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Analysis of historical dark data
shows multiple regime changes
among pelagic migratory fishes
around Japan over 120 years

Nagai Shin**, Yoshikazu Sasai*, Chifuyu Katsumata®,
Hiromi Nakagawa® and Hiroshi Morimoto?

‘Research Institute for Global Change, Japan Agency for Marine-Earth Science and Technology,
Yokohama, Japan, 2Nagoya University, Nagoya, Japan

An analysis of long-term (over-100-year) continuous catch data at local to
regional scales (tens to hundreds of kilometres) is needed to deepen our
understanding of the interaction between regime shifts of multiple fish species
and marine environmental change. To this end, we retrieved century-scale
timeseries of catches of sardines, mackerels, and horse mackerel, which are
typical pelagic migratory fishes in the waters around Japan, from fishery statistical
books for coastal Japanese prefectures and examined their spatiotemporal
characteristics by applying a wavelet transform. We obtained the following key
results: (1) Based on statistically significant wavelet power spectra of fish catches,
regime shifts around Japan over the past 120 years occurred in the order of
sardines (composed of Japanese sardine, Japanese anchovy, and red-eye round
herring) in the 1930s, horse mackerel around 1960, mackerels in the 1970s,
Japanese sardine in the 1980s, and horse mackerel in the 1990s. (2) Based on
statistically significant wavelet coherences and phases between the North Pacific
Index (NPI) in winter and fish catches, winter NPI was related to catches of
Japanese sardine in the 1980s in the Northern Pacific (NP), Southern Pacific (SP),
Central Sea of Japan (CSJ), and Southern Sea of Japan (SSJ) as well as to catches
of mackerels in the CSJ and SSJ and catches of horse mackerel in the NP and SP.
Despite the huge time and effort required to retrieve printed statistical books
mainly held in library collections, we conclude that analogue catch data are
invaluable for understanding the spatiotemporal variability of multiple fish
species at 100-year scales.

KEYWORDS

climate change, coherence, horse mackerel, mackerel, regime shift, sardine,
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Introduction

Long-term monitoring of the distribution and abundance of various fish species is
essential for a deep understanding of the effects of climate and anthropogenic factors on
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marine ecosystems. One common type of decadal variability in
marine ecosystems is a regime shift (e.g., fish species replacement),
which can be caused by various factors such as marine and
atmospheric decadal oscillations, fishing activity, non-native
species invasions, and streamflow fluctuations (Jiao, 2009; Auber
et al, 2015; Inoue et al., 2023). Well-known examples of marine
ecosystem regime shifts include shifts among sardines (Sardinops
spp.) in California (Kawasaki, 2002; Yatsu and Kawabata, 2017;
Nishikawa et al., 2019), the North and Baltic seas (Alheit et al.,
2012), the North Pacific (Kawasaki, 2002; Sakurai, 2007; Qiu, 2015;
Yatsu and Kawabata, 2017), Peru (Kawasaki, 2002; Chavez et al.,
2003; Yatsu and Kawabata, 2017), and the Sea of Japan (Yasuda
et al,, 1999; Tian et al., 2008; Inoue et al.,, 2023); anchovies
(Engraulis spp.) in California (Nishikawa et al., 2019), the North
and Baltic seas (Alheit et al., 2012), the North Pacific (Sakurai,
2007), Peru (Chavez et al., 2003), and the Sea of Japan (Tian et al.,
2008; Inoue et al, 2023); Atlantic salmon (Salmo salar) in the
Northeast Atlantic (Vollset et al., 2022) and North Pacific (Hare and
Mantua, 2000; Irvine and Fukuwaka, 2011); Pacific cod (Gadus
macrocephalus) in the Sea of Japan (Tian et al., 2008); mackerels
(Scomber japonicus and S. australasicus) in the Sea of Japan
(Sakurai, 2007); grey mullet (Mugil cephalus) in the Taiwan Strait
(Lan et al., 2014); horse mackerel (Trachurus trachurus) in the
North Sea (Reid et al., 2001) and Sea of Japan (Tian et al., 2008); and
Japanese common squid (Todarodes pacificus) in the Sea of Japan
(Sakurai, 2007; Tian et al., 2008; Kidokoro et al., 2010).

