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Abstract

:

We investigated changes in the assemblages of summer mesopelagic fish larvae between El Niño events and regular years in 2014–2018 and evaluated their relationships with the hydrographic conditions of the Gaoping waters off southwestern Taiwan. Seventy-five taxa or morphotypes were identified, with five types of Benthosema pterotum (31.2%), Diaphus slender type (19.9%), Cyclothone alba (7.2%), Diaphus stubby type (5.9%), and Vinciguerria nimbaria (4.4%) being most common during the study period. The hydrographic conditions of the Gaoping waters were likely influenced by large-scale climate change via oceanic physical processes. Apparently higher seawater temperature, mixed layer depth, and lower salinity in the upper 100 m were observed at the end of the strong El Niño events (summer 2016). In addition, the certain dominant taxa exhibited contrasting patterns between El Niño events and regular years. In this study, although the abundance and composition of mesopelagic fish larvae assemblage were not influenced directly by changes in large-scale climatic conditions, the occurrence of mesopelagic fish larvae was related to seawater temperature, salinity, and chlorophyll a concentration. We speculated that despite the abundant food availability and the more mesopelagic fish larvae onto the Gaoping waters transported by the increased inflow of the South China Sea Surface Current during El Niño events, the higher temperature and lower salinity at the inshore upper waters might be unsuitable for mesopelagic fish larvae, possibly resulting in low egg and larval survival.
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1. Introduction


Mesopelagic fishes, a group of small fishes, are a key component of marine ecosystems. They are numerically dominant in the oceanic fish assemblage of all temperate and tropical waters in the world, with Myctophiformes and Stomiiformes species being the main representatives [1,2]. Although the size of mesopelagic fishes is small, the trawling estimates suggest that the biomass of mesopelagic fishes is at least 10 billion tons [3], which is about 100 times the annual tonnage captured worldwide by fisheries [4]. Larvae of mesopelagic fishes develop in the productive upper 200 m layer [5,6] and then move to the 200–1000 m mesopelagic layer when they begin to transform from the larval to the juvenile stage [7,8]. Therefore, mesopelagic fishes play an essential role in energy pathways through the water column, linking secondary producers to higher level consumers [9,10]. Meanwhile, they constitute an important vector of carbon fluxes in marine ecosystems, being the epipelagic-benthic coupling by the diel vertical migration [11].



Distribution and composition of fish larvae assemblage is complex in tropical and temperate continental shelf waters throughout the world [12,13,14]. The presence of fish larvae assemblage in the continental shelf can be associated with the spawning patterns of adult fishes, larval behavior, and oceanographic processes that transport fish larvae from the ocean to the continental shelf [7,15,16]. Consequently, investigations of fish larvae assemblage not only help to elucidate their early life strategies, but also reveal the short-term oceanographic conditions and biological properties of the surveyed area [13,17]. The survival of the early life stages of fishes is pivotal for determining the annual recruitment of fish [18,19]. In recent decades, at which strong changes in climatic conditions usually occur, the environmental fluctuations alter the structure and dynamic of marine ecosystems [20,21]. Notably, climbing temperatures have been suggested to change the physiological functioning [22,23], migratory behavior [24,25], and spawning frequency [26,27] of fishes, leading to shifts in the size structure, spatial distribution, and seasonal occurrence of populations. The sensitivity of the early life stages of fishes to these changes, however, make fish larvae potentially a good sentinel for the regional climate variation and ecosystem shift [28,29,30].



The Gaoping waters, located on southwestern Taiwan, are part of the tropical western North Pacific Ocean. Two main currents are present on the Gaoping waters: the warm and low-salinity South China Sea Surface Current (SCSSC) and the warm and highly saline Kuroshio Branch Current (KBC) [31,32]. During the dry season (November to April), the prevailing northeasterly monsoon drives the KBC northward through the Penghu Channel into the waters of southwestern Taiwan. When the northeasterly monsoon weakens as winter becomes summer (wet season, May–September), a southwesterly monsoon sets up, which forces the penetration of the SCSSC into the Taiwan Strait (TS) and gradually replaces the KBC. Thus, the current system should be stable in Taiwan Strait in summer. However, except for the above-mentioned succession of currents, the terrestrial runoff also influences the hydrographic conditions of the Gaoping waters. The terrestrial outflow from the Gaoping River (the largest river in southwestern Taiwan), particularly in the wet season, brings abundant nutrients into the Gaoping waters [33,34]. The high productivity supports the larval anchovy and benthic trawling fisheries [35,36], providing a spawning and nursery ground for many commercially fish taxa, such as Japanese butterfish (Psenopsis anomala), Shorthead anchovy (Encrasicholina heteroloba), Red bigeye (Priacanthus macracanthus), and True lizardfish (Saurida undosquamis).



Over the past two decades, a series of surveys studying the distribution, assemblage, growth, and vertical migration of mesopelagic fish larvae were carried out by the Japan Fisheries Research and Education Agency (FRA) on the onside of the Kuroshio off southern Japan, in the southern East China Sea, and in the transition region of the western North Pacific. For instance, in the southern East China Sea, Sassa and Konishi [37] reported that a northward intrusion of the Kuroshio transports mesopelagic fish larvae onto the continental shelf and competition for prey between mesopelagic and commercial pelagic fish larvae would potentially occur when the intrusion is strong. On the onshore side of the Kuroshio off southern Japan, Sassa and Hirota [6] found that the occurrence patterns of mesopelagic fish larvae are categorized into five seasonal groups in accordance to the local physical properties of the water column, suggesting that each species has a fixed seasonal pattern of reproduction. In addition, the various patterns of seasonal occurrence would result in seasonal habitat segregation of the larvae among species, potentially enabling the reduction of intraspecific competition for food resources in the oligotrophic waters of the Kuroshio. Sassa and Takahashi [38] compared the growth and mortality and their predatory impact on zooplankton of six mesopelagic larval taxa in the Kuroshio region off southern Japan. Their results show no significant difference in the ratio of growth coefficient/mortality coefficient among six mesopelagic larval taxa, and a consistent low level of predatory impact on zooplankton was suggested in the Kuroshio region. In contrast to the above-mentioned study areas, investigates of mesopelagic fish larvae in the Gaoping waters of southwestern Taiwan (even the waters surrounding Taiwan) are very scarce. In recent years, only Hsieh et al. [34] analyzed the spatiotemporal occurrences of mesopelagic fish larvae in relation to environmental forcing. They proposed that the distribution of mesopelagic fish larvae was closely related to the hydrographic features, with surface temperature and mixed-layer depth being the major factors affecting the occurrence of mesopelagic fish larvae. Besides, the intrusion of the KBC played an important role in the transport of mesopelagic fish larvae from the Kuroshio region of eastern Taiwan into the Gaoping waters.



