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34 ABSTRACT

35 Life-history variation can contribute to long-term persistence of populations; however, it 

36 remains unclear which environmental factors drive life-history variation within a population. 

37 Seasonally recurring resource subsidies are common in nature and may influence variations 

38 in recipient consumers’ life-history traits. In this study, we experimentally demonstrated that 

39 terrestrial invertebrate subsidies occurring early in the growing season facilitated consumer 

40 individuals to adopt fast growth. In contrast, fewer consumer individuals adopted fast growth 

41 when subsidies occurred late in the growing season. Consumer individuals that adopted fast 

42 growth matured early at age-1, suggesting that the observed variation in life-history emerged 

43 along with a fast–slow life-history continuum. The estimated survival probability was lower 

44 in consumer individuals from the faster-growth cluster in the no-supply treatment, suggesting 

45 a growth–survival trade-off. However, the growth–survival trade-off became unclear in the 

46 early-supply treatment and even reversed in the late-supply treatment. As a result, the 

47 frequency of consumer individuals maturing at age-1 was higher in the early-supply treatment 

48 than in the late-supply treatment and no-supply treatment, implying a higher short-term 

49 population growth with the early subsidies. Our findings highlight that seasonal ecosystem 

50 linkages through resource subsidies help us understand how life-history variation can be 

51 maintained within a population at the landscape scale. 
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52 INTRODUCTION

53 Life-history variation is fundamental for long-term persistence of populations and species 

54 (Schindler et al. 2010; Moore et al. 2014), community dynamics (Post et al. 2008; Weis and 

55 Post 2013), and ecosystem functions (El‐Sabaawi et al. 2015). Individuals with distinct life 

56 histories contribute differently to population growth and thus population stability in 

57 temporally fluctuating environments (Hallgrímsson and Hall 2005); increasing fast-life 

58 individuals within a population result in increasing short-term population growth and 

59 probability of population recovery from environmental disturbance (Gamelon et al. 2014). In 

60 addition, population with higher life-history variation can be stable via asynchronous 

61 dynamics of individuals with different life-history that respond differently to environmental 

62 fluctuation (Moore et al. 2014). Furthermore, the effects of life-history variation can be 

63 scaled up to influence community dynamics and ecosystem functions by altering top-down 

64 (Post et al. 2008; Weis and Post 2013) and bottom-up regulation (El‐Sabaawi et al. 2015). 

65 These ecological processes depend on the magnitude of life-history variation. However, the 

66 potential environmental drivers of life-history variation in natural populations remain unclear. 

67 Given that human activities cause substantial shifts and loss of intraspecific variation 

68 worldwide (Mimura et al. 2016), it is imperative to understand the drivers of life-history 

69 variation from basic (Clutton-Brock and Sheldon 2010) and applied ecological perspectives 

70 (Blanchet et al. 2020).
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71 Seasonality of cross-ecosystem resource subsidies (Polis et al. 1997; Richardson and 

72 Sato 2015) can be a potential driver of intraspecific life-history variation for consumers living 

73 in connected open ecosystems. Previous studies have demonstrated that subsidies occurring 

74 early in the consumers’ growing season accelerate their seasonal growth, which in turn 

75 enables juvenile consumers to capture seasonally limited reproductive windows at younger 

76 ages (spiders: Marczak and Richardson 2008; lizards: Wright et al. 2013; stream fish: Sato et 

77 al. 2016). Such an association between accelerated growth and early maturation, i.e., the 

78 tendency toward fast life, suggests that early subsidies may increase the frequency of fast-life 

79 individuals within a population. However, this may not be the case if individuals with 

80 accelerated growth have lower survival rates than those with slow growth, i.e., growth–

81 survival trade-off (Stearns 1989; Mangel and Stamps 2001), and frequently die before 

82 maturation. In addition, access to subsidies can be heterogeneous among individuals through 

83 resource competition (Sato and Watanabe 2014; Sato et al. 2021) and niche variation (Kenny 

84 et al. 2017). If growth–survival trade-off exists, individuals with limited subsidy access may 

85 achieve same fitness as fast-life individuals by adopting slow life, i.e., slow growth and 

86 maturity at older ages, resulting in no increase in fast-life individuals with the early subsidies. 

87 Thus, the presence or absence of a growth–survival trade-off may determine the effects of 

88 early subsidies on the frequency of fast-life individuals within a population. Testing these 

89 mechanisms is fundamental to understanding how life-history variation emerges and is 
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90 maintained in seasonally coupled ecosystems. However, existing studies have focused largely 

91 on the population mean of life-history variation (Wright et al. 2013; Sato et al. 2016), which 

92 offers limited insights into how seasonal resource subsidies can mediate variations in life-

93 history traits within a consumer population.

94 Streams and their surrounding forest ecosystems provide excellent models for 

95 studying resource subsidies and life-history variations among consumers (Richardson and 

96 Sato 2015). Specifically, salmonids in temperate streams preferentially consume terrestrial 

97 invertebrates from surrounding forests, and the seasonality of subsidies affects salmonid life-

98 history traits, including growth, maturation, and migratory tendencies (Sato et al. 2016; 

99 Tanaka et al. 2023). The seasonal timing of terrestrial invertebrate inputs varies among 

100 streams in different forest types. When surrounded by deciduous trees, the input rates of 

101 terrestrial invertebrates commonly peak in early in the growing season (late spring toward 

102 early summer) of stream salmonid fishes (Nakano and Murakami 2001; Sato et al. 2011a; 

103 Inoue et al. 2013). In contrast, the peak timing of terrestrial subsidies can also naturally occur 

104 late in the salmonid growing season, i.e., late summer to early autumn, if riparian forests are 

105 dominated by conifer trees (Wipfli 1997) or when species interactions drive subsidy inputs, 

106 e.g., parasitic nematomorphs and nematodes manipulate their terrestrial invertebrate hosts to 

107 jump into streams (Sato et al. 2011a, b). Moreover, terrestrial invertebrate subsidies can be 

108 seasonally shifted or dampened by forest management, e.g., clear-cut logging and extensive 
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109 non-native conifer plantations (Inoue et al. 2013), or global climate change, e.g., warmer 

110 environments weaken the seasonality of resource subsidies (Larsen et al. 2016).

