F Stephen Dobson 
  
Claire Saraux 
  
Vincent A Viblanc 
  
PHENOTYPIC PLASTICITY IN REPRODUCTIVE AND SOMATIC EFFORTS OF FEMALE COLUMBIAN GROUND SQUIRRELS

Keywords: Columbian ground squirrel, phenotypic plasticity, repeatability, reproductive effort, somatic effort, Urocitellus columbianus

Phenotypic plasticity of life-history traits is well known among vertebrate species. We estimated reproductive and somatic efforts of female Columbian ground squirrels (Urocitellus columbianus (Ord, 1815)) to test for plasticity of these important resource allocations. We examined a 27-year dataset of life-history traits on these long-living (8-10 years), hibernating, montane-living mammals. Environmental variation was estimated from two important traits of mothers, their relative timing of breeding and spring maternal body mass (initial "capital" for use in subsequent reproduction). Results from 183 known-aged mothers and 508 litters revealed considerable variation in the relative timing of breeding, initial maternal mass, and reproductive and somatic efforts, as well as significant variation among age and years. Results from 125 mothers that reproduced more than once (and 450 litters) revealed significant plasticity of reproductive and somatic efforts with respect to relative timing of breeding and spring maternal mass. A within-subject centering statistical approach showed that phenotypically plastic reproductive and somatic efforts were due to variation within individuals, but were not always reflected by the pattern of responses among individuals in the population. The plastic responses of different mothers appeared to be similar in strength.

INTRODUCTION

How maternal resources are allocated to reproduction in iteroparous species (where individuals reproduce more than once in their lifetime) is a fundamental question in evolutionary biology. At the simplest, the options are allocation to current reproduction versus allocation in oneself, viz. somatic allocation, the latter supporting reproduction at a later time. This basic division for iteroparous organisms led [START_REF] Hirshfield | Natural selection and the evolution of reproductive effort[END_REF] to point out that for a given energy budget, resources should be allocated in a way that maximizes reproductive value [START_REF] Fisher | The genetical theory of natural selection[END_REF]. Reproductive value, in turn, has two components [START_REF] Williams | Natural selection, the costs of reproduction, and a refinement of Lack's principle[END_REF]): current and future reproduction (termed "residual reproductive value"). Thus, for organisms that reproduce more than once, we should expect natural selection to favor a "trade-off" between resource allocations to current and future reproductive efforts [START_REF] Stearns | Life-history tactics: a review of the ideas[END_REF]. Future reproduction, of course, is supported by additional underlying factors, including somatic growth, stored resources, and enough personal maintenance to provide the best chance of survival to reproduce again. For the trade-off to evolve via natural selection, it must have a genetic basis, something that has proved difficult to demonstrate in nature [START_REF] Reznick | Costs of reproduction: an evaluation of the empirical evidence[END_REF][START_REF] Houle | Genetic covariance of fitness correlates: what genetic correlations are made of and why it matters[END_REF][START_REF] Reznick | Big houses, big cars, superfleas, and the costs of reproduction[END_REF]. Even documenting a phenotypic basis for the trade-off of current reproductive effort and residual reproductive value faces substantial challenges, such as bias from variation in resource availability among individuals (e.g., [START_REF] Van Noordwijk | Acquisition and allocation of resources: their influence on variation in life history tactics[END_REF].

Over an iteroparous lifespan, individuals with traits that respond to changing environmental conditions, that is, traits that are phenotypically plastic, should be favored by natural selection (reviewed by [START_REF] De Villemereuil | Fluctuating optimum and temporally variable selection on breeding date in birds and mammals[END_REF]. For instance, traits such as reproductive effort should be greater when more environmental resources are available, and less when environmental resources are scarce [START_REF] Van Noordwijk | Acquisition and allocation of resources: their influence on variation in life history tactics[END_REF]. Plastic responses of traits, such as individual reproductive effort, to alternative environmental conditions are termed "reaction norms" [START_REF] Stearns | The evolutionary significance of phenotypic plasticity[END_REF]). The occurrence of several reaction norms for a given trait in a population indicates the presence of several trait forms and genetic variation in plasticity, and thus a genotype by environment interaction (Via and Lande 1980;[START_REF] Scheiner | Genetics and evolution of phenotypic plasticity[END_REF][START_REF] Via | Adaptive phenotypic plasticity: consensus and controversy[END_REF].

In the presence of genetic variation in phenotypic plasticity, we might expect to see considerable variation in fitness, and a genotype by environment interaction in fitness traits such as reproductive effort. Alternatively, a "general-purpose genotype" that produces the best phenotype for each environment circumstance might be shared among individuals, i.e., a genotype for which trait responses are variable, but in an optimal manner given alternative environments. In this case, considerable phenotypic variation might be produced by organismal or environmental variation, rather than by genetic variation. A review of plastic responses to temperature found no significant evidence of selection on phenotypic plasticity [START_REF] Arnold | Sparse evidence for selection on phenotypic plasticity in response to temperature[END_REF]), suggesting at least the possibility that variation within populations due to climatic change might be underlain by one or a very few reaction norms.

