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The Japanese flounder is a vital economic species among East Asian released and 
cultured fish. Here, we sought to validate daily increment formation and analyze the 
early morphological development of sagittal otoliths and lapillus in Japanese flounder 
larvae and juveniles over 50 days. Our analysis focused on the otolith shapes, the number 
of daily rings present, and their length and width measurements. The results revealed 
that sagittal otoliths and lapillus formed before the fertilized eggs hatched. During the 
larval and juvenile stages, sagittae evolved gradually, transforming from nearly round to 
oval structures, eventually adopting arrow- or pear-shaped forms. Similarly, lapillus 
transformed from nearly round to mussel-shaped structures. The first daily ring became 
evident on the 5th-day post-hatching, demonstrating a daily periodicity during the larval 
phase. We observed a direct relationship between incubation days (D) and the number of 
daily otolith increments (n), expressed as D = n + 5. This deposition trend exhibited a 
daily periodicity for both sagittae and lapillus. We also noted exponential correlations 
between the length (Ls, μm) and width (Ws, μm) of the sagittae and the total length (TL, 
mm). Contrastingly, the lapillus measurements demonstrated linear correlations. 
Furthermore, a linear relationship emerged between the sagittae and lapillus lengths: Ll = 
0.3028Ls + 28.534 (R2 = 0.9366). Additionally, we found a similar linear relationship 
between the sagittae and lapillus widths: Wl = 0.3791Ws + 21.508 (R2 = 0.9426). The 
formation pattern of daily increments in lapillus was notably more distinct than that in 
sagittae, making it highly suitable for age identification and group recognition. This 
study not only contributes to the field of fish ecology but also provides a foundational 
understanding for future research. It can assist in reconstructing early life histories and 
inferences about the spawning periods and grounds of stocked Japanese flounder. 

INTRODUCTION 

Otoliths—calcified structure matter in the ear sacs of all 
teleost fishes—consist of calcium carbonate (~96 %), or
ganic matter, and trace elements. Otolith deposition pat
terns are distinct1 because of the differing physicochemical 
properties of calcium carbonate and organic matter.2,3 This 
pattern results in alternating light and dark bands in 
otoliths. External environment changes leave characteristic 
marks on otoliths, making them a valuable source of fish 

life information. In the study of the early life history of 
fish, otoliths are crucial for calculating early-stage growth 
and development, as determined by daily rings. The appli
cation of otolith microstructure to identify the age of juve
nile fish was first proposed by Brothers et al.4 Subsequently, 
identifying daily rings in fish otoliths became a significant 
research method in fish ecology.5‑8 Otolith microstructure 
analysis is widely used to determine the age of juvenile and 
young fish, as well as to make presumptions about spawn
ing grounds and hatching periods.9‑14 Since fish are influ
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enced by various growth environments and genetic factors, 
otolith shape and ring deposition exhibit interspecific dif
ferences. Otolith shape can thus be utilized to identify dif
ferent geographic groups. To date, scholars have studied 
otolith shape and ring deposition in various fish species.15,
16 Furthermore, otolith microchemical characteristics, such 
as trace elements and stable isotopes, are closely related to 
the living environment of the fish. Otolith chemical compo
sition is valuable for age and population identification, pro
viding essential data to understand changes in the growth 
environment, population size, and resource amounts of the 
fish.17‑22 

The Japanese flounder (Osteichthyes, Paralichthyidae, 
and Paralichthys) is primarily found in the Yellow and Bo
hai Sea of China, as well as in Korea and Japan and holds 
economic significance in China. However, in recent years, 
due to environmental pollution, overfishing, and water 
conservancy projects, the wild population of Japanese 
flounder has rapidly declined. Since the 1980s, China has 
been replenishing the wild population in natural waters 
by releasing artificially cultivated Japanese flounder larvae 
into the Bohai Sea to mitigate resource damage caused by 
anthropogenic actions. Stock enhancement is a vital strat
egy to improve the aquatic ecological environment, restore 
fishery resources, protect biodiversity, and promote sus
tainable development.23‑27 Effective assessment of the ef
fects of stock enhancement relies on valid identification of 
wild and released populations. Currently, in vitro, molec
ular, and otolith microchemical markers have been estab
lished to identify Japanese flounder populations.28 How
ever, a scientific and effective identification technique for 
identifying proliferating and reproducing fish populations 
is lacking due to the migratory habits of Japanese flounder. 
Given the noticeable differences in the early life environ
ment—such as temperature, nutrients, and light cycle—be
tween the wild and released Japanese flounder populations, 
analyzing the otolith microstructure can trace their early 
life history and aid in identifying the proliferating popula
tion. 
Research on the biology of Japanese flounder, both do

