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Abstract

Life-history variation can contribute to long-term persistence of populations, but it remains unknown what ecosystem properties

maintain life-history variation within a population. Seasonally recurring resource subsidies are common in nature, but human-

induced environmental changes, including global climate change, are causing temporal shifts and decline in those subsidies.

We experimentally demonstrated that the terrestrial invertebrate subsidy occurring early in a growing season facilitated red-

spotted masu salmon individuals to adopt a fast life, while the early-subsidy also maintained individuals that adopted a slow

life. In contrast, the late-subsidy did not increase the fast-life individuals as much as the early-subsidy did. Consequently, the

life-history variation was higher in the early-subsidy treatment than in late-subsidy treatment and no-subsidy control. The

variation in life-history was not simply explained by the growth-survival trade-off. These results highlight the role of seasonal

ecosystem linkages in maintaining life-history variation within a population and securing population stability at land-scape

scale.

INTRODUCTION

Maintaining life-history variation is fundamentally important for long-term persistence of populations and
species (Schindler et al. 2010; Moore et al. 2014), community dynamics (Post et al. 2008; Weis & Post 2013)
and ecosystem functions (El-Sabaawi et al. 2015). Individuals with distinct life-histories respond differently
to temporally fluctuating environments (Hallgŕımsson & Hall 2005), and the consequent asynchronous dy-
namics among life-history groups stabilizes aggregate dynamics over time. This statistical-averaging process,
known as a portfolio effect (Schindler et al. 2015), can reduce the risk of population extinction and over-
exploitation (Schindler et al. 2010). Furthermore, the effects of life-history variation can scale up to influence
community dynamics and ecosystem functions by altering top-down (Post et al. 2008; Weis & Post 2013)
and bottom-up regulations (El-Sabaawi et al. 2015). Those ecological processes should depend on the mag-
nitude of life-history variation. However, what remains poorly understood is potential drivers of life-history
variation in natural populations. Given human activities are causing substantial shifts and loss of intraspe-
cific variations worldwide (Mimura et al. 2016), it is more imperative than ever to elucidate the drivers of
life-history variation not only from basic (Clutton-Brock & Sheldon 2010) but also from applied ecological
perspectives (Blanchet et al. 2020).

For consumers living in connected open ecosystems, seasonal flows of energy and materials across ecosys-
tems (i.e., resource subsidies) (Polis et al. 1997; Richardson & Sato 2015) can be a potential key driver
of intraspecific life-history variation. Previous studies have demonstrated that subsidies occurring early in
consumers’ growing season tend to facilitate consumers to adopt a fast life; early subsidies can accelerate
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seasonal growth, which in turn allows juvenile consumers to mature and capture seasonally limited reproduc-
tive windows at young (spiders: Marczak & Richardson 2008; lizards: Wright et al. 2013; stream fish: Sato
et al. 2016). However, utilization of subsidies can vary among individuals via resource competition (Sato
& Watanabe 2014; Sato et al. 2021) and niche variation (Kenny et al. 2017), and individuals with limited
subsidy supplies may benefit from adopting a slow life if life-history trade-offs exist between growth and
survival (Stearns 1989; Mangel & Stamps 2001). Yet, current debates are focused largely on the emergence
of a certain life-history as a population average (Wright et al. 2013; Sato et al. 2016) but have offered
limited insights into how seasonal resource subsidies maintain the variation in life-history within a consumer
population.

Here, we hypothesize that for salmonid consumers utilizing terrestrial resource subsidies in a temperate forest-
stream ecosystem, a greater proportion of fish individuals adopt a fast life when subsidies are supplied early
in their growing season (Figure 1-I) than when late or no-subsidy is supplied (Figure 1-II); as a consequence,
early-subsidy will increase life-history variation (Figure 1-III). If this is the case, we further investigated the
mechanism to maintain the life-history variation by testing if there is a trade-off between growth pattern
(e.g., fast vs. slow) and survival (Figure 1-IV).