Columbian ground squirrels (Urocitellus columbianus (Ord, 1815)) are ideal for a study of phenotypic plasticity in reproductive and somatic efforts. These hibernating rodents show considerable variation in reproduction, growth, and investments in survival, both within and among individuals [START_REF] Murie | The costs of reproduction in columbian ground squirrels[END_REF][START_REF] Risch | Is mean litter size the most productive? A test in Columbian ground squirrels[END_REF][START_REF] Dobson | Increasing returns in the life history of Columbian ground squirrels[END_REF][START_REF] Broussard | Senescence and age-related reproduction of female Columbian ground squirrels[END_REF][START_REF] Broussard | Age-specific resource investment strategies: evidence from female Richardson's ground squirrels[END_REF][START_REF] Rubach | Testing the reproductive and somatic trade-off in female Columbian ground squirrels[END_REF]. They inhabit montane environments where there is considerable yearly variation in reproductive traits with variation in environmental conditions, such as daily resource abundance and growing season length [START_REF] Murie | Annual variation of spring emergence and breeding in Columbian ground squirrels (Spermophilus columbianus)[END_REF]Dobson andKjelgaard 1985a, 1985b;Zammuto andMillar 1985a, 1985b;[START_REF] Dobson | A comparison of methods for studying life history in Columbian ground squirrels[END_REF][START_REF] Dobson | Interpretation of intraspecific life history patterns: evidence from Columbian ground squirrels[END_REF][START_REF] Dobson | The limits of phenotypic plasticity in life histories of Columbian ground squirrels[END_REF][START_REF] Dobson | Regulation of population size: evidence from Columbian ground squirrels[END_REF]. The montane environment appears to constrain female reproductive effort, since mothers have relatively lower litter size for their body size when faced with shorter growing seasons [START_REF] Murie | Annual variation of spring emergence and breeding in Columbian ground squirrels (Spermophilus columbianus)[END_REF]Zammuto andMillar 1985a, 1985b;[START_REF] Dobson | Interpretation of intraspecific life history patterns: evidence from Columbian ground squirrels[END_REF][START_REF] Dobson | The limits of phenotypic plasticity in life histories of Columbian ground squirrels[END_REF][START_REF] Dobson | Seasonal activity and body mass of Columbian ground squirrels[END_REF].

Reproductive effort might be influenced by the initial condition of a mother when breeding starts [START_REF] Broussard | The effects of capital on an income breeder: evidence from female Columbian ground squirrels[END_REF][START_REF] Rubach | Testing the reproductive and somatic trade-off in female Columbian ground squirrels[END_REF]. Ground squirrel females that begin the breeding season in top body condition have greater reproductive success, a condition termed capital breeding [START_REF] Jönsson | Capital and income breeding as alternative tactics of resource use in reproduction[END_REF][START_REF] Broussard | The effects of capital on an income breeder: evidence from female Columbian ground squirrels[END_REF]. However, most of their annual reproductive effort is supported by daily foraging, and the great majority of mothers gain personal body mass during the reproductive period, while they both gestate and lactate [START_REF] Broussard | Senescence and age-related reproduction of female Columbian ground squirrels[END_REF]. As such, reproductive effort may trade off with personal allocations that mothers make in themselves as they are breeding, part of their somatic effort [START_REF] Dobson | Increasing returns in the life history of Columbian ground squirrels[END_REF][START_REF] Broussard | Senescence and age-related reproduction of female Columbian ground squirrels[END_REF][START_REF] Broussard | The effects of capital on an income breeder: evidence from female Columbian ground squirrels[END_REF][START_REF] Broussard | Previous experience and reproductive investment of female Columbian ground squirrels[END_REF][START_REF] Skibiel | Maternal influences on reproduction in two populations of Columbian ground squirrels[END_REF][START_REF] Rubach | Testing the reproductive and somatic trade-off in female Columbian ground squirrels[END_REF]Viblanc et al. 2016a). Indeed, mothers that begin the breeding season in poor condition gain considerable personal mass while reproducing, compared to mothers that are initially better endowed with capital in the form of body mass [START_REF] Rubach | Testing the reproductive and somatic trade-off in female Columbian ground squirrels[END_REF]. The allocations that mothers make to reproductive and somatic efforts might exhibit a negative association between reproductive and personal mass allocations, as expected under the trade-off model of van Noordwijk and de Jong (1986). Alternatively, the same model could produce a positive association of reproductive and somatic efforts if individuals differed greatly in their total resource acquisition. Thus, we tested whether a negative or positive association of reproductive and somatic allocations occurred.

