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Introduction: Comprehending species-specific reactions to climate variability is

crucial for ecosystem-based fisheries management, especially for high-value

multispecies fisheries. The waters of Taiwan harbour numerous commercially

significant seabream species; nevertheless, the impact of large-scale climatic

oscillations on their catch dynamics is inadequately characterised.

Methods: We examined catch trends of six principal seabream species

(Acanthopagrus schlegelii, Dentex hypselosomus, Evynnis cardinalis, Pagrus

major, Parargyrops edita, and Rhabdosargus sarba) employing Generalised

Additive Models (GAM) to evaluate associations with significant climatic factors.

Cross-spectrum analysis was utilised to identify predominant periodicities,

whereas wavelet coherence analysis investigated temporal coherence and

phase correlations between climate indices and catch rates.

Results: The Pacific Decadal Oscillation (PDO) was identified as the predominant

predictor for all species, with explained deviance between 24.6% and 42.3%.

Cross-spectrum analysis revealed notable low-frequency periodicities of around

2.4 years. Wavelet coherence demonstrated both immediate and lagged

responses, exhibiting asynchronous species-specific patterns influenced by a

shared PDO.

Discussion: These findings underscore the influence of decadal climate

variability on the dynamics of multispecies fisheries in Taiwanese seas.

Integrating species-specific and time-lagged responses into management

techniques is essential for adaptive, climate-resilient fisheries governance. The

results also offer evidence pertinent to international policy frameworks about the

effects of climate change on marine ecosystems.
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climate variability, cross-spectral analysis, GAM, North-western Pacific, sea bream
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1 Introduction

Climatic variabilities are extensive patterns of climatic

fluctuation that manifest throughout various time spans, ranging

from a few months to many decades and these variabilities signify

periodic alterations in atmospheric and oceanic conditions that may

have a substantial impact on global and regional weather patterns

(Bi et al., 2020). These impacts are evident in changes to

temperature patterns, precipitation trends, and the frequency and

severity of severe weather phenomena. For instance, during an El

Niño event, the elevation of sea surface temperatures (SST) in the

Pacific Ocean can cause a decline in trade winds and a change in

atmospheric pressure systems. This leads to modified rainfall

patterns, resulting in droughts in certain areas like Southeast Asia

and Australia, and increased rainfall and flooding in other regions,

such as the western coast of South America (Jiang et al., 2024).

Therefore, the effect of climatic variabilities on atmospheric

conditions has significant physical consequences on global and

regional weather.

Fluctuations in weather patterns caused by climate variations

have a significant effect on the state of the ocean, resulting in

interconnected cycles that affect both systems. During El Niño

occurrences, changes in atmospheric pressure patterns, such as the

weakening of the Walker Circulation, cause warm water to be

redistributed over the Pacific Ocean. This disrupts the usual wind

patterns and ocean currents. This change not only increases SSTs

but also decreases the strength of upwelling, which is crucial for

transporting cold, nutrient-rich waters to the top. These changes in

the atmosphere may also modify the intensity and course of

significant ocean currents. This, in turn, affects the distribution of

heat in the oceans and contributes to fluctuations in sea level and

abnormal SSTs (Lian and Gao, 2024). In addition, changes in the

atmospheric conditions caused by phenomena such as the Pacific

Decadal Oscillation (PDO) has a significant impact on ocean

conditions, particularly in the North Pacific, by altering SSTs,

ocean currents, over decadal timescales. During the warm phase

of the PDO, the western Pacific, encounters decreased SSTs. This

might improve the upwelling mechanisms that send cold, nutrient-

rich waters to the top. Conversely, during the cold phase of the

PDO, higher SSTs in the western Pacific Ocean decline the upward

movement of nutrient-rich water, which in turn reduces the

biological productivity of the area (Zhang K. et al., 2022). Thus,

interaction between atmospheric changes and oceanographic

conditions during climatic variations leads to intricate and

dynamic alterations in the oceanic environment.

The fluctuations in oceanic conditions caused by climatic

variations, such as the PDO and El-Nino Southern Oscillation

(ENSO), have significant effects on the biological aspects of the

ocean modifying the distribution, productivity, and composition of

marine species. For instance, during the warm phase of the PDO or

an ENSO event, decreased SSTs and increased upwelling result in

induced nutrient availability in the top layers of the ocean, which

leads to an increase in primary production, especially in areas such

as the western Pacific (Poupon et al., 2023). The increase in the

number of phytoplankton, which serves as the basis of the marine
Frontiers in Marine Science 02
food chain, has an important effect across the ecosystem, impacting

zooplankton populations, fish stocks, and higher trophic levels,

such as seabirds and marine mammals. In addition, modified ocean

currents and temperature gradients may cause the displacement of

diverse marine organisms, resulting in alterations to the species

composition and richness in distinct places. Conversely, during the

cold phase of the PDO or an ENSO occurrence, increased SSTs and

decreased upward movement of water may decline the availability

of nutrients, biological production in the areas of western Pacific

(Lee et al., 2024). Thus, understanding the dynamics of marine

ecosystems, the viability of fisheries, and the larger consequence on

global biodiversity relies significantly on comprehending the

climate-driven variations in ocean conditions.

