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Abstract

Understanding and predicting variability in the stable isotope ratios of nitrogen and
carbon (6"°N and 6"3C, respectively) of small pelagic fish is crucial to enable isotopic
studies of a variety of marine predators that feed on them. However, because the isotope
ratios reflect plastic feeding habits and fish migration in addition to baseline variation,
their predictions require a mechanistic understanding of how each factor contributes. Here,
we investigated the habitat-wide variability of §'"°N and ¢'°C of the Japanese sardine
Sardinops melanostictus in the western North Pacific and its marginal seas (the East China
Sea and the Sea of Japan). By combining this with the archived particulate organic matter
(POM) dataset as a baseline, we aimed to understand how ecological processes and
baseline fluctuations affect isotope ratios of the sardine. Both §'°N and ¢'°C of sardine
showed significant geographical and seasonal trends, with higher values in southern
nearshore areas, including the Seto Inland Sea, intermediate values in marginal seas and
lower values in Pacific offshore areas. As the variations were largely consistent with the
geographic and temporally integrated seasonal trends of isotope ratios of POM,
respectively, the baseline variations are the main determinant of sardine isotope

composition. The trophic levels of sardine are therefore not significantly different
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between regions, with possible minor increases in the southern nearshore area. Adults
showed less geographic variation than larvae and juveniles, likely due to slower turnover
periods and wider migration ranges. Although larval and juvenile isotope ratios in
marginal seas mostly reflected the local baseline, those in the Pacific offshore often
reflected the baseline in the neighbouring southern region, suggesting contrasting juvenile
movements between regions. Our results suggest that the '°N and §'*C of Japanese
sardine strongly reflect baseline variations, but can also be influenced by life-stage- and
region-dependent fish movements, thereby demonstrating both the possibility and

difficulty of mechanistically modelling the isoscapes of lower trophic level species.
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Introduction

Stable nitrogen and carbon isotope ratios (6'°N and §'°C, respectively) are an effective
tool for studying the migratory behaviours and trophic ecology of marine organisms.
Consumer isotope ratios reflect those of prey but have higher values, typically +3.2%o for
6"N and +1.5%o for 6'*C in fish (Sweetings, 2007a, b; Canseco et al., 2022), due to the
preferential uptake of heavier isotopes (DeNiro and Epstein, 1981; Minagawa and Wada,
1984). Furthermore, 6'°N and ¢'>C baselines at the lower end of trophic structure, such
as marine phytoplankton, exhibit considerable spatial and temporal variation depending
on oceanographic conditions (e.g., Kurle and McWhorter 2017; Ho et al., 2021). As a
result, 6'°N and 6"°C of marine organisms can vary depending on diet and habitat,
providing valuable insights into the trophic and migratory ecology of marine organisms
(e.g., Harrod et al., 2005; Pethybridge et al., 2018; Trueman et al., 2019; Richards et al.,
2020). However, to accurately interpret the isotope values, prior knowledge of variation
in isotope values of potential prey is essential. Inference of prey and trophic positions can
be easily confounded by internal changes in prey isotope values (Phillips et al., 2014).
Movements can only be inferred from comparison with the spatial variability of prey
isotope values, i.e. isoscape (e.g., Matsubayashi et al., 2019). Therefore, understanding
and predicting isotopic variation in lower trophic level species that have a large biomass
and are fed on by various predators is of particular importance for the development of

isotopic studies in the ecosystem.
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Small pelagic fishes such as sardines (Sardinops, Sardina spp.) and anchovies (Engraulis
spp.) play a key role in the transfer of energy from plankton to higher trophic levels in
pelagic ecosystems (Curry et al., 2000; 2011; Kodama et al., 2022a). They inhabit the
eastern and western boundaries of subtropical oceans worldwide, including the
productive coastal upwelling regions and the western North Pacific, and often dominate
zooplankton feeders with their enormous biomass (Checkley et al., 2017). As they are
also important prey for a variety of mammals, seabirds and large fishes, and are strongly
involved in the trophic pathway to predators (Curry et al., 2000; 2011), understanding the
variability of their stable isotope ratios can facilitate ecological studies for various species
(e.g., Bode et al., 2003; 2007; 2018; Cardona et al., 2015). Because they feed primarily
on plankton, their isotope ratios can be strongly influenced by variations of baseline,
which primarily reflect the isotopic signature of primary producers, phytoplankton.
However, recent studies show that small pelagic fish, particularly sardines, can exhibit
considerable plasticity in their diet, ranging from phytoplankton to fish larvae and eggs,
depending on the region and seasons (Costalago et al., 2015). They can also migrate over
long distances, even against the Agulhas Current, one of the strongest currents on Earth
(Teske et al., 2021). These ecological processes, along with differential turnover rates
between trophic levels (Jennings et al., 2008) and potential variation in fractionation
factors between prey and consumers (Canseco et al., 2022), may have significant impacts

on fish isotope ratios and challenge predictions of the isoscape of small pelagic fish.

In the western North Pacific and its marginal seas (East China Sea and Sea of Japan),
where more than 20 million tonnes of fish are caught annually (FAO, 2021), the most
dominant small pelagic fish is the Japanese sardine Sardinops melanostictus. Due to its
wide habitat and the increase in its biomass since the 2010s (Furuichi et al., 2022), the
sardine is becoming increasingly important as prey for marine predators in the western
North Pacific (e.g., sei whales Balaenoptera borealis, Takahashi et al., 2022), although
the knowledge of the 5'°N and 6'*C dynamics of the Japanese sardine is limited to the
local scale (East China Sea and Sea of Japan; Oshimo et al., 2021; Pacific coastal areas:
Lindsay et al., 1998; Yasue et al., 2014; Seto Inland Sea; Yamamoto and Katayama, 2012).
The habitat of the Japanese sardine includes regions of variable oceanographic conditions.
The predominant feature is the Kuroshio and the Kuroshio Extension, which bring in
warm subtropical waters from the south (Fig. 1a). The intrusion of the Kuroshio into the

East China Sea is the main origin of the Tsushima Warm Current (Inoue et al., 2021). The
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eggs and larvae found in the coastal areas around the Kuroshio and the Tsushima Warm
Current are dispersed by these warm currents (Fig. 1, Oozeki et al., 2007; Itoh et al., 2009;
Furuichi et al., 2020). The Kuroshio-Oyashio Transition Zone between the subarctic and
subtropical fronts in the Pacific, which is an important nursery area for juveniles (Niino
et al., 2020), is full of quasi-stationary jets and mesoscale eddies and meanders (Yasuda,
2003; Isoguchi et al., 2006). Subarctic (or subpolar) fronts in the western North Pacific
and the Sea of Japan are also evident (Saito et al., 2002; Moriyasu, 1972). The East China
Sea is a broad continental shelf influenced by the Kuroshio intrusion and freshwater
discharges from the Changjiang River (Zhou et al., 2019), and the Seto Inland Sea is a
shallow, semi-enclosed sea in Japan with significant anthropogenic nutrient inputs,
characterised by high primary and secondary production and occasional hypoxia
(Takeoka 2002; Nakai et al., 2018).

