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In order to understand how North Pacific (NP) marine ecosystems have varied, 120
marine biological time series for both the western (29 time series) and eastern (91 time
series) NP were analyzed with a Principal Component Analysis (PCA) for the period
1965-2006. This is the first attempt to conduct a multivariate analysis for a large number
of marine biological data in the western and eastern NP combined. We used Monte-
Carlo simulation to evaluate confidence levels of correlations and explained variance
ratio of PCA modes while accounting for auto-correlation within the analyzed time series.
All first mode principal components (PC1s), which are the time coefficients of the first
PCA modes, calculated for the data in the whole, western, and eastern NP exhibit a
long-term trend. The PC1s were associated with an overall increase of Alaskan and
Japanese/Russian salmon, and decreases of groundfish across the basin. This mode
was closely related to the warming of sea-surface temperature over the NP and over the
global oceans, thereby suggesting that the strongest mode of the NP marine ecosystem
was already influenced by global warming. The eastern NP PC2, characterized by multi-
decadal variability, was correlated positively with salmon and negatively with groundfish.
On the other hand, the western NP PC2 exhibited slightly shorter timescale interdecadal
variability than the eastern NP PC2 and was negatively correlated with zooplankton
and two small pelagic fish time series around Japan. The eastern NP PC2 was most
strongly related to the Pacific (inter-)Decadal Oscillation index, while the western NP
PC2 was most closely related to the North Pacific Gyre Oscillation index. Consequently,
the present analysis provides a new and unified view of climate change and marine
ecosystem variations across the western and eastern NP. In particular, it is suggested
that global warming has already substantially influenced the NP marine ecosystem, and
that groundfish may suffer more than pelagic fish in response to future global warming.
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INTRODUCTION

Marine ecosystems are influenced by physical climate variability
and change (e.g., Cushing, 1982; Brander, 2007; Bindoff et al,
2019). The effects of physical climate variability on marine species
in the North Pacific (NP) have been studied in the last few
decades. Earlier studies focused their attention on target marine
species such as salmon (e.g., Ebbesmeyer et al., 1991; Beamish
and Bouillon, 1993; Francis and Hare, 1994; Mantua et al., 1997;
Beamish et al., 1999; Hare et al., 1999), sardine (Kawasaki and
Omori, 1995; Noto and Yasuda, 1999; Yasuda et al., 1999), and
groundfish (Hoff, 2006). An important finding of these studies
was that large-scale decadal variability of climate characterized
by Aleutian Low strength changes and associated sea-surface
temperature (SST) anomalies, which are known as the Pacific
(inter-)Decadal Oscillation (PDO; Minobe, 1997; Mantua et al.,
1997), strongly influenced a wide range of marine species in much
of the 20th Century (e.g., Mantua et al., 1997; Yasuda et al., 1999;
Hare and Mantua, 2000; Chavez et al., 2003; Litzow and Mueter,
2014).

In particular, as evidence of climate influence on the marine
ecosystem, step-like shifts commonly occurring in both the
marine ecosystem and physical climate attracted attention (e.g.,
Ebbesmeyer et al.,, 1991; Beamish and Bouillon, 1993; Francis
and Hare, 1994; Mantua et al., 1997), and such a shift is often
referred as a climate and ecosystem regime shift. A regime shift
for physical climate is defined as a transition from one climatic
state to another within a period substantially shorter than the
lengths of the individual epochs of each climate state (Minobe,
1997). A marine ecosystem regime shift can also be defined in
the same way as the climatic regime shift, i.e., a rapid transition
from one state to another (Mollmann and Diekmann, 2012), but
sometimes marine ecosystem regimes mean different states of
dominant species (e.g., Lluch-Belda et al., 1989). In this article,
we use the marine ecosystem regime shift in the former meaning,
i.e., a rapid step-like change that persists for a length of time that
far exceeds that of the transition.

In order to understand marine ecosystem variability and
change in a more holistic way than analyses of selected species,
a useful approach is an analysis of a large number of marine
biological time series, typically more than several tens, by using
a multivariate analysis method. We call this type of analysis
a Large-number Multivariate Analysis (LMA). The pioneering
first study of LMA was conducted by Hare and Mantua (2000),
who analyzed 69 marine species time series data in the eastern
NP, from California waters to the Bering Sea, combined with
31 physical climate indices from 1965 to 1997. They applied a
Principal Component Analysis (PCA), which is also known as
an Empirical Orthogonal Function analysis. They reported that
marine ecosystem regime shifts occurred in 1976/77 and 1988/89
over the eastern NP. A decade later, by using 64 eastern NP
biological time series with several climate indices in 1965-2008,
Litzow and Mueter (2014) also reported shifts in marine biology
in the 1976/77 but they did not find a biological shift in the late
1980s. Rather, they emphasized that the time series of the first
biological PCA mode, referred to as PC1, was characterized by a
gradual change and not a step-like shift. For the western side of

basin, Tian et al. (2006) analyzed 58 Japanese fish catch time series
from the Sea of Japan in 1958-2003, and Ma et al. (2019) recently
analyzed 147 catch time series in the Yellow and East China Seas
for 1965-2008. Tian et al. (2006) reported that the biological
PC1 is highly correlated with the PDO index (Mantua et al,
1997) and the Arctic Oscillation (AO) index (Thompson and
Wallace, 1998), while Ma et al. (2019) found strong correlations
between biological PCs with indices for local physical conditions
but not with large scale climate indices. LMA was also used for
the northeastern North Atlantic by Brunel and Boucher (2007),
who reported that the first mode of 40 fish recruitment time series
is characterized by the long-term change probably in association
with global warming.