Next, we examined the repeatability of reproductive and somatic efforts for individual breeding females in different years. High repeatability would indicate low scope for plasticity within individuals, and low repeatability would indicate greater scope for plasticity with respect to reproductive effort. Given sufficient variation in reproductive and somatic efforts of maternal ground squirrels, we made an initial evaluation of the plasticity of these efforts. For this, we used traits of the females themselves as integrative reflections of the environmental conditions that they faced. The first trait was the timing of breeding within years, relative to other mothers that were breeding in the same year, statistically controlled for the age of the mother. This trait is closely associated with emergence from hibernation, the latter trait under significant selection favoring earlier timing [START_REF] Viblanc | Measuring fitness and inferring natural selection from long-term field studies: different measures lead to nuanced conclusions[END_REF]. The second trait was the initial body mass of mothers at the beginning of the breeding season, statistically controlled for both age of the mother and the specific year in which she bred. Maternal body mass at the initiation of breeding has strong and significant influences on the number and size of subsequent production of offspring [START_REF] Dobson | Increasing returns in the life history of Columbian ground squirrels[END_REF][START_REF] Skibiel | Maternal influences on reproduction in two populations of Columbian ground squirrels[END_REF]). We used these initial conditions for breeding as reflections of previous environmental conditions that might influence preparations for breeding, and examined whether subsequent reproductive and somatic efforts were sensitive to these initial conditions.

If individuals exhibited similar reaction norms, it might indicate a general-purpose genotype for reproductive effort or for somatic effort. We tested whether the mean associations of reproductive and somatic efforts with initial breeding conditions of mothers within the population could be accounted for by the plasticity of individual females. For this, we tested whether the patterns for individual females were significant, and whether they differed from the patterns among the females in the population at large (after van de Pol and Wright 2009).

Additionally, large deviations of slopes among mothers might indicate individual differences in reproductive or somatic tactics favored by either natural selection or perhaps genetic migration of alternative tactics into the population. Thus, we tested for significant differences among mothers in the slopes of their plastic responses of reproductive and somatic efforts to their initial breeding conditions (relative timing of the breeding season and initial body mass), using only those mothers that successfully bred more than once.

METHODS

Study population and monitoring

From 1992 to 2020, we studied Columbian ground squirrels in a 1.8 ha subalpine meadow along the Sheep River drainage in southwestern Alberta, Canada, within Sheep River Provincial Park (1550m elevation; 50°38010″N, 114°39056″W). Over the years, the spring population at emergence from hibernation varied in size between 32 and 120, and averaged about 62.7 female ground squirrels (does not include young-of-the-year). A total of 195 females produced 559 litters (a mean of 19.2 litters/year) of an average of 2.82 weaned young per single annual litter during this time.

Breeding ground squirrels emerged from hibernation in the spring in mid-to late-April, through mid-May. At spring emergence, we trapped all ground squirrels on the study site, usually within a couple of days of their first sighting. We captured ground squirrels in live traps (13x13x40 cm, Tomahawk Live Trap Co., Hazelhurst, WI, USA) baited with a small amount of peanut butter, placed near a burrow opening that was used by the active ground squirrel. Each captured individual was weighed to the nearest 5g in a cloth handling bag using a spring-slide balance (Pesola AG, Schindellegi, Switzerland) and examined for reproductive condition, wounds, and ectoparasites. If not already permanently ear-tagged, a pair of uniquely numbered fingerling tags (Monel #1; National Band & Tag Co., Newport, KY, USA) were attached, one to each ear. Finally, each ground squirrel received an individually unique dye-mark symbol on the dorsal pelage via application of hair dye (Clairol ® Hydrience, 052 Black Pearl, Proctor and Gamble, Stamford, CT, USA). These dye-marks were used for later identification from a distance, using binoculars, from ground locations on the meadow and five elevated wooden benches (2-4m high) that were spread about the study site.

