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To evaluate the importance of the northern Satsunan area in southern Japan as a spawning and nursery ground for chub mackerel (Scomber japonicus), we investigated the early life history characteristics (e.g., larval distribution, feeding habits, and growth) of S. japonicus over five successive years. This area is considered the main habitat and spawning ground of the congeneric species, S. australasicus. Using polymerase chain reaction-restriction fragment length polymorphism analysis, we first confirmed that S. japonicus larvae were abundant in the northern Satsunan area, potentially representing a major spawning and nursery ground in the Japanese Pacific coastal area. The number of recorded larvae started to increase in 2016, corresponding to the population dynamics of the Pacific stock of the species, which has shown increasing trends in recent years. Morphological and DNA metabarcoding analyses of gut contents and stable isotope analysis showed that, in addition to copepods, the larvae fed substantially on appendicularians. The trophic pathway involving appendicularians might support the feeding habits of S. japonicus, promoting its coexistence with other dominant species. Both the instantaneous growth rate and daily specific growth rate were comparable to those in the southern East China Sea, which is the main spawning and nursery ground of the species. Our data strongly suggest that the northern Satsunan area has favorable conditions for sustaining high larval population densities, even during phases with high population numbers. Our results provide insights for the fisheries management for S. japonicus in the Japanese Pacific coastal area, especially during high-stock periods.

Keywords: larval ecology, nursery ground, DNA metabarcoding, stable isotope analysis, tunicate food chain, otolith microstructure, population dynamics


INTRODUCTION

In fish population dynamics, it is essential to ensure successful feeding for the survival of fish larvae (Hirai et al., 2017). At the critical larval stage, fish that have completed yolk absorption start exogenous feeding. Both the quality and quantity of prey are important for the growth of fish (Hjort, 1914). Therefore, the characterization of trophic ecology is essential for understanding the recruitment dynamics of fish (Hirai et al., 2017; Kume et al., 2021). The growth rate of fish is determined by multiple environmental factors, such as water temperature and prey availability (Heath, 1992; Takasuka et al., 2016), along with the key factors regulating the survival potential during the early life stages and the recruitment success of the fish (Shoji et al., 2005; Robert et al., 2007; Kamimura et al., 2015; Takasuka et al., 2016).

The chub mackerel, Scomber japonicus, is one of the most important commercial fishes for the countries adjacent to the East China Sea (Sassa and Tsukamoto, 2010). In Japan, both S. japonicus and the spotted mackerel, S. australasicus, have been managed as a single unit under a total allowable catch system (Yukami et al., 2009). Scomber japonicus is considered as two separate stocks, comprising the Pacific stock and the Tsushima Current stock (Yukami et al., 2009). The population dynamics of S. japonicus respond to climate change in the long term, similar to those of other small pelagic fishes, such as the Japanese sardine (Sardinops melanostictus), Japanese anchovy (Engraulis japonicus), and Pacific saury (Cololabis saira) (Yatsu, 2019). The annual stock size of the Pacific stock of S. japonicus were approximately 3,000–5,000 thousand tons during the 1970s but declined to 153 thousand tons in 2001, which have since increased, reaching 6,808 thousand tons in 2019 (Supplementary Figure 1; Japan Fisheries Research Agency [FRA], 2020b). The population of the Pacific stock of S. japonicus has shown an increasing trend in recent years.

The northern Satsunan area is located south of Kagoshima Prefecture on Kyushu Island, southern Japan (Figure 1). The northern Satsunan area is considerably affected by the meandering and meso-scale eddies of the Kuroshio Current in the East China Sea (Nakamura et al., 2003, 2015). Even under these variable environmental conditions, commercial pelagic fish species, such as E. japonicus and T. japonicus, utilize the area as a major spawning ground on the Pacific coast of Japan (Hattori, 1964). The northern Satsunan was the main spawning ground of S. melanostictus during a high-stock period (Kuroda, 2007). A substantial number of larvae and juveniles that hatch in this area are assumed to be recruited to the Pacific coast via the Kuroshio Current (Hattori, 1964; Konishi, 1983; Miyaji, 1989). The northern Satsunan area functions as a spawning and nursery ground for the Pacific stocks of these pelagic fish species (Hattori, 1964).
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FIGURE 1. The location of the northern Satsunan area, southern Japan (left), and a close up of the sampling stations in the mouth of Kagoshima Bay and the Osumi Strait (right). Closed and open circles indicate stations in the mouth of Kagoshima Bay (KB1–KB6) and in the Osumi Strait (OS1–9), respectively.


Extensive spawning grounds of both S. japonicus and S. australasicus are found in the southern East China Sea, and a substantial number of larvae reach the Pacific Ocean off the coast of southern Japan via the Kuroshio Current (Sassa and Tsukamoto, 2010). In the northern Satsunan area, both S. japonicus and S. australasicus are caught throughout the year. This area is considered the main habitat and spawning ground for S. australasicus, as catches contain mainly this species (Tanoue, 1956; Fukumoto, 2018). Catches of the Pacific S. australasicus stock have tended to decrease (Japan Fisheries Research Agency [FRA], 2020a), while catches of the Pacific S. japonicus stock have been increasing in recent years with the highest catch (over 2,000 tons) being recorded in the northern Satsunan area in March 2017 during their main spawning season (Fukumoto, 2018). The northern Satsunan area can currently be utilized as an important spawning ground for S. japonicus, rather than for S. australasicus. In addition to the population in the southern East China Sea, the population in the northern Satsunan area might contribute to the Pacific stock as an important source population. However, no studies on the early life history of S. japonicus in the northern Satsunan area have been conducted.

