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Abstract

Ryukyu-ayu (Plecoglossus altivelis ryukyuensis) is an amphidromous fish species that migrates between the sea and rivers
over its one-year life span. Although growth performance during the early marine stage may affect growth in the later riverine
stage of this species’ life cycle, no studies have specifically examined this relationship in P. a. ryukyuensis. In the present
study, we reconstructed the growth trajectories of P. a. ryukyuensis individuals collected from the Yakugachi River, Amami-
Oshima Island, Japan in 2016 (n=47) throughout their growth period in both the sea and river by using otolith analysis. Using
this, we determined the age and body size of individuals at the time of their upstream migration, as well as their growth rates
during the marine and riverine stages. Results showed that body size at upstream migration significantly affected body size
at the riverine stage, indicating that juveniles with larger body size in the sea had better growth performance in the river.
Individuals with higher growth rates during the marine stage tended to enter the river younger and at larger body sizes than
those with lower marine growth rates. Our results demonstrated the close linkage between the growth performance in the
sea and in rivers of P. a. ryukyuensis. This information will contribute to better understanding variations in growth patterns

of this endangered species and potentially aid in its conservation.
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Introduction

The Ryukyu-ayu fish, Plecoglossus altivelis ryukyuensis, is
a subspecies of ayu (P. a. altivelis), the distributional area
of which is limited to Amami-Oshima Island, southern
Japan (Nishida 1988; Nishida et al. 1992). Similar to P. a.
altivelis, P. a. ryukyuensis is an amphidromous species that
migrates between coastal waters and rivers and has a one-
year life span. Mature P. a. ryukyuensis spawn between mid-
November and mid-March (Kishino and Shinomiya 2003).
Newly hatched larvae drift downstream to the sea where
they mainly feed on copepods (Oka et al. 1996; Aritomi
et al. 2017) and grow for the remainder of the year. Juveniles
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then begin an upstream migration in late January at a body
size of 35 mm (Kishino and Shinomiya 2003). After entry
into rivers, juveniles predominantly feed on algae (Kume
2016) and spend the spring and summer in rivers where they
undergo further growth (Kishino and Shinomiya 2004a). In
rivers, some individuals establish their feeding territories,
and territory size and stability are positively correlated with
the body size of territorial individuals (Awata et al. 2012).
The P. a. ryukyuensis is now classified as “critically
endangered (CR)” according to the national Red List of
Japan (Ministry of the Environment 2017), and there is a
need for detailed information on the ecology of this spe-
cies to support its effective conservation. The importance
of restoration of spawning site in rivers was proposed to
enhance the reproductive success of P. a. ryukyuensis adults
(Tsuruta et al. 2009). Additionally, the ecological informa-
tion of P. a. ryukyuensis in both marine and riverine stages
has been accumulated (e.g., Nishida and Uchimura 1987;
Nishida et al. 1992; Oka et al. 1996; Kishino and Shinomiya
2003, 20044a, b, 2005, 2006; Awata et al. 2012; Kishino and
Yonezawa 2013; Kume 2016; Aritomi et al. 2017), and the
importance of estuary area as a nursery habitat for larvae and
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juveniles has been proposed (Kishino and Shinomiya 2005,
2006; Kishino et al. 2008; Aritomi et al. 2017).

To conserve this amphidromous species, we need to
reveal the linkage of growth history between marine stage
(i.e., larvae and juveniles) and riverine stage (i.e., young and
adults). Some amphidromous gobies showed higher growth
rates after migrating to rivers from sea (Shen et al. 1998;
Shen and Tzeng 2002). Also, in non-amphidromous species,
changing nursery habitat allows low growth individuals to
have better growth (Kraus and Secor 2004; Fuji et al. 2014).
For example, seabass Lateolabrax japonicus juveniles with
low growth rate migrate to a river and show higher growth
rate than juveniles that remain in the lower estuary and surf
zone (Fuji et al. 2014). In this case, favorable temperature
and high prey abundance in a river may allow low growth
individuals to grow rapidly (Fuji et al. 2014). Considering
these previous studies, we can evaluate the conservation
effect of marine nursery habitat by examining whether the
growth in rivers is affected by the growth at the marine stage
or not.

