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Abstract

To identify the origin of various fishes and reconstruct their migration history at the individual level,

isotope analysis is a powerful alternative to artificial tagging. We used a novel individual-based

methodology to reconstruct individual migratory and/or trophic shifts associated with growth based on

isotopic data in the vertebral centrum of adult Japanese flounder Paralichthys olivaceus in Sendai Bay.

We measured carbon and nitrogen isotope ratios (6'3C and 6'°N) in muscle tissues, and conducted a

segmental isotope analysis of bulk 6"*C (6"3*Cpui), bulk 5N (6"*Npyi), and 6'°N of glutamic acid (6'*Ng)

and phenylalanine (6" Npy,) in vertebral collagen. The 5N, and 6" Npre values for bone collagen

revealed an increase in trophic position and a shift to lower trophic baselines (6"’ Npase: indicative of §"°N

values of primary trophic sources) for most individuals. For both §'*Cpuk and 6'*Npyik, we detected

significant positive correlations between values for muscle and the outermost section of vertebral

collagen. A nonlinear time-series analysis of §'3Cpyix and §' Ny suggested that a combination of intrinsic

(the timing of migration from the nursery to deep offshore areas in juveniles) and extrinsic (habitat and/or

food qualities) factors influence the isotopic chronology. A segmental isotope analysis revealed the

segregation of individuals among sampling sites at all life stages and changes in trophic positions and

6" Npase values during growth. Our results suggest that the P. olivaceus population in Sendai Bay has both

temporal and spatial structure. The temporal structure may be caused by variation in the timing of

migration from the nursery to the deep offshore area in juveniles, and the spatial structure may be
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explained by individual variation in habitat preferences.
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83 Introduction

84 In marine ecology and fisheries, it is quite challenging to quantify the scale and magnitude of individual

85 migration across life-history stages or mixing among populations (Cowen et al. 2006). Tracking the

86 movement of individuals over their lifetime is the ideal approach for this purpose. This can be achieved

87 by artificial tagging (Mellon-Duval et al. 2010) or telemetry (Cooke et al. 2011; Brownscombe et al.

88 2019). Alternatively, isotope analysis of otolith bulk tissue is a powerful tool (Gao and Bean 2008,

89 Bradbury et al. 2011, Wells et al. 2015, Fraile et al. 2016). The otolith bulk tissue of teleost fishes is

90 composed mostly of calcium carbonate (Campana 1999), and isotopic information for the juvenile period

91 is preserved near the central region. For example, wild and stocked individuals during the juvenile stage

92 have been successfully discriminated based on otolith stable isotope ratios in lake trout (Salvelinus

93 namaycush: Schaner et al. 2007), pink salmon (Oncorhynchus gorbuscha: Tomida et al. 2014), and

94 Japanese eel (Anguilla japonica: Kaifu et al. 2018).

95 Generally, carbon and nitrogen isotope ratios (6'3C and §"°N) are useful for assessing the

96 migration and ecological connectivity of fish species (Cook et al. 2007, Rodgers and Wing 2008,

97  Green et al. 2012). With respect to trophic relationships, 5'*C and 6'°N analyses are based on four

98 fundamental assumptions. First, primary producers show unique isotopic signatures that depend on

99  the physiology of the producer and the geochemical environment (Maberly et al. 1992). Second,

100  consumers fractionate the carbon and nitrogen isotopes of foods in predictable ways (DeNiro and
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Epstein 1978, 1981) specific to taxonomic and functional feeding groups (Vanderklift and Ponsard 2003).

Third, isotopic signatures of consumers reflect the mass balance of assimilated foods, enabling estimation

of the relative contributions of multiple food sources with a mixing model (Phillips et al. 2005, Moore

and Semmens 2008). Fourth, stable isotope analysis can integrate dietary information over time periods

from weeks to years, depending on the body size and turnover rate. In addition to the common usage of

muscle for 5*C and 6'°N analyses in fishes, bone collagen also provides insight into the foraging ecology

and habitat use of marine vertebrates (Schoeninger and DeNiro 1984, Tomaszewicz et al. 2016).