In such a diverse environment, the sardine can change its feeding habits and movement
depending on the region and life stage. Analyses of stomach contents at different sites
indicate that larvae and juveniles feed mainly on copepods, with the size of plankton
consumed increasing with fish size (Hirai et al., 2017; Okazaki et al., 2019; references in
Garrido and van der Lingen, 2014). Phytoplankton are often numerically dominant in the
stomachs of adults, although full stomachs are usually occupied by zooplankton
(references in Garrido and van der Lingen, 2014). In terms of migrations, juveniles in the
western North Pacific are assumed to migrate north towards the subarctic region
(Sakamoto et al., 2019; 2022), although the knowledge in other regions is severely limited.
Adults are considered to migrate seasonally through habitats, generally northwards in
summer to feed and southwards in winter for reproduction (Kuroda, 1991). Nevertheless,
population-wide differences in trophic and migratory ecology, and the effects on stable

isotope ratios, have not been extensively studied especially in recent years.

Importantly, 6'°N and 6"°C of phytoplankton in the baseline can also vary considerably
in the western North Pacific and its marginal seas. The 6'°N of phytoplankton depends on
the availability of a nitrogen source, which generally increases under nutrient-poor
conditions (Rau et al., 1998), and on the §'°N of the source. The input of sewage and the
occurrence of denitrification under hypoxic conditions significantly increase the 6'°N of
nitrate in seawater (Voss et al., 2001; Costanzo et al., 2001), while nitrates derived from
nitrogen fixation have a low J'°N (Liu et al., 1996; Horii et al., 2018). Variations in the
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6"3C of phytoplankton have been associated with various factors, such as 6'°C and
concentration of dissolved inorganic carbon, species, growth rate and cell size of
phytoplankton (Goericke and Fry 1994; Brutemark et al., 2009). As these factors are
directly or indirectly related to physical properties of the water column, such as surface
water temperature, mixed layer depth and distance from shore, the isotopic composition
of phytoplankton often shows contrasts between seasons, current systems and inshore-
offshore areas (Magozzi et al., 2017; St. John Glew et al., 2021). Previous studies have
found significant geographical variation in isotope ratios of Japanese anchovy (Tanaka et
al., 2008) or of various low trophic level fishes combined (Ohshimo et al., 2019) in the
region, indicating significant baseline variations. Moreover, the latitudinal and seasonal
changes detected in 6'°N of European sardine in the Mediterranean were shown to be
mainly driven by baseline variations (Gimenez et al., 2023). In order to robustly
investigate the ecology of Japanese sardine, therefore, a sufficiently large dataset of

baseline isotope ratios covering the entire habitat is required.
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Figure 1. Hydrography around Japanese sardine habitat and sampling locations.
Mean absolute dynamic topography (background) during 2001 to 2021 and derived
surface geostrophic flow (arrows) are shown with the names of oceanographic provinces
(a). Pink shadow: spawning ground of Japanese sardine, red line: 1.05 m contour of
dynamic topography corresponding to the Kuroshio and Kuroshio extension axis, Blue
lines: 0.55 and 0.30 m contours of dynamic topography corresponding to Subpolar front
in the Sea of Japan and subarctic front in the Pacific, respectively (a). Sampling locations
of sardine obtained for this study (yellow crosses), sardine from literature (blue crosses)
and particulate organic matter (red dots) (b).

In this study, we investigated the geographic, seasonal and ontogenetic variations in ¢'°N
and 6"3C of Japanese sardine, to understand variabilities in their migratory and trophic
ecology as well as the mechanism of isotopic variation itself. To this end, we have created
a comprehensive dataset of sardine isotopic composition by combining newly acquired
data with previously published data. By creating an isotopic dataset of particulate organic
matter (POM), whose isotope values have often been considered representative of those
of the local phytoplankton community (e.g., Goericke and Fry 1994; Kodama et al., 2021),

the effects of baseline variation and other ecological processes on sardine isotope ratios
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were investigated.

Methods

Sardine sample collection

Larvae, juveniles and adults of Japanese sardine, 300 individuals in total, were collected
from samples fished during research surveys and commercial fisheries in 2013 and 2019-
2021 (Fig. 1b). Although the collections were not necessarily systematic but rather
opportunistic, we aimed to cover the entire distribution of Japanese sardine as much as
possible. The main limitation was that we could not collect specimens from the Sea of
Okhotsk and the northern part of the Sea of Japan, which are known to be parts of the
summer feeding grounds during periods of high biomass (Velikanov, 2016; Muko et al.,
2018). The specimens were frozen after landing in commercial fisheries or on board the
research vessels and stored at -20 °C until analysis. After thawing in the laboratory,
standard length (SL) was measured to the nearest 1 mm and dorsal white muscle tissue
was collected for isotopic analysis. To extend data coverage, isotopic values of sardine
muscle published in Lindsay et al. (1998), Yasue et al. (2014), Ohshimo et al. (2019, 2021)
for a total of 281 individuals were also included in the downstream analyses (Fig. 1b).
With the exception of the two larvae in Lindsay et al. (1998), isotope ratios were analysed
after lipid extraction. For data where body length was measured in folk length, length was

converted to SL using an empirical relationship (Furuichi et al., 2021).