In the present study, we conducted field surveys over five successive years to examine the early life history (including larval distribution, feeding habits, and growth) of S. japonicus in the northern Satsunan area to evaluate the importance of this area as a spawning and nursery ground for S. japonicus. Larval S. japonicus specimens were identified using polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis of mitochondrial DNA, and their distribution pattern was confirmed. We evaluated larval feeding habits using morphological and DNA metabarcoding analyses of their gut contents and examined the trophic relationships between the larvae and their prey based on stable isotope analysis. The growth of S. japonicus larvae was estimated based on otolith increments and compared with that in the southern East China Sea. Our results are expected to provide insights for the appropriate fisheries management of S. japonicus in the Japanese Pacific coastal area during high-stock periods.



MATERIALS AND METHODS


Field Surveys

Field surveys were conducted in the northern Satsunan area onboard the T/S Nansei-maru (Faculty of Fisheries, Kagoshima University) on February 17–March 6, 2015, May 28–30, 2015, March 22–April 5, 2016, April 4–5, 2017, March 24–29, 2018, and March 25–April 2, 2019. This covered the main spawning season for S. japonicus and S. australasicus (Figure 1; Japan Fisheries Research Agency [FRA], 2020b). Field surveys were conducted twice only in 2015. All surveys were conducted during the daytime. Fish specimens were collected from 11 fixed stations: six in the mouth of Kagoshima Bay (KB1–KB6) and five in the Osumi Strait (OS1–OS5). Since 2018, four more stations (OS6–OS9) were added to the Osumi Strait. We could not perform surveys at all stations throughout the five years due to arduous ocean conditions. In the study area, water depth ranged from 82–269 m.

An Ocean Research Institute (ORI) net (diameter: 160 cm; mesh size: 335 μm) was used to sample the fish larvae at each station. The ORI net was obliquely towed from the bottom (approximately 10 m above the sea floor) to the surface of the ocean at approximately 2 knots. The towing layers were estimated based on the length and slope angle of the towrope. A flow meter was attached to the ORI net to record the volume of filtered water. Fish samples were fixed in 5.0% buffered formalin and preserved in 70.0% ethanol in 2015 and 2016. Fish samples were preserved in 99.5% ethanol in 2017, 2018, and 2019.

At each station, water temperature and salinity were recorded from the surface to the near bottom using a conductivity temperature depth profiler (CTD) system (SBE 911plus, Sea-Bird Scientific). Complementary surveys were conducted at KB2, KB5, and OS1 from April 2, 2021 to April 6, 2021 to collect fish samples for stable isotope analysis (Supplementary Table 1). All samples were frozen at −20°C immediately after collection for subsequent analysis.



Environmental Conditions

Water temperature and salinity were recorded as physical factors at the time of capture, as they potentially affect larval distribution and growth rate. Sassa and Tsukamoto (2010) reported that Scomber spp. larvae are concentrated in the upper 30-m layer, with peak densities at a depth of ∼20 m in the southern East China Sea. Accordingly, the water temperature and salinity values recorded at 20 m depth at each station were used for the analysis. The chlorophyll a concentration and abundance of prey were considered proxies for food availability at around the time of capture. Water samples were collected using a carousel multi-sampler system (Sea-Bird Scientific) with an attached CTD from a depth of 20 m. For size-fractionated chlorophyll a, 200–1000 mL samples were filtered through nylon mesh (11 μm, Millipore) and glass microfiber filters [GM/F (2 μm) and GF/F (0.7 μm), Whatman]. Chlorophyll a was immediately extracted in N, N-dimethylformamide in the dark, and stored at −20°C for 24 h (Suzuki and Ishimaru, 1990). The chlorophyll a concentration was measured with a fluorometer (model TD700 or 10AU, Turner Designs) using a non-acidification fluorometric method (Welschmeyer, 1994).



Larval Distribution

Morphologically identified Scomber spp. larvae (n = 4,612) were isolated from samples collected from 2015 to 2019. The densities of the Scomber spp. larvae (individuals per 1,000 m–3) were calculated for each station.

The larval stages were recorded (preflexion, flexion, and postflexion) and the body length (BL; notochord length for preflexion and flexion larvae, and standard length for postflexion larvae) of each specimen was measured to the nearest 0.1 mm, using image analysis software (NIS-Elements D 3.1, Nikon Corporation) and a binocular stereomicroscope (Nikon SMZ1500, Nikon Corporation). For specimens collected in 2018 and 2019, when the sample size was much larger than that from the previous three years, the BLs of a maximum of 100 specimens were measured at each station. The BL composition of Scomber spp. larvae was summarized for each study period (February 17–March 6, 2015, May 28–30, 2015, March 22–April 5, 2016, April 4–5, 2017, March 24–29, 2018, and March 25–April 2, 2019).