It should be noted that previous LMA studies in the NP were
limited either on the eastern NP only or marginal seas in the
western NP only. This hinders a unified understanding of the
marine ecosystem variability and change over the whole NP. It
is already known that climate variability causes synchronized
changes in marine ecosystems in both the eastern and western
NP for sardine and anchovy (Lluch-Belda et al., 1992; Kawasaki
and Omori, 1995; Yasuda et al., 1999; Chavez et al., 2003) and
for salmon (e.g., Beamish and Bouillon, 1993). These results
underline the importance of whole basin analyses.

The purpose of this study is to identify the dominant modes
of marine ecosystem variations in the last half century both
in the western and eastern NP basin and their relationships
to basin-scale physical climate variability and change. To this
end, 120 marine species time series, consisting of 91 eastern NP
and 29 western NP time series are analyzed. The data consist
of biological time series for zooplankton, invertebrates, small-
pelagic fish, groundfish and salmon. This is the first LMA study
analyzing data from both the western and eastern NP. We
applied PCA on biological data and used correlation analysis
to understand the relationships between marine ecosystem and
physical climate variations with a rigorous estimation of the
corresponding confidence level. In addition to indices for climate
modes such as the PDO and North Pacific Gyre Oscillation
(NPGO) (Di Lorenzo et al., 2008), we analyze the NP and global
mean SST time series, which were not examined by the previous
NP LMA studies, in order to evaluate the possible relationships
between marine ecosystem changes and global warming.

DATA AND METHODS
Data

We used 120 annually sampled marine biological time series
(Supplementary Table 1) consisting of 29 western NP time series
from Japan and Russia, and 91eastern NP time series over areas
including the Bering Sea, Gulf of Alaska, and the west coast
of the United States of America and Canada. These consist of
54 groundfish recruitment, 13 small-pelagic fish recruitment, 34
salmon abundance, eight invertebrate recruitment, and eleven
zooplankton biomass time series. Some of our eastern NP data
are overlapped with those used by previous studies; 48% of
groundfish, 80% of small-pelagic, 13% of invertebrate, and 25%
of salmon were also used by Litzow and Mueter (2014). On the
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other hand, western NP data analyzed in this study, which mainly
come from analyses of Japan Fisheries Research and Education
Agency (Japan Fisheries Agency, and Fisheries Research Agency,
2015), have not been used for previous LMA studies. We set
our analysis period from 1965 to 2006 based on a criteria
of available data ratio larger than 50%, following Hare and
Mantua (2000). This is 10-years longer than the analysis period
of Hare and Mantua (2000), but similar to that of Litzow and
Mueter (2014). Some of our results will be shown by map-format
figures and the correspondences between the spatial positions
of the biological time series on the map and index number are
summarized in Figure 1, along with abbreviations of time series
in Supplementary Table 1.

In order to understand relationships between variations in
marine biology and climate, we analyzed seven annually averaged
physical climate indices: 1. global-mean sea-surface temperature
(G-SST), 2. NP-mean SST (NP-SST), 3. PDO index, 4. NPGO
index, 5. the multivariate El Nifio-Southern Oscillation Index
(MEI) (Wolter and Timlin, 2011), 6. The North Pacific Index
(NPI) (Trenberth and Hurrell, 1994), and 7. AO index (Table 1).
The NPI represents the strength of the Aleutian Low, a large-
scale low-pressure over the NP in winter, and an Aleutian Low
is stronger than usual when the NPI anomaly is negative. The
NPI is closely related to the PDO index (Mantua et al., 1997;
Minobe, 1997). We use the Centennial in situ Observation-Based
Estimates of the Variability of SST and Marine Meteorological
Variables (COBE) version 2 (Hirahara et al., 2014) to calculate
the G-SST and NP-SST indices.

Methods

We employed PCA to the marine biological time series, and
calculated PCA modes using the biological time series in the

whole, western, and eastern NP, separately. Before calculating
the PCA modes, marine biological time series were normalized
by their respective standard deviations and removing the means.
Thus, reflecting the larger number of time series in the eastern NP
than in the western NP, the former more strongly contributes to
the whole NP PCA than the latter does. By this reason, we mainly
show western and eastern NP PCA modes rather than the whole
NP modes. A covariance between two biological time series was
calculated for the temporal points at which both time series data
are available (von Storch and Zwiers, 2012).

