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Abstract: Although nonstationarity in marine ecosystems has attracted great attention, the nonsta-
tionary responses of demersal fishes to environmental variations induced by the changing climate
are still not well understood. Here, we collected 21 time series of demersal fishes from 1956 to 2015
to investigate the climate-induced nonstationary responses in temperate waters of the northwestern
North Pacific (NWP). We showed that these demersal fishes experienced state shifts in approximately
1986/87, accompanied by abrupt warming over this region. Moreover, the relationships between
demersal fishes and sea surface temperature (SST) were found to change between the two identified
eras (i.e., a weak relationship before 1986 and a strong negative relationship after 1986), which may be
primarily caused by the alternating dominance of the East Asian winter monsoon and mega-ENSO
on SST in temperate waters of the NWP. The identified climate-induced nonstationary responses of
demersal fishes to SST variability in this study may provide implications for understanding climate-
induced biological dynamics, predicting demersal fish fluctuations, coping with potential ecological
risks, and the sustainable exploitation of fishery resources in the future climate. Note that the impact
of fishing on the demersal fishes in temperate waters of the NWP was not assessed in this study due
to the lack of fishing effort data and therefore the conclusions of our research should be approached
with caution.

Keywords: demersal fishes; nonstationary responses; global warming; climate change; mega-ENSO

1. Introduction

With accelerating climate change, nonstationarity in marine ecosystems has received
growing attention in the past few years [1–4]. The nonstationary features present in
ecological responses to environmental variations that occur due to climate change, which
have frequently occurred in the past and will continue to develop in the future and pose
great challenges in understanding and predicting ecological dynamics as well as in the
forewarning of potential ecological risks [3,5,6]. On the other hand, these nonstationary
responses also bring us opportunities to predict ecological responses in communities
and ecosystems in a changing climate by elucidating how climate-induced nonstationary
environments structure ecological communities [4]. Therefore, it is imperative to enhance
our understanding of nonstationarity in both drivers (e.g., climate forcings) and ecological
responses, as this understanding would further lay the foundation for ecosystem-based
fisheries management [3–5,7,8].

Generally, a process with a constant probability density over time is deemed stationary.
Conversely, a process is nonstationary if its probability density is time-dependent [9]. The
physical variables used for climate indices, such as anomaly fields of sea level pressure
(SLP) or sea surface temperature (SST), change over time under climate change, increasing
the likelihood of new climate–biological relationships [2,10,11]. Accordingly, ecological
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systems are usually nonstationary and are characterized by changes in the distribution,
growth, phenology, and behavior of single species as well as the species composition,
ecological structure, and ecological processes, resulting in the combination of new species
and unexpected “ecological surprises” or the extinction of existing species and destruction
of existing communities in the future [4,5]. However, traditional investigations on the
effects of climate change on marine life were generally based on the assumption of stability
with constant probability densities, which seem to be inappropriate for studies over long
time scales (e.g., multidecadal time scales) [4].

Recently, scientists have realized the importance of nonstationarity in marine ecosys-
tems and have begun to take it into account, especially in the North Pacific, where nonsta-
tionarity has been well documented in fishery ecosystems [1,2,12,13]. A representative case
is the nonstationary climate–community relationships in the Gulf of Alaska associated with
shifts in the importance of the Pacific Decadal Oscillation (PDO) and North Pacific Gyre
Oscillation (NPGO) that resulted from the declining variance in the Aleutian Low [1,2,12].
In addition, Ma et al. [7] also found nonstationary changes in pelagic communities induced
by climate change in the northwestern North Pacific (NWP). Previous studies have shown
that climate change has great impact on the abundance and distribution of demersal fishes
in the Tsushima Warm Current region of the Japan Sea, especially the climate shift in the
late 1980s [14,15]. For instance, the abundance of Pacific cod greatly declined in areas
where their abundances remained high until the late 1980s [14,16]. However, the previous
researches concerning the role of climate change on the demersal fishes were mainly mod-
eled with stationary assumption [14,15]. Therefore, a question emerged: do nonstationary
relationships still exist between demersal fishes and marine environments under climate
change?

