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suggesting that head and trunk growth was prioritized. 
Positive allometric growth of the tail was simultaneous 
with the formation of fins, suggesting that swimming 
mode transformation, diet changes, and habitat shifts 
occurred after the start of the postflexion stage. Otolith 
growth increments in both the sagittae and lapilli were 
deposited daily, with the first increment formed on day 
1 on the sagittae and day 4 of yolk sac absorption on the 
lapilli. Increments were thin and faint during the early 
developmental stage, gradually increasing to reach the 
broadest widths and the strongest contrast at the post-
flexion stage, which may be related to habitat shifts. 
This information will assist in the breeding and hatchery 
production of C. alburnus and establish suitable meth-
ods for analyzing this species’ spatiotemporal distribu-
tions and early-life traits.
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Introduction

Annual recruitment in fish and adult populations can be 
determined during the early stages of their life history 
and is therefore important for fisheries management 
and habitat conservation (Houde 1987; Takahashi and 
Watanabe 2004; Shoji and Tanaka 2007). Research 
on the early life history of fish includes two integral 
parts: (1) abundance and spatiotemporal distribution 
of fish larvae and (2) growth and survival rates during 

Abstract Fish ontogeny, allometric growth patterns, 
and otolith microstructure are fundamental in aquacul-
ture and essential for understanding the early-life ecol-
ogy of fish. Culter alburnus is a commercially impor-
tant fish species and an excellent breeding target for 
aquaculture. In this study, newly hatched C. alburnus 
larvae were reared to the juvenile stage in a hatchery. 
Three days post hatch, the eyes, mouth, and intestine had 
developed, and the larval yolk sac had been completely 
absorbed. Fin rays started to differentiate in the flexion 
stage and were fully developed by the postflexion stage. 
Pigmentations were well developed in the juveniles. 
Culter alburnus larvae were characterized by 39–43 
myomeres and 23–25 anal fin rays, swim bladder shape, 
and pigmentation. Head length, height, and muscula-
ture height showed positive allometric growth patterns, 
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early life history stages (Belchier and Lawson 2013; 
Beveren et al. 2016). Knowledge of fish ontogeny and 
morphological characteristics allows for the identifi-
cation of larval species and the analysis of abundance 
and spatiotemporal distribution of fish larvae (Kou-
moundouros et al. 1999; Rocha et al. 2020; dos San-
tos et al. 2020).

During ontogeny, larvae, which have an incom-
plete functional system, develop into juveniles within 
a short period (approximately 30 days) and undergo 
dramatic changes in body shape, morphology, metab-
olism, locomotion style, abilities, and respiration 
(Gisbert et  al. 2002; Song et  al. 2019). To adapt to 
environmental conditions, larval fish prioritize the 
development of essential organs and systems involved 
in feeding and locomotion, which increases their 
growth and survival rates (Peṅa and Dumas 2009; 
Khemis et  al. 2013). This preferential development 
of organs results in allometric growth during ontog-
eny, which shows differences in relative growth rates 
among body parts and is expressed by plotting the 
size of individual body parts against body size. Allo-
metric growth patterns lead to both fixed and pheno-
typically plastic morphological differences, which 
result in variable identification characteristics during 
different developmental stages (Gisbert 2002; Khemis 
et  al. 2013; Saemi-Komsari et  al. 2018). Therefore, 
studying early ontogeny and allometric growth pat-
terns is not only helpful in understanding the envi-
ronmental preferences of the different developmental 
stages and the spatial distribution of young fish but 
also indispensable for the assessment and optimiza-
tion of hatchery production and rearing protocols 
(Koumoundouros et al. 1999; Sarpédonti et al. 2000; 
Saemi-Komsari et al. 2018).

Otolith microstructure is a critical tool for deter-
mining age and estimating fish growth and survival 
rate during early life history stages (Green et  al. 
2009). Fish have three otolith pairs, of which the sag-
itta and lapillus are usually present before hatching. 
Sagittae and lapilli are initially circular and change 
shape with ontogenetic development (Yan et al. 2017; 
Sanjarani et  al. 2018; Bounket et  al. 2019). Valida-
tion of daily increments and understanding the timing 
of deposition of the first increment are prerequisites 
for using otolith microstructure to study the early 
life history of fish (Huang et al. 2017; Bounket et al. 
2019). Increment deposition, which is influenced 
by environmental conditions, typically occurs once 

per day under favorable environmental conditions 
but may cease under severe conditions of starvation 
or low temperature (Geffen 1982; Aldanondo et  al. 
2008). The first increment can be laid down during 
the embryonic period, hatching, yolk sac absorp-
tion, or first feeding, depending on the species (Hare 
and Cowen 1994; Green et al. 2009). Otolith micro-
structure characteristics are related to the physiologi-
cal state, habitat type, and environmental stress. The 
otoliths can record major life history events, such as 
hatching, yolk sac absorption, first feeding, meta-
morphosis, and settlement, by forming correspond-
ing marks, bands, or checks in the otoliths (Marannu 
et al. 2017; Bounket et al. 2019). Increment patterns 
also show variable widths and contrast at different 
developmental stages (Hernȧndez et al. 2015; Huang 
et  al. 2017). Determining the otolith microstructure 
and increment deposition rate is a basic requirement 
for understanding early life history traits and ascer-
taining the survival and recruitment success of young 
fish.

Culter alburnus Basilewsky 1855 is the largest fish 
in its genus, growing up to 10 kg in weight and 80 cm 
in length, and living for up to 11 years (Yin and Lv 
2004). It is widely distributed throughout China 
between Taiwan in the south and Heilongjiang in 
the north, although it is most common in central and 
northern China. Culter alburnus is common in rivers 
and lakes, preferring lentic and slow-flowing habi-
tats, and is often the dominant species in lakes, reser-
voirs, and impoundments (Huang et al. 2019). It is a 
predatory, piscivorous fish that mainly preys on small 
fish inhabiting the mid- and upper-water columns 
(Chiu et  al. 2012). Because of the quality and taste 
of its meat, it has a high market value and supports 
an important commercial fishery; however, there have 
been substantial decreases in population size within 
most lakes and rivers due to overfishing and environ-
mental degradation (Yin and Lv 2004; Liu et al. 2012; 
Dong et al. 2017). These factors make C. alburnus is 
an excellent breeding target for aquaculture.