The relation between the PC time series and respective
biological or physical time series were evaluated by the Pearson
correlation, and its statistical significance is estimated with a
Monte-Carlo simulation that takes into account effective degrees
of freedom. Since co-variability among biological time series
mostly occurs on decadal timescales as will be shown later, we
evaluated correlations with a 5-year running mean low-pass
filter as main results and without it as Supplementary results.
Statistical significance of correlations was assessed as follows.
First, we generated 1,000 surrogate time series for the respective
PCs (without the running mean), by using a red noise model,
where lag-1 correlation was estimated by using Burg’s method
(e.g., Kay, 1988). In the case of the significance estimation for
correlations with the low-pass filter, the filter was applied to both
observed data and surrogate PCs before calculating correlations.
Then surrogate correlation coeflicients were calculated between
observed data (e.g., marine biological time series) and the
surrogate PC. The confidence level was estimated as the percentile
of the absolute value of the observed correlation with respect
to the absolute surrogate correlations. We employ Monte-Carlo
simulation instead of using theoretical estimation of effective
degrees of freedom (e.g., Metz, 1991; Pyper and Peterman, 1998)
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TABLE 1 | Seven climate indices.

Data source

SST are averaged over the NP, north of 20°-68°N
First PCA mode of SST anomalies, from which global
averaged SST has been removed, over the North
Second PCA mode of sea surface height anomalies in

An index for El Nifio-Southern Oscillation over the

The area-weighted sea level pressure over the region

Calculated from COBE SST version 2
Calculated from COBE SST version 2

University of Washington, Joint Institute for the
Study of the Atmosphere and Ocean

Emanuele Di Lorenzo, Georgia Institute of
Technology
NOAA Earth System Research Laboratory

NOAA Earth System Research Laboratory

Abbreviation Name Description
G-SST Global-ocean averaged SST SST are averaged over the global ocean
NP-SST NP averaged SST
PDO Pacific Decadal Oscillation
Pacific north of 20°N
NPGO North Pacific Gyre Oscillation
the Northeast Pacific
MEI Multivariate El Nino-Southern
Oscillation tropical Pacific
NPI North Pacific Index
30°N-65°N, 160°E-140°W
AO Arctic Oscillation Index

of 20°N

First PCA mode of sea level pressure anomalies north

NOAA Climate Prediction Center

All indices are calculated using monthly data and then are averaged to obtain annual average.

because the theoretical estimation is difficult to use for data that
have missing values and with time filtering, but these factors are
automatically included by the present Monte-Carlo simulation.

We also examined statistical significance of the explained
variance ratio (EVR) of PCA modes by using another Monte-
Carlo simulation. We use this analysis because the correlations
between some biological indices and PCs can become statistically
significant just by chance associated with the large number of
tests as discussed by Ventura et al. (2004) and Wilks (2016). For
the significance test of the EVR for the first mode (EVR1), we
generated 1,000 sets of observed biological indices (e.g., 1,000
sets of 120 time series for the whole NP basin) by using a red
noise model with a lag-1 auto-correlation for each time series,
with missing data in the same years as observed. By considering
correlations between biological indices, we reduce the number
of surrogate indices by 5% (e.g., from 120 to 114 indices for the
whole NP basin) for each set, because the number of statistically
significant pairs of biological indices is 9-10% of the number
of total pairs in all three PCA domains and removal of 10% of
pairs is equivalent to removal of 5% of time series as square root
of 0.90 is approximately 0.95. The PCA is calculated for each
set of reduced surrogate data, yielding 1,000 surrogate EVRIs.
The percentile obtained by the observed EVR1 with respect to
the 1,000 surrogate EVRIs gives the confidence level. If EVR1 is
larger than any of surrogate EVR1s, the confidence level is higher
than 99.9%, and equivalently p-value is smaller than 0.1%. Such
a rigorous estimation of statistical significance was not used in
previous LMA studies.

RESULTS

First PCA Modes of Marine Biological

Time Series

Each of the PCls for the whole, eastern, and western NP basins
show along-term trend-like feature with the single-phase reversal
in the 1980s, and western and eastern NP PCls are generally
similar (r = 0.90) especially after 1990 (Figure 2A). Interestingly,
the 1980s phase reversal is gradual for the eastern NP PCl

as seen in biological PCls of Hare and Mantua (2000) and
Litzow and Mueter (2014), but it is more rapid in the western
one. As expected, the whole NP PCI shares the features of the
eastern and western NP PCls. The EVRIs for the three analysis
domains, which ranges between 12.4 and 27.7% (Figure 2A),
are statistically significant (p-value < 0.1%) according to the
Monte-Carlo simulation.

