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Abstract

:

Fish population fluctuations have been widely documented and are often attributed to climate variability, but little is known about their relationship. This is a barrier that restricts our capacity to understand climate effects on fish fluctuations. Here, we collected published data to conduct a comparative analysis of time series in terms of both scale deposition rate (SDR) and catch to indicate the abundance of anchovy and explored its relationships with climatic and environmental parameters. We first conducted a Spearman correlation analysis to identify the differences in the SDR between sites. Then, we used Generalized Additive Models to evaluate the effects of external forcing at multiple spatial scales (i.e., local and global scales) on the anchovy catches recorded at the California Current Ecosystem (CCE), Humboldt Current Ecosystem (HCE), and Kuroshio Current Ecosystem (KCE). We found that the SDRs at different sites in the same Current Systems are generally consistent, while there are more differences between different systems. We also found that the Pacific Decadal Oscillation index (PDOI), North Pacific index (NPI), North Pacific Gyre Oscillation index (NPGOI), Sea Surface Temperature anomaly (SSTA), and Air Temperature anomaly (ATA) were the most influential factors explaining the variability in anchovy catch for CCE, whereas the NPGOI was the most influential factor for HCE. The PDOI was the best at explaining the variability in anchovy catch for KCE. Our results suggest that anchovy fluctuations in the Pan-Pacific occurred synchronously. These seemingly unrelated events, which occurred thousands of kilometers apart, were actually not isolated. Therefore, we suggest that large-scale climate forcing may activate synchronous fluctuations for anchovy populations at the basin scale, whereas local-scale environmental forces are also responsible for anchovy fluctuations in the “micro-environment”.
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1. Introduction


Small pelagic fishes, such as anchovies, sardines, and herrings with an r-selected life history, are short-lived (average 3–7 years) with a high natural mortality. They are also highly mobile, with short, plankton-based food chains [1]. These biological characteristics make their population abundance highly sensitive to environmental stress and make them ideal targets for examining marine ecosystems response to climate variability [2]. Thousand-fold changes have been observed in these fishes abundance in the Pacific since the 1980s [1]. Well-known examples include the sardine, Sardinops sagax, and northern anchovy, Engraulis mordax [3], in the California Current Ecosystem (CCE), the Peruvian anchoveta, Engraulis ringens [4], in the Humboldt Current Ecosystem (HCE), and the Japanese sardine, Sardinops melanostictus, and the Japanese anchovy, Engraulis japonicus [5], in the Kuroshio Current Ecosystem (KCE). In short, their dramatic population fluctuations have important economic, ecological, and social consequences. Therefore, quantitatively identifying the controlling factors for these abnormal changes is of great significance to better understand the trophodynamic processes of food webs, food production in many marine ecosystems, and the population dynamics of small pelagic fishes.



There are eight main species in global anchovy populations: four in the Pacific and four in the Atlantic. The Pacific anchovies differ greatly in terms of life histories and ecological behaviors, with large variances occurring within single species [6]. Anchovies mainly feed on zooplankton and also serve as important prey items for carnivorous fishes at a higher trophic level. They play a critical role in both upward and downward energy transfer in marine food webs [7]. Given their important roles in many marine ecosystems, numerous studies on population fluctuations have been conducted, especially in the upwelling areas [8,9,10]. However, as most former studies focused on investigating fishing rates, limited progress has been achieved in understanding fish fluctuations, due to deficiencies in the length-of-catch data. Fortunately, [11] pioneered the reconstruction of long-term changes in fish abundance based on scale deposition rate (SDR) in the sediments off California. The SDR, as a proxy of fish abundance in historical periods, provides us with a new perspective by which to understand and explore fish fluctuations. Subsequently, innovative work was carried out in multiple regions [3,5,12,13,14], and meaningful results were obtained. Chinese scientists have also adopted the method, implemented it in the central Yellow Sea (YS), and confirmed the feasibility of the method in the Chinese sea [15,16]. On this basis, in combination with biogeochemical proxies, [17] discussed the potential mechanism for anchovy fluctuations in the YS over a 150 yr timescale, suggesting that bottom-up control under climate variability was the main driving force. Furthermore, [18] showed that the bottom-up effect still played a role in anchovy fluctuations over a longer timescale. Nevertheless, data are still needed to understand the mechanisms of fish fluctuations, though some interesting findings have been obtained.