Previous studies on the early life history of this 
species have focused on embryonic and early devel-
opment. The embryonic developmental process has 
been described in great detail and compared among 
different populations in different rivers and lakes 
(Liu et al. 2012; Shao et al. 2016; Dong et al. 2017). 
Early development 1 to 4  days post hatch (dph) has 
been presented in some studies (Liu et al. 2012; Shao 
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et  al. 2016), and morphological characteristics of 
larvae and juveniles have been reported by Gu et al. 
(2008). However, major morphological identification 
features and allometric growth patterns still need to 
be determined during their early life history. The age 
and growth of wild C. alburnus juveniles in the Three 
Gorges Reservoir have been estimated using otolith 
microstructure, based on the criteria for determining 
the age of validated Cyprinidae fish (Zhu et al. 2015). 
The validation of daily increments and the description 
of otolith microstructure development in C. alburnus 
are needed to further study the early life history traits 
of this species.

This study analyzed the ontogenetic develop-
ment, growth patterns, and otolith microstructure of 
C. alburnus by rearing fish from hatching until juve-
nile at 53 dph. Larval and juvenile development are 
described in detail, emphasizing the characteristics 
that can be used to identify the early life stages of 
this species. Allometric growth patterns were deter-
mined to test the hypothesis that growth is prioritized 
in body parts related to feeding, respiration, and loco-
motion. In addition, the daily periodicity of increment 
formation was validated, the timing of the first incre-
ment was determined, and otolith increment patterns 
were observed throughout the developmental stages.

Materials and methods

Fish reared in the hatchery

Fertilized eggs were obtained by artificial breeding 
on May 24, 2018, in the Dongting Lake Fish Breed-
ing Farm in Hunan, China. Eggs were incubated in 
a 5.6 × 1.4-m spawning pool that had continuously 
aerated flowing water. Larvae were hatched on May 
25, 2018, and were moved into a recirculation system 
with circular pools (4 m diameter). After 3 days, the 
larvae had completely absorbed their yolk sac and 
were transferred into a pond and fed on the plank-
ton living in the pond. The recirculation systems for 
both egg incubation and larvae rearing were oper-
ated under natural illumination and ambient water 
temperature, ranging from 25.1 to 28.0  °C (mean, 
26.3 ± 1.06 °C) during the rearing periods. Fish were 
sampled daily from day 0 to 4 dph and then every 5th 
day until June 23, 2018.

Fish reared in the experimental center

Newly hatched larvae were brought back to the 
experimental center at Hunan University of Arts 
and Sciences on May 25, 2018. The larvae were 
reared in a 375 L rectangular tank at 28.0 ± 5.3  °C 
(23.0–32.1  °C), pH of 8.40 ± 0.37 (8.03–8.96), dis-
solved oxygen of 7.51 ± 2.09 (5.42 –8.37) mg/l, and 
under a natural photoperiod. Larvae were fed twice a 
day with egg yolk from 4 to 10 dph, then with shelled 
shrimp eggs until 25 dph, and after that, with a for-
mulated feed (Tongwei Group Limited Company) 
until the end of the rearing period (52 dph). A large 
number of larvae (approximately 2/3) died at 3 dph 
due to the failure of the first feeding; after that, lar-
val mortality rates were very low (approximately 1%). 
Waste and dead larvae were cleaned daily, and 1/3 of 
the water in the tank was replaced with fresh aerated 
water. At least 20 randomly selected larvae were sam-
pled daily for the first 5  days, then every other day 
up to 23 dph, and after that, at 5-day intervals until 
the end of the experiment. These larvae were firstly 
euthanized with a lethal dose of eugenol and fixed 
in a 4% buffered formalin solution. After 2 h, half of 
the larvae were transferred to 85% neutral ethanol for 
otolith analysis. The remaining larvae were preserved 
in formalin solution for morphological observations.

Morphological observations and measurements

Each fish was observed under a Leica M205 ste-
reo-zoom microscope (Leica Microsystems, Wet-
zlar, Germany) and photographed from its left side 
using digital image analysis software. According to 
Miller and Kendall (2009), developmental stages 
were identified as yolk sac, preflexion, flexion, 
postflexion larvae, and juveniles. Morphological 
characteristics, including yolk sac, eyes, pigmenta-
tion, mouth and anus openings, notochord flexion, 
swim bladder and intestine, finfolds, and fins, were 
recorded for each fish. Meristic traits were counted, 
including predorsal myomeres originating from the 
trunk to the dorsal finfold/fin, middle myomeres 
between the dorsal finfold/fin and the anus, the 
postanal myomeres from the anus to the end of the 
trunk, the pectoral, dorsal, anal, and pelvic fin rays. 
Morphometric traits (total length, body length [BL], 
body height, head length and height, eye diameter, 
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trunk length, musculature height, tail length, caudal 
peduncle length, snout length, predorsal length, pre-
anal length, and pre-pelvic length) were measured 
to the nearest 0.01 mm from the pictures using the 
Image-Pro Plus program 6.0. These measurements 
followed dos Santos et  al. (2020) and Song et  al. 
(2019), except that total length was measured from 
the snout tip to the end of the caudal fin and caudal 
peduncle length measured from the anus to the cau-
dal fin base. Morphometric variables are presented 
as a percentage of body length, except for eye diam-
eter and snout length, which are presented as a per-
centage of head length. Additionally, the length and 
height of the yolk sac were measured, and the vol-
ume was calculated as 0.17 × π × length ×  height2. 
The ontogenetic stage was defined as the duration 
from the smallest to the maximum BL of the given 
stage. The median size at the transition between 
two adjacent stages was calculated as the midpoint 
between the largest size of the previous develop-
mental stage and the smallest size of the later stage 
(Huang et al. 2014).

The relationship between BL (mm) and age 
(days) was fitted to a Gompertz growth model:

where t is the age at days, BL is the bode size at age t, 
tf is the age at the inflection point of the curve, k is the 
instantaneous rate of growth, and BL∞ is the asymp-
totic length.