mestically and internationally, mainly focused on gene ex
pression,29,30 feed nutrition evaluation,31,32 genetic breed
ing,33,34 pathology,35 growth,36 reproduction effects,37 and 
other related areas. While evaluations of release effects and 
flounder resource distribution exist, fewer studies explored 
otolith microstructure, particularly otolith early growth 
and development in Japanese flounder. Oshima et al.38 

measured the otolith daily increment in Japanese flounder 
along the Pacific coast of Japan, demonstrating a strong 
correlation between otolith radius growth and body length. 
This further established that otolith growth increment 
could reflect body length growth and predict the fish 
growth trajectory. However, otolith early growth patterns 
and daily otolith ring characteristics in Japanese flounder 
are not clear. 
Therefore, this study aimed to analyze early otolith mi

crostructure and investigate the relationship between daily 
otolith increments and the growth of wild and domesti
cated Japanese flounder parents. Additionally, we aimed to 

provide essential data for the future use of otoliths to in
fer the early life history, evaluate the effects of enrichment 
and release, and facilitate population identification of the 
Japanese flounder. 

MATERIALS AND METHODS 

SAMPLE COLLECTION 

The experimental samples consisted of young fish hatched 
from eggs fertilized by artificial insemination of Japanese 
flounder obtained from the Beidaihe Central Experimental 
Station of the Chinese Academy of Fisheries Sciences. The 
parental fish were wild Japanese flounder caught from the 
Qinhuangdao Sea. The fertilized eggs were artificially in
duced on March 30, 2022 and placed into a hatchery tank 
measuring 4 × 6 × 2 m for hatching. Following hatching, 
the young fish were reared in static water at a temperature 
of 20 ± 0.5 °C, with air stones for oxygenation and water 
changes every 2 days. Initially, rotifers were used as the pri
mary food source. After 14 days, the diet of the fish was 
supplemented with artemia larvae and a specific amount of 
algal liquid. All fertilized eggs used in this experiment were 
progeny from the same spawning parent fish. Starting from 
day 1 after hatching, 15 eggs were randomly sampled daily 
for the first 30 days, and subsequent sampling occurred at 
5-day intervals from 35–50 days after hatching. The pho
toperiod was not controlled in the whole process of cultiva
tion. 

SAMPLE PROCESSING 

After sample collection, each fish was placed on a slide, 
dried with filter paper, and photographed under a light mi
croscope (Lecia Microsysterms Ltd. DFC7000T&M165FC). 
The total length (TL) of the fish was measured using the 
software of the system (accuracy of 0.01 mm). Subse
quently, each fish was placed in a centrifuge tube with an
hydrous ethanol and labeled for storage. 
After photographing the fish, we picked and prepared 

each sagitta and lapillus under a dissecting microscope. 
This involved removing the organic film, cleaning with an
hydrous ethanol, drying, and finally fixing and sealing them 
with neutral gum for later examination. Otoliths that were 
difficult to identify or damaged because of photorefraction 
or cracks in the otolith rings were excluded from further 
analysis. Samples that could not be processed immediately 
were stored in 1.5 ml Eppendorf tubes containing anhy
drous ethanol. 
During the first 30 days, the otoliths did not require pro

cessing, and clear rings were visible. After 30 days, sagittal 
otolith samples needed to be ground with 2000#, 3000#, and 
5000# water-abrasive sandpaper until the cores were visi
ble and the rings clear. Care was taken to avoid over-grind
ing, with constant observation under the microscope. The 
ground otoliths were rinsed with water to remove any sur
face powder, and water stains were gently wiped away with 
a piece of mirror paper before photographing under a fluo
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Figure 1. Status of two otolith pairs during pre- and post-hatching: (a) during the fertilized flounder egg stage                 
(Paralichthys olivaceus ), (b) in flounder larvae.      

rescence microscope. The length and width of the otoliths 
were measured using Motic Images Plus 2.0 software. 