However, the temporal resolution of isotopic values obtained from whole bone collagen is low because

the turnover time is longer than that of other tissues, such as muscle and liver tissues (Sholto-Douglas &

Field 1991, Gaston & Suthers 2004) (note that growth-based turnover in bone collagen is quite faster in

some cases: Ankjerg et al. 2012). Furthermore, recent researches suggested that 5°N values recorded in

the sclerochronological layers of the otoliths can be used to determine the trophic levels, food sources and

diet changes of fish (Grankjer et al. 2013; Shiao et al. 2018).

Comparing with previous tracking methods, i.e., the tagging, telemetry, and otolith isotope analysis,

segmental isotope analysis of collagen in vertebrae of teleost fishes has the potential to obtain not only

successional information of movement trajectory but also that on trophic shift (or stability) of individual

fish along with their growth (especially, it is quite advantageous to obtain the information during the

period of tiny juveniles). Previous research showed that the method can detect dietary isotopic shifts in
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feeding experiments (Matsubayashi et al. 2019). Because the cone-shaped vertebral centrum grows

radially, similar to the growth rings of an otolith or a tree, chronological changes in isotopic signatures are

preserved from the apex to the outermost edge, allowing for the reconstruction of isotopic shifts resulting

from changes in diet and/or habitat over time (Kerr et al. 2006; Estrada et al. 2016; Matsubayashi et al.

2017). Bone collagen is quite effective than otoliths for tracking individual fish in isoscapes because it

provides spatially explicit descriptions and predictions of isotopic values across a landscape (West et al.

2008, Bowen 2010), especially for trophic relationships revealed by elements that are scarce in otoliths

(e.g., 6N and 5**S: Doubleday et al. 2018).

In addition to the usability of 6'*C and §'°N of bulk tissue (6"*Cpuk and 5" Npyi), the

availability of "N in bone collagen also expands the scope of ecological analysis by allowing

compound-specific 6'°N analysis such as amino acids (5'°Naa) (Chikaraishi et al. 2009; Ishikawa et

al. 2014; Matsubayashi et al. 2020). The estimation of trophic positions (TP) using J'°Nax has

several advantages (Chikaraishi et al. 2009; Ohkouchi et al. 2017). First, the TP is estimated from

two amino acids and it is not necessary to determine isotopic values of primary producers to

estimate the TP of consumers. Second, 5**Naa values of consumers reflect integrated values of

primary producers that have actually contributed to them in the food web. Third, the method with

0" Naa is also applicable to clarify food-web structures in both aquatic and terrestrial ecosystems

(Chikaraishi et al. 2010, 2011). Fourth, we can estimate §*>Naa values of trophic baseline in the
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food web by offsetting trophic enrichment on the consumers. Despite the nitrogen in otolith organic tissue

is in the form of a proteinaceous matrix (Campana 1999) and seems to be originated from their diet

(Shiao et al. 2018), the analysis of 6'*Naa is not applicable since the mass of organic components (only

about 3% of otolith mass: Campana 1999) are currently not enough to incremental analysis of 6'*Naa.

To clarify shifts in the population structure and/or TP associated with individual growth by

integrating isotopic tools, we focus on the Japanese flounder Paralichthys olivaceus in Sendai Bay, off the

Pacific coast of northern Japan (Fig. 1). P. olivaceus is abundant in benthic fish communities and is an

important species for commercial fisheries, stock enhancement, and aquaculture in temperate Japan

(Fisheries Agency and Fisheries Research and Education Agency of Japan 2019). Juveniles settle after the

planktonic stage at ca. 10 mm in total length and reach ca. 100 mm at the shallow sandy bottom (<0.5-3

m in depth) (Furuta et al. 1997a, 1997b, 1998, Kurita et al. 2018a). Their main food sources after settling

are mysids and small fish larvae (particularly the Japanese anchovy Engraulis japonicus) in shallow

nurseries and larger prey, such as shrimps, gobies, and bait fishes, in deeper habitats (20—100 m) (Yamada

et al. 1998; Tomiyama et al. 2013; Yamamoto and Tominaga 2014; Kurita et al. 2018a). However, the

main food sources for adults differ spatially, including E. japonicus in the northern area of the bay and the

Japanese sand lance Ammodytes spp. in the southern area of the bay (Togashi H., personal

communication). This difference can be explained by a difference in the sediment type (i.e., northern

silty-bottom area vs. southern sandy-bottom area; Gambe et al. 2014). In Sendai Bay, P. olivaceus has
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been regarded as a single population based on a mitochondrial phylogeny (Shigenobu et al. 2013).