Allometric growth patterns were modeled using 
a power function: Y = aXb, where Y is the depend-
ent variable (measured characters), X is the BL, a 
is the intercept, and b is the growth coefficient. 
Growth was isometric when b = 1, positively allo-
metric when b > 1, and negatively allometric when 
b < 1 (Saemi-Komsari et  al. 2018). The model was 
first calculated from piecewise linear regressions 
performed on log-transformed data to calculate 
the inflection point. Two linear regressions in the 
piecewise linear regression were established for 1) 
BLmin to BLintermediate and 2) BLintermediate to BLmax. 
Then a t-test was used to determine whether the two 
regression slopes were significantly different. The 
BLintermediate value, which ranged from BLmin + 2 to 
BLmax − 2, was defined as the inflection point when 
the comparison iteratively showed the largest t 
(Peṅa and Dumas 2009; van Snik et al. 1997).

BL = BL∞e
−e−k(t−tf )

Otolith preparation and validation of daily increments

Larvae stored in neutral ethanol shrank more than 
larvae stored in formalin, with smaller larvae having 
a higher shrinkage percentage. For example, larvae 
with BL ≤ 12  mm that were stored in ethanol were 
27.4 ± 3.3% (15.8–37.2%) shorter in BL compared to 
larvae stored in formalin, while larvae > 12 mm that 
were stored in ethanol were 3.4 ± 5.6% (1.0–12.9%) 
shorter in BL than in compared to larvae stored in 
formalin.

A pair of sagittae and a pair of lapilli were 
extracted from each specimen under a stereoscope, 
rinsed, dried, and mounted on a glass microscope 
with colorless nail varnish. Asterisci did not appear 
until the flexion stage and were excluded from fur-
ther otolith analysis. Otolith microstructure traits 
were observed, counted and measured to the near-
est 0.01  µm using an image analysis system (Jiseki 
ARP/W version 5.20, Ratoc System Engineering 
Company, Tokyo) with a direct data feed between 
an Olympus BX51 light microscope and a computer. 
The otolith length and otolith width were measured 
for each sagitta and lapillus. The otolith radius was 
measured from the core to the posterior edge of the 
otoliths parallel to the anterior–posterior axis. The 
number of increments was counted, and the width 
of each increment was measured along the otolith 
radius. Clear and readable increments appeared in the 
unpolished lapilli until the juvenile stage; after that, 
otoliths needed grinding using 3000 grit wet sandpa-
per and polished with 0.3-µm lapping film. The left 
or right otolith was randomly selected for analysis, 
and each selected otolith was counted independently 
twice by the same author. In this analysis, the mean of 
the two counts was used when the coefficient of varia-
tion of the two counts was < 10%. The outermost light 
zone on the otoliths was excluded from the increment 
counts and increment width analyses. The day of 
sample collection was excluded when calculating the 
actual age of the fish.

Linear regression, quadratic function, and power 
functions were fitted to the length-at-radius data. 
The best model fit was assessed by comparing the 
coefficients of determination (r2) and the residual 
sum of squares. As a result, the BL-at-radius rela-
tionship for the sagittae was best described by a 
quadratic function, whereas a linear regression 
best described the BL-at-radius relationship of the 
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lapilli. The relationship between the number of 
increments and the actual age was determined using 
a linear regression, of which the intercept corre-
sponded to the day when the first increment formed, 
and the slope implied the increment periodicity. A 
t-test was used to determine whether the slope of 
the regression was significantly different from 1. All 
data are expressed as the mean ± standard deviation 
(SD), and the significance level was set at P < 0.05. 
All statistical analyses were performed using SPSS 
(version 16.0; SPSS Inc., Chicago, IL, USA) and 
STATISTICA 10.0 (TIBCO Software, Inc.).

Results

Growth under different rearing conditions

Larvae grew significantly faster in the hatchery 
than in the experimental tank from 8 dph (Fig.  1; 
Table 1). The Gompertz growth models had differ-
ent parameter values of L∞ = 59.03 and 43.73, K 
= 0.0426 and 0.0232, and tf = 21.95 and 30.08 for 
hatchery (n = 83, r2 = 0.97) and for experimental 
larvae (n = 151, r2 = 0.97), respectively.

Ontogenetic development

Yolk‑sac larva (Fig. 2a)

This stage lasted from hatching to 3 dph under both rear-
ing conditions. Newly hatched larvae varied between 
5.56 and 5.85 mm BL (mean ± SD = 5.72 ± 0.12 mm). At 
hatching (0 dph), the larva had a claviform yolk sac with 
an inflated anterior section, a length of 3.48 ± 0.13 mm 
(63.8% of BL), and a volume of 0.91 ± 0.14  mm3. The 
head was bent downward, the mouth was closed, and the 
spherical eyes were unpigmented. The ventral and dorsal 
finfolds were confluent through the tail (Table 1), and the 
transparent body had a myomere count of 32–33.

At 1 dph, the head straightened, and one black spot 
appeared at the bottom of each eye. The yolk sac was 
sharply absorbed in the anterior section, with a volume of 
0.65 ± 0.15  mm3. Myomere counts varied from 37 to 42.

At 2 dph, the mouth opened and was in a sub-
inferior position. The eyes were pigmented, and 
most of the yolk sac was depleted, with a length of 
3.24 ± 0.22  mm (46.1% of BL) and a volume of 
0.47 ± 0.11  mm3. In addition, a slender intestinal tract 
adherent to the yolk sac appeared. Myomere counts 
varied from 39 to 42.

At 3 dph, the remnant yolk sac had a volume of 
0.08 ± 0.04  mm3. The intestine became thick, the 

Fig. 1  The relationship 
between body length (mm) 
and days post hatching 
(dph) of Culter alburnus 
reared in the hatchery (cir-
cles) and the experimental 
tanks (triangles)
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anus opened, and active exogenous feeding was ini-
tiated. The intestinal finfold and anal finfold were 
separated, and a pair of pectoral fin buds appeared 
(Fig. 3). Predorsal, middle, and postanal myomeres 
were counted (Table 1).