These previous reports were based on fishery statistical data
recorded mainly during the past few decades (ranging from 19 to 52
years; Hare and Mantua, 2000; Reid et al., 2001; Tian et al., 2008;
Alheit et al., 2012; Lan et al., 2014; Inoue et al., 2023). However, each
study suffers from two uncertainties. First, ocean temperatures and
currents strongly affect the distribution and abundance of fish
species (Sakurai, 2007; Tian et al., 2008; Yatsu et al.,, 2013). For
this reason, statistical data collated at national and regional scales
(i.e., across thousands of kilometres) or focusing on specific
sampling points do not allow accurate evaluation of the
spatiotemporal variability of species distribution and abundance
under environmental change. One way to address this uncertainty
would be to examine long-term continuous catch data of target fish
species at a broad scale across environmental gradients (Jung et al.,
2014; Watari et al., 2024). The second source of uncertainty is that
only one or two regime shifts have generally occurred during the
past few decades. For this reason, it is difficult to use several-decade-
long datasets to distinguish between the effects of natural
environmental changes and human activities such as changes in
fishery policy and consumer demand. To examine regime shifts at
100-year scales, it would be useful to retrieve catch records from old
documents (e.g., of sardines [Ito, 1961; Kikuchi, 1977; Yasuda et al.,
1999; Kuroda, 2007; Takei, 2022], herring (Clupea pallasii) [Ito,
1961; Takei, 2022], yellowtail (Seriola quinqueradiata) [Takei,
2022], and bluefin tuna (Thunnus orientalis) [Ito, 1961]) in
Japanese waters. However, these records contain non-numerical
qualitative data at a point scale. To address this, we sought to
examine the available numerical data across a broad spatial scale.
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Very few previous studies have examined catch data for periods
of over 100 years and over broad spatial scales (Sakurai, 2007; Irvine
and Fukuwaka, 2011; Qiu, 2015; Watari et al., 2024). This likely
reflects several challenges. First, the availability of digitized open-
access numerical data is limited. Many fishery statistical records are
only available in printed form. Collection and manual digitization of
these data is labour intensive and time consuming. In other words,
huge amounts of fishery statistical data have long been shelved as
“historical dark data” (Easterday et al., 2018; Kelly et al., 2022; Shin
et al,, 2024). Second, catch data in administrative papers and reports
(e.g., Fishery Agency, 2022) are mainly reported for the whole
country or for certain prefectures. This is because the aim of
administrative papers and reports is generally to provide a scientific
basis for national and prefectural fisheries policies. However, for
instance, in the waters near Japan, the distribution of fish species
differs between the Pacific and Sea of Japan coasts because of
differences in environmental gradients and currents (Sakurai, 2007;
Tian et al., 2008; Yatsu et al., 2013). Therefore, the boundaries of fish
species distributions and administrative regions do not match. For
these reasons, we cannot accurately evaluate the variability of
distribution and abundance of fish species by only examining catch
data for the whole country or for specific prefectures.

In this study, we first retrieved century-scale timeseries of
catches of sardines (mainly Japanese sardine [Sardinops sagax]*1),
mackerels (chub mackerel [Scomber japonicus] and blue mackerel
[S. australasicus]), and horse mackerel (Trachurus japonicus) from
statistical books for each Japanese coastal prefecture. There are four
reasons for selecting these species. First, these species are typical of
pelagic migratory fishes in the waters near Japan (Kurota et al,
2019). Second, they are less affected by international fisheries
policies such as the establishment of exclusive economic zones.
Third, the catch of these species is regulated under a total allowable
catch system (Ministry of Agriculture, Forestry and Fisheries,
2021a). Finally, these species have been extensively harvested for
fertilizer and food since the pre-statistical era (Kurota et al., 2019;
Takei, 2022). The typical life histories of Japanese sardine,
mackerels, and horse mackerel in Japan are described in
the Appendix.

We then examined the spatiotemporal characteristics of these
catches by applying a wavelet transform. An advantage of wavelet
analysis is the ability to extract both temporal trends and local
frequency information from a timeseries (Grinsted et al., 2004). In
contrast, Fourier transforms, which are a common method of
timeseries analysis, can only be used to extract frequency
information. Previous studies have used wavelet transforms to
examine the relationships between catch data and climate indices
for various species, such as tuna (Thunnus albacares, T. obesus, and
T. alalunga) and swordfish (Xiphias gladius) in the Indian Ocean
(Corbineau et al., 2008); yellowfin tuna (T. albacares), bigeye tuna
(T. obesus), swordfish (X. gladius), and blue marlin (Makaira
mazara) in the Indian and Atlantic oceans (Corbineau et al.,
2010); octopus (Octopus vulgaris) in the Canary Islands (Polanco
et al,, 2011); grey mullet (M. cephalus) in the Taiwan Strait (Lan
et al., 2014); and inland water fishes in the Lower Amazon (Furtado
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et al, 2024). However, these previous studies did not examine
relationships among catches of multiple species. For this reason, our
understanding of the interaction between regime shifts of multiple
fish species and marine environmental change remains insufficient.

The aims of the present study are to (1) assess the
spatiotemporal variability of catches of sardines, mackerels, and
horse mackerel at 100-year scales and (2) discuss the advantages
and limitations of using analogue printed records of fish catch data,
which are an important type of historical dark data.

Footnote *1: FishBase (https://www.fishbase.se/search.php,
accessed April 25, 2025) follows the valid name Sardinops sagax,
which covers the haplotypic divergence lineages, i.e., southern
Africa (ocellatus) and Australia (neopilchardus); Chile (sagax) and
California (caeruleus); and Japan (melanostictus) (see Grant
et al., 1998).