The aim of this study was to reveal the relationship
between the growth performance in sea and that in rivers of
P. a. ryukyuensis. We predicted that high growth rate at the
marine stage positively affects the growth performance in
rivers via the body size at upstream migration, because indi-
viduals with large body size have an advantage of territorial
stability in rivers over small-sized individuals (Awata et al.
2012). To achieve the purpose, we examined the growth
rates of P. a. ryukyuensis during their growth period in
both the sea and a river through a combination of otolith
increment and chemical analyses. The otolith Sr:Ca ratio
is one of the most frequently used indicators of movement
between the sea and rivers in fishes (e.g., Otake and Uchida
1998) because of the differences in the concentration ratio
of strontium to calcium between seawater and freshwater.
Additionally, rings are added daily to otoliths of P. a ryuky-
uensis (Kishino and Shinomiya 2003), as well as those of P.
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a. altivelis (Tsukamoto and Kajihara 1987), which allows the
growth trajectory of this species to be estimated. The timing
of upstream migration and growth rates during the marine
and riverine growth periods were determined by counting
daily rings within otoliths and analyzing otolith Sr:Ca ratios.

Materials and methods

Field collection. On 28 December 2016, a total of 50 wild
adult Plecoglossus altivelis ryukyuensis were collected from
the middle courses of the Yakugachi River using a cast net
(Fig. 1). Since the bodies of the adults were supplied to
Amami City to produce seed stock for conservation use,
only heads were stored for analyses in this study. To esti-
mate the standard length (SL) of our samples, we examined
the relationships between three head length measurements
and SL using data from another Yakugachi River sampling
effort conducted in 1994 (n=20; K. Iguchi, unpublished
data). Specifically, we examined the relationships between
log_transformed snout length and SL (r=0.70, P <0.001),
log transformed the length of the upper jaw and SL (r=0.37,
P=0.10), and log transformed the length between the
anterior margin of the eye and the margin of the upper
jaw and SL (r=0.37, P=0.11). The relationship between
log_transformed snout length and SL showed the highest
correlation coefficient, so we used the following equation
based on this relationship to estimate the SL of our samples:

log,oSL = 0.5469 X log,,(snout length) + 1.4982.

The length (to the nearest 0.01 mm) was measured using
a digital caliper. The estimated SL ranged from 129.5 to
157.2 mm (mean+SD = 145.2 mm % 6.6, n=50).

Sr:Ca ratio analysis. Otolith specimens removed from
the collected fish heads were coated with Pt—Pd in an ion-
sputtering machine (E-1030; Hitachi, Tokyo, Japan) before
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analysis. Sr and Ca concentrations were measured in all
specimens using a wavelength-dispersive X-ray electron
microprobe (JXA-8230; JEOL, Tokyo, Japan). The analyti-
cal line was defined as the longest axis from the core to the
posterior edge of the otolith. The electron beam was focused
on a 5 pm diameter point with measurements spaced at 5 pm
intervals, and counting time was 2 s. The accelerating volt-
age and beam current were 15 kV and 50 nA, respectively.
Strontium titanate (SrTiO;) and wollastonite (CaSiO;) were
used as standards. The otolith Sr:Ca ratio was determined as
a weight percent ratio.

Otolith measurements and aging. The number of daily
rings of otoliths and their incremental width were counted
and measured along the electron probe microanalyzer
(EPMA) line under a binocular microscope connected to a
digital camera and a computer system with image analysis
software (Ratoc System Engineering, Tokyo, Japan). The
first ring around the core was assumed to be formed at hatch
(day 0). The daily Sr:Ca ratio was determined by combining
the results of EPMA and incremental analysis. The age at
upstream migration was defined as the end point of a rapid
decrease in Sr:Ca ratio. Three individuals were excluded
from further analyses because they did not show any signifi-
cant decrease in their Sr:Ca ratio, so their date at upstream
migration could not be identified. In most individuals, the
edge of the sagittal otolith was translucent, and it was dif-
ficult to identify daily growth increments. Therefore, we
did not include hatching dates estimated from this section
of otoliths in analyses to avoid problems due to unreliable
estimates.

SLs at age i were back-calculated using the biological
intercept method (Campana 1990, eq (4)):

SL[ = SLcatch + (ORl - ORcatc‘h)
(SL - SLhatch) (OR - ORhatch ) - )

catch catch

where OR is otolith radius. We set the body size at hatch
(SL;4cn) @s 5.8 mm in notochord length following Kishino
and Shinomiya (2004a). The otolith radius at hatch (OR,,,.,)
of each individual was defined by measuring the distance
from the core to the first ring. Mean growth rate at the
marine stage (GR,,,) was calculated as:

sea

GR,,, = (SL,,—5.8)/age

ups?

where SL,,; and age,,; are SL and age at upstream migra-

tion, respectively. Mean growth rate at the riverine stage
(GR,;,.,) was defined as the growth rate during the riverine
period until an age of 152 days, because the lowest number
of daily rings that could be recognized was 152 in all 47
individuals. The GR,;,,, was calculated as:

river

GR (SL,s5,— SL,,s) /(152 — age

river — ups) ’
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where SL;, is SL at age 152 days.