Most females began to breed at 2 years of age, producing a single litter each year [START_REF] Rubach | Comparing fitness measures and the influence of age of first reproduction in Columbian ground squirrels[END_REF]. The annual mating period for a female was 5-7 hours long, usually 3-5 days after emerging from hibernation [START_REF] Murie | Annual variation of spring emergence and breeding in Columbian ground squirrels (Spermophilus columbianus)[END_REF][START_REF] Murie | Mating behavior of Columbian ground squirrels. I. Multiple mating by females and multiple paternity[END_REF]. We monitored the mating day of females with observations of unique behaviors associated with the estrous period (such as female behavioral solicitation of matings), examination of vaginal swelling, and from copulatory plug material deposited in the fur or vulva of the female (for details, see [START_REF] Murie | Mating behavior of Columbian ground squirrels. I. Multiple mating by females and multiple paternity[END_REF][START_REF] Manno | Why are male Columbian ground squirrels territorial?[END_REF]Manno et al. 2008;[START_REF] Raveh | Mating order and reproductive success in male Columbian ground squirrels (Urocitellus columbianus)[END_REF][START_REF] Raveh | Male reproductive tactics to increase paternity in the polygynandrous Columbian ground squirrel (Urocitellus columbianus)[END_REF]. After mating, males make little or no subsequent investment in raising offspring (Festa-Bianchet and Boag 1982; [START_REF] Murie | Social interactions and dominance relationships between female and male Columbian ground squirrels[END_REF][START_REF] Nesterova | Premating behavioral tactics of Columbian ground squirrels[END_REF]. For females, mating is followed by about 24 days of gestation, birth, and about 27 days of lactation [START_REF] Murie | Mating behavior of Columbian ground squirrels. I. Multiple mating by females and multiple paternity[END_REF]Harris 1982, 1988). During lactation, mothers nurse their young in a specially constructed, single-entrance nest burrow.

Observations of mothers entering and leaving their nest burrow allowed us to anticipate the emergence of litters at about the time of weaning.

As young ground squirrels emerged above ground for the first time from nest burrows (near the time of weaning), we trapped complete litters and their mothers, usually within a day of their first sighting and rarely up to 2 days later; at these times young were still dependent on the mother's milk. Newly emerged young were weighed to the nearest 1g with a spring-slide balance. The young were fitted with a pair of numbered fingerling ear tags and given a unique black dye marking on the dorsal pelage. Since the young had begun their lives in utero at a body mass close to zero, we used the summed mass of the young in a litter at initial capture as an index of the mass that the mother had allocated to reproduction, and termed this her reproductive effort [START_REF] Broussard | Age-specific resource investment strategies: evidence from female Richardson's ground squirrels[END_REF]. The difference between the mass of the mother when the young first emerged from nest burrows and her mass when she emerged from hibernation (near the time of mating) was used to estimate her personal mass allocation during the breeding period. This latter estimate was used as an index of the somatic effort of the mother, during the period when she was also investing in reproduction [START_REF] Michener | Reproductive effort during gestation and lactation by Richardson's ground squirrels[END_REF][START_REF] Broussard | Senescence and age-related reproduction of female Columbian ground squirrels[END_REF][START_REF] Broussard | The effects of capital on an income breeder: evidence from female Columbian ground squirrels[END_REF]. These two indices represent the total allocation of energy to mass by the mother while breeding (gestating and lactating for young that were subsequently weaned) (Viblanc et al. 2016a). Subsequent to weaning the young, all ground squirrels fattened for the 8-9-month hibernation period that began in mid-to-late summer [START_REF] Dobson | Seasonal activity and body mass of Columbian ground squirrels[END_REF].

All field procedures, including trapping, handling and marking, and field observations were approved by animal care and use committees of Auburn University, the University of Calgary, and Alberta Fish & Wildlife.

Initial conditions, reproductive effort and somatic effort

We selected cases of mothers and their litters from those with complete annual data during the 28-year study period (n = 508 records and 183 females, a mean of 2.8 litters/mother).

We also examined initial conditions that appear important to successful breeding and fitness: relative date of mating and body mass at the start of the season [START_REF] Dobson | Increasing returns in the life history of Columbian ground squirrels[END_REF][START_REF] Broussard | The effects of capital on an income breeder: evidence from female Columbian ground squirrels[END_REF][START_REF] Rubach | Testing the reproductive and somatic trade-off in female Columbian ground squirrels[END_REF]). To estimate the initial "capital" ("IM") that mothers could allocate while breeding, we used their mass at emergence from hibernation, 3-5 days before mating [START_REF] Murie | Annual variation of spring emergence and breeding in Columbian ground squirrels (Spermophilus columbianus)[END_REF]. On average, mothers began their breeding season by mating around 1 May ( 6.3 days standard deviation) at an initial spring mass of 421.2 grams ( 53.3g). Our measure of reproductive timing was the estimated relative mating date ("RMD"). For this, we subtracted the mean date of mating from the individual mating dates of mothers within each year (after [START_REF] Viblanc | Measuring fitness and inferring natural selection from long-term field studies: different measures lead to nuanced conclusions[END_REF]. For individual mothers, RMD ranged from -12.8 days to 16.1 days (mean = 0.0 4.3 days). Initial mass of mothers was not adjusted to be relative within years, since in an especially good or poor year all females might be in relatively good or poor condition with respect to their initial body mass and thus have more or less resources, on average, to allocate to reproductive and somatic efforts.

The mass of litter (viz., reproductive effort) that these mothers produced, measured near the time of weaning, was 300.2g ( 90.1g). Over the same period these mothers gained (concurrent somatic effort) an average of 101.8g ( 48.5g). The association of reproductive and somatic efforts was trivial and not significantly different from zero (r = 0.043, t [506] = 0.98, p = 0.33).