The North-western Pacific fishery is a crucial component of

worldwide marine resources, serving as a vital player in both local

and global seafood markets. The region in question includes

portions of the Exclusive Economic Zones (EEZs) of nations such

as Japan, China, South Korea, Russia, and Taiwan. It is renowned

for its exceptionally fertile waters, which are the result of the

convergence of significant ocean currents like the Kuroshio and

Oyashio. The presence of these currents generates habitats rich in

nutrients, which sustain a wide range of marine organisms,

including valuable fish (Hsu et al., 2024). Fisheries play a crucial

role in the economy of these countries, offering job opportunities to

millions in coastal areas and supporting related businesses such as

fishing, processing, and exporting. Japan, for example, has a

longstanding fishing heritage, where its seafood culture is

profoundly ingrained in everyday life and the country’s cuisine

(Syddall et al., 2021). Furthermore, the North-western Pacific

region plays a crucial role in both satisfying local demand and

facilitating global commerce. All the coastal countries of the North-

western Pacific are significant seafood consumers, highly dependent

on local fisheries to satisfy their needs. Simultaneously, the area

plays a crucial role in exporting seafood goods, making significant

contributions to worldwide markets, especially in North America

and Europe (Simard et al., 2024). Therefore, the North-western

Pacific fisheries may be regarded as a leading contributor to world

food security and economic stability. The North-western Pacific Sea

bream fishery is crucial for its economic value, cultural significance,

and cultural significance. It supports local economies, provides jobs,

and contributes to international trade.

The seabream fishery in the North-Western Pacific is

understudied due to a lack of detailed research on its

oceanography and the effects of climate variability on its biology

and ecology. This lack of understanding has led to ambiguities in

the implementation of sustainable fisheries management and

conservation initiatives. The species’ ecological function and

adaptability to environmental changes are currently lacking,

emphasizing the need for targeted scientific investigation to

address these knowledge deficiencies and ensure the sustainable

management and conservation of this significant fishery. Therefore,

this study sought to examine the influence of climatic variability on

multiple seabream species in the North-western Pacific, addressing

one of the existing research gaps. This study tests whether catch

variability in the Northwestern Pacific seabream fishery is more
frontiersin.org
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strongly associated with a single dominant climate index or with

multiple interacting climatic oscillations.

The proposed research has the potential to directly contribute to

the improvement of sustainable fisheries management at both local

and global levels. At the local level, it may provide valuable

information on certain climatic elements that can be observed

and controlled to maintain the long-term sustainability of the Sea

Bream population, so helping the economic well-being of fishing

communities (Cavole et al., 2020). On a global scale, these results

can enhance overall comprehension of the influence of climatic

variability on fisheries (Furuzono, 2024). They provide guidance for

international policies and cooperative management techniques,

particularly under frameworks such as the sustainable

development goals (SDGs) and biodiversity beyond national

jurisdiction (BBNJ). The research could potentially allow for the

creation of adaptive management strategies that may be used in

comparable fisheries globally, enhancing their ability to withstand

the impacts of climate change and guaranteeing the sustainable

utilization of marine resources.
2 Materials and methods

2.1 Data collection

Fishery data. The monthly logbook data for the Taiwanese fishery

targeting seabreams in the Taiwan coastal waters, namely within the

geographical area bounded by 22°N, 117°E and 27°N, 126°E, were

obtained from the Fisheries Agency, Ministry of Agriculture, Taiwan.

The duration of the research was from January 2014 to December 2019

with 0.1° spatial resolution. The dataset included information on the

fishing date (year andmonth), fishing location (latitude and longitude),

catch (in kilograms), fishing effort (in hours), total weight of the catch

(without differentiating between dry and wet weights), fishing gear

used, and vessel tonnage. The six seabream species considered in this

study were as follows: (1) red seabream (Pagrus major), (2) black

seabream (Spondyliosoma cantharus), (3) silver seabream (Sparus

aurata), (4) yellowback seabream (Dentex tumifrons), (5) yellowfin

seabream (Acanthopagrus latus), and (6) cardinal seabream

(Evynnis cardinalis).

This research only examined the fishing gears that had the most

substantial impact in capturing seabream. The selection procedure

was meticulously conducted by considering the percentage of catch

contribution for each gear type, ensuring that only those with the

highest contribution were selected (Lee et al., 2022). This

methodology enables a focused analysis of the most efficient

fishing techniques. The monthly catch rate was determined using

the catch–effort relationship (Equation 1), as follows:

Catch   rate = oCatch   (daily)

oFishing   ef f ort   (daily)
  x   30   (days) (1)

where ∑Catch and ∑Fishing effort refer to the total catch weight

(per day) and total fishing effort (per day) made by fishing

vessels, respectively.
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Climatic variability data. Monthly data on various climatic

variability from the North-Western Pacific was collected from

January 2014 to December 2019 and the sources of these climatic

variability data are provided in Table 1.
2.2 Importance of climatic variabilities

The study used generalized additive models (GAM) to assess the

significance of climate variability on the catch rates of each species.

GAMs were generated (Equations 2–4) by using the “smoothing”

function from the “mgcv” package using the “gam” method

(Vahabnezhad et al., 2023).

y   ∼   ExpoFam   (m,   etc : ) (2)

m = E(y) (3)

g(m) = b0 + f (x1) +   f (x2) +… :+   f (xp) (4)

The observed values, y, are assumed to be of some exponential

family distribution, and μ is related to the model predictors via a

link function. The linear predictor incorporates smooth functions f

(x) of at least some (possibly all) covariates.

