engineering Co., Ltd., Tokyo).
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Since otoliths of this species grow concentrically
until the juvenile stage, their orientation relative to the
body axis remains indistinguishable (rostrum or post-
rostrum). Therefore, the otolith radius (OR) was
measured as the maximum distance from the nucleus
center to the edge.

Regression lines obtained from the relationship
between the number of days post-hatch (x) and the
number of increment rings formed outside each
characteristic increment (y) were compared to y = x
using a t-test.

Field Collection of Larvae and Otolith Analysis
Field Collection

Wild Shishamo smelt larvae and juveniles were
collected in the coastal waters in 5 to 10 m in front of
the Mukawa and Sarugawa river mouths on June 20
and July 5, 2023, and on June 20-21 and July 8-9,
2024, using a sledge net (width: 1.5 m, height: 0.3 m,
length: 5.0 m, mesh: 3.0 mm) (Fig. 1). Specimens
were fixed in 90 % ethanol and brought back to the
laboratory. Since the external morphology of
Shishamo smelt larvae and juveniles closely resembles
that of sympatric Pacific rainbow smelt Osmerus
dentex, making identification by morphology alone
difficult, the number of anal fin rays and the presence
under a

of lingual teeth were observed

stereomicroscope  for  accurate identification
(Yanagawa 1974). For the collected specimens,
measurements were taken on video images captured
by a video camera attached to a research-grade
stereomicroscope (Nikon SMZ25, Nikon Corporation,
Tokyo), using the image analysis system NIS-
Elements D (Nikon Corporation, Tokyo). BL was
measured as NL or SL, depending on developmental
stage, consistent with the approach used for reared

larvae.

Otolith Increment Analysis
Otolith embedding and increment ring observations
were conducted following the same procedures as

those used for specimens from the rearing experiment.

The relationship between OR and BL was determined
using the allometric equation fitted by the least-
squares method with functions implemented in R
version 4.5.1 (2025-06-13). To reconstruct individual
growth histories, the Biological Intercept Method
(Campana 1990) was used. Specifically, the allometric
coefficients a and b were estimated for each individual
by solving the following system of equations:

BLo = aOR¢®
BLcapture = @0Rcapture”

where BLo and ORg represent the body length and
otolith radius at hatching, respectively, and BLcapture
and ORcapure represent those at the time of collection.
Using the estimated coefficients (a and b), the body
length at age i days (BL;) was back-calculated from the
corresponding otolith radius.

Results
Rearing Experiment

The results of examining body size and
developmental stage by age in days showed that the
mean body length + SD of larvae at hatching was
8.4 £0.29 mm (developmental stage A),
10.5 £ 0.60 mm at 8 DAH (Stage B), 11.1 + 0.68 mm
at 16 DAH (Stage B, C), 13.5+ 1.12 mm at 22 DAH
(Stage C, D), 14.6 + 0.90 mm at 31 DAH (Stage D, E),
13.00£0.66 mm at 38 DAH (Stage E),
149+092mm at 45 DAH (Stage E, F),
18.0+0.93mm at 59 DAH (Stage F, G), and
28.5+ 4.63 mm at 80 DAH (Stage H) (Table 1, Fig.
2).

Both the sagitta and the lapillus otoliths were circular
and grew concentrically until 45 DAH. After that, the
lapillus otolith remained circular, but the sagitta
developed into a teardrop shape as it grew. On both
otoliths, a 1st check and 2nd check were observed
(Fig. 3). The mean increment radius + SD of the 1st
check was 12.2 + 1.07 um (sagitta) and 12.4 + 0.75 pm
(lapillus), which was not significantly different from
the otolith radius at hatching, 12.7 £ 0.72 um (sagitta)
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Table 1. Age (days), body length (BL; mm), otolith
radius (OR; pm) of lapillus and sagitta, and
developmental stage of reared larvae.