Generally, identifying the variability in anchovy populations and exploring their responses to environmental factors is not only vital to understanding their ecological roles in marine ecosystems but also to improving the robustness of stock assessment and sustainable exploitation. Hence, determining the impacts of environmental factors on fish fluctuations is an urgent need at present. However, much of the knowledge of fish fluctuations is based on correlations that were conducted without a comprehensive understanding. In response to this scientific problem, we first compared the SDR in the YS with available sites in the Pan-Pacific. Then, catch data from CCE, HCE, and KCE were analyzed to investigate the impacts of environmental variables (local-scale) and climate indices (large-scale) on anchovy catch in the Pan-Pacific, and the major driving factors were ultimately identified. Therefore, the purposes of this study are to: (1) clarify the long-term trends in the SDR and anchovy catch at different sites and regions, respectively; (2) identify the climate–environmental controlling factors of anchovy fluctuations; and (3) discuss the possible reasons behind anchovy fluctuations. The results may fill the gaps in the knowledge regarding population dynamics studies of anchovy at a basin scale and could provide suggestions for sustainable anchovy fisheries management around the world.




2. Materials and Methods


2.1. SDR Data


Nine sites were selected for this study, located on the east and the west coasts of the North Pacific and the east coast of the South Pacific, which were affected by California, Kuroshio, and Humboldt currents, respectively (Figure 1). The wind-induced coastal upwellings have obvious impacts on the CCE and HCE at the regional scale, but these impacts are not clear for KCE. Additionally, these sites have distinguishing geographic, oceanographic, and atmospheric conditions. Indeed, all the above differences may induce variability in oceanic conditions in the CCE, HCE, and KCE. All the SDR data used from these sites are as follows: four sites (i.e., Effingham Inlet, Santa Barbara Basin, Guaymas Basin, Soledad Basin) in the CCE of the northeast Pacific; three sites (Callao, Pisco, Mejillones Bay) in the HCE of the southeast Pacific; and two sites (i.e., YS, Beppu Bay) in the KCE of the northwest Pacific. Detailed information is provided in Table 1.




2.2. Catch Data


Obviously, though the length of the systematic catch statistics is shorter than the SDR data, the resolution is higher and is beneficial for further statistical analysis. Hence, in order to explore the links between anchovy and global/local-scale climate–environmental parameters, we also used annual catch data for model analysis. The anchovy catch mainly consisted of two sources for the period of 1950–2015. One was taken from [8], which included the following: northern anchovy in the CCE, the total for Washington, California and Baja California from 1950 to 1996; Peruvian anchoveta in the HCE, the sum of Peru and Chile from 1951 to 1996; in the KCE: Japanese anchovy for China from 1990 to 1996, for Japan from 1950 to 1996, and for Korea from 1950 to 1995. The other database was from FAO FishStatJ database according to country [23] as follows: northern anchovy in the CCE, the total for the USA and Mexico from 1997 to 2015; Peruvian anchoveta in the HCE, the sum of Peru and Chile from 1997 to 2015; in the KCE: Japanese anchovy for China from 1997 to 2015, for Japan from 1997 to 2015, and for Korea (including North and South Korea) from 1996 to 2015.




2.3. Large-Scale Climate Indices


In order to determine the effects of the climate on anchovy fluctuations, we investigated seven climate indices that covered basin-scale environmental conditions. The Pacific Decadal Oscillation index (PDOI), North Pacific index (NPI), North Pacific Gyre Oscillation index (NPGOI), Pacific/North America pattern (PNAP), Southern Oscillation index (SOI), Arctic Oscillation index (AOI), and Monsoon Oscillation index (MOI) were chosen to detect ecological changes in the Pan-Pacific. These basin-scale climate indices are well-documented and largely associated with variations in the Pacific fish populations, communities, and ecosystems [24,25,26,27,28,29]. In general, these indices are more active during the winter [30,31]. Hence, the winter (December–February) average for each index was calculated to represent variability in large-scale teleconnection processes. All indices were derived from open-access online databases for the period from 1950 to 2015. Data descriptions and sources are provided in Table S2 in the Supplementary Material.




