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Abstract Brown sole Pseudopleuronectes herzensteini

larvae and juveniles were reared to validate daily otolith

ring formation. At 15�C, a check (a distinct ring) formed on

the sagittae and lapilli at 6 days after hatching, and clear

increments regularly formed outside the check. For both

otoliths, the relationship between the number of days after

hatching and number of increments was linear, and the

slope of the line was approximately 1; therefore, daily

formation was validated. At 12�C, the check formed on the

lapillus 8 days after hatching. Accessory primordia (AP)

began forming on the sagittae of metamorphosing larvae,

and the shape of the sagittae became complicated. AP were

not formed on the lapillus; concentric rings were formed

throughout larval and juvenile stages. Wide and obscure

increments formed on the lapilli during metamorphosis

(metamorphosing zone, MZ). Based on MZ, concentric

rings that have formed on the lapilli of juveniles can be

separated into larval and juvenile rings. The morphs of

large juveniles’ lapilli were bilaterally asymmetric, and

the blind-side lapilli were most suitable for otolith

microstructure analysis. This study provides fundamental

information for otolith microstructure analysis in wild

brown sole.
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Introduction

Recruitment levels of fishes are mainly determined by early

life history [1], and the early life history of many species

has been studied [2]. Otolith microstructure analysis is a

powerful tool for studying early life history because the age

and growth trajectory of larvae and juveniles are recorded

in the otolith microstructure [3]. However, before the

otolith microstructure of wild-caught specimens is ana-

lyzed, the daily periodicity of increment formation should

be validated through rearing experiments [4]. Conspicuous

structures related to important events during early life

history such as hatching [5, 6], nutritional transition from

endogenous to exogenous [7–10], extrusion for viviparous

fish [11, 12], metamorphosis [13], and settlement [14, 15]

are often inscribed on otoliths. Rearing experiments are

also effective for investigating the relationship between a

unique structure in the otolith and an early life history

event. Accessory primordia (AP) often form on the sagittae

of flatfish species at the time of metamorphosis [16–18],

which complicates otolith observations. Moreover, bilateral

asymmetry in otoliths has been reported in some flatfish

juveniles [10, 17]. Therefore, when a validation study is

conducted on a flatfish species, a suitable otolith for

microstructure analysis should be determined by observing

AP and bilateral asymmetry.
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Brown sole Pseudopleuronectes herzensteini is distrib-

uted in the coastal areas of the northwestern Pacific: mid-

and northern coastal areas of Japan, Sakhalin, the east coast

of the Korean Peninsula, and the northern part of the East

China Sea. Brown sole is an important fishery species.

However, the North Japan Sea stock, which is distributed

around the northern mainland of Japan, has considerably

decreased [19], and clarification of the mechanism

responsible for recruitment fluctuations is essential. To

elucidate the mechanism of recruitment fluctuations, the

early life history of brown sole has been investigated;

spatial distribution of wild larvae [20], feeding of wild

larvae [21], settlement size and location of nursery areas in

the Japan Sea [22], and modeling of larval transportation

[23] have been studied. In addition, rearing experiments

have been conducted to improve the quality of hatchery-

produced juveniles [24–27]. However, the validation of

daily otolith ring formation and observation of the otolith

microstructure, which are essential for clarifying growth

and survival in the field, have not been investigated yet.

In this study, we reared brown sole larvae and juveniles

and investigated the following: (1) the daily periodicity of

otolith ring formation, (2) the relationship between con-

spicuous structures formed on the otoliths and important

events in early life history, and (3) bilateral asymmetry in

otoliths on both sides of the fish. Through these investi-

gations, we attempted to determine a suitable otolith for

microstructure analysis and to establish a basis for applying

otolith microstructure analysis to wild-caught specimens.