Focusing on the demersal fishes in temperate waters of the NWP, this study aims
to detect the nonstationary relationships between marine environmental variations and
fluctuations in the abundance of demersal fishes, as well as its association with shifts in
the relative importance of climate drivers. To achieve this goal, long time series with a
large number of data of climate indices, environmental variables, and demersal fishes were
compiled, and a series of analytical methods were used to test (1) the existence of state
shifts in demersal fishes and environmental variables, (2) the nonstationary relationships
between demersal fishes and environmental variables and (3) the evidence of shifts in
the main climate drivers in temperate waters of the NWP. Additionally, the possible
dynamic processes and mechanisms associated with these nonstationary relationships
were discussed. The findings will help improve our understanding of the biological
responses of demersal fishes to environmental changes and may also provide implications
for the development of fishery management in a changing climate.

2. Materials and Methods
2.1. Study Area

The temperate waters of the NWP, as shown in Figure 1, represent one of the most
productive fishery areas in the world oceans and are experiencing unparalleled warming
at a much faster rate than that of the global ocean [17–19]. The temperate waters of the
NWP have also shown remarkable decadal-scale fluctuations in physical and biological
oceanography, namely, “climate and ecosystem regime shifts” [7,14,20,21]. In addition,
the area has a complex circulation system, including the Kuroshio and Oyashio Currents
(Figure 1). According to previous studies, its oceanographic variations are greatly affected
by the Siberian High (SH), Arctic Oscillation, El Niño-Southern Oscillation (ENSO), East
Asian winter monsoon (EAWM), North Pacific Oscillation (NPO), and PDO [22,23].
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Figure 1. Map of the research area. Red and blue lines indicate primary warm and cold currents in
temperate waters of the northwestern North Pacific, including the Kuroshio Current (KC), Yellow Sea
Warm Current (YSWC), Tsushima Warm Current (TSWC), Oyashio Current (OC), and Liman Current
(LC). The panel at the bottom right shows the location of the research areas in the North Pacific.

2.2. Biological, Environmental, and Climatic Data

Multiyear catch or biomass data of demersal fishes in our research region were col-
lected and used for further analyses in this study. The data included 21 time series of
demersal fishes. Catch data are mainly obtained from Annual Report of Catch Statistics on
Fishery and Aquaculture of Japan and we also used reconstructed data from Sea around us
to cover as many economically important demersal species as possible in our study area,
while biomass data are collected from Stocks Assessment Reports of Japan [24]. Biomass
indices of Japanese sandfish, Flathead flounder, and Roundnose flounder are estimated
resource abundance that was estimated by tuned virtual population analysis (VPA) [25].
Biomass indices of all other species are catch per unit effort (CPUE). Most of the selected
demersal fishes are important commercial fishing species [14]. These species were usually
divided into two thermal preferences (warm or cold) in previous studies [14,21]. To better
investigate the nonstationary relationships, we select time series longer than 40 years. More
details on the biological data can be seen in Table 1, Supplementary Table S2 and Figure S7.
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Table 1. Description of the time series of demersal fishes used in our research.

Order Common Name Scientific Name Thermal
Preference Spawning Season Population

Process Source Years

TS1 Pacific cod Gadus macrocephalus Cold January–March Catch ARCSFA 1956–2015

TS2 Walleye pollock Theragra
chalcogramma Cold December–March Catch ARCSFA 1956–2015

TS3 Largehead hairtail Trichiurus japonicus Warm April–October Catch ARCSFA 1956–2015

TS4 Blackhead seabream Acanthopagrus
schlegelii Warm Winter–Spring Catch ARCSFA 1956–2015

TS5 Japanese sandfish Arctoscopus japonicus Cold December–January Catch ARCSFA 1956–2015
TS6 Biomass SARJ 1972–2015
TS7 Broadbanded

thornyhead Sebastolobus macrochir Cold March–April Catch ARCSFA 1956–2015
TS8 Biomass SARJ 1972–2015
TS9 Deepsea smelt Glossanodon

semifasciatus Warm Spring–Autumn Catch ARCSFA 1956–2015
TS10 Biomass SARJ 1975–2015
TS11