Material and methods
Target area

We selected 16 representative prefectures with the highest
catches of sardines, mackerels, and horse mackerel in Japan for
analysis (Figure 1). All of the selected prefectures are located along
the pathway of the Oyashio Cold Current, Kuroshio Warm Current,
and Tsushima Warm Current. We classified the prefectures into
four areas: (1) Northern Pacific (NP), characterized by the presence
of the southerly Oyashio Cold Current and comprising the
prefectures of Aomori, Iwate, Ibaraki, and Chiba; (2) Southern
Pacific (SP), characterized by the presence of the northerly
Kuroshio Warm Current and comprising the prefectures of

FIGURE 1
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Kanagawa, Shizuoka, Mie, Wakayama, and Kagoshima; (3)
Central Sea of Japan (CSJ), characterized by the convergence of
the southerly Liman Cold Current and the northerly Tsushima
Warm Current and comprising the prefectures of Niigata, Toyama,
Ishikawa, and Fukui; and (4) Southern Sea of Japan (SSJ),
characterized by the presence of the northerly Tsushima Warm
Current and comprising the prefectures of Tottori, Shimane, and
Nagasaki. In these four areas, annual mean sea-surface
temperatures have increased by 1.02-1.94°C over the past 100
years (Japan Meteorological Agency, 2024).

Statistical data

We collected statistical books for each target prefecture, going
as far back in time as possible, by accessing the archives of the
National Diet Library, the Ministry of Agriculture, Forestry, and
Fisheries Library, and local government libraries as well as by
searching the internet. The oldest statistical book identified in our
search includes data from 1873 in Shimane Prefecture. The
statistical books include digital data such as PDFs and Microsoft
Excel files downloaded from online sources as well as copies and
printouts of pages from physical paper books.

To align the years for analysis, we limited our analysis to catch data
from 1901 to 2022. For the years 1901-1975, we used the summary of
catches for each fish species as reported in Fisheries Annual Statistics
Vol. 3 Prefectural Statistics (Agricultural and Forestry Statistics
Research Society, 1978). For the years 1976-2022, we used catch data
from the Statistical Yearbook of Agriculture and Forestry Japan (1951-
1955; Statistics and Survey Division, Ministry of Agriculture and
Forestry, 1952-1956), as well as online e-Stat data (2003-2022;
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Map of the study area showing the locations of the studied prefectures (letters) and areas (line segments). (A) Aomori Prefecture; (B) Iwate
Prefecture; (C) Ibaraki Prefecture; (D) Chiba Prefecture; (E) Kanagawa Prefecture; (F) Shizuoka Prefecture; (G) Mie Prefecture; (H) Wakayama
Prefecture; (I) Kagoshima Prefecture; (J) Niigata Prefecture; (K) Toyama Prefecture; (L) Ishikawa Prefecture; (M) Fukui Prefecture; (N) Tottori

Prefecture; (O) Shimane Prefecture; (P) Nagasaki Prefecture.
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Statistics of Japan, 2024). To validate missing or unusual data such as
abnormally large values, we partially cross-checked among catch data
in Fisheries Annual Statistics Vol. 3 Prefectural Statistics, Statistical
Yearbook of Agriculture and Forestry Japan, e-Stat, and printed or
online statistical handbooks, yearbooks, and guides (hereafter referred
to as “statistical books”) for each prefecture (see details in the
Supplementary Files: statistical_books_1_csv.zip). For the prefectures
of Chiba, Kanagawa, Shizuoka, Niigata, Toyama, Ishikawa, and
Nagasaki from approximately 1953-2007, we used catch data from
printed Agriculture, Forestry and Fisheries Statistics Books, which
contain more detailed fishery statistical data than the statistical books
(Chiba Prefecture, 1952-2006; Niigata Prefecture, 1953-2006; Toyama
Prefecture, 1953-2010; Ishikawa Prefecture, 1953-2007; Nagasaki
Prefecture, 1953, 1955-2007; Kanagawa Prefecture, 1954-2006;
Shizuoka Prefecture, 1954-2006; see details in the Supplementary
Files: statistical_books_2_csv.zip). Catch data from 1946 to 1956
were drawn from the category “Regional fisheries statistics,” which
are grouped by the location of landings, but catch data from 1901 to
1945 and from 1957 to 2022 were drawn from the category “Personal
fisheries statistics,” which are grouped by the location of the person
who landed the catch at any port around Japan (Yamamoto, 1960;
Agricultural and Forestry Statistics Research Society, 1978; Ministry of
Agriculture, Forestry and Fisheries, 2024).

We assigned a value of 0 to entries marked “No data” (1903 in
Tottori Prefecture for sardines; 1912—-1917 in Aomori Prefecture for
horse mackerel; 1922 in Kanagawa Prefecture for sardines,
mackerels, and horse mackerel; and 1983—-1985 and 2014 in Iwate
Prefecture for horse mackerel). We assumed that these data would
only have a marginal effect on the wavelet analysis, which extracts
periodic components from localized timeseries.