The pattern of PCA first mode is shown (Figures 2B,C) as
statistically significant correlations at a confidence level of 90%
or higher between the PCls and biological time series with the
low-pass filter. The correlations calculated without the filter give
essentially the same pattern (Supplementary Figure 1). Two fish
groups, salmon and groundfish, have significant correlations in
both the western and eastern NP. Ten salmon time series (30%
of all salmon time series) are positively correlated, including
chum salmon (77.S, 83.S, 107.S), pink salmon (82.S, 94.S, 106.S,
109.S), and sockeye salmon (87.S, 93S, 108.S), mainly around
Alaska (82.S, 838, 87.5, 93.5, 94.5), and Russia/Japan (1068, 107.S,
108.S, 109.5). On the other hand, 13 groundfish time series
(24% of groundfish time series) have negative correlations with
PCls, including west coast rockfish (09.G, 12.G, 13.G, 20.G,
21.G), walleye pollock (34.G, 54.G, 63G), cod (35.G, 58.G, 60.G),
and others (57.G, 61.G). There are exceptions from this general
tendency such as negative correlations for salmon (89.S) and
positive correlations of groundfish (27.G, 50.S), but these are
minor. Therefore, positive correlations of salmon and negative
correlations of groundfish are the major feature commonly
found in both the western and eastern NP associated with
the first PCA mode.

Some species exhibit significant correlations in only either the
western or eastern NP (Figures 2B,C). In the western NP, PC1
is positively correlated with three small pelagic fish recruitment
time series (38% of western NP small pelagic fish) around Japan,
i.e., jack mackerel (67.P), anchovy (68.P, 73.P). In the eastern
NP, on the other hand, negative correlations are also found for
three zooplankton time series (33% of eastern NP zooplankton)
(113.Z, 114.Z, 115.Z) and one invertebrate (Bristol Bay red king
crab, 41.1), and positive correlation occurs for the large medusae
jellyfish in the eastern Bering Sea (120.Z). These basin-specific
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FIGURE 2 | (A) PC1s for the whole NP, eastern NP, and western NP marine biological time series, and statistically significant correlations of marine biological time
series (B) with the western NP PC1, (C) with the eastern NP PC1. Before calculating correlations 5-year running means are applied to PC1s and marine biological
time series. In (B,C), numbers indicate species ID in Supplementary Table 1, while S, G, P, Z, and | indicate salmon, groundfish, small-pelagic, zooplankton, and
invertebrate, respectively. Circle size indicates the absolute values of correlations and colors of the circles (red, orange, cyan, blue) indicate the sign of correlations

90%<C<=95% and r<0

associations, especially those for small pelagic fish in the western
NP and zooplankton in the eastern NP, are also important aspects
of the first PCA mode of the NP ecosystem.

Biological time series that are significantly correlated to the
PCls are compared with those PC1 with the low-pass filter
(Figure 3). Consistent with the trend-like feature of the PCls,
the biological time series generally exhibit long-term increases
for Alaskan and Japanese/Russian salmon and decreases for
groundfish irrespective of basins, and increases of small pelagic
fish in the western NP and decreases of zooplankton in the

eastern NP. It is interesting to note that the time series of
the western NP salmon exhibit rapid negative-to-positive phase
transition around 1990, which appears consistent with the
aforementioned rapid phase reversal of the western NP PCl
(Figure 3A). Aside from this rapid transition around 1990,
co-variability between biological time series and PCls occurs
on multidecadal and longer timescale. For example, decadal
fluctuations are apparent in the eastern NP salmon, but these
decadal fluctuations do not occur in the PC1 (Figure 3D).
Furthermore, the time series comparison without time filtering
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FIGURE 3 | Time-series comparison between marine biological PC1 and biological time series that have significant correlations with that PC1 in each basin shown in
Figures 2B,C. The time series of western NP (A) salmon, (B) small pelagic fish, and (C) groundfish are shown along with the western NP PC1. The time series of
eastern NP (D) salmon, (E) groundfish, (F) zooplankton, (G) jellyfish, and (H) invertebrate are shown along with eastern NP PC1. All time series are smoothed by
5-year running mean. For an easier comparison, the PC1 time series are sign-reversed (multiplied by —1) for (C,E,F).

(Supplementary Figure 2) shows no clear co-variability on
interannual timescale. Consequently, in association with the
trend-like first PCA mode of the marine ecosystem, the major
features are increases in Alaskan and Japanese/Russian salmon,
decreases in groundfish in both the western and eastern NP,
increases in western NP small pelagic fish, and decreases in
eastern NP zooplankton.

Second PCA Modes of Marine Biological

Time Series
The PC2s of eastern and western basins exhibit slightly different
timescales (Figure 4A). The eastern NP PC2 is characterized by

multidecadal variability with phase reversals in the 1970s and in
the 1990s. The western NP PC2 exhibits three phase reversals and
is characterized by shorter timescale interdecadal variability than
that of the eastern NP PC2. When PCA modes are calculated
using data from which linear trends are removed, the resultant
PCls with detrending are quite similar to the PC2s without
detrending (r = 0.92 for the eastern NP and r = 0.82 for the
western NP), thereby indicating the robustness of these modes.
Furthermore, the EVRIs for the detrended PCls are statistically
significant (p-value < 0.1% for the eastern NP and p-value = 3.3%
for the western NP). Here, we apply the statistical significance
test for the PCA first mode with detrending, because the present
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Monte-Carlo simulation, which assume the no-signals, does
not work accurately for the second mode when a signal exists
in the first mode.