However, the habitat difference has only been established for adults, and migratory histories during

growth are still unclear. The role of behavioral groups within populations with divergent life

histories is also important for fisheries management and conservation (Kerr et al. 2010; Nims and

Walther 2014).

The purpose of this study was to clarify spatio-temporal variation on trophic role and

movements in P. o/ivaceus in Sendai Bay. Since P. olivaceus in Sendai Bay is regarded as the

member of single population (Yoneda et al. 2007b; Shigenobu et al. 2013; Kurita et al. 2018b), the

variation on these properties is directly related to the structural variation within a population, i. e.,

structure of sub-populations. To accomplish this goal, we 1) determined the relationship between

6"3Chuik and 5" Npyi values for the muscle and those for the outermost part of the vertebral centrum

to verify the ability to detect substances from recently consumed food, 2) analyzed §'3Cpyix and

6" Npuik values chronologically preserved in the vertebral centrum of individuals at different sites,

3) tracked shifts in trophic roles of individuals by a compound-specific stable isotope analysis of

nitrogen within amino acids, and 4) proposed an analytical approach to track individual-based

chronological movements for studies of the population dynamics of teleost fish species in

isoscapes. In our approach, comparison of time-series variation among the individuals can reveal

several components of population structure of P. olivaceus in Sendai Bay.

10
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Material and Methods

Study site and field sampling

From June to July in 2016, adult P, olivaceus (age 3—5 years) were collected at four sampling sites in

Sendai Bay (Fig. 1), where residence time in summer was 18-21 and 39-44 days for fresh and brackish

water, respectively (Kakehi et al. 2012). Considering the spatial heterogeneity of Sendai Bay, two sites

with different depths were selected in the northern (N35 and N55: silty-bottom) and southern (S30 and

S45: sandy-bottom) areas (Gambe et al. 2014). Each number in the name of sampling site indicates

approximate water depth (m) of the site. Individuals were collected by bottom trawling (mesh size: 5 mm)

using the Wakataka Maru, a 692-ton research vessel belonging to the Tohoku National Fisheries Research

Institute, or smaller trawling boats (9.7 tons). A ship speed of 2.5-3.0 knots was maintained during

sampling, and bottom trawling was carried out for 30 min. Otoliths were collected individually and stored

in a freezer until dissection in the laboratory. Sampled otoliths were dried naturally in the laboratory and

stored until analysis.

Preparation of bone collagen and muscle samples

Muscle tissues were immersed in a methanol—chloroform mixture (1:1, vol:vol) for 12 h for defatting. The

samples were rinsed at least twice with 99.5% methanol until the resolved fat was completely removed.

11
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Then, samples were freeze-dried, powdered, and stored until analysis. Bone collagen samples were
prepared following the method described by Matsubayashi et al. (2017). The veretebral centrums were
immersed in a methanol:chloroform mixture (1:1, vol:vol) for approximately 6 h and were rinsed twice
with 99.5% methanol. The remaining solvent was allowed to completely evaporate at ambient
temperature. Then, the vertebral centrums were well-shaped by microgrinder. Next, the samples were
immersed in 0.1 M NaOH, and then 1.0 M HCI both for about 12 h. After each treatment, samples were
rinsed twice with Milli-Q water, respectively. Finally, samples were heated in Milli-Q water at 90°C for
about 12 h and then freeze-dried. Comparing with the method by Matsubayashi et al. (2017), we made
following modifications. 1) In addition to a micro-grinder, an ultrasonic scaler (Varios 970, NSK) was
used to remove the spongy bone around the notochordal pore of the vertebral centrum (Fig. 2) where the
vertebral centrum is thinner than the outer part, to decrease over-scraping. 2) The length of each vertebral
centrum was measured to the nearest 1| pm using a digital micrometer, and the thickness of the section

comparable to growth over 2 months was estimated using following equation:

TZmonth = (Hcentrum X Lage3)/(Lwhole X 18)1

where Tamonth, Heentrums Lage3, and Lynole Tepresent the thickness of the section corresponding to growth in 2

months, total height of the target centrum, length from the apex to the third translucent band, and length