The general form of GAM used in this study is:

g(mt) = b0 + f (ClimateIndext) (5)

Where mt is the expected catch rate in year t, g(.) is the link

function (e.g., identity distribution), b0 is the intercept, and f(·) is a

smoothing function applied to the climate index predictor variable.

This model structure assumes that the response variable (catch rate)

follows a distribution from the exponential family and is related to
TABLE 1 Data source of various climatic variability from the North-
Western Pacific.

Climatic variability Source

Pacific Decadal
Oscillation (PDO)

https://www.ncei.noaa.gov/access/
monitoring/pdo/

West Pacific Oscillation (WPO)
https://psl.noaa.gov/data/timeseries/

daily/WPO/

North Pacific Gyre
Oscillation (NPGO)

https://www.psl.noaa.gov/gcos_wgsp/
Timeseries/NPGO/

Southern Oscillation
Index (SOI)

https://www.ncei.noaa.gov/access/monitoring/
enso/soi

Nino 3.4
https://psl.noaa.gov/gcos_wgsp/

Timeseries/Nino34/

El Niño-Southern
Oscillation (ENSO)

https://psl.noaa.gov/enso/

North Pacific Index (NPI)
https://psl.noaa.gov/data/timeseries/

month/NP/

Northern Oscillation
Index (NOI)

https://psl.noaa.gov/data/correlation/noi.data
Access date: 25.08.2024.
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the explanatory predictor via a link function. The smooth term

allows flexibility to capture non-linear relationships.

In each GAM (Equation 5), the response variable was the

species-specific annual catch rate, while the explanatory variable

was one climate index (e.g., PDO, ENSO, NPGO), tested

independently. The relevance of climatic oscillation for each

species was assessed by calculating three metrics: deviance

explained (%), generalized cross validation (GCV) and Akaike

information criterion (AIC). The climatic oscillation with the

highest deviance explained, lowest GCV and AIC values was

selected as the most important (Vahabnezhad et al., 2023) and

only used in the next portion of the investigation.
2.3 Significance of climatic variabilities

Only the climatic oscillation that was specifically selected for

each species from section 2.2 were included in this phase of analysis.

The current study used cross-spectral analysis to examine the

possible significance of correlation between two time series,

namely climatic variability and catch rate, in the frequency

domain (Contreras-Reyes and Hernández-Santoro, 2020). The

“spectrum” function from the “stats” package was used to do

cross-spectral analysis. This analysis aimed to investigate the

cross-spectral density in order to detect common periodic

patterns, assess the strength of relationships at different

frequencies, and understand the significant lead-lag relationships

between the catch rate of different species and specific climatic

variability associated with those species in frequency domain

(Contreras-Reyes and Hernández-Santoro, 2020). This analysis

was conducted using R-studio version 4.2.3.
2.4 Temporal impact of climatic
variabilities

Only climatic variability that were specifically selected for each

species from section 2.2 were included in this phase of analysis. The
Frontiers in Marine Science 04
present study utilized cross-wavelet analysis to investigate the

temporal impact of the selected climatic variability on Seabream

catch rates, in terms of lead-lag relationships, in the time-frequency

domain (Raubenheimer and Phiri, 2023). The “xwt” function from

the “biwavelet” package was used to do cross-wavelet analysis. The

primary objective of this investigation was to investigate the cross-

wavelet power spectrum and phase connection between the catch

rate of various species and the unique climatic variability associated

with those species (Raubenheimer and Phiri, 2023). This analysis

was conducted using R-studio version 4.2.3.
3 Results

3.1 Seabream catch variation (Fishing gear
specific fishery data selection)

To reduce bias arising from differences in fishing gear and effort,

only the dominant gear type contributing the highest percentage of

landings for each seabream species was selected for analysis (Table 2).

For Red Seabream (12001), longline was the most frequently used gear,

accounting for 59% of total catch. The remaining five species—

Yellowback (12002), Cardinal (12003), Black (12004), Silver (12005),

and Yellowfin Seabream (12006)—were all predominantly captured

using trawl nets, contributing 40%, 71%, 66%, 55%, and 69% of their

respective total catches. This targeted gear-based selection ensured

consistency in catch rate estimation and allowed the study to focus on

the most representative fishing activity for each species. It also reduced

the influence of heterogeneous gear types on observed catch variability,

thereby strengthening the reliability of ecological inferences in the

subsequent analyses.
3.2 Importance of climatic variabilities
(GAM analysis)

GAM results revealed that PDO exerted the strongest influence

on catch rates across all six seabream species (Table 3; Figure 1).
TABLE 2 Seabream species catch contribution (%) from various fishing gears during the study period.

Fishing gear 12001 12002 12003 12004 12005 12006

Trawl net 20% 40% 71% 66% 55% 69%

Gill net 12% – – 26% 21% 25%

Long line 59% 19% 5% 4% 18% 6%

Seine net – – 2% – – –

Trolling line – – – – 3% –

Dip net – – – 2% – –

Pot and traps – 9% 19% – – –

Angling 6% 27% – 2% 3% 0%

Others 3% 5% 3% – – 0%
Bold value indicates the selected fishing gear.
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PDO consistently exhibited the highest deviance explained and the

lowest GCV and AIC values, marking it as the dominant climatic

predictor among the tested indices.