DATA COLLECTION AND STATISTICAL ANALYSIS 

The otolith shape and development images were edited and 
processed using Adobe Photoshop 2022 without altering 
the otolith characteristics. Data are presented as mean ± SD 
and subjected to statistical analysis using a non-paramet
ric test in SPSS Statistics 26.0. A significance level of P < 
0.05 indicated a significant difference, while P < 0.01 was 
considered highly significant. Image analysis and process
ing were performed using Origin 2022 software. 

RESULTS 

Fertilized Japanese flounder eggs, which are transparent, 
spherical, and separate floating, emerged from the mem
brane at 53 hours of incubation at a water temperature of 
20 ± 0.5 °C. The hatchlings were 2.76 ± 0.17 mm in length, 
transparent, and had fin folds extending from the back of 
the head around the tail to the back of the yolk sac. Addi
tionally, they had pectoral fins attached to the back of the 
yolk. By day 30, the entire body of each juvenile was cov
ered with scales, the body color had deepened, the original 
right eye had shifted to the dorsal side, and all the eyes were 
located on the same side. At this stage, metamorphosis was 
complete, and the total length of the juvenile fish measured 
13.46 ± 0.92 mm, with all three pairs of otoliths essentially 
formed. 

MORPHOLOGICAL AND DEVELOPMENTAL OTOLITH 
CHARACTERISTICS IN JAPANESE FLOUNDER 

The observation of otolith shape and development revealed 
that the sagittae and lapillus were formed before hatching 
(Figure 1a ). Initially, the sagittae and lapillus shapes of the 
newly hatched flounder were quite similar with both be
ing nearly round. On the 3rd day after hatching, the fish 
opened their mouths. By the 5th day, the eyespots had 

turned black, the yolk sacs were fully absorbed, and the 
shapes of the sagittae and lapillus remained round (Figure  
1b, Figure 2a  and Figure 2d ). Around the 7th day post-
hatching, two pairs of otoliths became visible in the audi
tory sac of the fish: a lapillus pair near the eye and a sagitta 
pair at the back. While both otolith sizes were similar at 
this point, growth rate differences of the two pairs started 
to emerge. By day 15, the growth rates of the lapillus length 
and width exhibited differences. At 20 days, the sagittae di
ameter exceeded that of the lapillus. By this time, the lapil
lus shape had begun to shift from its initial subcircular form 
to a mussel-like shape, with the otolith core relocating to 
one end. At 26 days, the sagittal otoliths started extend
ing to both ends, changing from subrounded to oval while 
the lapillus retained their mussel-like form (Figure 2b  and 
Figure 2e ). By day 30, all eyes were on the same side, and 
by the vomeronasal stage, some of the sagittal otoliths had 
adopted pear or arrow shapes, transitioning completely to 
these shapes by day 35, while the shape of the lapillus was 
more like mussel (Figure 2c  and Figure 2f ). For the ini
tial 30 days post-hatching, otoliths could be observed and 
counted without any specific treatment. 

OTOLITHIC PRIMORDIUM AND CENTRAL NUCLEUS 

During the otolith growth process of Japanese flounder 
fries, typically one growth center referred to as the otolith 
center nucleus (N) was present, along with one otolith pri
mordium (P) at the center. The N, serving as the circular 
growth center, added rings daily. In the otolith samples, 
variations were observed, including 1N2P, 2N2P, and 1N3P 
types in addition to the 1N1P type (Figure 3 ), with percent
ages of 7.85, 2.76, and 1.55 %, respectively (n = 1248, Figure  
4). A small number of 2N3P, 3N3P, and 2N4P types (1.29 % 
of the total) were also identified. The primary central nu
cleus types and protopodium of sagittae and lapillus were 
consistent with the percentages of total otolith types (1N2P 
and 2N2P). The percentage of lapillus 1N2P types was 4.22 
% higher than that of sagittal otoliths, with types 4N2P and 
3N3P occurring exclusively on sagittal otoliths. 
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Figure 2. Shape and growth of two pairs of otolith in Japanese flounder.            
The shapes of the sagittal remained subcircular by the 5th day; b. the sagittal shape had become to oval at 30 days. c. the shape of the sagittal otoliths were pear or arrow form at 50 
days. d. the shapes of the lapillus remained subcircular by the 5th day. e. the shape of the lapillus had become to a mussel-like shape at 30d days. f. the shape of the lapillus was more 
like mussel at 50d days. 