12
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from the apex to the outermost edge of the centrum, respectively (Fig. 2). To measure Lages and Lyhole, a

partially modified burn method (Fujinami et al. 2018) was used to clarify growth bands by sagittally

cutting the 10th or 11th abdominal vertebra. Age and growth bands were cross-checked by observing the

otolith of same individual. 3) In this study, 12th or later vertebrae were used because the shapes of the

vertebral centrum in dorsal vertebra (i.e., prior to the 12th) are distorted and far from concentric in this

Heterosomata fish (Kato et al., personal observation). 4) Each vertebral centrum was subdivided into

sections with a thickness of Tomonth, from the apex to the edge, using a sliding microtome (REM-710

Retratom; Yamato Kohki Industrial, Tokyo, Japan) under frozen conditions with Milli-Q water at —20°C

using a refrigeration unit (MC-802A Electro Freeze; Yamato Kohki Industrial). 5) According to Van

Klinken (1999), a collagen C/N ratio in the range of 2.9-3.5 was regarded as pure. Despite Guiry and

Szpak (2020) recently established narrower criterion (3.00-3.30 for modern tissues of fish), we applied

wider range since appropriate criterion for the juvenile period is still unclear.

Stable isotope analyses

Carbon and nitrogen stable isotope ratios for all individuals were measured in both bone collagen and

muscle samples using a mass spectrometer (Delta XP; Thermo Fisher Scientific, Waltham, MA)

connected to an elemental analyzer (Flash EA 1112; Thermo Fisher Scientific) via an interface (Conflo

I1I; Thermo Fisher Scientific). The stable isotope ratios are expressed in ¢ notation as deviations from a

13



227 standard: 6'*C or °N=R /R — 1, where R is 3C/'2C for 63C and N/'“N for 6"°N. The R

sample ~ standard standard

228 values for carbon and nitrogen were those of Vienna Pee Dee Belemnite and atmospheric N», respectively.

229  Data were corrected using multiple internal standards (CERKU-01 and CERKU-02) calibrated with

230 international standards (Tayasu et al. 2011). 8 to 10 samples were run between each standard. Analytical

231  errors (16) of the standards in the 8'*C and &'*N measurements were within 0.04%o and 0.12%o,

232 respectively.

233 Samples for 6'°Nas measurements were prepared following the method of Ishikawa et al.

234 (2014). Amino acids in all samples were purified for a compound-specific isotope analysis by HCI1

235 hydrolysis, followed by the addition of N-pivaloyl/isopropyl (Pv/iPr). In brief, about 3 mg of each

236 sample material was hydrolyzed with 12 N HCl at 110°C for 12 h. The hydrolysate was washed

237 with n-hexane/dichloromethane (3:2, v/v) to remove hydrophobic constituents, such as lipids, and

238 then evaporated to dryness under an N, stream. After derivatization with thionyl chloride/2-

239 propanol (1:4, v/v) at 110°C for 2 h and with pivaloyl chloride/dichloromethane (1:4, v/v) at 110°C

240 for 2 h, the Pv/iPr derivatives of amino acids were extracted with dichloromethane. §'’Nas was

241 measured following the method of Chikaraishi et al. (2010b), with modifications. Briefly, the §'°N

242 values for individual amino acids were determined by gas chromatography/combustion/isotope

243 ratio mass spectrometry (GC/C/IRMS) using the Thermo Delta V Advantage (Thermo Fisher

244 Scientific) coupled to a gas chromatograph (Trace GC ULTRA; Thermo Fisher Scientific) via a

14
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modified GC-Isolink interface consisting of combustion and reduction furnaces and the Conflo IV

interface (Thermo Fisher Scientific). Combustion was performed in a microvolume ceramic tube with

CuO, NiO, and Pt wires at 1030°C, and reduction was performed in a microvolume ceramic tube with a

reduced Cu wire at 650°C. The GC was equipped with an Ultra-2 capillary column (50m, 0.32 mm

1.d.,0.52 mm film thickness; Agilent Technologies, Santa Clara, CA). The GC oven temperature was

programmed as follows: initial temperature of 40°C for 2.5 min, ramp up at 15°C min™' to 110°C, ramp

up at 3°C min™" to 150°C, ramp up at 6°C min™' to 220°C, and dwell for 14 min. Carrier gas (He) flow

through the GC column was 1.4 ml min~'. The CO; generated in the combustion furnace was eliminated

by a liquid nitrogen trap. Standard mixtures of 5-15 amino acids with known §'’N were analyzed every

1-6 samples to confirm the reproducibility of the isotope measurements. Analytical errors (1c) of the

standards were better than 0.8%o, with a minimum sample amount of 60 ng N.