111 In this study, we tested whether the seasonal timing of terrestrial invertebrate 

112 subsidy supplies affects the life-history variation in a population of salmonid consumers in a 

113 temperate forest–stream ecosystem. For this, we examined a series of interrelated predictions 

114 (Figure 1). Prediction I: A greater proportion of fish individuals adopt a fast-growth strategy 

115 when subsidies are supplied early in their growing season than when supplied late or when no 

116 subsidy is supplied (Sato et al. 2016). Prediction II: Fast-growth individuals mature at 

117 younger ages than slow-growth individuals (Promislow and Harvey 1990; Sato et al. 2021). 

118 Prediction III-1: Fast-growth individuals have lower survival rates than slow-growth 

119 individuals, i.e., a growth–survival trade-off exists (Stearns 1989; Mangel and Stamps 2001). 

120 Prediction IV-1: If the growth–survival trade-off exists, fast-growth individuals maturing at 

121 age-1 have a lower survive rate, and the proportion of mature and immature individuals that 

122 survived until age-1 does not differ among experimental treatments. Alternatively, if the 

123 growth–survival trade-off does not exist (Hutchings 2006; Tymchuk et al. 2007), fast-growth 

124 individuals maturing at age-1 have higher survival rates than slow-growth individuals 

125 maturing at age-2 and older, it results in a greater proportion of mature individuals surviving 

126 in the early-supply treatments than those in the other treatments (Prediction III-2 and IV-2).

Page 7 of 54 Ecology



8

127 To examine these predictions, we conducted a large-scale field manipulation 

128 experiment that mimicked the seasonal timing and magnitude of subsidies in natural and 

129 artificial riparian forests, in conjunction with modern statistical analyses that quantify 

130 individual variations in life-history traits (Hamel et al. 2017). Although resource subsidies are 

131 known to affect the expression of life-history traits (Marczak and Richardson 2008; Wright et 

132 al. 2013; Sato et al. 2016, 2021), few studies have formally tested subsidy effects on variation 

133 in life-history traits in natural environments (but see, Tanaka et al. 2023). Our results provide 

134 one of the first empirical pieces of evidence that seasonal resource subsidies can be a 

135 potential driver of life-history variation within a consumer population in seasonally coupled 

136 ecosystems.

137

138 MATERIALS AND METHODS

139 Rationale of the experimental design

140 Our experiment controlled the timing and magnitude of seasonal subsidy supplies and 

141 evaluated their impacts on the life-history variation of red-spotted masu salmon 

142 Oncorhynchus masou ishikawae (hereinafter, masu salmon) in a Japanese temperate stream. 

143 To simulate real dynamics of subsidy inputs in our study system, we designed three 

144 treatments of subsidy addition: early-, late-, and no-supply treatment. In the study region, 

145 riparian vegetation originally consisted of deciduous trees, where the peak timing of subsidy 
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146 supplies occurred from late June to early August, corresponding with the early growing 

147 season of masu salmon (Sato et al. 2011a). However, extensive non-native conifer plantations 

148 (Cryptomeria japonica and Chamaecyparis obtusa) were developed around the study stream 

149 (57.1% conifer plantations within the drainage area), which has substantially reduced subsidy 

150 inputs (Sato et al. 2011b). In addition, conifer plantations potentially shift the timing of 

151 subsidy inputs to later in the growing season (Wipfli 1997). The early-supply treatment in our 

152 experiment mimicked subsidy inputs from deciduous riparian forests, whereas the late- and 

153 no-supply treatments (i.e., control) simulated seasonally shifted and reduced subsidies, 

154 respectively, in streams in extensive conifer plantations (Wipfli 1997; Inoue et al. 2013).

155

156 Study site and experimental procedures

157 The field experiment was conducted from June 2016 to October 2017 in a stream in an upper 

158 drainage of the Arida River system (34°04′N, 135°31′E) in the Wakayama Forest Research 

159 Station, Field Science Education and Research Center (FSERC), Kyoto University (Appendix 

160 S1: Figure S1). The stream is a typical mountain stream with step-pool morphology, i.e., 

161 gradient ≈12.9%, 3.0–5.2 m stream width, 0.067–0.112 m3/s in summer discharge, and 

162 gravel-dominated streambed. Stream-resident masu salmon and a small number of minnows, 

163 Phoxinus oxycephalus jouyi, are the only fishes inhabiting the stream.
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164 We created three treatment reaches (early-, late-, and no-supply treatment), each 

165 with three replicates, resulting in nine experimental reaches within the study stream. The 

166 treatment reaches were randomly assigned to nine 122.8 ± 28.0 m reaches, each separated by 

167 > 20 m intervals. We did not adjust for the population density at the onset of the experiment. 

168 Although the natural density of masu salmon varied among experimental reaches at the onset 

169 of the experiment (age-0: 0.01–0.06 fish/m2; ≥ age-1: 0.06–0.14 fish/m2; Appendix S1: 

170 Figure S2), those densities are relatively low throughout the study period (age-0: 0.00–0.12 

171 fish/m2; ≥ age-1: 0.04–0.18 fish/m2), compared with the densities reported in other 

172 populations (Kishi and Tokuhara 2012: 0.002–0.36 fish/m2; Saito et al. 2013: 0.25–0.68 

173 fish/m2). Therefore, it is unlikely that these densities caused strong density-dependent effects 

174 on the life-history traits or, if any, had different density-dependent effects among 

175 experimental reaches, although local interference competition can be strong within a reach 

176 (Ward et al. 2007) (see Appendix S1 for more details). The reaches were not fenced off to 

177 retain the masu salmon in each treatment reach because it was not realistic to prevent the 

178 movement of fish by building a fence in running water for over two years. No immigration 

179 from either upper or lower stream of the experimental reaches was expected; i.e., no fish 

180 inhabited upstream of the upper end of the experimental reach, while there was a large weir 

181 that prevented fish from moving upstream at the lower end of the experimental reaches. In 

182 addition, we confirmed that the movement of fish across reaches was limited in the studied 
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183 population; only 12 out of 346 (3.5%) fish moved across reaches during the study period. We 

184 omitted individuals who moved across reaches from the analyses.