Figures 4B,C shows the statistically significant correlation
coefficients of marine ecosystem time series with the respective
basin PC2s again using the low-pass filter before calculating
correlations. It is interesting to note that, of the time series
showing significant correlations with the PC2s, none are
significantly correlated with the respective eastern or western
NP PCls. For the western basin (Figure 4B), there are three
time series with significant correlations consisting of round
herring recruitment (65.P), chub mackerel recruitment (66.P),
and zooplankton biomass (119Z). When we calculate the

correlation map without the low-pass filter, the number
of time series with significant correlation is increased by
three times to nine in total, with negative correlations for
eight biological time series (Supplementary Figure 3).
This increase of significantly correlated time series can be
either due to the increase of effective degrees of freedom
in non-filtered analysis or due to the contribution of
interannual variability.

On the other hand, significant correlations for the eastern NP
PC2 (Figure 4C) were positive for mainly salmon abundance
(76.S, 81.S, 84.S, 90.S, 99.S) and negative for groundfish
recruitment (01.G, 02.G, 07.G, 08.G, 10.G, 11.G, 17.G, 19.G,
30.G, 32.G, 51.G). The opposite sign of correlations between
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salmon and groundfish was also found for the first PCA mode
(Figure 2C). Two invertebrate time series were significantly
correlated but with split signs (positive correlation for 45.1 and
negative for 42.1). The jellyfish in the eastern Bering Sea (120.Z)
was negatively correlated, whereas no other zooplankton time
series were significantly correlated. The correlation map without
time filtering (Supplementary Figure 3c) also exhibits positive
correlations for salmon and negative correlations for groundfish
but with increased number of biological time series that are

significantly correlated [from 18 with the filter (Figure 4C) to 27
without it (Supplementary Figure 3c)].

Figure 5 shows the biological time series that are significantly
correlated to the PC2s shown in Figures 4B,C with the low-
pass filter. The western NP PC2 is characterized by a overall
negative trend, small negative anomalies in the 1980s, and
large positive anomalies in the 1990s. This feature is shared
by zooplankton (119.Z) and chub mackerel (66.P) with a
delayed peak in the 1990s (Figures 5A,B). In contrast, the

—— Sign-reversed Western NP PC2
—— 119 Oyashio zooplankton summer

A Western NP PC2 & Zooplankton

1970 1980 1990 2000

—— Sign-reversed Western NP PC2
—— 65 Tsushima Current round herring
66 Tsushima Current chub mackerel

B Western NP PC2 & Small-pelagic fish

1970 1980 1990 2000

FIGURE 5 | As in Figure 3, but for western NP (A) zooplankton and (B) small pelagic fish along with western NP PC2, and eastern NP (C) salmon and (D)
groundfish along with eastern NP PC2. All time series are smoothed by 5-year running mean. For an easier comparison, the PC2 time series are sign-reversed

(multiplied by —1) for (A,B,D).
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peak in round herring (65.P) occurs earlier than the peak
of the western NP PC2 (Figure 5B). The low-pass filtered
eastern NP PC2 is characterized by a negative-to-positive
change in the 1970s and positive-to-negative change in the
1990s. These two phase transitions generally occur for salmon
(Figure 5C), but only the later transition is evident in groundfish
(Figure 5D). Furthermore, non-filtered data show that most of
the groundfish time series exhibit a sharp peak at the end of
1990s (Supplementary Figure 4) simultaneously in general with
the sharp negative peak of the eastern NP PC2 at 1999 shown in
Figure 4C.

Relation Between Marine Ecosystem
PCA and Climate Modes

Table 2 shows correlations between the PCs and climate time
series. All PCls, i.e., the whole NP PCI, the western NP PC1
and the eastern NP PC1, were highly correlated with NP-SST
as well as G-SST with correlation coefficients between 0.76 and
0.90. The PCls are not significantly correlated with other climate
time series except for moderate correlations of the eastern NP
PC1 with the MEI and NPIL. The G-SST and NP-SST time series
share multidecadal variability with biological PCls including the
negative-to-positive polarity change in the 1980s (Figure 6A).
The warming of the G-SST is most likely due to anthropogenic
global warming (Bindoff et al., 2019), and the similar trend
between the G-SST and NP-SST suggests that global warming
caused the warming trend of the NP-SST. Furthermore, the major
causality between global warming and the marine ecosystem is
that the former influenced the latter and not vise versa (Bindoff
et al, 2019). Therefore, the close co-variability between the
SST time series and biological PCls suggests global warming
influenced the first mode of the NP marine ecosystem.

The biological eastern NP PC2 is the most strongly correlated
with the PDO index (Table 2). Consistently, the eastern NP
PC2 and PDO index share the phase reversals in the 1970s and
1990s (Figure 6B), in association with the previously reported
climate and ecosystem regime shifts (Mantua et al., 1997; Minobe,
1997; Chavez et al,, 2003). An interesting difference between
the two time series occurs around 1990, when the PDO index
exhibited negative values for a short time without a similar feature
in the eastern NP PC2. Some studies characterized the PDO
index phase transition in the late 1980s a climatic regime shift
(Yasunaka and Hanawa, 2002), but Minobe (2000) suggested that
this was a minor climate regime shift and is different from the

TABLE 2 | Correlations between marine ecosystem PCs and climate indices with
5-year running mean.