Figure 3. Different numbers of primitive and central nuclei in otoliths.          
a. One growth center with one otolith primordium (P) at the center. b. one growth center with two otolith primordiums c. one growth center with three otolith primordiums d. two 
growth centers with two otolith primordiums. 

CHARACTERISTICS OF DAILY OTOLITH RINGS IN 
JAPANESE FLOUNDER 

Clear and regular rings were not observed on the otolith 
surface from 0 to 4 days after hatching. However, a clear 
first ring did appear on the 5th day when the fish had a total 

length of 4.27–5.49 mm (Figure 5 ); subsequently, one ring 
formed on each day after that. As a result, a straightforward 
relationship between the age (D) of Japanese flounder and 
the number of otolith rings (n) was observed, which can be 
expressed as D = n + 5. Each complete daily ring of Japan
ese flounder otoliths consisted of one wider growth band 
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Figure 4. Otolith proportions with different numbers      
of primitive and central nuclei.      

Figure 5. First ring of otolith.     
a. The first ring of the lapillus did appear on the 5th day. b. The first ring of the sagittae 
did appear on the 5th day. 

and one narrower intermittent band (Figure 6 ). The growth 
band was transparent, while the intermittent band had a 
dull color. The observation revealed that the first daily ring 
had a notably darker color than the subsequent ones, with 
2–4 dark bands of relatively lighter color interspersed be
tween the two darker bands at older ages. 

RELATIONSHIP BETWEEN TOTAL LENGTH AND 
INCUBATION DAYS 

The TL and age (D) of Japanese flounder larvae raised at 
20 ± 0.5 °C exhibited a linear correlation (Figure 7 ). This 
relationship can be described by the equation TL = 0.3515 
D + 2.9856 (R2 = 0.9472), indicating a daily growth rate of 
0.3515 mm/D. 

RELATIONSHIP BETWEEN LENGTH AND WIDTH OF 
OTOLITH AND AGE 

Freshly hatched Japanese flounder litters had a total length 
of 2.55–2.87 mm and sagittae and lapillus diameters rang
ing from 16.45 to 23.56 μm, with little difference in size. 
The otoliths displayed cracks radiating outward from the 

Figure 6. Daily ring of Japanese flounder on 20th day         
post-hatched.  
a. The daily ring of the sagittae on 20th day post-hatched. b.The daily ring of the lapillus 
on 20th day post-hatched. 

Figure 7. Relationship between total length and daily       
age of   Paralichthys olivaceus.   

central nucleus. On the 5th day, the flounder opened their 
mouths and transitioned from endogenous nutrition to ex
ogenous intake, reaching a total length of 4.27–5.49 mm. 
At this stage, the sagittae and lapillus had lengths ranging 
from 23.00 to 30.43 and 20.00 to 27.82 μm, respectively. 
By the 30th day, when the young had a total length of 
12.11–15.07 mm, the sagittae measured between 
144.69–253.04 μm in length, and the lapillus ranged from 
90.00–27.82 μm in diameter. During this period, the lapillus 
shape gradually changed from nearly round to oval and 
eventually to arrow- or pear-shaped by the end of the sam
pling. 
The length and width (L and W) of the two otolith pairs 

centered on the otolith core were measured, and their re
lationship to total length and days of incubation were cal
culated. The results showed that the lengths of the sagittal 
otoliths (Ls) and the lapillus (Ll) of the flounder young cul
tured at 20 ± 0.5 °C began to change markedly on the 25th 
day when the growth rate of the sagittae accelerated signif
icantly. Both the length and width showed an exponential 
relationship with age (Figure 8 , Figure 9 ): 
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Figure 8. Relationship between sagitta or lapillus      
length and daily age.     

Figure 9. Relationship between sagitta or lapillus      
width and daily age.     

Ls = 16.796 e0.0778D ( R2 = 0.9728), 
Ll = 18.382 e0.0537D (R2 = 0.9537), 
Ws = 18.41 e0.0538D (R2 = 0.9533), and 
Wl = 17.489 e0.053D (R2 = 0.9429). 