185 We emulated the early and late subsidies of terrestrial invertebrate input by adding 

186 mealworms (larvae of beetle Tenebrio molitor) to natural stream reaches over two discrete 

187 60-day periods in 2016 and 2017. The early-supply treatment added mealworms to subsidy 

188 reaches from June to August, and the late-supply treatment added mealworms from August to 

189 October. The early- and late-supply treatments received mealworms at the same rate of 100 

190 mg dry weight･m−2 day−1 by using 7–13 automatic fish feeders (W × H × D = 6.8 × 14.9 × 

191 8.7 cm, ≈100 mL capacity for food; EHEIM GmbH & Co. KG., Deizisau, Germany) per 

192 reach. To spread mealworms naturally and evenly, automatic fish feeders were set ≈100 cm 

193 above the stream water surface on wooden stakes in the shallows at ≈10-m intervals, in each 

194 reach with subsidy supplies. Each feeder was set to randomly dispense mealworms four times 

195 during the daytime (6:00–17:00). This slow input of mealworms mimicked how masu salmon 

196 would encounter natural prey falling from the riparian vegetation (Sato et al. 2016). The 

197 natural input rates of terrestrial invertebrates were relatively low and expressed less obvious 

198 seasonality in the study reaches (< 30 mg･m−2 day−1; Appendix S2: Figure S1), compared 

199 with those reported in streams covered by natural deciduous forests (see below), probably 

200 because of previous deforestation and subsequent non-native conifer plantations, which are 

201 known to reduce terrestrial invertebrate inputs (Inoue et al. 2013). The total input rate 
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202 (mealworms + natural inputs of the terrestrial invertebrates) was comparable to the rates of 

203 peak terrestrial invertebrate inputs in temperate streams surrounded by natural and second-

204 growth forests [136.1 ± 113.6 (mean ± SD; range 27–444) mg･m−2 day−1] (Inoue et al. 2013). 

205 Mealworms are ideal substitutes, i.e., body size and nutrient contents (Sato et al. 2016), for 

206 terrestrial invertebrate subsidies in our study system (Sato et al. 2016; Sato et al. 2021). In 

207 order to determine if masu salmon in reaches receiving no subsidy supply did not ingest 

208 mealworms flowing out of other reaches receiving subsidy supplies at the same time, we 

209 examined 112 fish captured across all treatment reaches for the presence/absence of 

210 mealworms in the stomach contents in 2016. Overall, we confirmed that many masu salmon 

211 in reaches receiving subsidy supplies ingested mealworms [81.3%, 13 out of 16 fish in 

212 August (in early-supply treatment reaches) and 89.0%, 65 out of 73 fish in October (in late-

213 supply treatment reaches)], whereas almost no masu salmon in reaches receiving no supply of 

214 subsidies showed mealworm ingestion [0%, 0 out of 23 fish in August (in late- and no-supply 

215 treatment reaches) and 1.9%, one out of 54 fish in October (in early- and no-supply treatment 

216 reaches)]. .

217

218 Mark-recapture survey

219 Mark recapture surveys were conducted before and after the subsidy period (May, August, 

220 and October) and in early spring (March) in all reaches to track the life-history traits 
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221 (seasonal growth, survival, reproduction, and movement) of the studied masu salmon. Fish 

222 were captured using two-pass electrofishing with units operating at 250 V pulsed DC (LR-24; 

223 Smith-Root, Vancouver, WA, USA). Captured fish were anesthetized (clove bud; Seimi 

224 Laboratory, Kanagawa, Japan), measured (fork length to the nearest 1 mm and weight to the 

225 nearest 0.1 g), and individually marked with a unique color pattern of visible implant 

226 elastomer under the skin (North West Marine Technology, Inc. WA, USA). The captured 

227 location of each fish was recorded at 10-m intervals to estimate the probability of emigration 

228 from the study reaches for survival estimation. At the end of each subsidy period, we pumped 

229 the stomach contents of fish (n > 5) randomly selected from each study reach. The stomach 

230 samples were preserved in 70% ethanol and identified to distinguish their sources 

231 (mealworms, terrestrial, or aquatic invertebrates). These were then used to test whether 

232 experimental subsidy additions effectively increased the consumption rate (mg/100 mg wet 

233 mass of fish) of the studied masu salmon. Scales (n < 10 per fish) were sampled and 

234 preserved in 5% buffered formalin solution for age determination when the ages of the 

235 captured fish were unknown. In October, just before the spawning season, captured fish were 

236 judged as mature if they released sperm or eggs when the abdomen was softly pressed; 

237 otherwise, the fish were recorded as immature. All fish were released at their capture points 

238 after recovery from anesthesia.

239
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240 The definition of life history

241 To evaluate the differentiation of life history among individuals, we examined growth 

242 trajectories and ages at first maturation because these life-history traits are tied to adaptive 

243 life history in many animals, such as the fast–slow life-history continuum (Promislow and 

244 Harvey 1990; Kozlowski 2006). We chose to primarily examine growth trajectories, in 

245 addition to simple growth rates during given periods, because our interest was to test whether 

246 quantitative differences in growth patterns were associated with different ages at maturity and 

247 generated discrete differences in life history (i.e., fast life vs. slow life). Focusing on growth 

248 rates during certain periods would regard individual differences in life history as simple 

249 variation around population means. While previous studies have often taken this approach 

250 and tested for differences between populations or groups, we consider that discrete life-

251 history strategies might coexist within a population (Hamel et al. 2016; Shertzer et al. 2017). 

252 To evaluate whether distinct qualitative differences existed among individual life histories, 

253 we applied the finite mixture regression model that could test for multimodality in the 

254 distribution of growth trajectories (Hamel et al. 2017; see Estimation of growth trajectories 

255 using the finite mixture model for details).

256 Variation in ages at first maturation could appropriately define life-history variation 

257 in ages of reproduction in our study population, in which individual reproductive schedules 

258 were quite simple. Specifically, precocious males were rarely observed (2.8%), and almost all 
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259 masu salmon died after the spawning season at age-2 (95.6%). Fewer masu salmon (9.9%) 

260 were iteroparous, i.e., reproduce across multiple years during their lifespan. Furthermore, 

261 although sex-dependent life-history decisions are well-known in salmonids (Klemetsen et al. 