Basic patterns of age and year

Female ground squirrels begin breeding at different ages, usually as 2-or 3-year-olds and very rarely during their 1 st year of post-hibernation activity [START_REF] Rubach | Comparing fitness measures and the influence of age of first reproduction in Columbian ground squirrels[END_REF]. Reproductive and somatic efforts vary with age of the mothers and from year to year, with the oldest females showing signs of reproductive senescence [START_REF] Broussard | Senescence and age-related reproduction of female Columbian ground squirrels[END_REF][START_REF] Broussard | Previous experience and reproductive investment of female Columbian ground squirrels[END_REF]. Yearling mothers are also significantly lighter than older females [START_REF] Dobson | Body mass, structural size, and life history patterns of the Columbian ground squirrel[END_REF][START_REF] Broussard | Senescence and age-related reproduction of female Columbian ground squirrels[END_REF]. Reproductive effort varies considerably from year to year, and the timing of the reproductive season also changes from year to year [START_REF] Murie | Annual variation of spring emergence and breeding in Columbian ground squirrels (Spermophilus columbianus)[END_REF][START_REF] Dobson | Increasing returns in the life history of Columbian ground squirrels[END_REF][START_REF] Skibiel | Maternal influences on reproduction in two populations of Columbian ground squirrels[END_REF]. A measure related to reproductive effort, annual fitness (based in part on litter size) varied strongly over a 20 to 30-year period [START_REF] Lane | Delayed phenology and reduced fitness associated with climate change in a wild hibernator[END_REF]Dobson 2016;[START_REF] Viblanc | Measuring fitness and inferring natural selection from long-term field studies: different measures lead to nuanced conclusions[END_REF]. Therefore, we examined the effects of age and year and their interaction, using regression models. Mothers aged 9 to 13 years were pooled to obtain a suitable sample of the oldest age classes. Statistically controlling for age, year, and maternal identity confirmed the lack of relationship between reproductive and somatic efforts (mixed model of RE ~ SE; marginal R 2 = 0.004, conditional R 2 = 0.354; F [1,372.0] = 2.17, p = 0.14). Thus, we examined these two allocations separately in further analyses of phenotypic plasticity.

We examined possible influences on initial maternal body mass, using an intercept mixed regression model in which maternal age, year, and identity were random variables. Maternal identity could potentially explain 25.5% ( 0.8 standard deviations) of the variation in IM, year explained 6.2% ( 0.4), and age explained 51.3% ( 1.1) (total variance = 4376.7, n = 508 mother-years, combined 82.9% of the variance in IM explained) In a similar analysis of relative mating date (but without year because data were year-mean standardized), maternal identity explained 21.7% ( 10.6) of the variance in RMD, and age explained 8.1% ( 6.5) (total variance = 19.1, n = 508 mother-years, combined 29.8% of the variance in RMD explained). In further analyses, maternal identity, year, and age were entered, where possible, as fixed factors in repeatability analyses and random variables in mixed models.

Population patterns

We examined whether the initial breeding traits of relative reproductive timing and maternal body mass (independent variables) were associated with energy allocations, measured in grams of mass, to the mother's reproductive effort and concurrent somatic effort. For this, relative date of mating and initial maternal body mass were standardized, since they were measured on different scales (days and grams). Maternal age and identity, as well as year, were included as random variables. Analyses were run on the complete dataset of 183 mothers and 508 successful reproductive events and on smaller dataset of 125 mothers that reproduced more than once during their lifetimes (450 weaned litters, mean 3.60 litters/mother, range 2-9 litters/mother). Results were very similar, and we present results only for the 125 mothers that reproduced more than once. The sample of 125 mothers should have produced suitable power to detect patterns of plasticity [START_REF] Martin | Measuring individual differences in reaction norms in field and experimental studies: a power analysis of random regression models[END_REF][START_REF] Van De Pol | Quantifying individual variation in reaction norms: how study design affects the accuracy, precision and power of random regression models[END_REF]. We examined the interaction between relative mating date and initial maternal body mass in both models, but excluded them because they were low and not significant (reproductive effort, t [441.2] = 1.0, p = 0.32; somatic effort, t [420.2] = 1.7, p = 0.08).

Repeatability

For the 125 females that produced more than a single litter in their lifetime, we examined repeatability (the intraclass correlation coefficient, or ICC), where maternal identity was used as the class variable. ICC was calculated as = s 2^/ (s 2 + s 2^) . s 2^ is the among-individual variance component and s 2 is the within-individual variance component (Lessels and Boag 1987;Nakagawa andSchielzeth 2010, 2013;[START_REF] Nakagawa | The coefficient of determination R 2 and intra-class correlation coefficient from generalized linear mixed-effects models revisited and expanded[END_REF]. Repeatability varies between 0.0 and 1.0, and is usually calculated using a single partitioning of the variance in a trait into that accounted for by individual identity and an error term. Low repeatability indicates considerable flexibility in a trait, due perhaps to phenotypic plasticity but also reflecting sampling variation.