In some years and prefectures, the catch of Japanese sardine was
grouped together in the statistical books with those of two other
species, Japanese anchovy (Engraulis japonicus) and red-eye round
herring (Etrumeus sadina). This was the case from 1901 to 1904 in
all prefectures except Kanagawa Prefecture (from 1901 to 1903);
from 1905 to 1925 in the prefectures of Aomori, Iwate, Ibaraki,
Wakayama, Niigata, and Toyama; from 1926 to 1950 in all
prefectures except for Aomori, Iwate, and Wakayama (from 1926
to 1951); 1968 in Aomori Prefecture; 2013 and 2016 in Iwate
Prefecture; 2013 and 2014 in Kanagawa Prefecture; and 2017 in
Niigata Prefecture. One regime shift that has been previously
reported is a fluctuation between Japanese anchovy and Japanese
sardine from around 1950 to 2000 (Oozeki et al., 2007; Takasuka
et al., 2008a, b). This suggests that the data we compiled could be
confounded by regime shifts of Japanese anchovy or Japanese
sardine from 1901 to 1951. Despite the difficulty of identifying
the species caught, we chose data that were a mix of the three species
in periods or years for which specific data for Japanese sardine were
unavailable. For this reason, in the present study, we have taken care
to clearly state where the results apply to “sardines” (a grouping of
all three species) as opposed to only Japanese sardine.
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Wavelet transforms

A wavelet transform is a method of time-frequency analysis
that represents a timeseries by the combination, scaling, and
translation of wavelets, which are small waves that are not
described by specific functions such as trigonometric or
logarithmic functions (Morlet et al., 1982a, b; Torrence and
Compo, 1998; Sakakibara, 1999). A continuous wavelet transform
of timeseries x(t)(t = 0--- N — 1) is defined as follows (Sakakibara,
1999; Corbineau et al., 2008; Hamori, 2017) (Equations 1, 2):

W)= [ w0 0
v = v () @)

where (1), ¥*, a, and b are the wavelet function, conjugate
complex number, scaling parameter, and shifting parameter,
respectively.

First, to examine the spatiotemporal variability of catches of sardines,
mackerels, and horse mackerel in our study area, we calculated wavelet
power spectra for the areas NP, SP, CSJ, and SSJ, and for the study area
overall. A wavelet power spectrum is the squared value of W,(a, b). For
the mother wavelet, we used the Morlet wavelet (Torrence and Compo,
1998; Grinsted et al., 2004; Lan et al., 2014) defined as (Equation 3)

wo(t) = n_—l/4eia)0te—tz/2

©)

where @, is angular frequency.

Second, to examine interactions among catches of sardines,
mackerels, and horse mackerel in the study area, we calculated the
wavelet coherence (Ri},) and wavelet phase (¢,,) between catches of
sardines and mackerels, between catches of sardines and horse
mackerel, and between catches of mackerels and horse mackerel
(Grinsted et al., 2004; Lan et al., 2014; Hamori, 2017; Detto et al.,
2018; Dippner et al., 2019). Given a cross wavelet transform

W,,(a,b) = W,(a,b)W,(a, b), where W,(a,b) and W,(a, b) are
wavelet transforms of the timeseries x(#)(t = 0--- N — 1) and y(¢)(¢
=0--- N — 1), respectively, RJZQ, is defined as (Equation 4)

»_ |stwy@b)f
7 S(IWila, b))S(|W, (a b))

(0O<R;, <1)

(4)

Similarly, @, is defined as (Equation 5)

[ T{S(Wyy(a, b))}
Pry = tan <.‘R{S(ny(a, b))

where Jand % are imaginary and real numbers, respectively.

>’(pxy < [—7'[, 71'} (5)

The analysis was mainly conducted in R ver. 3.6.3 (R Core
Team, 2024). We used the “biwavelet” package for wavelet analysis
(Goubhier et al., 2024).
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Results
Sardines

In the 1930s, peak catches of sardines were recorded in Aomori,
Iwate, Ibaraki, and Chiba in the NP (131-261 kilotonnes;
Figure 2A); in Shizuoka and Kagoshima in the SP (8-40
kilotonnes; Figure 2D); in Niigata, Toyama, and Ishikawa in the
CSJ (33-80 kilotonnes; Figure 2G); and in Nagasaki in the SSJ (131
kilotonnes; Figure 2]). Peak catches of sardines were also observed
in the NP (633 kilotonnes) and in the study area overall (944
kilotonnes; Figure 2M). In the 1980s, peak catches of Japanese
sardine were observed in all prefectures except Kanagawa and
Wakayama in the SP and Toyama and Fukui in the CSJ (53-930
kilotonnes). Peak catches were also observed in the NP (1650
kilotonnes), SP (275 kilotonnes), CS] (234 kilotonnes), SSJ (1161
kilotonnes), and in the study area overall (3247 kilotonnes;
Figures 2A, D, G, ], M). Peak catches of Japanese sardine in the
1980s were 3—4 times larger than those of sardines in the 1930s
(Figure 2M). Catches were higher in the NP and SSJ than in the SP
and CSJ (Figure 2M). In the NP, SP, CSJ, and SSJ and in the study
area overall, statistically significant wavelet power at periods of
around 1 to 32 years was observed around the 1980s, corresponding
to the observation of peak catches of Japanese sardine during this
decade (Figures 3A, D, G, J, M).