262 2003; Kendall et al. 2015; Bourret et al. 2016; Beamish 2018), our preliminary analysis found 

263 that responses to seasonal subsidy inputs were similar between males and females (see 

264 Appendix S3). Therefore, we omitted sex dependence in life-history variation. To strictly test 

265 effects of subsidy additions, we confined our life-history evaluation to the 2016 cohort that 

266 had received experimental treatments since birth.

267 We could not determine the life history of individuals who died before the 

268 reproductive season at age-1. Thus, the variation of life histories we observed could have 

269 resulted from selection acting on intrinsic individual variations, e.g., genetic variations 

270 associated with life-history traits, or from plastic life-history decisions. This study could not 

271 distinguish between these processes causing subsidy effects on life-history variation.

272

273 Data analysis

274 Population-mean growth rate

275 We used generalized linear mixed models (GLMM; lme4 function in the R package ‘lmer’) 

276 (Bates et al. 2015) to test whether treatment, period, and their interaction affected the 

277 population-mean specific growth rate (SGR, see Appendix S1 for the formula) of masu salmon, 
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278 with a Gaussian distribution, and with individuals, stream sections (i.e., replicates) as random 

279 effects. In the analysis, the significant effects of the treatment and the interaction term do not 

280 simply mean the effects of the subsidy and its timing because, for example, fish in the early-

281 supply treatment did not receive the subsidy in the late period. Therefore, we tested the effects 

282 of the subsidy and its timing by performing the post hoc tests by setting appropriate contrasts 

283 in GLMMs (SGR ~ groups; six unique groups of treatment × period). Specifically, to test the 

284 subsidy effect in the early period, we used the early-supply treatment in the early period as the 

285 contrast and tested its differences with the late-supply treatment in the early period and the no-

286 supply treatment (control) in the early period. Similarly, to test the subsidy effect in the late 

287 period, we used the late-supply treatment in the late period as a contrast and tested its 

288 differences with the early-supply treatment in the late period and the no-supply treatment in 

289 the late period. In addition, to test the timing effect of the subsidy, we used the early-supply 

290 treatment in the early period as a contrast and tested its differences with the late-supply 

291 treatment in the late period. We conducted these analyses separately for the years 2016 (n = 

292 130) and 2017 (n = 138), because the SGR was expected to be inherently lower for age-1 fish 

293 (year 2017) than for age-0 fish (year 2016).

294

295 Estimation of growth trajectories using the finite mixture model

296 We applied the finite mixture regression modelling approach that can quantify individual 
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297 variations in growth trajectories and statistically identify distinct growth clusters if present 

298 (Hamel et al. 2017). When the finite mixture regression model found multiple growth 

299 clusters, we further compared the number of growth clusters among early-, late-, and no-

300 supply treatments (see more details in “Treatment effects on proportional composition of 

301 growth clusters and maturation status at age-1”).

302 Firstly, we modeled the expected body length of masu salmon at each sampling time 

303 point for each growth cluster using the von Bertalanffy equation with seasonally varying 

304 coefficients (Cloern and Nichols 1978). In the finite mixture regression model, we assumed 

305 that each fish was assigned a latent variable, i.e., an unobserved state (strategy) corresponding 

306 to a growth cluster. The latent variable is a set of four parameters (𝐿max,cl, 𝐿min,cl, 𝑎1,cl and 

307 𝜃cl) that fully describe the seasonal growth trajectory of a given growth cluster, as described in 

308 the following equation modifying Cloern and Nichols seasonal growth model:

309

310 𝐿cl(𝑡) =  𝐿max,cl ―(𝐿max,cl ― 𝐿min,cl) ∙ exp[ ― 𝑎1,cl ∙ (𝑡 ― 𝑡0) ― 180・𝑎1,cl

𝜋
(cos 𝜋・(𝑡0 𝜃cl)

180
―

311 cos 𝜋・(𝑡 𝜃cl)
180

)]　

312

313 where 𝐿cl(𝑡) is body length at time 𝑡 (𝑡 = 0 on January 1) for a given growth cluster (𝑐𝑙), 

314 𝐿max,cl is a maximum fork length of the growth cluster, 𝐿min,cl is fork length at the time of 

315 recruitment (𝑡0) of the growth cluster, and 𝑎1,cl and 𝜃cl are the estimated parameters of 
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316 constant coefficients that determine seasonal dependence of body size growth.

317 Subsequently, to implement the finite mixture regression model, we utilized the 

318 FLXMRglm function in the R package ‘flexmix’ (Leisch 2004), where the expectation-

319 maximization (EM) algorithm (Dempster et al. 1977) can be used for the parameter 

320 estimation. We used individual body size data collected from June of age 0 to October of age 

321 1, seven time points in maximum. That is, 885 body-size data points from 334 individuals 

322 [2.65 ± 1.53 (mean ± SD; range 1–7) data per individual] were used to construct the model. If 

323 multiple growth strategies are included in the population instead of a single mean growth 

324 trajectory, the residuals should be biased. Therefore, clustering the residuals at each data 

325 point by individual using mixture regression model should allow for the estimation of growth 

326 trajectories of individuals with faster or slower than average growth.

327 In our finite mixture regression model, data points for individuals with multiple 

328 captures were initially used to classify them into different mean trajectories rather than a 

329 specific growth trajectory, meaning that parameter estimation was performed on independent 

330 data points. However, through repeated computations using the EM algorithm, data points for 

331 an individual were eventually adjusted to be classified into the same growth cluster.

332 Ideally, the mixture regression model would be performed by using only individuals 

333 captured multiple times. However, this approach limited the sample size (multiple capture, n 

334 = 231), making it difficult to achieve model convergence. Therefore, we also added 
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335 individuals with a single capture into the model to increase the amount of data for each 

336 sampling occasion. This largely increased the information about how large individuals are at 

337 specific times (n = 103 increase), which allowed for a more comprehensive analysis of 

338 seasonal growth patterns embedded in the studied population. However, with this approach, it 

339 becomes more difficult to capture unique growth trajectories as additional clusters. For 

340 example, it may underestimate the growth trajectories where individuals experience sudden 

341 body size increase during certain periods, leading to body size reversals within life histories. 