Materials and methods

Rearing experiment at 15�C: validation of daily

ring formation

Rearing experiments with brown sole larvae and juveniles

were conducted to validate daily ring formation. In June

2006, adult brown sole (35 males and 25 females) were

captured at Tomakomai (southern part of Hokkaido, along

the Pacific Ocean) and transported to the Mariculture

Fisheries Experiment Station (Hokkaido Research Orga-

nization). Fertilized eggs were obtained by natural

spawning and were incubated in a 200-l tank. Two days

after hatching, larvae were transferred to a 5000-l tank.

Rotifers, which were cultured with 22:6n-3 (DHA)-enri-

ched Chlorella vulgaris (Super Fresh Chlorella V12;

Chlorella Industry, Tokyo, Japan), were provided to brown

sole larvae as their initial food until 24 days after hatching.

During the 15–60 days after hatching, brown sole were fed

Artemia nauplii enriched with a commercial DHA emul-

sion (Marine Glos; Nissin Marine Tech, Yokohama,

Japan). A formula feed (Otohime; Marubeni Nissin Feed

Co., Ltd., Tokyo, Japan) was also provided for brown sole

older than 50 days. Satoh et al. [28] reported that 15�C was

suitable for larval rearing. Rearing water temperature at

time of hatching was 15.4�C, and 3–4 days after hatching

declined to approximately 14�C, but increased to 14.7�C at

5 days after hatching. Mean rearing temperature during 0–

10 days after hatching was 15.1�C, and the temperature

throughout the rearing experiments was 15.5�C. Water

temperature was measured twice each day (morning and

evening). During the rearing experiment (0–60 days after

hatching), the two measurements were equal on 3 days.

Morning temperature was higher than evening temperature

on 4 days (range 0.1–1.0�C), and water temperature was

higher in the evening than in the morning on the remaining

days (range 0.1–0.8�C). Throughout the rearing experi-

ment, the mean difference in water temperature between

the two daily measurements was 0.3�C. Photoperiod mat-

ched natural conditions. Larvae were sampled at 0–10 days

after hatching and subsequently every 10 days from 20 to

60 days after hatching. Specimens were preserved in 90%

ethanol solution. In accordance with Imura et al. [20] and

Minami [29], the developmental stages of brown sole were

defined as follows: stage A, yolk sac larvae; stage B, lar-

vae with open mouth and remaining yolk; stage C, larvae

with yolk sac fully absorbed; stage D, advanced larvae

with thickened hypural bone base; stage E, caudal fin ray

formation; stage F, notochord in flexion; stage G, left eye

has begun moving; stage H, the left eye is visible from the

right side of the head; stage I, the pupil of the left eye is on

the ridge of the head; and stage J, the pupil of the left eye is

beyond the head ridge (juvenile). In this paper, stage G–I

larvae were defined as metamorphosing larvae. Notochord

length (NL) was measured for larvae, whereas standard

length (SL) was measured for juveniles.

Sagittal and lapillar otoliths were extracted under a

dissecting microscope and embedded in epoxy resin glue

(Bond E-set; Konishi Co., Ltd., Osaka, Japan) on a glass

slide. All otoliths were ground almost to the core with a

lapping film (9 lm particles; Sumitomo 3 M Ltd., Tokyo,

Japan) and observed under a light microscope with trans-

mitted light. Larval otoliths were observed under 10009

magnification (oil-immersed 1009 objective lens, NA

1.30; with 109 eyepiece lenses) and those of metamor-

phosing larvae and juveniles under 4009 magnification

(409 objective lens, NA 0.75). AP formed on the sagittal

margin of metamorphosing larvae (see ‘‘Results’’), thereby

complicating otolith microstructure analysis. Therefore, we

used the sagittae to validate daily ring formation only for

larval stages, and the lapillus was used for the following

other analyses. In some flatfish species, the lapilli become

bilaterally asymmetrical as juveniles grow larger [10, 17].