Preflexion stage (Fig. 2b)

At 4 dph, an oval-shaped swimming bladder was 
inflated and increased in size throughout this stage. 
The forepart of the intestine gradually expanded and 

Table 1  Range of days post hatch and body size at each developmental stage and mean ± standard deviation (SD) for morphometric 
and meristic variables in larvae and juveniles of reared Culter alburnus 

TL total length, BL body length, HL head length, TrL trunk length, CpL caudal peduncle length, SnL snout length, PdL predorsal 
length, PpL prepelvic length, PaL preanal length, ED eye diameter, P ray of the pectoral fin, V ray of the pelvic fin, D ray of the dor-
sal fin, A ray of the anal fin

Variables Developmental stages

Yolk-sac Preflexion Flexion Postflexion Juvenile

Rearing Day post hatch (range)
Experimental 0–3 4–12 10–24 22–28 28–52
Hatchery 0–3 4–10 8–17 15–17 17–30
Body size Range, mm
TL 5.56–7.86 6.71–9.77 9.52–16.19 15.76–20.06 20.37–36.61
BL 5.31–7.375 6.39–9.21 8.98–13.71 12.82–16.22 16.18–29.72
Relations %, mean ± SD and range
HL/BL 19.81 ± 0.86 21.10 ± 1.04 25.23 ± 1.66 28.02 ± 0.86 27.66 ± 0.90

18.16–20.97 18.39–23.24 22.14–28.21 26.41–29.93 25.37–29.9
TrL/BL 47.23 ± 0.79 46.63 ± 1.52 43.68 ± 1.83 39.24 ± 1.34 36.80 ± 1.71

46.11–48.22 43.67–49.44 39.53–49.59 37.28–42.13 33.85–41.53
CpL/BL 32.23 ± 0.95 33.22 ± 1.74 31.74 ± 2.27 31.68 ± 0.92 34.67 ± 1.39

31.22–34.06 30.14–36.63 27.72–36.45 30.25–33.73 31.23–37.92
SnL/HL 14.17 ± 1.49 16.50 ± 3.54 20.64 ± 3.86 23.49 ± 1.86 25.56 ± 2.73

12.33–16.49 13.44–18.58 15.72–26.7 22.19–25.73 19.11–28.19
ED/HL 26.60 ± 2.29 26.01 ± 3.17 25.72 ± 1.69 28.58 ± 1.47 31.15 ± 2.28

22.47–31.48 20.29–33.04 23.58–31.61 25.64–30.94 25.43–36.82
PdL/BL 45.40 ± 5.00 45.20 ± 0.04 44.80 ± 2.20 42.30 ± 1.00 39.10 ± 2.50

40.20–58.60 38.30–51.60 36.70–48.30 40.51–44.10 35.10–51.11
PaL/BL NV NV 70.46 ± 2.61 68.71 ± 1.42 66.21 ± 1.64

68.99–79.19 67.05–71.67 61.26–70.92
PpL/BL NV NV 46.93 ± 0.88 47.14 ± 1.51 46.79 ± 2.34

45.33–48.01 45.04–50.92 44.42–64.58
Rays
P NV NV NV 0–10 I, 11–15
V NV NV NV II, 0–8 II, 8
D NV NV III, 0–7 III, 7 III, 7
A NV NV III, 0–12 III, 10–22 III, 21–24
Myomere counts  ≤ / > 11 mm BL
Total 32–42 39–42 40–44 NV NV
Predorsal 11‒12 11‒13 11‒12/13‒15 NV NV
Middle 11‒12 11‒13 11‒13/9‒11 NV NV
Post-anal 16‒18 16‒18 17‒18/18‒20 20–22 NV
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was slightly coiled. The mouth was in a terminal 
position. Internal organs were visible with a paddle-
like caudal finfold (Fig. 3). The myomere counts are 
listed in Table 1.

Flexion stage (Fig. 2c, d)

This stage began with the notochord flexion and 
ended in flexion completion. The pectoral fin was 
completely developed, and caudal, dorsal, and anal 
fin rays developed, with pelvic buds appearing. The 
finfolds disappeared, and the interior organs were 
no longer visible (Fig.  3). Predorsal, middle, and 
postanal myomeres varied between larvae ≤ 11 mm 
BL and larvae > 11  mm BL (Table  1). In the later 
flexion stage, a row of melanophores was observed 

along the dorsal and ventral margins, and some 
were scattered on the head.

Postflexion stage (Fig. 2e)

The mouth was in a sub-superior position and the 
operculum was wholly formed. All fins were wholly 
formed and further ossified (Fig.  3). At the end of 
this stage, the total number of fin rays was 14–15 
pectoral, 7 dorsal, 8 pelvic, and 22 anal. Pre-anal and 
postanal myomeres were counted as 19 and 20–22, 
respectively.

Juvenile stage (Table 1; Fig. 2f)

The body shape began to resemble the adult phe-
notype. In the dorsal margin of the body, three 

Fig. 2  Early ontogenetic development of Culter alburnus. 
a Newly hatched yolk-sac larvae (5.45  mm BL); b preflexion 
larvae (6.78 mm BL); c early flexion larvae (10.07 mm BL); d 

flexion larvae (12.51 mm BL); e postflexion larvae (15.01 mm 
BL); f juvenile (18.04 mm BL) (scale bars = 1 mm)

Environ Biol Fish (2021) 104:1593–1610 1599
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longitudinal bands composed of punctate and flori-
form chromatophores initially extended from the head 
to the caudal peduncle. Pigmentations developed 
toward the abdomen and eventually developed into 
five longitudinal bands. Dendritic and punctate chro-
matophores were widely distributed on the head, with 
intense pigmentation on the back of the head, and 
snout, and behind the eyes. Some rows of punctate 
chromatophores were scattered on the caudal fin, dor-
sal fin, anal fin, and pectoral fin. Pigments were also 
found along the postmedial line of the body.

The mid-size of stage transition from yolk sac to 
preflexion was calculated as 6.88 mm BL, from pre-
flexion to flexion as 9.10  mm BL, from flexion to 
postflexion as 13.27 mm BL, and from postflexion to 
juvenile as 16.2 mm BL.

Morphometric relations

Head length/BL continually increased throughout the 
developmental stages, up to the postflexion stage, 
and snout length/head length also increased until the 
juvenile stage. The eye diameter/head length was ini-
tially large and increased during the flexion stage. 
The trunk length/BL decreased throughout develop-
ment, and the dorsal fin and anal fin got closer and 

closer to the snout. There was little change in the 
caudal peduncle length/BL and pre-pelvic length/BL 
throughout development (Table 1).