342 When checking the raw data, we did not observe many instances of such reversal of growth 

343 trajectories among individuals captured multiple times. Therefore, in this study, we decided 

344 to prioritize increasing the amount of data by using the full dataset.

345 We did not know a priori the number of growth clusters maintained in the studied 

346 population. Therefore, we applied model selection by developing the models with different 

347 numbers of growth clusters (k = 1–6). Both Akaike information criterion (AIC) and the 

348 Bayesian information criterion (BIC) were used to confirm the consistency of results by using 

349 the two criteria based on different parsimony principle (Hamel et al. 2017); competing 

350 models are considered different in predictive performance when the difference in AIC/BIC 

351 values are greater than two (Hamel et al. 2017). 

352

353 Association of growth clusters with maturation at age-1
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354 In the studied population, we previously found that competitively dominant individuals with 

355 fast growth were more likely to mature at age-1 than those with slow growth (Sato et al. 

356 2021), which corresponds to the principle of the fast–slow life-history continuum (Promislow 

357 and Harvey 1990). Therefore, we examined whether the probability of age-1 maturation was 

358 higher among individuals in fast-growth clusters than among those in slow-growth clusters. 

359 In addition, the effect of growth clusters on the maturation decision might be larger in the 

360 early-supply treatment than in the late- or no-supply treatments because of timing-dependent 

361 life-history decisions (Sato et al. 2016). A generalized linear mixed model (GLMM; glmer 

362 function in the R package ‘lme4’), with a binomial error distribution and experimental reach 

363 (n = 3 replicates) as a random effect, was used to test whether the probability of maturation at 

364 age-1 was related to the growth clusters, treatments, and their interaction. The overdispersion 

365 and model fit were assessed by using ‘testDispersion’ in DHARMa package in R (Hartig 

366 2024) and pseudo R2. The best model was selected by comparing models with different sets 

367 of fixed terms based on the log-likelihood ratio test (Jones et al. 2022).

368

369 Estimation of survival probabilities

370 The fitness trade-off is a well-known mechanism for maintaining life-history variation within 

371 a single population (Stearns 1989; Mangel and Stamps 2001). In this study, we predicted that 

372 the existence or absence of a growth–survival trade-off mediates life-history variation. To test 
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373 this prediction, true survival probabilities, i.e., corrected for permanent emigration and 

374 imperfect detection, were estimated for each unique combination of growth cluster and 

375 experimental treatment using a modified version of the Cormack-Jolly-Seber (CJS) model 

376 (Schaub and Royle 2014; Terui et al. 2017). In our experiment, survival estimates in classical 

377 CJS models can only represent “apparent” survival, as it is confounded with permanent 

378 emigration from an observation area. However, the modified CJS model can account for 

379 permanent emigration by integrating movement into observation processes. This modeling 

380 approach will be useful in the present study because the experiment was conducted in a 

381 stream, and permanent emigration of fish from the experimental reaches would inevitably 

382 occur. Our primary objective was to test whether a trade-off between growth clusters and 

383 survival could explain the life-history variation in each treatment. Therefore, we estimated 

384 the survival probability separately for the growth clusters and experimental treatments. The 

385 details of the survival estimates are shown in Appendix S4.

386

387 Treatment effects on proportional composition of growth clusters and maturation status at 

388 age-1

389 We used log-linear models for a contingency table (GLM with log-link function in R) to test 

390 whether the proportional compositions of growth clusters and maturation status at age-1 

391 were, respectively, associated with the treatments (Dobson and Barnett 2018; Jones et al. 
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392 2022). We initially fitted a saturated model with three treatments (early-, late-, and no-supply 

393 treatments) and subsequently applied model simplification to analyze the treatment effects. 

394 Model simplification involves aggregating treatments with similar effects and likelihood ratio 

395 tests to determine whether simplification causes a significant loss of explanatory power 

396 (Slade et al. 2007; Fouks and Lattorff 2011; Jones et al. 2022). The simplified model was 

397 selected, for which no further simplification was justified (see Appendix S3 for more details). 

398 All statistical analyses were conducted using R 4.1.3 (R Core Team 2022).

399

400 RESULTS

401 A total of 54 stomach contents (six fish each in early-, late-, and no-supply treatment reaches 

402 in August, 12 fish in each treatment reach in October) were analyzed. In August, the total 

403 mass of all invertebrate consumption, i.e., aquatic and terrestrial invertebrates, and 

404 mealworms, by red-spotted masu salmon in reaches with subsidy supplies (early-supply 

405 treatment reaches) was, on average, 6.6 times higher than by those in reaches without subsidy 

406 supplies (late- and no-supply treatment reaches) (0.52 ± 0.34 mg/100 mg wet mass of fish in 

407 early-supply treatment reaches, and 0.08 ± 0.06 in late- and no-supply treatment reaches; 

408 Mann–Whitney U-test: W = 70, p = 0.0004). Likewise, in October, the total mass of all 

409 invertebrate consumption was 3.6 times higher in reaches with subsidy supplied (late-supply 

410 treatment reaches) than in reaches with not subsidy supplied (early- and no-supply treatment 
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411 reaches) (0.31 ± 0.37 in late-supply treatment reaches, and 0.09 ± 0.09 in early- and no-

412 supply treatment reaches; Mann–Whitney U-test: W = 213, p = 0.020). Mealworms made up 

413 97 ± 3% and 62 ± 40% of the total mass of consumption by masu salmon in August and 

414 October, respectively, and the consumption rate of mealworms was positively correlated with 

415 the total consumption rate in both periods (Spearman’s rank correlation, August: rs = 1, p = 

416 0.0028; October: rs = 0.95, p < 0.0001). 