Thus, bilateral asymmetry in juvenile lapilli was investi-

gated in brown sole.
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In lapilli extracted from well-developed larvae

(stage F), otolith growth in the dorsal area was larger than

that in other areas; consequently, the lapilli were not cir-

cular. For these lapilli, increment widths were measured

with an axis set from the center of the lapillus towards the

dorsal edge (see ‘‘Results’’). The number of otolith incre-

ments was counted and the increment widths were mea-

sured using an otolith measurement system (ARP version

5.00; Ratoc System Engineering Co., Tokyo, Japan). To

validate daily ring formation, the relationship between the

number of days after hatching (D) and the number of rings

formed outside a check (NR) (see ‘‘Results’’) were plotted

and a regression line was estimated. NR did not include the

check itself in the count of rings, and an NR value of 0

indicates that only the check was observed on the otolith.

The slope of the line was then compared with 1 using the

Student’s t test.

Rearing experiment at 12�C: effect of water

temperature on check formation

In some fishes, otolith increments are not formed at

hatching and the onset of increment formation occurs a few

days after hatching [7–10]. Joh et al. [10] reported that, in

marbled sole Pseudopleuronectes yokohamae, the first ring

was formed at the transition from endogenous to exogenous

nutrition and that larval development and the timing of first

ring formation were delayed at lower water temperatures.

We conducted further rearing experiments at 12�C to

investigate the effect of water temperature on the timing of

check formation in brown sole. In the Japan Sea along

coastal western Hokkaido, adult brown sole spawn from

May to June, and the mean sea surface temperature in this

area was 11.1–11.8�C during spawning season in 2000–

2009. Therefore, 12�C is approximately similar to the

water temperature at the spawning grounds of brown sole

in western Hokkaido. The rearing experiments focused on

the early phase of larvae and were thus conducted until

11 days after hatching. Adult brown sole were captured

from the same area as those for the 15�C experiments.

Rearing conditions (except water temperature) were the

same as those for the 15�C experiments. The lapilli of 10–

11-day-old larvae were extracted, and the number of rings

formed was counted; the day on which the first increment

was formed was calculated by subtracting the number of

increments from larval age.

Otolith observations in wild-caught juveniles

The maximum SL of reared brown sole juveniles was

18.5 mm. To observe the lapilli of juveniles larger than that

of the reared specimens, we observed the shape of wild-

caught juvenile lapilli (SL range 15.3–40.4 mm). Wild

juveniles were sampled off Oumu (northeastern part of

Hokkaido, along the Okhotsk Sea) on 17–18 August 2005.

Sampling stations were set at 5-m depth intervals from 10

to 50 m depth (9 stations) on three lines (total, 27 stations).

At each station, brown sole juveniles were collected using

a small sledge net (mouth opening 180 cm 9 30 cm, mesh

aperture of cod end 13 mm) towed for 10 min. Collected

juveniles were immediately preserved in 90% ethanol.

Otolith preparation and observations were the same as for

the rearing experiments. For large juveniles, the growth in

the dorsal area on the ocular-side lapilli was slow and that

in the anterior area was faster. In contrast, the dorsal area

on the blind side continued to grow (Fig. 1; see ‘‘Results’’).

Measurement axis 1 (MA1): otolith radius=line 1+line2

MA2: otolith radius=line3+line4
MA3: otolith radius=line3+line5

Blind side

EMZ

dorsal

anterior

ventral

posterior

otolith outer 
edge

line 1

line 2

otolith outer edge

Ocular side

dorsal

ventral
anterior

posterior
EMZ

line 3

line 4

line 5

Fig. 1 Schematic illustration of bilateral asymmetry on large lapilli.

EMZ indicates the end of the metamorphosing zone (see ‘‘Discus-

sion’’), and the dotted lines indicate the pattern of increment

formation. Inside EMZ, measurement axes were set from the center

of the lapillus towards the dorsal edge on both sides (lines 1 and 3).