Seasonal timing of terrestrial invertebrate inputs may vary among temperate streams covered by different
forest types and under ongoing climate changes. Where surrounded by deciduous trees, input rates of
terrestrial invertebrates commonly peak in early in the growing season (late spring toward early summer)
of stream salmonid fishes (Nakano & Murakami 2001; Sato et al. 2011a; Inoue et al. 2013). On the other
hand, the peak timing of terrestrial subsidies can also naturally occur late in salmonids’ growing season
(i.e., late summer toward early autumn) if riparian forests are dominated by conifer trees (Wipfli 1997).
Moreover, terrestrial invertebrate subsidies can be seasonally shifted or dampened by forest managements
(i.e., clear-cut logging and extensive non-native conifer plantations; Inoue et al. 2013) and/or global climate
change (Larsen et al. 2016).

Recent field evidence hints at the potential of subsidy timing in controlling life-history variation in subsidy
consumers. In an experiment, early subsidies facilitated a population-level shift of salmonid individuals
toward fast growth and young maturation (i.e., fast life), whereas late subsidies had no pronounced effects
at population average (Sato et al. 2016). In addition, resource competition (Sato & Watanabe 2014; Sato
et al. 2021) and niche variation (Kenny et al. 2017) can cause variable resource utilization among consumer
individuals, potentially contributing to divergent life histories in consumers in seasonally coupled ecosystems.

To test our hypothesis, we integrate a large-scale field manipulation experiment that mimics the magnitude
and seasonal timing of subsidies associated with natural and artificial riparian forests with elaborate statis-
tical analyses that can quantifying individual variations in life-history traits. Although resource subsidies is
known to affect life-history expressions (Marczak & Richardson 2008; Wright et al. 2013; Sato et al. 2016,
2020), few studies have formally tested their effects on the variation in life-history in natural environments.
In addition, it has been increasingly recognized that statistical approaches that can quantify individual tra-
jectories is crucial in life-history studies (Hamel et al. 2017), but few attempts have been made for wild
populations. Our results have provided the first empirical evidence that seasonal resource subsidies can be
a key driver of life-history variation in a consumer population in seasonally coupled ecosystems.

MATERIALS AND METHODS

Rationale of the experimental design

We designed the experiment to test the effects of the early-subsidy, late-subsidy and reduced-subsidy on the
life-history variation of red-spotted masu salmon Oncorhynchus masou ishikawae(hereinafter, masu salmon)
in a Japanese temperate stream. In the study region, a riparian vegetation originally consists of deciduous
trees, and the peak timing of the subsidy occurs from late June to early August (Sato et al. 2011a), which
corresponds to the early in the growing season for the studied masu salmon. However, extensive non-native
conifer plantations (Cryptomeria japonica and Chamaecyparis obtusa ) have been conducted around the
study stream (57.1 % conifer plantation within the drainage area), which has substantially reduced the
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magnitude of the subsidy in the studied stream (Sato et al. 2011b). In addition, the conifer plantation can
potentially shift the subsidy timing toward late in the growing season (Wipfli 1997). The results from the
early-subsidy treatment means how and in what extent the deciduous riparian forest can originally maintain
life-history variation of recipient consumer fish, while their comparisons with the results for the reduced-
subsidy (i.e., no-subsidy control) investigate the extent to which the extensive conifer plantation potentially
cause loss of life-history variation. The comparison between the early- and late-subsidy tests whether shifts
in riparian vegetation can increase or decrease the life-history variation that can be maintained within a
population.

Study site and experimental procedures

The field experiment was conducted from June, 2016 to October, 2017 in a stream in an upper drainage
of Arida River system (34deg04’N, 135deg31’E), which drains a watershed within the Wakayama Forest
Research Station, Field Science Education and Research Center (FSERC), Kyoto University. The stream is
a typical mountain stream [i.e., gradient [?]16.5 %, 3.0–5.2 m stream width, 0.067–0.112 m3/sec in summer
discharge, gravel-dominated streambed], and stream-resident masu salmon and a small number of minnows
Phoxinus oxycephalus jouyiare the only fishes inhabiting the stream.