417

418 Growth and age at maturity

419 The specific growth rate differed significantly among treatment, period and their interaction 

420 (Appendix S1: Tables S2A and S2B). When subsidies were available (early- vs. late- or no-

421 supply treatment in early period; late- vs. early- or no-supply treatment in late period), the 

422 specific growth rate was, on-average, 1.8–2.1 times higher in treatment reaches with subsidy 

423 supply than in those with no subsidies in 2016 [early period: early-supply (contrast) vs. late-

424 supply or no-supply, P < 0.03; late period: late-supply (contrast) vs. early-supply or no-

425 supply, P < 0.07; Appendix S1: Tables S3A and S4A) and 3.5–6.1 times higher in 2017 

426 [early period: early-supply (contrast) vs. late-supply or no-supply, P < 0.001; late period: 

427 late-supply (contrast) vs. early-supply or no-supply, P < 0.01; Appendix S1: Tables S3B and 

428 S4B]. There was no significant difference in specific growth rate between the early-supply 

429 treatment in the early period and the late-supply treatment in the late period both in 2016 (df 
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430 = 6.15, 95% CI = −0.09–0.05, t = −0.66, p = 0.53; Appendix S1: Table S5A) and 2017 (df = 

431 10.23, 95% CI = −0.08–0.02, t = −1.12, p = 0.29; Appendix S1: Table S5B), suggesting no 

432 timing effects of the subsidy-supply. However, the specific growth rate varied substantially 

433 among individuals within and across experimental reaches (Appendix S1: Figure S3). Three 

434 growth clusters (fast-, medium-, and slow) best explained this variation in the finite mixture 

435 regression model (Tables 1 and 2). The estimated seasonal growth trajectories based on the 

436 parameters for the best model is presented in Figure 2a. The frequency of individuals from 

437 the fast-growth cluster was higher in the early-supply treatment than in the late-supply 

438 treatment and no-supply treatment (Figure 2b; Appendix S3: Table S4; log-linear model, 

439 residual deviance = 3.9, df = 3).

440 The probability of maturation at age-1 was higher for individuals from the fast-

441 growth cluster; 29 out of 39 fast-growth individuals (74%) matured at age-1, whereas only 

442 one out of 29 slow-growth individuals (3%) matured at age-1 (Figure 2c). The optimal 

443 GLMM model revealed that the growth cluster had a significant association with age at 

444 maturity, i.e., no significant association of subsidy timing or its interaction with growth 

445 clusters with the probability of maturation at age-1 was detected (Table 3).

446

447 Survival probability and its association with growth clusters

448 In the no-supply treatment, the estimated survival probability was the lowest in individuals 
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449 from the fast-growth cluster, suggesting a growth–survival trade-off. In contrast, the growth–

450 survival trade-off became unclear in the early-supply treatment and apparently reversed in the 

451 late-supply treatment. The survival probability was similar among individuals from different 

452 growth clusters in the early-supply treatment; the survival probability was lower in slow-

453 growth individuals than in fast-growth individuals in the late-supply treatment (Figure 3).

454

455 Life-history variation in age at maturity

456 The frequency of individuals maturing at age-1 was higher in the early-supply treatment than 

457 in the late-supply treatment and no-supply treatment (Figure 4; Appendix S3: Table S8; log-

458 linear model, residual deviance = 1.0, df = 2). As a consequence, individuals maturing at age-

459 1 and individuals maturing at age-2 and older were more evenly distributed in the early-

460 supply treatment (% age-1 maturation: 47%) than the other treatments (28% in the late-

461 supply treatment and 27% in the no-supply treatment).

462

463 DISCUSSION

464 Elucidating the mechanisms causing life-history variation is fundamental for understanding 

465 population persistence, community organization, and the regulation of ecosystem functions 

466 (Stearns 1992; Clutton-Brock and Sheldon 2010). However, the environmental drivers 

467 underlying life-history variation in natural populations in heterogeneous landscapes remain 
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468 poorly understood. In this study, we demonstrated that the seasonal timing and magnitude of 

469 resource subsidies mediate life-history variations in a consumer population. Although 

470 previous studies often demonstrated population-mean shifts in life-history traits in response 

471 to the magnitude (Yang et al. 2008; Yang et al. 2010) and timing of resource availability 

472 across ecosystem boundaries (Marczak and Richardson 2008; Wright et al. 2013; Sato et al. 

473 2016), our results are distinct from those studies in documenting such life-history variation 

474 within a single population (but see Tanaka et al. 2023). Temporal matches between resource 

475 availability and consumer life-history events commonly regulate seasonal growth and 

476 maturation in many plants and animals (Durant et al. 2007). Given their ubiquitous nature, 

477 seasonal ecosystem linkages via resource subsidies might be a key factor regulating life-

478 history variation in natural populations, and investigating these processes is crucial to fully 

479 understanding the mechanisms generating life-history variation in a heterogeneous landscape.

480

481 Timing-dependent emergence of growth clusters and their effects on maturation

482 The fast-growth cluster was more prevalent in the early-supply treatment than in the late- and 

483 no-supply treatment (Figure 2b), which supported Prediction I (Figure 1). The difference in 

484 resource availability between the subsidy periods would not explain this phenomenon. In 

485 contrast, the smaller proportion of fast-growth individuals in the no-supply treatment could 

486 be due to low resource availability. We added mealworms at the same rate in the early- and 
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487 late-supply treatments, and the natural input rates of the terrestrial invertebrate subsidy did 

488 not largely change from spring through autumn at the study site (Appendix S2: Figure S1). 

489 Furthermore, benthic invertebrate biomass in streams around the study region is known to 

490 decrease from late spring through autumn as many aquatic insects emerge from streams and 

491 become adults (Sato et al. 2011a), which is common in temperate forest streams (Kawaguchi 

492 and Nakano 2001; Nakano and Murakami 2001).

493 In salmonids (Thorpe et al. 1998), including the studied species (Silverstein and 

494 Shimma 1994), individuals that achieve rapid growth and gain lipid reserves early in the 

495 growing season can initiate gonadal development in spring and mature in autumn. If this 

496 reflects life-history adaptations to seasonal environments, growth acceleration induced by late 

497 subsidies may be too late for individuals to develop gonads before the reproductive season of 

498 the year. Matching the temporal window for maturation decision and the seasonal timing of 

499 the subsidy would facilitate individuals in the early-supply treatment to adopt a fast-growth 

500 strategy when they encountered high resource availability. However, some individuals 

501 exhibited the slow-growth strategy in the early- and late-supply treatments. These individuals 

502 would have limited access to subsidies through interference competition, which is well-

503 known in salmonids (Nakano et al. 1995; Sato and Watanabe 2014; Sato et al. 2021). Another 

504 interesting finding is that the medium-growth clusters were statistically separated from the 

505 fast- and slow-growth clusters. Across a broad range of taxonomic groups (Bolnick et al. 
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506 2003), including salmonid fishes (Nakano 1995; Nakano et al. 1999a; Fausch et al. 2021), 

507 flexible niche shifts in response to resource availability and social hierarchy are common. 