Outside the blind-side EMZ, otolith growth continued in the dorsal

direction and the measurement axis was set in the dorsal direction of

the lapillus (line 2). For the ocular side, two measurement axes were

set outside EMZ: line 4 was set in the dorsal direction, and line 5 was

set in the anterior part of the lapillus where otolith growth was largest
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Therefore, we measured three otolith radii defined as fol-

lows: measurement axis 1 (MA 1), a line was set from the

center to the dorsal edge on the blind-side lapillus

(line 1 ? line 2 in Fig. 1); MA 2, a line was set from the

center to the dorsal edge on the ocular lapillus

(line 3 ? line 4 in Fig. 1); MA 3, a line was set in the

dorsal area from the check to the end of the metamor-

phosing zone (EMZ, see ‘‘Results’’) and another line was

set in the anterior area outside the EMZ (line 3 ? line 5 in

Fig. 1). The regression lines were assessed to investigate

the relationships between these three radii and SLs. Then

we selected the lapillus with an axis in which the adjusted

r2 value from regression analysis was highest as a suitable

otolith for microstructure analysis.

Results

Rearing experiment at 15�C: validation of daily ring

formation and otolith development

At 15�C, larvae opened their mouths (stage B) first at

3 days after hatching, and the yolk sac was completely

absorbed in all individuals at 6 days after hatching

(Table 1). At 2 days after hatching (stage A), no larvae

with completely pigmented eyes were observed (n = 107).

At 3 and 4 days after hatching (stage B), 3.7% (4 of 108)

and 76% (35 of 46) of the larvae had completely pig-

mented eyes, respectively. Thus, complete eye pigmenta-

tion occurred during stage B. Metamorphosis began in

most individuals at 30 days. Juveniles first appeared at

40 days, and eye migration was completed in all individ-

uals at 50 days.

No clear and regular rings were observed on the sagittae

from 0 to 4 days after hatching (photographs not shown).

Two of 20 larvae at 5 days after hatching and 14 of 18

larvae at 6 days after hatching had a check (distinct ring)

on their sagittae. Clear and regular increments were

observed outside the check on the sagittae. The relationship

between D and NR was expressed by linear regression

(NR = 0.99 9 D - 5.95, r2 = 0.99, P \ 0.001, n = 55;

Fig. 2). The slope of the line did not differ from 1 (t-test,

P = 0.39). The sagittal radius at 6 days after hatching was

11.3 ± 0.29 lm (mean ± SD). AP began appearing on the

sagittae of stage H larvae, and AP had formed in all larvae

at stage I (Fig. 3). Thereafter, the occurrence of AP com-

plicated the sagittae morphs and made otolith measure-

ments difficult.

Clear and regular ring was not observed on the lapilli

from 0 to 4 days after hatching (Fig. 4a). Three of 20

larvae at 5 days after hatching and 14 of 16 larvae at 6 days

after hatching had a check on their lapilli. Clear and regular

increments were observed outside the check on the lapilli

of older larvae (Fig. 4b). The relationship between D and

NR was expressed using linear regression (NR = 0.99 9

D - 5.94, r2 = 0.99, P \ 0.001, n = 109; Fig. 2). The

slope of the line did not differ from 1 (t-test, P = 0.26).

The lapillar radius at 6 days after hatching was

10.8 ± 0.51 lm (mean ± SD). The lapillar radii of early

larvae were smaller than the sagittal radii.

Table 1 Developmental stage

compositions of brown sole

reared at 15�C

Days after

hatching

Number of

specimens

Developmental stage composition (%)

A B C D E F G H I J

0 22 100

1 20 100

2 20 100

3 20 100

4 20 100

5 46 78 22

6 20 100

7 20 100

8 20 100

9 20 100

10 20 100

15 33 21 79

20 24 4 46 50

30 27 4 44 48 4

40 28 25 75

50 20 100

60 20 100
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The lapilli extracted from stage A–E larvae were almost

circular in shape; however, lapillar growth in the dorsal

area was larger in stage F larvae than that in other areas,

and otoliths gradually became oval shaped (Fig. 4c). Oto-

lith growth in the dorsal area remained large in metamor-

phosing larvae, and obscure increments began to form in

the outer areas of the lapilli (Fig. 4d, e). Narrow and thick

increments were formed outside these unique rings on the

juvenile lapilli (Fig. 4f), and the mean distance from the

check to the end of these unique rings was 49.9 lm (range

43.2–59.7 lm).