Mackerels

In the 1950s, peak catches of mackerels were observed in
Kagoshima in the SP (30 kilotonnes; Figure 2E). In the 1960s,
peak catches were observed in Chiba in the NP (124 kilotonnes) and
in Niigata in the CSJ (57 kilotonnes; Figure 2H). In the 1970s, peak
catches were observed in Aomori, Iwate, and Ibaraki in the NP (107
—194 kilotonnes; Figure 2B); in Kanagawa in the SP (62 kilotonnes;
Figure 2E); in Niigata and Ishikawa in the CSJ (30—41 kilotonnes;
Figure 2H); and in Tottori, Shimane, and Nagasaki in the SSJ (70
—385 kilotonnes; Figure 2K). Peak catches were also observed in the
NP (517 kilotonnes), SP (178 kilotonnes), CSJ (83 kilotonnes), and
SSJ (529 kilotonnes), and in the study area overall (1184 kilotonnes;
Figure 2N). In Ibaraki in the NP (126 kilotonnes) and Shizuoka and
Mie in the SP (31-99 kilotonnes), significant decadal fluctuations in
catches were observed beginning in the 1980s (Figures 2B, E). In the
1990s, peak catches were observed in Ishikawa in the CSJ (34
kilotonnes; Figure 2H), in Nagasaki in the SSJ (199 kilotonnes;
Figure 2K), and in the study area overall (627 kilotonnes;
Figure 2N). Catches were higher in the NP and SSJ than in the
SP and CSJ (Figure 2N). In the NP and SSJ and in the study area
overall, statistically significant wavelet power at periods of around
1-24 years was observed around the 1970s, corresponding to the
observation of peak catches during this decade (Figures 3B, K, N).
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Horse mackerel

Around 1960, peak catches of horse mackerel were observed in
all prefectures except Aomori, Iwate, and Ibaraki in the NP (9-215
kilotonnes). Peak catches were also observed in the SP (75
kilotonnes), CSJ (44 kilotonnes), and SSJ (273 kilotonnes) and in
the study area overall (348 kilotonnes; Figures 2C, F, I, L, O). In the
1990s, peak catches were observed in Ibaraki and Chiba in the NP
(26-29 kilotonnes; Figure 2C); in Mie, Wakayama, and Kagoshima
in the SP (12-27 kilotonnes; Figure 2F); in Ishikawa in the CSJ (12
kilotonnes; Figure 21); and in Shimane and Nagasaki in the SSJ (75
—142 kilotonnes; Figure 2L). Peak catches were also observed in the
NP (58 kilotonnes), SP (65 kilotonnes), CSJ (24 kilotonnes), and SSJ
(185 kilotonnes) and in the study area overall (285 kilotonnes;
Figure 20). The peak catches in the 1960s were larger than those in
the 1990s (Figure 20). Catches were higher in the SSJ than in the
NP, SP, and CSJ (Figure 20). In the SP, CSJ, and SSJ and in the
study area overall, statistically significant wavelet power at periods
of around 1 to 32 years was observed around 1960, corresponding to
the timing of peak catches (Figures 3F, I, L, O). In the NP and CSJ,
statistically significant wavelet power at periods of around 1 to 4
years was observed in the 1990s, corresponding to the observation
of peak catches in this decade (Figures 3C, I).

Relationship between catches of sardines
and mackerels

In the NP, statistically significant wavelet coherence of periods of
around 4-8 years was observed from the 1960s to the 1980s. There was
an anti-phase coherence (i.e., the period was off by 180°) during this
time (Figure 4A). In the SP, statistically significant wavelet coherence of
periods of around 8-32 years was observed from the 1970s to the
2000s. There was a phase where catches of mackerels led catches of
Japanese sardine (Figure 4D). In the CSJ, statistically significant wavelet
coherences for periods of around 6-8 years and around 24 years were
observed from the 1980s to the 2000s and from the 1940s to the 2010s,
respectively. There was a phase where catches of mackerels led catches
of Japanese sardine, and a phase where catches of sardines or Japanese
sardine led catches of mackerels (Figure 4G). In the study area overall,
statistically significant wavelet coherence for periods of around 16-32
years was observed from the 1940s to the 2010s. There was an anti-
phase coherence and a phase where catches of mackerels led catches of
sardines or Japanese sardine (Figure 4M).

Relationship between catches of sardines
and horse mackerel

In the NP, statistically significant wavelet coherence for periods
of around 16-32 years was observed from the 1950s to the 2010s.
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(A) Sardines in NP

(B) Mackerels in NP
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(C) Horse mackerel in NP
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FIGURE 2

Timeseries of catches of sardines (A, D, G, J, M), mackerels (B, E, H, K, N), and horse mackerel (C, F, I, L, O) in each area. NP, Northern Pacific; SP,
Southern Pacific; CSJ, Central Sea of Japan; SSJ, Southern Sea of Japan.

There was an anti-phase coherence and a phase where catches of

Japanese sardine led catches of horse mackerel (Figure 4B).

Discussion

Spatiotemporal variability of sardines,

Relationship between catches of mackerels
and horse mackerel

In the NP and SS] and in the study area overall, statistically
significant wavelet coherence for periods of around 32 years was
observed from the 1940s to the 2010s. There was a phase where
catches of horse mackerel led catches of mackerels (Figures 4C, L, O).