Pearson’s correlation coefficient was used to check the
relationships between growth rates at the marine stage
and age at upstream migration, SL at upstream migration,
growth rates at the riverine stage, and SL at catch (P <0.05).
Mann—Whitney U-test was used to compare the growth rate
between sea and rivers (P <0.05).

Results

The calculated SL at upstream migration ranged from 29.2
to 58.7 mm (mean+SD=39.5 mm+8.1, n=47) and the
range of estimated age at upstream migration was 48—114-
day age (mean =+ SD =68.6-day age + 13.6, n=47). The
SL range of age 152 days was from 64.3 to 141.1 mm
(mean +SD=93.2 mm + 16.8, n=47). Mean growth
rate + SD during the marine stage (0.50 mm/day + 0.10)
was lower than those at the riverine stage (0.65 mm/
day +0.14, P<0.001). The relationship between growth
rate at the marine stage and age at upstream migration
tended to be negative (Fig. 2a), although this trend was not
statistically significant (r=-0.22, n=47, P=0.13). SL at
upstream migration increased with growth rate at the marine
stage (Fig. 2b, r=0.64, n=47, P<0.001) and with age at
upstream migration (Fig. 2¢c, r=0.59,n=47, P <0.001). The
SL at upstream migration positively affected the SL at catch
(Fig. 3, r=0.32,n=47, P=0.02).

Figure 4 illustrates how mean Sr:Ca values of individuals
were related to their age. Mean Sr:Ca ratios (calculated per
every ten days) gradually decreased from values of approx-
imately 7-8 to 5-6 throughout the marine growth period
(approximately, 0-70 day), indicating gradual movement
toward estuaries before upstream migration.

Discussion

We demonstrated the close linkage between growth perfor-
mance in the sea and that in rivers of Plecoglossus altivelis
ryukyuensis, in that the growth performance at the marine
stage positively affected the body size at catch. However,
the correlation coefficient of the relationship between SL
at upstream migration and SL at catch was lower than that
expected. This trend might be explained by the variation
in timing of upstream migration, reflecting the seasonally
changes in environmental conditions of rivers such as water
temperature and prey availability. At the timing of upstream
migration, relatively young individuals at larger body sizes
entered rivers first, and then in subsequent months the age-
size structure gradually shifted as older but smaller fishes
migrated into the river (Kishino and Shinomiya 2003). This
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tion and SL at catch (n=47). Regression line was plotted because the
relationship was statistically significant

monthly trend could not be examined in this study because
we lacked adequate information on specific dates at upstream
migration. But, we can generally state that individuals with
relatively high growth rates tended to enter the river at a
larger body size and younger age, and even longer marine
period allows the individuals to have a larger body size at
upstream migration.

1
0.8

0.6
GR at the marine stage (mm/day)

Entering rivers earlier in the season at a larger size may
permit high growth performance of P. a. ryukyuensis in riv-
ers. Considering that the length of the upstream migration
is about four months (Kishino and Shinomiya 2003, 2004a)
and high water temperature (over 20 °C) negatively affects
the survival rates of larvae (Kishino et al. 2008), migrating
into a river at an earlier season (i.e., January and February)
may allow individuals to grow at riverine water temperatures
that are better suited to them. Additionally, recruiting into
rivers earlier and at a larger size may allow individuals to
gain more advantageous positions, such as by establishing
feeding territories sooner than late-recruiting individuals
(Aino et al. 2014).

Only about 10 % of P. a. ryukyuensis establish feeding
territories in rivers (Awata et al. 2012), and larger-sized indi-
viduals likely have an advantage when acquiring and defend-
ing territory. Awata et al. (2012) reported that territory size
and stability are positively correlated with the body size of
territorial individuals. Also, a pairwise study of P. a. altivelis
in a closed system suggested that larger-sized individuals
have a competitive advantage in territorial acquisition over
smaller-sized ones (Iguchi 1996). Further experiments in
ponds that simulated natural streams revealed that growth
rates of individuals are correlated with the length of the ter-
ritorial period (Katano and Iguchi 1996).