Red Seabream (Pagrus major, Code 12001): The GAM model

explained 42% of the deviance, the highest among all species, with

GCV = 40.42 and AIC = 471.71. The partial response plot exhibited

a non-linear multi-peak pattern, indicating a complex response of

red seabream catch rates to varying PDO phases. The response

function s(PDO, 7.11) reflects moderate smoothness with clear

confidence intervals that diverge significantly from the baseline.

Yellowback Seabream (Dentex tumifrons, Code 12002): PDO

explained 19.5% deviance (GCV = 27.33, AIC = 444.44). The GAM

response was negatively linear, indicating that catch rates declined

steadily as PDO increased. The smooth function s(PDO, 0.1) indicates

a simple model with minimal curvature and tightly constrained

confidence bands.

Cardinal Seabream (Evynnis cardinalis, Code 12003): With

19.8% deviance explained, GCV = 151.9, and AIC = 732.67, PDO

again emerged as the best predictor. The partial response curve

showed a U-shaped pattern, with significant positive and negative

excursions, represented by s(PDO, 0.39), suggesting alternating

PDO phases influence catch differently over time.

Black Seabream (Acanthopagrus schlegelii, Code 12004): PDO

accounted for 18.09% deviance, with GCV = 1.19 and AIC = 219.06.

The partial effect showed a positive linear trend, where catch rates
Frontiers in Marine Science 05
increased with higher PDO values. The smooth function s(PDO, 0.1)

indicates a nearly linear fit, corroborated by narrow 95%

confidence intervals.

Silver Seabream (Rhabdosargus sarba, Code 12005): The GAM

explained 25.8% deviance, with GCV = 1.05 and AIC = 209.92, again

selecting PDO as the dominant driver. The response curve was non-

linear and positively curved, indicating that catch rates rose gradually

with increasing PDO values. The smooth term s(PDO, 1.6) implies

moderate flexibility with well-separated confidence bands.

Yellowfin Seabream (Acanthopagrus latus, Code 12006): With

29.9% deviance explained, GCV = 30.93, and AIC = 452.5, PDO

exerted a strong influence. The GAM curve s(PDO, 6.85) showed

pronounced undulations, suggesting dynamic, multi-phase responses

of catch rates to PDO, likely reflecting the interplay between direct

environmental changes and lagged biological effects.

Across all species, PDO was consistently identified as the top-

performing predictor, as indicated by the deviance, GCV, and AIC

metrics. These findings are visually represented in Figure 1, where the

shape and confidence intervals of each species-specific smooth term

demonstrate significant and biologically plausible non-linearities in

response to PDO variation.

These results suggest that PDO-driven changes in ocean

conditions, particularly SST and nutrient cycling, may affect key

habitat parameters for seabream species. Warmer or cooler phases of

PDO can influence the vertical mixing and upwelling of nutrient-rich
TABLE 3 Significance of various climate variability indices on six seabream species.

Climate variability
Red seabream Yellowback seabream Cardinal seabream

Dev GCV AIC Dev GCV AIC Dev GCV AIC

PDO 42*** 40.42 471.71 19.5*** 27.33 444.44 19.8*** 151.9 732.67

WPO 7.41 55.21 495.01 2.01 33.27 458.61 6.13 161.6 738.19

NPGO 24.6 46.51 482.53 19.2 29.67 450.11 1.49 170.1 743.67

SOI 6.87 54.05 493.55 5.03 33.19 458.38 2.67 168.8 741.99

Nino3.4 4.9 55.21 495.06 11 31.31 454.14 2.46 169.3 742.07

ENSO 5.75 54.71 494.41 11.5 31.13 453.73 2.78 168.4 742.26

NPI 2.11 56.82 497.14 9.58 32.03 455.75 3.89 169 741.36

NOI 7.76 53.53 492.85 4.89 33.2 458.38 2.71 168.2 742.72

Climate
variability

Black seabream Silver seabream Yellowfin seabream

Dev GCV AIC Dev GCV AIC Dev GCV AIC

PDO 18.09*** 1.19 219.06 25.8*** 1.05 209.922 29.9*** 30.93 452.5

WPO 7.56* 1.29 224.91 0.52 1.25 223.705 2.3 36.71 465.69

NPGO 5.64 1.22 220.95 19 1.17 217.211 2.17 36.25 464.79

SOI 1.1 1.33 226.88 2.43 1.21 219.51 1.59 36.46 465.22

Nino3.4 1.2 1.29 225.13 0.97 1.21 220.379 1.16 37.62 467.53

ENSO 1.15 1.31 225 1.53 1.21 219.972 1.71 36.42 465.13

NPI 3.71 1.27 223.92 5.84* 1.15 216.747 13.7** 31.99 455.79

NOI 0.71 1.29 224.62 2.1 1.22 221.008 3.36 36.93 466.13
fr
Significance level: ‘***’ 0.001; ‘**’ 0.01, ‘*’ 0.05, ‘^’ 0.1.
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waters, altering primary productivity and, in turn, prey availability for

seabream. Species like Pagrus major, which rely on benthic

invertebrates, may respond to such bottom-up ecological changes via

shifts in foraging success, growth rates, or reproductive output. The

species-specific nature of the GAM results supports the idea that each

seabream species may interact with environmental drivers differently

depending on their habitat preference, feeding ecology, and

physiological thresholds.
3.3 Significance of climatic variabilities
(cross-spectrum analysis)

Cross-spectrum analysis between PDO and seabream catch

rates revealed statistically significant associations across multiple

frequencies, particularly in the lower-frequency bands, indicating

strong long-term periodicity in the climate–catch relationships.
Frontiers in Marine Science 06
Notably, all species exhibited a consistent spectral peak around

frequency 0.42 (cycles per year)—equivalent to a ~2.4-year

periodicity, marked by a blue vertical line in each plot (Figure 2),

suggesting a shared dominant periodicity in the PDO signal that

synchronizes with catch fluctuations. This recurring frequency

further establishes a shared underlying periodic climatic driver

likely modulating ecological dynamics at multi-year scales. The

black solid lines representing the cross-spectral magnitude exceeded

the red dashed 95% confidence threshold in various low-to-mid

frequency ranges, confirming the robustness of these associations.