Although the mesopelagic fish larvae are usually dominant in the samples in our study area, no comprehensive evaluation of interannual changes under the different climatic conditions was made. We here examine large-scale climate influence (the Pacific Decadal Oscillation Index (PDO) and the Multivariate El Nino-Southern Oscillation Index (MEI)) on the physical and biotic environments (including seawater temperature, salinity, mixed layer depth, chlorophyll a concentration, and zooplankton abundance) and assemblage of summer mesopelagic fish larvae in the Gaoping waters from 2014 to 2018. The aims of the present study were to: (1) quantify differences in abundance and composition of summer mesopelagic fish larvae in the Gaoping waters between El Niño events (because the PDO exhibited positive values from September 2014 to May 2016, here we defined that the years 2015–2017 would be affected by El Niño events) and regular years (2014 and 2018); and (2) explore the relationships between fish larvae data and both large-scale climatic indices and local environmental variables. The contrasting hydrographic conditions of the Gaoping waters between El Niño events and regular years inspired our hypothesis that the varying marine environment would cause distinct assemblage structure of summer mesopelagic fish larvae between these two periods.




2. Materials and Methods


2.1. Field Sampling Work


Fish larvae and seawater samples were collected at 12 sampling stations of three transects in the Gaoping waters of southwestern Taiwan (Figure 1) during five summer cruises on board an RV Ocean Researcher III: OR3-1790 (22–24 August 2014, hereafter 2014), OR3-1877 (18, 19 August 2015, hereafter 2015), OR3-1957 (22–24 September 2016, hereafter 2016), OR3-2005 (8, 9 June 2017, hereafter 2017), and OR3-2066 (11, 12 June) and OR3-2072 (30, 31 July 2018, hereafter 2018). The three transects from north to south are located in Kaohsiung Harbor (hereafter KH), Gaoping River estuary (hereafter GR, a submarine canyon system), and Fengshan Township (hereafter FS), respectively. A 1.6 m mouth diameter Ocean Research Institute (ORI) net with a mesh size of 330 μm was used to sample fish larvae day and night. A mechanical flowmeter (Hydro-Bios, Kiel, Schleswig-Holstein, Germany) was placed centrally in the mouth opening to estimate the volume of filtered seawater. Tows were oblique at a speed of 1 m s−1 from the surface down to 100 m depth or 10 m above the bottom at shallow stations. The volume of water filtered in each station ranged from 21 to 877 m3. Subsequently, all organisms collected were fixed and stored with 95% ethanol.



Hydrographic samplings (temperature, salinity, and fluorescence profiles) were performed at each station using a General Oceanic SeaBird conductivity-temperature-depth (CTD) meter (SEB-911 Plus, Bellevue, Washington, DC, USA) down to 100 m depth or 5 m above the bottom at shallow stations.




2.2. Laboratory Work


In the laboratory, all fish larvae were sorted and preserved in 95% ethanol after sorting. The mesopelagic fish larvae were sorted and identified to the lowest possible taxonomic level according to Leis and Rennis [39], Ozawa [40], Okiyama [41], Leis and Trnski [42], and Neira et al. [43]. The abundance of fish larvae was standardized to the number of individuals under 10 m2 of sea surface using the volume of water filtered by the net and the maximum depth to which the net sampled.


  A = N ÷ ( π ×  r 2  × n × 0.3 ) × D  



(1)




where A is abundance, N is the individuals of fish larvae, r is the radius of zooplankton net, n is the revolution of flowmeter, 0.3 is the coefficient of flowmeter, and D is the maximum sampling depth, respectively.



Once fish larvae were sorted, the remaining sample was divided into two subsamples using a Folsom plankton splitter (Aquatic Research Instruments, Wellington, New Zealand) to estimate zooplankton abundance. Repeated subsampling was taken until the number of individuals remaining in the last subsample was 1000–2000 or fewer. Going by the zooplankton classification of the Kuroshio waters [44], 33 zooplankton taxonomic groups were subsequently identified. Zooplankton abundance was expressed as the number of individuals per 1 m3.




2.3. Data Analysis


The Shannon-Wiener diversity index (H’) [45] and Pielou’s evenness index (J’) [44] were calculated to assess the diversity of the mesopelagic fish larvae in the samples. Analysis of variance (one-way ANOVA) [46] was used to determine the significance of differences between El Niño events and regular years in environmental (temperature, salinity, and mixed layer depth) and biotic variables (chlorophyll and zooplankton) and abundance and diversity of mesopelagic fish larvae. The mixed layer depth was defined as the depth from the seawater surface to the maximum depth where the temperature was almost the same as the surface temperature (±1 °C). Statistical significance was determined at α = 0.05. If the result of ANOVA indicated that significant treatment effects were at the 0.05 probability level (P), then the post hoc Tukey’s honestly significantly difference test was applied to determine which means differed significantly.