508 Individuals who make flexible niche shifts might not gain better growth than fast-growth 

509 conspecifics with limited access to the subsidy but could gain better growth than slow-growth 

510 conspecifics. Consequently, these individuals may have adopted medium growth as a third 

511 growth strategy in the studied masu salmon.

512 Consistent with Prediction II (Figure 1), growth clusters were associated with 

513 subsequent maturation at age-1 (Figure 2c). This association corresponds to the fast–slow 

514 life-history continuum (Promislow and Harvey 1990). Specifically, individuals who adopted 

515 fast growth frequently matured early at age-1, while fewer medium- and slow-growth 

516 individuals achieved age-1 maturation. Along with the timing-dependent emergence of 

517 growth clusters and their effects on maturation at age-1, we argue that subsidy timing and 

518 magnitude mediated the emergence of life history within the masu salmon population.

519

520 Growth–survival trade-off and life-history variation

521 Trade-offs among life-history traits, such as growth, survival, and reproduction, are 

522 considered a leading cause of life-history variation within a population (Stearns 1989; 

523 Mangel and Stamps 2001; Christie et al. 2018). However, life-history trade-offs can be less 

524 pronounced depending on developmental stages (trade-offs can be less clear later in life; 
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525 Hutchings 2006) and competitive environmental conditions (faster-growth individuals can 

526 monopolize resources over slow-growth individuals without survival costs; Tymchuk et al. 

527 2007). The magnitude of such a life-history trade-off, i.e., the growth–survival trade-off, may 

528 explain the proportional compositions of life-history traits among treatments. In accordance 

529 with Prediction III-2, growth and survival were not clearly associated in the early-supply 

530 treatment and were even positively related in the late-supply treatment. In contrast, a clear 

531 growth–survival trade-off was observed in the no-supply treatment, in line with Prediction 

532 III-1. The increase in fast-growth individuals resulted in an increase in the frequency of 

533 individuals maturing at age-1 in the early-supply treatment compared with those of the late- 

534 and no-supply treatment, probably because of the absence of the growth–survival trade-off 

535 (Prediction III-2 and IV-2). No such increase in individuals that matured at age-1 was found 

536 in the late-supply treatment, despite the positive association between growth and survival, 

537 because the late subsidies did not increase the frequency of fast-growth individuals compared 

538 with the no-supply treatment.

539 We cannot fully explain why the growth–survival trade-off was obvious in the no--

540 supply treatment but not in the early- and late-supply treatments. However, the survival 

541 probability of slow-growth individuals was consistently lower in the early- and late-supply 

542 treatments than in the no-supply treatment, suggesting complex associations between growth 

543 and survival. Specifically, interference competition occurs for location to forage for drifting 
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544 invertebrates in salmonid fishes (Nakano 1995). Thus, the experimental increase in drifting 

545 terrestrial subsidies, i.e., mealworms, early in the masu salmon growing season may increase 

546 competition among individuals. This might increase the mortality cost associated with 

547 competition for slow-growth individuals, possibly masking the growth–survival trade-off in 

548 the early- and late-supply treatments. In fact, especially in the early-supply treatment, 

549 estimated survival probability of slow-growth individuals was rapidly decreased in the early 

550 period of 2016 (Appendix S4: Figure S2).

551 Another possibility is that the survival probability became similar among the growth 

552 clusters due to a process of the ideal free distribution (Boyce et al. 2016) within the early-

553 supply treatment reaches. Specifically, individuals of the fast-growth cluster might compete 

554 each other to dominate preferred microhabitats for foraging on drifting mealworms, whereas 

555 individuals of the slow-growth cluster could occupy other microhabitats for primarily 

556 foraging on other food items (e.g., benthic invertebrates). Such microhabitat choice 

557 associated with flexible niche shifts is well-known in salmonids (Fausch et al. 1997; Nakano 

558 et al. 1999b) and may explain the unclear growth-survival trade-off in the early-supply 

559 treatments.

560 Furthermore, animals living in seasonal environments intrinsically have a strategy 

561 that allocates the acquired energy to growth early in the growing season and switches to 

562 allocation to storage late in the growing season, such as overwintering (Post and Parkinson 
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563 2001; Giacomini and Shuter 2013; Varpe 2017). Among individuals that received the late-

564 supply treatment, winter survival (from October 2016 to March 2017) was lower for slow-

565 growth individuals than for medium- and fast-growth individuals (Appendix S4: Figure S2). 

566 This might indicate that individuals with slow growth in the late-subsidy treatment faced 

567 limited opportunities for energy allocation and had reduced winter survival, causing a 

568 positive relationship between growth and survival in the late-supply treatment.

569 The above explanations might imply that slow-growth individuals would not be 

570 favored in the early- and late-supply treatments, and fast-growth individuals would dominate 

571 the population over time. However, we must recognize that slow-growth individuals might 

572 achieve fitness comparable to that of fast-growth individuals in the early- and late-supply 

573 treatments if other types of life-history trade-offs, such as the growth–reproduction trade-off 

574 (Christie et al. 2018), existed. For example, reproductive success in the same spawning 

575 ground would be higher in larger individuals that matured at age-2 than in smaller individuals 

576 that matured at age-1 due to size-dependent breeding competition. Elucidating the causal 

577 relationship between seasonal subsidies and the types and strengths of life-history trade-offs 

578 will be a crucial step in fully understanding the maintenance mechanisms of life-history 

579 variation within a population in seasonally coupled ecosystems (Siepielski et al. 2009).