While species differed in spectral intensity, each displayed evidence

of long-term, climate-linked periodic variation in catch rates, with

Red and Cardinal Seabream exhibiting particularly strong

spectral coherence.

Red Seabream (Pagrus major, Code 12001): The black spectrum

curve lies above the red 95% confidence threshold predominantly at

low frequencies, indicating that long-term PDO variability exerts a
FIGURE 1

Generalized additive model (GAM) plots depicting the relationship between the Pacific Decadal Oscillation (PDO) and the catch rates of six seabream
species. Each plot corresponds to a different species, showing the smooth function of PDO on the y-axis, with confidence intervals represented by
dashed lines. The x-axis represents the PDO values, and the y-axis represents the estimated effect of PDO on catch rates, with different smooth
functions applied across species. The tick marks along the x-axis indicate the distribution of PDO values in the dataset. The plots illustrate how the
catch rates of the respective seabream species vary non-linearly with changes in PDO, with significant effects observed at specific PDO values, as
indicated by deviations from the baseline and the accompanying confidence intervals.
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statistically significant influence on catch rates. A pronounced peak

around 0.42 frequency cycles per year implies a recurring climatic

impact on Red Seabream availability.

Yellowback Seabream (Dentex tumifrons, Code 12002): A strong

spectral signal is observed at both low frequencies and around 0.42,

with statistically significant correlations marked by elevated black lines

above the red threshold. This indicates a dual influence of both long-

term PDO variability and medium-term oscillatory events on

Yellowback Seabream catch dynamics.

Cardinal Seabream (Evynnis cardinalis, Code 12003): The

spectral magnitude remains consistently high across most

frequencies, with statistically significant regions at both low to

mid frequencies and near 0.42. The consistent rise of the black

line above the red dashed line suggests a persistent and broad-band

PDO effect on this species’ catch variability.

Black Seabream (Acanthopagrus schlegelii, Code 12004): The

spectrum shows elevated power in the low-frequency band with a

visible peak at 0.42, pointing to a dominant long-period signal in PDO

that correlates significantly with catch rate changes. This pattern
Frontiers in Marine Science 07
supports the hypothesis that Black Seabream catch dynamics are

sensitive to long-term PDO fluctuations.

Silver Seabream (Rhabdosargus sarba, Code 12005): The

spectrum indicates statistically significant coherence with PDO at

lower frequencies and again around the 0.42 mark. This result

emphasizes the importance of both decadal and sub-decadal

oscillatory regimes in shaping catch patterns of Silver Seabream.

Yellowfin Seabream (Acanthopagrus latus, Code 12006): A broad

and significant spectral association is detected at low frequencies, with

the black line surpassing the red confidence threshold across a wide

range. A distinct rise around 0.42 suggests a recurring PDO signal,

aligning with the patterns seen in the other species.

The cross-spectral plots revealed significant periodicity in the 2–4-

year band for most seabream species, indicating synchronous

fluctuations between PDO and catch rates. For instance, the red

seabream exhibited persistent power in the ~2.4-year band across the

time series, suggesting a possible entrainment of catch patterns to PDO

cycles. The concentration of spectral power at low frequencies for all

species supports the influence of long-term environmental cycles,
FIGURE 2

Cross-spectrum analysis between PDO and the catch rates of six seabream species. The x-axis represents the frequency (cycles per year), while the
y-axis represents the spectral magnitude. The black solid line represents the observed cross-spectrum, and the red dashed line shows the 95%
confidence limit. The presence of a blue vertical line around the frequency of 0.42 across all species highlights a specific frequency where a
significant association is observed. The black line above the red line at various frequencies indicates statistically significant correlations between PDO
and the catch rates of the respective seabream species. The bandwidth used for the analysis is 0.0145.
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consistent with the decadal periodicity of PDO. Biologically, such low-

frequency climate forcing could modulate interannual reproductive

success, larval transport patterns, or year-class strength through

cumulative effects on temperature regimes, prey field dynamics, or

ocean current structure. For example, prolonged favourable or

unfavorable PDO phases may lead to strong or weak cohorts that

emerge in the fishery over multiple years.
3.4 Temporal impact of climatic
variabilities (wavelet analysis)