RELATIONSHIP BETWEEN THE LENGTH AND WIDTH OF 
THE OTOLITH AND ITS TOTAL LENGTH 

The relationships between the TLs of all the juvenile fish 
and the length and width of the sagittae and the lapillus 
were examined. Among these, the length and width of the 
lapillus displayed the most substantial linear fit to the total 
length of the juvenile fish. This finding indicates a markedly 
linear relationship between the total the length and width 
of the lapillus during the early flounder growth stages (Fig
ure 10 ). The relationships with the length and width of the 
otolith, respectively, are as follows: 
Ll = 11.965 TL - 47.955 (R2 = 0.9265) and 
Wl = 11.194 TL - 44.604 (R2 = 0.9247). 

Figure 10. Relationship between the length and width       
of lapillus and the total length.       

Figure 11. Relationship between the length and width       
of sagitta and the total length.       

The length and width of the sagittae were exponentially 
related to the total length of the litter (Figure 11 ). Because 
the growth rate of the sagittal otoliths in the Japanese 
flounder changed significantly at the 25th day, the relation
ship between Ls and TL was divided into two parts using the 
25th day as the cut-off point. Both were exponentially re
lated to the length of the litter. The equations defining the 
relationships are as follows: 
Ls = 10.472 e0.1977 TL (R2 = 0.9492) and 
Ws = 10.222 e0.211TL (R2 = 0.9543). 

RELATIONSHIP BETWEEN LAPILLUS AND SAGITTAL 
OTOLITHS 

As the TL of Japanese flounder fry increased, notable dif
ferences between sagittae and lapillus growth rates became 
evident after 25 days. Regression analysis of the measured 
data involving Ls and Ll of 310 fry revealed a linear rela
tionship, expressed by the equation Ll = 0.3028 Ls + 28.534 
(R2 = 0.9366) (Figure 12a ). Similarly, a linear relationship 
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Figure 12. Relationship between the length (a) and width (b) of sagitta and lapillus.             

was observed between the width and the two variables, 
described by the equation Wl = 0.3791Ws + 21.508 (R2 = 
0.9426) (Figure 12b ). 

DISCUSSION 

FIRST DAILY RING FORMATION OF OTOLITHS 

The determination of the first daily ring formation of 
otoliths and the continuity and completeness of daily ring 
formation are important in the age determination of juve
nile fish. Earlier research relied on identifying the time of 
the first daily ring appearance on sagittal otoliths. Here, we 
revealed that the initial daily ring on the sagittal otoliths 
of Japanese flounder materialized on the 5th day. At this 
juncture, the yolk sacs of the fish had been entirely ab
sorbed, and the fish had commenced reliance on exogenous 
nutrients for rapid growth, although the otolith growth rate 
remained at one ring per day. The periodicity of otolith 
daily ring formation aligns with observations from earlier 
studies of sagittal otoliths in starry flounders, striped cat
fish, and horse mackerel.5,6,39 However, the timing of the 
first daily ring formation exhibits notable variations among 
species. In certain species, this forms before hatching, with 
the first daily growth of sagittal otoliths already evident on 
the day of hatching.40 For instance, in blue tilapia, sagit
tarian otoliths commence forming 2–3 days before hatch
ing.41 Conversely, in most fish, the first daily ring occurs on 
or after the day of hatching, and the timing of formation 
varies. For example, the first otolith ring from European 
sardine and French grunts is observed on the first day after 
hatching.42 Contrastingly, species such as haddock, pol
lock, small and large yellow croaker exhibit the first daily 
ring on the 2nd day after hatching.43‑45 Nevertheless, Joh 
et al.46 documented the first daily ring forming on the 6th 
day post-emergence, a timing akin to that in brown sole. 
The formation of the first daily ring is usually associated 
with hatching or initial feeding.47 The emergence of the 
initial daily ring may be linked to embryo development and 
the initiation of feeding. A swift embryo development leads 

to the formation of the initial daily ring and daily increment 
after hatching or once the yolk sac is completely absorbed. 
Conversely, slow embryo development results in the initial 
daily ring formation prior to hatching. 