Silver seabream Pagrus major Warm April–July Catch ARCSFA 1956–2015
TS12 Biomass SARJ 1970–2015
TS13 Flathead flounder Hippoglossoides dubius Cold February–April Biomass SARJ 1972–2015
TS14 Pointhead flounder Cleisthenes pinetorum Warm January–April Biomass SARJ 1966–2014
TS15 Roundnose flounder Eopsetta grigorjewi Cold January–April Biomass SARJ 1966–2015

TS16 Roughscale sole Clidoderma
asperrimum Cold February–April Biomass SARJ 1972–2015

TS17 Yellow goosefish Lophius litulon Warm February–May Biomass SARJ 1973–2015

TS18 Daggertooth pike
conger Muraenesox cinereus Warm June–October Catch Sea Around Us 1956–2015

TS19 Bastard halibut Paralichthys olivaceus Warm March–June Catch Sea Around Us 1956–2015
TS20 Large yellow croaker Larimichthys crocea Warm March–June Catch Sea Around Us 1957–2015
TS21 Small yellow croaker Larimichthys polyactis Warm March–June Catch Sea Around Us 1956–2015

Note: ARCSFA represents the Annual Report of Catch Statistics on Fishery and Aquaculture; SARJ represents the Stocks Assessment Report
of Japan (http://abchan.fra.go.jp/index.html) (accessed on 6 December 2020). The data from Sea Around Us (http://www.seaaroundus.
org/) (accessed on 8 January 2021) were bottom trawl data.

Considering the high correlation between bottom water temperature (~300 m) and
SST (Supplementary Figure S2), SST was adopted as the representative of ocean thermal
change in our analysis because it has a longer observation period which aids in detecting a
relationship and higher accuracy in that it assimilates a lot of satellite observations [26,27].
Furthermore, SST affects the duration and survival of fish larvae that are usually more
susceptible to environmental change than adults [28–30]. A winter (from November to
March) SST field was used in our study based on the high correlations between demersal
fishes and SST (Supplementary Figure S1). Monthly SST data for the spatial range from 25◦

to 50◦ N and 123◦ to 150◦ E between 1956 and 2015 were derived from the Hadley Centre
Global Sea Ice and Sea Surface Temperature with a 2◦ × 2◦ horizontal resolution [26].

Six large-scale climate indices that are generally considered to be related to environ-
mental changes and ecosystem variations in temperate waters of the NWP were employed
in our study, including the Siberian High Index (SHI), East Asian Winter Monsoon In-
dex (MOI), Arctic Oscillation Index (AOI), PDO, NPGO and Southern Oscillation Index
(SOI) [7,18,20,31,32]. In addition, it is worth noting that ENSO activities, as the leading
driving force for global climate change, have high variation intensities and spatial pat-
terns [10]. Many recent studies have highlighted that more attention should be paid to the
diversity and strength of ENSO when considering its ecological influence on the North
Pacific Ocean under increasing global warming scenarios [33–35]. To reflect the diversity of
ENSO and its influence to different degrees, the mega-ENSO index, which was defined as
the difference between the averaged West Pacific K-shape SST and East Pacific triangle SST,
was also used in our analysis [36]. As an integrated measure of interdecadal variations in
the Pacific (or global) SST, the mega-ENSO index can reflect a broader range of variability
than conventional ENSO indices [36]. Considering that these climate activities usually
prevail in winter (December to February), all climate indices were used with average
winter (DJF) values in this study [32,37]. Details of the climatic indices can be seen in
Supplementary Table S1.

http://abchan.fra.go.jp/index.html
http://www.seaaroundus.org/
http://www.seaaroundus.org/
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2.3. Data Analyses

To investigate the best-fitted shared trend of the biological time series and identify
state shifts in the trend, a Bayesian version of dynamic factor analysis (DFA) together with
a hidden Markov model (HMM) were conducted for the time series of the biological data.