The wavelet coherence plots (Figure 3) further supported these

associations, highlighting periods of significant synchrony (indicated by

warm-colored regions enclosed by black contours). Wavelet coherence
Frontiers in Marine Science 08
analysis revealed dynamic and statistically significant associations

between PDO, and seabream catch rates, particularly between 2015

and 2019. High coherence zones, denoted by warm colors and thick

black contours (p < 0.05), were predominantly concentrated in the 8- to

16-month period bands, suggesting interannual synchrony. Phase

arrows indicated a mix of in-phase (synchronous) and lagged (PDO

leading) relationships, varying by species and time. Red and Yellowback

Seabream predominantly exhibited arrows pointing leftward or

upward, indicating that catch rates lagged behind PDO variations—

suggesting delayed ecological responses. Conversely, Cardinal, Black,

Silver, and Yellowfin Seabream showed a mix of rightward (in-phase)

and upward (PDO leads) arrows, implying both synchronous and lead-

lag relationships. This variation in phase orientation and coherence

timing reflects interspecific differences in ecological sensitivity, exposure

timing, or life-history traits that modulate how climate variability
FIGURE 3

Wavelet coherence analysis between PDO and the catch rates of six seabream species from 2014 to 2019. High power regions are indicated by warmer
colors (yellow/red), and significant coherence is outlined by thick black contours (p < 0.05). The y-axis indicates the period (in years), and the x-axis shows
the time (in years). The black outlines identify areas of substantial coherence with a confidence level of 95%. Arrows indicate phase relationships: arrows
pointing right = in-phase; left = anti-phase; up = PDO leads catch rate; down = catch rate leads PDO. Every figure is enclosed by a cone of influence (white
region), which shows the places where edge effects might potentially impact the accuracy of the study. The color bar located at the bottom of the display
indicates the coherence scale, which spans from 0 (indicating no coherence) to 1 (representing complete coherence).
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influences catch dynamics. The phase relationships observed in the

wavelet coherence plots suggest that PDO affects catch rates with both

immediate and lagged biological consequences. Immediate responses

may result from adult seabream altering their distribution or

catchability in response to short-term SST anomalies or prey shifts.

In contrast, lagged responses likely reflect population-level effects such

as changes in larval survival, recruitment success, or growth conditions

that manifest in catch rates after a delay of several months to a year.

These mechanisms align with known life-history strategies of seabream,

which are sensitive to early developmental conditions influenced by

environmental variability.

Red Seabream (Pagrus major, Code 12001): Significant coherence

was observed between 2015 and 2017, particularly in the 8- to 16-month

band.Most phase arrows pointed leftward, suggesting a lagged response,

where PDO changes preceded fluctuations in catch rates. Coherence

diminished after 2018, indicating a weakening of PDO influence.

Yellowback Seabream (Dentex tumifrons, Code 12002): Strong

coherence was identified during 2015–2017, with dominant peaks at

~8 months (2017) and 12–16 months (2018). Arrows commonly

pointed 45°–90°, implying a 1–3-month lag between PDO and

catch responses.

Cardinal Seabream (Evynnis cardinalis, Code 12003): A

consistent coherence signal emerged between 2016–2018 in the

8–16-month range, with phase arrows mostly rightward or right-

downward, indicating a blend of synchronous and slightly lagged

responses. This implies that PDO fluctuations were closely aligned

with catch variability, with some temporal lead by PDO.

Black Seabream (Acanthopagrus schlegelii, Code 12004):

Coherence zones were detected from 2016–2018, predominantly in

the 4–8 and 8–12-month periods. Most arrows pointed right,

suggesting in-phase relationships, though downward-pointing arrows

in 2017–2018 hinted at possible short lags or bidirectional feedback.

Silver Seabream (Rhabdosargus sarba, Code 12005): Significant

coherence emerged between 2015–2018, mainly at 4–8 and 12–18-

month periods. Phase arrows were mostly rightward or right-

downward, indicating both synchronous behavior and periods

where PDO led catch rates, particularly in the 8–16-month band.

Yellowfin Seabream (Acanthopagrus latus, Code 12006): The

coherence spectrum showed strong signals across 4–8 and 8–16-

month bands, with persistent coherence from 2016 to 2019.

Rightward arrows dominated, implying synchrony, while upward

arrows in 2018–2019 indicated PDO-leading dynamics, where

changes in PDO preceded catch fluctuations.

These results reinforce the temporal complexity of PDO’s influence

across seabream species, with dominant sub-annual to interannual

periodicities and both synchronous and delayed responses,

underscoring species-specific lags and sensitivities to climate variability.
4 Discussion

4.1 Importance of fishing gears

The present study determined that long-line fishing (passive fishing

method) was the primary method of capturing red seabreams, while the
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remaining seabream species were primarily captured using trawl nets

(active fishing method). Red seabreams are oval and deep-bodied,

which, while providing stability, generates more drag than more

streamlined species. Additionally, this species is generally bulkier and

larger than other seabream species, which can impede its swimming

pace. The resistance encountered while traveling through water is

further exacerbated by the deeper body (Gutarra et al., 2019). The

bodymorphology of the remaining seabream species of the study ranges

from moderately elongated to elongated, moderately deep-bodied to

round, andmoderately elliptical to round. Additionally, these species are

smaller and less bulky than the red seabream species, which results in a

slightly more dexterous and quicker swimming ability than the red

seabream (Howe et al., 2021). Passive fishing gear, like longlines, is more

effective for slow-swimming fish due to their natural, languidmovement

patterns. This method captures fish without disrupting their

environment, unlike active gear that requires pursuing, thereby

increasing the chances of successful capture (Ward and Myers, 2005).