Growth pattern

Head length and head height showed positive allomet-
ric growth (b = 1.458 and 1.588, respectively) before the 
inflection point (13.46 mm) and isometric after it (Fig. 4a, 
b). The trunk length had negative allometric growth 
throughout development, while the growth of muscula-
ture height was positively allometric (b = 1.89) before the 
inflection point (12.18 mm) and then continued with posi-
tive, though reduced allometry (Fig.  4c, d). Tail length 
and caudal peduncle length showed isometric growth 
before the inflection point (9.79  mm and 12.18  mm, 
respectively) and positively allometric growth (b = 1.477 
and 1.225) after it (Fig. 4e, f). Body depth growth was 
positively allometric throughout development (b = 1.249; 
Fig.  4g). Finally, the eye diameter showed isometric 
growth up to the inflection point (14.30 mm) and positive 
allometric growth after it (b = 1.519; Fig. 4h).

Otolith shape and microstructure

The sagittal otoliths of newly hatched larva were 
round until approximately 10.4 (8.89–11.88) mm BL, 

Fig. 3  Morphological events observed during ontogenetic developmental process of Culter alburnus 
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then became elliptical, and finally became teardrop-
shaped with a long, pointed, and fragile posterior end 
from 11.5 (10.4–12.6) mm BL (Fig. 5). On hatching 
day, the sagittae showed a black primordium in the 
center, with no increments or bands (Fig.  5a). The 
first band was observed in the sagittae of 1 dph, with 
a light zone on the edge of the otolith, formed on the 
collection day (Fig.  5b). Thus, the first band corre-
sponded to hatching. The first increment, composed 
of a light zone and a dark zone, was observed in the 
sagittae of 2 dph larvae; after that, regular increments 
were deposited in the otoliths. Increments were clear 
in the round and elliptical sagittae (Fig.  5c–e) and 
became unclear in teardrop sagittae, with uncount-
able increments on the rostra (Fig.  5f). The otolith 
length (OL) and otolith width (OW) of 147 sagittae 
ranged from 22.17 to 457.42  µm and from 20.44 to 
189.59 µm, respectively.

Lapillar otoliths of newly hatched larvae were 
slightly oval, showed a black primordium in the 
center, and had no band or increment (Fig. 6a). The 
first band was observed in the lapilli of 1 dph lar-
vae, corresponding to hatching (as per the sagittae) 
(Fig.  6b). No increment or band was formed in the 
lapilli of 2 and 3 dph, and a light zone followed the 
hatching band (Fig.  6c). In the lapilli of 4 dph, the 
second band was observed on the edge of the otolith, 
corresponding to yolk sac absorption (Fig. 6d). Incre-
ments composed of a light zone and a dark zone were 
deposited following the yolk sac absorption band in 
the lapilli after 4 dph. The increments were thin and 
faint during the preflexion and early flexion stages 
(4 to 16 dph; Fig. 6e) and subsequently increased in 
width and contrast. Increments were broad and well 
defined during the postflexion stage (Fig.  6f) and 
remained regular and visible throughout the juve-
nile stage (Fig.  6g). After the flexion stage, otoliths 
became increasingly elliptical with a squarish poste-
rior edge, and the core was offset towards the anterior 
and ventral edges of the lapillus. The OL and OW of 
203 lapilli ranged from 19.48 to 448.75 µm and 17.76 
to 370.53 µm, respectively.

Validating daily periodicity of growth increments in 
the otoliths

The relationship between the BL and the sagittal 
radius was fitted to a quadratic regression (r2 = 0.92, 
F3, 124 = 8175.5, P < 0.01; Fig.  7a). The sagittal 

nucleus radius (from the primordium to the hatch-
ing band) ranged from 8.10 to 19.46  µm (mean, 
16.35 ± 2.86  µm) for 47 hatchery larvae and from 
9.18 to 18.40  µm (mean, 11.86 ± 1.24  µm) for 82 
experimental larvae. The number of sagittae incre-
ments from 113 preflexion and early flexion larvae 
was counted. The linear relationship between age (A) 
and the number of increments (N) in the sagittae was 
expressed as follows: A = 0.075 + 1.003 N (r2 = 0.997, 
F1, 112 = 33,520, P < 0.05; Fig.  7b). The slope of the 
linear regression was not significantly different from 
one (95% CI = 0.99 to 1.02; t-test, t113 = 0.6, P > 0.05), 
confirming daily increment deposition in sagittae. 
The intercept was 0.075 (95% CI =  − 0.018 to 0.168), 
indicating that the first daily increment was formed at 
1 dph.

The relationship between BL and lapillus 
radius was fitted to a linear regression (r2 = 0.98, 
F1, 191 = 7650.2, P < 0.01; Fig.  7c). The hatching 
band in the lapilli of 46 hatchery larvae and 122 
experimental larvae had a radius of 12.21 ± 1.89 µm 
(7.99–15.12  µm) and 10.28 ± 0.97  µm 
(7.95–12.97 µm), respectively. The radius of the core 
(from the primordium to the yolk-sac absorption 
band) in the lapilli of 27 hatchery and 109 experi-
mental larvae was 19.05 ± 1.87 µm (14.13–21.83 µm) 
and 16.20 ± 1.42 µm (12.89–20.18 µm), respectively. 
The linear regression between age (A) and number of 
increments (N) in the lapilli was fitted by the follow-
ing: A = 3.143 + 0.998 N (r2 = 0.999, F1, 120 = 270,134, 
P < 0.05; Fig.  7d). The slope of the regression did 
not differ from one (95% CI = 0.994 to 1.001; t-test, 
t113 =  − 1.25, P > 0.05). The number of increments 
differed from the actual age of reared larvae and juve-
niles by 3.143 (95% CI = 3.045 to 3.241), confirming 
that growth increments were deposited daily from 
4 dph. The mean increment width in the lapilli of 
experimental larvae gradually increased and reached 
the broadest at the 21st increment then steadily 
declined from the 26th increment (Fig. 8).