We created three treatment reaches (early-subsidy, late-subsidy and no-subsidy control) each with three
replicates, resulting in nine experimental reaches. The treatment reaches were randomly assigned to nine
122.8 +- 28.0 m reaches, each separated by > 20 m intervals. We did not adjust the population density at the
onset of the experiment. Although natural density of masu salmon varied among experimental reaches (age-
0: 0.01–0.06 fish/m2; [?] age-1: 0.06–0.14 fish/m2; Figure S2), those densities are relatively low compared
with the densities reported in other populations (Kishi & Tokuhara 2012: 0.002–0.36 fish/m2; Saito et al.
2013: 0.25–0.68 fish/m2). Therefore, it is unlikely that these densities cause strong density-dependent effects
on the life-history traits in this study (see more details in Supporting Information). The reaches were not
fenced off to keep masu salmon in each treatment reach because it was not realistic to prevent movement of
fish by building a fence in running water over two years. We confirmed that movements of fish across reaches
were limited in the studied population [12 out of 346 (3.5 %) of fish moved across reaches]. We omitted
individuals that moved across reaches from the analyses.

We emulated early- and late-subsidies of terrestrial invertebrate input by adding mealworms (larvae of
beetle Tenebrio molitor ) to natural stream reaches over two discrete 60-day time periods both in 2016
and 2017. Mealworms were added to subsidy reaches at the same rate from June to August as an early-
subsidy treatment or from August to October as a late-subsidy treatment. In each subsidy treatment reach,
the mealworms were added at a rate of 100 mg/m2/day by using 7–13 automatic fish feeders (W x H x
D = 6.8 x 14.9 x 8.7 cm, [?]100 mL capacity for food; EHEIM Co. Ltd.) per reach. The natural input
rates of the terrestrial invertebrates were relatively low in the study reaches (< 30 mg/m2/day; Figure 1-I)
probably due to the previous deforestation and subsequent non-native conifer plantations that were known
to reduce the terrestrial invertebrate inputs (Inoue et al. 2013). The total input rate (mealworms + natural
inputs of the terrestrial invertebrates) was comparable to the rates of peak terrestrial invertebrate inputs
in temperate streams surrounded by natural and second-growth forests [136.1 +- 113.6 (mean +- SD; range
27–444) mg/m2/day: Inoue et al. 2013]. Mealworms are ideal substitutes for the terrestrial invertebrate
subsidy of our study system (Sato et al. 2016; Sato et al. 2021).

Mark-recapture survey

Mark recapture survey was conducted each before and after the subsidy period (i.e., May, August, October)
and early spring (i.e., March) to track the life-history traits, i.e., seasonal growth, survival, reproduction and
movements, of the studied masu salmon. Fish were captured using two-pass electrofishing with units oper-
ating at 250 V pulsed DC (LR-24, Smith-Root, Vancouver, WA, Canada). Captured fish were anesthetized
(clove bud: Seimi Laboratory, Kanagawa, Japan), measured (fork length to the nearest 1 mm and weighed
to nearest 0.1 g) and individually marked by visible implant elastomer (North West Marine Technology,
Inc. WA, USA). Captured location of each fish was recorded at 10-m interval to estimate the probability
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of emigration from the study reaches for survival estimate. We pumped stomach contents of fish (n > 5)
that were randomly selected from each study reach at the end of each subsidy period. The stomach samples
were preserved in 70 % ethanol and identified in order to distinguish their sources (mealworms, terrestrial
or aquatic invertebrates). Scales (n < 10 per fish) were sampled and preserved in 5 % buffered formalin
solution for age-determination when captured fish were not known for their age. In October, just before
the spawning season, captured fish were judged as matured if fish released sperm or eggs when we softly
pressed the abdomen; otherwise, fish were recorded as immatured. All fish were subsequently released at
their capture points after recovering from anaesthesia.