@ Springer
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The body-size advantage of non-territorial (i.e., school-
ing, solitary, and floating) individuals, however, has not been
examined yet for P. a. ryukyuensis. Non-territorial individu-
als mainly feed on drifting materials (Awata et al. 2012).
Nakano (1995) showed that there were size-structured lin-
ear dominance hierarchies in a drift forager, the red-spotted
masu salmon (Oncorhynchus masou ishikawai), in stream
pools. The large, dominant individuals tended to occupy
focal points where they had priority to access drifting mate-
rials, and they had higher foraging rates and therefore higher
growth rates than their smaller subordinates (Nakano 1995).
Considering this, the body size at the timing of entry into
rivers may thus also play an important role affecting later
growth in non-territorial P. a. ryukyuensis.

The mean growth rates in riverine stage were higher than
those at the marine stage of P. a. ryukyuensis. A similar
trend is observed in amphidromous gobies Sicyopterus
Jjaponicus (Shen and Tzeng 2002) and Stenogobius genivit-
tatus (Shen et al. 1998). Especially, like P. a. ryukyuensis, S.
Japonicus changes its feeding habitat from planktivorous to
herbivorous on migrating from sea to rivers. The transition
in feeding habitat temporarily reduces the growth rate of S.
Jjaponicus, but the changes in feeding habitat and functional
morphology may contribute to increase the growth rate in
rivers (Shen and Tzeng 2002). Although we could not exam-
ine the effect of environmental conditions on the growth rate
of P. a. ryukyuensis, the body size at recruitment into rivers
is affected by temperature and prey availability in the sea of
S. japonicus (Shen and Tzeng 2008), indicating the neces-
sity to examine the effect for understanding the variation in
growth performance.

Previous studies have suggested the importance of con-
serving the estuary area to avoid the extinction of this endan-
gered species (Kishino and Shinomiya 2005, 2006; Kishino
et al. 2008; Aritomi et al. 2017). Our results support the sug-
gestion by showing that the growth performance in sea also
affects the body size in rivers. Also, our results suggest that
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the final body size may be affected by environmental factors
in rivers, indicating the importance of conserving nursery
sites in rivers as well as spawning sites. The impact of envi-
ronmental changes on the growth of this species remains an
open question. To conserve P. a. ryukyuensis, it is essential
to continuously monitor environmental changes at the island
(Amami-Oshima) where it is found, and make more effort to
study the links between its environment and its life history.

Acknowledgements We would like to thank T. Yonezawa of the
Kagoshima Environmental Research and Service who provided fish
samples. This study was partially supported by KAKENHI (Grants-
in-Aid for Scientific Research, No. 15K07538).

References

Aino S, Yodo T, Ishizaki D, Yoshioka M (2014) Discrimination of the
stock origins and growth of ayu Plecoglossus altivelis altivelis in
the Nagara River. Aquacult Sci 62:89-97

Aritomi A, Andou E, Yonezawa T, Kume G (2017) Monthly occur-
rence and feeding habits of larval and juvenile Ryukyu-ayu Pleco-
glossus altivelis ryukyuensis in an estuarine lake and coastal area
of the Kawauchi River, Amami-oshima Island, southern Japan.
Ichthyol Res 64:159-168

Awata S, Tsuruta T, Abe S, Tamaki Y, Iguchi K (2012) Feeding ter-
ritory and variations in behavioural modes of algae-grazing fish
Plecoglossus altivelis ryukyuensis (Ryukyu-ayu) in subtropical
island streams. Ecol Freshw Fish 21:1-11

Campana SE (1990) How reliable are growth back-calculations based
on otoliths? Can J Fish Aquat Sci 47:2219-2227

Fuji T, Kasai A, Ueno M, Yamashita Y (2014) Growth and migration
patterns of juvenile temperate seabass Lateolabrax japonicus in
the Yura River estuary, Japan—combination of stable isotope
ratio and otolith microstructure analyses. Environ Biol Fish
97:1221-1232

Iguchi K (1996) Sexual asymmetry in competitive ability in the imma-
ture ayu Plecoglossus altivelis. J Ethol 14:53-58

Katano O, Iguchi K (1996) Individuals differences in territory and
growth of ayu, Plecoglossus altivelis (Osmeridae). Can J Zool
74:2170-2177



Determinant of riverine growth in Ryukyu-ayu

487

Kishino T, Shinomiya A (2003) Upstream migration of Ryukyu-
ayu Plecoglossus altivelis ryukyuensis in the Yakugachi River,
Amami-Oshima, Island Japan. Nippon Suisan Gakk 69:624-631

Kishino T, Shinomiya A (2004a) Appearance of upstream migrating
individuals of Ryukyu-ayu Plecoglossus altivelis ryukyuensis at
the Kawauchi and Yakugachi Rivers in Amami-Oshima Island,
Japan. Nippon Suisan Gakk 70:179-186