Stable isotope analysis of sardine muscle

Stable isotope ratios of muscle tissue were analysed according to the method described
in previous studies (Ohshimo et al., 2019; 2021). Briefly, tissues were freeze-dried and
ground into powder. Lipids were extracted from all samples using a 2:1
chloroform:methanol solution, freeze-dried again and 800 pg of a subsample was
extracted for isotope analysis. The ¢'°N and ¢'*C values of the samples were determined
at Fisheries Resources Institute (Yokohama, Japan) or GeoScience Laboratory (Nagoya,
Japan) using a continuous-flow stable isotope ratio mass spectrometer (IsoPrimel00,
Elementar, Stockton, UK; Delta Plus Advantage, Thermo Fisher Scientific, Waltham,
Massachusetts, USA) coupled to an elemental analyser (vario MICRO cube, Elementar;
FLASH2000, Thermo Fisher Scientific, Yokohama Japan). The 6"°N and 6C values
were reported in J-notation against the atmospheric N2 standard and the VPDB reference

standard (Vienna Pee Dee Belemnite), respectively, and given as a %o value. Analytical
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accuracies were + 0.2%o for 6'°N and 6'°C in both laboratories. The agreement of the
reported values between the two laboratories was tested using a blind standard (powder
of fish eye lens) where the differences in the reported values for both 6'°N and 6'°C were

less than the analytical precisions.

POM data collection

A meta-analysis was conducted to examine the §'°N and §'*C of POM available for the
area from 125°E to 180° and 28°N to 50°N, excluding the Yellow Sea in the west of the
Korean Peninsula, to cover the areas where sardines were caught. Isotope ratio data from
POM that have both 6'°N and §'*C, collected with a glass fiber filter (GF/F) filter in the
surface layer (< 50m depth) with known year (since 1990), month and location of
sampling, were included in our analyses (Supplementary Table 1). From literature that
exhibited data only in its plots, data were extracted from the plots using WebPlotDigitizer
(https://automeris.io/WebPlotDigitizer/). The literature data were mainly distributed in
the Pacific coasts, the Kuroshio inshore, the Seto Inland Sea and the East China Sea
(Minagawa et al., 2001; Takai et al., 2002; 2007; Toyokawa et al., 2003; Wu et al., 2003;
Yokoyama and Ishihi, 2003; Kasai et al., 2004; Chen et al., 2006; Hoshika et al., 2006;
Yamaguchi et al., 2006; Fukumori et al., 2008; Miller et al., 2010; Sano et al., 2013;
Chang et al., 2014; Mino et al., 2016; 2020; Mei, 2018; Ho et al., 2021; Kodama et al.,
2021; 2022b; Nakamura et al., 2022). Unpublished isotope data from POM, collected
during research surveys conducted by the University of Tokyo and the Japan Fisheries
Research and Education Institute in the western North Pacific and its marginal seas during
20132021, were added to the data set (Supplementary Table 1). During the surveys,
seawater samples were collected either by pumping the surface water onboard or by using
Niskin bottles in the upper 50m. The collected seawater samples were filtered using a pre-
combusted glass fiber filter (GF/F) with a nominal pore size of ~0.7 um. The filters were
frozen on board, thawed and dried in laboratories on land, and then acidified to remove
carbonates that could interfere with stable carbon isotope analysis. Stable isotope ratios
were measured using either DELTA V advantage-mass spectrometer (Thermo Fisher
Scientific Inc), MAT252 (Thermo Fisher Scientific Inc) or Isoprime 100 (Elementer). The
0N and 6'°C values were reported in -notation against the atmospheric N> and VPDB
reference standard, respectively, and given as a %o value. The analytical precisions were
better than = 0.2%o for '°N and + 0.2%o for §'°C.
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Assignments to oceanographic provinces

We divided the western North Pacific and its marginal seas into regions with significantly
different water properties based on geography and the positions of the frontal currents,
and described the isotopic variations among the regions. The positions of the frontal
currents were determined using sea surface level data. Satellite-based, 0.25° % 0.25° sea
level dataset “Global Ocean Gridded L4 Sea Surface Heights and Derived Variables
Reprocessed” (https://doi.org/10.48670/mo1-00148) for 1993-2020 and “Global Ocean
Gridded L4 Sea Surface Heights and Derived Variables Reprocessed NRT”
(https://doi.org/10.48670/moi1-00149) for 2021, both distributed by the Copernicus
Marine Environment Monitoring Service, were downloaded from its website
(https://resources.marine.copernicus.eu/products). Based on the relationships between
current velocity and absolute dynamic topography (ADT) in the Pacific (Nakano et al.,
2018) and in the Sea of Japan (Yabe et al., 2021) and visual speculations of the mean
absolute dynamic topography (ADT) and geostrophic flow fields during 2001-2021 (Fig.
la), we defined the position of the Subpolar front of the Sea of Japan as ADT = 0.55,
Kuroshio and Kuroshio Extension axis as ADT = 1.05, and the subarctic front in the
Pacific as ADT = 0.30, around which strong currents were detected (Nakano et al., 2018;
Yabe et al., 2021). The ADTs at the sampling points of fish and POM were represented
by the monthly mean ADT at the nearest grid point during the year and month of sampling.

All isotopic data from sardine muscle and POM were assigned to one of the nine regions
defined as follows (Fig. 1b); (1) Subtropic Pacific; south of the Kuroshio and Kuroshio
Extension axis (ADT > 1.05), (2) Kuroshio-Oyashio Transition Zone; north of the
Kuroshio Extension axis (ADT < 1.05) and south of the Pacific subarctic front (ADT >
0.3 or south of 39°N, the condition of 39°N was necessary to distinguish the cold-core
rings that often appear in the Kuroshio-Oyashio transition zone (Itoh and Yasuda, 2010)).
(3) Subarctic Pacific; north of the Pacific subarctic front (ADT < 0.3 and 39°N), (4) Seto
Inland Sea; the inland area north of the Bungo and Kii Channels, (5) Pacific bays; bays
facing the Pacific that are generally subject to significant anthropogenic effects (e.g.,
Sagami Bay and Ise Bay), automatically detected as less than 10 km from south coast of
Japan, (6) Kuroshio inshore; more than 10 km from south coast of Japan and north of the
Kuroshio axis (ADT < 1.05), (7) East China Sea: west of 131°E, south of 35°N and north
of Kuroshio axis (ADT < 1.05), (8) Southern Sea of Japan: south of the Subpolar front
(ADT > 0.55) and (9) Northern Sea of Japan; north of the Subpolar front (ADT < 0.55)
in the Sea of Japan.
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Data analysis