The definition of life-history patterns

In this study, we focused on the growth trajectories and ages at maturity because those two life-history
traits are tied to adaptive life-history variations in many animals, such as fast-slow life-history continuum
(Promislow & Harvey 1990; Kozlowski 2006). In the studied population, precocious males were rarely
observed (2.8 %), and almost all masu salmon died after the spawning season at age-2 (95.6 %). Fewer masu
salmon (9.9 %) are iteroparous, i.e., reproduce multiple years during their lifespan. Therefore, we described
the life-history of the studied masu salmon population by the combination of growth trajectory (e.g., fast
vs. slow) and maturation status at age-1 (e.g., mature or immature). Sex-dependent life-history decision is
well-known in salmonids (Klemetsen et al. 2003; Kendall et al. 2015; Bourret et al. 2016; Beamish 2018), but
our preliminary analysis found responses to seasonal subsidies similar between male and female individuals
(see Supporting Information). Therefore, we omitted sex-dependences from evaluation of life-history traits
and proportional patterns of life-history variations. To strictly test the subsidy effects on life-history of masu
salmon, we confined our life-history evaluation to the 2016 cohort that received the subsidy treatments since
their birth.

We could not know life-history types of individuals that died before the reproductive season at age-1. Thus,
the frequency of life-history types we observed could have resulted from selection acting on intrinsic individual
variations (e.g., genetic variations associated with life-history traits) and/or from plastic life-history decisions
such as those based on threshold traits. Present study could not distinguish the two processes in evaluating
the effects of subsidies on life-history variation.

Data Analysis

Estimation of growth patterns using the finite mixture model

In some animals, body size divergence with age can be explained by a single growth trajectory with random
variation among individuals (Haddon 2011). In other animals, in contrast, multiple distinct growth trajecto-
ries may better explain individual variation; that is, individuals may be classified into multiple groups (i.e.,
growth clusters) sharing different growth trajectories. To test the two possibilities, we used a finite mixture
regression model that can quantify individual variations in growth trajectories and statistically identify dis-
tinct growth clusters if present (Hamel et al. 2017). When the finite mixture regression model found multiple
growth clusters, we further compared the number of growth clusters among early-, late-subsidy treatment,
and no-subsidy control to test whether subsidy timing affected life-history variation in the study population.

To this end, we modeled the expected body length of masu salmon at each sampling timing for each growth
cluster using the von Bertalanffy equation with seasonally varying coefficient (Cloern & Nichols 1978). In
the finite mixture regression model, we assumed that each fish is assigned to a latent variable [i.e., an
unobserved state (strategy) corresponding to a growth cluster]. The latent variable is a set of parameters
that fully describes the seasonal growth trajectory of each growth cluster in the von Bertalanffy equation.

To implement the finite mixture regression model, we utilized FLXMRglm function in the R package ‘flexmix’,
where the EM algorithm (Dempster et al. 1977) can be used for the parameter estimation. The 885 body-
size data across 334 individuals [2.65 +- 1.53 (mean +- SD; range 1–7) data per individual] were used to
construct the model. We did not know a priori the number of growth clusters maintained in the studied
population. Therefore, we applied model selection by developing the models with different number of growth
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clusters (k = 1–6). The Akaike Information Criterion (AIC) and the Bayesian Information Criterion (BIC)
were used for the model selection; models both with Δ AIC < 2 and Δ BIC < 2 was considered to be an
equivalent statistical support (Hamel et al. 2017). The details of the finite mixture regression model were
shown in Supporting Information.

Association of growth clusters with maturation at age-1

Based on the previous study for the same masu salmon population (Sato et al. 2021) and along with the
principle of fast-slow life-history continuum (Promislow & Harvey 1990), we hypothesize individuals of fast-
growth clusters to have higher probabilities of maturation at age-1 than those of slow-growth clusters. In
addition, the effect of growth cluster on the maturation-decision might be larger with the early-subsidy
than with the late-subsidy and no-subsidy because of the timing dependent life-history decisions (Sato et al.
2016). Generalized linear mixed model (GLMM; glmer function in the R package ‘lme4’), with experimental
reach (n = 3 replicates) as a random effect, was used to test whether the probability of maturation at age-1
was related to the growth clusters, treatments and their interaction. The interaction term was excluded from
the final model if it did not significantly maximize the log-likelihood of the model in the log-likelihood ratio
test (Crawley 2007).