Species Identification Using Polymerase Chain Reaction-Restriction Fragment Length Polymorphism Analysis

Morphologically identified Scomber spp. larvae were randomly chosen from fish samples preserved in 99.5% ethanol in 2017, 2018, and 2019. Genomic DNA was extracted from muscle tissue following a standard approach. The muscle samples were incubated in 1.5-mL tubes containing 90 μL 50 mM NaOH, heated at 95°C for 5 − 10 min, and buffered with 10 μL 1 M Tris-HCl (pH 8.0). After centrifugation at 13,000 × g for 10 min, the supernatant was collected. DNA fragments harboring the mitochondrial cytochrome b gene were amplified using PCR with the primer pair SACB-7L (5′-AGT CCC ATA CGT CGG TAC TA-3′) and SACB-8H (5′-CAT TCA GGC TTA ATA TGA GG-3′) (Sezaki et al., 2001). The reaction mixtures were preheated at 94°C for 2 min, followed by 35 cycles of amplification (denaturation at 98°C for 10 s, annealing at 56°C for 30 s, and extension at 68°C for 30 s). The amplified products were purified using the FastGene Gel/PCR extraction kit (Nippon Genetics Co., Ltd.).

The full-length cytochrome b gene (consisting of 1,140 nucleotides in both S. japonicus and S. australasicus) harbors 16 species-specific variations (Sezaki et al., 2001). To distinguish the cytochrome b genes of the two fish species, RFLP analysis was performed using two restriction enzymes. MvaI is specific for the cytochrome b gene of S. japonicus and MboI is specific for that of S. australasicus, with both enzymes producing two fragments (568 and 572 bp, and 753 and 387 bp in S. japonicus and S. australasicus, respectively; Sezaki et al., 2001). In this study, 5 μL amplified products were digested with MvaI and MboI for 2 h. The digested samples were electrophoresed on 1.0% agarose gel. The DNA bands were visualized after ethidium bromide staining and were then photographed. The larvae were identified as S. japonicus or S. australasicus using the PCR-RFLP method. The composition of each species was compared annually between the mouth of Kagoshima Bay and the Osumi Strait.



Morphological Analysis of Larval Gut Contents

Larvae were randomly chosen from the specimens preserved in 99.5% ethanol in 2018 that were identified as S. japonicus by the PCR-RFLP. The larvae (n = 139) were mounted on microscope slides, and their gut contents were extracted using a fine needle. Subsequently, the gut contents were covered with a glycerin drop. The prey were identified morphologically and counted under a binocular stereomicroscope.

Feeding intensity (FI%) was defined as the proportion of larvae with prey in their guts (Kume et al., 2015a, b). This index is considered a measure of feeding success. Diet composition was estimated using the percentage of each item to the total number of prey items examined (%N) and the percentage frequency of occurrence of each prey item (%F) in all the specimens with gut contents (Kume et al., 2015a, b).



DNA Metabarcoding Analysis for Larval Gut Contents

Larvae were randomly chosen from the specimens preserved in 99.5% ethanol in 2019 that were identified as S. japonicus by the PCR-RFLP. In total, 68 S. japonicus larvae were used for metabarcoding analysis. After washing the fish larvae with filtered seawater (0.2 μm pore-sized cartridge filter; Advantec), their whole guts were extracted and used for analysis. Genomic DNA was extracted in a 1.5-mL tube containing 30 μL 5% Chelex buffer (Bio-Rad). The samples were homogenized with a pellet pestle and heated at 95°C for 20 min, following the method of Nagai et al. (2012). After centrifuging at 12,000 rpm for 1 min, the DNA concentration in the supernatant was measured using a QubitTM assay kit (Thermo Fisher Scientific). A library for high-throughput sequencing was prepared following Hirai et al. (2017), with slight modifications. The 18S rRNA V9 region (approximately 130 bp) was amplified using the eukaryotic universal primers 1389F (5′-TTGTACACACCGCCC-3′) and 1510R (5′-CCTTCYGCAGGTTCACCTAC-3′; Amaral-Zettler et al., 2009). All PCR amplifications were performed using KOD Plus version 2 (Toyobo) in 15-μL reaction mixtures containing 7 μL distilled water, 1.5 μL 10 × buffer, 1.5 μL dNTPs (2 mM), 0.9 μL MgSO4 (25 mM), 0.9 μL of each primer (5 μM), 0.3 μL KOD Plus polymerase, and 2 μL template DNA. The first PCR included denaturation at 94°C for 2 min, followed by 25 cycles of 10 s denaturation at 98°C, 30 s annealing at 56°C, and 1 min extension at 68°C, with a final extension at 68°C for 7 min. Adaptor and dual-index sequences were attached during the second and third PCRs (see Hirai et al., 2017 for primer pair sequences). The products of the first and second PCRs were used as templates for the second and third PCRs, respectively. Eight cycles were performed for both the second and third PCRs, with an annealing temperature of 50°C for the second PCR and 59°C for the third PCR. The final PCR products were purified using a QIAquick PCR purification kit (Qiagen), and the concentration of the purified PCR product was measured with a QubitTM assay kit. The quality of the final PCR product was confirmed using an Agilent DNA High Sensitivity kit on a Bioanalyzer (Agilent). High-throughput sequencing was performed using a MiSeq reagent kit v2 on an Illumina MiSeq to obtain 2 × 250 bp paired-end sequence reads.