On the other hand, active fishing gear, like trawl nets, is more effective

for fast-swimming fish due to its ability to use their speed and

movement patterns to corral or chase them into the gear. In contrast,

passive gear, which relies on fish coming to it, is less effective for fast

swimmers that move quickly through wide areas (Ward and Myers,

2005). Therefore, the body structure of the seabream species may be an

important contributing factor to the fact that trawl nets were

predominant for all seabream species except for red seabream, which

was primarily captured using longlines.
4.2 Importance of PDO

The most influential climatic variability for all sea bream species in

the North-Western Pacific was determined to be PDO. The PDO is a

climate variability pattern that affects fisheries over extended periods

due to persistent changes in ocean conditions and large-scale

modulation of key oceanographic processes. It operates on a multi-

decadal scale, with phases lasting 20–30 years, while short-term climate

variability patterns like ENSO, and others, last months to a few years

(Moon et al., 2015). During the warm phase of the PDO, SST in the

western Pacific tends to decrease, whichmay enhance coastal upwelling

and vertical mixing (Zhang Y. et al., 2022). These processes increase the

transport of cold, nutrient-rich (such as nitrate and phosphate) waters

to surface layers, stimulating primary productivity and supporting

zooplankton and benthic prey availability (Poupon et al., 2023).

Seabreams, being benthopelagic feeders, benefit from such

productivity surges that improve their foraging success, growth rates,

and reproductive output (Poupon et al., 2023). Changes in primary

productivity affect the entire food web, affecting fish species’ abundance

and catch rates, affecting fish population dynamics (Huang et al., 2024).

In contrast, the cold phase is characterized by warmer surface

temperatures and reduced upwelling in the western Pacific, which

can diminish nutrient availability, lower chlorophyll concentrations,

and reduce the abundance of seabream prey items such as small

crustaceans and benthic invertebrates (Lee et al., 2024). These trophic

constraints may directly impact seabream catchability and abundance.

Additionally, PDO-induced shifts in ocean currents (e.g., Kuroshio
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extension variability) may influence larval transport, spawning success,

and spatial overlap between seabreams and fishing grounds.

Collectively, these ecological and physical mechanisms explain why

the PDO exerts a stronger, persistent influence on catch dynamics than

shorter-term climatic fluctuations like ENSO or Southern Oscillation

Index (SOI). Long-term PDO leads to significant changes in the overall

composition and structure of marine ecosystems, alter dominant

species, and disrupt fisheries, while short-term impacts can cause

rapid fluctuations in yields, posing challenges for fishery managers

and economic disruption for communities (Zhang et al., 2022).
4.3 Catch response to PDO

The temporal patterns observed—where some seabream species

respond immediately while others show delayed responses—are likely

linked to the species-specific ecological traits and life-history strategies.

Immediate responses may result from adult seabreams reacting to

short-term environmental cues such as temperature changes or food

pulses triggered by PDO-driven upwelling (Ma et al., 2020).

Conversely, lagged responses could stem from bottom-up processes

where the PDO influences phytoplankton and zooplankton

productivity, which then affects seabream growth and recruitment

with a time delay (Mondal et al., 2024). For example, enhanced primary

productivity may boost juvenile survival, but these cohorts would only

become catchable to fisheries after months or years (Mondal et al.,

2024). This ecological lag also reflects life-history characteristics: species

with longer maturation periods or slower growth may show delayed

recruitment into the fishery. Hence, the observed lead-lag structure in

wavelet coherence plots aligns with biologically plausible pathways.

PDO’s decadal-scale persistence thus provides amore stable framework

for anticipating long-term population trends and fishery outcomes

compared to interannual oscillations such as ENSO or NPGO, which

often cause year-to-year unpredictability in stock conditions (Pepin

et al., 2022). Recognizing these mechanisms allows for improved

ecosystem-based fishery management that is responsive not only to

statistical associations but also to the biological and physical processes

driving seabream population dynamics.

Species-Specific Responses. The observed variability in seabream

responses to PDO phases can be further understood through species-

specific ecological traits. For instance, Pagrus major (red seabream)

exhibits well-defined seasonal spawning, typically peaking fromMarch

to June in the coastal waters off Taiwan and southern Japan (Blanco

Gonzalez et al., 2015). This species prefers relatively warm SST between

17–23°C during its reproductive season and relies on nutrient-enriched

nearshore habitats for larval and juvenile development (Takahashi and

Masuda, 2019). During warm PDO phases, the enhancement of

upwelling and increased productivity in the western Pacific may

create favourable pre-spawning and spawning conditions for Pagrus

major, resulting in improved recruitment success in subsequent

months. This could explain the observed delayed response in catch

rate, where enhanced cohort strength becomes detectable in the fishery

following the spawning season.
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Moreover, Pagrus major displays moderate migratory behavior,

often undertaking seasonal inshore–offshore migrations associated

with temperature shifts and spawning cues (Tanaka et al., 2020).

These behavioral shifts are potentially modulated by PDO-linked

SST changes, influencing both spatial overlap with fishing effort and

vulnerability to gear types such as longlines.

In contrast, species such as Dentex tumifrons (yellowback

seabream) and Evynnis cardinalis (cardinal seabream), which

have more localized movement patterns and broader thermal

tolerance (16–26 °C), may respond more immediately to PDO-

induced changes in prey distribution or habitat suitability (Ma et al.,

2020). Their shorter maturation periods and rapid response to

environmental cues may account for the near-synchronous or

short-lag responses observed in wavelet coherence analyses.