To describe the differences in the isotopic composition of sardine and POM between
regions and seasons, the 6'°N and ¢'*C values were modelled using linear mixed-effects
models. The region factor consists of the nine regions and the season factor of winter
(January to March), spring (April to June), summer (July to September) and autumn
(October to December) were included as fixed effects. To show the effects of the potential
increase in trophic level with growth, the logarithm of fish size (SL) was included as a
fixed numerical effect in the model for sardine. This is because the AIC of the models for
6"N and 6"3C both decreased by about 10 after the logarithmic conversion from SL. To
account for inter-annual variation including the Suess effect on ¢'3C (Gruber et al., 1999)
or the effect on §'°N related to population level of sardine (Bode et al., 2018), the year of
sampling was included as a random factor. For the POM isotope ratios, one data point
(015N: -9.9%o0) that fell outside the range of mean + 5 standard deviations was excluded
from the analysis. In addition, data for which a C:N ratio was available were excluded if
the ratio was greater than 10, as this indicates significant inclusion of non-phytoplankton
particles (Kodama et al., 2021). When POM was sampled from multiple layers at the same
site, the average 6'°N and 6'°C values of the layers that were less than 50 m deep were
considered representative. We used the following model formulae based on the /merTest
package (Kuznetsova et al., 2017) in R 4.1.3 (R Core Team, 2022);

Imer(Sardine-6'°N or -6">C ~ region + season + In(SL) + 1|year) (1),
and
Imer(POM-5"°N or -5'3C ~ region + season + 1| year) (2).

The normalities and homogeneities of the residuals were assessed graphically. Fitted
parameters of the POM models can be found in Supplementary Tables 2 and 3. Model
selections for the fixed effects were performed using the drop! function. As dropping a
fixed term resulted in significant differences in all cases, the full models were used. The
estimated marginal means were calculated for each region and season using the emmeans
package (Length, 2022) and compared between sardine and POM. For the seasonal means,
the 2-season means for POM were also compared with the means for sardine, as seasonal

signals in POM are more likely to occur in sardine in a temporally integrated form due to
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the slower tissue turnover of the fish.

To test for differences in the mean trophic level of sardine between regions, differences
in marginal mean 6'°N and §'*C between sardine and POM were calculated. The standard
errors of the differences were calculated assuming independent error propagation from
the marginal means for sardine and POM as follows:

(Osardine> + opoM?) 2

where sardine and opom are the standard errors of marginal means of sardine and POM for
each region, respectively, calculated from linear mixed effects models (Formulae 1, 2).
Here, the Kuroshio-Oyashio Transition Zone had exceptionally small 6'°N difference (see
Results). As the low 6'°N in larvae and juveniles collected in the Kuroshio-Oyashio
Transition Zone during May 2021 had likely contributed to this, the collection sites were
compared with mean absolute dynamic topography field and the derived surface

geostrophic currents during the survey periods, to investigate potential relationships

between local physical dynamics.

Investigation of short-term movements of larvae and juveniles

If the isotope ratios of a fish are significantly different from the ranges of values that can
be predicted from the local baseline of the sampling region, the fish size and the season
year of collection, this may indicate that the fish recently came from other regions. Based
on this concept, short-term movement patterns of sardine in each region were inferred to
clarify the effect of movements on sardine isotope ratios. As the sardine isotope ratios are
significantly affected not only by their locations or movements, but also by variations
related to fish size, season and inter-annual fluctuations, the observed isotope ratios were
first adjusted for these effects to extract the signals from the locations. The adjusted values
were calculated by adding the residuals of the mixed effects models (Formula 1) to the
marginal means for each sampling region. This is because the residuals are the remaining
values after removing the effects of region, fish size, season and inter-annual variation
(Formula 1).

Next, the predicted ranges for the adjusted sardine isotope ratios were calculated for each
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region from the POM isotope ratios. The mean positions of the predicted range for each
region were calculated from the marginal mean POM isotope ratios (Supplementary Table
4) using the regression of the marginal mean isotope ratios of sardine on those of POM
(see Results, Equations 3, 4). Uncertainty ranges were calculated assuming independent
propagation of errors in the estimation of marginal means for POM, the mean error in the
regression, and individual-level variability due to undescribed causes (e.g., individual

preferences of prey size) as follows:
(O'POM2 + RMSE2 + O'residualz)l/2

where opom are the standard errors of marginal means for POM (Supplementary Table 4),
RMSE is the root mean square error in regression of sardine mean on POM mean
(Equations. 3, 4; 0.42 in 6"°N, 0.52 in 6'°C), and oresiqual is the standard deviation of the
residual in the mixed effects model (Formula 1; 1.37 in 6'°N, 0.71 in 6'3C). For the
calculation of RMSE, the residual for the Kuroshio-Oyashio Transition Zone were
excluded as the sardine isotope ratios there likely do not reflect the baseline there. The
predicted ranges in a '3 C-6"°N diagram were defined as ellipses with a width and height

equal to twice the uncertainties for 6'°C and 6'°N, respectively.

The entire habitat was divided into three major areas, namely the marginal seas including
the Northern and Southern Sea of Japan and East China Sea, the nearshore area including
Seto Island Sea, Pacific bays, Kuroshio inshore, and the Pacific offshore area including
the Subtropical and Subarctic Pacific and Kuroshio-Oyashio Transition Zone. In each area,
the adjusted sardine isotope ratios were compared with the predicted ranges for each
region to infer movement patterns. For the nearshore area, the predicted range for the
Subtropical Pacific was also included in the comparison, as individuals can arrive from
there via the Kuroshio. We used this procedure only for larvae and juveniles (< 160 mm
SL). Given the presumed spawning migration from the Pacific offshore to the Southern
nearshore area (Kuroda, 1991) and similar isotope ratios between regions (see Results),
it was difficult to assume that the adults remain in each area but allowing too many options

that cannot be completely separated would limit the validity.

Results

Geographical and ontogenetic variations in isotopic composition of sardine
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The stable isotope ratio data of 581 individuals, ranging from 21 to 232 mm SL, were
available in total. The number of available data varied by regions, ranging from 31 in the
Seto Inland Sea to 153 in the Southern Sea of Japan (Supplementary Fig. 1). The §'°N
and 6'°C values of sardine muscle ranged between +5.4%o to +16.4 %o and -21.2%o to -
14.2 %o, averaged +9.5 (£ 1.8, 1SD) %o in 6"°N and -18.5 (x 1.1) %o in 6'°C, and showed
a significant positive correlation between them (Pearson’s r = 0.74, n =581, p < 10719),
The i1sotope ratios of larvae and early juveniles (< 60 mm SL based on the definition of
Smith (1992)) showed patchy distribution away from the values often seen in late
juveniles (60—160 mm SL) or adults (>160 mm SL) (Fig. 2a, b). The values of late
juveniles were distributed broadly with geographical variations (Fig. 2¢), while values of
adults were mostly concentrated around the global mean values (+9.5%o in 6'°N and -
18.5%o in 6'3C) or to the highest or lowest extremes (Fig. 2d).
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Figure 2. Stable carbon and nitrogen isotope ratios of Japanese sardine. The mean
&'3C and &'°N of captured in the same location and date are shown with standard
deviations, with symbols representing life history stages (circle: larvae and early juveniles,
plus mark: late juveniles and diamond: adults) and colors representing sampling regions
(a). Data for each individual separately shown for larvae and early juveniles (b), late
juveniles (c) and adults (d).