The DFA is a multivariate statistical tool similar to Principal Components Analysis
(PCA), but unlike PCA, the DFA does not require the length of each time series to be
equal and deal with missing values and therefore might reflect the actual responses of the
biological community [13,38]. The latent trends are modeled as:

Yt = ZXt + εt (1)

where Xt represents the value of latent trends at time t, Yt represents the value of all
time series at time t, Z is the factor loading matrix and εt is residual error [38]. Justi-
fications and details of the Bayesian implementations of DFA and HMM are provided
in Supplementary Text S1. After obtaining the shared trend determined by the criteria,
Pearson correlation analyses together with significance tests between the shared trend
and monthly SST field were implemented to identify the crucial SST periods. The number
of degrees of freedom was adjusted to calculate the most reliable significance based on
potential autocorrelation [39]. Then, we performed empirical orthogonal function (EOF)
analysis on the winter (NDJFM) SST field, and its leading principal component (PC1) was
calculated for further analyses.

According to the results of the state shifts test of demersal fishes and the SST EOF
analysis, the data can be divided into different eras. Coupled with time-dependent Pearson
correlation analyses and significance test maps, time-dependent Bayesian regressions
between the shared trend and SST PC1 were conducted to test the nonstationary responses
of demersal fishes to SST using the R package “rstanarm” [40–42].

The shared trend was modeled as a linear function of the SST PC1 with era-specific
slopes and intercepts and the posterior densities for them were provided for probabilistic
estimates [43]. The era-specific slopes and intercepts help to explore the differences in
the relationships between SST and demersal fishes among eras. The same analyses were
also implemented between the climate drivers and SST to quantify the intensity of the
influence of climate forcings on water temperature in different eras. In addition, a gradient
forest analysis with 1000 simulations and 3000 regression trees for each simulation was
also employed to detect the changing importance of climate drivers for SST and to explore
the era-specific main climate drivers using the R package “gradientForest” [41,44]. Due to
the effects of the climate on multiple life-history stages of demersal fishes, all data were
normalized to zero means with unit variances and were then smoothed with 3-year moving
averages, except under the DFA and HMM analysis, to reflect conditions the year before,
the year of and the year after ocean entry, as suggested by Litzow et al. [2].

3. Results
3.1. State Shifts of Demersal Fishes and SST Variability

The results of the Bayesian version of the DFA showed that the shared trend loaded
positively for almost all time series of demersal fishes except for Silver seabream, Yellow
goosefish, Daggertooth pike conger, and Small yellow croaker, suggesting that these species
have opposite abundance dynamics (Figure 2a). The shared trend showed a marked decline
in the 1980s (Figure 2b), reflecting the rapid change in demersal fishes, and the HMM results
also revealed state shifts in approximately 1986/87 (Figure 2c). For SST, EOF1, accounting
for 48.48% of the total variance, showed a generally consistent mode over the temperate
waters of the NWP and an abrupt increase in the PC1 time series in approximately 1986,
indicating abrupt warming in this region after the late 1980s (Supplementary Figure S3).
The timing of the state shifts of the demersal fishes corresponded well with the timing of
abrupt warming.
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Figure 2. Bayesian DFA and HMM analysis for demersal fishes (1956–2015) in temperate waters of the NWP. (a) Posterior
distributions for loadings on each time series. (b) The shared trend time series with a 95% credible interval. (c) State
probability of the shared trend (median probability with a 95% credible interval). The dotted line represents the shift year.

3.2. Nonstationary Responses of Demersal Fishes to SST Variability

The distinct slopes and intercepts obtained from the Bayesian regression in the two
eras indicate era-specific relationships between demersal fishes and SST in this region
(Figure 3a). There was a weak correlation in era1 (R2 = 1.55%, p = 0.91), while a strong
negative correlation appeared in era2 (R2 = 47.07%, p < 0.01) (Figure 3b), which is consistent
with the observed spatial patterns of era-specific correlations (Figure 4). Therefore, both
the era-specific Bayesian regressions (temporal) and correlation analyses (spatial) provided
strong evidence for nonstationary responses of demersal fishes to SST variabilities in
different eras, implying that an increased SST may have a strong negative effect on demersal
fishes in temperate waters of the NWP.
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Figure 3. Nonstationary temporal responses of demersal fishes to SST. (a) Era-specific posterior
distributions of the slope and intercept of the shared trend of the SST PC1. (b) Era-specific scatter
plots and best linear fittings with the corresponding R2 and p values estimated by Bayesian regression
models.