Data analysis

Pearson’s correlation analysis was used to compare the §'3Cpyik and 6'* Ny values of collagen in the

outermost edge of the vertebral centrum with those of muscle tissues from the same individual. A

nonlinear Laplacian spectral analysis (Giannakis and Majda 2012: nonlinear time-series analysis

hereafter: see Supplementary text S1 for method details) was used to uncover salient modes of variability

from chronological isotopic information with measurement noise and timing uncertainty. This analysis

15
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allows us to detect nonlinear variability of complex dynamics by employing a Laplacian eigenmap
(Coifman and Lafon 2006). The §"3Cpyuk and '’ Ny values were analyzed simultaneously in vertebral
section numbers 2—18, where missing values did not exist, with a few exceptions, and modes of
variability were extracted if the proportion of explained variance was larger than the average. The tuning
parameters of nonlinear Laplacian spectral analysis were determined to extract yearly variability of P
olivaceus population dynamics (Supplementary text S1). The robustness of our results was confirmed by
sensitivity analysis (Supplementary text S2 & Supplementary Fig. S1). Prior to the nonlinear time-series
analysis, a few missing values were interpolated with the mean value at the nearest-neighbor sections, and
all values were standardized (mean 0 and variance 1) for each element.

To detect changes in structural components in the population during growth, '*Cpyi and
0" Npuik values were compared among the four sampling sites by an analysis of variance for each
section of the vertebral centrum. Bonferroni tests were used for post hoc comparisons.
Furthermore, we tracked TPs calculated from the incremental bone collagen dataset. In most
previous studies, possible trophic sources in focused food webs were either aquatic primary
producers or terrestrial C3 plants. In such cases, the TP of consumers was calculated by the

following equation:

TP = (6"°Ngjy — 6"*Nphe + Baiu/phe)/7-6 + 1,

16
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where 6'*Ngi, and 6" Npye are nitrogen isotopic compositions of glutamic acid and phenylalanine,

respectively. Bawpne represents the difference between 0'°N values of glutamic acid and phenylalanine in

primary producers (—3.4%o for aquatic primary producers and +8.4%o for terrestrial C3 plants: Chikaraishi

et al. 2009, 2011). We assumed that aquatic primary producers are dominant trophic source through the

life cycle of P. olivaceus and adopted —3.4%o as the constant number for the formula. Furthermore, we

defined the trophic baseline (6" Npase) as the 6*°Nene of primary trophic sources, i.e., primary producers

consumed by the fishes directly or indirectly, and calculated it by following equation:

5% Ngase = 6'Nppe — 0.4 X (TP — 1).

R version 3.6.3 (R Core Team 2020) was used for statistical analysis. Despite health status such as

starvation can also affect 6*3C and ¢*°N of consumers (Gorokhova 2018; Karlson et al. 2018), we didn’t

consider the factor since chronological changes of physical condition is unclear in our samples.

Results

In total, we caught and processed 19 individuals of P. olivaceus at four sampling sites for 5'*Cpui and

6" Npu measurement of bulk vertebral collagen (Fig. 1, Supplementary Tables S1-S3). For most samples,

the C/N molar ratio fell within the quality criterion (Table S4). The minimum, maximum, and mean total

17
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length values were 447 mm, 654 mm, and 544 + 59 mm (mean =+ 1c), respectively. 6 *Cpuk and 6" Ny

values for collagen in the outermost edge of the vertebral centrum were correlated with those of muscle

tissues from the same individual (2 = 0.52, p < 0.05 for '3Cpui; 7> = 0.54, p < 0.05 for ' Nyux; Fig. 3).

In a nonlinear time-series analysis, we extracted four major modes of variability (explaining

32.8%, 16.0%, 11.2%, and 9.3% of the variance, respectively; Supplementary Fig. S2). Each mode

represented a different type of chronological isotopic information (Fig. 4). In the first mode (Figs.

4a, e and 5), isotopic variation among individuals was larger than that within individuals. In

particular, 6"*Npyik values showed large inter-individual variation compared with that of 6'*Cpu

values. We found obvious isotopic separation between N55 and other sampling sites; individuals at

N55 had obviously lower §' Ny values than those of individuals at other sampling sites. The

phases were unsynchronized among individuals in the second mode, and all individuals showed up

to one period during their lifetime (Fig. 4b, f). In the third mode, there was greater variation among

individuals at younger ages (i.e., until about 1.5 years) than in subsequent adult periods (Fig. 4c, g).