G-SSA NP-SST PDO NPGO MEI NPI AO
Whole NP PC1 0.87«  0.88« —0.12 0.11 0.31 -0.27 0.29
Eastern NP PCH 0.89%  0.76%  0.21 0.07 0.570.51x 0.37
Western NP PC1  0.77%«  0.90% —0.31 0.1 0.16 -0.05 0.29
Easten NP PC2 —-0.01 —0.26 0.76x —0.13 0.66x —0.35 0.43
Western NP PC2  0.46«  0.18 0.03 0.61x 0.01 -0.47 -0.28

Asterisks indicate that the correlations are significant at the 95% confidence level.
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FIGURE 6 | (A) Marine biological PC1s and G-SST and NP-SST (B) eastern
NP PC2 and PDO index, and (C) western NP PC2 and NPGO index. From all
climate indices, their respective averages in 1965-2006 have been removed,
and G-SST and NP-SST are further divided by their respective standard
deviations. All time series are smoothed by 5-year running mean.

major regime shifts in the 1920s, 1940s, and 1970s. The eastern
NP PC2 shows no correspondence with this short-lived event.
The second strongest correlation with eastern NP PC2 is found
for MEI (Table 2), probably reflecting the fact that the PDO,
the most strongly correlated climate mode to the eastern NP
PC2, is accompanied by ENSO-like interdecadal variability in
the tropical Pacific (Mantua et al., 1997; Zhang et al., 1997).
The relation between the North and tropical Pacific for decadal
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variability was at least partly due to the tropical influence on the
mid-latitudes (Newman et al., 2003; see also review of Newman
et al., 2016), but causality in the opposite direction, i.e., mid-
latitude forces the tropics, was also reported (e.g., Vimont et al.,
2003, Zhao and Di Lorenzo, 2020; see also review of Amaya,
2019).

In contrast to the relation between eastern NP PC2 and the
PDO index, the western NP PC2 is correlated with the NPGO
index (Table 2). It is noteworthy that the correlations of different
combinations, i.e., between eastern NP PC2 and the NPGO index
and between western NP PC2 and the PDO index, are very small.
The time series comparison shows that the coherent variability
between the NPGO index and western NP PC2 is limited to the
1990s and 2000s (Figure 6C). This may be related to the recent
enhancement of decadal variability of the NPGO (Di Lorenzo
et al., 2008; Joh and Di Lorenzo, 2017).

Figure 7 shows that the SST correlation patterns associated
with biological PCs. The correlation map associated with the
whole NP PC1 (Figure 7A) is characterized by overall positive
correlations, accompanied by especially strong correlations in
the western subtropical gyre and in the East China Sea. The
correlations with the whole NP PC1 were weak along the
subpolar front near 40°N and the subtropical front near 30°N,
150°W. Similar patterns are produced in correlation maps
between gridded SSTA and the western and eastern NP PCls
(Figures 7B,C). The correlation map associated with the eastern
NP PC2 (Figure 7D) is similar to the PDO pattern, which
was the first PCA mode of NP SSTs, while the correlation
map with the western NP PC2 (Figure 7E) is similar to the
second mode of SST pattern (Bond et al., 2003), which is known
to be closely related to the NPGO. The correlations with the
eastern NP PC2 are generally strong in the eastern and central
NP rather than in the western NP, consistent with the PDO
pattern itself (Mantua et al., 1997). On the other hand, the
correlations with the western NP PC2 are generally strong in the
subtropical western NP.

DISCUSSION

Comparison of PCA Modes Between the
Present and Previous Studies and
Possible Future LMAs

The trend-like feature is consistent with the biological PCls of
the previous eastern NP LMAs by Hare and Mantua (2000)
and Litzow and Mueter (2014) as well as PCls of western
NP LMAs by Tian et al. (2006) and Ma et al. (2019). The
physical-biological combined PC1 of Hare and Mantua (2000)
exhibited rapid transition feature, but the changes were much
more gradual in biological-only PCls by Hare and Mantua
(2000) and Litzow and Mueter (2014). Although the biological
PCls in this study were similar to those obtained by previous
studies as noted above, the relationship between the PC1 and
global warming was first identified by the present study. Our
results strongly suggest that global warming has already impacted
marine ecosystems in the NP.

The eastern NP PC2 was consistent with biological PC2s of
Litzow and Mueter (2014). The biological PC2 of Hare and
Mantua (2000) also exhibited the 1970s phase reversal, but the
second phase change occurred around 1990, earlier than that in
this study. The western NP PC2 was different from PCs reported
by LMA analyses for western NP marginal seas (Tian et al,
2006; Ma et al., 2019). The different features of western NP PC2
can be due to the different kind of data, i.e., fish catch data in
previous studies and recruitment and biomass data along with
the abundance in the present study or due to the high spatial
heterogeneity in the western NP.