OR OR

Sl Bl (lapillus, pm) (sagitta, pm) Stagc
0 DAH 84+029 124+069 12.7+0.72 A
8 DAH 105+£0.60 13.6+0.75 148+1.33 B
16 DAH 11.1+£068 159197 184+1.50 B,C
22DAH 135+1.12 155+1.19 2294248 C,D
31DAH 146+090 18.1+1.68 354+1.34 D.E
38DAH 13.0£0.66 208+248 41.8+5.66 E
A5SDAH 149+092 255+285 73.0+13.7 E,F
S9DAH 18.0+093 443+6.51 140.1+23.1 F, G
S80DAH 285+4.63 145.7+19.3 3982 +56.7 H
30
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Days after hatching (d)

Fig. 2. Relationship between days after hatching
and body length. Circles and vertical bars indicate
mean values and standard deviations, respectively.

and 12.4 + 0.69 um (lapillus) (t-test, p = 0.09,

p = 0.95). The mean increment radius = SD of the 2nd
check was 204+1.60um  (sagitta) and
15.6 £ 1.30 um (lapillus). The relationship between
DAH and OR (mean % SD, um) is shown in Fig. 4. The
mean otolith radius+ SD for sagittae and lapilli
respectively was 23.0 £ 2.67 um and 15.5+ 1.19 um

at 22 DAH, and 67.0 + 10.8 pm and 25.4 £ 2.73 pm at

45 DAH.

The relationship between the number of increments

after the 1st check on both otoliths (Is, I}) and age in
days (Ac, days) was expressed by the following
equations (Fig. 5):

of otoliths from

Fig. 3. Microphotographs
Spirinchus lanceolatus larvae. a: sagitta from a 16-
day-old larva, b: sagitta from a 22-day-old larva, c:
lapillus from a 16-day-old larva, d: lapillus from a
38-day-old larva. The positions of the lower left tips
of the open and solid triangles indicate 1% and 2
checks, respectively. The larval images correspond
to developmental stages C (top) and D (bottom),
with a and c representing stage C, and b and d
representing stage D.

Sagitta

Is = 0.86A (n =38, r> = 0.992, p < 0.01)
Lapillus

I1=0.49A; (n=24,r>=0.932, p < 0.01)

The slope of the regression line was significantly
different from 1 (t-test, both p<0.01). The
relationship between the number of increments after
the 2nd check (7, I')) and age in days (Ac, days) was
expressed by the following equations (Fig. 5):

Sagitta

I's=0.99A:-19.5 (n = 26, r> = 0.996, p < 0.01)
Lapillus

I1'=0.61A—16.3 (n =15, r>=0.928, p < 0.01)

For the sagitta, the slope of the regression line was
not significantly different from 1 (t-test, p = 0.38),

I ———
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Fig. 4. Relationship between days after hatching and
otolith radius. Circles and triangles indicate the mean
values of lapillus and sagitta, respectively. Vertical
bars represent the standard deviations.

while for the lapillus, it was significantly different (t-
test, p < 0.01). From the value of the intercept of the
sagitta regression line, it was determined that the 2nd
check is formed about 20 DAH.

Table 2. Wild-caught individuals for otolith analysis in
2023 and 2024: total individuals, number of larvae and
juveniles, BL ranges.

Year
2023 2024
BL range (mm) 21.5-28.2 20.9-28 4
Larvae
Number of sampels 35 50
BL range (mm) . 28.6-33.0  28.5-41.3
Juvenile
Number of sampels 23 65
Total 58 115

100 100
1, = 0.864, I', = 0.994, - 19.5
(=38, 7% = 0.992, p<0.01) (n=26, 7% = 0,996, p<0.01)
75 75 4
50 g 50
.E 25 o Z&'8 25
g Sagitta Sagitta
2 0 T T T T T 0 T T T T T
o 0 20 40 60 80 100 0 20 40 60 80 10
£ g0 60
Y I = 0.494, I/ =0.614, - 16.3
; 5o 4 (w2477 = 0.932, peo.on) 50 4 (715,72 = 0.928, penon)
£ o
g 40 of 401
o
2 30 - 30
o )
20 4 S 20 1
8 o
10 4 10 4
5 Lapillus Lapillus
0 T T T T T T 0 T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Days after hatching

Fig. 5. Relationship between days after hatching and
number of increments formed after 1st check (left)
and 2nd check (right). Solid lines indicate regression

lines fitted to each otolith type.

