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Abstract Many fish species generally migrate among

habitats because of ontogenetic changes in their resource

requirements; therefore, clarifying linkages among habitats

throughout their life cycle is important for the management

and conservation of their populations. Although carbon

(d13C) and nitrogen (d15N) stable isotope ratios are widely

used for elucidating fish migrations, information is still

scarce how each fish species, including marbled flounder

(Pleuronectes yokohamae), change the isotopic composi-

tion in their body tissues after they switch to a different diet

during migrations. This study clarified isotopic turnover

rates of marbled flounder during the juvenile stage using a

diet-switch experiment in an aquarium. Furthermore, we

statistically compared bulk samples (i.e., whole body

without head and viscera) to partial muscle tissue samples

to estimate the difference in the turnover rate as an index

for diet switches. An exponential model was used to

describe the temporal changes in d13C and d15N isotopic

rates of juvenile marbled flounder. No significant differ-

ence was noted between the exponential models for chan-

ges in both d13C and d15N between muscle tissue and bulk

samples, and the half-life values were similar for muscle

and bulk samples for both d13C and d15N (14.0–18.5 days).

These results suggest that bulk samples are a useful sub-

stitute for muscle tissues in isotopic analysis of juvenile

fish and that stable isotope analysis and the estimated

isotopic turnover rates in tissues of marbled flounder can be

used to clarify their migration route in coastal areas.
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Introduction

Fish species migrate for a variety of purposes, including

feeding, predation avoidance, reproduction, and ontoge-

netic changes in their resource requirements (Dingle and

Drake 2007). Loss and fragmentation of suitable habitats in

each life stage are the main causes of decline in many

species (Caughley 1994). Thus, clarifying migration routes

and establishing linkages between suitable habitats is a key

issue in biological conservation. However, directly track-

ing migration routes of freshwater and marine animals

under water is difficult. Therefore, tissue assays may be an

effective method to estimate the migration route between

habitats (Hobson 1999).

Stable isotope analysis is a powerful tool to demonstrate

fish migration routes, especially as coastal species use

multiple habitats during their life cycles (Cocheret de la

Morinière et al. 2003; Frédérich et al. 2012). A funda-

mental principle in this analysis is based on the fact that

stable isotopic signatures in body tissues reflect those of

their diets, and thus the signatures’ change occurs as a

result of diet switches to isotopically different food sources

in each habitat. However, there is a time lag before isotopic

changes equilibrate, and information about such time lags

is essential for quantitatively analyzing the migration

between isotopically different habitats (Hobson 1999).

Marbled flounder (Pleuronectes yokohamae) is an

important fishery species in Japan, typically inhabiting
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coastal areas, including macroalgal meadows, estuaries,

and mud flats, during the juvenile stages (Omi et al. 2001;

Yamada 2004; Tanda 2008). The adult stocks have

decreased for several decades despite stock enhancement

by releasing hatchery-reared individuals based on the

decline in fishery catches (Kume et al. 2006; Imoto et al.

2007). Recently, it has been thought that the adult stock

decline can be attributed to the loss of juvenile habitat or

the lack of connectivity among habitats in coastal areas

(Fisheries Research Agency 2015). However, habitat use

and migration patterns among habitats in coastal areas at

the juvenile stage are still poorly understood. As the first

step in clarifying the migration route of juvenile marbled

flounder, a controlled diet-switch experiment in an aquar-

ium was conducted to empirically determine the turnover

rates and fractionations of d13C and d15N stable isotopes in

the muscle tissue. Bulk or whole body samples are often

utilized for stable isotope analysis in larva or juvenile

studies (e.g., Herzka et al. 2001; Pease et al. 2006).

Therefore, we assessed the turnover rate in bulk samples

(i.e., whole body without head and viscera) and compared

it with the rate in the muscle tissue. We then tested whether

bulk samples can be used as an index for dietary or habitat

shifts instead of the muscle tissue samples.

Materials and methods

Diet-switch experiment. Juvenile marbled flounders were

obtained from fingerlings hatched at the Kudamatsu City

Center for Stock Enhancement (Kudamatsu City, Yam-

aguchi Prefecture, Japan). Juveniles were raised on a diet

of formulated feed (Otohime B2, Marubeni Nisshin Feed

Co., Tokyo, Japan) in the hatchery. Juveniles were trans-

ported from Kudamatsu City to the National Research

Institute of Fisheries and Environment of Inland Sea in

Hiroshima Prefecture and allowed to acclimate to an

experimental tank for four days while being fed the pre-

vious diet. Juveniles were maintained in a 100-L acrylic

tank with seawater pumped from Hiroshima Bay and fil-

tered through a 0.2-lm mesh. The water temperature

(mean ± standard division; 19.2 ± 1.0 �C) in the experi-

mental tanks was similar to that of the water at about 1 m

above the bottom of Hiroshima Bay (H. Hamaoka,

unpublished data). The light:dark regime in the aquarium

was controlled to 7:17 h.

