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Abstract To examine regional specific diversity in de-
velopment and growth of Ayu (Plecoglossus altivelis)
larvae, we collected and compared collections from the
Kalong estuary in Vietnam, and the Shimanto andMuko
estuary, and the Niigata coast in Japan. Among the four
areas, most of the morphometrics through ontogeny
were similar except that the snout tended to be shorter
and the anus hardly migrated in Kalong larvae. The
snout length increased gradually with growth in the

Vietnamese larvae, while this value increased signifi-
cantly until ca. 10 mm BL, subsequently being constant
up to 30 mm body length (BL) in the Japanese larvae.
The water temperature when the larvae were collected
was higher in the Kalong than in most of the Japan sites.
Growth-rates estimated from otolith increments were
from highest to lowest, Niigata (mean=0.54 mm/day),
Kalong (0.47), Shimanto (0.38) and Muko (0.34). The
higher growth-rates were obtained not in Niigata of
highest latitudinal region, but in Kalong of lowest lati-
tudinal region. This indicates that Ayu could experience
their early developmental stages from the cool temperate
to tropical regions, implying the potential biodiversity of
this fish species in the world.

Keywords Ayu larvae . Biodiversity . Development and
growth . Vietnam . Japan

Introduction

The Ayu (Plecoglossus altivelis), an amphidromous fish
with a life span of only 1 year, spawns in the lower
reaches of rivers in autumn. Newly hatched larvae drift
down into estuaries and coastal waters, where they
remain throughout their larval and early juvenile stages,
and then in spring juveniles ascend the rivers. They
grow and mature in rivers, and spawn in the following
autumn (Senta and Kinoshita 1985; Tsukamoto et al.
1989; Takahashi et al. 1990). This species had been
divided into two subspecies , i . e . , the Ayu
(Plecoglossus altivelis altivelis) distributed in the
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Japan Islands and the Ryukyu-ayu (Plecoglossus
altivelis ryukyuensis) in the Ryukyu Islands (Nishida
1988).

Studies on the early life history of Ayu have
progressed since the 1980s when it was discovered their
main nursery ground in shallow waters such as the surf
zone (Senta and Kinoshita 1985). Recently, it has been
shown that a number of Ayu larvae and juveniles remain
in estuaries, and these displayed higher growth rates
(Tsukamoto et al. 1989; Takahashi et al. 1990; Tran
et al. 2012). It was reported that early development
and growth of Ayu vary with spawning period
(Tsukamoto et al. 1989; Takahashi et al. 1990, 2000),
and show a relationship to water temperature (Takahashi
et al. 1999; Kishino et al. 2008; Iguchi and Takeshima
2011).

Tran et al. (2012) found that the Ayu larvae appeared
in the Kalong River, northern Vietnam, which is proba-
bly their southernmost distributional area, thus this sug-
gests that Ayu are the most latitudinally-expanded of
amphidromous fish from cool temperate to tropical wa-
ters. In spite of this study, little is known of the growth
rate of the Vietnamese Ayu and differences in develop-
ment among latitudinal larvae.

It has been suggested that the early life history char-
acteristics determine the distribution and population
genetic structure of this fish species (Kwan et al.
2012), and for adaptation to each local environment
the Ayu has remarkable genetic variations in reproduc-
tive and life history traits (Nishida 1986). However,
differences in early stages traits of Ayu among latitudi-
nal cohorts have been poorly reported. In this paper, to
elucidate the distributional biodiversity of Ayu, we ex-
amined and compared development and growth of Ayu
larvae collected from the Kalong estuary (ca. 21°30′N)
facing the Gulf of Tonkin, and the Shimanto estuary (ca.
33°N) facing Tosa Bay, the Muko estuary (ca. 35°N)
facing the Seto Inland Sea and the Niigata coast (ca.
38°N) facing the Sea of Japan.