Composition of Hatching Dates and Growth
History of Wild-Caught larvae and Juveniles

The range of body lengths collected in 2023 was
20.1-33.1 mm (mean £ SD: 25.6 + 3.44 mm,
n=134), and in 2024 it was 20.9-41.3 mm
(mean £ SD: 29.9 +£5.78 mm, n=123). Of the 257
individuals, 173 were randomly selected (58
individuals in 2023, 115 in 2024) and used for otolith
analysis (Table 2, Fig. 6). Based on the results of the
rearing experiment, individuals with a BL 28.5 mm or

greater were defined as juveniles.

o :
> f

2
7

»”

50pum 20pm

Fig. 6. Images of a wild-caught juvenile (fixed in
ethanol) and corresponding otolith. Lines on the
otoliths indicate increment counts.
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Fig. 7. Distributions of hatching dates in

Spirinchus lanceolatus collected from the wild in
2023 (upper) and 2024 (lower). The circles and the
bars indicate the median values and the ranges of 10
to 90' percentile.

In the rearing experiment, since the daily periodicity
of otolith increment formation was confirmed for the
sagitta after the 2nd check, the sagitta was used for age
estimation in wild-caught individuals. In wild-caught
individuals, the 2nd check was also observed on the
sagitta, as in the reared individuals. The mean
increment radius £ SD was 20.2 £ 0.76 um, which
was not significantly different from the mean
increment radius of the 2nd check in reared individuals
(20.4 + 1.60 pum; t-test, p = 0.26).

Since the results of the rearing experiment showed
that the 2nd check formed at 20 days after hatching,
the age was estimated by adding 20 days to the number
of increments after the 2nd check. In wild-caught
individuals, increments after the 2nd check were
clearly distinguishable in all specimens, supporting the
reliability of age estimation. The range of ages for
individuals collected in 2023 was 57-98 days, and for
2024 was 54-107 days. The composition of hatching
dates, calculated from age and collection date, is
shown in Fig. 7. The hatching date range was March
29 to April 27 in 2023 and March 23 to April 27 in
2024; the median hatching dates were April 14 in 2023
and April 12 in 2024. The length of the hatching period

based on the 10th—90th percentiles was 18 days (April
6 to April 23) in 2023 and 19 days (April 4 to April
21) in 2024.

The mean increment width after the 2nd check was
2.0-15.2 pm for the 2023 sample (2.3 um at 30 days,
4.4 um at 50 days, 8.5um at 70 days), and 2.0-
16.5 um for the 2024 sample (2.7 um at 30 days,
5.0 um at 50 days, 11.2 um at 70 days); a pronounced
tendency for increment width to rapidly increase after
the 50th increment from the 2nd check was observed
(Fig. 84, b).

2023 2024
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Fig. 8. Changes in daily increment width in the sagitta
(upper) and back-calculated body lengths (lower) of
Spirinchus lanceolatus in 2023 (a, ¢) and 2024 (b, d).
Circles and vertical bars represent mean values and
standard deviations, respectively.

The relationship between the radius of the sagitta
otolith (OR) and body length (BL) in reared larvae and
wild-caught larvae and juveniles showed a significant
agreement with an allometric equation (n =249,
r2=0.959, p<0.001, 9). this
allometric relationship was adopted for body length

Fig. Therefore,
back-calculation using the Biological
Method. Although the Biological Intercept Method
typically uses the body length at hatching (BLo) and

Intercept

otolith radius at hatching (ORg) obtained from rearing
experiments (Campana 1990), this study instead used
the body length (BL2o) and otolith radius (ORzp) at 20
DAH, when the 2nd check is formed. Based on the
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rearing experiment, the mean £ SD of body length at
20 DAH was 11.5 £ 0.62 mm, and the mean + SD of
otolith radius was 19.6 + 1.35 um; these values were
used as BLy and ORy for back-calculation of each
individual body length (Fig. 8c, d). As a result, the
mean back-calculated body lengths + SD for 2023 and
2024 respectively were as follows: at 20 DAH,
11.4+0.30 mm and 11.3+0.36 mm; at 40 DAH,
17.0+£1.02mm and 17.6 +1.13 mm; at 60 DAH,
218+ 144 mm and 23.3+1.95mm; at 80 DAH,
27.6 £ 2.04 mm and 31.2 + 3.01 mm (Fig. 8c, d).