Significant positive correlations were detected between isotope ratios and fish size (6'°N:
Pearson’s r = 0.30, p = 2.0x1073, 6'*C: r = 0.26, p = 3.6x107'%) or the logarithm of fish
size (6"°N:r=0.32,p=2.8x10"15, §"*C: r=0.27, p=8.3x10"!!). However, even excluding
adults, which showed less geographical variation (Fig. 2d), the relationships between size
and isotope ratios were significantly different between regions (Fig. 3a—f). Relatively
limited changes were observed during larval and juvenile stages in the Southern Sea of
Japan and the adjacent East China Sea (Fig. 3a, d), although negative correlations between
size and 6'°N were observed (Southern Sea of Japan: Spearman’s r = -0.35, p = 8.0x10%;
East China Sea: r=-0.36, p=2.2x107%). Large variations were observed in the Seto Inland
Sea, Pacific bays and Kuroshio inshore area (Fig. 3b, €), where remarkably low J'°N (<
+8%o) were observed in some fish under 100 mm SL and high 6'°N (> +12%o) and §'°C
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(> -17%0) were observed in some larger juveniles (Fig. 3b, e). Positive correlations
between size and 6'°N were found in the Kuroshio inshore (Spearman’s r = 0.59, p =
2.7x1071%) and Seto Island Sea (p = 0.62, p =8.4x10%). Individuals smaller than 100 mm
SL in the Kuroshio-Oyashio transition zone tended to show lower 6'°N and ¢'°C than
larger individuals in the region, while in the Subarctic Pacific, individuals larger than 130
mm SL tended to show lower 6'°N and 6"°C (Fig. 3c, f). A correlation between size and
6"N for larvae and juveniles was found to be positive in the Transition Zone (Spearman’s
r=0.70, p = 6.7x10°'*) but not significant in the Subarctic Pacific (r = -0.30, p = 0.07).
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Figure 3. The relationships between isotope ratios and length of sardine. The
relationships between &N and standard length (SL) (a-c) and &'3C and SL (d-f) for the
East China Sea and the Sea of Japan (a, d), Seto Inland Sea and regions off southern
coast (b, e) and the Pacific offshore regions (c, f) are shown. Colors represent the regions
of sampling.

For all sizes combined, the geographical variations were evident for both 6'°N and '*C
(Fig. 4a-b). For both 6"°N and 6'°C of sardine, medians were higher in the Seto Inland
Sea and Pacific bays, moderate in the Kuroshio inshore, East China Sea, Southern Sea of
Japan and Sea of Japan Coast, and lower in the Kuroshio-Oyashio Transition Zone and
Subarctic Pacific. Seasonal trends were not consistent between regions, although the
seasonal median in each region tended to be higher in summer (July to September) and
autumn (October to December) (Fig. 4a, b).
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Figure 4. Differences of stable isotope ratios of sardine (a, b) and POM (c, d) among regions.
Boxplots for each size season are shown for each region: center line, median; box limits, upper

and lower quartiles; whiskers, 1.5x interquartile range; points, outliers. Wider grey boxplots show
data distribution for each region,

Seasonal and geographic variations in isotopic composition POM

The total number of available data points after averaging for the same sampling date and
location was 599, of which 580 were acidified to remove calcium carbonate prior to
analysis (Supplementary Table 1). The number of available data varied significantly by
region: over a hundred in the Southern Sea of Japan and Subtropical Pacific but only 10
in the East China Sea and 12 for the Subarctic Pacific (Supplementary Fig. 2). The 6'"°N
and 6"°C values of POM ranged from -4.0 to +11.3%o with a median of +2.7 %o and -30.9
to -16.0%o with a median of -23.7%o, respectively. In most regions, median 6'°N and §"*C
values of POM were lowest in winter (January to March) and higher in spring (April to
June) to autumn (Fig. 4c, d). Median 6'°N values in each region were higher in the Seto
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Inland Sea and Pacific Coast, moderate in the Kuroshio-Oyashio Transition Zone, East
China Sea, Northern and Southern Sea of Japan and Kuroshio inshore, and lower in the
subtropical and subarctic Pacific (Fig. 4c). Median 6'°C values showed similar

geographic patterns and were lowest in the Northern Sea of Japan (Fig. 4d).

Linear model analyses

To quantitatively describe the effects of fish size, seasons and regions on §'°N and §'*C
of sardine, the isotope ratios were analysed using linear mixed-effects models
(Imer(Sardine-6"°N or -6'°C ~ region + season + In(SL) + 1|year)). Significant effects of
season, region and fish size were detected (Table 1, 2). The diagnoses for the models
showed straight Q-Q plots and normalities and homogeneities of the residuals
(Supplementary Figs. 3, 4), suggesting that the models were reasonably fitted. The
logarithm of the standard length showed a positive effect on the §'°N and ¢'3C values
with a larger slope for 6'°N (Table 1, 2). The §"°N and 6'*C values in summer (July to
September) were significantly higher than those in winter (January to March) by 1.2 %o
and 0.4 %o, respectively.



Table 1. Summary of the linear random-effects model (Imer(Sardine §'°N ~ Region
+ season + In(SL) + (1| Year))).

Random effects:

Groups Name Variance Std.Dev
Year (Intercept) 0.21 0.46
Residual 1.87 1.37

Number of obs: 581, groups: Year, 17

Fixed effects:

Estimate Std. Error df t value Pr(=[t))
(Intercept) 4.17 0.60 433.1 6.99 1.07.E-11
Regions Kuroshio Inshore 0.23 0.29 70.5 0.79 0.43
Regions Subarctic Pacific -1.83 0.29 520.0 -6.24 9.07.E-10
Regions Pacific bays 1.44 0.32 497.8 4.53 7.46.E-06
Regions Seto Inland Sea 2.77 0.36 203.9 7.62 955.E-13
Regions Southern Sea of Japn -0.17 0.20 544.0 -0.87 0.39
Regions K-O Transition Zone -1.28 0.22 482.6 -5.78 1.37.E-08
In(SL) 1.01 0.11 531.1 9.16 <2e-16
Season Spring 0.73 0.20 561.0 3.7 2.27.E-04
Season Summer 1.21 0.19 5274 6.46 2.43.E-10
464 Season Autumn 0.92 0.29 487.7 3.20 1.44.E-03

465
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Table 2. Summary of the linear random-effects model (Imer(Sardine 67°C ~ Region
+ season + In(SL) + (1] Year))).