The shape of the lapilli on both sides was similar in

smaller juveniles (8.71–10.96 mm SL, n = 14). For larger

juveniles (13.52–18.26 mm SL, n = 13), otolith growth in

the dorsal area of the ocular lapillus was reduced whereas

growth in the anterior region was accelerated; otolith

growth in the dorsal region of the blind side remained

large. Thus, the lapilli became bilaterally asymmetrical;

this phenomena increased as the juveniles grew larger.

The body lengths of the larvae and juveniles increased

linearly until 30 days after hatching (Fig. 5a). This

increase ceased between 30 and 40 days but increased

again thereafter. The otolith radii (OR) of the blind-side

lapilli increased gradually until 20 days after hatching, but

OR increased rapidly thereafter (Fig. 5b). The relationship

between OR of the blind-side lapilli and body length was

asymptotic for larvae and almost linear for juveniles

(Fig. 5c).

Rearing experiment at 12�C: effect of water

temperature on check formation

The mouths of all larvae opened at 2 days after hatching

(stage B) at 12�C. Stage C larvae first appeared at 5 days

after hatching, which was similar to at 15�C (Table 2).

However, at 12�C, all individuals had completely absorbed

their yolk sac at 9 days after hatching, which was later than

at 15�C. At 12�C, the youngest age at which the check

formed was 6 days and the oldest was 10 days. However,

73% of individuals (n = 17) formed the check at 8 or

9 days, and the mean age was 8 days, which was later than

at 15�C.

Otolith observations in wild-caught juveniles

MZ was also observed in the lapilli of wild juveniles

(photographs not shown). The relationships between OR

measured on the three axes (MA 1, 2, and 3; Fig. 1) and SL

(range 15.3–40.4 mm) were linear (MA 1: SL = 0.23 9

OR - 9.05, r2 = 0.67, P \ 0.001, n = 101; MA 2:

SL = 0.28 9 OR - 5.37, r2 = 0.48, P \ 0.001, n = 105;

MA 3: SL = 0.16 9 OR ? 2.61, r2 = 0.47, P \ 0.001,

n = 62), and the adjusted r2 value from the regression

analysis was highest for MA 1.

For large juveniles, the dorsal edge of the blind-side

lapillus was sometimes concave in parts (Fig. 4g, h). No

concavity was observed on blind lapilli of \20.0 mm SL

juveniles. Measuring increment widths or otolith radii was

difficult when this concave area coincided with the MA 1

axis (Fig. 4h). We observed 215 individuals (SL range

18.7–42.2 mm), of which 146 individuals (68%) had con-

cave areas somewhere in the dorsal edge of the blind-side

lapillus. Thirty-one (14%) individuals had a concave area

located on MA 1 axis, which caused difficulties during the

measurements.

Discussion

Rearing experiment at 15�C: validation of daily ring

formation and otolith development

Check and clear increments were observed on larval sag-

ittae and lapilli (Fig. 4b). The relationship between D and

NR was linear (Fig. 2), and the slope of the regression line

did not differ from 1. Therefore, these increments were

believed to be formed on a daily basis.

0

10

20

30

40

50

60

0 10 20 30 40 50 60

Days after hatching

N
um

be
r 

of
 in

cr
em

en
ts

 fo
rm

ed
 o

ut
si

de
 th

e 
ch

ec
k

0

5

10

15

20

25

30

0 5 10 15 20 25 30

Fig. 2 Relationship between the number of days after hatching (D)

and the number of increments formed outside the check (i.e., the

check was not included in counting, NR) on blind sagittae of larvae

(upper panel) and on blind lapilli of larvae and juveniles (lower
panel) reared at 15�C. The regression equation for sagittae is

NR = 0.99 9 D - 5.95 (r2 = 0.99; P \ 0.001, n = 55) and for

lapilli is NR = 0.99 9 D - 5.94 (r2 = 0.99; P \ 0.001, n = 109)
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The thickness of sagittae increased with fish growth, and