2.4. Local-Scale Environmental Variables


Some local-scale environmental variables, such as the Sea Surface Temperature (SST), Air Temperature (AT), Sea Level Pressure (SLP), Sea Surface Salinity (SSS), Scalar Wind (SW), etc., could indicate changes in the hydrodynamic processes for many marine ecosystems. We used ecologically important indicators to measure local-scale climate signals, including the SST, AT, SLP, SSS, and SW to detect local environmental changes in each selected region. It has been extensively reported that variations in the winter average of local-scale environmental variables, as well as basin-scale climate indices, have strong links with variations in various ecological processes [26,30,31,32,33]. Hence, the winter (January–March) average for each variable was calculated to represent variations in the local environmental conditions. All variables were derived from open-access online monthly databases for the period from 1950 to 2015. In this study, the anomalies in all variables were used for further analysis. Detailed descriptions and sources are provided in Table S1 in the Supplementary Material.




2.5. Data Analyses


First, due to the different temporal resolutions among SDR time series in this study, we resampled the data at a 5 yr resolution with a linear interpolation method to make them comparable. Second, as SDR values in the dataset have some zeros, with a non-Gaussian distribution, this limits the use of most parametric methods; thus, we performed a log transformation on the raw data to reduce variability, ensuring the reliability of the results. Third, we calculated Spearman linear correlation coefficients between SDR in the nine sites, with an R package “corrplot” [34]. Fourth, we compared the long-term trends in anchovy catch from three regions (i.e., CCE, HCE, KCE) for the period of 1950–2015. To better explore nonlinear relationships between anchovy catch in these regions with global climate indices and local environmental variables, we finally used the generalized additive models (GAMs) approach with an R package “mgcv” [35]. GAMs are a semi-parametric extension of generalized linear models [36], but they have the advantage of not assuming parametric relations, since the solution is based on smoothing functions that fit the data in a non-linear context [37]. These analyses were conducted either using climate indices or environmental variables separately, or using both with the full model to maximize the proportion of the explained variance, as well as with the best model as determined by the Akaike Information Criterion [38]. All the analyses were performed using the R Software version 4.0.1 (R Project for Statistical Computing).





3. Results


3.1. Major SDR Patterns in the Pan-Pacific


The anchovy SDR showed in-phase or out-of-phase patterns, with different cycles in the Pan-Pacific (Figure 2). Specifically, the SDR fluctuated in-phase for all the sites in the northeast Pacific (CCE) except for the EI (Figure 2); the correlation analysis suggested that EI had no correlation with the other three sites (Figure 3). There was a significant positive correlation between SBB, GB, and SB (Figure 3). The SDR of CAL and PIS showed a positive correlation in the southeast Pacific (HCE) (rs = 0.56, p < 0.05); PIS and BB (KCE) were also positively correlated (rs = 0.61, p < 0.05); and CAL and MB had no correlation (Figure 2 and Figure 3). The SDR in the YS (KCE) showed a clear fluctuation cycle over ~50–60 years, whereas the cycle was not obvious in BB and no clear correlation was found (Figure 2 and Figure 3). Meanwhile, the sites in the SBB, GB, and SB in the northeast Pacific (CCE) were negatively correlated with CAL and PIS in the southeast Pacific (Figure 3). Interestingly, the site in the YS (KCE) was positively correlated with EI in the CCE (rs = 0.71, p < 0.05), but there was no obvious correlation with other sites (Figure 3). Overall, anchovy SDR showed significant multi-decadal fluctuations in the Pan-Pacific.




3.2. Long-Term Changes in Anchovy Catch


As shown in Figure 4, the anchovy catch in the HCE exceeded the rest by almost an order of magnitude. Generally, the anchovy catch showed yearly increases in Korea from 1950 to 2015 (Figure 4e), whereas other catches showed obvious non-stationary fluctuations in manner (Figure 4a–d). Specifically, the relationships between China and other regions (i.e., CCE, HCE, Japan, Korea) were not clear and could be limited by the short length of catch that was studied for China. However, the anchovy catch fluctuated out-of-phase in China and Japan from 1990 to 2015, though they belonged to the northwest Pacific, geographically (Figure 4c,d). Interestingly, the anchovy catch fluctuations were more consistent between HCE and Japan from 1950 to 2015 (Figure 4b,d). CCE and HCE almost showed the opposite trend, especially during the period from 1970 to 1995 (Figure 4a,b).