Random effects:

Groups Name Variance Std.Dev

Year (Intercept) 0.43 0.66
Residual 0.51 0.71

Number of obs: 581, groups: Year, 17

Fixed effects:

Estimate Std. Error df t value Pr(>{t))

(Intercept) -20.38 0.35 180.4 -5795 < 2E-16
Regions Kuroshio Inshore 0.40 0.19 406.0 2.16 3.16.E-02
Regions Subarctic Pacific -1.41 0.16 568.7 -8.92 <2E-16
Regions Pacific bays 0.86 0.17 568.7 5.00 7.84.E-07
Regions Seto Inland Sea 1.50 0.21 522.6 7.07 4.97.E-12
Regions Southern Sea of Japn -0.45 0.11 569.7 -4.20 3.04.E-05
Regions K-O Transition Zone -0.84 0.12 568.2 -6.94 1.10.E-11
In(SL) 0.47 0.06 568.5 7.97 8.67.E-15
Season Spring 0.04 0.10 563.5 0.37 0.71
Season Summer 0.40 0.10 566.7 4.04 6.11.E-05
Season Autumn 0.19 0.16 568.7 1.24 0.22

The POM isotope ratios were also analysed using linear random-effects models
Imer(POM-6"N or -6">C ~ region + season + 1| year), which revealed significant effects
of season and region (Supplementary Table 2, 3). Diagnoses for the models showed
mostly straight Q-Q plots except for the tails, and normalities and homogeneities of
residuals (Supplementary Figs. 5, 6). Seasonal trends were different for '°N and 6'°C:
6"°N was lowest in winter and highest in spring (April to June) with a difference of 1.9 %o,
while 6'°C was lowest in winter and highest in summer with a difference of 1.1 %o
(Supplementary Table 4). The estimated marginal means for each region and season were
compared between sardine and POM (Fig. 5a-d; Supplementary Table 4). Significant
linear relationships were found using a least rectangles regression analysis assuming

observational errors for both sardine and POM isotope ratios;

Sardine 5"°N = 1.18 x POM 6'"°N + 5.4 (Pearson’sr = 0.83,p=0.02,n=7) (3),
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Sardine "°C = 1.09 x POM §"3C + 7.1 (Pearson’s r = 0.88, p = 0.008, n="7) (4),

where the slopes were both not significantly different from 1 (6'°N: t = 0.65, p = 0.54,
03C: t = 0.44, p = 0.68). At §°N, the mean value for the Kuroshio-Oyashio Transition
Zone showed the largest deviation from the regression line, indicating a lower J'°N of
sardine than that the 6'°N predicted by POM (Fig. 5a). Such a large deviation in the
Kuroshio-Oyashio Transition Zone was not observed for 6'°C (Fig. 5b). The magnitude
of seasonal variation was greater for POM than for sardine, both for §'°N (sardine: + 0.59
(1 SD), POM: 0.90%o) and for §"°C (sardine: = 0.22, POM: + 0.51%o), and the highest
season for 5'°N was summer for sardine but spring for POM (Fig. 5¢, d). However, when
the seasonal effects of POM were averaged with the previous season, the seasonal trends

were mostly similar to those of sardine (Fig. 5c, d).
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Figure 5. Comparisons of estimated marginal means of stable isotope ratios of sardine
and POM for each region (a, b) and each season (c, d). Solid lines represent the linear
regressionlines based on a least rectangles regression analysis (a, b). The seasonal effects
were shown as anomalies, and 2-season averaged effect (present and previous season) of
POM are also shown (c, d). The error bars represent standard errors (a-d).

The differences in isotope ratios between POM and sardine in each region were examined
to find possible differences in trophic levels between the regions (Fig. 6a, b). Isotopic
differences between sardine and baseline ranged from 4.2%o to 6.9%o at 5'°N and from
3.7%o to 5.2%o at 6'*C, which tended to be greater in the Southern nearshore areas (Pacific
bays, Kuroshio inshore and Seto Island Sea) than in other oceanic areas (Fig. 6a, b).
Geographical variations in isotopic differences were mostly smaller than 1%o in both 6'°N
and 6'3C, while standard errors for each isotopic difference were 0.4—0.6%o in 6'°N and
0.3—-0.6%o in 6'°C. The difference in 6'°N between sardine and POM in the Kuroshio-
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Oyashio Transition Zone was exceptionally low (4.2%0) compared to differences in other
regions, which averaged 6.4%o. However, when we calculate the 6'°N difference using
the baseline for the Subtropical Pacific (dashed bars in Fig. 6b), it is comparable to that
in other regions. To investigate the potential influence of Subtropical waters on larvae and
early juveniles collected in May 2021 in the Transition Zone, which had significantly low
6"°N, the collection sites during a survey were compared with satellite-derived sea surface
height data during the survey period (Fig. 6c). The comparison showed that the §'°N
values were particularly low near the Kuroshio Extension and the warm core rings and