High repeatability reflects trait inflexibility, as would occur if a trait were highly heritable, though repeatability is not a direct measure of heritability. We examined the repeatability of relative timing of breeding, initial spring body mass of mothers, reproductive effort, and somatic effort. To adjust for influences of age and year, we included these as fixed factors. We used a Monte Carlo method of estimation of repeatability [START_REF] Nakagawa | The coefficient of determination R 2 and intra-class correlation coefficient from generalized linear mixed-effects models revisited and expanded[END_REF], using 1000 bootstrap values.

Within versus among mothers

Phenotypic plasticity was examined using the mixed-model procedures described by van de [START_REF] Van De Pol | A simple method for distinguishing within-versus between-subject effects using mixed models[END_REF], that evaluate variations in characteristics within versus among mothers. For these analyses, we used the 125 females that produced more than one litter. We partitioned variation in reproductive and somatic efforts into within-subject and among subject effects, regressed onto the initial conditions of relative breeding date and maternal body mass.

When within-individual effects were significant (Table 1b), we moved on to examine whether the two types of effects differed in their slopes, by running a further model that compared individual and population-wide patterns (Table 1c).

These models assumed that the slopes for individual females were similar. Finally, we tested whether females differed in their slopes of responses, by asking whether a "random slope" model was a significant improvement over the model that assumed similar slopes. For this last test, the models were compared statistically and the preferred model was the one with the lowest Akaike Information Criterion (AIC). For the influence of initial maternal mass on somatic effort, the model fit was singular and did not converge when we examined mothers that produced at least 2 litters. So, we used a smaller dataset of mothers that produced at least 3 litters (370 litters for 85 mothers) and dropped the variables age and year from the model.

RESULTS

Population patterns

Reproductive effort was significantly and positively influenced by both relative timing of breeding and initial maternal body mass, with the former influence about half that of the latter (Table 1a, column RE~RMD and RE~IM; relative mating date, t [418.4] = 2.7, p = 0.007; initial maternal mass, t [277.0] = 4.7, p < 0.001). The influence of the two initial variables, however, was moderate at best (marginal R 2 = 0.069, conditional R 2 = 0.348). Somatic effort was also significantly influenced by both relative timing of breeding (a positive association) and initial maternal body mass (a negative association), with the former influence about a third that of the latter (Table 1a, column SE~RMD and SE~IM; relative mating date, t [415.4] = 5.6, p < 0.001; initial maternal mass, t [318.6] = -12.5, p < 0.001), and the influence of these variables was fairly strong (marginal R 2 = 0.308, conditional R 2 = 0.729). In summary, later breeding led to higher reproductive and somatic efforts, while a higher initial mass resulted in higher reproductive, but lower somatic, effort. Because we had identified these significant influences, we further examined variation within individual mothers, reflecting phenotypic plasticity, and variation among the mothers in our population.

Repeatability

ICC (and standard error) of relative mating date (RMD) was 0.252 ( 0.055, P < 0.001), initial spring body mass (IM) was 0.581 ( 0.044, P < 0.001), litter mass near weaning (RE) was 0.218 ( 0.053, P < 0.001), and change in maternal mass during the breeding season (SE) was 0.137 ( 0.054, P < 0.001). Despite significant repeatabilities for all four traits, unexplained variation (about 42% to 86%) still showed quite a bit of "scope" for change over time in the "initial" breeding variables (RMD and IM) and subsequent allocation variables (RE and SE). Of course, the unexplained variation also contained an unknown amount of sampling variation.

Within versus among mothers

Reproductive effort varied significantly and positively with the relative timing of breeding (Table 1b, column RE~RMD; within individual effect, F [1,317.1] = 6.7, p < 0.01; among individual effect, F [1,137.6] = 0.1, p = 0.78). Individual mothers exhibited a change in the mass of their litters of about 2.99 grams per day; thus, compared to other females and over a 3-week mating period, this could result in about a 63g increase in RE). However, the pattern among females (at about 0.52 grams/day) was not significant. The individual and population-wide patterns did not differ significantly in slope (Table 1c; F [1,243.1] = 1.3, p = 0.26). Nor did the inclusion of random slopes, which we used to test for differences in plasticity among individuals, improve the model (Figure 1a; AIC without random slopes = 5296, with random slopes = 5299, = 1.0, p = 0.60). In summary, within-individual pattern indicated significant phenotypic plasticity in reproductive effort in response to relative breeding date, and the plasticity appeared fairly similar among mothers.