The present and previous LMA studies indicate that the LMA
is useful to identify the influence of climate variability and change
on marine ecosystems, probably because LMA is effective at
extracting the influence of common forcing across the time series
even when the magnitude of the response is relatively small.
Thus further LMA studies are desirable especially for the regions
where LMA analyses have not been conducted yet. For those
future LMA studies, it is suggested to use recruitment and/or
abundance rather than fish catch data to understand changes in
marine ecosystems, because fish catch data are directly influenced
by fish catch efforts.

Possible Processes of Global Change

Influence

It is interesting to discuss what processes are responsible for the
biological variations documented in the present study, especially
for the PCA first modes, which are suggested to be related to
global warming. It is expected that the temperature increase due
to global warming may cause geographical migration of marine
species to colder areas, i.e., higher latitudes and deeper depths,
and shifts of phenology (e.g., Pinsky et al., 2013; see also review by
Poloczanska et al., 2016). The geographical migration increases
warm water species and decreases cold water species in each
region. This may be consistent with the pattern of small pelagic
fishes characterized by increased jack mackerel and anchovy
recruitment (P.67, P.68, P.73) in the western NP by the Japanese
records. The migration can be more difficult for groundfish than
pelagic fish because demersal fish habitat can be constrained by
bottom topography (Li et al., 2019). This might partly explain
why groundfish generally exhibit declines associated with the
PCA first modes across the basin. The increase of salmon mainly
occurs for Alaska and Russia, which are generally the northern
limit of their habitat in the 20th century. Therefore, there is
a possibility that global warming brought better condition for
salmon in these areas. Indeed, Kaeriyama et al. (2014) suggested
that the increase of salmon in the second half of the 20th century
is strongly influenced by global warming, through the enhanced
growth of age 1-year salmon in the Okhotsk Sea. Consistently,
Pacific salmon catch increases have been noted on the Arctic
side of Alaska since the 1990s (Carothers et al., 2019). Therefore,
it is suggested that NP warming in the last several decades
may have provided a better environment for some Russian and
Alaskan salmon, though further temperature increase due to
global warming may become harmful even for them. From the
latter point of view, it is important to note that the time series
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of Japanese/Russian salmon decline after 1990 (Figure 3A) and
that the PCls exhibit decreasing tendency after 2000 against
continuing SSTA warming (Figure 6A).

Of course, climate change influences on marine ecosystems
are not limited to temperature increases, but also include ocean
acidification and ocean deoxygenation. Among these two threats,
the species investigated in the present study may be more
strongly influenced by the ocean deoxygenation, because the
primary species impacted by ocean acidification are likely the
species that build calcium carbonate-based shells and other
structures (e.g., Doney et al., 2009). On the other hand, the
NP is an area where strong ocean deoxygenation has been
documented over the last 50-60 years, as reported by recent
global analyses (Ito et al, 2017; Schmidtko et al., 2017), and
thus the deoxygenation can have negatively impacted marine
species, especially groundfish. Indeed, Ono et al. (2001) suggested
that the shoaling of the hypoxia upper boundary influenced
the deepest habitat of pacific cod over the Pacific continental
shelf off northeast of Japan. Oxygen changes also impacted
mesopelagic and demersal fish in California Current System
(Koslow et al., 2011, 2019). Ocean deoxygenation is generally
caused by increased water temperature through the reduced

oxygen saturation concentration at the surface and weakened
circulation and mixing that supply dissolved oxygen at depth
(e.g., Keeling et al., 2010). The strong oxygen decrease over the
NP may be due to reduced ventilation caused by weaker cooling
in the Okhotsk Sea (Nakanowatari et al., 2007). In addition,
vertical displacements of isopycnal surfaces and advection on
those surfaces play important roles in varying dissolved oxygen
concentration in different regions of the NP (Pozo Buil and Di
Lorenzo, 2017; Ito et al., 2019). Further studies are necessary to
understand the mechanisms of deoxygenation over the NP basin
and its influences on marine ecosystems.

These possible mechanisms suggest that groundfish may
have more difficulties than pelagic fish in adjusting to the
impacts of global warming. In order to understand this aspect
better, we plot the depth ranges of the fish species that have
significant correlations with the biological PCls from our
analyses (Figure 8). For the first PCA modes, among 17 time
series of significant positive correlations 12 time series are for
species with depth range shallower than 300 m, while among
20 time series of significant negative correlations 13 time series
are for species with depth range deeper than 300 m. This result
shows that the sign of the loadings on our ecosystem PCA
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FIGURE 8 | Depth ranges (lines) of western and eastern basin marine species that have statistically significant correlations (colored circles) with respective basin
PC1s. The colored circles indicate the absolute correlations and color indicates the corresponding confidence levels as in Figure 2.

modes are generally opposite for shallow and deep-water species.
Consistently, the LMA in the northeast Atlantic also revealed
global-warming related decline of cod and plaice but increase of
herring (Brunel and Boucher, 2007). Since the disadvantageous
conditions to the ground fish, i.e., bottom topography constraint
for habitat and ocean deoxygenation, will not be relaxed in future,
we expect that groundfish will suffer more than pelagic fish
species in the warming oceans.