The raw sequence reads were quality-filtered using Trimmomatic (Bolger et al., 2014) and the paired-end sequences were merged and further quality-filtered in MOTHUR version 1.39.5 (Schloss et al., 2009), according to Hirai et al. (2017). After sequence alignment against the SILVA 119 database (Quast et al., 2013), single-linkage pre-clustering (Huse et al., 2010), and chimera removal using UCHIME (Edgar et al., 2011) in MOTHUR, taxonomic classification was performed based on the V9_PR2 reference database (de Vargas et al., 2015), using a naïve Bayesian classifier (Wang et al., 2007) with a threshold greater than 70%. As the present study focused on eukaryotic organisms, only sequences classified as “Eukaryota” were selected. The taxonomic groups “Craniata” (which includes vertebrates) and “Fungus” were excluded to avoid sequence reads from the host or fungal contaminants. In addition, the taxonomic groups “Alveolata,” “Stramenopiles,” “Euglenozoa,” and “Glycyphagidae” were excluded to avoid amplifying the gut contents of predatory zooplankton (secondary predation) and possible experimental contamination. The final quality-filtered sequences were classified into operational taxonomic units (OTUs). The 99% similarity threshold was used for high taxonomic resolution based on the average neighbor algorithm. As the present study focused on dominant taxonomic groups, rare OTUs with less than 0.01% of the total sequence reads were removed to avoid the erroneous inflation of OTUs.

The proportion of eukaryotic reads was calculated. The proportions of sequence reads were examined within the Metazoan taxonomic groups. Ten dominant OTUs were selected and investigated at the class, family, or genus level, based on a BLAST search against the NCBI database. Diet composition was estimated by calculating the proportion of each OTU in each sample (%N) and the proportion of samples containing each OTU (%F).



Stable Isotope Analysis

Frozen samples collected in 2021 were thawed in filtered seawater, and Scomber spp. were collected. The specimens for stable isotope analysis were chosen randomly. The larval stages were recorded and BL of the specimens measured to the nearest 0.1 mm, using image analysis software (NIS-Elements D 3.1, Nikon Corporation) with a binocular stereomicroscope (Nikon SMZ1500, Nikon Corporation). All specimens were treated as Scomber spp. for the analysis, as they could not be identified genetically. Four or five specimens of preflexion larvae were pooled to fulfill the detection limit for analysis (n = 4) (Supplementary Table 1). Flexion and postflexion larvae were analyzed individually (n = 9) (Supplementary Table 1). The specimens were rinsed with filtered seawater and dried at 60°C for at least 24 h on a nylon mesh (mesh opening: 0.1 mm). Owing to the low δ13C values for lipid fractions (DeNiro and Epstein, 1977; Monson and Hayes, 1982), lipids were extracted and removed from the samples using a 2:1 chloroform-methanol solution (v/v) and a centrifugal separator (8,000 rpm, 10 min) prior to isotopic analysis.

Stable isotope ratios of carbon (δ13C) and nitrogen (δ15N) were estimated for the lipid-free samples using an elemental analyzer/isotope ratio mass spectrometer (Thermo Fisher Scientific FLASH 2000, ConFloIV, DELTA V Advantage). The samples were transferred to pre-cleaned tin capsules and inserted in the mass spectrometer. Isotope values are shown in international relative standard δ-notation:

[image: image]

where, R is the isotopic ratio of 13C to 12C or 15N to 14N in the lipid-free fish sample (RZP) and standard (RSD). Samples were referenced to the Vienna-PeeDee Belemnite limestone standard for carbon and atmospheric nitrogen (AIR) standard for nitrogen. International and/or in-house standard materials (alanine, glycine, and histidine) were measured alongside the samples to calibrate the isotope data (Sato and Suzuki, 2010). The analytical errors associated with the standard materials were less than ± 0.2 for both carbon and nitrogen.

Based on the δ13C and δ15N values of the dominant pelagic and mesopelagic fish larvae (pelagic: Engraulis japonicus, Scomber spp., and Trachurus japonicus; mesopelagic: Sigmops gracilis and Myctophum asperum) during winter-spring in the northern Satsunan area and their prey (Ostracoda, Calanoida, Oithonidae, Harpacticoida, Oncaeidae, and Appendicularia), the trophic links between the fish larvae and their prey were estimated. The data, except for those of the Scomber spp. larvae, were obtained from Kume et al. (2021).



Larval Otolith Analysis

The larvae were randomly chosen from the specimens preserved in 99.5% ethanol in 2018 and 2019 that were identified as S. japonicus by the PCR-RFLP. The sagittal otoliths were dissected from larvae (n = 227) and embedded on a glass slide with enamel resin using a binocular stereomicroscope. The total number of otolith increments was counted using image analysis software (NIS-Elements D 3.2, Nikon Corporation) under a binocular light microscope (Nikon ECLIPSE 50i, Nikon Corporation). In the analysis, the first increment was defined as the hatch check, and the total number of increments on the outside of the hatch check were used to elucidate age, following Sassa and Tsukamoto (2010).