Figure 4. (a,b) Nonstationary spatial responses of demersal fishes to SST: maps of era-specific
correlation coefficients between the shared trends and winter SST fields. Purple dotted lines enclose
areas with significant correlations (p < 0.05).
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3.3. Nonstationary Effects of Climate Drivers on SST

The gradient forest analysis showed that the degrees of influence of different climate
drivers on winter SST in temperate waters of the NWP changed in the two identified
eras (Figure 5). Before 1986, the winter SST in this area was mainly affected by the
MOI. However, the mega-ENSO became paramount after 1986. The era-specific Bayesian
regressions (temporal, Figure 6) and correlation analyses (spatial, Figure 7) confirmed the
changing effects of the MOI and mega-ENSO on winter SST; these effects are characterized
by the declining effects of MOI and strengthening effects of mega-ENSO from era1 to era2.

Figure 5. (a,b) The era-specific R2 weighted importance of climate drivers to winter SST with error bars, as obtained by the
gradient forest analysis.

Figure 6. Nonstationary temporal relationships between MOI, mega-ENSO and SST. (a) Era-specific posterior distributions
of the slope and intercept of the MOI and mega-ENSO on the SST PC1. (b) Era-specific scatter plots and best linear fittings
with the corresponding R2 and p values estimated by Bayesian regression models.
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Figure 7. Nonstationary spatial relationships between MOI or mega-ENSO and the winter SST fields:
maps of era-specific correlation coefficients between MOI or mega-ENSO and the winter SST fields
(a–d). Purple dotted lines enclose areas with significant correlations (p < 0.05).

4. Discussion
4.1. Effects of Warming on Demersal Fishes

The identification of the critical period is the first step in revealing the effects of
warming on demersal fishes, as they may be sensitive to the climate only at certain periods
of their life cycles [45,46]. As identified in our study (Supplementary Figure S1), winter
is widely used to study the effects of climate change on ecosystems [7,14,15,18,20,32,47].
Studies have shown that marine fish are more responsive to changes in winter climate
and environment, so changes in winter climate and environment will have a greater
impact on marine fish [20,48–50]. On the one hand, as winter is the spawning season for
many demersal fishes, previous studies proved that the winter climate has an important
impact on the early life stages of fishes, including egg and larval survival, growth, and
transport [49,51]. Moreover, the winter climate can also influence the phenology and
winter migration of fish populations [47]. On the other hand, it has been recognized
that the rate of warming in winter is faster than that in summer in marine ecosystems
worldwide, resulting in a greater impact on marine ecosystems and their services as well
as the acceleration of regime shifts, such as the loss of fish species, especially for demersal
and benthic dwellers [48].

The responses to warming were inconsistent among species in our study (Figure 2a),
which may be related to their thermal preferences [52]. Although loadings cannot be used to
fully distinguish cold- and warm-water species, we can still find evidence of their negative
(positive) responses to warming (Figures 2a and 3). The representatives of warm-water
species (Silver seabream, Yellow goosefish, Daggertooth pike conger, and Small yellow
croaker) have shown a positive trend in abundance since 1987, representing a positive
response to climate warming, while most cold-water fish have shown a trend of decline
since 1987 as the shared trend (Supplementary Figure S7). Demersal fishes move northward
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and deeper with warming, causing habitat reductions (extensions) for cold-water (warm-
water) species [53]. For example, the climate-induced distribution and catch shifts of the
small yellow croaker would likely be northward based on previous prediction [54]. It
was found that a decline in the abundance of Pacific cod was synchronous with a decline
in the habitat of the species in the southwestern Sea of Japan after the late 1980s [15].
In addition, the abundances of species with nearshore habitats (e.g., Yellow goosefish
and Willowy flounder) increased during the warm mid-1990s, while the abundances of
species with offshore habitats (e.g., Roughscale sole and Rockfishes) decreased during
this period [55]. The different responses of cold- and warm-water species to warming
may be one of the primary reasons for the observed changes in demersal fish assemblage
structure [14]. However, the ecological processes associated with the impact of warming
on demersal fishes seem to be complex. In addition to affecting the physiology, spatial
distribution, and food availability of fish species, warming also influences the oxygen levels
in the ocean (e.g., oxygen solubility and biological respiratory oxygen demand) [56–59]. It
has been observed that a decrease in dissolved oxygen in the bottom water of the Sea of
Japan may be related to global warming [60]. Overall, as global warming progresses with
increasing intensity and frequency (e.g., extreme marine heatwaves), it can be speculated
that demersal fishes may be more severely affected, especially those including cold-water
species [17,61].