Although we consider that the first mode is mainly caused by
global warming, but other anthropogenic factors such as fishing
may have some influence. Recruitment and abundance, which
are the main data used in the present study, are less influenced
directly by fishing than fish catch data, which were used in
some LMA studies. However, our data are not free from effects
of fishing; for example, if a species is substantially removed
by fishing, it can impact its predator and prey species. It is
difficult to identify these factors from observational data analysis
alone. In future, it is desirable that these factors are estimated by

using mathematical or numerical models (e.g., Coll et al., 2019;
Bueno-Pardo et al., 2020).

Possible Mechanisms of Zooplankton
Variations

Among marine species analyzed in the present study zooplankton
are important as food for other species. Thus, it is interesting
to discuss what mechanisms can work on the observed
zooplankton variations.

Three zooplankton biomass time series in the eastern NP,
one from California Current waters (113.Z) and two from the
eastern Bering Sea (114.Z, 115.Z), were highly correlated with the
eastern NP PC1, which is suggested to be influenced by warming
ocean temperatures. For California Current waters, Roemmich
and McGowan (1995) reported that a substantial decline of
zooplankton associated with warming of a surface layer from
the 1950s to the 1990s. The warmed surface water enhances
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stratification, which in turn reduces the upwelling resulting in
weakened productivity due to the reduced upwelled nutrients.
Our result shows that the California Current zooplankton stayed
low level except for a positive spike 2003 (Supplementary
Figure 2f). If the hypothesis of Roemmich and McGowan (1995)
is true, the decline of California Current zooplankton is an
aspect of marine ecosystem response to the global warming
discussed in the previous subsection. For the eastern Bering
Sea, Sugimoto and Tadokoro (1997) reported an increase in
zooplankton biomass in the 1960s and 1970s relative to the
preceding decade, and a decline from the 1970s to the 1990s
(when the records they examined end). They suggested that on
decadal timescales a bottom-up effect may be responsible for
zooplankton variations.

In the western NP, summertime zooplankton biomass in
Oyashio waters (119.Z) was related to the western NP PC2
(Figure 4B). The zooplankton time series is consistent with those
in Tadokoro et al. (2005) and Tadokoro et al. (2009). As drivers for
the zooplankton variations in Oyashio waters, predation pressure
by Japanese sardine (Tadokoro et al., 2005) and surface nutrient
variability via primary production (Tadokoro et al., 2009) were
suggested. Ito et al. (2007) demonstrated the effect of predation
pressure on zooplankton by Japanese sardine on other pelagic fish
growth by using a simple box model. The decrease of other small
pelagic species in the western NP PC2 was consistent with the
estimates generated (Figure 4B). Furthermore, the high biomass
of zooplankton in Oyashio water in the 1990s in the present study
and Tadokoro et al. (2005, 2009) was also seen in zooplankton
biomass in the Kuroshio-Oyashio Extension region (Chiba et al.,
2013). Chiba et al. (2013) suggested that changes in advection
of Kuroshio water in association with the NPGO caused the
observed zooplankton biomass changes in this region (see also
Di Lorenzo et al., 2008).

SUMMARY

The LMA of marine biological time series for both the western
and eastern NP basins was conducted for the first time using
PCA of 120 biological time series. Marine biological PC1s both
in the eastern and western NP exhibit long-term trends and are
associated with overall increased Alaskan and Japanese/Russian
salmon abundance and some small pelagic fish recruitment in
the western NP, and decreases of groundfish recruitment across
the basin and eastern NP zooplankton biomass (Figures 2, 3).
This mode is closely related to NP- and G-SSTs (Figure 6A).
This suggests that the first mode of the NP marine ecosystem is
strongly influenced by global warming. These PC1s are consistent
with biological PCls of previous studies for the eastern NP
(Hare and Mantua, 2000; Litzow and Mueter, 2014) as well as
those for the western NP marginal seas (Tian et al., 2006; Ma
etal,, 2019), although those studies did not examine relationships
with global warming. We expect that future global warming
will cause more difficulties for groundfish than pelagic fish.
The eastern NP PC2, characterized by multidecadal variability,
was correlated positively with salmon abundance and negatively

with groundfish recruitment (Figures 4C, 5C,D). On the other
hand, the western NP PC2 exhibits slightly shorter timescale
interdecadal variability than the eastern NP PC2 and was
negatively correlated with zooplankton biomass and two small
pelagic fish recruitment records around Japan. The eastern NP
PC2 is the most strongly related to the PDO index (Figures 4A,
6B), while the western NP PC2 is the most closely related
to the NPGO index (Figures 4A, 6C). Consequently, the
present LMA provides a new and unified view for climate
change and marine ecosystem variations across the western and
eastern NP.
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