In order to observe the temporal difference in the assemblage structure of summer mesopelagic fish larvae, multivariate analyses were performed with the PRIMER-6 software package (PRIMER-E, West Hoe, Plymouth, UK). Data on larval abundance were log(x + 1)-transformed to reduce the weighting of the dominant species. Similarity matrices of abundance of mesopelagic fish larvae in each sampling time were constructed using the Bray-Curtis Index [47]. These matrices were then employed to create a hierarchical agglomerative clustering using complete linkage to delineate groups with distinct community structure. In addition, non-metric multi-dimensional scaling (nMDS) [48] was also used to provide a two-dimensional visual representation of assemblage structure. Only 13 taxa with more than 1% of the total catch were included in the analysis avoiding any undue influence of rare species. Ordination scores produced by the nMDS were compared to local environmental variables (temperature, salinity, mixed layer depth, chlorophyll a, and zooplankton) using multiple regression analysis in order to determine which variables were significantly related to the larval assemblage structure [48,49]. In the regression analysis, the nMDS scores were treated as the independent variables and each environmental variable as the dependent variable. The rationale for selecting this method is described in Somarakis et al. [50]. Regression lines and their directions were plotted in the nMDS diagram according to Kruscal and Wish [48]. The direction of maximum correlation of each regression line is at an angle φr with the rth nMDS axis. The direction cosine (or regression weight) cr of that angle is given by the following formula:


   c r  =  b r  /    b 1 2  +  b 2 2    ,  



(2)




where b1 and b2 are the coefficients from the multiple regression a + b1x1 + b2x2, and x1 and x2 are the scores in the first and second MDS axis, respectively.



Distance-based linear models (DistLM) [51] (one program of the multivariate statistical software of PERMANOVA+ for PRIMER, PRIMER-E (West Hoe, Plymouth, UK)) was applied to assess the relationship between assemblage structure of summer mesopelagic fish larvae and large-scale climatic indices. Two large-scale climatic indices were examined: the Pacific Decadal Oscillation Index (PDO) [52] obtained from JISAO, University of Washington and the Multivariate El Nino-Southern Oscillation Index (MEI) [53] from the NOAA Earth System Research Laboratory. Values in February–May, June–September, and October–January were averaged to indicate seasonal status in winter-spring, summer, and autumn–winter, respectively. Seasonal averages, with lags of up to one year, were used to account for delayed effects between physics and biology. These models were constructed using the stepwise selection procedure with the adjusted R2 as the selection criterion. A similarity matrix of log(x + 1)-transformed abundance of mesopelagic fish larvae in each sampling times was constructed using the Bray-Curtis Index. Finally, the full model was visualized by examining the distance-based redundancy analysis (dbRDA) to perform a constrained ordination of fitted values from the given multivariate regression model [54].





3. Results


3.1. Climatic and Hydrographic Conditions


Large-scale climatic indices (PDO and MEI) showed marked variations over the period of 2013–2019 (Figure 2). Fluctuation in PDO exhibited an alternate pattern between El Niño and La Niña events, in which a strong El Niño condition with positive values is shown from September 2014 to May 2016. The MEI displayed a similar variation trend, more pronounced El Niño condition occurred from May 2015 to January 2016. Our findings showed that the average seawater temperature of the 0–100 m water column (or 5 m above the bottom at shallow stations) throughout the study area ranged from 24.46 to 29.66 °C. No significant interannual difference in seawater temperature (ANOVA, F = 1.668, p = 0.172) was observed. Average salinity of the 0–100 m water column fluctuated between 28.78 and 34.44. No significant interannual difference in salinity (ANOVA, F = 1.252, p = 0.301) was found as well. Relatively lower salinity waters were generally recorded at stations within <1 km from the shore due to the inflows of freshwater, particularly on transects KH and GR.



On the other hand, regarding the vertical profiles of seawater temperature and salinity between 0 and 100 m water column recorded at station 6 (water depth of 282 m, 9 km from the shore), we noted a different phenomenon compared with the above-mentioned results. The water column at station 6 presented different conditions among years (Table 1, Figure 3). A thermocline was coupled with a strong halocline, separating the upper 40 m of the water column from the colder and more saline deeper layer in 2014 and 2018 (regular years). In contrast, the vertical structure of water was relatively well mixed in 2015–2017 (during and after El Niño events), particularly in 2016 with a mixed layer depth of 79 m (Table 1). Seawater temperature in the upper 100 m during and after El Niño events was about 5 °C higher than in regular years. In contrast to temperature, salinity showed an opposite phase. Mean values of salinity increased sharply from the surface to 10 m depth and were higher in regular years (Figure 3). During and after El Niño events salinity in the upper 100 m was about 1 salinity unit lower than in regular years due to the higher precipitation and relatively well water mixing.




3.2. Biological Variables


The overall concentration of chlorophyll a (mean ± SE) of the 0–100 m water column was 0.57 ± 0.11 μg L−1, ranging from 0.08 to 3.52 μg L−1. Chlorophyll a concentration showed significant interannual difference (ANOVA, F = 4.097, p < 0.01), with the highest average value in 2018 (1.15 ± 0.29 μg L−1) and the lowest in 2015 (0.57 ± 0.11 μg L−1). Higher chlorophyll a concentration usually occurred at stations within <1 km from the shore.



Zooplankton abundance varied from 9 to 3286 individuals (ind.) m−3, with an over mean of 649 ± 83 (SE) ind. m−3. Although zooplankton showed no significant difference among years (ANOVA, F = 1.750, p = 0.153), a slightly higher abundance was noted during and after El Niño events. In general, the distribution of zooplankton abundance was similar to that of the chlorophyll a concentration, usually with a higher abundance at the inshore stations. However, abundance of zooplankton should be considered as an underestimate due to the larger mesh size of zooplankton net.