Frontiers in Marine Science

mackerels, and horse mackerel at 100-year
scale

In many of the studied prefectures, peak catches of sardines
were observed in the 1930s, of Japanese sardine in the 1980s, of
mackerels in the 1970s, and of horse mackerel around 1960 and in
the 1990s (Figure 2). This result is consistent with a previously
reported regime shift identified from catch data both across all
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FIGURE 3

Wavelet power spectra of catches of sardines (A, D, G, J, M), mackerels (B, E, H, K, N), and horse mackerel (C, F, I, L, O). Solid black lines and white
shading show statistically significant values (95% confidence interval) and cones of interference, respectively.

Japanese waters and only along Japan’s Pacific coast (Kawasaki,
2002; Oozeki et al., 2007; Takasuka, 2007; Watanabe, 2007; Yatsu
and Kawabata, 2017; Yatsu, 2019). Corresponding to these peaks,
statistically significant wavelet power spectra were identified over
periods of several years to several decades (Figure 3). In addition,
wavelet coherences and phases were identified (Figure 4). These
results indicate that regime shifts occurred once for sardines, once
for Japanese sardine, once for mackerels, and twice for horse
mackerel over the past 120 years in the waters near Japan.

One mechanism that has been hypothesized to explain changes
in fish catches over time is termed the “optimal growth

temperature” (Takasuka, 2007, 2009; Takasuka et al., 2008a, b).
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Because the optimum water temperature for spawning and early-
life-stage growth differs among fish species, changes of temperature
caused by climate change could affect survivorship (Takasuka, 2007,
2009; Takasuka et al., 2008a, 8b). In the North Pacific, the optimum
temperatures for spawning and alevins are 13.2-20.2°C and 13.8-
20.4°C, respectively, for Japanese sardine and 15.5-21.9°C and
15.5-22.1°C, respectively, for mackerels (Takasuka et al., 2008b).
Similarly, the optimum temperatures for alevins of jack mackerels
(T. japonicus) are 17.1-28.0°C (Takasuka et al., 2008b). This
suggests that decadal changes of water temperature caused by
ocean-atmosphere interactions could have changed the
favourability of the environment for spawning and alevins and
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FIGURE 4

Wavelet coherences and phases between catches of sardines and mackerels (A, D, G, J, M), sardines and horse mackerel (B, E, H, K, N), and
mackerels and horse mackerel (C, F, I, L, O). Solid black lines, arrows, and white shading show statistically significant values (95% confidence
interval), phase directions, and cones of interference, respectively. A right-facing arrow indicates that the first and second parameters are in phase. A
left-facing arrow indicates that the first and second parameters are in anti-phase. An up-facing arrow indicates that the first parameter leads the
second by m/2. A down-facing arrow indicates that the second parameter leads the first by m/2.

triggered regime shifts among Japanese sardine, mackerels, and
horse mackerel.

Catch data can reflect regime shifts caused by natural
environmental changes as well as those triggered by human
activity. For instance, Yatsu (2019) suggested that overfishing in the
1990s and early 2000s could have prevented the recovery of Pacific
sardines and mackerels. In the present study, we examined the
numbers of fishers and vessels in the NP, SP, CSJ, and SSJ as well
as in the study area overall from 1901 to 2022 (data are from the same
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statistics books as those used to obtain catch data; Figure 5). Although
data are missing for some time periods, the data that are available
suggest that the number of fishers remained nearly constant from the
1900s to the 1930s, reached a maximum in the 1950s, and gradually
decreased until around 2000 (Figure 5A). The number of fishing
vessels peaked in the 1900s and again in the 1950s, and gradually
decreased from the 1980s to 2020 (Figure 5B). Although these data do
not reflect the fishing effort or number of fishing days, nevertheless,
large increases or reductions in the numbers of fishers and vessels
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were not observed during periods when there were clear increases or
reductions in the catches of sardines, mackerels, or horse mackerel
(Figure 2). This is consistent with the contention by Yatsu (2019) that
regime shifts are mainly caused by natural factors despite some
influence of human activities.

Relationship between regime shifts and a
climate index

Many previous studies have reported correlations between food
resources of pelagic migratory fish near Japan and wintertime
values of climate and ocean indices such as the North Pacific
Index (NPI; Trenberth and Hurrell, 1994), Pacific Decadal
Oscillation (Zhang et al., 1997; Mantua and Hare, 2002), North
Pacific Gyre Oscillation (Di Lorenzo et al., 2008), Arctic Oscillation
(Thompson and Wallace, 2000), and Monsoon Index (Yasuda and
Hanawa, 1999; Yatsu, 2019). The mechanism for increased catches
of Pacific sardines, in particular, has been described in Takasuka
(2007) and Watanabe (2007). In the NP and SP, when the Aleutian
Low and the Oyashio Cold Current in winter are strong, water
temperatures drop and the mixed layer deepens in the Kuroshio
Extension area. During such times, negative anomalies in the
wintertime NPI are observed. The deep mixed layer enables an
increase in the biomass of phytoplankton and zooplankton, which
provide food for sardines during their early life stages. This increase
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FIGURE 5
Timeseries of the number of fishers (A) and fishing vessels (B).
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in the early survival probability of sardines in turn boosts
reproductive success. As a result, the biomass of sardines increases.

