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Food availability plays a critical role in shaping reproductive success of small pelagic fishes, and in natural population, reduced prey access often arises under conditions of intra- and inter-specific density dependence. While energy allocation to egg production has often been viewed along a capital–income continuum, recent studies suggest that reproductive strategies may be more flexible or mixed than previously assumed. However, few studies have empirically examined how the timing and location of prey availability affect reproductive traits in the context of density-dependence. To address this gap, we conducted stable isotope tracer and controlled feeding experiments using chub mackerel (Scomber japonicus) to determine when and how feeding conditions influence reproductive output. A diet-switch experiment using carbon and nitrogen stable isotope ratios revealed much slower isotopic turnover in chub mackerel compared to income-breeding anchovy in similar experiments, suggesting that chub mackerel primarily rely on stored reserves (capital breeding), with limited reliance on dietary resources during spawning. Food restriction during the five months prior to spawning significantly reduced somatic condition and egg production in repeat spawners. Larvae from food-restricted females exhibited reduced growth and starvation tolerance compared to those from well-fed females. These findings demonstrate that maternal nutritional history has marked effects on both egg production and larval performance, highlighting the importance of considering energy allocation tactics when evaluating density-dependent reproduction. Our findings further provide a basis for discussing recent changes in the reproductive output of the Pacific stock of chub mackerel in the light of maternal nutritional history and its role in reproductive success.
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1 Introduction

Understanding the mechanisms that regulate fish population dynamics is fundamental to sustainable fisheries management. Variation in food availability arising from density-dependent processes, particularly driven by competition for prey, plays a significant role in shaping the growth, maturation, and ultimately recruitment success of both marine and freshwater fish (Cowan et al., 2000; Hixon et al., 2014). Compensatory density dependence provides a negative feedback that prevents uncontrolled population growth or collapse, linking life-history traits such as growth, fecundity, and mortality to population density (Rose et al., 2001; Herrando-Pérez et al., 2012). In small pelagic fish species, which often experience large fluctuations in abundance, inter- and intra-specific density-dependent effects on individual traits are frequently observed under conditions of high stock biomass. These effects typically manifest as slowed growth, reduced condition factor, or delayed maturation (Helser and Almeida, 1997; Olafsdottir et al., 2016). These qualitative changes at the individual level can have quantitative consequences for the population through reductions in reproductive output and recruitment. Recently, there has also been increasing attention paid to the maternal effects of how the physiological state and environmental experience of females influence the quantity and quality of their offspring (Green, 2008; Hixon et al., 2014). Variations in maternal size and nutritional condition can alter egg size, fecundity, and larval traits such as growth and starvation tolerance (Marshall et al., 2008; Barneche et al., 2018). Consequently, density-dependent limitations on prey availability influence not only adult traits, but also affect intergenerational processes via changes in reproductive investment and offspring viability.

A key factor linking density-dependent prey limitation and maternal effects is the strategy by which energy is allocated to reproduction. This strategy varies across species along the capital–income breeding continuum (Jönsson, 1997; McBride et al., 2015). Capital breeders accumulate energy reserves before the spawning season and allocate them to egg production regardless of immediate prey availability. In contrast, income breeders rely on concurrent energy intake during reproduction. While these strategies represent idealized endpoints, many marine fish species exhibit flexible or mixed strategies unlike capital breeders such as Atlantic cod and plaice that cease feeding during the spawning season (Stephens et al., 2014; McBride et al., 2015). Despite the ecological and management importance of understanding such strategies, experimental validation remains scarce, especially for species that continue feeding during the spawning period. Most evidence comes from field studies examining body condition or lipid content, which may be influenced by other factors such as migration or routine metabolism (Slotte, 1999). Stable isotope tracer experiments offer a powerful alternative, providing direct quantitative estimates of dietary resource use in reproductive tissues (Hobson, 2006; Warner et al., 2008). However, studies that integrate this approach with controlled feeding manipulation and larval performance assessment are limited.

Chub mackerel (Scomber japonicus) in the western North Pacific migrates widely from subtropical to subarctic regions, and its biomass exhibits cyclical fluctuations driven by climate variability, similar to that observed in Japanese sardine (Takasuka et al., 2008; Yatsu, 2019). The biomass of the Pacific stock of chub mackerel was high during the 1970s (Figure 1), but then declined rapidly and remained below one million tons until 2011, likely due to intense fishing pressures and a series of recruitment failures (Kawai et al., 2002; Yatsu, 2019; Yukami et al., 2025). Following 2011, total biomass increased markedly, accompanied by frequent occurrences of higher levels of recruitment. During this period, the biomass of older spawning individuals (≥ 4 years) and their proportion within the spawning stock biomass also increased, partly because of a significant reduction in fishing effort in the eastern waters of Japan after the Great East Japan Earthquake (Yatsu, 2019; Yukami et al., 2025). The increasing proportion of repeat spawners in spawning stock may have contributed to higher recruitment levels, as experimental evidence showed substantial differences in both egg production and larval viability between first-time and repeat spawners (Yoneda et al., 2022). However, this increasing trend shifted to a declining phase after peaking in 2018, despite the continued high proportion of older spawning individuals. In particular, the egg abundance of chub mackerel has dramatically declined since 2020, reaching levels in 2024 comparable to those observed during the low biomass period of the 2000s. The underlying mechanisms driving this recent decline remain poorly understood.
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Figure 1 | Total biomass (A), spawning stock biomass (SSB, B), and number of recruits (C) of the Pacific stock of chub mackerel during 1970–2023 (after Yukami et al., 2025⁂). SSB (B) is further divided into age ≤3 and ≥4 years. Most females aged ≥4 years are considered repeat spawners that have spawned at least once in their lifetime. ⁂ The estimation method was revised from a cohort-based virtual population analysis (VPA) to a state-space assessment model (SAM), which accounts for observation errors in both abundance indices and catch-at-age data. This change resulted in a revision of past biomass and recruitment estimates (see Yukami et al., 2025).
Previous studies have shown density-dependent effect on growth, body condition and maturation of the Pacific stock of chub mackerel, including interspecific competition with the Japanese sardine, whose biomass has recently increased (Watanabe and Yatsu, 2004, 2006; Watanabe, 2010; Kamimura et al., 2021). As chub mackerel biomass increases, their growth rates and condition factor tend to decline, followed by delayed onset of maturation. Long-term analyses using both fishery-dependent (stock assessment) and independent (egg survey) data further suggest strong intraspecific density dependence in total egg production per spawner or unit weight (Takasuka et al., 2021). These findings imply that the recent decline observed in this stock may reflect compensatory density- dependent response in their life-history traits. Although chub mackerel are considered capital breeders based on observed associations between body condition (e.g. lipid reserves) and reproductive development prior to the spawning season (Murayama et al., 1995; Yoshimitsu et al., 2018; Yatsu et al., 2019), they continue to feed during the spawning period (Usami, 1968). Nevertheless, no empirical studies have addressed how the timing and location of prey availability influence reproductive traits and offspring viability within a density-dependent framework.