Materials and methods

Fish larvae were monthly and semi-monthly sampled
from the Kalong River in Vietnam and from three
waters in Japan from October 2010 to February 2011
(Fig. 1, Table 1). Details of the sampling methods and
sites in the Kalong River system are available in Tran
et al. (2012). In Japan, collections were carried out in

wadeable depths of the Niigata coast, the Muko and
Shimanto estuaries (Fig. 1b–d). Samplings were
made along the shore of the Shimanto estuary and
along the bank of the Kalong River by seine net (1×
4 m, 1 mm mesh-aperture) (Kinoshita et al. 1988). In
the Muko estuary, collections were made by a differ-
ent seine net (modified after Kinoshita et al. 1988),
with net bag length 1.5 m, mesh-aperture 0.5 mm
(Fig. 1c). From the Niigata coast, a seine net used
to sample was notably different from the other sites;
the structure and towing methods of this net are
described in Iseki et al. (2012). All Japan specimens
were fixed in 10 % formalin, and sorted larvae were
transferred to 80 % ethanol. Water temperature (°C)
was measured at the surface and bottom of each
station during the sampling periods.

Ayu larvae divided into developmental stages
were in accordance with Kendall et al. 1984, and
larval body length and other body parts were mea-
sured to the nearest 0.1 mm using an ocular microm-
eter attached to a binocular microscope. In this study,
unlabeled lengths indicate BL (notochord length for
preflexion and flexion larvae and standard length for
postflexion larvae). Proportional measurements, in-
cluding pre-anal length (PAL), body depth (BD),
head length (HL), eye diameter (ED) and snout
length (SnL), were made for all specimens collected
from the Kalong River and the Muko estuary, and
100 random specimens of each collection date from
the Shimanto estuary and the Niigata coast (Table 1).
Because larvae smaller than 7 mm BL could not be
collected from the bank waters in the Niigata coast
and the Shimanto estuary, in the latter, the smaller
larvae taken by the simultaneous larva net sampling
were used (Fig. 1d; Table 1).

Age determinations using sagit tal otoli th
(Tsukamoto and Kajihara 1987) were performed only
for specimens ranging from 10 to 30 mm BL in size
(Takahashi et al. 1999) taken from the bank waters
(Table 1). Fifty specimens from each collection date

bFig. 1 Sampling sites of Ayu larvae: a Kalong River system,
northern Vietnam facing the Gulf of Tonkin; monthly and bi-
monthly collections were made from November 2010 to February
2011. b Niigata coast facing the Sea of Japan from October to
December 2010. c Muko estuary facing the Seto Inland Sea from
November to December 2010. d Shimanto estuary facing the
Pacific from November 2010 to February 2011. Solid and open
circles indicate the stations where Ayu larvae were collected by a
larva net and a small seine net, respectively
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were used for age in days estimation, except in the one
case when less than 50 specimens were collected. In
this case, all specimens were used for age determina-
tion, except for samples in the Muko estuary because
of the otolith being damaged (Table 1). The hatching
dates were estimated from the age (days) and back-
calculating from the dates of capture. Growth rate
(mm/day) of each fish was calculated by dividing the
difference between body length at sampling and mean
body length at hatching (5.1 mm; Wakui et al. 2009)
with age in days estimated.

Although a detailed description of the Vietnamese
Ayu larvae was given in the previous work, the identi-
fication to the subspecies level of the Vietnamese Ayu
was still hesitant (Tran et al. 2012). Therefore,
Plecoglossus altivelis is used as the scientific name in
the present study.

Results

Seasonal changes of water temperature

Seasonal changes in mean water temperature at sam-
pling stations from the bank waters of the four sites are
shown in Fig. 2. Temperature gradually fell from around
20 °C in November to below 15 °C in January and
February from most sites. The temperature was highest
in the Kalong water in most of seasons except for mid
January which was lower than in the Shimanto estuary.
From the three Japan waters, the thermal condition
showed a somewhat similarity until middle December,
thereafter it was highest in the Shimanto estuary, and
lowest in the Muko estuary in early January. In contrast
to the Kalong estuary, the temperature was higher in
January than February in the Shimanto estuary. The

Table 1 Collection data of Ayu larvae from the Kalong estuary, Shimanto estuary, Muko estuary, and Niigata coast used for proportional
measurements and age determinations

Sites Sampling dates Stage Range of
BL (mm)