OTOLITH SHAPE AND MICROSTRUCTURE 

The morphological progression of sagitta and lapillus in 
larval and juvenile Japanese flounder mirrors patterns ob
served in many other fish species, such as Qingbo and 
prenant’s schizothoracin.48,49 Initially, sagittal otoliths ex
hibit a round shape upon emergence from the membrane, 
laterally expanding and transitioning to an oval shape after 
26 days. Subsequently, they gradually adopt a pear- or ar
row-shaped form. Conversely, lapillus start as round and 
slowly transform into a mussel shape after 20 days. This 
morphological transformation is a common occurrence in 
the development of otoliths in teleostean fishes. Otolith 
shape is highly species-specific with their structure remain
ing relatively stable. Consequently, otoliths are considered 
suitable experimental materials for studying inter-species 
or group-level differences in fish.50,51 Furthermore, otolith 
shape serves as an indicator for seawater environments. Re
cently, the rapid expansion of acidified waters in the ocean 
has altered the chemical balance of seawater, posing a ma
jor threat to various marine organisms and ecosystems re
liant on a stable chemical environment. Wang et al.52 con
ducted simulations to ascertain the effects of acidification 
on the otoliths of adult marine Medaka. The study simu
lated possible levels of acidification in near-shore waters 
and discovered that seawater acidification did not substan
tially impact otolith shape but did affect the symmetry of 
vectorial otolith shape and weight. 
Regarding the microstructure of otoliths of Japanese 

flounder, the typical occurrence involves a single central 
nucleus and primordia. However, instances of multiple pri
mordia and central cores exist. We also found The percent
age of lapillus 1N2P types was 4.22 % higher than that of 
sagittal otoliths of Japanese flounder. According to the for
mer studies, some fishes had the otoliths with multiple pri
mordia, such as Gymnocypris potanini, Grass Carp, Silver 
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Carp, Lost River sucker and shortnose sucker, yet the rea
sons for their presence were not thoroughly explored.53,
54 Furthermore, otoliths with multiple primordia or central 
cores were not investigated in comparison to fish with sin
gle primordia and central cores concerning growth, varia
tions, and survival rates. Further investigations are neces
sary to delve into these aspects. In addition to interspecific 
variability in otolith shape, disparities in the size and shape 
of the central nucleus can serve as an effective means to 
differentiate between wild and cultured populations. Stud
ies of silver and grass carp larvae revealed significantly 
smaller diameters of otolith center nuclei in artificially 
propagated populations compared to those in wild popula
tions.54 

OTOLITHS AND GROWTH 

Here, when the long and short diameters of the otoliths 
were examined, characteristic growth patterns resembling 
ring-like structures were revealed. Lapillus growth exhib
ited a linear relationship with the fish total growth, while 
sagittal otoliths exhibited an exponential relationship. 
Lapillus pairs proved to be more suitable for the early iden
tification of juvenile fish, and notable differences in shape 
and growth between sagittal otoliths and lapillus were ob
served after 25 days. By this point, sagittal otoliths had be
come thicker and necessitated polishing for clear observa
tion, which, in turn, could risk damaging the ring pattern. 
Consequently, lapillus were deemed more appropriate for 
age identification than other otolith pairs. For those con
sidering using sagittal otoliths for growth predictions in 
Japanese flounder, valuable insights could be derived from 
the results presented by Kang et al.55 As an age identifica
tion method for yellow croaker otoliths, different sections 
can be utilized for ring identification, effectively addressing 
challenges posed by larger otoliths that may not fit entirely 
within the field of view of the microscope. Additionally, this 
approach helps tackle the issue of increased otolith thick
ness with advancing age, which can lead to the focal point 
not being confined to a single plane, resulting in overlap
ping, blurred, or entirely absent rings. 
By analyzing the relationship between the length and 

width of the otolith and the total length, we found that 
when the relationship between Ls and Ws of the sagittae 
and TL is exponential, R2 shows the highest fitting degree, 
i.e., 0.9492 and 0.9543, respectively, and both values were 
above 0.9. The linear relationship of Ls and Ws of the sagit
tae and TL was Ls = 36.419 TL - 220.22 (R2 = 0.8425), Ws = 
27.811 TL - 158.26 (R2 = 0.8726), and both R2 values were 
below 0.9. Therefore, the relationship between the length, 
width and total length of sagittae is fit to be an exponential 
relationship. When the relationship between the Ll and Wl 
of the lapillus and TL is linear, R2 values were 0.9265 and 
0.9247, respectively. The exponential relationship between 
Ll and Wl of the lapillus and TL was Ll = 13.234 e0.1448 
TL (R2 = 0.9324), Wl = 12.58 e0.1432 TL (R2 = 0.9255), R2 

between the linear and exponential relationships was very 
small, and we observed that the growth of the lapillus was 
faster in the early stage and leveled off in the late stage. 
Hence, we preferred to use the linear relationship to de