This study aims to clarify how feeding experience and maternal spawning history influence reproductive output and larval performance in chub mackerel. We conducted two complementary experiments: a stable isotope tracer (diet-switch) experiment and a controlled feeding experiment to determine how feeding history influences reproductive outcomes. First, a diet-switching experiment using feed with distinct carbon and nitrogen stable isotope ratios was conducted to trace resource use in egg production. Isotopic shifts in eggs after the diet switch were compared between 1-year-old (first-time spawners) and 3-year-old (repeat spawners) individuals. For 1-year-old fish, we also analyzed the isotopic values of muscle and ovarian tissues during the experiment to assess how dietary intake during spawning was allocated to somatic growth and reproduction. Second, a controlled feeding experiment was conducted on 3-year-old repeat spawners for 5 months prior to the spawning season. This period was selected based on the results from the isotope tracer experiment and field observations on seasonal changes in lipid content and ovarian development (Murayama et al., 1995; Yoshimitsu et al., 2018; Yatsu et al., 2019). The experiment aimed to clarify how feeding experience during this period affects egg production, egg quality and larval performance. Finally, we discuss the implications of our findings for understanding recent declines in the Pacific stock of chub mackerel, focusing on the relationships among spawning stock biomass, egg abundance and recruitment under density-dependent conditions.


2 Materials and methods


2.1 Assimilation prior to the diet-switch experiment

The experiment was conducted in 2019 at the Hakatajima Field Station of the Fisheries Technology Institute, Japan Fisheries Research and Education Agency (HFS; formerly National Research Institute of Fisheries and Environment of the Inland Sea). To ensure that the isotope ratios of the diet would be reflected in the body tissues and eggs, hatchery-reared 1-year-old and 3-year-old fish were used. To produce these fishes, chub mackerel were caught from the wild using purse seine in coastal waters off western Japan and reared for 2.5 years in sea pens at a fish farm in Oita Prefecture, western Japan. A total of 80 specimens were transferred into HFS and distributed evenly into two 50 kL concrete tanks (40 fish per tank) circulated with seawater. They were assimilated and reared under natural photoperiod (light duration: 10–14 h) and temperature conditions partially controlled in winter (12–17°C) using a hot water circulation pump system for approximately 6 months prior to the induction of spawning. The methods of spawning induction followed Yoneda et al. (2022). In May, specimens were anesthetized with 2-phenoxyethanol (300 ppm) and then fork length (FL, mm) and body weight (BW, g) were measured to the nearest 1 mm and 1 g. Of these, females with late vitellogenic oocytes were selected after ovarian biopsy using a plastic catheter tube. Males that released milt under gentle abdominal pressure were also selected. In total, 20 specimens (10 males and 10 females) were selected for each of the two 20 kl concrete tanks. All individuals were a single intramuscularly injected with 400 μg/kg BW GnRH agonist (D-Ala6, des-Gly10)-LHRH ethylamide (Sigma-Aldrich, St. Louis, USA) combined with coconut oil. The fish were then returned to the same tanks at 19°C to collect eggs produced. The first spawning was observed 34–36 h post-injection, and subsequent daily spawning occurred between 22.00 and 24.00 h.

Approximately 15000 eggs spawned by the 20 3-year-old females, collected from the two 20 kl tanks, were transferred to duplicate 2 kL tanks. A 14/10-h light/dark cycle was maintained, and the water temperature was maintained at about 20°C using a hot water circulation pump system until 30 days post-hatch. After the eyes of the larvae were pigmented, S-type rotifer (Brachionus plicatilis) complexes cultured with highly unsaturated fatty acid-enriched Chlorella vulgaris (Super Chlorella V12; Chlorella Industry Co., Ltd., Fukuoka, Japan) were provided at 20 rotifers per mL from 2 to 20 days post-hatch. Rotifer density was monitored daily and maintained by adding new rotifers as needed. Artemia nauplii enriched with highly unsaturated fatty acids (Super Capsule Powder; Chlorella Industry Co., Ltd, Fukuoka, Japan) were provided from 7 to 25 days post-hatch at a density of 0.2–1.5 artemia ml-1. Commercial dry pellets with higher isotopic levels (δ13C = -20.5, δ15N = 10.5, Otohime EP; Marubeni Nisshin Feed Co., Ltd., Tokyo, Japan) were provided at 0.5–1.5% BW per day from age 20 days. After age 25 days, the specimens were fed exclusively with the commercial dry pellets until the onset of experiment (assimilation period: about 11 months (June 2018 – April 2019) for 1-year-old fish; about 35 months (June 2016 – April 2019) for 3-year-old fish). During the assimilation period, specimens were reared in 20 or 50 kL concrete tanks under a natural photoperiod (light duration: 10–14h) and temperature conditions partially controlled in winter (12–26°C). Fish were fed commercial dry pellets at 1.5% of body weight daily, both before and during the experiment, to maintain consistent feeding conditions.


2.2 Diet-switch experiment and sampling procedure

In this experiment, we aimed to trace the relative contributions of stored versus dietary resources to egg production. In this context, capital breeding refers to reproductive strategies in which fish rely primarily on stored energy reserves for oocyte development, resulting in limited isotopic shifts in eggs following a diet change. By contrast, income breeding refers to strategies in which fish depend largely on concurrent food intake, leading to rapid isotopic turnover in reproductive tissues after a diet switch.

Spawning induction procedures followed those described above. In May 2019 fish were anesthetized, and their gonadal condition was assessed along with measurements of FL and BW. A total of 72 1-year-old individuals (36 females and 36 males) and 24 3-year-old individuals (12 females and 12 males) were selected and transferred to 20 kL concrete tanks maintained at a controlled temperature (19°C). The 3-year-old specimens were kept in a single tank while 1-year-old fish were distributed equally across two duplicate tanks (36 individuals per tank). Following spawning induction, fish began spawning on the night of the following day. Eggs were collected daily for 4 consecutive days (days 1–4) and their mean isotopic values were used as the initial baseline (day 0). On day 5 after induction, the diet-switch experiment was initiated by replacing the commercial dry pellets with a new feed of lower isotopic values (δ¹³C = –24.7, δ15N = 5.6, Mojako GF; FEED ONE Co., Ltd., Yokohama, Japan). Fish were fed daily at 1.5% BW with the new pellets for 40 days until the end of the experiment (i.e. 45 days after induction). Both 1- and 3-year-old groups experienced the same experimental duration. During the experiment, 6 females from the 1-year-old group and 2 females from the 3-year-old group died, resulting in a final sample size of 88 individuals (age 1 year n = 66; age 3 year n = 22) used for subsequent analyses. Mortality in each tank was recorded daily, and the feeding rate was adjusted as needed. To examine isotopic changes in eggs, daily collections of eggs were conducted until the end of experiment, when available. Collected egg samples were stored in plastic tubes and frozen at - 20°C until stable isotope analysis. The total number of eggs spawned in each tank was also recorded. The number of eggs collected decreased as the experiment progressed, and after day 30, days with little or no egg collection became increasingly frequent (Supplementary Figure S1). Therefore, egg monitoring was terminated on day 37 after the diet switch, and the experiment ended on day 40.