Variation in life-history patterns

We classified life-history patterns as a combination of growth clusters (slow, medium, and fast) and matu-
ration status at age-1 (mature, M or immature, IM); e.g., individuals grew fast and matured at age-1 are
denoted as “Fast-M”. We tested whether the early-subsidy treatment induced higher variation in life-history
patterns using the following two complementary approaches. First, Fisher’s exact test was used to examine
if proportional composition of life-history patterns differed among treatments. When the treatment effect
was significant, we further conducted pairwise comparisons with Bonferroni correction (α = 0.017). This
approach cannot quantify the variation in life-history patternsper se . Therefore, we calculated the Shannon-
Wiener diversity index (H’ ) (Magurran 2004) to provide a statistically comparable metrics for the variation
in life-history patterns. We pooled three replicates to calculate H’ for each treatment due to low sample size
of fish per replicate reach.

Estimation of survival probabilities

Fitness trade-off is a well-known mechanism to maintain life-history variations within a single population
(Stearns 1989; Mangel & Stamps 2001). In this study, we hypothesized that individuals with faster growth
experienced lower survival until their reproductive season at age-1, which underlies the generation of life-
history variation of masu salmon. To test this hypothesis, true survival probabilities (i.e., corrected for
permanent emigration) were estimated by a modified version of a Cormack-Jolly-Seber (CJS) model (Schaub
& Royle 2014; Terui et al. 2017). Survival estimates in classical CJS models are called “apparent” survival,
as it is confounded with permanent emigration from an observation area. The modified CJS model, however,
can account for permanent emigration by integrating movement into observation processes. This modeling
approach will be useful in the present study, because the experiment was conducted in a stream, and the
permanent emigration of fish from the experimental reaches would inevitably occur. Our primary objective
was to test whether the variation in life-history patterns in each treatment are explained by the trade-off
between growth cluster and survival. Therefore, we estimated the survival probability separately for growth
clusters and subsidy treatments. The details of the survival estimates were shown in Supporting Information.

RESULTS

The total mass of all invertebrate consumption (i.e., aquatic and terrestrial invertebrates, and mealworms)
by red-spotted masu salmon in subsidized-treatment reaches was, on average, 5.6 times higher than those in
un-subsidized reaches in August [subsidized: 0.52 ± 0.34 mg/100 mg mass of fish; un-subsidized (no-subsidy
control + late-subsidy treatment): 0.09 ± 0.09; Mann–Whitney U -test: W = 34,p = 0.009] and 3.6 times
higher in October [subsidized: 0.31 ± 0.37; un-subsidized (no-subsidy control + early-subsidy treatment):
0.09 ± 0.09; Mann–Whitney U -test: W = 213, p = 0.020], respectively. Mealworms respectively made up
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97 ± 3 % and 62 ± 40 % of the total mass of consumption by masu salmon in August and October, and the
consumption rate of mealworms was positively correlated with the total consumption rate in both periods
(Spearman rank correlation, August: rs = 1, p = 0.0028; October: rs = 0.95, p < 0.0001).

Growth pattern and age at maturity

The specific growth rates of masu salmons did not differ between periods [(early in the growing season (June–
August) vs. late in the growing season (August–October)] when they received no subsidy during the periods
(GLMMgaussian, period: t = -1.24,P = 0.24; Figure S3; Table S2). When subsidies were supplied, their growth
increased by 1.6 times higher, and the increase did not depend on the period they received subsidies (subsidy
x period: t= -0.29, P = 0.77). However, the specific growth rate varied substantially among individuals
across experimental reaches. Three growth clusters (fast-, medium- and slow-growth clusters) best explained
this variation in the finite mixture regression model (Table 1, 2; Figure 2a). The proportional composition
of the growth clusters differed significantly among treatments (Fisher’s exact test: P< 0.01), with only
a significant difference in a pairwise comparison between early- vs. late-subsidy treatments (adjusted P<
0.001) (Figure S4). Early-subsidies increased the proportion of individuals belonging to the fast-growth
cluster (57 out of 117 fish, 49 %), while reducing that of the slow-growth cluster (n = 18, 15 %) (Figure S4).
In no-subsidy control, individuals belonging to the medium-growth cluster were most common (51 out of 118
fish, 43 %), followed by the fast-growth (34 %) and slow-growth (23 %) individuals (Figure S4). Although
the late-subsidy treatment supplied the same amount of subsidies as in the early-treatment, late-subsidies
resulted in the composition close to that of the no-subsidy control, with a slightly larger representation of
the fast-growth cluster (Figure S4).