Reproductive effort was much more responsive to maternal body mass at about the time that females mated. Reproductive effort increased significantly with spring body mass (at 0.37 grams of weaned litter/gram of initial maternal body mass) and a similar significant pattern occurred among mothers (at 0.46 grams of weaned litter/gram of maternal mass) (Table 1b, column RE~IM; within individual effect, F [1,266.7] = 7.6, p < 0.01; among individual effect, F [1,136.4] = 13.4, p < 0.001). Comparison of the slopes of the within versus among mother patterns was not significant (Table 1c; F [1,346.4] = 0.3, p = 0.58). We included random slopes in our comparison of litter mass at weaning to initial spring maternal mass, and allowing slopes to vary did not significantly improve the model (Figure 1b; AIC without random slopes = 5284, with random slopes = 5287, = 0.7, df = 2, p = 0.70). The significant within-individual effects indicated that reproductive effort was phenotypically plastic in response to the initial spring maternal body mass, and again, individual mothers did not appear to greatly differ in the strengths of their plastic responses.

Somatic effort during breeding varied significantly with the timing of breeding (Table 1b, column SE~RMD). Individual mothers gaining about 2.67 grams during breeding for every additional 1-day delay in the relative timing of breeding, compared to other females (over a 3week mating period, this could result in about a 56g increase in SE), and among mothers this average was very similar at 2.66 grams gained for each day of delay (respectively; F [1,316.2] = 24.3, p < 0.001, F [1,137.0] = 12.7, p < 0.001). The slopes of the within individual and among individual effects of timing on maternal change in body mass were not significantly different (Table 1c; F [1,273.3] = 0.0, p = 1.00). Random-slope models for both datasets of females with 2 or more and 3 or more litters were singular, likely due to the similarity of the individual and population responses (Table 1b,1c). While the singularity precluded statistical testing, visual examination suggested a roughly similar pattern of slopes among mothers (Figure 1c).

Phenotypic plasticity was indicated by the significant within-individual change in somatic effort with relative mating date. This pattern was also reflected by the significant among-individual result and the virtual lack of difference between the within-and among-individual patterns.

Somatic effort during the breeding season was significantly influenced by the mother's initial body mass when breeding was initiated ( 1c; F 1,326.6] = 33.7, p < 0.001). We included random slopes in our comparison of litter mass at weaning to initial spring maternal mass, and allowing slopes to vary did not significantly improve the model (Figure 1d; analysis of the 125 mother dataset was singular, likely due to similarity of slopes; statistical comparison of models with the reduced dataset of 85 mothers with  2 litters, AIC without random slopes = 3828, with random slopes = 3830, = 2.3, df = 2, P = 0.33). Somatic effort was phenotypically plastic with respect to spring maternal mass (initial capital), such that females with greater initial body mass put on much less personal body mass during breeding. The within-individual plasticity was much stronger than the among-individual population wide effect, and slopes of individual mothers did not greatly differ.

DISCUSSION

Phenotypic plasticity is commonly examined over variable environmental conditions (e.g., review by [START_REF] Forsman | Rethinking phenotypic plasticity and its consequences for individuals, populations and species[END_REF]. We examined how allocations of energy (as expressed by accumulated mass) to concurrent reproductive and somatic efforts were influenced by two important initial traits of the mothers themselves. One was the timing of breeding with respect to other females, a trait with a strong genetic association with the timing of emergence from hibernation [START_REF] Lane | A quantitative genetic analysis of hibernation emergence date in a wild population of Columbian ground squirrels[END_REF], itself under significant selection for earlier activity and thus perhaps earlier breeding [START_REF] Viblanc | Measuring fitness and inferring natural selection from long-term field studies: different measures lead to nuanced conclusions[END_REF]. The other initial trait was female body mass at emergence from hibernation, closely associated with body condition and with strong influences on subsequent reproductive and somatic allocations [START_REF] Dobson | Increasing returns in the life history of Columbian ground squirrels[END_REF][START_REF] Broussard | Senescence and age-related reproduction of female Columbian ground squirrels[END_REF][START_REF] Broussard | The effects of capital on an income breeder: evidence from female Columbian ground squirrels[END_REF][START_REF] Skibiel | Maternal influences on reproduction in two populations of Columbian ground squirrels[END_REF][START_REF] Rubach | Testing the reproductive and somatic trade-off in female Columbian ground squirrels[END_REF]. Body mass may be considered "capital" that mothers can later use to augment their reproductive and active season somatic efforts [START_REF] Jönsson | Capital and income breeding as alternative tactics of resource use in reproduction[END_REF][START_REF] Broussard | The effects of capital on an income breeder: evidence from female Columbian ground squirrels[END_REF]). These two traits not only influence subsequent reproductive and somatic allocations, but likely reflect to at least some degree the environmental conditions that influenced past energy acquisition and expenditure by individual mothers [START_REF] Neuhaus | Effects of a late snowstorm and rain on survival and reproductive success in Columbian ground squirrels (Spermophilus columbianus)[END_REF][START_REF] Lane | Delayed phenology and reduced fitness associated with climate change in a wild hibernator[END_REF][START_REF] Dobson | Fitness implications of seasonal climate variation in Columbian ground squirrels[END_REF].