To examine the relationship between growth and reproduction during the first spawning season, 1-year-old specimens were sacrificed with 2-phenoxyetahol at three sampling periods: before the diet switch, 7 days after the switch and at the end of the experiment (40 days). Among these, only females with late vitellogenic or hydrated oocytes following spawning induction were used in the analysis. At the initial sampling, 10 fish (6 females and 4 males) were sacrificed, of which 6 females were analyzed. At day 7, 10 fish (6 females and 4 males) were sampled, of which 4 females were analyzed; the remaining 2 females were immature and excluded. At the final sampling (day 40), 46 fish (18 females and 28 males) were examined, of which 13 females were used in the analysis, while 5 females were excluded as immature. In total, 23 females were analyzed across the three sampling periods. For each female with late vitellogenic or hydrated oocytes that was used in the analysis, FL and BW were measured, and ovarian weight (OW, g) was recorded to the nearest 0.1g. Somatic weight (SW, g) was calculated by subtracting OW from BW. Muscle and ovarian tissue samples were collected and frozen in plastic tubes at - 20°C until the analysis. The condition factor (CF) was calculated using the following equation:

CF=SW×100FL3


2.3 Stable isotope analysis

After thawing the eggs, muscle and gonads at room temperature, the samples were rinsed with distilled water. For each sampling event, 300–500 eggs were collected, from which 200 eggs were counted and pooled to constitute one analytical sample. A total of 40 egg samples were analyzed from the two tanks with 1-year-old fish, and 20 egg samples were analyzed from the tank with 3-year-old fish. The initial isotopic value (day 0) was calculated as the mean of egg samples collected from the first to fourth spawnings prior to the diet switch. Each day’s sample from each tank was treated as an independent replicate, and their mean was used to represent the initial isotopic value. Thereafter egg samples collected every other day up to day 31 were analyzed. All samples were freeze-dried for 48 h using a lyophilizer (FDU-1110, EYELA, Tokyo, Japan) and then ground into a fine powder with a mortar and pestle. Approximately 0.5–2.0 mg of the powdered material was placed into tin capsules. Lipids were not removed to assess the full complement of nutrients, as this study focused on the dynamics of stable isotope turnover. The δ13C and δ15N values of egg samples were measured using a stable isotope mass spectrometer (Delta V Advantage, Thermo Fisher Scientific, Inc., USA) in continuous-flow mode, equipped with an elemental analyzer Flash 2000, Thermo Fisher Scientific Inc, USA). The stable isotope ratios were expressed as per mil (‰) deviations from the standard as defined by the following equation:

δC13, δN15=RsampleRstandard−1×1000

where R is the 13C/12C or 15N/14N ratio. PeeDee Belemnite and atmospheric N2 were used as the standards for C and N, respectively. Data were corrected using multiple internal standards calibrated against international standards (Tayasu et al., 2011). Between each pair of standards, 8–10 samples were analyzed. The analytical errors (1σ) for δ¹³C and δ15N measurements were within ±0.1‰ and ±0.2‰, respectively. Ambient baseline isotope values were not measured because the experiment was conducted in tanks supplied with filtered seawater, where both age groups were maintained simultaneously under identical rearing conditions. Therefore, the diet was considered as the isotopic baseline, and observed changes in eggs primarily reflect dietary incorporation and metabolic processes.


2.4 Feeding experiment and sampling procedure

The feeding experiment was conducted from December 2020 to May 2021. The feeding manipulation began in December, based on evidence from the isotope tracer experiment showing reliance on stored energy for reproduction, and field data indicating that lipid depletion begins approximately one month before vitellogenesis (Murayama et al., 1995; Yoshimitsu et al., 2018). Specimens reared for 2.5 years in sea pens at a fish farm were transferred into HFS in November 2020. Fish were kept into 50 kL concrete tanks at ambient temperature and fed commercial dry pellets (Otohime EP) at approximately 1.5% of BW daily before the onset of the experiment. After body condition measurements of sub-sampled individuals, 32 specimens were randomly distributed into each of the two 20 kl concrete tanks for the high-food treatment, and 36 and 37 specimens were allocated to the two tanks for the low-food treatment. At the beginning of the experiment, gonads were undeveloped, and sex ratios were not determined. At the end of the experiment, including individuals that died during the period, the observed sex rations (male: female) were approximately 1: 1 in all tanks (high food: 16: 16 and 17: 15; low food: 18: 18 and 20: 17). Specimens were then subjected to one of the two feeding regimes: high (1.5% BW/day) or low (0.5% BW/day) food availability. These feeding levels were selected to mimic ecologically realistic variation in prey availability associated with intraspecific density-dependent effects, as natural stock biomass of chub mackerel has fluctuated more than threefold between low and high phases over recent decades (Yukami et al., 2025). Each feeding regime was examined in duplicate, and fish were reared under a natural photoperiod (light duration: 10–14 h) and partially controlled temperature conditions (12–18°C). Mortality in each tank was recorded daily, and the feeding rate was adjusted as needed.

In May 2021, all specimens were anesthetized, and spawning was induced following the methods described above. At the onset of spawning induction, the number of surviving fish in each tank was as follows: high-food treatment, 32 (16 males, 16 females) and 31 (17 males, 14 female) specimens (one female had died before the spawning induction); low-food treatment, 36 (16 males, 16 females) and 37 (20 males, 17 females) specimens. The specimens were returned to the same tanks, which were maintained at a controlled temperature (19°C). Eggs were collected daily from each tank, with subsamples fixed in 10% neutral seawater formalin for measurement of egg size and frozen at - 20°C in plastic tubes for energy content analysis. The total number of eggs spawned in each tank was also recorded. The estimated number of eggs spawned per female was calculated by dividing the total number of eggs by the number of females in each tank. After 10 days of spawning monitoring, the experiment was terminated. The numbers of surviving fish were as follows: high-food treatment, 30 (16 males, 14 females) and 29 (17 males, 12 females); low-food treatment, 36 (20 males, 16 females) and 35 (18 males, 17 females). From these survivors, a subset of 11 specimens per tank (high-food: 15 males and 7 females in total; low-food: 10 males and 12 females in total) were randomly selected, sacrificed with 2-phenoxyetahol, and measured for FL, BW and GW. The remaining specimens were retained and used in subsequent experiments. A total of 60 eggs randomly selected in each spawning day was measured in diameter and their oil globules were also measured to the nearest 0.001 mm.

To compare the energy content of eggs between high and low food treatments, the concentrations of carbon and nitrogen per egg were determined. Eggs were thawed at room temperature (20°C) and rinsed with distilled water. A total of 300–500 eggs per tank was collected, from which 200 eggs were counted and pooled as a single sample per tank. Thus, for each spawning day, two replicate samples were obtained per treatment (one from each tank). These pooled samples were then dried at 60°C in microtubes for 3–4 days. The dried egg weight was taken as the average dry weight of a single egg. The samples were ground into fine powder and placed in tin capsules. Lipids were retained to assess the total energy in the eggs. The concentrations of carbon and nitrogen were measured using an elemental analyzer (Flash EA1112, Thermo Fisher Scientific Co., Ltd. MA, USA). The total carbon (TC) and nitrogen (TN) per egg were estimated by multiplying their respective concentrations by the dry egg weight. Because marine fish eggs are composed primarily of lipids and proteins (Kamler, 2008; Lubzens et al., 2010), the carbon and nitrogen contents were used as proxies for lipid and protein content, respectively. Energy content per egg (J) was estimated by applying energy equivalents of 39.5 J/mg for lipids and 23.6 J/mg for proteins (Lambert and Dutil, 1997), according to the following equation:

Egg energy=TC·39.5+TN·23.6

Reproductive effort per spawning was calculated as the product of egg energy (estimated for each spawning day) and the number of eggs spawned per female.