In the fourth mode, quite clear patterns with a period of approximately six vertebral sections were

detected in both ¢'*Cpui and 6"’ Ny values (Fig. 4d, h).

Among the four sampling sites, 0'*Cpui values for vertebral collagen at sections 1-15, 17,

and 18 did not show significant differences (Table 1a, Fig. 6a). §'*Cpux values commonly increased

from the 1st to the 4th or 5th section and then remained nearly constant or decreased slightly but

18
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continuously toward the outermost vertebral section at all sampling sites (Fig. 6a). In contrast, site-

specific differences during growth were observed in §' Ny values for vertebral collagen (Table 1b, Fig.

6b). The 6'*Npyik values for individuals collected at N55 were significantly lower than those at the

remaining three sites at sections 1-9 and 12. Then the §' Ny values for individuals collected at N35 and

S45 decreased to the levels observed in individuals collected at N55, and the differences were not

significant in sections later than 13 (except sections 10 and 11 at S45). Only individuals collected at S30

showed significantly higher §'* Ny values than those of individuals at N55 throughout all sections.

We measured 6'°Ngy, and 6'*Nppe in 32 vertebral collagen samples from 11 individuals

(Supplementary Tables S5, S6). TPs of P. olivaceus mostly increased during growth in the range of 1.7 to

3.1 (Fig. 7a, Supplementary Table S7). In general, 5"’ Ngase values for P. olivaceus decreased with growth

in the range of 8.1%o to 3.9%o (Fig. 7b, Supplementary Table S8).

Discussion

The significant correlations in both §'*Cpui or 5" Ny values between muscle and vertebral collagen at

the outermost edge of the vertebral centrum suggest that collagen of vertebral centrum at the arbitrary

time could reflect the values of the muscle at the same time when the vertebral centrum section was

formed in trophic analysis. However, the trends were offset from a 1:1 line both in 5**Cpui 0r 5**Npuik

(Fig. 3). Therefore, we should consider the differences in the dynamics of *C and *>N when these tissues
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are produced and metabolized. Moreover, further validation, such as analysis of trophic discrimination

factors in bone collagen (Matsubayashi et al. 2019), must be conducted to determine the origin and/or

migration history of various fishes at the individual level.

We detected individual-based variation in 6'3*Cpuix and 6" Nyui values in P. olivaceus in

Sendai Bay. The results of a nonlinear time-series analysis suggested that a combination of intrinsic

and extrinsic factors determine the isotopic chronology obtained from a segmental analysis of

vertebral collagen. The first mode (Figs. 4a, e and 5) reflects the lifetime difference in 5" Npui

values among sampling sites, with distinctly lower ¢' Ny values for individuals at N55. It also

suggests that habitat and/or food sources experienced by individuals from N55 were not identical to

those of individuals collected at the other three sites. Isotopic variation within an individual during

growth is explained by the second mode (Fig. 4b, f). Relatively greater isotopic variation and

higher amplitudes in younger periods in the third mode (Fig. 4¢, g) reflect individual differences in

the timing of migration from the nursery to deep offshore areas in juvenile P. olivaceus in Sendai

Bay (Kurita et al. 2018a). The fourth mode showed approximate annual cycles (Fig. 4d, h),

suggesting that factors related to seasonality, such as changes in food availability and reproductive

behavior, are also recorded in the isotopic chronology obtained from vertebral collagen. Since the

majority of P. olivaceus matures sexually at two years of age in Sendai Bay (Yoneda et al. 2007a),

the first annual cycles shown in Fig 4d and 4h must not be related to reproductive behavior. One of
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potential reasons of such annual dynamics is seasonal migration of P. olivaceus. Biologging data revealed

that P. olivaceus around Fukushima Prefecture generally migrates to shallower area in summer and

migrate back to deeper area in winter (Kurita et al. accepted). Since the sea area is neighboring and shows

similar physical property with Sendai Bay, same seasonal pattern of migration in P. olivaceus is strongly

suggested in Sendai Bay. To clarify the factors affecting variation among individuals, both the isotope

ratios of food items (mainly mysids and small fish larvae for juveniles and larger prey, such as shrimps,

gobies, and bait fishes, for adults: Yamada et al. 1998, Tomiyama et al. 2013, Yamamoto et al. 2014,