The instantaneous growth rate (G) and relative growth rate (K) were estimated and compared with those in the southern East China Sea, based on Sassa and Tsukamoto (2010), as follows (Yamashita and Bailey, 1989; Mendiola et al., 2009):
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and
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where L0 is the initial BL (mm) and Lt is the BL at time t (d). Daily specific growth rate (%) was defined as K × 100 (Mendiola et al., 2009).



Statistical Analyses

The environmental parameters (water temperature, salinity, and Chlorophyll a concentrations) and the mean density of larvae were compared between the mouth of Kagoshima Bay (KB 1–6) and the Osumi Strait (OS 1–9) across the five years to analyze the larval distribution pattern. The data were statistically compared using the Mann-Whitney U test because they were not normally distributed, and the sample size was small. In addition, statistical relationships between the larval density and water temperature, salinity, and chlorophyll a concentration were examined using linear regression.

The diet composition was compared with the larval size to test the existence of an ontogenetic dietary shift. The isotopic values (δ13C and δ15N) were compared with the taxonomic groups of the fish and their prey to estimate their trophic relationships. The data were statistically compared using the Kruskal-Wallis test and Dunn’s test because they were not normally distributed, and the sample size was small.

The difference in G between 2018 and 2019 was evaluated, and G was statistically compared between the two years using analysis of covariance (ANCOVA), performed for linearized exponential models.

All statistical analyses were performed using IBM SPSS version 26 (IBM Corp., Tokyo, Japan).




RESULTS


Environmental Conditions

The environmental parameters tended to differ between the mouth of Kagoshima Bay and the Osumi Strait (Figure 2 and Table 1). The mean water temperature and salinity were higher in the Osumi Strait compared to that in the mouth of Kagoshima Bay. Chlorophyll a concentrations were higher in the mouth of Kagoshima Bay compared to that in the Osumi Strait, across all years.
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FIGURE 2. Mean water temperature (A), salinity (B), and chlorophyll a concentration (C) in the mouth of Kagoshima Bay and the Osumi Strait. Black and white bars indicate the mouth of Kagoshima Bay and the Osumi Strait, respectively. Bars indicate standard deviation. The asterisks ∗ and ∗∗ indicate significant levels of P < 0.05 and P < 0.01.



TABLE 1. Statistical comparison of between the physical and biological environmental parameters in the mouth of Kagoshima Bay and the Osumi Strait by Mann-Whitney U test.
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Larval Distribution and Species Composition

We could only detect Scomber spp. larvae at KB3 in 2015 (Figure 3). The mean density of larvae started to increase in 2016 (10.8 individuals per 1,000 m–3 in the mouth of Kagoshima Bay and 3.3 individuals per 1,000 m–3 in the Osumi Strait). The mean density of larvae reached 724.0 and 159.4 individuals per 1,000 m–3 in the mouth of Kagoshima Bay and 343.2 and 8.9 per 1,000 m–3 in the Osumi Strait in 2018 and 2019, respectively (Figure 3). The mean density of larvae did not differ significantly between the two areas across the five years but tended to be higher in the mouth of the Kagoshima Bay than in the Osumi Strait. A significant negative relationship between larval density and chlorophyll a concentration was detected using linear regression analysis (r2 = 0.065, P < 0.05, n = 69).


[image: image]

FIGURE 3. Larval density distribution (per 1,000 m–3) of Scomber spp. in the northern Satsunan area from 2015 to 2019.


The BL composition of the larvae was measured for each study period and ranged from 2.3–9.7 mm over the course of the study period (Figure 4). The difference between the size of the larvae in the mouth of Kagoshima Bay and the Osumi Strait differed among the years as follows. The size of the larvae was not significantly different when comparing the larvae found in the mouth of Kagoshima Bay and those in the Osumi Strait in 2016 and 2019 (Mann-Whitney U test, P = 0.790 and 0.109 for 2016 and 2019, respectively). They were significantly larger in the Osumi Strait in 2017 and in the mouth of Kagoshima Bay in 2018 (Mann-Whitney U test, P < 0.005 and P < 0.001 for 2017 and 2018, respectively).
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FIGURE 4. Body length compositions of Scomber spp. larvae from 2015 to 2019.


Of the 305 Scomber spp. specimens collected from 2017 to 2019, S. japonicus larvae were dominant (S. japonicus: n = 273, S. australasicus: n = 32) (Figure 5). The percentages of S. japonicus and S. australasicus were 96.8% and 3.2% in the mouth of the Kagoshima Bay and 87.7% and 12.3% in the Osumi Strait.
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FIGURE 5. Composition of Scomber japonicus (black) and S. australasicus (white) larvae in the mouth of Kagoshima Bay and the Osumi Strait from 2017 to 2019, identified using PCR-RFLP. KB and OS indicate the mouth of Kagoshima Bay and the Osumi Strait, respectively. Numbers indicate sample size.




Larval Feeding Habits

Based on the morphological analysis of larval gut contents, feeding intensity (FI%) was similarly low in both areas (mouth of Kagoshima Bay: 36.6%, Osumi Strait: 40.4%) and throughout the larval size range (Table 2). Copepods (calanoid and poecilostomatoid), copepod nauplii, cladocerans, ostracods, and appendicularians were observed in the larval guts (Table 3). For appendicularians, only tails were observed in the gut. Diet composition did not differ among areas, and calanoid copepods were the most abundant taxon in both areas, based on%N and%F. Ontogenetic variation in diet was observed (Figure 6). Only large individuals (≥6.0 mm) fed on appendicularians (25.0% for%N).