To examine the effect of parental feeding treatment on starvation tolerance of larvae, approximately 1000 eggs were randomly selected and pooled from replicate tanks on the day of first spawning and incubated in a 30 L tank at 20°C until hatching. A total of 75–90 hatchlings per beaker originating from each parental treatment (high vs. low; two replicate beakers per treatment) were transferred into 1 L glass beakers at 20°C and maintained without exogenous food. The number of dead larvae in each glass beaker was counted at intervals of 4–18 h, and the experiment was terminated 5–6 days after hatching, when all the larvae were dead.

To examine the effects of parental feeding treatment on early growth rates, approximately 3000 eggs were randomly selected from pooled samples of replicate tanks per treatment on the first and second spawning days. Duplicate subsamples from each spawning day (two replicate tanks per treatment per day) were established, resulting in four replicate 1 kL tanks per treatment (total of 8 tanks across two days). These subsamples ensured sufficient sample size and accounted for daily variability in potential larval traits associated with egg size variability (Yoneda et al., 2022). A 14/10-h light/dark cycle was maintained, and the water temperature was kept at 20°C throughout the experiment. After the eyes of the larvae were pigmented, S-type rotifer complexes cultured with highly unsaturated fatty acid-enriched C. vulgaris were provided at 20 rotifers per mL from 2 days post-hatch until the end of the experiment. Rotifer density was monitored daily and maintained by adding new rotifers as needed. First feeding was observed at 3 days post-hatch. Artemia nauplii enriched with highly unsaturated fatty acids were provided from 7 days post-hatch until end of the experiment at a density of 0.2 artemia ml-1. The experiment was terminated at 14 days post-hatch. Subsamples of larvae from each tank were randomly selected and sacrificed with 2-phenoxyetahol at three sampling periods: 3 days (first feeding), 7 days (introduction of Artemia), and 14 days (end of the experiment). The larvae were preserved in 10% neutral sea water formalin, and SL of individual fish was measured to the nearest 0.1 mm. Growth rate (GR) was calculated separately for each tank during two intervals: days 3–7 and days 7–14. These were defined as:

GR1=(SL(7 days)−mean SL(3 days))4

GR2=(SL(14 days)−mean SL(7 days))7

where the average standard length at each initial day was calculated per tank.


2.5 Statistical analysis

Statistical analyses were performed using R version 4.1.2 (R Core Team, 2021). To compare the biological traits across sampling periods, age classes, and feeding treatments, we applied linear mixed-effects models (LMEMs) fitted by restricted maximum likelihood. Candidate models were constructed with different combinations of explanatory variables and, where appropriate, with and without natural logarithmic transformation. The conditional Akaike Information Criterion (cAIC; Vaida and Blanchard, 2005) was primarily used to evaluate relative model fit, while the small-sample corrected AIC (AICc) was also calculated to confirm consistency of model selection. Among these candidate models, the model with the lowest cAIC (and supported by AICc) was selected as the final model (Burnham and Anderson, 2002). If random effects were not supported by cAIC/AICc comparisons, a generalized linear model (GLM) was used instead. The significance of the fixed effects was tested using the R package of lmerTest, Satterthwaite approximation (Kuznetsova et al., 2017).

To compare changes in the δ13C and δ15N of eggs spawned between 1-year-old and 3-year-old individuals over the experiment period, a LMEM was fitted to the data on the day of the experiment. Due to the decrease in egg production described above, egg isotopic data were used up to day 31. The effect of income resources on egg production in terms of the capital–income breeding continuum was estimated (Tanaka et al., 2016); the degree of dependence on income resources (DI) was estimated using the following equation:

DI=δX0−δXdayδH−δL

where δXday is a predicted value of eggs calculated from a LMEM, and δH and δL are the values of high and low isotopic values that dry pellets provide. It is assumed that DI would be close to 1.0 if egg production during the experiment depended mostly on income resources, reflecting the isotopic values of diet switch, whereas DI would be close to 0 if it depended largely on capital resources (no significant changes in the isotopic values of eggs independent of diet switch). To model the dynamics of DI over time, a LMEM with a source of isotopic DI as random effect was applied.

To examine the relationship between growth and reproduction during the first spawning season, SW, CF and isotope values of muscle and ovarian tissues were compared among the three sampling days using LMEM with experimental tank included as a random effect. Sampling day was treated as a 3-level categorical variable (day 0, 7, and 40), due to two main considerations: the sampling intervals were irregular, and the observed trait values exhibited relatively small or non-linear changes over time. Because the random effect was not retained in any of the models, GLMs were used instead. For stable isotope analysis, due to potential lipid-related bias in δ¹³C values (Logan et al., 2008), especially in muscle tissues with rich lipid content, only nitrogen isotope data (δ15N) were used for the analysis. DI was also calculated based on the model-estimated δ15N values at day 0 and day 40 following the methods described above.

LMEMs were used to compare FL and CF of the parents, as well as egg size and estimated energy content, between high and low food treatments, with experimental tank included as a random effect. For FL and CF, sampling period was included as a 3-level categorical variable (before the experiment, end of experiment under high food, and end of experiment under low food). For egg traits, food treatment was treated as a 2-level categorical variable (high vs. low food).

To examine the effect of parental feeding treatment on the starvation tolerance of hatched larval fish, GLM with a binomial error distribution and a logit link function was applied. Explanatory variables included elapsed time (standardized) and feeding treatment (2-levels), as well as their interaction. Initially, we considered a generalized linear mixed model (GLMM; performed using the R package of glmmML, Broström and Holmberg, 2011) including beaker identity as a random effect. However, the variance explained by the random effect was negligible and resulted in singular fits. Therefore, we simplified the analysis by adopting a GLM without random effects. Model selection was based on AICc, and the final model was chosen to maximize both parsimony and numerical stability.

The effects of parental feeding treatment on SL and GRs of larvae were examined using LMEM. The initial full models included the interaction between sampling period and food treatment as fixed effects, with tank identity as a random effect. Following model selection procedures described above, the interaction term was not retained in the final models. In addition, for SL, sampling day (Day, 3, 7 and 14 days) was treated as a continuous variable, whereas for GR sampling period was treated as a 2-level categorical variable (days 3–7 and days 7-14).

For all analyses, we confirmed whether alternative models within ΔcAIC (or ΔAICc) < 2 existed; when such models were present, they yielded consistent interpretations with the selected best model (see Supplementary Table S1).


3 Results


3.1 Diet-switch experiment

The δ¹³C and δ15N values of eggs from 1- and 3-year old individuals gradually decreased over the course of the experiment (Figure 2). There were no significant differences in the regression slopes of isotopic values over the time between the two age classes (Table 1). The estimated DI in eggs at 31 days after the diet-switch was 0.47 for both age classes.

[image: Line graphs depicting changes in delta carbon-13 and delta nitrogen-15 values over 31 days. Graph A (left) shows a decrease in δ13C values for one-year and three-year groups, represented by blue and red circles, respectively. Graph B (right) demonstrates a similar decline in δ15N values. Error bars indicate variability, dotted lines labeled A and B represent isotopic values of prey before and after the dietary shift. A legend identifies groups by color.]
Figure 2 | Change in δ13C (A) and δ15N (B) values (‰) of eggs of 1- and 3-year-old chub mackerels during the experiment (days after prey change). δ13C and δ15N values of prey before (dotted line A) and after (dotted line B) are also presented. Predicted lines using the linear mixed effect model fitted to observed data are shown. Data are shown as mean ± SE.