4.2. Changing Major Climate Drivers for the SST in Temperate Waters of the NWP

Thus far, extensive research based on the assumption of stationarity has emphasized
the influences of MOI and SHI on variations in winter SST in temperate waters of the
NWP [7,18,20,31,32]. However, the nonstationarity of climate drivers should not be ignored
due to the alternating dominance of MOI and mega-ENSO found in this study. The
declining influence of MOI on SST in temperate waters of the NWP may have been induced
by the unprecedented decrease in the Siberian high that occurred in the late 1980s; the
Siberian high is the main driving force of the winter monsoon [62–64]. At the same time,
the influence of ENSO (especially mega-ENSO) on SST in temperate waters of the NWP
increased significantly after the late 1980s because the frequency and intensity of ENSO
activities increase with increasing anthropogenic greenhouse gas emissions.

To better understand the effect of mega-ENSO on SST in temperate waters of the
NWP in era2 (1987–2015), mega-El Niño and mega-La Niña events were selected using a
simple criterion. We selected mega-El Niño (mega-La Niña) years by determining values
greater (less) than 1 (–1) based on the normalized mega-ENSO (DJF) index from 1987 to 2015
(Supplementary Figure S4). Four mega-El Niño years (1991, 1992, 1997, and 2015) and seven
mega-La Niña years (1988, 1998, 1999, 2007, 2008, 2010, and 2011) were identified during
the period from 1987 to 2015. Mega-La Niña events have occurred more frequently than
mega-El Niño events since the late 1980s. Further analysis of the SST (DJF) anomalies that
occur during mega-El Niño or mega-La Niña periods showed that mega-El Niño is much
more similar to the eastern Pacific type, while mega-La Niña looks more like the central
Pacific type [65]. These findings were consistent with previous studies in which El Niño
events were found to have larger amplitudes than La Niña events in the eastern Pacific,
while La Niño events tended to be stronger than El Niño events in the central Pacific [10].
In addition, it is interesting to note that the SST anomalies in temperate waters of the NWP
during mega-La Niña events were obviously stronger than those during mega-El Niño
events (Supplementary Figure S5), implying the greater impact of mega-La Niña on SST in
temperate waters of the NWP in era2. This phenomenon can be explained by basin-scale
air-sea interactions. It can be imagined that a significant positive sea level pressure anomaly
would emerge over the North Pacific during a mega-La Niña event, while the western
Pacific cyclone is confined to the ocean area, and there is no significant pressure increase
over continental East Asia (i.e., no significant increase in the Siberian high), implying the
weakening of the zonal air pressure gradient between the East Asian continent and the
North Pacific [66]. Therefore, the combination of these factors is not conducive to the
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southward movement of cold air, resulting in an increased SST in temperate waters of the
NWP. In addition, our study also revealed that the influence of NPGO on SST in temperate
waters of the NWP increased after the late 1980s (Supplementary Figure S6). It is known
that the NPGO pattern is primarily driven by central tropical Pacific SST variability, adding
evidence of the increasing influence of central Pacific ENSO characterized by mega-La
Niña events on SST in temperate waters of the NWP [67,68].

4.3. Impacts of Fishing and Implications for Fishery Management

There is no doubt that the impact of fishing on the whole demersal fishes in temperate
waters of the NWP cannot be ignored. For example, the increasing trend of demersal fishes
during the 1960s may have been related to the increasing fish pressure [21]. In addition,
the fluctuation of demersal fishes may be driven by interaction of climate change and
anthropogenic fishing activities [32]. However, we did not tackle the impact of fishing
in our study due to the lack of fishing effort data and the difficulty of distinguishing the
interaction between climate change and fishing [7,32]. Fishing pressure can also be inten-
sified by unfavorable climate states even under declining fishing effort, which indicates
the importance of identifying the responses of demersal fishes to climate change before
evaluating fishing impacts [7,14]. It should also be noted that since our study adopted the
fishery-dependent data, it may be subjected to constraints imposed by management (e.g.,
total allowable catches) and the deliberate misreporting of study (e.g., discards) over time,
which is worth paying attention to in future research [31].