Kurita et al. 2018a) and §' Np, values incorporating the dynamics of seawater and freshwater inputs

from coastal land areas are required. For this purpose, detailed isoscapes of 6'*Cpuk and 6'*Npyx values in

Sendai Bay and surrounding areas need to be developed both in vertically and horizontally. Generally,

heterogeneity in §'3Cpyx and 6' Ny values in ocean isoscapes is considered to be caused by productivity

dynamics, ocean currents and upwelling, and the degree of atmospheric fixation of carbon and nitrogen

(Kurle and McWhorter 2017, Sogawa et al. 2017). Latitudinal variation in §'*C values in phytoplankton is

caused by a kinetic isotope effect associated with geographical variation in biosynthesis and metabolism

(Rau et al. 1982, Goericke and Fry 1994). Wada et al. (2012) also suggested that 5'Npy values for

plankton are closely correlated with the chemical forms of inorganic nitrogen used by primary producers.

Therefore, isotopic signatures of P. olivaceus likely reflect the averaged variation over large spatial scales

(e.g., ocean area).
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Among the four sampling sites, J' Ny values for the vertebral collagen of sections 1-9 and

11 were lowest for individuals collected at N55 (Fig. 6). These results suggest that the habitat

and/or food sources at this site differed from those of the other three sites. Two hypotheses may

explain this pattern: 1) individuals at each site did not move substantially during their lifetimes or

2) individuals migrated synchronically. In particular, 5"’ Nk values for vertebral collagen showed

consistently significant differences between individuals at S30 and N55 (Fig. 6). These results

suggest that the habitat and/or food sources did not overlap throughout their lifetimes until catch.

Considering that the observed variation in §' Ny values of vertebral collagen was greater among

sites than among individuals, these results strongly suggest that there were at least two groups of P,

olivaceus during the early migration history in Sendai Bay. Furthermore, these results also indicate

a variety in nursery environment of P. olivaceus in the coast of Sendai Bay. Since biotic and abiotic

environments in the shallow habitat < 15 m in depth are appropriate as nursery grounds for P,

olivaceus in Sendai Bay (Kurita et al. 2018a), a wide extent of the shore is regarded as suitable

habitat for juveniles. Therefore, it is the next challenge to clarify the environmental heterogeneity

in Sendai Bay and to predict the nursery areas of every adults.

Drastic increases in §'*Cyuik values of vertebral collagen in the juvenile period (i.e., sections

1-4) at all four sampling sites (Fig. 6) offer the potential to determine the timing of migration from

the nursery to deep offshore habitats in juvenile P. olivaceus. Given that the timing varies over 10
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months (from November to the following September) among age-0 juvenile individuals in Sendai Bay

(Kurita et al. 2018a), it is possible to reveal the relationship between migration timing and later growth by

applying our approach. The fourth mode of variation in the nonlinear time-series analysis showed

approximate annual cycles (Fig. 4d, h), and sections 1-8 seem to reflect age-0 juveniles. Therefore,

rigorous matching of the thickness of each section in the vertebral centrum with an accurate time scale is

needed for a detailed time series analysis (Togashi H., in preparation).

Analyses of 6'*Ngi, and 5" Nppe of vertebral collagen revealed that TPs increased for each

individual (Fig. 7a). This can be explained by an ontogenetic shift in food items (i.e., mainly mysids and

small fish larvae for juveniles and larger prey including shrimps, gobies, and bait fishes, such as Japanese

anchovy, for adults: Yamada et al. 1998, Tomiyama et al. 2013, Yamamoto et al. 2014, Kurita et al.