Table 1 | Summary of linear mixed effects model estimates for the effect of experimental days (Day), age group (1-year-old vs. 3-year-old), and their interaction on δ13C (a) and δ15N (b) values in eggs of chub mackerel.


	Model summary
	Estimate
	SE
	df
	t value
	P



	(a) δ13C of eggs


	1. Initial model


	(cAIC = 60; AICc = 87)


	 Intercept
	-19.785
	0.251
	 
	 
	 


	 Day
	-0.078
	0.007
	46.0
	-10.85
	< 0.001


	 Age3y
	-0.021
	0.434
	1.5
	-0.05
	0.966


	 Day: Age3y
	0.023
	0.012
	46.0
	1.88
	0.066


	2. Final model


	(cAIC = 62; AICc = 79)


	 Intercept
	-19.792
	0.194
	 
	 
	 


	 Day
	-0.070
	0.006
	47.0
	-11.64
	< 0.001


	(b) δ15N of eggs


	1. Initial model


	(cAIC = 133; AICc = 154)


	 Intercept
	14.150
	0.573
	 
	 
	 


	 Day
	-0.077
	0.015
	46.0
	-5.24
	< 0.001


	 Age3yr
	0.171
	0.992
	1.4
	0.17
	0.885


	 Day: Age3yr
	0.035
	0.025
	46.0
	1.40
	0.170


	2. Final model


	(cAIC = 133; AICc = 148)


	 Intercept
	14.207
	0.426
	 
	 
	 


	 Day
	-0.065
	0.012
	47.0
	-5.38
	< 0.001


	(c) DI


	(cAIC = -370; AICc = -337)


	 Intercept
	0.000
	0.214
	 
	 
	 


	 Day
	0.015
	0.002
	0.6
	85.1
	< 0.001


	 DI 31day
	0.47
	 
	 
	 
	 


Results include type III tests of fixed effects and estimates of covariance parameters from both initial and final models. Model-derived estimates for the DI, degree of dependence on income resources (c), calculated from δ13C and δ15N models, and estimated DI on 31 days after the diet switch are also provided.


For 1-year-old fish, significant differences in SW and CF were observed across the three sampling periods (Figures 3A, B, Table 2): SW before the experiment was significantly higher than that at days 7 and 40 while CF at day 40 was significantly lower than before experiment and at day 7. The δ15N values of muscle and ovary tissues at day 40 were significantly lower than those before experiment and at day 7 (Figures 3C, D). However, the estimated DI of muscle was only 0.07 whereas that of ovaries was 0.54 (Table 2).

[image: Four scatter plots labeled A to D, each showing data over a sampling period of start, 7 days, and 40 days. Plot A: SW (g) decreases, marked as “a” at start and “b” at later days. Plot B: CF fluctuates, with “a” on start and 7 days, “b” at 40 days. Plot C: δ¹⁵N of muscle initially stable, labeled “a,” decreases by 40 days, labeled “b.” Plot D: δ¹⁵N of ovary decreases from “a” at start and 7 days to “b” at 40 days. Error bars indicate variability in measurements.]
Figure 3 | Changes in somatic weight (A), condition factor (B) and δ15N values (‰) of muscles (C) and ovary (D) of 1-year-old female chub mackerel at different sampling periods: before experiment (Start) and 7 and 40 (end of experiment) days after diet-switch). Different letters indicate different sampling days in the generalized linear model (p < 0.05). Data are shown as mean ± SE.

Table 2 | Summary of generalized linear model estimates for the somatic weight (SW), condition factor (CF) and δ15N of muscle and ovary of one-year-old female chub mackerel at three sampling periods (before experiment, days 7 and 40 (end of experiment) after the diet-switch).


	Model summary
	Estimate
	SE
	z value
	p



	(a) ln (SW)


	(cAIC = -27; AICc = -26)*


	 Intercept
	5.649
	0.050
	 
	 


	 Sampling day (day 40)
	-0.166
	0.058
	-2.9
	< 0.01


	(b) CF


	(cAIC = -42; AICc = -41)*


	 Intercept
	0.486
	0.028
	 
	 


	 Sampling day (day 40)
	-0.178
	0.038
	-4.7
	< 0.001


	(c) δ15N of muscle


	(cAIC = 12; AICc = 13)


	 Intercept
	14.320
	0.091
	 
	 


	 Sampling day (day 40)
	-0.358
	0.121
	-3.0
	< 0.01


	(d) δ15N of ovary


	(cAIC = 73; AICc = 74)


	 Intercept
	12.980
	0.340
	 
	 


	 Sampling day (day 40)
	-2.611
	0.452
	-5.8
	< 0.001


	(e) DI


	 Muscle
	0.07
	 
	 
	 


	 Ovary
	0.54
	 
	 
	 


*Alternative model within ΔcAIC < 2 are shown in Supplementary Table S1. Sampling day was treated as categorical variable. The estimates of the covariance parameters in the final model are shown. In δ15N of muscle and ovary, the degree of dependence on income resources (DI) was calculated based on the model-estimated δ15N values at day 0 and day 40.



3.2 Feeding experiment

A significant difference in FL across sampling periods indicated that specimens grew over the experiment. At the end of experiment, FL was significantly higher in the high food treatment than in the low food treatment. (Figure 4A, Table 3). CF also differed significantly across sampling periods (Figure 4B): CF increased during the experiment in the high food treatment, whereas it decreased in the low food treatment.

[image: Bar charts comparing folk length and condition factor across different sampling periods labeled Start, HF, and LF. Chart A shows the highest folk length at HF (n=22), followed by LF (n=22) and Start (n=11). Chart B shows the highest condition factor at HF, followed by Start and LF. Bars include error bars and are color-coded: Start (gray), HF (red), LF (blue). Letters above bars indicate statistical significance differences.]
Figure 4 | Mean fork length (A) and condition factor (B) of chub mackerel at three sampling periods: before the experiment (Start), and after high (HF) and low (LF) feeding treatments. Numbers indicate the number of fish examined. Different letters indicate different sampling days in the generalized linear model (a < b < c; p < 0.01). Data are shown as mean ± SE.

Table 3 | Summary of generalized linear model estimates for the fork length (FL) and condition factor (CF) of chub mackerel at three sampling periods: before the experiment (Start), and after low (LF) and high (HF) food treatments.


	Model summary
	Estimate
	SE
	z value
	p



	(a) ln (FL)


	(cAIC = -244; AICc = -183)


	 Intercept
	5.743
	0.008
	 
	 


	 Treatment (HF)
	0.051
	0.009
	5.5
	< 0.001


	 Treatment (LF)
	0.033
	0.009
	3.5
	< 0.001


	(b) ln (CF)


	(cAIC = -143; AICc = -97)


	 Intercept
	0.359
	0.019
	 
	 


	 Treatment (HF)
	0.085
	0.023
	3.7
	< 0.001


	 Treatment (LF)
	-0.070
	0.023
	-3.0
	< 0.01


Sampling periods were treated as a categorical variable. Estimates of fixed effects and covariance parameters from the final model are presented.