3.3. Composition of Summer Mesopelagic Fish Larvae


A total of 1907 mesopelagic fish larvae were collected in the study, in which 75 taxa or morphotypes were identified belonging to 9 families and 31 genera. The majority of larvae were identified as being in the preflexion stage (1373 individuals, ca. 72%). Larvae of the families Myctophidae, Gonostomatidae, Paralepididae, and Stomiidae were the most abundant and accounted for 77.3, 12.4, 7.1, and 2.4% of the total larval catch, respectively. Among them, Myctophidae had the largest number of species (38 taxa), followed by Paralepididae (13 taxa), Gonostomatidae, and Stomiidae (8 taxa each). At the species level, Benthosema pterotum was the most dominant taxon (31.2%) in the study. The other predominant taxa (>1% of the total catch) were Diaphus slender type (19.9%), Cyclothone alba (7.2%), Diaphus stubby type (5.9%), Vinciguerria nimbaria (4.4%), Diaphus richardsoni (3.3%), Hygophum proximum (2.4%), Cyclothone pseudopallida (2.2%), Benthosema fibulatum (2.1%), Lampanyctus nobilis (2.1%), Cyclothone spp. (1.7%), Myctophum orientale (1.2%), and Ceratoscopelus warmingii (1.0%). These 13 taxa together constituted 84.5% of the total catch collected during the study period.




3.4. Interannual Differences in Abundance and Diversity of Summer Mesopelagic Fish Larvae


The overall mean abundance of summer mesopelagic fish larvae (mean ± SD) was 145 ± 228 ind. 10 m−2. Abundance of summer mesopelagic fish larvae showed apparent difference among years (ANOVA, F = 3.033, p < 0.05). Higher mean abundance was recorded in 2017 (264 ± 407 ind. 10 m−2), moderate abundance was seen in 2015 (182 ± 129 ind. 10 m−2), and lower abundances were observed in 2014 (53 ± 54 ind. 10 m−2), 2016 (33 ± 31 ind. 10 m−2), and 2018 (46 ± 69 ind. 10 m−2) (Figure 4). Due to the high abundance of one predominant species, Benthosema pterotum, one peak abundance was recorded at station 9 in 2017. Summer mesopelagic fish larvae were always abundant at stations >5 km from the shore and scarce or absent at stations within <1 km from the shore throughout the study period.



The variation patterns of the species number and Shannon-Wiener diversity index consist with abundance (Figure 4). Significant interannual difference was found in species number (ANOVA, F = 5.308, p < 0.01), but not in Shannon-Wiener diversity index (ANOVA, F = 1.822, p = 0.139). The number of species was greater in 2015 (50) and 2017 (47) than in 2014 (26), 2016 (23), and 2018 (23). Both species number and Shannon-Wiener diversity index, in general, increased with increasing distance from the shore, most likely due to the bottom depth. The interannual variation in Pielou’s evenness index showed an opposite trend to those of species number and Shannon-Wiener diversity index (Figure 4), with lower mean values in 2015 and 2017. Similarly, higher values of Pielou’s evenness index were observed in the offshore stations. There was a significant difference in Pielou’s evenness index among years (ANOVA, F = 4.035, p < 0.01).



When examining interannual trends in abundance (Table 2, Figure 5), it was quite evident that certain dominant taxa exhibited contrasting patterns between El Niño events and regular years. For example, Benthosema pterotum, which was the most abundant species, had significantly higher abundances in 2015 and 2017 and lower in 2016. A similar pattern was observed for two types of the genus Diaphus. With the exceptions of two species, Cyclothone alba and Benthosema fibulatum presented relatively increased abundances during and after El Niño events. Besides, larvae of Vinciguerria nimbaria, Lampanyctus nobilis, and Myctophum orientale showed significantly lower abundance (or absence) in El Niño events than in regular years.




3.5. Species Groups of Summer Mesopelagic Fish Larvae


Two significant species groups were detected by cluster analysis based on Bray-Curtis similarity matrix of log(x + 1)-transformed abundance of 13 dominant mesopelagic fish larvae (with a relative abundance > 1%) (Figure 6). Group A was composed of seven taxa: two gonostomatid taxa (Cyclothone pseudopallida and Cyclothone spp.) and five myctophid species (Hygophum proximum, Diaphus richardsoni, Myctophum orientale, Ceratoscopelus warmingii, and Benthosema fibulatum). These larval taxa usually had higher abundances in 2017 after the strong El Niño events, and parts of them were scarce or absent in regular years (Table 2). Although this group was characterized by lower abundance, it had a broad distribution throughout the study period. Group B consisted of larvae of four myctophid species (Benthosema pterotum, Diaphus slender type, Diaphus stubby type, and Lampanyctus nobilis), one phosichthyid species (Vinciguerria nimbaria), and one gonostomatid species (Cyclothone alba). Among the six taxa, significantly higher abundances of larvae of Benthosema pterotum, Diaphus slender type, Diaphus stubby type, and Vinciguerria nimbaria were observed in 2015 and 2017 and significantly lower in 2014, 2016, and 2018 (Table 2). These taxa were usually abundant at stations >5 km from the shore. Cyclothone alba showed relatively higher abundances in 2016 and 2017 and lower in 2015. Abundance of larvae of Lampanyctus nobilis was scarce or absent in 2015, 2016, and 2018 and relatively higher in 2014 and 2017.




3.6. Summer Mesopelagic Fish Larvae Assemblage in Relation to Environmental Variables


The result of nMDS based on similarity matrix of log(x + 1)-transformed abundance of 13 dominant taxa showed that samples were differentiated mainly according to temperature but also according to the regular-warm regime (Figure 7). Seawater temperature, salinity, and chlorophyll a explained 22.1%, 18.1%, and 15.8% of the variation in the ordination (Table 3), along the axis separating the regular years and during and after El Niño events (Figure 7).