Probability of maturation at age-1 was higher for individuals belonging to fast-growth cluster; 29 out of 39
fast-growth individuals (74 %) matured at age-1, whereas only one out of 29 slow-growth individuals (3 %)
did at age-1 (Figure 2b). The optimal GLMM model revealed that the growth cluster solely had a significant
effect on age at maturity, i.e., no significant effects of the subsidy timing nor its interaction with growth
clusters on the probability of maturation at age-1 were detected (Table S3).

Variation in life-history patterns

We observed six different life-history patterns across treatment reaches (Figure 3). The proportional compo-
sition of the life-history patterns largely differed among treatments although it was not statistically significant
(Fisher’s exact test: P = 0.11) due to relatively small sample size. In the early-subsidy treatment, individ-
uals that adopted fast life, i.e., fast-growth and matured at age-1 (Fast-M) were most common (11 out of
34 fish, 32 %), whereas the second common life-history pattern (7 fish, 21 %) was slow life, i.e., Slow-IM.
Other life-history patterns, except for Slow-M (n = 1), were evenly found in the early-subsidy treatment. In
no-subsidy control, three life-history patterns (Fast-M, Medium-IM, and Slow-IM; 34 out of 36 fish, 94 %)
dominated over the other three patterns. Among the three life-history patterns, relatively slower life-history
patterns, i.e., Medium-IM (n = 15, 33 %) and Slow-IM (n = 14, 31 %), were found in similar proportions,
while 20 % of fish (n = 9) adopted Fast-M pattern. In the late-subsidy treatment, the three-dominant life-
history patterns were the same as those observed in no-subsidy control, but the proportional composition
differed largely between the two treatments. Specifically, Medium-IM was most common (18 fish, 50 %),
while Fast-M (9 fish, 25 %) and Slow-IM (7 fish, 19 %) were the second- and third-common life-history pat-
terns, respectively. Overall, the diversity of life-history patterns was highest in the early-subsidy treatment
and lowest in the late-subsidy treatment (Shannon’sH’ : early = 2.36, late = 1.75, control = 2.09).

Survival probability and its association with growth clusters

In no-subsidy control, the estimated survival probability was lowest in individuals belonging to the fast
growth cluster, suggesting a growth-survival trade-off. However, the growth-survival trade-off became unclear
in the early-subsidy treatment and even disappeared in the late-subsidy treatment; the survival probability
was similar among individuals belonging to the different growth clusters in the early-subsidy treatment;
the survival probability was lower in the slow-growth individuals than the fast-growth individuals in the
late-subsidy treatment (Figure 4).
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DISCUSSION

Elucidating the maintenance mechanisms of life-history variation is fundamentally important in ecology and
evolutionary biology (Stearns 1992; Clutton-Brock & Sheldon 2010). However, it remains poorly understood
what ecosystem properties increase or decrease life-history variation in natural environments. Here, we
provide empirical evidence that the ecosystem linkage via seasonal resource subsidies can maintain life-
history variation of consumers in recipient ecosystems. Another key implication from this study is that
human-induced environmental changes may reduce the life-history variation through the temporal shifts
and/or decline of seasonal resource subsidies. Our study suggests that such an indirect process through
resource subsidies may underlie the ongoing loss of intraspecific variations in wildlife.