The diameters of eggs and oil globules were significantly larger in the high food treatment than in the low food treatment (Figures 5A, B, Table 4). There were no significant differences in the concentrations of carbon and nitrogen of eggs between the two food treatments. However, estimated egg energy was significantly higher in the high food treatment (Figure 5C): the GLM indicated that egg energy in the low food treatment was approximately 84% of that in the high food treatment. A significant difference was also observed in the estimated number of eggs spawned per female between the treatments. The LMEM indicated that egg production in the low food treatment was approximately 38% of that in the high food treatment. The estimated reproductive effort per spawning decreased by 32% under low food conditions.

[image: Bar graphs comparing HF (high-fat) and LF (low-fat) treatments. Graph A shows egg diameter with HF larger than LF, p < 0.05, n = 600. Graph B shows oil globule diameter with HF larger than LF, p < 0.001, n = 600. Graph C shows estimated egg energy with HF greater than LF, p < 0.001, n = 20.]
Figure 5 | Mean diameters of eggs (A), oil globule (B) and estimated egg energy (C) at high (HF) and low (LF) feeding treatments. Numbers indicate the total numbers of eggs examined (A, B) and trials (c; each trial includes 200 eggs analyzed). Result of comparison of value between the two treatments using a linear mixed effect model is also shown. Data are shown as mean ± SE.

Table 4 | Summary for linear mixed effects model estimates or generalized linear model estimates for the effects of food treatment on egg traits of chub mackerel.


	Model summary
	Estimate
	SE
	df
	t/z value
	p



	(a) ln (Egg diameter)


	(cAIC = -4358; AICc = -4312)


	 Intercept
	0.048
	0.007
	 
	 
	 


	 Treat (low)
	-0.043
	0.009
	2.0
	-4.6
	< 0.05


	(b) Oil globule diameter


	(cAIC = -7041; AICc = -7004)


	 Intercept
	0.257
	0.001
	 
	 
	 


	 Treat (low)
	-0.005
	0.001
	1189.0
	-7.4
	< 0.001


	(c) C


	(cAIC = -104; AICc = -104)*


	 Intercept
	0.463
	0.010
	 
	 
	 


	(d) N


	(cAIC = -323; AICc = -323)


	 Intercept
	0.102
	0.001
	 
	 
	 


	(e) Egg energy


	(cAIC = -41; AICc = -41)


	 Intercept
	0.996
	0.031
	 
	 
	 


	 Treat (low)
	-0.173
	0.043
	 
	-4.0
	< 0.001


	(f) ln (Egg number)


	(cAIC = 67; AICc = 86)


	 Intercept
	7.857
	 
	 
	 
	 


	 Treat (low)
	-0.960
	0.152
	29.0
	-6.3
	< 0.001


*Alternative model within ΔcAIC < 2 are shown in Supplementary Table S1. Estimates of fixed effects and covariance parameters from the final model are presented.Egg traits involve egg diameter (a), oil globule diameter (b), concentrations of carbon (c) and nitrogen (d) per egg, estimated egg energy (c; J per egg) and estimated number of eggs (f; individuals per female per spawning).


Parental feeding treatment had a significant effect on larval survival under starvation from hatching (Figure 6; Table 5). The time to 50% survival was significantly shorter for larvae from low food treatment (78.3 hours) than for those from high food treatment (91.7 hours). Larve grew over the experiment, but there was a significant interaction between sampling period and food treatment on SL, indicating that differences in SL between treatments increased as the experiment proceeded (Figure 7A; Table 6). Growth rates also differed significantly between sampling periods and parental feeding treatments (Figure 7B). The estimated growth rates in the low food treatment were approximately 76% (days 3-7) and 80% (days 7-14) of those in the high food treatment.

[image: Survival rate graph showing HF (red) and LF (blue) groups over time after hatch. Both groups start near a survival rate of 1.0, declining sharply after 80 hours. HF group (n=159) shows higher survival than LF group (n=165) throughout. Dotted lines mark the time when survival rates reach 0.5.]
Figure 6 | Relationship between survival rate and time after hatch of chub mackerel larvae at parental high (HF) and low (LF) feeding treatments. Estimated times at which the predicted survival rate reaches 0.5 are shown by dotted arrow lines (HF = 91.7 hours; LF = 78.3 hours). Numbers indicate the total number of fish examined. Data are shown as mean ± SE.

Table 5 | Summary for generalized linear model estimates for the effect of time after hatch (Time) and parental food treatment (Treat: low vs high) on the survival of chub mackerel larvae.


	Model summary
	Estimate
	SE
	z value
	p



	(AICc = 212)


	 Intercept
	1.570
	0.095
	 
	 


	 Time
	-2.840
	0.122
	-23.3
	< 0.001


	 Treat (low)
	-0.743
	0.124
	-6.0
	< 0.001


	Time: Treat (low)
	-0.401
	0.184
	-2.2
	<0.05


	Time0.5 (high)
	91.7
	 
	 
	 


	Time0.5 (low)
	78.3
	 
	 
	 


The initial full models included the interaction between Time and Treat, with tank identity as a random effect. Time was treated as continuous variable. Estimates of fixed effects and covariance parameter from the final model are presented. Estimated time at which the predicted survival rate reaches 0.5 (Time0.5, hours) are also shown for each treatment.


[image: Two line graphs depicting growth data. The left graph shows standard length in millimeters over age in days, with high and low groups indicated by red and blue dashed lines, respectively. High group starts at 3.4 mm and ends at 6.7 mm, while low group starts at 3.3 mm and ends at 5.9 mm. The right graph illustrates growth rate in millimeters per day over two sampling periods, with high and low groups marked by red and blue diamonds. Growth rates are approximately 0.24 and 0.19 mm/day in P1, and 0.30 and 0.24 mm/day in P2 for high and low groups, respectively.]
Figure 7 | Effects of parental feeding treatment (high vs. low) on the standard length (SL, A) and growth rate (GR, B) of chub mackerel larvae during the experiment. Numbers indicate the total number of fish examined. For SL, predicted values from the linear mixed effects model fitted to observed SL are shown as dotted lines. GR was calculated for two periods: P1 (days 3–7) and P2 (days 7–14), using the mean SL per tank at the start of each period. Data are shown as mean ± SE.

Table 6 | Summary for linear mixed effects model estimates for the effects of parental food treatment on standard length (SL) and growth rate (GR) of chub mackerel larvae during the experiment.


	Model summary
	Estimate
	SE
	df
	t value
	p



	(a) ln (SL)


	(cAIC = -1235; AICc = -1198)*


	 Intercept
	1.048
	 
	 
	 
	 


	 Day
	0.061
	0.001
	129.0
	62.5
	< 0.001


	 Day: Treat (low)
	-0.009
	0.001
	18.8
	-8.7
	< 0.001


	(b) GR


	(cAIC = -1140; AICc = -1108)


	 Intercept
	0.247
	0.011
	 
	 
	 


	 Sampling (P2)
	0.052
	0.007
	480.9
	7.5
	< 0.001


	 Treat (low)
	-0.060
	0.014
	6.3
	-4.4
	< 0.01


*Alternative model within ΔcAIC < 2 are shown in Supplementary Table S1. The initial full models included the interaction between sampling period and food treatment, along with tank identity as a random effect. For SL, sampling day (Day, 3, 7 and 14 days) was treated as continuous variable while for GR sampling period (Sampling, P1: days 3-7; P2 days 7-14) was treated as categorical variable. Estimates of fixed effects and covariance parameters from the final model are presented.