Total number
of individuals

Number of fish measured size
(For age in days estimation)c

Vietnam

Kalong estuary 13 December 2010 A–B 5.2–7.8 51 (13.5)a 51 (0)

5 January 2011 A–B 6.5–8.2 102 (30.5)a 102 (0)

6 January C–D 14.1–16.1 2 (0.12)b 2 (2)

19 January A–C 6.5–12.9 46 (16.0)a 46 (0)

12 February D 19.3–23.8 8 (0.41)b 8 (8)

13 February A–C 6.6–11.9 26 (21.4)a 26 (0)

24 February A–B 7.3–7.5 2 (1.0)a 2 (0)

25 February D 16.6–20.3 11 (0.65)b 11 (11)

Japan

Shimanto estuary 22 November 2010 C–D 7.0–14.6 3804 (330.8)b 100 (50)

30 November A–C 5.1–10.1 1093 (1315)a 100 (0)

23 December B–D 6.7–22.5 2343 (260.3)b 100 (50)

18 January 2011 C–D 8.3–21.5 2125 (202.4)b 100 (50)

16 February C–D 12.7–29.6 371 (37.1)b 100 (50)

Muko estuary 22 November 2010 A–D 4.4–18.3 28 (0.39)b 28 (0)

7 December B–D 8.0–22.6 54 (6.75)b 54 (47)

22 December B–D 6.4–20.0 45 (6.0)b 45 (38)

Niigata coast 23 October 2010 B–D 7.8–16.4 167 (55.7)b 100 (50)

20 November D 14.8–26.2 9005 (9005)b 100 (50)

20 December D 24.2–29.9 1399 (1399)b 100 (50)

Stage: A Preflexion with yolk, B Preflexion without yolk, C Flexion, D Postflexion
aMean density (n/1,000 m3 ) by larva net in the center of current
b CPUE [n/haul (ca. 50 m)] by seine net in the bank waters
c Numeral in brackets indicates number of larvae measured size for age in days estimation
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mean water temperature was ca. 23 °C in October 2010
from the Niigata coast and the Muko estuary (http://
www1.kaiho.mlit.go.jp/KAN5/kaisyo/backn-id.htm;
the present study), and 24 °C in the Shimanto estuary in
October 2008, 2009 and 2011, but no data in 2010 due
to poor weather (the present study).

Development

Figure 3 represents the sequence changes in ratio of five
measured parts to the body length of Ayu larvae collect-
ed at the four sites. There were significant differences
(p<0.05) in the allometry regressions of all body parts
between sites, except for PAL/BL among the three Japan
sites (p>0.05), BD/BL between the Muko and
Shimanto estuaries (p>0.05), and HL/BL in the
Shimanto and Muko estuaries as well in the Niigata
coast and Muko estuary (p>0.05). The ratio of pre-
anal length to BL seemed to be constant as size increase,
with a mean of 76 % in the Vietnamese larvae (Fig. 3a).
In the Shimanto and Muko estuaries, this value gradu-
ally increased up to 10–15 mm BL, and then gradually
decreased until 30 mm BL (Fig. 3a).

In the Shimanto estuary and Muko estuary, initially,
the BD, HL and ED were ca. 7, 14 and 6 % BL, and
gradually decreased to ca. 6, 13 and 4 % BL, respec-
tively, until ca. 10 mm, after that they all began to
increase, and reached ca. 9, 17 and 6%BL, respectively,
at ca. 24 mm (Fig. 3b–d). For the Vietnamese larvae, the
above three ratios revealed the same tendency, but the
turning point occurred at ca. 12 mm BL (Fig. 3b–d). In

the Niigata coast, in spite of limited size ranges between
5 and 8 mm BL larvae, the proportions of PAL/BL, BD/
BL, HL/BL and ED/BL showed a turning point, at ca.
10 mm (Fig. 3a–d).

The ratio of snout to the body length increased
with growth in the Vietnamese Ayu larvae ranging
from 5 to 25 mm in size (Fig. 3e). In the larvae of P. a.
altivelis, this value increased markedly from ca. 1 to
4 %, until ca. 10 mm BL, then became constant up to
30 mm BL (Fig. 3e). Between 10 and 25 mm BL in
size, the snout tended to be longer in the Japanese
larvae (Fig. 3e).