Timing-dependent effects on life-history decision and its variation

Although our experimental subsidy increased the individual growth rate irrespective of timing, the fast-
life history (represented by the fast-growth cluster and maturation at age-1) was prevalent in the early-
subsidy treatment than in the late-subsidy treatment. This timing-dependent effects may reflect physiological
constraints on the seasonally-determined onset of maturity. In salmonids (Thorpe et al. 1998) including the
studied species (Silverstein & Shimma 1994), individuals achieving rapid growth and gaining lipid reserves
early in the growing season can initiate gonad development and mature in autumn. Yet, growth acceleration
induced by late subsidies may be too late for individuals to develop gonads before the reproductive season
of the year. Arguably, this timing-dependent life-history decision facilitated individuals to adopt a fast
life and suppressed the proportion of slow-life individuals in the early-subsidy treatment. In contrast, the
late-subsidy was inefficient in inducing a fast life, resulting in many individuals expressing medium-growth
and late maturation. In no-subsidy control, the reduced subsidy was not able to accelerate the seasonal
growth important for inducing a fast life. Consequently, life-history variation was higher in the early-subsidy
treatment than in the late-subsidy treatment and no-subsidy control.

Temporal match between resource availabilities and life-history decision windows commonly regulates sea-
sonal growth and maturation in many plants and animals (Durant et al. 2007). Our study highlights that
those phenological matching can occur across ecosystem boundaries and strongly regulate variations in life-
history expression. Given the ubiquitous nature of seasonal ecosystem linkages, anthropogenic disturbances
of seasonal resource subsidies at local and global scales (Richardson & Sato 2015; Larsen et al. 2016) may
underlie the ongoing loss of intraspecific variations in wildlife.

Maintenance mechanisms of life-history variation and their potential population consequences

Trade-offs among life-history traits, such as growth, survival and reproduction, is considered a leading cause
that maintains life-history variation within a population (Stearns 1989; Mangel & Stamps 2001; Christie
et al. 2018). In this study, individuals belonging to the fast-growth cluster tended to have lower survival
rate until age-1 in the no-subsidy control, suggesting that the growth-survival trade-off partially explains the
life-history variation in the no-subsidy control. However, such a trade-off was not found in the early- and
late-subsidy treatments; the survival rate tended to be lower in the slow-growth cluster in both treatments.
Two possible mechanisms may explain life-history variation despite the apparent lack of the growth-survival
trade-off. First, slow-life individuals might achieve fitness similar to that of fast-life individuals in the subsidy
treatments via other types of life-history trade-off, such as the growth-reproduction trade-off (Christie et al.
2018); reproductive success in a same spawning ground would be higher in slow-life individuals that matured
at age-2 than fast-life individuals that matured at age-1 due to a size-dependent breeding competition. If
this is the case, the life-history variation is stably maintained with the early-subsidy within a population.
Second, spatial variation in resource subsidies may maintain life-history variation across space; i.e., fast-life
individuals dominate in deciduous forested streams with early subsidies, whereas slow-life individuals would
be prevalent in coniferous forested streams with late subsidies and/or reduced subsidies. As a consequence,
life-history variation can be maintained at a basin scale (i.e., meta-population level). This can be the
case in the studied masu salmon because many individuals complete their life-history within a stream (i.e.,
local population) that receives a given subsidy supply, but potentially move across streams (i.e., forming
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meta-population).

Those maintenance mechanisms of life-history variation are highly relevant to whether the life-history vari-
ation potentially contributes to stabilizing population fluctuation at local population or meta-population
levels. In salmonid fishes, individuals with distinct ages at maturity can respond differently to environmen-
tal fluctuations, such as large floods (Jensen & Johnsen 1999), and the consequent asynchronous dynamics
among life-history groups can stabilize population fluctuations over time (Schindler et al. 2010; Moore et
al. 2014). If the early subsidy can stably maintain life-history variation within a population, this stabilizing
effect is expected to function at local population level. On the other hand, when given subsidies (early, late
or reduced subsidies) associated with riparian forest types maintain a certain life-history in each stream (i.e.,
local habitat), the asynchronous dynamics among life-history groups can stabilize meta-population dynamics
across streams within a river basin. Unravelling temporal and spatial variations in seasonal subsidies and
their relevance with life-history variation within and among local populations will be a crucial step to fully
understand the maintenance mechanisms of life-history variation and their population consequences across
time and space.