AP formed on the margin of the sagittae at metamorphosis

(Fig. 3). In contrast, AP did not form on the lapilli, and

otolith increments formed concentrically throughout the

larval and juvenile stages. From these observations, we

suggest that the lapilli are more suitable for otolith

microstructure analysis than the sagittae throughout the

larval and juvenile stages in brown sole. The sagittae were

larger than the lapilli during early larval stages. Therefore,

the sagittae can also be used for otolith microstructure

analysis until the fish undergo metamorphosis.

Previous studies have reported that the unique structures

on otoliths, including checks, are often formed in con-

junction with important events, such as hatching [5, 6],

nutritional transition [7–10], and extrusion in viviparous

fishes [11, 12]. Besides yolk sac absorption, the principal

events that occur relatively early after hatching are mouth

opening and eye pigmentation. In brown sole, the yolk sac

was completely absorbed in all individuals at 6 days after

hatching. The intercepts of the regression line were -5.95

and -5.94. From these results, complete yolk sac absorp-

tion may be one of the key factors for check formation in

brown sole. Mouth opening occurred at 3 days after

hatching, indicating that this may not be a key factor for

initial ring formation. If eye pigmentation is the key factor

for check formation, the check should be observed on some

otoliths even at 4 days after hatching when eye pigmen-

tation has already occurred. From these results, yolk sac

absorption is believed to be the most probable factor for

check formation among the examined factors.

The relationship between OR of the blind-side lapilli

and NL was asymptotic in larval brown sole (Fig. 5).

During metamorphosis, somatic growth ceased but the

growth of OR remained high, which may have caused

the asymptotic pattern. Cessation of somatic growth dur-

ing metamorphosis has been reported in many flatfishes

[30–32].

In metamorphosing larvae (stages G–I), wide and

obscure increments were formed in the outer areas of

the lapilli (Fig. 4d). Several subdaily increments were

observed at 10009 magnification between the wide incre-

ments (Fig. 4e). The occurrence of subdaily rings has been

reported in other fishes [33–35]. Since the increments in

brown sole may be overcounted when observing the outer

part of the lapilli of metamorphosing larvae, careful

observation is essential. In juvenile lapilli, the formation of

wide and obscure increments ceased, and narrow and clear

increments began to form again (Fig. 4f). Therefore, the

wide and obscure increments may form during metamor-

phosis (MZ). The duration of flatfish metamorphosis may

: 50 µm : 50 µm

: 50 µm : 50 µm

Blind side Ocular side

a b

c d

Fig. 3 Sagittae of

metamorphosing larvae. a The

blind-side and b the ocular-side

sagittae extracted from stage H

larvae (30 days after hatching,

9.12 mm NL). c The blind-side

and d the ocular-side sagittae

from stage I larvae (40 days

after hatching, 7.39 mm NL).

Accessory primordia (white
arrows) were observed on the

margin of all sagittae
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change with environmental water temperature; conse-

quently, the width and number of rings inside MZ may

change. Investigating the relationship between water tem-

perature and the change in MZ may be necessary in the

future.

During metamorphosis, flatfishes show considerable

change in terms of morphology, and habitat changes from

the water column (larval habitat) to the sea bottom (juve-

nile habitat). Therefore, otolith microstructure analysis

should be performed with larval life separated from that of

g

: 50 µm

MZ

d

: 20µm

: 10 µm

: 10 µm

: 5 µm

a

b

: 10 µm

c

f

e

: 100 µm: 100 µm

h

Fig. 4 Blind-side lapilli of

brown sole larvae and juveniles

reared at 15�C: a 0 days old

(stage A), b 10 days old

(stage C), c 20 days old

(stage F), d 30 days old

(stage G), and f 60 days old

(stage J). e Enlargement of d.

Solid and open triangles in

b indicate the check and

increments formed outside the

check, respectively. White
arrows in c–h indicate

measurement axis 1 (MA 1; cf.