Discussion

In the present study, morphological characters at 
each developmental stage were described, diagnostic 
characteristics (e.g., myomeres, yolk sac shape, fin 
rays, color patterns, morphometric traits) were pro-
vided, and allometric growth patterns were estimated. 
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In addition, daily deposition rate of increments was 
validated and the first increment was observed at 1 
dph in sagittal and 4 dph in lapillar otoliths, with the 
hatching band present in both sagittae and lapilli, and 
changing increment widths and contrast in lapilli with 
growth and development.

Ontogenetic development

The ontogenetic development of C. alburnus includes 
three distinct phases. During the first phase (yolk sac 
and preflexion stages), the mouth and anus opened, 
the eyes become pigmented, and the intestinal tract 
and gas bladder develop. During the second phase 
(flexion stage), fin rays are differentiated and formed 
and the finfolds are absorbed. Finally, during the third 
phase (the postflexion and juvenile stages), organs 
and systems became fully formed, and pigments and 
melanophores appear and increase in the head and 
body.

The morphological developmental process of C. 
alburnus mirrors the ontogenetic sequence of other 
cyprinids (Wan et al. 1999; Yin and Lv 2010). In pre-
vious studies, the C. alburnus yolk sac depletion at 
4 dph was observed in cohorts from Xingkai Lake, 
Taihu Lake, and Hajiang River, reared in water tem-
peratures 27, 26–31, and 23–25  °C. Moreover, mor-
phological development during the yolk sac stage in 
this study was also in accordance with previous stud-
ies, although the body size at hatching in this study 
was larger than that in other populations (Gu et  al. 
2008; Liu et al. 2012; Shao et al. 2016).

In the early stages of life, C. alburnus can be dis-
tinguished from most species in other genera and 
families by its yolk sac shape, an oval gas bladder, 
and the number of myomeres and fin rays (Cao et al. 
2007). Culter alburnus and its congeners, which are 
found in the Yangtze River and have available infor-
mation on their ontogenesis, show similar early devel-
opment (appearance of eyes, mouth, intestine tract, 
swimming bladder, and absorption of the yolk sac at 
3 or 4 dph). They also have many common character-
istics, including rod-like yolk sacs, > 35 total and > 15 

postanal myomere counts, and more than 20 anal 
fin rays (Wan et al. 1999; Li et al. 2005; Yin and Lv 
2010; Wang et  al. 2020). However, C. alburnus can 
be distinguished from Ancherythroculter nigrocauda 
Yin and Woo 1964, Sinibrama taeniatus (Nichols 
1941), Megalobrama skolkovii (Dybowsky 1872), 
and M. pellegrini (Tchang 1930) by their gas bladder 
shape and color, myomeres, pigmentation occurrence, 
and anal fin rays (Wan et al. 1999; Li et al. 2005; Yin 
and Lv 2010; Wang et al. 2020) (Table 2).

Sympatric species of the same genus C. dabryi 
Bleeker 1871 and C. mongolicus (Basilewsky 1855) 
have similar morphological characteristics during 
yolk sac stage and a similar yolk sac duration to C. 
alburnus, but no information is available on their 
ontogenetic development, which prevents comparison 
with C. alburnus in this study (Jiang et al. 2008). In 
addition to these morphological characters discussed 
above, morphometric relations, which indicate eye 
diameter, position of eyes, anus, dorsal fin, anal fin, 
and pelvic fin, can be used to verify the identification 
of C. alburnus larvae.

The body of a fish can be divided into head, trunk, 
and tail segments, which play different roles in feed-
ing, locomotion, metabolism, digestion, and respira-
tion and show different allometric growth patterns 
(Khemis et  al. 2013). Head development is vital for 
feeding and shows prioritized growth in many tel-
eost groups, helping newly hatched larvae establish 
exogenous feeding (Peṅa and Dumas 2009; Gao et al. 
2015). Head length and depth of C. alburnus showed 
positive allometric growth patterns from hatching 
until the late flexion stage, implying differentiation 
and development of neural (midbrain and hindbrain) 
and sensorial structures (free neuromasts, vision, and 
olfaction), respiratory systems (branchial apparatus), 
and food processing organs (mouth, hyoid, and man-
dibular structures). The development of these organs 
and systems allows larvae to react to light stimuli, 
find and obtain prey, detect potential predators, and 
successfully complete the transition from endoge-
nous to exogenous nutrition. This facilitates a higher 
growth rate and better survival probability during the 
early stages of life history (Gisbert et al. 2002; Peṅa 
and Dumas 2009; Wang et al. 2019).

Trunk growth can be related to the development 
of myomeres, vertebral columns, digestive tracts and 
associated glands, which assist with locomotion and 
metabolism (Gao et  al. 2015; Saemi-Komsari et  al. 

Fig. 4  Morphometric relationships between body length (BL, 
mm) and a head length, b head height, c trunk length, d mus-
culature height, e tail length, f caudal-peduncle length, g body 
height, h eye diameter during the early development of reared 
Culter alburnus 

◂
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2018). In the trunk segment of C. alburnus, trunk 
length showed negative allometric growth through-
out development, while musculature height had posi-
tive allometric growth until the flexion stage. The 
rapid growth of musculature height implies continu-
ous development of the digestive tract and glands 
(i.e., formation of kidney and mucosa folds and coil-
ing of the intestine), promoting enzymatic activities 
and enhancing digestive and assimilative abilities 
(Peṅa and Dumas 2009; Xu et  al. 2020). The nega-
tive allometric growth of trunk length may be related 
to the larval anguilliform swimming style, which 
mainly depends on the body finfold (Saemi-Komsari 
et  al. 2018). The allometric growth pattern on the 
trunk segment in this study has also been observed 

in many fish species, such as the American shad 
Alosa sapidissima (Wilson 1881), spotted sand bass 
Paralabrax maculatofasciatus (Steindachner 1868), 
and electric yellow cichlid Labidochromis caeruleus 
Fryer 1956 (Peṅa and Dumas 2009; Gao et al. 2015; 
Saemi-Komsari et al. 2018).