TABLE 2. Ontogenetic variation in feeding intensity (FI) of Scomber japonicus larvae.
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TABLE 3. Percentage number (%N) and percentage frequency of occurrence (%F) of prey items in diet of Scomber japonicus larvae based on morphological analysis.
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FIGURE 6. Ontogenetic variations in mean percentage number of prey in the diet of Scomber japonicus larvae, based on both morphological (top) and DNA metabarcoding (bottom) analyses. Numbers indicate sample size.


For metabarcoding analysis, the sequencing reads of prey items were detected in the guts of all larvae. The total number of sequencing reads of prey items in the diet of the larvae used for DNA metabarcoding analysis ranged from 3 to 19,400 (mean ± SD: 1,560 ± 3,631).

Copepoda, Amphipoda, Appendicularia, Bivalvia, Doliolida, Gastropoda, Hydrozoa, Ostracoda, Polychaeta, and Tentaculata were detected (Table 4). Copepods and appendicularians (Oikopleuridae) were abundant in both areas. A variety of copepod taxa was found, including 11 calanoid copepods (Acartiidae, Aetideidae, Calanidae, Calocalanidae, Clausocalanidae, Eucalanidae, Euchaetidae, Metridinidae, Paracalanidae, Ryocalanidae, and Scolecitrichidae), 1 cyclopoid copepod (Oithonidae) and 2 poecilostomatoid copepods (Oncaeidae and Sapphirinidae). Diet composition did not differ among the sites based on%N and%F (Table 4). Appendicularians were more abundant in the metabarcoding analysis (%N: 24.9–32.5%,%F: 42.3–54.8%) than in the morphological analysis (%N: 1.7%,%F: 3.3%) (Table 4). Ontogenetic variation in diet was observed (Figure 6). Large individuals (≥6.0 mm) tended to feed on appendicularians more frequently (45.4% for%N), although this difference was not significant among size ranges (Kruskal-Wallis test, P = 0.263).


TABLE 4. Taxonomic percentages of sequence reads (%N and%F) in gut contents of Scomber japonicus larvae.
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Stable Isotope Analysis

The δ13C and δ15N values of the fish larvae ranged from -20.5 for M. asperum to -18.9 for T. japonicus, and from 5.4 for M. asperum to 7.5 for E. japonicus (Figure 7). Both the δ13C and δ15N values differed significantly among fish groups (Kruskal-Wallis test, P < 0.001 for δ13C, P < 0.005 for δ15N). The stable isotope values of the Scomber spp. larvae differed significantly from those of M. asperum (Dunn’s test: δ13C = 0.061, δ15N: P < 0.05) and T. japonicus (Dunn’s test: δ13C: P < 0.005, δ15N: P = 0.642). Meanwhile, the stable isotope values of the Scomber spp. larvae did not differ from those of S. gracilis (Dunn’s test: δ13C = 0.819, δ15N: P = 0.991) or E. japonicus (Dunn’s test: δ13C = 0.694, δ15N: P = 0.051).


[image: image]

FIGURE 7. Mean values of carbon (δ13 C/‰ ± SD) and nitrogen (δ15 N/‰ ± SD) stable isotopes of the six fish larvae (filled markers) and their main prey (open markers). The values refer to sample size. Ap, Appendicularia; Ca, Calanoida; En, Engraulis japonicus; Ha, Harpacticoida; My, Myctophum asperum; Oi, Oithonidae; On, Oncaeidae; Os, Ostracoda; Sc, Scomber spp.; Si, Sigmops gracilis; Tra, Trachurus japonicus. The data, except that for the Scomber spp. larvae, are from Kume et al. (2021).


Both the δ13C and δ15N values of the prey differed significantly among prey species (Kruskal-Wallis test, P < 0.001 for δ13C and δ15N) (Figure 7). Appendicularians (−22.9) and harpacticoid copepods (1.4) had the lowest δ13C and δ15N values, respectively. Ostracods (−20.1) and Oithonidae copepods (5.8) had the highest δ13C and δ15N values, respectively.



Larval Growth

The otoliths of 202 larvae were readable. An exponential model fitted the BL and age data of both species better than a linear model (Figure 8 and Table 5). L0 was estimated to be 3.03 mm in 2018 and 3.00 mm in 2019, following the exponential model fitted to the BL and age data (Figure 8 and Table 5). G in 2019 was slightly higher than that in 2018, although this difference was not significant (ANCOVA, P = 0.256) (Table 5). K was slightly higher in 2019 (8.1% BL d–1) than that in 2018 (7.5% BL d–1) (Table 5).


[image: image]

FIGURE 8. Growth of Scomber japonicus larvae in the northern Satsunan area in 2018 and 2019, based on daily increments in sagittal otoliths. The regression equations and growth coefficients are shown in Table 3.