Fig. 1). The solid triangle in d
and e shows the same increment

implying the onset of the

metamorphosing zone (MZ).

Small white bars crossing the

measurement axes in d and e
show daily rings formed during

metamorphosis, and black bars
in e indicate subdaily

increments formed within MZ.

g, h Blind-side lapilli of wild

juveniles (g 20.68 mm SL;

h 34.56 mm SL juveniles).

g and h are oriented with the

dorsal edge uppermost and are

oriented with the anterior edge

towards the right. White
enclosures in g and h indicate

concave areas that occasionally

occurred on the dorsal edges of

blind-side lapilli
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juveniles. For many flatfish species, AP are formed on the

sagittae [10, 16–18], and otolith microstructure analysis

becomes difficult. In contrast, AP are formed at the time of

metamorphosis and are a good indicator of metamorphosis

or settlement. For many species, no AP form on the lapilli,

and concentric increments form throughout the larval and

juvenile stages [10, 17, 36]. Otolith microstructure analysis

using the lapilli is easier than that using the sagittal oto-

liths. However, if the structures related to metamorphosis

are not formed on the lapilli, the age and growth trajecto-

ries with separating larval and juvenile life cannot be

investigated using the lapillus. This might be a disadvan-

tage of using the lapillus for otolith analysis. In brown

sole, MZ is a precise indicator of metamorphosis, and the

concentric increments that formed on the lapilli of juve-

niles could be separated into larval and juvenile rings by

MZ. Ring formation completely ceases during metamor-

phosis on the lapillus of the flounder Rhombosolea tapirina

[37]. A check is formed at the onset of metamorphosis on

the lapillus of the marbled sole [10]. The details sur-

rounding these two indicators of metamorphosis differ

from MZ of brown sole. However, certain indicators of

metamorphosis may be inscribed in the lapilli of other

flatfish species. Thus, we suggest that signs on the lapilli

indicating metamorphosis should be examined when con-

ducting validation studies in flatfish species.

Bilateral asymmetry occurred in the lapilli of large

juveniles (Fig. 1). The lapilli of large juveniles of winter

flounder Pseudopleuronectes americanus and marbled sole

also become bilaterally asymmetrical [10, 17]; therefore,

bilateral asymmetry in the lapilli morphs may be a com-

mon feature of flatfishes. The cause of this bilateral vari-

ation is not yet known but could be a mechanical

consequence of the 90� shift in body orientation or a

functional modification to facilitate hearing and balance

control [17].

Rearing experiment at 12�C: effect of water

temperature on check formation

For many species, larval development is slower at lower

water temperatures [38–40]. Aritaki and Seikai [24] reared

brown sole larvae and juveniles at 6–21�C and reported

that, at higher water temperatures, larvae and juveniles

grew faster and that developmental progress, particularly

after the onset of metamorphosis, was also faster. In

present study, a delay in larval development at lower water

temperatures was also observed. All individuals had

absorbed their yolk sac at 6 days after hatching at 15�C but
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Fig. 5 Relationship between number of days after hatching and body

length (a), and between number of days after hatching and radii of

blind-side lapilli (b). c Relationship between lapillar radius and body

length. Solid circles and bars in a and b show the mean and range,

respectively. Open squares and solid circles in c indicate data for

larvae and juveniles, respectively

Table 2 Developmental stage compositions of brown sole reared at

12�C

Days after

hatching

Number of

specimens

Developmental stage composition (%)

A B C

0 16 100

1 15 73 27

2 15 100

3 15 100

4 15 100

5 15 93 7

7 15 33 67

8 15 20 80

9 15 100

10 15 100

11 15 100
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not until 9 days at 12�C (Tables 1, 2). The formation of the

check was also delayed at 12�C. These results suggest that

the formation of the check on the lapilli of brown sole may

be linked to the complete absorption of the yolk sac. Fur-

ther investigation regarding the timing of check formation

at temperatures \12�C is required.