Tail growth can enlarge the propulsive area and 
promote propulsive power, assisting with locomotor 
function and swimming mode (Khemis et al. 2013). 
The tail length and caudal peduncle length of C. 
alburnus displayed negative allometric growth until 
the flexion stage. Faster tail growth after the flexion 
stage, coupled with the development of paired and 
unpaired fins and eyes, and the absorption of the 
body finfold may prompt a progressive transition of 

Fig. 5  Sagittal otoliths of reared larval Culter alburnus. a The 
circular otolith of newly hatched larva with 5.20 mm BL; b the 
circular otolith of larva 1 day post hatch (dph) with 5.61 mm 
BL; c the circular otolith of larva 2 days dph with 7.05 mm BL; 
d the circular otolith of larva 7  days dph with 8.15  mm BL; 
e the elliptical otolith of larva 13  days dph with 10.21  mm 

BL, red line shows the radius and the direction of increment 
counting and measurement on the posterior area; f the tear-
drop-shaped otolith of larva 13 days dph with 11.18 mm BL. P, 
primordium; HB, the hatching band; FI, the first increment; A 
and PO indicate the anterior and posterior area of the otoliths, 
respectively (scale bars = 10 microns)
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larval swimming modes from anguilliform swim-
ming to subcarangiform swimming (Khemis et  al. 
2013; Saemi-Komsari et al. 2018). Subcarangiform 
swimming leads to higher efficiency and speed, 
which greatly improves the ability to seek and cap-
ture prey and avoid predators (Khemis et al. 2013). 
Fast tail growth during the later flexion stages has 
been observed in other species, such as the spotted 
seahorse Hippocampus kuda Bleeker 1852, manda-
rin fish Siniperca chuatsi (Basilewsky 1855), where 
the tail may play a minor locomotory role during 
early larval stages (Choo and Liew 2006; Song 
et  al. 2019; Xu et  al. 2020). In contrast, many fish 
species show fast early tail growth, indicating that 
allometric growth patterns during early ontogenetic 

development are specific-species and based on the 
immediate needs of each stage (Peṅa and Dumas 
2009; Saemi-Komsari et  al. 2018; Wang et  al. 
2019).

Validation of otolith increments

Sagitta and lapillus are the most commonly used oto-
liths to estimate age and growth of fish (Morioka et al. 
2006; Joh et al. 2011; Song et al. 2019). In cyprinid 
fish, lapilli maintain a regular shape throughout devel-
opment and are suitable to determine age, whereas 
sagittae show visible and countable increments dur-
ing initial stages, but increments become uncountable 
and fragile when sagittae develop a teardrop shape. 

Fig. 6  Lapillar otoliths of 
reared larval and juvenile 
Culter alburnus. a The oval 
lapillus of newly hatched 
larva with 5.44 mm BL; b 
the lapillus of yolk-sac larva 
1 day post hatch (dph) with 
5.61 mm BL; c the lapillus 
of preflexion larva 3 dph 
with 6.47 mm BL; d the 
lapillus of preflexion larva 4 
dph with 7.46 mm BL; e the 
oblong lapillus of flexion 
larva 14 dph with 10.78 mm 
BL; f the lapillus of post-
flexion larva with 15.78 mm 
BL; g the posterior area in 
the lapillus of a juvenile 
with 22.15 mm BL, solid 
arrow indicates the radius 
and the direction of incre-
ment counting and measure-
ment. P, primordium; HB, 
the hatching band; YB, the 
yolk-sac absorption band; 
FI, the first increment; A, 
PO, D, and V indicate the 
anterior, posterior, dorsal, 
and ventral areas of the 
otoliths, respectively (scale 
bars = 10 microns)
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Sagittae of many cyprinid fish have clear increments 
until the later flexion stage or later at 20–30 dph or 
more, such as, A. nigrocauda (18 dph), Hemigram‑
mopetersius barnardi (Here 1936) (20–30 dph), and 
European chub Squalius cephalus (Linnaeus 1758; 
about 45 dph) (Morioka et al. 2006; Li 2008; Bounket 
et al. 2019). Similar to other cyprinids, the sagitta of 
C. alburnus showed visible increments up to the late 
flexion stage at 12–20 dph.

Cyprinids are the most common freshwater fish in 
China, and studies have established the daily deposi-
tion rate in some species’ sagittae and lapilli (Fu et al. 
2003; Yan et  al. 2017; Boumket et  al. 2019). How-
ever, few validation studies have been conducted on 
Culter spp., which include many widely distributed 

and commercially important fish species (Li 2008). 
Our study confirmed that increment deposition 
occurred daily in the sagitta and lapillus of C. albur‑
nus, consistent with the situation in other cyprinid 
fish (Ding et al. 2015; Huang et al. 2017; Yan et al. 
2017). However, the daily periodicity of increment 
formation in C. alburnus otoliths occurs under nor-
mal environmental conditions and may not be valid 
if fish are subjected to extreme water temperatures or 
starvation.

The relationship between actual age and incre-
ment counts suggested that the first daily increment 
was formed on the 1st and 4th day in the sagittae and 
lapilli of C. alburnus, respectively. Observations of 
the otolith microstructure showed that a hatching band 

Fig. 7  Relationship between body length (mm) and radius of 
sagittae (a) and lapilli (b) of hatchery and experimental larvae 
of Culter alburnus was fitted by the following: y = 4.871 + 0.
058x − 9.026 ×  10−5x2 (n = 127, r2 = 0.92) and y = 5.45 + 0.067x 
(n = 193, r2 = 0.98), respectively, and relationship between age, 

the number of days post hatch (dph), and the number of incre-
ments in sagittae (c) and lapilli (d) of hatchery and experi-
mental larvae was fitted by the following: y = 0.075 + 1.003x 
(n = 113) and y = 3.143 + 0.998x (n = 122), respectively
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was present in both sagittae and lapilli. Clear daily 
increments were formed following the hatching band 
on the sagittae but did not occur on the lapilli until the 
4th day. Both methods documented that the hatching 
bands on the sagittae and lapilli were observed the 1st 
day, which occur in many cyprinid fish, e.g., A. nigro‑
cauda, S. cephalus, Schizothorax (Racoma) davidi 
(Sauvage 1880), and Tanichthys albonubes Lin 1932 
(Shi et al. 2006; Li 2008; Yan et al. 2017; Boumket 
et  al. 2019). However, C. alburnus lapilli displayed 
the first increment on the 4th day, corresponding to 
yolk sac absorption, and no discernible increment 
occurred during the yolk sac stage. Deposition of the 
first increment at yolk sac absorption or the first feed-
ing has been reported in some cyprinid fish (e.g., mud 