These ecological distinctions provide a clearer biological rationale

for the heterogeneous temporal catch responses observed across

seabream species in relation to the PDO. The integration of species-

specific traits with climatic variability improves the predictive power of

fishery-environment models and strengthens the development of

adaptive management strategies.
4.4 Implementation of the study

The PDO functions over a period of 20–30 years, offering a

more extended pattern of oceanic and atmospheric conditions. This

enables more consistent and foreseeable planning for fisheries

management in contrast to transient climate fluctuations. This

may be advantageous in attaining certain sustainable development

goals (SDGs) framework (Figure 4).
1. The enduring characteristic of the PDO can enable the

formulation of strategies to enhance the ability of

ecosystems to withstand and recover from disturbances.

Management methods may be intentionally developed to

progressively adjust to different phases of the PDO, so

promoting ecosystems that are more resilient to shorter-

term disturbances (Zhang et al., 2018).

2. The cumulative effect of the PDO on seabream occurs over

a period. This can facilitate more precise stock estimates

and enhance comprehension of seabream fisheries

interaction to climatic variabilities. Conversely, the other

short-time climatic variabilities might result in fluctuations

from one year to another, which can confound evaluations

and choices about management (Jiao and Chen, 2020).

3. The extended length of PDO phases can facilitate the

constant application of seabream fisheries policy and

international agreements. Policy adjustments may be

customized to align with the current prevalent phase of

the PDO cycle, hence assuring their continued relevance

over extended periods of time. The fast swings of ENSO

might complicate the task of maintaining consistent policy

responses (Pinsky and Mantua, 2014).
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4. PDO may provide a more comprehensive framework for

comprehending and addressing the effects of climate

change on marine ecosystems. Short-time occurrences of

climatic variabilities may either worsen or temporarily

counteract the impacts of climate change. However, the

PDO provides valuable information about long-term

patterns that are crucial for creating effective climate

adaptation plans (Di Lorenzo and Mantua, 2016).
4.5 Limitations of fishery-dependent data

A key limitation of this study is the exclusive reliance on fishery-

dependent data, which is inherently shaped by both ecological and

human-driven processes. While CPUE is commonly used as a proxy

for fish abundance, it may also reflect variations in fishing effort

allocation, changes in gear efficiency, shifts in fisher behavior,

market demand, or management regulations (Robinson et al.,

2014). These non-ecological drivers can introduce potential biases

in interpreting catch trends. To mitigate some of these biases, we

selected only the dominant fishing gear for each seabream species

based on cumulative catch contribution, ensuring that the analysis

was focused on the most consistent and representative datasets.
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Additionally, effort was standardized in terms of fishing hours

to enable comparable temporal catch trends. However, unrecorded

factors such as evolving vessel technology, variable catchability, or

socio-economic pressures (e.g., fuel costs or market closures) may

still affect catch rate trends in ways that are difficult to retroactively

correct (Eigaard et al., 2014).

Moreover, catch rates were standardized by effort (fishing

hours), allowing for relative comparisons across time.

Nonetheless, we acknowledge that gear selectivity, unrecorded

changes in vessel operation, or socio-economic pressures may still

influence catch variability in ways that are difficult to control

retrospectively. Given these considerations, the associations

observed between climatic indices (e.g., PDO) and seabream catch

rate should be interpreted with caution. While the consistency of

PDO’s influence across all six species suggests a strong climate

signal, we do not claim direct ecological causality. Future studies

should incorporate fishery-independent datasets such as acoustic

surveys, larval sampling, or tagging studies to validate the observed

patterns and better disentangle environmental signals from

anthropogenic variability.

Furthermore, this study does not include other potential

environmental confounders such as bottom temperature, oxygen

concentration, or habitat modification, which may also mediate

species distributions and availability to gear (McLaverty et al., 2024).
FIGURE 4

Relevance of studying PDO to multiple Sustainable Development Goals (SDGs). Understanding how large-scale climate oscillations like PDO affect
marine ecosystems and fisheries supports progress toward SDG 14 (Life Below Water), particularly targets 14.2 to 14.7, by enhancing sustainable
fisheries management and marine biodiversity conservation. Additionally, this knowledge can inform climate action (SDG 13), food security (SDG 2),
sustainable economic growth (SDG 8), and ecosystem-based policies that contribute to broader sustainability, health, and resilience goals (SDGs 1, 3,
12, 15, and 17).
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Although the consistent influence of PDO across all six species

supports the presence of a strong climate signal, we do not claim a

direct causal relationship. Future studies incorporating fishery-

independent datasets (e.g., scientific trawl surveys, acoustic biomass

indices, larval distribution maps) and broader environmental datasets

(e.g., oxygen minimum zones, ocean acidification) would help

disentangle climate-driven effects from human-mediated pressures

and enhance attribution accuracy.
5 Conclusion

The study’s findings indicate that the North-Western Pacific Sea

Bream Fishery is notably impacted by the PDO rather than by

isolated or shorter-term climate fluctuations. The PDO, which

occurs over a longer period, has a significant influence on the

abundance of different seabream species. The response to these

oscillations may be either immediate or delayed, depending on the

seabream species and the time periods involved. This emphasizes

the need to incorporate long-term climate trends such as the PDO

into seabream fisheries management to guarantee sustainable

practices and successful response to climate-induced alterations in

marine ecosystems. The results highlight the need for focused and

species-specific management techniques that take into

consideration the lasting impact of PDO on seabream populations

in this critical fishery. We recommend future integration of fishery-

independent data to validate these relationships and improve

ecological inference for climate-informed management.
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