3.3. Results of the GAMs


The results of the GAMs comparing anchovy catch and climate indices and environmental variables are shown in Table S3 in the Supplementary Material. The final GAMs for anchovy catch fit well (deviance explained (DE) = 69% for CCE; DE = 52.9% for HCE; DE = 70% for China; DE = 49.7% for Japan; and DE = 72.8% for Korea). Specifically, anchovy catch in CCE had linear relationships with SSTA, ATA, and PDOI but non-linear relationships with SWA, NPI, and NPGOI (Figure 5). That is, anchovy catch had a negative relationship with SST and positive relationships with AT and PDO (Figure 5a,b,d). It could be seen that moderate SW is beneficial to an increase in anchovy abundance in the CCE (Figure 5c).



Anchovy catch showed a negative relationship with SSSA, a positive relationship with PNAP, and non-linear relationships with SSTA, SWA, NPI, and NPGOI in the HCE (Figure 6). In particular, the relatively low SST and SSS led to an increase in anchovy abundance in the HCE (Figure 6a,b).



In China, anchovy catch showed positive relationships with PDOI, NPGO, and MOI but non-linear relationships with SLPA, SWA, and AOI (Figure 7). Moreover, the relatively low SLP and high SW contributed to an increase in anchovy abundance in Chinese Seas (Figure 7a,b).



Anchovy catch had positive relationships with SSTA, NPGOI, and MOI but non-linear relationships with ATA, SWA, and PDOI in Japan (Figure 8). In particular, the relatively low AT, low SW, and low PDOI were conducive to an increase in anchovy abundance in Japanese waters (Figure 8b–d). GAMs for anchovy catch in both China and Japan had a relatively good performance; however, significant and opposite effects were observed for PDO and SW.



In Korea, anchovy catch had positive relationships with SSTA and AOI, a negative relationship with SWA, and non-linear relationships with SSSA, PDOI, and MOI (Figure 9). In particular, the relatively low SSS, low SW, moderate PDOI, and high MOI led to an increase in anchovy abundance in Korean waters (Figure 9b–d,f). Although MOI had an impact on anchovy in the waters of China, Japan, and Korea in the northwest Pacific, the results were counterintuitive.





4. Discussion


4.1. Consideration of the Method Adopted to Assess the Differences in SDR


In this study, we selected nine sites located in the northeast, southeast, and northwest Pacific, which are affected by California, Humboldt, and Kuroshio currents, respectively. In view of these diversified conditions, there may be a bias in the comparisons of SDR between sites to some extent, which could weaken the reliability of the results. However, the Spearman’s correlation analysis of SDR between sites showed that the uncertainty is moderate. First and foremost, anchovy populations in species unit are closely related to each other in terms of genetics, though they continue to evolve over time and space [6]. Second, all sites were located on Pacific coasts, with a low oxygen concentration and high deposition rate, which ensure an accumulation of fish scales in the sediments. As anchovy was found to be concentrated in the selected areas, these sites could indicate fluctuations in anchovy in abundance [3]. Third, all sites carried out experiments and obtained SDR according to the method described by [11], ensuring the comparability of the data. Finally, we mainly focused on long-term changes instead of specific values in fixed years. Therefore, based on the above reasons, we believe that the results of this study are reliable, though minor effects are inevitable.




4.2. Multiple Modes of Variability in Anchovy Fluctuations


The northern anchovy has three stocks, i.e., northern (Effingham Inlet), central (Santa Barbara Basin), and southern stocks (Guaymas Basin, Soledad Basin) in the CCE [39]. The uneven spatiotemporal distribution of these stocks leads to differences in SDR. Early studies have shown that the cycles of natural fluctuations in anchovy SDR in EI site lasted about 60 years [19], whereas 25–40 years were found for the MB site [13]. Throughout most of the 1970s, the mean anchovy catch in the HCE fell from 12.9 million tons in 1970 to less than 4 million tons, whereas anchovy catch increased in the CCE during the early 1970s, peaked in the 1980s, and then declined in the late 1980s. These out-of-phase fluctuations in anchovy in the HCE and the CCE may be primarily driven by local-scale environmental factors (i.e., SST, SSS for HCE; SST, SW for CCE) rather than fishery regulations. Clearly, anchovy catch showed in-phase fluctuations in the HCE and Japan, which may be largely attributed to large-scale climate forcing [26,40,41]. It is worth noting that the anchovy population in Japan flourished, whereas the anchovy population collapsed in the HCE during warm periods. This may be caused by specific temperature preferences between species [42]. In addition, geographically different hydrological conditions and ocean dynamic processes may be primary causes of these observed fluctuation modes in anchovy.