DistLM analysis was used to examine the relationship between assemblage structure of summer mesopelagic fish larvae and PDO and MEI indices. The first and second dbRDA axes captured 42.9% and 30.8% of the variance in the fitted model, which corresponded to 12.2% and 8.8% of the total variance in the original Bray-Curtis similarity matrix (Figure 8). All eight PDO and MEI variables, considering the delayed effects between physics and biology, together explained 19.91% of the total variation (Table 4). No significant explanatory variables that can explain the pattern were found in the assemblage structure of summer mesopelagic fish larvae in the Gaoping waters between El Niño events and regular years.





4. Discussion


The summer mesopelagic larval assemblages in the Gaoping waters were dominated by a few taxa, e.g., Benthosema pterotum, Diaphus slender type, Diaphus stubby type, Cyclothone alba, and Vinciguerria nimbaria. On average, the abundances of these larvae, except Cyclothone alba, showed significant interannual changes, with low values in 2016 (the end of strong El Niño events). Besides, in 2016, the seawater temperature in the upper 100 m and precipitation was exceptionally high. We speculated that these conditions would limit the biological production in the study area, negatively affecting the abundance and survival of mesopelagic fish larvae.



In fact, the influence of the El Niño on Taiwan is not very obvious. Studies in Taiwan have found that during the El Niño events, the temperature in the summer of that year is relatively low, the following winter is relatively warm, the next year has more spring rain, and the temperature in summer is also relatively high [55]. Generally, the summer hydrography in the Gaoping waters was mainly influenced by the monsoon-driven current system and terrestrial runoff [31,33]. During this period, the warm and low-salinity SCSSC flows northeastward, synchronizing with the southwesterly monsoon, intruding into the TS and dominating this region [31,32]. Meanwhile, the high-temperature and high-salinity KBC intrudes into the northern SCS. These oceanographic conditions led to higher seawater temperatures at the northern SCS and the Gaoping waters [34]. This could be revealed by the high average seawater temperatures of the 0–100 m water column, usually >27 °C, observed throughout the survey area in the present study.



Large-scale climate change in the North Pacific likely affects the surface current and water features in the TS via oceanic physical processes [56,57]. In general, key features of composite positive MEI events (warm, El Niño) include: (1) anomalously warm sea surface temperature (SST) across the east-central equatorial Pacific; (2) anomalously high sea level pressure (SLP) over Indonesia and the western tropical Pacific and low SLP over the eastern tropical Pacific; (3) reduction of tropical Pacific easterly winds (trade winds); and (4) suppressed tropical convection over Indonesia and Western Pacific and enhanced convection over the central Pacific. Among these features, changes in SLP are closely associated with changes in trade winds, which are an important component of ocean-atmosphere interaction and heat exchange. Changes of wind will affect the variability in the sea surface temperature, upper ocean temperature, mixed layer depth, and direction and strength of near surface wind-driven currents directly [58,59].



The El Niño events have been suggested to cause strong southwesterly winds over the western North Pacific in the summer [60]. According to the empirical orthogonal function analysis on the long-term summertime SST data of the TS during 1982–2012 [59], a warming trend in the TS was observed with the spatially average warming of 0.057 °C y−1 and an interannual variation in the SST was found after 1994, which was strongly correlated with the wind speed of the southwesterly monsoon. Strengthening winds enhanced the upwelling along the China coast, eastern Taiwan Banks, and the region south of Peng-Hu Islands, whereas the SST in eastern TS increased because of the increased transport of warm SCSSC. Although no southwesterly monsoon information was collected in this study, the significant differences in seawater temperature, salinity, and mixed layer depth of the upper 100 m at station 6 between El Niño events and regular years were noted (Table 1, Figure 3). We thought that the strengthening southwesterly monsoon during El Niño events enhanced the seawater vertical mixing and warmed the upper ocean temperature indirectly.



In the subtropical waters, increased mixing reduces stratification which tends to increase phytoplankton production due to a rise in surface nutrient concentration. Nevertheless, this phenomenon in our study was not significant even if an apparent seawater mixing increase was recorded during and after El Niño events. In contrast to the increase of upper layer nutrients levels through mixing, terrestrial outflow is the main source of nutrients in the Gaoping waters [33,34]. Plentiful nutrients have entrained higher phytoplankton production, which were the food resources for grazers such as copepods and their predators, such as gelatinous carnivores and fish larvae [61,62,63]. However, climate-associated fluctuations in the timing and amount of precipitation influence river discharge, which in turn affects the entrainment of nutrients and the magnitude of phytoplankton production [21,64]. The composition of phytoplankton community can be changed by the entrained nutrients. Furthermore, variation in the intensity of seasonal monsoon can also alter the timing of the phytoplankton bloom in the TS [65]. Taken together, these factors all contribute to the survival and growth of zooplankton and further influence the distribution and occurrence of mesopelagic fish larvae in the Gaoping waters.



Several previous studies on the continental shelf of the Northeast Pacific and in the northwestern Mediterranean have linked large-scale climate forcing factors to variations in larval abundances of oceanic commercial fish. For example, in the southern California Current region, Hsieh et al. [27] found that variations in the abundance of most oceanic fish species have a significant correlation with environmental factors, which is consistent with the change trend of the PDO. Using generalized additive models, Auth et al. [66] observed that large-scale climate indices, particularly the PDO, explain more variability in fish larvae abundance than local environmental factors did. In the Strait of Georgia, Guan et al. [30] proposed that large-scale climate processes are potential contributions to variations in overall larval concentrations of the dominant taxa and assemblage composition. Raya and Sabatés [67] also reported significantly low abundance of carangid fish larvae in July 2003 when the European region suffered an exceptional heat wave with air temperature records of about 3–6 °C above the seasonal average. However, in the present study, the fluctuations in abundance and composition of summer mesopelagic fish larvae assemblage were not affected directly by changes in large-scale climatic conditions (Figure 8).