4 Discussion


4.1 Stable isotope evidence for reproductive energy allocation

Linear mixed-effects models revealed that both δ¹³C and δ15N values in chub mackerel eggs significantly decreased over time (Figure 2). However, neither the main effect of age nor the interaction between age and days was statistically significant, suggesting that isotopic incorporation dynamics were consistent across the two age classes. These findings support the conclusion that parental age had negligible influence on isotopic trajectories under the experimental conditions. This contrasts with Japanese anchovy, in which ovarian isotopic turnover rates differed significantly between age classes: larger (older) females showed slower incorporation than smaller (younger) individuals (Yoneda et al., 2025). This size-dependent difference implies that large anchovy females integrate both income and facultative capital resources to support oocyte development and maintain frequent spawning intervals throughout an extended spawning season. While chub mackerel exhibit substantial differences in reproductive output between first-time and repeat spawners (Yoneda et al., 2022), the mode of energy allocation to egg production may be similar across age classes during the late winter to spring spawning period.

Our findings showed that the degree of dependence on income resources (DI) in eggs gradually increased over time, reaching approximately 0.47 by day 31 after the diet switch (Table 1, Figure 8). Importantly, this DI value should not be interpreted as a direct measure of oocyte growth alone. Stable isotope turnover in reproductive tissues reflects both the incorporation of new resources during yolk deposition and the maintenance costs of developing oocytes (Tieszen et al., 1983; Hesslein et al., 1993). In contrast to Japanese anchovy, a typical income breeder that reached a similar DI value within only a few days and plateaued at approximately 1 within 10–20 days, chub mackerel exhibited a much slower, near-linear trajectory. Such gradual incorporation resembles patterns observed in tissues with low metabolic renewal, where exponential models show shallow slopes and turnover appears nearly linear (Tieszen et al., 1983). This slow turnover indicates that mackerel reproduction during the spawning season relies predominantly on stored reserves, with only limited incorporation of concurrent food intake. This interpretation agrees with field observations of seasonal changes in lipid content, condition factor, and gonad index, which show that chub mackerel utilize lipid reserves accumulated from summer to autumn as the primary energy source for reproduction from late winter to spring (Yoshimitsu et al., 2018; Yatsu et al., 2019).

[image: Line graph showing the change in DI over 31 days for chub mackerel eggs, young anchovy ovary, and old anchovy ovary. Chub mackerel eggs (red) increase steadily. Both young (black) and old anchovy ovaries (green) rise rapidly and plateau around day 15.]
Figure 8 | Degree of dependency on income resources (DI) of chub mackerel eggs (red) and Japanese anchovy ovaries (young: green; old: black) during the experiment (days after prey change). DI values of chub mackerel eggs were derived from the modeled isotopic changes in δ13C and δ15N values shown in Figure 2. Data on DI values of anchovy ovaries were from Yoneda et al. (2025).
Our findings further showed that 1-year-old female chub mackerel exhibited only marginal changes in muscle nitrogen isotope values during the spawning period, resulting in a very low DI (0.07) at the end of the experiment (40 days after the diet switch, Table 2). This contrasts with the much higher DI observed in ovarian tissues (0.54), indicating that dietary resources were allocated preferentially to reproduction rather than somatic growth. Given the significant decrease in somatic weight and condition factor during the experiment, this minimal isotopic change in muscle tissue likely reflects turnover driven primarily by metabolic processes rather than by tissue growth. This contrasts markedly with Japanese anchovy, where young spawners showed a much higher DI (0.57 at 40 days) in muscle tissue, indicating active assimilation of dietary resources for somatic growth during the spawning period (Yoneda et al., 2025). These findings suggest that even during the first reproductive season, 1-year-old female chub mackerel allocate energy primarily to reproduction and delay somatic growth until the post-spawning period. This interpretation is supported by findings in whitefish (Coregonus lavaretus), where muscle isotope values remained stable during reproduction and only responded to dietary shifts during growth phases (Perga and Gerdeaux, 2005). The observed dynamics of somatic growth and muscle nitrogen isotope values in 1-year-old female chub mackerel may be consistent with a capital breeding strategy. However, further investigations incorporating energy budgeting and direct measurements of feeding activity would be needed to clarify the degree to which chub mackerel rely on stored versus dietary resources during reproduction.


4.2 Effects of parental feeding treatment on reproductive traits

This study designed feeding treatments to reflect the range of nutritional conditions likely experienced under different stock phases. The Pacific stock of chub mackerel has shown more than a threefold variation in biomass between low and high periods (Yukami et al., 2025), which implies corresponding fluctuations in prey availability and energy intake. Previous studies reported density-dependent declines in growth, body condition, maturation and egg production under high stock levels (Watanabe and Yatsu, 2004, 2006; Watanabe, 2010; Kamimura et al., 2021; Takasuka et al., 2021). These findings suggest that individuals may experience markedly reduced energy acquisition under high-density conditions. Therefore, the two experimental feeding levels, 1.5% BW/day as a high-food scenario and 0.5% BW/day as a low-food scenario, were established to approximate the range of prey availability associated with such stock fluctuations. While intermediate levels could also provide further resolution, our aim here was to establish a realistic contrast that reflects the magnitude of natural variability.

This study demonstrated that the feeding manipulation approximately 5 months prior to spawning had significant effects not only on growth and condition of adult fish, but also on reproductive effort through changes in both egg number and size (energy content). Food-restricted spawners showed lower somatic weight and condition factor, and produced fewer and smaller eggs with reduced energy content compared to well-fed individuals. These findings were consistent with our observations of isotopic dynamics in eggs during the spawning period. Together, these findings suggest that chub mackerel rely primarily on stored energy reserves during reproduction, supporting the interpretation that they function mainly as capital breeders. As expected, larvae derived from lean females under lower food conditions showed reduced starvation tolerance and slower growth compared to those from well-fed females. Previous study showed that reproductive traits in chub mackerel vary with spawning experience, with repeat spawners exhibiting higher reproductive potential than first-time spawners (Yoneda et al., 2022). Our findings extend this understanding by demonstrating how reproductive outputs of repeat spawners are modulated by pre-spawning feeding conditions.