TABLE 5. Parameters of the Lt = L0.eG.t growth equation of Scomber japonicus larvae in the northern Satsunan area in 2018 and 2019.
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DISCUSSION


Environmental Conditions

Physical conditions differed between the mouth of Kagoshima Bay and the Osumi Strait. Water temperature and salinity were higher in the Osumi Strait than in the mouth of Kagoshima Bay. This is because the Osumi Strait is more strongly affected by the Kuroshio Current, which is warm and salty (Kobari et al., 2020). Chlorophyll a concentrations were higher in the mouth of Kagoshima Bay than in the Osumi Strait across all years. Upwellings are frequently observed in the mouth of Kagoshima Bay in winter and spring, and the nutrients they supply promote phytoplankton blooms (Kobari et al., 2020; Komorita et al., 2021), although the detailed characteristics of these upwellings, such as the areas of maximum upwelling in the bay, seasonal occurrence frequencies, and annual intensities, remain unknown. The mean larval density tended to be higher in the mouth of the Kagoshima Bay than in the Osumi Strait, suggesting that the increased lower-trophic productivity following upwellings could result in favorable conditions for S. japonicus larvae (e.g., prey abundance and availability).



Larval Distribution

The spawning grounds of S. japonicus and S. australasicus are widely distributed along the Pacific coast of Japan (Hattori, 1964). Based on the distribution patterns of spawning individuals, the northern Satsunan area is mainly considered the annual spawning ground of S. australasicus (Tanoue, 1956). However, this accepted assumption has not been verified quantitatively as the eggs and larvae of S. japonicus and S. australasicus cannot be easily distinguished based on their morphological features. In the present study, using a genetic approach, we confirmed that the larvae of S. japonicus are more abundant than those of S. australasicus in the northern Satsunan area. The population of the Pacific S. japonicus stock has shown increasing trends in recent years. This study strongly suggests that the northern Satsunan area is one of the important spawning grounds in the Japanese Pacific coastal area for S. japonicus during high-stock periods.

Scomber australasicus larvae were more abundant in the Osumi Strait than that in the mouth of Kagoshima Bay. In the southern East China Sea, S. japonicus and S. australasicus larvae were abundant at 15 − 22°C and 20 − 23°C, respectively (Sassa and Tsukamoto, 2010). S. australasicus was distributed in more southern areas than S. japonicus, with a higher and narrower habitat temperature range, despite some spatial overlap. Mature S. australasicus was observed in areas with high water temperatures in the East China Sea compared with mature S. japonicus (Yukami et al., 2009). This could allow for the differences in the choice of larval habitat. Therefore, mature S. australasicus would be more abundant in the Osumi Strait, which could also be their main spawning ground as the water temperature in Osumi Strait is higher than that in the mouth of Kagoshima Bay.



Larval Feeding Habits

Morphological analysis revealed geographic variation in the FI of Scomber spp. The S. japonicus larvae along the Pacific coast of Boso-Kashimanada had low FI values throughout the larval and juvenile stages (Taga et al., 2019), which were similar to those observed in the present study (≤44.7%). Furthermore, the FI of Scomber spp. (S. japonicus and S. australasicus) was generally higher and tended to decrease with ontogeny, i.e., decreasing from 96.2% at <4 mm BL to 78.9% in the largest size class (8–10 mm BL), in the East China Sea (Sassa et al., 2008).

Previous studies showed that Scomber spp. mainly feed on mesozooplankton, including crustacean eggs, cladocerans, copepod nauplii, Calanoida, Cyclopoioda, Poechilostomatoida, appendicularians, and fish larvae; however, diet composition also varies among areas (Ozawa et al., 1991; Shoji et al., 2001; Sassa et al., 2008; Taga et al., 2019). Previous studies also confirmed ontogenetic variation in diet, with larger individuals feeding more actively on appendicularians, as observed in the present study (Ozawa et al., 1991; Sassa et al., 2008).

DNA metabarcoding analysis showed that the main food items included copepods, such as Calanidae, Paracalanidae, Oithonidae, and Oncaeidae, and appendicularians. The morphological analysis and DNA metabarcoding of the gut contents of S. japonicus larvae were comparable, although the latter provided more data on prey composition at lower taxa levels than the former. Nonetheless, these methods differed regarding the importance of appendicularians as prey. Appendicularians were more frequently detected across all larval sizes in DNA metabarcoding than in the morphological analysis. However, overall, both methods showed that larger individuals fed on appendicularians more actively than their smaller counterparts.

Appendicularians build and live in a complex mucoid balloon called a ‘house’, which is equipped with an incurrent feeding filter (Alldredge, 1976; Flood, 2003). The houses and house rudiments of appendicularians frequently have a transparent appearance and are often fragmented in the digestive tract contents of fish larvae, owing to their fragile and amorphous materials; therefore, detecting them accurately under a stereomicroscope is challenging. Takatsu et al. (2007) stained the gut contents of the larvae of stone flounder, Platichthys bicoloratus, with methylene blue to detect the houses of appendicularians and avoid undercounting them. In the present study, only the tails of appendicularians were observed in the guts. Without staining the gut contents, the transparent houses and house rudiments of appendicularians could have been underestimated in the microscopic analysis if they were preyed upon by S. japonicus larvae. In that case, the FI values would also have been underestimated in the morphological analysis of the present study.