According to the directions of summer currents in the TS [31], we speculated that there are three possibilities for the origin of these mesopelagic fish larvae occurring in the Gaoping waters: (1) they were spawned in the study area; (2) transport from the South China Sea into the surface layer of the southern TS by the SCSSC; and (3) transport from the Kuroshio region of eastern Taiwan into the mesopelagic layer of the Gaoping waters by the KBC. Generally, the mesopelagic fish larvae have a fixed seasonal pattern of reproduction, and no significant interannual differences occurred in the months of peak abundances of the larvae [6]. In the Kuroshio offshore waters off southwestern Kyushu Islands of Japan, Sassa et al. [7] and Sassa and Takahashi [38] also recorded the same six predominant taxa of mesopelagic fish larvae between February 1997 and 2010. These results indicated that the abundance and composition of the summer dominant mesopelagic fish larvae assemblage in the Gaoping waters seem to be stable. However, in this study it was quite evident that certain dominant taxa exhibited contrasting patterns between El Niño events and regular years. For instance, the predominant Benthosema pterotum and two types of genus Diaphus of the family Myctophidae showed significantly higher abundances in 2015 and 2017 and lower in 2016 (Table 2, Figure 5).



The results of nMDS analysis suggested a distinct occurrence pattern of summer mesopelagic fish larvae assemblage related to seawater temperature, salinity, and chlorophyll a concentration (Table 3, Figure 7). The best direct evidence of the effects of climate change on marine ecosystems most likely comes from distributional shifts of marine organisms [68]. Considering the habitat of mesopelagic adult-stage fishes, these species inhabit the deeper oceanic waters, and in the North Pacific their larvae are usually distributed in high salinity waters (>34) [7,17]. In this study, the abundance of mesopelagic fish larvae showed a significantly negative correlation with seawater temperature (linear regression, t = −3.910, p < 0.001) indicating the accumulation of mesopelagic fish larvae at the relatively low temperature station (with deeper bottom depth). In addition, they occurred mainly at the stations >5 km from the shore and scarce or absent at stations within <1 km from the shore. We speculated that despite the abundant food availability and the more mesopelagic fish larvae onto the Gaoping waters carried by the increased transport of the SCSSC (or KBC) during El Niño events, the higher temperature and lower salinity at the inshore upper waters might be unsuitable for mesopelagic fish larvae, possibly resulting in low egg and larval survival. Off the Georges Bank, Colton [69] reported mortality of large numbers of cod larvae, and concluded it was due to thermal shock caused by transport of the larvae off the Bank into much warmer Slope Water offshore.



Highly productive nature of estuarine and coastal waters and their role as spawning grounds (or nursery grounds) to fish are well known for temperate and tropical areas [70,71]. Since early the life stages of fish are a particularly vulnerable phase, it is hypothesized that marine fish larvae and juveniles migrate into estuarine and coastal waters to make use of the high food abundance and refuge against predators, in order to maximize survival [14]. In general, larvae of most mesopelagic fishes (e.g., myctophids) are less common below the thermocline than in or above it [14,72] and show species-specific distribution depths in the epipelagic layer [17,73]. Thus, the increased vertical distribution of natural food during El Niño events in the Gaoping waters would be favorable for mesopelagic fish larvae. We do know that climate variation would impact population dynamics of marine organisms indirectly through multi-step processes in food webs under “bottom-up” and “top-down” controls [74,75,76]. In the Strait of Georgia, Canada, DiLorenzo et al. [77] and Mackas et al. [78] have evidenced that variations in the timing of the spring phytoplankton bloom and zooplankton biomass are significantly correlated with the North Pacific Gyre Oscillation index, which indicates fluctuations in the mechanisms driving plankton dynamics in the Northeast Pacific. In the southern East China Sea, Sassa and Tsukamoto [79] proposed that the between-year difference in habitat temperature and food availability would influence the larval growth of Scomber japonicus and S. australasicus. However, in our study, there is no significant difference in zooplankton abundance observed among survey years, but slightly higher zooplankton abundances were recorded during and after El Niño events. In addition, higher zooplankton abundances usually occurred at the inshore stations. Unfortunately, the occurrence of mesopelagic fish larvae did not correlate significantly with chlorophyll a concentration (linear regression, t = −1.552, p = 0.126) and zooplankton abundance (linear regression, t = 1.012, p = 0.316). These results seem to indicate that the variations of the inshore seawater temperature and salinity are more important than the availability and abundance of food resources in determining the distribution and survival of mesopelagic fish larvae, particularly at very early life stages when the yolk is exhausted [14,16]. Nevertheless, the error of an underestimate of zooplankton abundance due to larger mesh size of zooplankton net should be considered.