® Data °
40 - . .
Allometry [
L
. b
35 .a i

30 A

¥

204

BL (mm)

15 4

10 4

TR,

0 100 200 300 400 500 600 700
OR (um)

Fig. 9. Relationship between OR and BL in reared and
wild-caught individuals. The dashed line represents
the allometric regression curve.

Discussion

Validation of Daily Increment Formation

In many fish species, a check has been reported to
form either during the transition from endogenous
nutrition through yolk absorption to exogenous
feeding or at the time of hatching (Brothers et al. 1976;
Hayashi et al. 1989; Joh et al. 2005; Joh et al. 2008).
In the present study, the 1st check on both the sagittal
and lapillar otoliths of Shishamo smelt was also found
to form at hatching. The radius of the hatching check
is proportional to the diameter of the egg before
hatching and may serve as an indicator of the
nutritional and physiological condition status of
female parental fish (maternal effect; Kajiwara et al.

2022). Thus, the 1st check in this species may likewise

provide important insights for understanding early
survival processes.

The increments observed outside the 1st check on
both the sagittal and lapillar otoliths did not show
evidence of being formed at a rate of one increment
per day. Furthermore, although the increments outside
the 2nd check could not be demonstrated to form daily
on the lapillar otoliths, they were confirmed to form
one per day on the sagittal otoliths, and thus were
considered appropriate to use daily increments.

It is known that fish growth is determined by the
interaction between water temperature and feeding
conditions (e.g., Takahashi et al. 2009). In this study,
the feeding conditions were likely different from those
experienced in the wild. However, the rearing
experiment was conducted under water temperatures
that simulated the natural environment (8.2 + 0.83 °C,
mean during 0-20 DAH), and no significant difference
was observed in the radius of the 2nd check was also
similar between reared and wild individuals. The trend
in increment width formed after the 2nd check was
also similar between the two groups. Therefore, using
the number of days required for 2nd check formation
under the rearing conditions (20 days) as a reference
for estimating the age of wild-caught individuals is
considered appropriate. To achieve more accurate
estimations, it will be necessary to examine the effects
of water temperature and feeding conditions on
growth, the timing of check formation, and the radius
of the checks in the future.

The reason daily increment formation could not be
confirmed between the 1st check (12.2 +1.07 um,
mean £ SD) and 2nd check (20.4+1.60 pm,
mean + SD) of the sagittal otoliths was likely because
the increment width during this period is extremely
narrow. The calculated mean increment width by
dividing the mean difference in increment radius
between the 1st and 2nd checks by the 20-day period
required for 2nd check formation was about
0.41 um/day, making accurate counting by optical

microscope observation difficult (Campana et al.
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1987). In the case of the lapillus, growth was slower
and the increment width even narrower compared to
the sagitta, which likely accounts for the inability to
confirm daily increment formation (Fig. 4). Similar
phenomena have been reported in cold-water fish
species such as the Atlantic herring Clupea harengus
and European sardine Sardina pilchardus (Campana et
al. 1987; Soares et al. 2021). Therefore, in the age
which

commonly feature increments that are difficult to

estimation of cold-water fish species,
discern for some period after hatching, it is rational to
count only the increments that can be -clearly
distinguished from a certain point onward, and for the
earlier period, supplement the estimation with check
position and growth indicators.