Appendicularians are important prey for fish larvae, including anguillids, scombrids, and some mesopelagic species (Mochioka and Iwamizu, 1996; Llopiz et al., 2010; Yoshinaga et al., 2021), and feed on bacteria and pico- to nano-autotrophs (e.g., Deibel, 1998; Flood and Deibel, 1998; Gorsky and Fenaux, 1998). In the study area, appendicularians are not dominant in the mesozooplankton assemblage (Kobari et al., 2020), indicating that S. japonicus larvae must feed selectively on them. Our data strongly suggest that, in addition to the ordinary trophic pathway (grazing food chain) in the northern Satsunan area, the microbial loop involving appendicularians may support the feeding habits of S. japonicus larvae.

Prey items, such as copepods, can be identified to lower taxonomic levels when using DNA metabarcoding analysis. In addition, small portions of prey and/or digested prey can be identified, which could not be detected using morphological analysis. The contribution of appendicularians to the diet was estimated more accurately using DNA metabarcoding, which is a powerful tool for analyzing the diet of S. japonicus larvae. Previous studies showed that Scomber spp. larvae feed on fish larvae in the central Seto Inland Sea (Shoji et al., 2001). However, fish larvae were not detected from the DNA metabarcoding analysis in our study, as the taxonomic group “Craniata” was excluded to avoid sequence reads from host contaminants in the bioinformatics procedure. In addition, it was not possible to distinguish nauplii, which were abundantly consumed by Scomber spp. larvae in the East China Sea (Sassa et al., 2008), from adult copepods. In the present study, fish larvae were not observed, while copepod nauplii were marginally detected, in the morphological analysis. Therefore, we assumed that the underestimation of fish larvae and copepod nauplii in the DNA metabarcoding analysis was negligible. Our combinatorial approach enabled us to investigate the prey composition of the larvae with high accuracy.



Trophic Relationship With Dominant Small Pelagic and Mesopelagic Fish Larvae

Isotopic analysis aids in determining fish diets, as prey can be distinguished isotopically (Minagawa and Wada, 1984). Kume et al. (2021) showed that the larvae of M. asperum and S. gracilis fed substantially on appendicularians in the northern Satsunan area. The δ13C values of appendicularians are lower than those of copepods. The δ13C values of Scomber spp., M. asperum, and S. gracilis were lower than those of E. japonicus and T. japonicus, which feed exclusively on copepods (Kume et al., 2021). This suggests that appendicularians are an important food source for Scomber spp., M. asperum, and S. gracilis, compared with E. japonicus and T. japonicus. The stable isotope values of Scomber spp. and S. gracilis differed significantly from those of M. asperum, implying that M. asperum feeds on appendicularians most frequently among the three species.

Mesopelagic fish larvae are mainly found in the epipelagic layer (Sassa et al., 2007; Watanabe et al., 2010; Sassa and Takahashi, 2018), and their distribution zones overlap considerably with those of commercial small pelagic species (Kuwahara and Suzuki, 1982; Hirota et al., 2009). Scomber spp. larvae are concentrated in the upper 30 m layer, with peak densities at ∼20 m depth (Sassa and Tsukamoto, 2010). In contrast, the peak densities of M. asperum and S. gracilis were below 50 m (Watanabe et al., 2010). This difference in vertical distribution may alleviate competition for prey between Scomber spp. and mesopelagic species. The stable isotope values for Scomber spp. did not differ from those of E. japonicus. However, the morphological and DNA metabarcoding analyses of the gut contents suggest that diet composition differs between these two species (Kume et al., 2021).

Our results imply that Scomber spp. larvae occupy niches that differ from those of other dominant small pelagic and mesopelagic species. Thus, the present study shows that the tunicate food chain plays an important role in the trophodynamics of larval fish in the northern Satsunan area. This trophic pathway via appendicularians may support the feeding of Scomber spp. and other dominant species and promote their coexistence in the study area.



Larval Growth

Both G and K were slightly higher in 2019 than in 2018, suggesting that more favorable environmental conditions, such as prey availability for S. japonicus larvae, might have existed in 2019 than in 2018. This may have been an effect of population density, as larvae were more abundant in 2018 than in 2019. Furthermore, both values in the present study are comparable to those in the southern East China Sea (G: 0.060–0.079, K: 6.2–8.2% BL d–1) (Sassa and Tsukamoto, 2010). Our data suggest that the northern Satsunan area possesses favorable conditions (e.g., prey abundance and availability) to sustain high larval population densities.




CONCLUSION

This is the first study to confirm that the northern Satsunan area is an important spawning and nursery ground of S. japonicus during high-stock periods. The trophic pathway via appendicularians may support the feeding habits of Scomber spp. and other dominant species, promoting coexistence in the study area. Our results strongly suggest that the northern Satsunan area possesses favorable conditions to sustain a high larval population density, even during high population phases. S. japonicus larvae that hatch in the northern Satsunan area may contribute to the Pacific stock as an important source population. Our results provide insights for the appropriate fisheries management of S. japonicus in the Japanese Pacific coastal area during high-stock periods, by paying attention to the disregarded spawning and nursery ground of the species in the Japanese Pacific coastal area.
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levels based on BLAST searches against the NCBI database.
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