Age and body length relationships

The age-BL relationships of the Ayu ranging from 10 to
30 mm in size from the bank waters of the four sites are
presented in Fig. 4. Linear regressions of BL (y; mm) on
age (x; day) of the four sites were expressed as y=
0.3381x+9.2597 (r=0.98), y=0.2069x+8.6742 (r=
0.76), y=0.2402x+8.3369 (r=0.93) and y=0.2327x+
11.713 (r=0.74) for Niigata coast, the Muko estuary,
Shimanto estuary and Kalong estuary, respectively.
These linear approximations indicated that growth rates
of the larvae were fastest in Niigata coast and slowest in
the Muko estuary. There was a small difference in the
age-BL relationships between localities. Body length at
a 40-day old larva collected from the Niigata coast, the
Muko estuary, the Shimanto estuary and the Kalong
estuary was estimated as 22.8, 16.9, 18.0 and
21.0 mm, respectively.

Growth rate and hatching date relationships

The relationships between growth rate and hatching date
of Ayu larvae are given in Fig. 5. Growth rates showed
differentiations among localities and hatching periods.
Overall, the growth rates were highest for the larvae
born in early October from the Niigata coast, and lowest
in late October and early November from the Muko
estuary (Fig. 5a–b). Mean growth rates (mm/day) of
the Ayu collected from Niigata coast (0.54) were the
highest, followed by the Kalong estuary (0.47), the
Shimanto estuary (0.38) and the Muko estuary (0.34).
From the Niigata coast, growth rates decreased signifi-
cantly with hatching dates from early October to middle
October and November (Fig. 5a). In the Muko estuary,
on the other hand, this value was lowest in October and
early November, and increased until middle November,

Fig. 2 Comparisons of seasonal changes of mean water temper-
ature at surface and bottom of the bank water stations among the
four sites from November 2010 to February 2011
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Fig. 3 Comparisons of the five proportional measurements of Ayu larvae among the Kalong estuary, the Shimanto estuary, the Muko
estuary and the Niigata coast
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Fig. 3 (continued)

Environ Biol Fish (2014) 97:1387–1396 1393



subsequently tended to decrease with hatching dates
(Fig. 5b). From the Shimanto estuary, the growth rate
inclined to decrease with hatching dates (Fig. 5c).
Although a few larvae were collected from the bank
waters of the Kalong estuary, the larvae born in
January-February exposed lower growth rates than

those in December (Fig. 5d), and higher than those
hatched in the same periods from the Shimanto estuary
(Fig. 5c–d).

Fig. 5 Comparisons of relationships between hatching date and
growth rate of Ayu larvae collected from the bank waters among
the four sites

Fig. 4 Comparisons of relationships between age (day) and body
length (mm) of Ayu larvae collected from the bank waters among
the four sites
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Discussion

When the proportional changes of the Vietnamese Ayu
were compared with those of the P. a. altivelis collected
from Japan, there were few differences in the morpho-
metrics through ontogeny, e.g., the snout was shorter,
and the ratio of pre-anal length to BLwas constant in the
Kalong larvae (Fig. 3a, e). In the larvae of P. a. altivelis
(Tachihara and Kimura 1991; Takahashi et al. 2000) and
P. a. ryukyuensis (Tachihara and Kawaguchi 2003), the
percentages of pre-anal length to BL increased remark-
ably up to about 10–15 mmBL, subsequently decreased
until about 30 mm BL, unlike those collected in the
three Japan waters of the present study (Fig. 3a).

In this study, the proportional turning point of the P. a.
altivelis occurred at ca. 10 mm BL, and that of the
Vietnamese Ayu was at ca. 12 mm BL (Fig. 3b–e).
This occurred faster than that in observation of
Takahashi et al. (2000). In the case of reared Ryukyu-
ayu, P. a. ryukyuensis, as the same size range of the Ayu
in the present study, there are two turning points, at ca.
7–8 and 14–18 mm BL, occurring at the completion of
yolk absorption and during the flexion period, respec-
tively (Tachihara and Kawaguchi 2003). In the present
specimens, however, only the latter turning point was
observed at ca. 10–12 mm BL.