carp Cirrhinus molitorella (Valenciennes 1842)), and 
many species from other families, such as Pseudo‑
pleuronectes herzensteini (Jordan et Snyder 1901), 
S. chuatsi, and Coilia ectenes (Jordan et Seale 1905) 
(Joh et al. 2011; Huang et al. 2014; Song et al. 2019). 
A hatching band has been observed in the otoliths of 
all studied cyprinid fish and is also common in other 
species, such as Siganus spinus (Linnaeus 1758), 
mackerel icefish Champsocephalus gunnari Lönn-
berg 1905, and Lophius budegassa (Spinola 1807) 
(Soliman et  al. 2010; Mesa et  al. 2013; Hernȧndez 
et al. 2015). The yolk sac band, which formed in the 
lapilli of C. alburnus, has also been observed in the 
otoliths of some other cyprinids, including A. nigro‑
cauda, T. albonubes, and C. molitorella (Shi et  al. 

Fig. 8  Mean ± standard 
deviation increment widths 
in the lapilli of experi-
mental larvae of Culter 
alburnus 

Table 2  Morphological characteristics, which can be used to identify Culter alburnus from its congeners: Ancherythroculter nigro‑
cauda, Sinibrama taeniatus, Megalobrama skolkovii, and M. pellegrini in early life history

Species C. alburnus A. nigrocauda S. taeniatus M. skolkovii M. pellegrini

Size at hatch (mm) 5.56–5.85 4.10 ± 0.02 4.54 ± 0.04 4.3 4.75–4.9
Gas bladder Oval, colorless Elliptical, colorless Elliptical, black Oval, black Oval, black
Myomeres 39–43 42–47 37–40 38–49 43–48
Middle/postanal myomeres 11–13, 16–18 – – 12–13, 16–17 16, 18
Occurrence of pigments Postflexion Flexion Yolk-sac Postflexion Preflexion
Anal fin rays 23–25 25–26 23 25–27 25–27
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2006; Li 2008; Huang et al. 2017) and other fish spe-
cies, for example, P. herzensteini and L. budegassa 
(Joh et al. 2011; Herńandez et al. 2015).

Increment patterns usually show various contrasts 
and widths at different developmental stages due to 
ontogenetic, physiological, and genetic factors (Bounket 
et al. 2019; Huang et al. 2017; Marannu et al. 2017). 
In this study, the lapillus increments were thin and 
faint during the preflexion and early flexion stages 
and increased in contrast and width to reach a maxi-
mum during the postflexion stage. Thin and obscure 
increments near the core have also been observed in 
many fish species, such as C. molitorella, Lateolabrax 
japonicus (Cuvier 1828), and S. spinus and P. herzen‑
steini (Islam et al. 2009;Soliman et al. 2010; Joh et al. 
2011; Huang et  al. 2017). Increment patterns in the 
central area may be related to weak swimming ability, 
narrow activity range, stable environmental condi-
tions, and slow growth of newly hatched larvae. Incre-
ment width and contrast reach their maxima at the 
postflexion stage, when the swimming mode changes 
and the ontogenetic diet and habitat shifts occurred, 
allowing larvae to have a wide range of action, intense 
activity, and the ability to feed on plentiful prey. As a 
result, fish undergo variable environmental conditions 
and grow faster, which may explain the occurrence of 
the increments with the strongest contrast and broad-
est widths (Green et al. 2009). For example, the incre-
ment widths of C. molitorella and black-spot tuskfish 
Choerodon schoenleinii (Valenciennes 1839) reached 
the maximum value, and C. molitorella showed the 
clearest increments during the metamorphosis period 
(Yamada et al. 2009; Huang et al. 2017). In other spe-
cies, metamorphosis can be recorded in otoliths by 
microstructural characteristics, such as accessory pri-
mordia, wide and obscure increments, or considerably 
reduced increment widths (Soliman et  al. 2010; Joh 
et al. 2011; Song et al. 2019). The observed patterns 
in this study of increment widths, showing an increas-
ing trend followed by a steady decrease, are common 
in other species, such as L. budegassa, C. molitorella, 
and C. schoenleinii (Yamada et al. 2009; Hernȧndez 
et al. 2015; Huang et al. 2017).

Sagittae of Cyprinidae, Pleuronectids, and Per-
ciformes are considered unsuitable for increment 
analysis because of their complicated and irregu-
lar morphology with accessory primordia and an 
elongated posterior rostrum after metamorphosis 
(Joh et  al. 2011; Bounket et  al. 2019; Song et  al. 

2019). This study showed that increments were not 
sufficiently clear around the centrum and were too 
narrow to distinguish in the lapilli, but increment 
widths in sagittae were large and clear during the 
early larval stage. Therefore, we suggest that incre-
ment counts of sagittae can be used in teardrop-
shaped sagittae in cases where increments in the 
central region of lapilli are difficult to discern. Sim-
ilarly, it is also suggested that both the sagittal and 
lapillus otoliths of the same individual should be 
used to estimate age in P. herzensteini and L. japon‑
icas (Islam et al. 2009; Joh et al. 2011).

In this study, hatchery-reared C. alburnus larvae 
had a higher growth rate than experimentally reared 
individuals, with hatchery larvae showing growth 
rates similar to those reported by Gu et al. (2008). 
Differences in growth rate between the hatchery 
and the experimental tanks may be explained by 
prey nutrition and habitat space, as the abiotic fac-
tors were similar between the two rearing systems. 
The radii of hatching and yolk sac bands were also 
larger in hatchery larvae than in experimental lar-
vae, indicating that otoliths grew faster in hatchery 
larvae than in experimental larvae. Consequently, 
the duration of each developmental stage was longer 
in experimentally reared larvae, so body size is 
an important standard for defining developmental 
stages.

This study lays a solid foundation for the aquacul-
ture industry and studying early-life ecology of C. 
alburnus. It provided:

• Morphological characters and morphometric rela-
tions that allow the identification of C. alburnus 
larvae collected in the field

• Information on ontogenetic development and allo-
metric growth patterns

• Validation of daily increments in sagittal otoliths 
that allow accurate age estimation in larvae

• Information on the relationship between otolith 
microstructure patterns and larval development 
stages
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