scribe the relationship between the Ll and Wl of the lapillus 
and TL. 
To explore the connection between fish otoliths and 

growth—aside from this study that employed the relation
ship between otolith length and body length—researchers 
associated otolith mass, daily increment, and radius with 
body length, thereby providing additional compelling evi
dence that underscores the utility of otoliths as a favorable 
experimental material for the assessment of fish growth 
and age. For example, Oshima et al.38 meticulously mea
sured the daily increment of lapillar otoliths in early Japan
ese flounder from the Pacific coast of Japan and established 
a strong correlation between the daily radius of otolith in
crements and body length. Jawad et al.56 delved into the 
relationship between body length and otoliths in four fish 
species in the southeastern Yellow Sea, using measure
ments of otolith weights and lengths. In a comparison and 
fitting of the equations that described the relationships be
tween otolith mass and age, as well as body length and age 
for Leuciscus waleckii, Kang et al.55 discovered that the cor
relation between otolith mass and age outperformed that 
between body length and age. This insight led them to uti
lize otolith mass for backward extrapolation of age, result
ing in an impressive 94 % agreement rate between the in
ferred and counted age, all within a one-year age bracket. 
This outcome lays a robust foundation for the application 
of otolith mass in fish age identification. Otolith quality lin
early improves with age, and this method offers a more ef
ficient and expedient alternative to age identification com
pared to that of the conventional method which is reliant 
on otolith rings. 
Nonetheless, certain limitations in using otolith quality 

for age identification persist, given that the formation 
mechanism of otoliths is still under investigation. Ques
tions remain such as whether variations in the growth en
vironment markedly affect otolith quality, potentially im
pacting the age identification accuracy. Additionally, 
uncertainties arise regarding the potential implications of 
extremely low otolith quality and any anisotropic growth 
patterns during specific fish development stages. Further
more, the applicability of otolith quality to represent a 
broader age and length range of fish for age identification 
requires further investigation. In the foreseeable future, 
a combined approach that integrates ring counting and 
otolith quality could address issues related to low otolith 
quality in age identification while simultaneously improv
ing ring counting efficiency in the later life stages of fish. 
While the utilization of otolith mass for age identification 
can provide an initial estimate at a yearly level, achieving 
precision to the exact day necessitates the continued use of 
the ring counting method. 
Leveraging otolith information for early growth research 

in fish offers insights into their early life history and aids 
in reconstructing the ecological background during that 
phase. This understanding helps researchers discern fish 
spawning grounds and hatching periods. Consequently, 
comprehending early otolith growth and development pat
terns establishes a foundation for exploring the ring infor
mation encapsulated within otoliths. It also furnishes es
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sential data for future applications, such as reconstructing 
the early life history of Japanese flounder, assessing the 
impacts of stocking and releasing Japanese flounder, and 
distinguishing between different groups. Furthermore, this 
study highlights lapillus as advantageous for otolith studies 
of juvenile fish, given their ease of processing and clearer 
otolith ring patterns compared to sagittal otoliths, suggest
ing that lapillus should take precedence in future juvenile 
fish otolith research. 

CONCLUSION 

Fish age identification is the basis of fishery resource as
sessment, and otolith is one of the main fish age identi
fication materials. Currently, no unified age identification 
standard for Japanese flounder exists. To study the growth 
and life history of Japanese flounder in natural waters, the 
otolith daily increment formation and early growth of 
Japanese flounder were studied in this study. We found that 
sagittal otoliths and lapillus began forming even before the 
fertilized eggs hatched. The initial daily ring on the sagit
tae and lapillus materialized on the 5th day, when the yolk 
sacs of the fish had been entirely absorbed. The sagittal 
otoliths changed from subrounded to oval at 26 days, and 
had adopted pear or arrow shapes by day 35. The lapillus 
shape had begun to shift from its initial subcircular form 
to a mussel-like shape. After 25 days, the growth differ
ence between the sagittae and lapillus became larger, the 
sagittae became thicker, and the observation process of the 
daily ring became more complicated. We also found that 
the otoliths had characteristic growth patterns resembling 
ring-like structures in the long and short diameters, and 
exponential or linear correlations were present between 
otolith and age and length, and hence, the growth and life 
history of Japanese flounder in natural waters can be stud
ied by the daily ring on the otolith. 
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