Particularly, Takahashi et al. (2000) demonstrated that
the lower water temperature caused the proportional
body depth in the larvae of P. a. altivelis to be more
slender, with their size ranging from 10 to 65 mm BL.
This correlation was not observed for the present larvae
sizes measuring between 5 and 30 mm BL. The body
proportions of Ayu larvae herein were similar in spite of
difference in water temperatures among the four sites
(Figs. 2 and 3). In agreement with the current result, it
was reported that a distinct differentiation in proportions
was detected only in larvae and juveniles over 30mmBL
(Takahashi et al. 2000). This evidence implies that water
temperature would have had an influence on morpho-
metrics of Ayu larvae after their experiences of residence.

As shown in Fig. 5, the growth rate tended to de-
crease with hatching date from each site. This means
that the earlier-hatched larvae achieved a faster growth
than the later ones. This result is consistent with previ-
ous findings (Tsukamoto et al. 1989; Iseki et al. 2012).
Generally, early life stages of fish can feed more and
grow faster under longer day length, because they are
daylight feeders (Shoji et al. 2011). In the present study,
specimen sizes for otolith analysis as larger as 10 mm

BL had completed the absorption of yolk (Takahashi
et al. 1998), so they had to depend on external food
supply for their energy source. Accordingly, the Ayu
larvae born later would have grown slowly because of
being under shorter daylength. In P. a. altivelis of Japan,
growth rate fluctuations according to hatching date ap-
pears to be a factor leading to shifts in the term of
residency, and the long-term residence of late-hatched
larvae could be related to their slow growth (Takahashi
et al. 2002; Azuma et al. 2003; Iseki et al. 2012).
However, only 21 larvae were collected in the bank
waters, thus the recruitment process of Vietnamese
Ayu needs to be further affirmed.

In both the Niigata coast and Muko estuary, the
larvae were born in October but displayed different
growth rates (Fig. 5a–b). From the Niigata coast, the
younger larvae (10–37 days old, mean 13) were born in
early October (mode at 11–14), thus they had a longer
period at higher temperature (ca. 23 °C in October).
Conversely, from the Muko estuary, the older larvae
(38–59 days old, 45) were predominantly born in 28–
30 October, therefore they had a longer period at lower
temperature (ca. 18 °C in November or even below
15 °C in December) (Fig. 2). Hence, higher growth in
Niigata larvae was probably due to larvae majorly born
in early October, when the temperature was still higher
and the larvae were little born in the other three sites.
However, the main hatching dates had been distributed
from early to late January in the Kalong, from early
November to middle January in the Shimanto, from late
October to middle November in the Muko and from
early October to early November in Niigata (Fig. 5). The
experienced temperatures during the larval period of
principal cohorts were ca. 15 °C in the Kalong and
Shimanto, and 15–20 °C in the Muko and Niigata
(Fig. 2), accordingly temperatures hardly caused local
fluctuations in growth of Ayu larvae. Hence, in the
present study, the relationship between water tempera-
ture and growth rate of Ayu larvae could not be
completely understood probably because of other het-
erogeneous factors that may affect the growth of this
fish larvae. It was generally stated that growth rates of
fish larvae could be an understanding of the complex
interactions (Claramunt and Wahl 2000). Therefore, to
approach the problem in Ayu, a further laboratory ex-
periment must be made among latitudinal samples.

It has been commonly shown that higher survival is
usually attributed to higher growth rates in fish larvae.
Accordingly, the present study could support the
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previous result that Ayu were distributed in the tropical
region (Tran et al. 2012). Despite distribution across
different water environments, Ayu could lead their early
life history from the cool temperate to tropical regions,
indicating the potential biodiversity of this fish in the
world. A boarder distribution of Ayu has been also
discussed based on the morphological and molecular
characters (Nishida 1986; Kwan et al. 2012), but like
the present study, a full comprehension has been not
determined because of a limited number of geographical
samples, especially in China. Hence, it is necessary to
conduct further investigations over a wider area to con-
firm this.
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