In capital breeders, reproductive output is generally shaped in two stages. The initial recruitment of secondary oocytes establishes potential fecundity well before spawning. The final adjustment, which is often a reduction in oocyte number via atresia, is regulated closer to spawning depending on energy availability (e.g. Hay and Brett,1988; Bromley et al., 2000; Kjesbu and Witthames, 2007). The timing and degree of this adjustment vary by species; however, a common feature is the critical importance of energy intake during secondary growth (vitellogenesis) in determining final fecundity (egg production). In Atlantic herring (Clupea harengus), where the vitellogenic period extends over several months, energy acquired during spawning migration is essential for sustaining oocyte maturation (Kurita et al., 2003; van Damme et al., 2009). Although chub mackerel continue feeding during the spawning season (Usami, 1968), our results suggest that, as in other capital breeders, reproductive effort is significantly impacted by feeding conditions during the pre-vitellogenic and vitellogenic period. Our results suggest that the nutritional environment in the months prior to the spawning season is crucial for the successful reproduction of chub mackerel. This implication is particularly relevant given the species’ seasonal migration. Adult chub mackerel feed intensively in the Oyashio and Kuroshio–Oyashio transition zones in the summer and autumn before migrating south along the Japanese coast in the winter (Yatsu, 2019). They reach the main spawning grounds off the coast of eastern Japan in the spring. Thus, foraging success in these northern feeding grounds and along the migratory pathway likely determines the energy reserves available for subsequent reproduction. Our experimental findings thus reinforce the importance of prey availability in these regions as a key determinant of reproductive potential in the Pacific stock of chub mackerel.


4.3 Implication for the reproductive potential of the Pacific stock

Our findings underscore the importance of spawning experience and pre-spawning nutritional status in determining reproductive output in chub mackerel. When comparing egg diameter, egg energy content, and early larval growth performance across three groups including 1-year-old fish under high feeding (Yoneda et al., 2022), 3-year-old fish under low feeding (this study), and 3-year-old fish under high feeding (both studies), consistent trends were found: 1-year-old (high-fed) < 3-year-old (low-fed) < 3-year-old (high-fed) (Supplementary Tables S2, S3, Figure 9). For this comparison, the high-fed 3-year-old groups from Yoneda et al. (2022) and the present study were treated as equivalent experimental conditions and used as a common reference. Although feeding conditions for 1-year-olds under low rations were not tested, previous field observations suggest that poor growth in immature fish can delay the onset of maturation in the subsequent year (Watanabe and Yatsu, 2006). In Atlantic cod (Gadus morhua), fecundity of first-time spawners was positively correlated with body size, but remained largely unaffected by feeding conditions (Yoneda and Wright, 2005), in contrast to repeat spawners (Kjesbu et al., 1991). Similarly, in walleye pollock (Gadus chalcogrammus), the proportion of mature females, relative egg production (number of spawned eggs per female somatic weight) and larval hatching success of first-time spawners was not significantly influenced by food availability, although the egg diameter appeared to be associated with feeding level (Nakagawa et al., 2019). These findings suggest that for first-time spawners, the primary priority may be to initiate reproduction itself, rather than to optimize egg number or quality. This suggests that first-time spawners have intrinsically lower reproductive potential than repeat spawners, regardless of feeding conditions. Our experimental results therefore strengthen earlier field-based assertions that maintaining a robust proportion of repeat spawners in the spawning stock is critical for sustaining recruitment success (Yoneda et al., 2022). Moreover, maternal isotopic signatures are transmitted to larvae and can influence early growth trajectories, which in turn may contribute to interannual variability in larval growth and survival, as demonstrated in Atlantic bluefin tuna (Quintanilla et al., 2023; 2024). Such evidence highlights the broader ecological significance of maternal effects in capital-breeding species and underscores the need to consider these processes when evaluating reproductive potential and recruitment dynamics.

[image: Bar charts show data for different spawning history and feeding treatments (FT, R-H, R-L). Chart A displays egg diameter, with R-H having the highest value. Chart B illustrates egg energy content, also led by R-H. Chart C presents relative growth rate of larvae, where R-H again leads. Treatments R-L and FT follow in order for each chart, respectively. Statistical significance is noted with different letters above each bar.]
Figure 9 | Egg diameter (A), egg energy content (B) and relative growth rate (C) of first-time spawners (FT, high food treatment) and repeat spawners under high (R-H) and low (R-L) food treatments. The methods and the statistical results for these comparisons are provided in Supplementary Materials. Relative growth rate is expressed as a ratio with the value for repeat spawners under high food treatment set to 1.0. Different letters indicate significant different among female groups (a < b < c; p < 0.001). Data are shown as mean ± SE.
The observed sharp decline in egg abundance since 2020 is consistent with the marked reduction in spawning stock biomass, despite the continued dominance of older repeat spawners (≥ 4 years old), which accounted for approximately 80% of the spawning population during this period (Figure 1; Yukami et al., 2025). While these older spawners, assumed to be mostly repeat spawners, generally exhibit higher egg quality and larval performance than first-time spawners (Yoneda et al., 2022), the overall decrease in their biomass has likely contributed substantially to the observed drop in egg abundance (Takasuka et al., 2021). Conversely, the relatively stable recruitment observed after 2020 may reflect the sustained reproductive contribution of these high-quality spawners. This interpretation is supported by our experimental findings, showing that repeat spawners consistently exhibited superior reproductive traits, regardless of feeding conditions.

However, the continued decline in spawning stock biomass raises concerns about the longer-term reproductive capacity of the stock. Under inter-and intra-specific density-dependent conditions, slower growth and deteriorated condition factors have been observed (Kamimura et al., 2021), potentially delaying the onset of maturation and increasing the risk of pre-reproductive mortality. This delayed maturation shortens the effective reproductive lifespan of individuals, particularly in a species with relatively short life expectancies, such as chub mackerel (approximately 7–8 years, Yukami et al., 2025), and limits their cumulative contribution to population resilience. These demographic shifts, combined with nutritional constraints and environmental variability (Kamimura et al., 2022), may further increase the uncertainty in forecasting future stock productivity.


4.4 Conclusions

This study combined stable isotope tracer and controlled feeding experiments to examine energy allocation strategies and reproductive responses in chub mackerel (Scomber japonicus). Our findings provide convincing evidence that chub mackerel primarily rely on stored energy reserves during the spawning period, indicating that they function largely as capital breeders. Feeding experiments further revealed that pre-spawning nutritional status significantly influences reproductive outputs of repeat spawners, including egg number, egg energy content, and larval performance. Although repeat spawners exhibited markedly higher reproductive potential than first-time spawners (Yoneda et al., 2022), this advantage diminished under food-limited conditions. These findings emphasize the importance of experimental approaches for directly evaluating the physiological and ecological determinants of reproductive strategy of small pelagic fishes.

In the context of recent decline in spawning stock biomass and egg abundance in the Pacific stock of chub mackerel, our findings highlight several contributing factors: reduced somatic growth, delayed maturation, and decreased reproductive output. These changes are likely driven by intra- and inter-specific density dependent effects, as well as declining zooplankton availability in key feeding habitats (Kamimura et al., 2021, 2022). Recent oceanographic observations further underscore this concern, as the Kuroshio–Oyashio transition region has experienced notable shifts since 2021, including the northward displacement of the Kuroshio Extension, suppression of Oyashio intrusion, and the occurrence of marine heatwaves (Hirata et al., 2024; Sugimoto et al., 2025). These environmental changes have the potential to alter mesozooplankton community structure and productivity, which could affect prey availability for chub mackerel and other small pelagic fishes (Miyamoto et al., 2022). To reduce uncertainty in predicting reproductive success and stock productivity of the Pacific stock of chub mackerel, continued ecosystem-based monitoring is essential, not only of spawning stock composition but also of prey communities and interspecific competition. In addition, experimental approaches, as presented here, will play a critical role in clarifying how physiological and ecological responses of chub mackerel interact with environmental variability. Such integrative efforts are necessary to inform adaptive management strategies under future ocean conditions.
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