Although anchovy in the waters of China, Japan, and Korea all belong to the Japanese anchovy in terms of species unit, their population fluctuations show inconsistencies in terms of catch. Although the reasons for this dissimilarity have been debated, they remain inconclusive [14,24]. As the main fishing ground for China and Korea, YS provides the majority of the anchovy catch. The YS is mainly affected by the Yellow Sea warm current, a branch of the Kuroshio current, and the Yellow Sea coastal current. The local oceanic conditions are relatively stable, which may be one of the reasons for the similar trends in anchovy catch in China and Korea. In Japanese waters, local oceanic conditions are more complicated due to the combined effects in the Kuroshio and Oyashio currents, which inevitably produce the reverse trends in anchovy catch in the KCE. Global climate change seems to be the principal force determining the large spatial scale of synchronous anchovy fluctuations across the Pacific [24]. In addition, at the fine spatial scale, there may be differences among regions due to habitat environment and local ecosystem characteristics, resulting in inverted changes in different stocks of the same species [43,44].




4.3. Key Process Affecting Anchovy Fluctuations


The anchovy populations in this study are very separated from each other. Although there are thousands of kilometers in distance between the anchovy populations, they respond to the same basin-wide climate forcing. Therefore, we postulate that anchovy abundance is affected by basin-scale climate forcing in several well-separated regions of the Pacific (i.e., CCE, HCE, KCE). The mechanism driving these anchovy fluctuations is still not well-studied, though some evidence is available. We try to discuss the possible mechanism behind such fluctuation patterns.



Eastern Boundary Current Ecosystems (EBCEs), such as the CCE in the northeast Pacific and the HCE in the southeast Pacific, are the most productive systems on the planet. Although these systems account for less than 1% of the total ocean surface area, they support 20% of global commercial fishery production [45]. The high productivity of these systems depends on wind-driven coastal upwelling, which promotes the growth of phytoplankton by bringing a large amount of nutrient-rich water into the euphotic zone. As a result, with the high nutrients that are available, biological productivity increases, leading to more fish. Intensified coastal upwelling led to increased primary production and fishery yield in the EBCEs [46]. Studies have shown that anchovy is more adapted to high productivity and cool waters of offshore with more zooplankton in the HCE [10,47]. The authors of [4] analyzed the relationship between Peruvian anchoveta and PDO and found that when PDO was in the negative phase, there was low SST with high productivity, resulting in an increase in anchovy abundance. In the CCE, as a result of surface-intensified warming with high SST, the stratification of the water column in the upper ocean increases with deep thermocline and nutrient supply decreases, followed by zooplankton declines [48,49], which leads to a decrease in anchovy abundance. In reality, however, global warming may increase coastal upwelling by strong wind stress and [50], in turn, reduce SST, increase biological productivity, and increase anchovy abundance in the CCE and the HCE. Empirical evidence to support this viewpoint was presented by [51], showing a decline in SST in the CCE and the HCE during 1982–2006 due to strong upwelling. By contrast, the KCE lacks coastal upwelling, but the East Asian monsoon in this region is predominant and can provide similar mechanisms to coastal upwelling. In the KCE of the northwest Pacific, the winter monsoon could affect biological productivity by changing the mixed-layer depth (MLD). That is, a strong winter monsoon brings nutrient-rich water to the euphotic zone, strengthens photosynthesis, increases phytoplankton productivity, and correspondingly induces secondary productivity, thereby supporting abundant fishery production [31,52,53]. Furthermore, due to surface warming and freshening, and strong stratification with shallow MLD, decreased nutrient availability is followed by weakened photosynthesis and reduced marine productivity [54], ultimately affecting fishery yield.



In addition, the GAMs results show that when the PDO is in a positive phase, anchovy abundance significantly increases in CCE and Chinese waters, whereas the opposite effect occurs in Japanese waters, and there is no relationship with anchovy in the HCE. Indeed, in addition to the PDO, the NPGO, and AO also have effects on anchovy in the northwest Pacific (NPGO: China and Japan; AO: Korea). In the CCE and the HCE, the relatively low SST is beneficial to the increase in anchovy, but a low SSS is more helpful to the increase in anchovy in the HCE. In the KCE, a higher SST is conducive to the increase in anchovy in the waters of Japan and Korea. The relatively low SLP and high SW are favorable to the increase in anchovy in Chinese waters, whereas Korea shows the opposite trend. Meanwhile, a growing number of studies have shown that anchovy fluctuations in abundance are directly or indirectly affected by basin-scale climate forcing [10,14,24]. Based on these findings, we suggest that the anchovy fluctuations in the CCE, HCE, and KCE may be generated by bottom-up processes via climate forcing. However, we should not ignore that, because of the existence of local-scale environmental factors, hydrological conditions and ocean dynamic processes vary among different regions. Therefore, considering the effects of the “micro-environment” in each region, to a certain extent, is reasonable when studying how anchovy fluctuations deviate between different regions.