higher away from these structures (Fig. 6¢).
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Figure 6. Differences between stable isotope ratios of POM and sardine, and
potential effect of subtropical waters in the Kuroshio-Oyashio Transition
Zone. The estimated marginal mean &'3C and &'5N for POM (blue) and sardine
(orange) are plotted with different symbols for each region (a). The error bars
represent standard errors (a). The differences of 5'3C (orange) and 6'°N (blue)
between marginal means of sardine and POM (b). The error bars are standard
errors propagated from those of sardine and POM (b). The dashed bars for the
Kuroshio-Oyashio Transition Zone are the isotopic differences between sardine in
the region and baseline in the Subtropical Pacific (b). Sardine &'°N for samples
collected during surveys in 18" to 31t May 2021 in the Transition Zone (c). Mean
absolute dynamic topography and the derived surface geostrophic flow during the
survey periods are shown (c).
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Finally, to infer the effects of fish movements, isotope ratios of larvae and juveniles were
compared to the ranges of values that could be predicted from local baselines in each
region (Fig. 7a-1). If the isotope ratios of a fish were outside the predicted range for the
sampling region but within the range for the adjacent region, this may indicate that the
fish had recently arrived from the adjacent region. As the isotopic ratios of sardines are
significantly affected by fish size and seasonal and inter-annual variations, the observed
values were adjusted for these effects based on the results of linear mixed effects models
(Table 1, 2). In the Southern Sea of Japan and East China Sea, sardine isotope ratios
remained mostly within the local predicted ranges in each region (Fig. 7a, d, g), with the
exception of some larvae in the Sea of Japan (Fig. 7a) caught near an estuary (the Miho
Bay). While the predicted ranges for the regions overlapped, the sardines captured in the
local region mostly occupied the part of the predicted ranges that did not overlap (Fig. 7a,
d, g). In the Seto Island Sea, Pacific bays and Kuroshio inshore, sardine isotope values
were distributed among the predicted ranges of the lower (the Subtropical Pacific and
Kuroshio inshore) and higher (the Seto Inland Sea and the Pacific bays) baseline regions
(Fig. 7b, e, ). In the Seto Island Sea, some smaller individuals under 60 mm SL showed
low 8"°N values in the predicted ranges of the Kuroshio inshore or the Subtropical Pacific,
while larger individuals consistently showed higher '°N values than the ranges. In the
Pacific bays, sardine isotope ratios were mostly within or above the locally predicted
range. In the Kuroshio-Oyashio Transition Zone, smaller individuals under 60 mm SL
were mostly within the predicted range for the Subtropical Pacific (Fig. 7¢), while larger
individuals tended to have higher §'°N and approached the predicted range for the
Transition Zone (Fig. 7f, i). In the Subarctic Pacific, isotope ratios spread among the
predicted ranges for the Transition Zone and the Subarctic Pacific (Fig. 7i). Some
juveniles in the Transition Zone and Subarctic Pacific had significantly low §'°N and §'*C
values outside the predicted ranges. They were all larger than 135 mm SL and captured
around were caught near 175°E, except for one specimen from near 160°E

(Supplementary Fig. 7).
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Figure 7. Comparison of the adjusted sardine 6'3C and &'°N (x) and the predicted
ranges based on local baselines (shaded). Columns represent major areas (left: the
Southern Sea of Japan and East China Sea, middle: the Seto Inland Sea, Pacific bays and
Kuroshio Inshore, right: the Kuroshio Oyashio Transition Zone and Subarctic Pacific), and
rows represent size ranges. The sizes of the symbol for the adjusted values (x) represent
the relative fish size within each size range (row), and colors represent locations at
sampling.

Discussion
In this study, we investigated the geographic, seasonal and ontogenetic variations in §'°N
and §'3C of Japanese sardine, the dominant small pelagic fish in the western North Pacific

and its marginal seas, and explored the mechanisms driving these variations. The §'°N
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and ¢'°C of sardine showed significant and similar geographical variations: higher in the
southern nearshore areas (the Seto Inland Sea, Pacific bays and Kuroshio inshore),
moderate in the marginal seas (the Southern Sea of Japan and the East China Sea), and
lower in the Pacific offshore (the Kuroshio-Oyashio Transition Zone and the Subarctic
Pacific). Moreover, the large geographical differences in sardine isotope ratios, up to 4%o
in 6"°N and 3% in 5'3C, were closely associated with those of POM with almost identical
amplitudes (Fig. 5a, b), except in the Kuroshio-Oyashio Transition Zone. Seasonal
differences were also found in sardine 6'°N and §'3C values, both of which were lower in
winter and higher in summer. While these trends appeared to differ from those of POM,
they were almost identical when the effect of POM was averaged with the previous season
(Fig. 5c, d). This suggests that seasonal variation in POM isotope values is also reflected
in sardine isotope values, but in a temporally integrated manner likely due to slower
turnover times in organisms of higher trophic levels (Jennings et al, 2008). Geographic
differences in 6'°N and 6'3C between nearshore and offshore areas, or between the Pacific
and marginal seas have also been suggested in other small pelagic fish in the region (e.g.,
Japanese anchovy, Tanaka et al., 2008; Ohshimo et al., 2019). These results suggest that
there are significant variations in baseline isotope ratios in the western North Pacific and
its marginal seas, and it is the baseline variations that are mainly driving the isotopic

variations in small pelagic fish in the region.

Although the Kuroshio-Oyashio Transition Zone appeared as a significant exception in
the relationship between 6'°N of sardine and POM (Figs. 5a, 6a), this can also be
attributed to baseline variability. The mean ¢'°N in sardine in the region is lowered by
low 6'°N values in spring (Fig. 3a), consisting mainly of larvae and early juveniles
captured in May 2021. These small individuals were captured in the southern part of the
Transition Zone near the Kuroshio Extension, and those closer to the Kuroshio Extension
and warm core rings had particularly low 6'°N (Fig. 6¢). The baselines in the Kuroshio
and Kuroshio Extension that originate from the Subtropical Pacific are likely to be
influenced by those in the Subtropical Pacific. As the §'°N baseline in the Subtropical
Pacific is about 2%o lower than in the Transition Zone with comparable 6'>C, the observed
discrepancy in the 6'°N relationship, but not in the §'C relationship, can be explained if
baselines of Subtropic Pacific are simply reflected (Fig. 6b). In addition, Saino (1992)
found that POM 6"°N values are lower in a warm core ring in the Transition Zone than at
its periphery, possibly due to enhanced vertical mixing of the water column within the

ring. It is therefore likely that such local low J'°N baselines near the Kuroshio Extension
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had lowered the mean sardine 6'°N in the Transition Zone, which support the conclusion

that baseline variations are the main cause of isotopic variation in Japanese sardine.

The strong relationships between baselines and sardine isotope ratios indicate that mean
trophic levels across life stages show limited variability in its habitat. The §'°N difference
between the marginal means of sardine and POM for each region averaged 6.4%o0 with
less than 1% differences between the regions except the Transition Zone (Fig. 6b),
suggesting that the average trophic level of the Japanese sardine is 3.0 assuming +3.2%o
fractionation per trophic transfer (Sweeting et al., 2007a). Logarithmic increases in §'°N
and 6"3C values with size were observed, indicating an increase in trophic level with
growth, particularly at early life stages (Table 1, 2). These results are consistent with
previous analyses of the dietary composition of Japanese sardine, which generally showed
that zooplankton is an important prey at most life stages, and that the size of the
zooplankton consumed tends to increase during growth from larval to juvenile stages
(Garrido and van der Lingen et al., 2009; Hirai et al., 2017; Okazaki et al., 2019). However,
the 6'°N differences between sardine and POM were slightly higher in the nearshore areas
(Fig. 6b), which may indicate minor dietary differences between fish in the nearshore and
oceanic areas. Although this remains a hypothesis given the significant uncertainty in the
estimates and the possible bias due to migrations (Fig. 6a, b), it is possible that nearshore
eutrophic areas with significant anthropogenic nutrient inputs provide larger prey for
sardines locally and serve as a feeding ground for a part of the population. Note that our
results, based on data from fish averaging 120 mm SL, do not preclude the potential
trophic plasticity specifically occur in adults that can heavily feed on phytoplankton by
filtering (Costalago et al., 2015), which should be tested in future.