Compared with the catches of sardines in the Pacific, our
understanding of the relationships between catches of sardines,
mackerels, and horse mackerel along the Tsushima Warm Current
and climatic and oceanic environmental factors remains insufficient
(Tian et al, 2008). Our study provides some insights into these
relationships. For example, our results for NPI in winter show
wavelet coherences between the NPI in winter (November—March;
Supplementary Figure 1) and catches of sardines, mackerels, and
horse mackerel (Figure 6). For Japanese sardine, a statistically
significant wavelet coherence for periods of about 16 years was
observed from the 1970s to the 2010s for the NP, SP, CSJ, and SSJ.
There was a phase where catches of Japanese sardine led the NPI in
winter (Figure 6A, D, G, J, M). For mackerels, statistically
significant wavelet coherences for periods of around 4-6 years
and 16 years were observed in the CSJ around 1940 and from the
1980s to the 2000s, respectively. In the former case, there was a
phase where catches of Japanese sardine led the NPI in winter, and
in the latter case, there was a phase where the NPI in winter led
catches of mackerels (Figure 6H). In the SSJ, statistically significant
wavelet coherences for periods of around 4-10 years and around 20
years were observed from the 1950s to the 1990s and from the 1950s
to the 2010s, respectively. In the former case, there was a phase
where catches of mackerels led the NPI in winter, whereas in the
latter case, there was a phase where the NPI in winter led catches of
mackerels (Figure 6K). In the study area overall, statistically
significant wavelet coherences for periods of around 8 years and
around 16 years were observed from the 1980s to the 1990s and
from the 1950s to the 2010s, respectively. In the former case, there
was a phase where catches of mackerels led the NPI in winter,
whereas in the latter case, there was a phase where the NPI in winter
led catches of mackerels (Figure 6N). For horse mackerel, a
statistically significant wavelet coherence for periods of around
12-20 years was observed in the NP from the 1940s to the 2010s.
There was a phase where the NPI in winter led catches of horse
mackerel (Figure 6C). In the SP, a statistically significant wavelet
coherence for periods of around 1-6 years was observed around
1960. There was a phase where the NPI in winter led catches of
horse mackerel (Figure 6F).

These results indicate that in the NP, SP, CSJ, and SSJ, there was
a connection between the NPI in winter and catches of Japanese
sardine in the 1980s but no connection to catches of sardines in the
1930s. This differs from a previous study that found a connection
between the NPI in winter and catches of sardines in the 1930s
(Watanabe, 2007). Our results also show connections between the
NPI in winter and catches of mackerels in the CSJ and SSJ and of
horse mackerel in the NP and SP. In the Sea of Japan, previous
studies have suggested a connection between water temperature
variability in summer and winter and fish community compositions
during the early 1970s and mid-1990s (Tian et al., 2008; Tian, 2014).
More work is needed to examine the relationship between water
temperature variability and catch data to clarify the factors
underlying wavelet coherences between the NPI in winter and
catches of mackerels and horse mackerel.
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Wavelet coherences and phases between the North Pacific Index (NPI) in winter (November—March) and catches of sardines (A, D, G, J, M),
mackerels (B, E, H, K, N), and horse mackerel (C, F, I, L, O). Solid black lines, arrows, and white shading show statistically significant values (95%
confidence interval), phase directions, and cones of interference, respectively. A right-facing arrow indicates that the first and second parameters are
in phase. A left-facing arrow indicates that the first and second parameters are in anti-phase. An up-facing arrow indicates that the first parameter
leads the second by n/2. A down-facing arrow indicates that the second parameter leads the first by n/2.

Limitations and perspectives

Despite detection of regime shifts among sardines, Japanese
sardine, mackerels, and horse mackerel by analysing catch data at a
100-year scale, our approach suffers from at least four limitations.

First, we could not simultaneously access all statistical books in
a single library collection. Recent advances in digital transformation
allowed us to easily find the location of each statistical book by
searching for bibliographic information online. However, the

Frontiers in Marine Science

contents of the statistical books were not standardized by era or
prefecture. For this reason, visual inspection of each statistical book
was essential. Recently, in Japan, the online publication of digitally
archived books and journals (as PDF files) is gradually being carried
out by the National Diet Library (National Diet Library, 2011). By
accessing these data published online, we could reduce the necessity
of in-person library visits. However, not all statistical books were
available online. In addition, several volumes of statistical books
were missing because of the effects of war and natural disasters. For
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these reasons, our method required a huge investment of time and
effort to conduct the literature survey, which is the first step in
retrieving historical dark data.