To determine the initial d13C and d15N stable isotope

ratios of juveniles prior to the diet switch, six juveniles

were sampled from the experimental tank and killed. The

remaining fish received a diet of commercially purchased

krill, Euphausia superba (Hamaichi, Wakayama, Japan),

which had substantially different isotopic values from the

previous hatchery feed. Juveniles were fed twice daily

(approximately, 15 % body weight per day) and were kil-

led at 1, 3, 7, 14, 28, 42, 56, 70, 84, and 98 days from the

start of the diet switch. The total length (TL) and wet

weight (WW) of each juvenile were measured, and samples

were immediately frozen at -20 �C until preparation for

stable isotope analysis. A subsample of the krill diet was

also frozen for analysis. A control treatment group under a

hatchery feed was not set up in this experiment, because it

is indicated that isotopic values in fish body under a con-

stant diet do not change (e.g., Watanabe et al. 2005).

Stable isotope analysis. Dorsal white muscle was

excised from frozen juveniles for stable isotope analysis.

After muscle excising, head and viscera were removed

from the body and bulk sample, which includes white

muscle, axial skeleton, anal fin and skin, was excised from

the ventral part of the intact body for stable isotope anal-

ysis. All samples were dried at 60 �C overnight and ground

to a homogeneous fine powder using an agate pestle and

mortar. Samples were immersed in a chloroform:methanol

(2:1) solution for 24 h to remove lipids (Bligh and Dyer

1959). Following lipid extraction, samples were again

dried at 60 �C overnight. The dried samples were wrapped

in a tin capsule and their d13C and d15N stable isotope

ratios were measured using a mass spectrometer (ANCA-

GSL; Europa Science Inc., UK). The stable isotope ratios

were expressed in d notation and defined as the % devia-

tion from the standard as follows:

d13C or d15N ð&Þ ¼ Rsample=Rstandard � 1
� �

� 1000; ð1Þ

where R represents 13C/12C or 15N/14N. The standards were

Pee Dee Belemnite (PDB) limestone carbonate for d13C
and atmospheric nitrogen (N2) for d15N. The analytical

precision was 0.2 % for d13C and 0.3 % for d15N.
Statistical analysis. An exponential model (Tieszen

et al. 1983; Hesslein et al. 1993) was fitted to the stable

isotope data:

dt ¼ df þ di� df
� �

� e� kþmð Þ�t; ð2Þ

where dt is the mean value of the stable isotope ratio of

juveniles at t days after the initial day, m is the metabolic

turnover constant, df is the expected mean value of the

stable isotope ratios of juveniles when completely equili-

brated to the new diet, and di is the mean value of the initial

isotope ratios of juveniles. The specific growth rate con-

stant, k, was estimated by fitting an exponential growth

model (Ricker 1979) to the available data:

Wf ¼ Wi � ekt; ð3Þ

where Wf is the final mean WW of juveniles when sampled

on t days after the initial day and Wi is the mean WW of six

randomly selected juveniles sampled on the initial day. The
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k, m, and df parameters were estimated by nonlinear

regression with program R (R Development Core Team

2012).

The fractionation of d13C and d15N between the diet and

each fish (Dtissue) was defined as follows:

Dtissue ¼ df� dd; ð4Þ

where dd is the mean stable isotope ratio of the diet (Mi-

nagawa and Wada 1984). The time needed to achieve an a
percent turnover of d13C and d15N was calculated (Tieszen

et al. 1983) as follows:

Ta=100 ¼ ln 1� a=100ð Þ= � k þ mð Þð Þ: ð5Þ

Half-life (T0.5) was obtained when a was 50 %.