In conclusion, the results of the present study showed the interannual differences on the abundance and composition in summer mesopelagic fish larvae between El Niño events and regular years in the Gaoping waters. Large-scale climate change in the North Pacific influences the surface current and water features in the TS via oceanic physical processes. In this study, significantly higher seawater temperature, mixed layer depth, and lower salinity in the upper 100 m and higher precipitation were recorded at the end of the strong El Niño events (summer 2016). The strengthening southwesterly monsoon during El Niño events likely enhanced the seawater vertical mixing and warmed the upper ocean temperature indirectly. Although the abundance and composition of mesopelagic fish larvae assemblage were not affected directly by changes in large-scale climatic conditions, the occurrence of mesopelagic fish larvae was related to seawater temperature, salinity, and chlorophyll a concentration. We speculated that despite the abundant food availability and the more mesopelagic fish larvae onto the Gaoping waters transported by the increased inflow of the South China Sea Surface Current during El Niño events, the higher temperature and lower salinity at the inshore upper waters might be unsuitable for mesopelagic fish larvae, possibly resulting in low egg and larval survival. These results have not only expanded our knowledge on the occurrence of summer mesopelagic fish larvae in the Gaoping waters, but has also provided good examples of biotic responses to the large-scale climate change.
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Figure 1. Map of the study area and sampling stations in the Gaoping coastal waters. 
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Figure 2. Time series of the Pacific Decadal Oscillation (PDO), Multivariate ENSO Index (MEI), and precipitation during 2013–2019. Data are based on monthly average for PDO and MEI and monthly accumulation and annual average for rainfall (rainfall data from Central Weather Bureau of the Republic of China). 
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Figure 3. Vertical profiles of temperature and salinity between 0 and 100 m at station 6 during the study period. 
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Figure 4. Species number and mean values (±SD) of abundance, Shannon-Wiener diversity index (H’, loge), and Pielou’s evenness index (J’) of mesopelagic fish larvae in the Gaoping waters off southwestern Taiwan during the study period. 
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Figure 5. Occurrence patterns of the 13 dominant mesopelagic fish larvae in the Gaoping waters off southwestern Taiwan in five summers during 2014–2018. Each bubble is the relative abundance, expressed as a percentage of the total catch. Groups (A, B) were named according to Figure 6. 
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Figure 6. (a) Dendrogram showing the classification of the occurrence patterns of the 13 dominant mesopelagic fish larvae based on the Bray-Curtis similarity of each species taxa. The clusters with dotted lines denote a significant difference in occurrence times among cluster groups (similarity profile (SIMPROF) test, p < 0.05). (b) Ordination plot of comparison of species using non-metric multidimensional scaling (nMDS). 
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Figure 7. Non-metric multidimensional scaling (nMDS) ordination of the station groups based on Bray-Curtis similarity matrix of log(x + 1)-transformed abundance of 13 dominant mesopelagic fish larvae. Significant multiple regressions between ordination scores and environmental parameters are shown, as well as the fraction (%) of variance explained (see Table 3). Regular years: 2014 and 2018; during and after El Niño event: 2015–2017. 
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Figure 8. Distance-based redundancy analysis (dbRDA) ordination for the composition of mesopelagic fish larvae constrained by the PDO and MEI indices. PDO: Pacific Decadal Oscillation Index; MEI: Multivariate El Nino-Southern Oscillation Index. 
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Table 1. Comparisons of precipitation (14 days before sampling) and mixed layer depth, mean values of temperature, salinity, and chlorophyll a concentration (over the 0–100 m water column), and zooplankton abundance at station 6 during the study period.
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	Variable
	Aug. 2014
	Aug. 2015
	Sep. 2016
	Jun. 2017
	Jun./Jul. 2018





	Precipitation (mm)
	902
	548
	1098
	256
	835/410



	Mixed layer depth
	18
	25
	79
	28
	24



	Temperature (°C)
	24.52 ± 2.90
	26.69 ± 1.10
	28.50 ± 0.67
	27.32 ± 1.43
	24.46 ± 3.36



	Salinity
	34.15 ± 0.57
	34.14 ± 0.31
	33.48 ± 0.26
	33.82 ± 0.20
	34.32 ± 0.23



	Chlorophyll a (μg L−1)
	0.20 ± 0.20
	0.14 ± 0.03
	0.26 ± 0.14
	0.17 ± 0.07
	0.37 ± 0.47



	Zooplankton (individuals m−3)
	648
	624
	402
	302
	2037
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Table 2. Mean abundance (individuals 10 m−2) of dominant mesopelagic fish larvae (relative abundance > 1%) in the Gaoping waters off southwestern Taiwan during the study period.
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	Family/Taxon
	Aug. 2014
	Aug. 2015
	Sep. 2016
	Jun. 2017
	Jun./Jul. 2018
	N (Count of Individuals)
	Percentage of the Total Catch (%)





	Gonostomatidae
	
	
	
	
	
	
	



	Cyclothone alba
	6.2
	1.3
	14.9
	15.7
	3.6
	115
	7.2



	C. pseudopallida
	1.8
	0.7
	1.0
	8.9
	–
	40
	2.2



	Cyclothone spp.
	0.4
	3.7
	2.2
	3.2
	0.5
	30
	1.7



	Myctophidae
	
	
	
	
	
	
	



	Benthosema fibulatum
	–
	–
	3.2
	9.1
	–
	14
	2.1



	B. pterotum
	1.7
	60.1
	2.2
	105.5
	9.8
	290
	31.2



	Ceratoscopelus warmingii
	0.8
	0.8
	1.3
	2.4
	0.5
	19
	1.0



	Diaphus richardsoni
	–
	1.2
	–
	17.4
	–
	47
	3.3



	Diaphus slender type
	12.2
	64.5
	1.8
	22.5
	15.4
	287
	19.9



	Diaphus stubby type
	5.4
	16.1
	0.6
	10.9
	0.5
	81
	5.9



	Hygophum proximum
	0.3
	0.5
	0.6
	12.5
	–
	24
	2.4



	Lampanyctus nobilis
	5.1
	0.8
	–
	4.7
	1.7
	29
	2.1



	Myctophum orientale
	0.8
	1.2
	–
	4.3
	0.5
	15
	1.2



	Phosichthyidae
	
	
	
	
	
	
	



	Vinciguerria nimbaria
	8.8
	4.3
	1.3
	6.8
	5.1
	60
	4.4
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Table 3. Multiple regression analysis between environmental parameters (temperature, salinity, and chlorophyll a concentration (over the sampling water column), mixed layer depth, and zooplankton abundance) and nMDS scores for two-axis ordination of sampling stations. X and Y: direction cosines.
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	Variable
	X
	Y
	R2
	F
	P





	Temperature
	0.14
	−0.99
	0.221
	5.947
	0.005 **



	Salinity
	−0.41
	0.91
	0.181
	4.648
	0.015 *



	Mixed layer depth
	0.98
	0.18
	0.125
	3.011
	0.060



	Chlorophyll a
	0.23
	−0.97
	0.158
	3.941
	0.027 *



	Zooplankton
	−0.09
	−0.99
	0.026
	0.563
	0.574







** <0.01, * <0.05.
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Table 4. Percentage of variation in assemblages of summer mesopelagic fish larvae explained by PDO (Pacific Decadal Oscillation Index) and MEI (Multivariate El Nino-Southern Oscillation Index) indices included in the distance-based linear models for sampling times.
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	Variables
	SS (Trace)
	Pseudo-F
	P
	% Variation Explained