Limitation for the evaluation of life-history variation

While we successfully described the variation in life-history patterns until age-1 and its dependence with the
timing and magnitude of the terrestrial subsidy, we might underestimate some of the life-history variations
in the studied population. For instance, we could not evaluate (1) fish that matured at age-2 and older, and
(2) fish that repeated reproductions (i.e., iteroparous individuals) in the 2-year field experiment. For the
first limitation, because fewer fish (approx. 5 %) survived until reproductive period at age-3 in the studied
population, individuals that did not mature at age-1 could be assumed to mature at age-2. For the second
limitation, the iteroparous life-history was relatively uncommon (approx. 9.9 %) in the studied population.
Taken together, we believe that potential underestimates of the life-history patterns would minimally affect
the main argument of the present study.

Conclusion

In this study, we demonstrated that seasonal timing of resource subsidies relative to consumer phenology
can have pronounced effects on life-history variation in consumers in recipient ecosystems. Contrary to the
most studies focusing the effects of subsidies on life-history traits as a population average, acknowledging
the subsidy effects on the variation in life-history is crucial because life-history variations are fundamentally
important for long-term persistence of populations and species (Schindler et al. 2010; Moore et al. 2014).
Consumers’ effects on species interactions and ecosystem functions should be determined by not only mean
but variation of life-history traits of the consumers (Bolnick et al. 2011; Des Roches et al. 2018; Raffard et
al. 2019). Furthermore, understanding relative contribution of life-history plasticity and genetic variation
underlying such life-history variation can lead to answer two fundamental questions in ecology and evolution;
how quickly individuals can respond to changing environments? and how it does maintain resilience at
population level? Due to the technological development in molecular biology, the genetic and epigenetic
mechanisms related to growth and age at maturity are being elucidated in wild organisms (Moran & Perez-
Figueroa 2011; Barson et al. 2015; Therkildsen et al. 2019). Our study presents new insight into those studies
by emphasizing the need to acknowledge environmental factors at landscape, where seasonal subsidies govern
growth trajectory, age at maturity and ultimately life-history expressions of wildlife.
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Figure legends

Figure 1 . The hypothesized effects of subsidy timing (I) on life-history variation in the early-subsidy and
late-subsidy treatments, respectively (II and III) and the growth-survival trade-off that may explain the life-
history variation (IV). In the panel (I), seasonally asynchronous resource dynamics of aquatic invertebrate
biomass (Aqua) and the terrestrial invertebrate subsidy (Terr) is shown; solid line represents the natural input
rates of the terrestrial invertebrates in the study reach (mean +- SD); dashed line shows aquatic invertebrate
biomass measured in the nearby stream (Sato et al. 2011a), which is commonly observed seasonal pattern in
temperate streams. Gray squares represent the mealworm subsidy that was experimentally added as early-
and late-subsidies, respectively. In the panel (II), the expected life-history patterns (growth trajectory and
age at maturity) were shown; the color represents slow (blue) to fast (red) growth trajectories, while the
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thinness of arrows indicates the expected frequency of each life-history pattern, which is summarized in the
panel (III). The life-history patterns and variation in no-subsidy control (reduced-subsidy in this study) were
expected to be similar with those hypothesized in the late-subsidy along with the previous study (Sato et
al. 2016; see more details in the main text).

Figure 2 . Estimated seasonal growth trajectories (a) and their association with the proportion of matura-
tion at age-1 (b). Dots in the panel (a) represent fork lengths of individual fish at each sampling occasion.
In the panel (b), M and IM indicate the matured and immatured individuals, respectively.

Figure 3 . Proportional compositions of life-history patterns in each treatment. The life-history pattern of
individual is represented by a combination of the growth cluster (first term) and maturation status at age-1
(second character M = matured, and IM = immatured).

Figure 4 . Association between growth clusters and survival probabilities in each treatment. Dots represent
the median of estimated survival probability until reproductive season at age-1. Error bars represent 95 %
credible intervals.

Table 1. Result of the model comparisons of the finite mixture regression models based on Akaike’s In-
formation Criterion (AIC) and Bayesian information criterion (BIC). Bold 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

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

and Lmax are respectively fork length of red-spotted masu salmon at the time of recruitment and maximum
fork length of each growth cluster; The a1 and θ are 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
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