A Student’s t test was used to test m against a null

hypothesis of m = 0, which indicates that metabolism has

no contribution to isotopic turnover rate in the model (Zar

2010). An analysis of the residual sum of squares (ARSS)

was employed to compare the parameters from each model

of tissue types (muscle and bulk sample). Procedures of the

ARSS were as follows: the residual sum of squares (RSS)

and an associated degree of freedom (DF) of the expo-

nential model was calculated for each sample. The resul-

tant RSS and DF of each sample were summed, and the

data of all samples were pooled to calculate the RSS and

DF of a total exponential model. The F-statistic was cal-

culated (Chen et al. 1992) as follows:

F ¼
RSSp�RSSs
3ðK�1Þ
RSSs
N�3K

; ð6Þ

where RSSp is the RSS of the exponential model fitted by

pooling all data, RSSs is the sum of the RSS for each

exponential model fitted to muscle or bulk sample data, N

is the total sample size, and K is the number of models in

the comparison. The calculated F-statistics were compared

with the critical F, where the DFs of the numerator and

denominator were equal to 3(K-1) and N-3K in equation

(6).

Results

The initial body size (mean ± standard deviation) of

juvenile marbled flounder was 46.3 ± 0.6 mm TL and

1.45 ± 0.54 g WW (n = 6) and 88.3 ± 10.1 mm TL and

8.82 ± 4.52 g WW (n = 3) after the 98-day experiment.

Some individuals died after jumping out of the experi-

mental tank, but a total of 93 juveniles were included in the

experiment. Juvenile marbled flounder grew well during

the experiment (Fig. 1), and the specific growth rate

(k) was 0.021.

The mean d13C and d15N values of the hatchery feed,

experimental diet (i.e., krill), and muscle and bulk samples

collected on day 1 are provided in Table 1. Both the d13C
and d15N values of the muscle and bulk samples at the

initial day of the experiment were close to the values of

hatchery feed, and changed toward the more depleted

values and converged on the asymptotic values reflecting

the experimental diet (Fig. 2). The exponential model

provided a good fit for changes in both d13C and d15N
values of muscle and bulk samples. The metabolic turnover

contributed significantly to isotopic changes for both

muscle tissue and bulk samples (d13Cmuscle: t = 4.77,

P\ 0.05; d13C bulk: t = 4.60, P\ 0.05; d15Nmuscle:

t = 2.97, P\ 0.05; Dd15Nbulk: t = 11.06, P\ 0.05).

The Dtissue values of d
13C were 1.5 % for both muscle

and bulk samples (Table 2). The Dtissue of d15N muscle

Fig. 1 Body weight increase of juvenile marbled flounder (Pleu-

ronectes yokohamae) juveniles throughout the experiment. Diamonds

and vertical lines represent mean wet weight and standard deviation.

Estimated growth trajectory was based on an exponential growth

model (Ricker 1979)

Table 1 Mean isotopic composition (d13C and d15N), and standard

deviation (SD) of marbled flounder tissues, hatchery feed, and an

experimental diet (krill) at the beginning of a diet-switch experiment

Tissue n d13C d15N

mean SD mean SD

Marbled flounder Muscle 6 -18.38 0.45 13.01 0.23

Bulk 6 -18.39 0.46 13.57 0.44

Hatchery feed Whole 3 -19.08 0.17 10.51 0.47

Experimental diet (krill) Whole 5 -25.82 0.19 3.80 0.23
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samples was 3.5 % and the bulk sample was 3.7 %
(Table 2). The T0.5 values for the muscle tissue and bulk

samples were 17.2 and 17.4 days for d13C, and 18.5 and

14.0 days for d15N (Table 2). There were no significant

differences between the muscle tissue and bulk sample

exponential models for changes in d13C and d15N (d13C:
F1,14 = 2.85, P = 0.08; d15N: F1,14 = 2.52, P = 0.10).

Discussion

Fish growth is affected by both dietary conditions and

density of individuals within a culturing facility (Nash and

Geffen 2004). In our diet-switch experiment, daily supplied

rations were lower than daily food consumption of juvenile

marbled flounder under typical aquarium conditions (ap-

proximately, 30 %; Yamamoto et al. 2005), and the juve-

nile density was probably higher than that under natural

conditions. However, most juveniles in our experiment

grew well, with the body weight increasing approximately

sevenfold by the final day of the experiment. It has been

previously reported that the isotopic values of the muscle

and fin tissues of moderate-growing fishes, such as Japa-

nese temperate bass (Lateolabrax japonicus), change as a

result of growth and metabolic turnovers (Suzuki et al.

2005). Further, isotopic values reach equilibrium after the

body mass increases by several fold for juveniles (Suzuki

et al. 2005). Therefore, the experimental design in our

study was probably appropriate for analyzing the turnover

rate at the juvenile stage.