4.4. Broader Implications


In recent decades, fisheries scientists have attempted to distinguish between the two prominent modes (i.e., “bottom-up” control versus “top-down” control). This dichotomy is increasingly considered arbitrary, as the relative importance of each mechanism has been shown to vary over time and space [6,55]. As global warming intensifies, future climate patterns may differ from recent historical periods. Therefore, we need a holistic understanding of the mechanisms based on our increasing knowledge of biogeochemistry, plankton composition and trophic interactions, fish morphology and bioenergetics, and our best prediction of future conditions [6]. The multiple mechanisms involved in fish fluctuations should be given sufficient attention. In particular, the SDR should be further studied in more, and longer, cores in the future to further examine the relationship between anchovy and climate–environmental factors. Traditionally, fishery management mainly focuses on maximizing the catch of a single target species, often neglecting their habitats, predator–prey interactions, and other associated components of the ecosystem. This has some adverse effects on the development of target fishery species. To reduce these negative impacts, an increasing number of scientists are suggesting that some elements of the ecosystem should be fully considered when developing fishery management strategies. The Ecosystem-Based Fishery Management approach fundamentally reverses management priorities from the single target of fish species to ecosystems, with the overall goal of maintaining healthy marine ecosystems and fishery resources [56]. In view of the adverse climate conditions that will occur in the future, anchovy fisheries should be managed in a more cautious manner to maintain their sustainable development and utilization.