580

581 Possible population stabilization due to life-history variation
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582 Maintaining life-history variation within a population is fundamental for the long-term 

583 persistence of the population (Schindler et al. 2010; Moore et al. 2014). In this study, 

584 individuals maturing at age-1 (i.e., fast life) was observed more frequently in the early-supply 

585 treatment (% age-1 maturation = 47%) than in the late-supply (28%) and no-supply treatment 

586 (27%). Having those fast-life individuals within a population would result in increasing 

587 population productivity in short-term, which could help rapid population recovery after 

588 environmental disturbances, such as flooding that is often found around the study region 

589 (Sato 2006). In this aspect, the population stability would be higher in populations 

590 experiencing early subsidies than those having late subsidies or reduced subsidies. 

591 Empirically demonstrating this type of population stability, as well as others (such as 

592 portfolio effects: Schindler et al. 2010; Moore et al. 2014), via life-history variation will be a 

593 key for the comprehensive understanding of individual life-history decisions scale up to 

594 population-level life-history variation and population dynamics in seasonal environments. 

595

596 Conclusions

597 In this study, we demonstrated that the seasonal timing of resource subsidies affects life-

598 history variations within a consumer population in recipient ecosystems. Contrary to most 

599 studies focusing on the effects of subsidies on the population mean of life-history traits, 

600 acknowledging subsidy effects on variation in life history is crucial because life-history 
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601 variations are fundamental for the long-term persistence of populations and species 

602 (Schindler et al. 2010; Moore et al. 2014). Consumer effects on species interactions and 

603 ecosystem functions should be determined not only by population mean but also by variation 

604 in their life-history traits (Bolnick et al. 2011; Des Roches et al. 2018; Raffard et al. 2019). 

605 Given the ubiquitous nature of seasonal ecosystem linkages via resource subsidies (Polis et 

606 al. 1997; Richardson and Sato 2015), ongoing global climate change and human-induced 

607 environmental alterations that affect those subsidies can cause the loss of life-history 

608 variation, which may result in unexpected changes in recipient ecosystems (Larsen et al. 

609 2016). In forest–stream ecosystems, the conversion of broadleaf forests to conifer plantations 

610 has raised concerns about reduction and seasonal shifts in resource subsidies (Wipfli 1997; 

611 Ormerod et al. 2004; Inoue et al. 2013), which might have reduced variation in life history 

612 within consumer populations, including salmonid fishes. The present study emphasizes the 

613 need to understand the maintenance mechanisms of life-history variation in heterogenous 

614 landscapes, where seasonal subsidies govern the growth trajectory, age at maturity, and, 

615 ultimately, life-history expressions of wildlife.

616
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845 Tables

846

847 Table 1. Result of the model comparisons of the finite mixture regression models based on 

848 the Akaike information criterion (AIC) and the Bayesian information criterion (BIC). Bold 

849 font indicates the best model in terms of both AIC and BIC (k = 3).

Number of growth clusters (k) AIC BIC
1 −232.51 −208.59
2 −366.09 −318.24
3 −399.20 −327.42
4 −390.69 −294.98
5 −388.65 −269.01
6 −393.49 −273.85

850
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851 Table 2. Estimated parameters for the best model (k = 3) of the finite mixture regression 

852 model. 𝐿min and 𝐿max are respectively fork length of red-spotted masu salmon at the time 

853 of recruitment and maximum fork length of each growth cluster; The 𝑎1 and 𝜃 are 

854 coefficients for describing seasonal growth trajectories of each growth cluster.

Parameter Growth cluster
　 Fast Medium Slow

𝐿min 39.13 37.76 33.58
𝐿max 394.57 756.84 273.37

𝑎1 0.0006 0.0002 0.0005
𝜃 −24.31 −15.67 −9.44

855
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856 Table 3. Results of the GLMM (χ2 = 47.34, df = 2, p < 0.001, pseudo R2 = 0.33, dispersion 

857 parameter = 1.03) model for the effect of growth clusters on the probability of maturation at 

858 age-1. In the model, the stream sections were incorporated as a random effect. No further 

859 clustering among growth clusters (i.e., medium + slow vs. fast; fast + slow vs. medium; fast + 

860 slow vs. slow) significantly improved the model fits (log-likelihood ratio tests: p > 0.05).

Variables Estimate SE 95% CI z P
(Intercept) 1.06 0.37 0.35–1.78 - -

growth cluster (medium) −2.65 0.53 −3.70–−1.60 −4.96 < 0.001
growth cluster (slow) −4.4 1.08 −6.52–−2.28 −4.07 < 0.001

861
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862 Figure captions

863

864 Figure 1. The predictions of effects of subsidy timing and availability on growth strategies 

865 (Prediction I), association between growth strategies and maturation age (Prediction II), a 

866 growth–survival trade-off (Prediction III), and its consequences for explaining the life-history 

867 variation (age-1 maturation or not; Prediction IV). In the study design, gray squares represent 

868 the mealworm subsidies that was experimentally added as early- and late-subsidies, 

869 respectively. In the Prediction I, an expected proportion of growth trajectories (F: fast-growth 

870 strategy, S: slow-growth strategy) in each treatment [(E: early-supply treatment, L: late-

871 supply treatment, C: no-supply treatment (control)] is shown; the color represents slow (blue) 

872 and fast (red) growth trajectories. In the Prediction IV, expected proportional compositions of 

873 maturation status at age-1 (M: matured, IM: immatured) in each treatment are shown with 

874 (upper row) and without (lower row) growth–survival trade-off.

875

876 Figure 2. Estimated seasonal growth trajectories (a), proportional composition of growth 

877 clusters in each treatment (b), and their association with the proportion of maturation at age-1 

878 (c). Dots in the panel (a) represent fork lengths of individual fish at each sampling occasion. 

879 Experimental periods in which subsidies were added are shaded. In the panel (b), number of 

880 individuals is represented above each bar. In the panel (c), M and IM indicate the matured 
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881 and immatured individuals, respectively.

882

883 Figure 3. Association between growth clusters and survival probabilities in each treatment. 

884 Dots represent the median of estimated survival probability until reproductive season at age-

885 1. Error bars represent 95% credible intervals.

886

887 Figure 4. Proportional compositions of maturation status at age-1 in each treatment. M and 

888 IM indicate the matured and immatured individuals, respectively.
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