This study showed that the onset of ring formation may

correspond to yolk sac absorption and that the timing of the

onset changed with change in water temperature. This also

indicates that the hatching date of wild-caught larvae and

juveniles cannot be estimated if environmental water

temperatures are not monitored.

For some species, the onset of ring formation occurs

some days after hatching [7–10, 36]. Rearing experiments

in Japanese anchovy Engraulis japonica [7] and Japanese

sardine Sardinops melanostictus [8] were carried out at

water temperatures that are similar to those in natural

conditions, and they showed that an initial ring was formed

at first feeding (anchovy, 3–4 days after hatching at 20�C;

sardine, 2–5 days after hatching at 18�C). Based on these

results, the numbers of otolith rings plus 3 and plus 2 are

regarded as ages after hatching for field-caught anchovy

and sardine larvae [41–43], respectively; that is, the dura-

tion between hatching and initial ring formation was fixed

in field studies. In present study, the duration between

hatching and the initial ring formation was estimated at

12�C, which is approximately equal to the environmental

water temperature during the spawning season in the Sea of

Japan around Hokkaido. Therefore, the hatching date of

field-caught larvae and juveniles in this area can be esti-

mated. However, environmental water temperature fluctu-

ates interannually; consequently, the error in estimating the

hatching date because of this fluctuation poses a problem.

Maillet and Checkley [9] reported that ring formation in

Atlantic menhaden Brevoortia tyrannus begins at 3–4 days

after hatching at 19�C and that this coincides with the

timing of first feeding. For marbled sole [10], the onset of

ring formation coincides with the complete absorption of

yolk sac (5 days after hatching at 16�C). For these species,

the duration between hatching and the first ring formation

was neglected in field studies. Maillet and Checkley [44]

neglected the days between hatching and first ring forma-

tion (at first feeding) in Atlantic menhaden larvae, and only

the age and growth after first feeding were investigated. Joh

et al. [45] neglected the days between hatching and yolk

sac absorption (the timing of first ring formation) and

estimated the nutritional-transition date distribution instead

of the hatching-date distribution. First feeding and yolk sac

absorption are events that occur relatively early after

hatching, and they are important factors that affect early

growth and survival. Therefore, studying age and growth

after the onset of ring formation is believed to be infor-

mative in early life studies.

Otolith observations in wild-caught juveniles

Linear models explained the relationship between OR

measured on the three axes (MA 1, 2, and 3; Fig. 1) and

SL; the adjusted r2 value from the regression analysis was

highest for the blind-side lapilli (MA 1), indicating that the

linear relationship between OR and SL was strongest for

MA 1. Thus, a blind-side lapillus was considered suitable

for back-calculation of growth.

However, the blind-side lapilli of large juveniles often

had concave areas on the dorsal edges, which has not been

previously reported in flatfishes. If these concave areas

were located on MA 1, the measurement of the increment

widths and otolith radius became difficult (Fig. 4h).

However, 86% of the blind-side lapilli (184 of 215 indi-

viduals; SL range 18.7–42.2 mm) could be used for otolith

analysis. Otolith measurements were easier on the blind-

side lapilli because the measurement axis remained a single

line throughout the larval and juvenile stages. Given these

observations, we suggest that the blind-side lapilli are

suitable for otolith microstructure analysis in brown sole. If

the size of wild-caught juveniles is small and no concavity

is observed on their lapillus, otolith microstructure analysis

is easy with a blind-side lapillus. However, when the size

of the field target is large and concavities are observed on

the lapillus, the lapilli on which the concavities are located

on MA 1 need to be eliminated before analyses. The type

of otolith that is appropriate for otolith microstructure

analysis needs to be determined for each species, because

otolith growth patterns and morphological changes may

differ among species.

In this study, we reported detailed observations of the

otolith microstructure of brown sole and validated the daily

formation of rings in this species. Further studies can use

these results to analyze otolith microstructure in wild

brown sole and to elucidate the mechanisms that determine

recruitment fluctuations.
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