5. Conclusions


A century has passed, and the mystery of fish fluctuations remains unsolved. Due to the complexity of marine ecosystems, no single universally applicable theory is adequate to explain the reasons for fish fluctuations, but there may still be a simple and direct mechanism to regulate fish fluctuations at large temporal and spatial scales. Our results suggest that anchovy fluctuations in the Pan-Pacific appear to occur simultaneously. These seemingly unrelated events, thousands of kilometers apart, are not as isolated as they seem. Integrating previous research accumulations, we suggest that large-scale climate forcing may activate synchronous fluctuations in anchovy populations at the basin-scale, while local-scale environmental conditions are also responsible for anchovy fluctuations in the “micro-environment”.
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Figure 1. The map of research sites in the Pan-Pacific. Arrows represent the ocean currents. Warm current (red): Kuroshio Current (KC); cold currents (blue): California and Humboldt Currents (CC and HC). 
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Figure 2. Long-term changes in the SDR from sites in the Pan-Pacific. SDR: scale deposition rate (#scales cm−2 yr−1). Red lines represent the smooth curve with a loess method. YS: Yellow Sea; BB: Beppu Bay; EI: Effingham Inlet; SBB: Santa Barbara Basin; GB: Guaymas Basin; SB: Soledad Basin; CAL: Callao; PIS: Pisco; MB: Mejillones Bay. 
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Figure 3. Spearman’s correlation matrix in the scale deposition rate (SDR) from sites in the Pan-Pacific. The numbers indicate value of correlation coefficient, and the red X shows that the significance test of p < 0.05 failed. YS: Yellow Sea; BB: Beppu Bay; EI: Effingham Inlet; SBB: Santa Barbara Basin; GB: Guaymas Basin; SB: Soledad Basin; CAL: Callao; PIS: Pisco; MB: Mejillones Bay. 
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Figure 4. Long-term changes in anchovy catch in the Pan-Pacific. (a–e) Anchovy catch in the CCE, HCE, CHN, JAP, and KOR, respectively. CCE: California Current Ecosystem; HCE: Humboldt Current Ecosystem; CHN: China; JAP: Japan; KOR: Korea. The vertical dashed line indicates the boundary values of the [8,23], respectively. 
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Figure 5. Generalized additive models (GAMs) between anchovy catch and environmental variables and climate indices in the California Current Ecosystem (CCE). (a) Anchovy versus Sea Surface Temperature anomaly (SSTA). (b) Anchovy versus Air Temperature anomaly (ATA). (c) Anchovy versus Scalar Wind anomaly (SWA). (d) Anchovy versus Pacific Decadal Oscillation index (PDOI). (e) Anchovy versus North Pacific index (NPI). (f) Anchovy versus North Pacific Gyre Oscillation index (NPGOI). Tick marks on the x-axis represent observed data points. Y-axis represents the smooth fitted function of the dependent values and is centered to zero. The values in parentheses in the y-axis label indicate the degree of freedom of the model. 
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Figure 6. Generalized additive models (GAMs) between anchovy catch and environmental variables and climate indices in the Humboldt Current Ecosystem (HCE). (a) Anchovy versus Sea Surface Temperature Anomaly (SSTA). (b) Anchovy versus Sea Surface Salinity Anomaly (SSSA). (c) Anchovy versus Scalar Wind anomaly (SWA). (d) Anchovy versus North Pacific index (NPI). (e) Anchovy versus North Pacific Gyre Oscillation index (NPGOI). (f) Anchovy versus Pacific/North American Pattern (PNAP). Tick marks on the x-axis represent observed data points. Y-axis represents the smooth fitted function of the dependent values and is centered to zero. The values in parentheses in the y-axis label indicate the degree of freedom of the model. 
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Figure 7. Generalized additive models (GAMs) between anchovy catch and environmental variables and climate indices in China. (a) Anchovy versus Sea Level Pressure Anomaly (SLPA). (b) Anchovy versus Scalar Wind Anomaly (SWA). (c) Anchovy versus Pacific Decadal Oscillation index (PDOI). (d) Anchovy versus North Pacific Gyre Oscillation index (NPGOI). (e) Anchovy versus Arctic Oscillation index (AOI). (f) Anchovy versus Monsoon Oscillation index (MOI). Tick marks on the x-axis represent observed data points. Y-axis represents the smooth fitted function of the dependent values and is centered to zero. The values in parentheses in the y-axis label indicate the degree of freedom of the model. 
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Figure 8. Generalized additive models (GAMs) for anchovy catch and environmental variables and climate indices in Japan. (a) Anchovy versus Sea Surface Temperature anomaly (SSTA). (b) Anchovy versus Air Temperature anomaly (ATA). (c) Anchovy versus Scalar Wind anomaly (SWA). (d) Anchovy versus Pacific Decadal Oscillation index (PDOI). (e) Anchovy versus North Pacific Gyre Oscillation index (NPGOI). (f) Anchovy versus Monsoon Oscillation index (MOI). Tick marks on the x-axis represent observed data points. Y-axis represents the smooth fitted function of the dependent values and is centered to zero. The values in parentheses in the y-axis label indicate the degree of freedom of the model. 
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Figure 9. Generalized additive models (GAMs) between anchovy catch and environmental variables and climate indices in Korea. (a) Anchovy versus Sea Surface Temperature anomaly (SSTA). (b) Anchovy versus Sea Surface Salinity anomaly (SSSA). (c) Anchovy versus Scalar Wind anomaly (SWA). (d) Anchovy versus Pacific Decadal Oscillation index (PDOI). (e) Anchovy versus Arctic Oscillation index (AOI). (f) Anchovy versus Monsoon Oscillation index (MOI). Tick marks on the x-axis represent observed data points. Y-axis represents the smooth fitted function of the dependent values and is centered to zero. The values in parentheses in the y-axis label indicate the degree of freedom of the model. 
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Table 1. SDR data sources for the nine sites examined in the Pan-Pacific.
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	Site
	Location
	Period
	Mean Sample Interval (Years)
	Reference





	Effingham Inlet
	southwest British Columbia, Canada
	1860–1990
	2–5
	[19]



	Santa Barbara Basin
	southern California, USA
	1860–1970
	5
	[20]



	Guaymas Basin
	central Gulf of California, Mexico
	1860–1980
	10
	[21]



	Soledad Basin
	southern Baja California, Mexico
	1860–1970
	5
	[20]



	Callao
	central Peru
	1860–2000
	7
	[22]



	Pisco
	central Peru
	1860–2000
	6
	[22]



	Mejillones Bay
	northern Chile
	1860–2000
	3
	[13]



	Yellow Sea
	eastern China
	1860–2000
	5
	[18]



	Beppu Bay
	southwest Japan
	1860–2000
	7
	[5]
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