Kishino T, Shinomiya A (2004b) Seasonal appearance and size of
newly hatched larvae of Ryukyu-ayu Plecoglossus altivelis ryuky-
uensis in the Yakugachi and Kawauchi Rivers, Amami-oshima
Island, southern Japan. Jpn J Ichthyol 51:149-156

Kishino T, Shinomiya A (2005) Migration and recruitment of amphi-
dromous Ryukyu-ayu (Plecoglossus altivelis ryukyuensis) larvae
and juveniles in Sumiyo and Yakeuchi Bays and neighboring
waters, Amami-oshima Island, southern Japan. Jpn J Ichthyol
52:115-124

Kishino T, Shinomiya A (2006) The behavior of Ryukyu-ayu Pleco-
glossus altivelis ryukyuensis larvae during downstream migra-
tion from the Yakugachi River flowing into Sumiyo Bay, Amami-
oshima Island, southern Japan. Jpn J Ichthyol 53:143-149

Kishino T, Shinomiya A, Kotobuki H (2008) Survival rates of larval
Ryukyu-ayu Plecoglossus altivelis ryukyuensis under differing
experimental conditions of temperature and salinity. Jpn J Ich-
thyol 55:1-8

Kishino T, Yonezawa T (2013) Seasonal distribution of Ryukyu-ayu
Plecoglossus altivelis ryukyuensis in the Katoku River, Amami-
oshima Island, southern Japan. Jpn J Ichthyol 60:91-101

Kraus RT, Secor DH (2004) Dynamics of white perch Morone ameri-
cana population contingents in the Patuxent River estuary, Mary-
land, USA. Mar Ecol Prog Ser 279:247-259

Kume G (2016) Conservation studies of Ryukyu-ayu Plecoglossus
altivelis ryukyuensis. Occas Pap 57:99—100

Ministry of the Environment (2017) http://www.env.go.jp/press/10388
1.html. Accessed 1 February 2018

Nakano S (1995) Individual differences in resource use, growth and
emigration under the influence of a dominance hierarchy in

fluvial red-spotted masu salmon in a natural habitat. ] Anim Ecol
64:75-84

Nishida M (1988) A new subspecies of the Ayu Plecoglossus altive-
lis (Plecoglossidae) from the Ryukyu Islands. Jpn J Ichthyol
35:236-242

Nishida M, Uchimura M (1987) Spawning activity of the ayu-fish
Plecoglossus altivelis in rivers of Amami-ohshima Island, the
Ryukyus. Bull Coll Sci Univ Ryukyus 43:71-82

Nishida M, Sawashi Y, Nishijima S, Azuma M, Fujimoto H (1992)
Distribution and abundance of the Ryukyuan subspecies of the ayu
Plecoglossus altivelis ryukyuensis: Results of the survey made in
1986. Nippon Suisan Gakk 58:199-296

Oka S, Tokunaga K, Shinomiya A (1996) Feeding habit of larval and
juvenile Ryukyu-ayu, Plecoglossus altivelis ryukyuensis in the
surf zone of Sumiyo Bay, Amami-Oshima Island. Jpn J Ichthyol
43:21-26

Otake T, Uchida K (1998) Application of otolith microchemistry for
distinguishing between amphidromous and non-amphidromous
stocked ayu, Plecoglossus altivelis. Fish Sci 64:517-521

Shen KN, Lee YC, Tzeng WN (1998) Use of otolith microchemistry to
investigate the life history pattern of gobies in a Taiwanese stream.
Zool Stud 37:322-329

Shen KN, Tzeng WN (2002) Formation of a metamorphosis check in
otoliths of the amphidromous goby Sicyopterus japonicus. Mar
Ecol Prog Ser 228:205-211

Shen KN, Tzeng WN (2008) Reproductive strategy and recruitment
dynamics of amphidromous goby Sicyopterus japonicus as
revealed by otolith microstructure. J Fish Biol 73:2497-2512

Tsukamoto K, Kajihara T (1987) Age determination of ayu with otolith.
Nippon Suisan Gakk 53:1985-1997

Tsuruta T, Abe S, Yonezawa T, Iguchi K (2009) Spawning condition of
the Ryukyu-ayu (Plecoglossus altivelis ryukyuensis) in Amami-
oshima Island. Ecol Civil Eng 12:109-117

@ Springer


http://www.env.go.jp/press/103881.html
http://www.env.go.jp/press/103881.html

	Variation in growth performance of Ryukyu-ayu, Plecoglossus altivelis ryukyuensis, inferred from otolith analysis
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements 
	References