2018a). However, the estimated TPs were generally lower than those expected from their food items (i.e.,

>3 for juveniles and >4 for adults). TPs have similarly been underestimated for P. olivaceus in Tokyo Bay,

Japan (Kobayashi et al. 2019) and the ridged-eye flounder Pleuronichthys cornutus in Masan Bay, South

Korea (Won et al. 2020). This common underestimation in Pleuronectiformes in compound-specific

isotope analysis of amino acids needs to be resolved. We also detected a decrease in 5'°Npase values for

most individuals (Fig. 7b). Gambe et al. (2014) suggested that the contribution from terrestrial organic

matter is relatively high in the shallow southern coastal parts of Sendai Bay. Furthermore, areas

downstream of inflowing rivers to Sendai Bay are dominated by paddy fields and urban areas, where
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human-induced nitrogen discharge with high 6!°N values occurs. In contrast, active water exchange

in Sendai Bay (Kakehi et al. 2012) suggests that the effects of high 6'°N values from terrestrial

areas are limited around coastal areas. Considering movement along with growth, the decrease in

0" Npase values in P. olivaceus (Fig. 7b) may reflect baseline differences between shallow nursery

habitats and deeper adult habitats. Since it is difficult to estimate isotopic transitions along the

individual growth using muscle tissues, our use of segmental isotope analysis of vertebral collagen

has an advantage with respect to clarifying shifts of population structure and/or trophic roles

associated with individual growth in teleost fishes.

Spatial structure within fish populations can affect overall dynamics because habitat

differences can impact abundance, growth, reproduction, maturity, recruitment, and survival

(Hayes et al. 1996). For example, resident and migratory groups can exist within the same genetic

population, termed “partial migration” (Kerr et al. 2009). Our results suggest that most adult P.

olivaceus individuals at N55 belong to a migratory contingent (i.e., they are clearly distinguishable)

within the population throughout their life history in Sendai Bay. In particular, our chronological

approach effectively clarifies the spatio-temporal dynamics of contingent structures within the

population. Furthermore, our detailed individual-based approach can be used for the post hoc

detection of various processes, such as migration, habitat selection, and trophic shifts (Wilson

1998; Conrad et al. 2011). Combining the information obtained from traditional population
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research and isotopic features of tissues other than the vertebral centrum (e.g., otoliths) and other

elements (e.g., 6'%0), we can reconstruct more detailed structures within populations of teleost fishes.
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Table 1. Summary of analysis of variance of each section of the vertebral centrum of adult Paralichthys olivaceus. Different letters denote significant differences (P < 0.05) among

sampling sites.

(@) 6%3Copui
Vertebral section number
Site
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
N35 - a a a a a a a a a a a a a a ab a a ab ab ab - - -
N55 - a a a a a a a a a a a a a a b a a abc abc ab - - -
S30 - a a a a a a a a a a a a a a ab a a c c b - - -
S45 - a a a a a a a a a a a a a a a a a a a a - - -
(0) 6*°Npuix
Site Vertebral section number
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10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
N35 bc  bc b ab ab ab ab ab ab ab ab abc - - -
N55 a a a a a a a a a a a a - - -
S30 bc bc b bc bc bc bc bc bc bc bc c - - -
S45 ab ab b ab ab ab ab ab ab ab ab ab - - -
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Figure 1. Sampling sites of Paralichthys olivaceus in Sendai Bay, Japan. Each number in the name of

sampling site indicates approximate water depth (m) of the site. Dotted lines represent the prefectural

borders.
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translucent band of age 3

translucent band of age 2
translucent band of age 1

(b)

opaque band

notochordal pore

Figure 2. Schematic illustration of single corn in the set of the vertebral centrum of age 3+ Paralichthys
olivaceus. Images were obtained (a) along the craniocaudal axis and (b) along the dorsoventral axis.
Heentrum, Lage3, and Lynole represent the total height of the target centrum, length from the apex to

translucent band at age 3, and length from the apex to the outermost edge of the centrum, respectively.
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Figure 4. Four modes of variability for 8*Cpyuk (a—d) and 5" Npyi (e-h) of vertebral sectional collagen of

Paralichthys olivaceus in Sendai Bay, Japan, obtained by nonlinear time-series analysis. Vertical lines

show estimated breakpoints between years one, two, and three of individuals (i.e., vertebral section

numbers 6,12, and 18).
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Figure 5. Lifetime transitions of 6'*Cyux and 6**Npuk values in bone collagen of Paralichthys olivaceus in
Sendai Bay, Japan, reconstructed by the most salient mode (i.e., mode 1 in Fig. 6) by nonlinear time-

series analysis. Filled and open circles indicate the values for the apex and the outermost edge of the

vertebral centrum, respectively.
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Figure 7. Trophic changes of individual Paralichthys olivaceus calculated from &'°N of amino acids: a
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trophic position; b trophic baseline: §'3Npase/%o.
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