Second, almost all numerical data in the statistical books were
printed in analogue form. Despite recent advances in optical
character recognition, it remains quite difficult to scan and
digitize large amounts of numerical data at once. Moreover, this
type of large-scale scanning and digitization can raise ethical issues
concerning copyright and data-use policy. Additionally, documents
that have been digitized in this way require visual inspection to
identify obvious misprints and improve data quality. For these
reasons, further time and effort were required for the digitization of
numerical data, which is the second step in retrieving historical
dark data.

Third, the number of fish species included in the statistical books
was limited. In addition, some statistical books grouped multiple fish
species (e.g., sea breams and flatfish) into a single category. The
volume of catches appears to be an important criterion for the
inclusion of fish species in statistical books in Japan. However,
socially, economically, and culturally important fish species should
be examined regardless of their catch volume to understand changes
in fish catches under climatic and societal change. A deep
understanding of the interactions among various fish species is
needed to evaluate the spatiotemporal variability of biodiversity
and nature’s contributions to people (Diaz et al., 2018). For these
reasons, more work should be done to examine the spatiotemporal
variability of as many fish species as possible at 100-year scales.

Fourth, the catch data used in this study include uncertainties
caused by differences in aggregation methods among time periods.
Yamamoto (1960) indicated that catch data published before 1957
include various kinds of systematic errors such as inconsistencies in
the number of surveys per year, human error (regarding the fish
species and amount), and a lack of classification of coastal and
farmed fishes. The difference between catch data based on “Regional
fisheries statistics” (1946—1956) and “Personal fisheries statistics”
(1901-1945 and 1957-2022) is expected to have been small during
the era of coastal fisheries (before 1945), but large in the era of
coastal and offshore fisheries because of the diversification of fishing
gear and enlargement of fishing vessels. Additionally, the difference
is small for coastal fishes, but large for offshore fishes such as
sardines, tunas, and common squid (Inoue, 2013). Despite the
importance of this difference for regional economic evaluation
and analysis, we assumed that this difference was small relative to
the magnitude of stock variability for sardines, Japanese sardine,
mackerels, and horse mackerel in each area at the 100-year scale.

At least until a few decades ago, readers of statistical books were
likely to be concerned primarily with fishery economics instead of
environmental sciences. However, regardless of the field of inquiry,
the catch data contained in statistical books are invaluable for
assessing interactions among the atmosphere and ocean, human
activities, and marine ecosystems at 100-year scales. In other words,
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these records should be considered a common intellectual property
for all humanity. Because of this, one difficult but important task is
the removal of language barriers (Amano et al.,, 2016; Shin et al.,
2024) by retrieving and analysing statistical books published in
languages other than English. Despite the requirement of a huge
amount of time and effort to do this work, examining catch data
contained in statistical books from the perspective of the social
sciences, including analyses of economics, folklore, and dietary
culture, is likely to prove highly useful. Further work is needed to
apply this methodology to other species and prefectures.
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Appendix

Life history of Japanese sardine, mackerels,
and horse mackerel in Japan

The Pacific stock of Japanese sardine spawns in the Kuroshio
coastal area as well as in an expanded range offshore of southern
Kyushu mainly during February to April. Subsequently, individuals
continue to grow and feed along the Kuroshio coast and the
Kuroshio-Oyashio transition zone as well as in an expanded
range extending to the Oyashio and beyond 180°E (Table 1 in
Yatsu, 2019). The Tsushima Warm Current stock of Japanese
sardine spawns in coastal waters of the Noto Peninsula as well as
from the south coast of South Korea to western Kyushu and in an
expanded range extending to the East China Sea and southern
Kyushu during January to June. Subsequently, individuals continue
to grow in the southern Sea of Japan, eastern East China Sea, and
Yellow Sea and feed in the southern Sea of Japan and north-eastern
East China Sea and in an expanded range extending to the northern
Sea of Japan and the Yellow Sea (Yatsu, 2019).

The Pacific stock of chub mackerel mainly spawns along
northern Izu Island and in the Kuroshio coastal area during
March to May. Subsequently, individuals continue to grow in the
Kuroshio coastal area and the Kuroshio-Oyashio transition zone
and feed in the Kuroshio-Oyashio transition zone and in an
expanded range extending to the Oyashio Current and beyond
170°E (Yatsu, 2019). The Tsushima Warm Current stock of chub
mackerel spawns in the central and southern East China Sea during
January to May and off western Kyushu and the San-in region
during March to June. Subsequently, individuals continue to grow
in the East China Sea and southern Sea of Japan and feed in the East
China Sea, Sea of Japan, Yellow Sea, and Bohai Sea (Yatsu, 2019).

The Pacific stock of horse mackerel spawns in the East China
Sea and the Kuroshio coastal area during winter and early summer.
Subsequently, individuals continue to grow in the Kuroshio-
Opyashio transition zone and feed in the Kuroshio coastal area
and the Kuroshio-Oyashio transition zone (Ministry of Agriculture,
Forestry and Fisheries, 2023). The Tsushima Warm Current stock
of horse mackerel spawns in the East China Sea and the Sea of Japan
during January to June. Subsequently, individuals grow and feed in
the East China Sea and Sea of Japan (Ministry of Agriculture,
Forestry and Fisheries, 2021b).
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