	PDOJun.-Sep.
	1337.5
	0.796
	0.702
	2.09



	PDOFeb.-May × lag1

(lag of up to one year)
	1497.6
	0.920
	0.570
	2.34



	PDOOct.-Jan. × lag1
	1591.7
	0.997
	0.549
	2.49



	PDOJun.-Sep. × lag1
	1467.5
	0.896
	0.655
	2.30



	MEIJun.-Sep.
	1398.4
	0.842
	0.591
	2.19



	MEIFeb.-May × lag1
	1454.5
	0.886
	0.551
	2.28



	MEIOct.-Jan. × lag1
	1965.3
	1.336
	0.245
	3.08



	MEIJun.-Sep. × lag1
	2004.9
	1.375
	0.249
	3.14
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  jmse-09-01065


  
    		
      jmse-09-01065
    


  




  





media/file8.jpg
0000000
° ...“...”.

°
o °
. . °

g 20 Ag.2015 | Sep 2016 | dun 2017/ 208

Time






media/file11.png
H. proximum

D. richardsoni

C. pseudopallida

M. orientale A

C. warmingii

Cyclothone spp.

B. fibulatum

I D. slender type

B. pterotum

C. alba

_| V. nimbaria

D. stubby type

) . . - - - L. nobilis
0 20 40 60 80 100
Bray-Curtis similarity (%)

Similarity 2D Stress: 0.18
el B |

. pseudopallida
Cyclothone spp.

Y C. warmingii

B. fibulatum
El

L. nobilis

D. stubb¥ type D. :ChaMSoni

H. proximum
L

M. orientale
.






media/file6.jpg
Jequnu sepeds () x0pu1 $50ULBAG $ N0
8 2 2 8 8 2 2 3 g
i i
i il
0+ 3
8 H g °8 W & W 3 3

g

(2w 01 "pui) eouepUNGY

(H) ¥opur Kysionp Jouoim-uouUEyS.

Aug 2014 Aug.2015 Sep. 2016 Jun 2017 Junldu 2018

Time





media/file1.png
Latitude (M)

Transect KH 12
=2 2o )
Transact GR
Transect F§ 13
-22°00 ﬁ Kuroshio Branch Current
South China Sea Surface Cumrent
120°00 120720 120740

Longitude (E)






media/file13.png
A Aug. 2014 . . |
0 Sep. 2016 1A4
& Jun. 2017 . y
® Jun./Jul. 2018 10
- v 5' 10 g
13 ¥ ,
A ;3 14 Mixed layer depth
12.5%
v .
Y 0
Sv 9
o
A\ 2
1 4' \
¢

2 Zooplankton (2.6%)
0 9
Temperature (22 *

Chlorophyll a (15.8%)






media/file10.jpg
H.proximum

D, rchardsont
. poudopatida
Moo | A

. wamingi
Cycothono spp.

8. foutaum
0. sinder e
8 plorotum
™

V. nimbara
. subby tpo.

20 Swoss.0.18






media/file7.png
(z.w 0| "pui) 8dUBPUNQY

(H) xepui AjisioAIp JousIpz-UOULRYS

Jlequinu sewads (.r) xepui sssuusae s nojeld
8 2 S 8 R i - q =
i —
: i
0t y
o < R o o © - @ o © =

Aug. 2014 Aug. 2015 Sep. 2016 Jun. 2017 JunjJul. 2018

Time





media/file12.jpg
A Aug. 2014 2D Stress: 0.19

v Aug. 2015
 Sep. 2016 o
* Jun. 2017 .

® JunJoul. 2018

2
. *
2 Zooplankton (26%)

Tomperature (221%)

Chlorophyll a (15.8%)






media/file9.png
H. proximum
D. nchardsoni

C. pseudopallida -

M. orientale
C. warmingii
Cyclothone spp.
B. fibulatum

D. slender type
B. pteroturmn

C. alba

V. nimbaria
D. stubby type

L. nobilis

-4

°

+
O

o
(@)

o

+

o ‘.0.*"““

Aug. 2014

Aug. 2015  Sep. 2016
Time

L

Jun. 2017  Jun./Jul. 2018






media/file14.jpg
dbRDA2 (30.8% of fitted, 8.8% of total variation)

a5
=)
1

204
0o+ PDOjun-sep 20115
ME]octan lag1
MEIb.50p lag1 PDO sun.sop\lagt n lag1
Elfeb-may lag1
20+ PDOret sy lag1
2016
-
40 - i i i
-40 20 0 20 40

dbRDA1 (42.9% of fitted, 12.2% of total variation)





media/file5.png
Depth (m)

Salinity

Temperature (°C)

18 29 2? 2.4 2.6 30 3230 31 32
— AUG. 2014 Yl —
................... Aug. 2015 &

------ Sep. 2016 S
— e JUN. 2017 : \
20| — — — Juniul. 2018 1) .
Ai
L
40 0 o
{ I
I
|
I
60+ : '
/
/
j
80+ 7 R
St. 6 St. 6
100






media/file15.png
H
T

dbRDAZ2 (30.8% of fitted, 8.8% of total variation)

-40-

1 1 | |
|

A
o
'
N
o
=
N
(=
BN
o

dbRDA1 (42.9% of fitted, 12.2% of total variation)





media/file3.png
PDO/MEI

PDO
e ME
. Rainfall
— & — Annual
average

ol

2d ': | ) | | & | | | - 300
==t =~ AN S~

2013 2014 2015 2016 2017 2018 2019
Year

Precipitation (mm)





media/file4.jpg
Tomparature (°C)






media/file0.jpg
Latitude (N)

Longitude (E)





media/file2.jpg
PDO/MEI

= P00
— Ml

1800

Precipitation (mm)