The formation of the 2nd check did not occur at stage
B when yolk absorption had been completed, but
rather during the morphological shift to stage D,
marked by the formation of the swim bladder (Table 1,
Fig. 2). In species such as Pacific herring Clupea
pallasii  and  Japanese  amberjack  Seriola
quinqueradiata, it has been reported that the
development of internal organs occurs in tandem with
the swim bladder formation (Umeda and Ochiai 1973;
Yamamoto 2001; Sakiyama 2006). Compared to
species such as

Japanese amberjack Seriola

quinqueradiata  and  Striped  jack  Caranx
delicatissimus, which have a rapid larval stage (Murai
et al. 1987; Sakiyama 2006), the external morphology
of Shishamo smelt tends to change more gradually
(Table 1, Fig. 2). Therefore, the development of
internal organs associated with the swim bladder
formation can be considered a major structural change
for Shishamo smelt. The formation of a check has been
reported to occur in conjunction with significant
structural ~ changes, such as morphological
transformations (Victor 1982; Penny and Evans 1985;
Joh et al. 2005). Based on the above, it is likely that
the formation of the 2nd check in this species would

correspond to substantial internal morphological

changes triggered by the formation of the swim
bladder.

In the sagitta, after the 2nd check, otolith increments
became clearly distinguishable, which suggests a
notable increase in the growth rate. In other fish
species such as Japanese amberjack Seriola
quinqueradiata, Chub mackerel Scomber japonicus,
and Pacific herring Clupea pallasii, it has been
reported that improvements in swimming ability
during development are associated with accelerated
growth (Yamamoto 2001; Murata et al. 2005;
Sakiyama 2006). In this species as well, Stage D is a
developmental stage characterized not only by the
formation of the swim bladder but also by the
formation of dorsal and anal fin primordia. This is
accompanied by increased swimming ability, which,
along with enhanced feeding capacity and the ability
to move vertically in the water column, leads to
increased feeding opportunities and thus promoted
growth. On the other hand, the reason why the otolith
increments could not be clearly distinguished in the
lapillus even after the 2nd check may be that the
growth of the otolith radius is slower in the lapillus
than in the sagitta (Fig. 4), resulting in increment
widths that were too narrow to be accurately counted
under an optical microscope during this period
(Campana et al. 1987).

Growth of Wild Larvae

Analysis of daily increments on the sagitta of wild-
caught larvae estimated that the hatching period of the
individuals surviving until June and July was from late
March to late April in both years, assuming a 20-day
period from hatching to the formation of the second
check. The median hatching date was mid-April in
both years, which closely matches the results of the
annual  downstream-migrating  larval  surveys
conducted every April by the Hokkaido Aquaculture
Promotion Corporation (Yoshida et al. 2021). This
correspondence supports the reliability of hatching

date estimation by otolith daily increment analysis and
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indicates that age estimation is valid even for wild
individuals.

Based on the validated age estimates obtained from
otolith daily increment analysis, this study further
clarified the growth trajectory of larvae hatched in
April. Previous research identified relatively small
larval body size on 1 July (24-27 mm) as one of the
characteristics associated with years of poor
recruitment (Yoshida et al. 2022). Considering the
median hatch dates of the 2023 and 2024 cohorts, 1
July corresponds to 77 and 79 DAH, respectively.
Using the growth model developed in this study, the
back-calculated body lengths at that date were 26.3
mm for the 2023 cohort and 30.4 mm for the 2024
cohort (Fig. 8c, 8d). Both the 2023 and 2024 cohorts
exhibited

shikenjyou 2024, Saibai suisan shikenjyou 2025).

low stock abundance (Saibai suisan

Although there have been years in which larvae
smaller than 27 mm did not lead to poor recruitment,
no previous cases have been reported in which larvae
exceeding 30 mm were associated with low stock
abundance (Yoshida et al. 2022). Thus, the 2024
cohort—characterized by unusually large larvae despite
low recruitment-represents a previously unobserved
and potentially novel pattern in the early life history of
this species.

In this study, through rearing experiments, daily
increment formation was confirmed on the sagitta
from the 2nd check to 80 days of age. In wild-caught
individuals, some were older than 80 days of age;
however, all of them continued to exhibit clearly
distinguishable and regular otolith increments beyond
this age. The oldest wild-caught individual examined
was 107 days of age, indicating that daily increment
formation persists at least up to this age. On the other
hand, in older individuals, the sagitta changed shape
from concentric circles to a droplet shape, making it
unclear how long daily increment formation continues.
Further rearing experiments are needed to determine
how these changes in otolith morphology affect daily
increment formation.
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