Beyond the above trends, other notable features were observed in the isotope ratios of
sardine, indicating a significant influence of movements. First, the variance of 6'°N and
0"3C depended on life stages, with larval and juvenile values showing significant
geographic variation, while adults showed less geographic variation and tended to
converge around the mean or extreme values. This difference likely reflects ontogenetic
increases in turnover time and range of movement. Isotope ratios of larvae, which have a
shorter turnover time (Tanaka et al., 2014), may sensitively reflect physical dynamics at
smaller spatial scales, as shown in the Transition Zone (Fig. 6¢) or in the Southern Sea of

Japan (Fig. 7a), which would result in large variances. In contrast, adult isotope ratios,
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which have longer turnover times of potentially more than several months (Bode et al.,
2007), may reflect spatially integrated baselines as they migrate between regions during
the period and absorb geographic variation. For example, the differences in '°N and 6'*C
between the Southern Sea of Japan and the East China Sea, or between the Kuroshio
inshore and Kuroshio-Oyashio Transition Zone, which were evident in late juveniles,
were no longer visible in adults (Fig. 2¢, d). This suggests that the adults frequently
migrate between adjacent areas, as previously suspected (Kuroda, 1991). However, the
exceptionally high or low §'°N and §'3C values of some adults in the Seto Island Sea, the
Kuroshio inshore and Subarctic Pacific (Fig. 2d) suggest that adults can occasionally
remain in certain areas for months at a time. These results indicate the migratory nature

of the adults as well as their potential plasticity.

Another important feature in the isotope ratios was the different ontogenetic trends
between regions during the larval and juvenile stages (Fig. 3a-f). In the Southern Sea of
Japan and East China Sea, sardine isotope ratios did not show pronounced deviations
from the local predicted ranges in each region throughout the life stages (Fig. 7a, d, g),
suggesting that only limited or slow movements occurred. In contrast, in the Southern
nearshore areas, the generally large ranges of values indicate that fish frequently moved
between the nearshore and offshore sides, which showed a large baseline gradient (Fig.
7b, e, h). Larvae and early juveniles tended to have lower 6'°N values, suggesting that
many of them originate from the outer side (Fig. 7b), where the main spawning area of
Japanese sardine is located (Oozeki et al., 2007). In the Pacific offshore area, the increase
in isotope ratios with size in the Transition Zone and the wide range of values in the
Subarctic Pacific likely correspond to movements from the Subtropical Pacific with low
0N baseline to the Transition Zone with high 6"°N (Fig. 7c, f, i) and from the Transition
Zone to the Subarctic Pacific with again low §'°N (Fig. 7i), respectively. Thus, in contrast
to the movements in the marginal seas and southern nearshore area, systematic northward
movements are likely to be prevalent in the Pacific offshore, as has been previously
suggested by otolith isotope analysis (Sakamoto et al., 2019; 2022). The larger juveniles
with significantly low isotope ratios in the far offshore (Fig. 71, Supplementary Fig. 7) are
probably not age-0 fish, as they were larger than 135 mm SL in the Transition Zone in
July. While most age-0 fish that have migrated north are considered to return to coastal
areas for overwintering and recruitment (Kuroda, 1991), the large juveniles may have
overwintered in offshore areas and therefore have low isotope ratios reflecting the

residual effect of lower winter baselines (Fig. 5d). These results reveal that Japanese
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sardine exhibit remarkably different migration patterns between regions, which

differentially affects ontogenetic trends in isotope ratios.

Our results provide implications for the future use of stable isotope ratios in the western
North Pacific and its marginal seas. Given the considerable geographic and seasonal
variation in baseline and fish movements between them, the study of animal trophic
ecology based on bulk isotope ratios requires careful evaluation. A compound-specific
analysis of amino acid, which allows a clear separation of baseline and trophic effects
(Chikaraishi et al., 2009), is particularly recommended when geographical or seasonal
differences in the feeding habits of a species are to be studied, as has been done for the
European sardine Sardina pilchardus in the Mediterranean (Giménez et al., 2023).
Meanwhile, the geographical baseline variability in the region provides a great
opportunity to track the movements of animals. The strong relationship between baseline
and isotope ratios of sardine, which has also been demonstrated between POM and
myctophid fish in the Central Pacific (Horii et al., 2018), suggests the possibility of
modelling the isoscapes of low trophic level fishes based on baseline. Such isoscapes, in
combination with isotope chronology data from eye lenses or vertebrae (e.g., Wallace et
al, 2014; Matsubayashi et al., 2020), could be effectively used to study migratory
behaviours of marine predators. Systematic collection of baseline data and development
of models to predict baseline isoscape (e.g., Magozzi et al., 2017; St. John Glew et al.,
2021) would be the key for the development of this field. However, our results also show
that the isoscape of low trophic level fishes needs to be temporally and spatially integrated
from the baseline isoscape due to their migrations and slower turnover. As the spatial
scale of integration depends on the distance of movements during the turnover period, a
general understanding of the migration patterns and tissue turnover rates of small fish in

the region is required before the migrations of predatory fish can be studied.

Overall, we revealed the significant geographic, seasonal and ontogenetic variations in
the stable isotope ratios of Japanese sardine and comprehensively explained the
mechanism causing the major trends, providing insights into the ecology of the species.
The 6'°N and 5"°C values of Japanese sardine showed extremely large fluctuations. They
are primarily determined by baseline, but also influenced by differential fish movements
depending on life stage and region and possibly by trophic plasticity, revealing both the

possibility and difficulty of mechanistically predicting isotopic variability in small
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pelagic fish. At least, the isotopic data and model describing the variations presented in
this study may be useful in estimating the means and uncertainties of stable isotope values
of sardine, which is of great ecological importance and can contribute to a better
interpretation of isotopic values of variety of predators in the western North Pacific and

its marginal seas.
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