Despite large variation in the T0.5 among fish species,

life stages, different growth, and different tissue types (e.g.,

Tominaga et al. 2003; Suzuki et al. 2005), it has been

reported that T0.5 values range between 1 and 25 days for

both d13C and d15N in juveniles (Bosley et al. 2002; Suzuki

et al. 2005). Although slight differences were noted in the

half-life (T0.5) of d
15N between the muscle and bulk sam-

ples in our study, the T0.5 for both d13C and d15N were

identical between the muscle and bulk samples at approx-

imately 14–18 days, conforming to the range of published

Fig. 2 Changes in mean d13C
and d15N of juvenile marbled

flounder (Pleuronectes

yokohamae) tissues during the

diet-switch experiment. Circles

and vertical lines represent

mean values and standard

deviations of bulk (a, c) and
muscle (b, d) tissue samples.

The trajectory indicates the

fitted model for isotopic values

of each tissue type. The

horizontal dashed and dotted

lines indicate mean isotopic

value for the experimental diet

and the hatchery feed

Table 2 Parameter estimates (standard error: SE) and calculations

from the fitted model for d13C and d15N turnover in juvenile marbled

flounder tissues

m (SE) df (SE) Dtissue T0.5

d13C Muscle 0.0192* (0.0040) -24.29 (0.19) 1.5 17.2

Bulk 0.0189* (0.0041) -24.3 (0.19) 1.5 17.4

d15N Muscle 0.0165* (0.0055) 7.51 (0.27) 3.5 18.5

Bulk 0.0285* (0.0026) 7.33 (0.09) 3.7 14.0

An asterisk (*) indicates that metabolic turnover constants are sig-

nificantly different from 0 (P\ 0.05)
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half-life times. Fractionations of d15N for the muscle tissue

and bulk samples (Dd15N: 3.53 and 3.71 %) were roughly

similar to the mean value of 3.4 %, which has been pre-

viously reported (Minagawa and Wada 1984; Post 2002).

Although fractionations of d13C in the muscle tissue and

bulk samples (Dd13C: 1.52 and 1.53 %) were slightly more

enriched than the traditionally assumed values of 0–1 %
(Post 2002; McCutchan et al. 2003), our results conformed

to the broad bounds of published fractionations for rapidly

growing fishes (0.2–3.6 % for the whole body or fin:

Herzka and Holt 2000; Suzuki et al. 2005; 0.71–4.79 % for

the muscle tissue: Suzuki et al. 2005; Trueman et al. 2005;

Buchheister and Latour 2010).

Turnover and fractionation of d13C and d15N are sug-

gested to differ according to tissue type (e.g., Suzuki et al.

2005; Guelinckx et al. 2007; Buchheister and Latour 2010)

due to tissue-specific metabolic activity and growth (Bos-

ley et al. 2002). Watanabe et al. (2005) reported that d13C
in the caudal fin, including the fin ray and membrane,

changes more quickly than muscle tissue because of the

difference in metabolic activity between the fin and the

muscle. Therefore, uniform tissue samples (e.g., white

muscle, liver, and blood tissue) are required for analysis.

However, bulk samples are often used for analyses of fish

larva or juvenile studies (e.g., Herzka and Holt 2000;

Bosley et al. 2002; Witting et al. 2004), because the body

size is sometimes too small to excise uniform tissue sam-

ples. In our results, the m values in d13C and d15N turnover

models were similar between muscle tissue and bulk

samples, representing little difference in metabolic activity

between the muscle tissue and bulk samples. There were

also no significant differences between turnover models in

muscle tissue and bulk samples for both d13C and d15N,
indicating the potential for using bulk samples to investi-

gate diet switch or migrations at the juvenile stage.

Our results encourage the application of stable isotope

analysis for studying diet switches of juvenile marbled

flounder over the time scales of several days to weeks.

Stable isotopes may also be useful indicators of the migra-

tion among isotopically different habitats through time

(Herzka et al. 2001). In Seto Inland Sea, juvenile marbled

flounder occurs in various ecological components

(macroalgal meadows, estuaries, and mud flats) (Omi et al.

2001; Sano and Ariyama 2001; Tanda 2008) that are iso-

topically different (e.g., Yokoyama 2008). Juveniles migrate

among these costal area habitats until finally reaching off-

shore habitats necessary for maturation. Our results suggest

that the body tissue of juvenile marbled flounder, post-mi-

gration, would reflect the isotopic characteristics of the

coastal migration route. Furthermore, our results indicate

that bulk samples can be used instead of muscle tissue

samples to reduce the processing time of juvenile fish.
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