Our research points to the nonstationary environment–biology relationships induced
by changing climate drivers. This may provide insights on understanding climate-induced
biological dynamics in other marine ecosystems, which are valuable for fisheries man-
agement, particularly for predicting demersal fish fluctuations and coping with potential
ecological risks [12]. Firstly, the results show that the demersal fishes in temperate waters
of the NWP entered a new state after 1987 with abrupt warming of this region, which
indicates that the possibility of the emergence of new climate and environmental states with
continued warming should be taken into account and the investigation and evaluation of
their impact on demersal fish resources should be strengthened [69]. Secondly, a paradigm
shift in our understanding of climate-induced biological responses should be advocated to
better understand climate-induced biological dynamics, which has long been frustrated by
changing climate–biology correlations, such as nonstationary climate–salmon relationships
in the Gulf of Alaska [2,7]. Thirdly, timely monitoring of ecological metrics that might
indicate a new ecological stage, including changes in the abundance and biomass of key
functional groups, community composition, and species diversity, is often emphasized and
advocated [70]. However, our analysis of historical biological, environmental and climatic
data would help to explore historical ecological shifts, such as the identified threshold
years (1986/87) in our research, decipher drivers of ecosystem change, forewarn upcoming
ecological shifts and thus trigger appropriate management actions [70].

5. Conclusions

In this study, the long-term relationships between demersal fishes and environmental
variations in temperate waters of the NWP were investigated. State shifts of demersal fishes
in temperate waters of the NWP were found in approximately 1986/1987 corresponding
to an abrupt increase in the water temperature in this region. The changing relationships
between demersal fishes and SST identified by era-specific analytical methods reflected
the nonstationary responses of demersal fishes to SST variability in temperate waters
of the NWP under the changing climate; these changes were found to be related to the
alternative importance of the East Asian winter monsoon and mega-ENSO resulting from
the abrupt decrease in the Siberian high as well as the increase in the frequency and
intensity of ENSO after the late 1980s. These findings further confirmed the importance
of a paradigm shift in investigations of climate-induced biological responses in a world
characterized by nonstationarity, and it is necessary to take ecological reference points
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(e.g., ecological thresholds) into consideration when formulating fishery management
strategies. Furthermore, our findings also enrich our understanding of the climate-induced
biological dynamics in the North Pacific and the global oceans. It is worth noting that the
nonstationary responses of demersal fishes to environmental variations would be possibly
affected by both climate variability and fishing. Our findings, therefore, need to be further
supported as the impact of fishing on the demersal fishes was not tackled in our study.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/fishes6030022/s1, Text S1: Bayesian version of Dynamic Factor Analysis and Hidden Markov
Model. Figure S1. Maps of correlation coefficients between the shared trend out from the Bayesian
DFA and monthly sea surface temperature (SST) fields. Purple dotted lines enclose area with
significant correlations (p < 0.05). Figure S2. Maps of correlation coefficients between the time series
of mean bottom water temperature (depth = 317m, 1956–2010) and winter(NDJFM) sea surface
temperature (SST) field. Purple dotted lines enclose area with significant correlations (p < 0.05).
Black dotted lines enclose area with high correlations (r > 0.7). Figure S3. EOF analysis for winter
(NDJFM) SST field in temperate waters of the NWP: The leading spatial pattern (eigen vector) (left)
and the time series of SST PC1 (right). Figure S4. The time series of normalized mega-ENSO index
(1956–2015). Figure S5. Maps of DJF sea surface temperature (SST) normalized anomalies in mega- El
Niño (left) and mega- La Niña (right) during era2 (1987–2015). Figure S6. Non-stationary temporal
relationships between NPGO and winter SST: (a) era-specific posteriors distribution for the slope
and intercept of NPGO on winter SST PC1. (b) era-specific Scatter plots and best linear fits with
corresponding R2 and p values to NPGO and winter SST PC1 estimated by Bayesian regression
models. Figure S7. Time series data of demersal fishes (scaled).
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