We examined the allocation of mass by mother Columbian ground squirrels to their offspring while breeding, an estimate of reproductive effort (after [START_REF] Hirshfield | Natural selection and the evolution of reproductive effort[END_REF].

At the same time, most mothers also allocated resources to themselves by putting on body mass, an aspect of somatic effort. We specifically wanted to know if and to what extent reproductive and somatic efforts during breeding were phenotypically plastic traits, given that ground squirrels are highly iteroparous, maturing at 1-3 years of age [START_REF] Rubach | Comparing fitness measures and the influence of age of first reproduction in Columbian ground squirrels[END_REF]) and some living to ages of 8-10 years (rarely to 14 years of age, Viblanc et al. 2016b;[START_REF] Sosa | Social stress in female Columbian ground squirrels: densityindependent effects of kin contribute to variation in fecal glucocorticoid metabolites[END_REF]).

Thus, mothers allocate resources to both their current reproduction and to their own maintenance and survival, and the latter involves gaining personal mass. Because they have a long hibernation season of about 70% of their year [START_REF] Young | Hibernating patterns of free-ranging Columbian ground squirrels[END_REF][START_REF] Dobson | Seasonal activity and body mass of Columbian ground squirrels[END_REF][START_REF] Lane | Phenotypic plasticity and local adaptation in a wild hibernator evaluated through reciprocal translocation[END_REF], mothers must accumulate sufficient energy reserves in the form of body mass (primarily fats, [START_REF] Buck | Annual cycle of body composition and hibernation in freeliving arctic ground squirrels[END_REF][START_REF] Humphries | The role of energy availability in mammalian hibernation: a cost-benefit approach[END_REF] to survive winter conditions and reproduce again. This is likely an issue for many hibernating mammals that are also annual breeders [START_REF] Constant | Integrating mortality risks and the adaptiveness of hibernation[END_REF]).

An initial problem was the possible influences of age and year on reproductive and somatic efforts. For Columbian ground squirrels, a few one-year-old mothers were not fully grown in body size (though only 12 of 183 mothers first bred as yearlings), as reflected by structural skeletal measures [START_REF] Dobson | Body mass, structural size, and life history patterns of the Columbian ground squirrel[END_REF]) and by body mass [START_REF] Dobson | Interpretation of intraspecific life history patterns: evidence from Columbian ground squirrels[END_REF][START_REF] Dobson | Increasing returns in the life history of Columbian ground squirrels[END_REF][START_REF] Broussard | Senescence and age-related reproduction of female Columbian ground squirrels[END_REF]. Furthermore, considerable among-year variation has been found in several life-history variables, including maternal body mass [START_REF] Dobson | The limits of phenotypic plasticity in life histories of Columbian ground squirrels[END_REF][START_REF] Neuhaus | Effects of a late snowstorm and rain on survival and reproductive success in Columbian ground squirrels (Spermophilus columbianus)[END_REF][START_REF] Dobson | Fitness implications of seasonal climate variation in Columbian ground squirrels[END_REF]. Maternal age and year of breeding accounted for between about 7% and 22% of the variation in relative mating date and initial maternal mass. Thus, we accounted for the influences of age and year statistically.

Our best index of reproductive and somatic allocations was the mass of the litters that mothers were producing and the concurrent personal changes in body mass that females exhibited. For the latter variable, it was noteworthy that in 98% of cases (496 of 508 breeding events), mothers increased in body mass while breeding, augmenting their body mass by an average of about a quarter of their initial spring body mass [START_REF] Broussard | The effects of capital on an income breeder: evidence from female Columbian ground squirrels[END_REF]. Examination of individual females showed that these allocations of energy to mass were highly variable, even when known variation associated with age and year-to-year variations were accounted for statistically. Reproductive and somatic efforts of mothers, however, were not closely linked with respect to their magnitudes; despite our large samples, they exhibited an insignificant and trivial correlation. As pointed out by van Noordwijk and de Jong (1986), variation among mothers in resource availability or acquisition can cause reproductive and somatic efforts to exhibit a variety of associations, even positive. Thus, we conservatively conducted separate analyses of plastic responses of reproductive and somatic efforts to initial conditions of the timing of breeding (relative mating date) and personal resources (initial maternal body mass after emergence from hibernation).

Previous evidence suggested that many life-history traits of these ground squirrels are plastic and highly variable under geographic and temporal variations, as well as with both natural and experimental changes in food resources (e.g., [START_REF] Dobson | Interpretation of intraspecific life history patterns: evidence from Columbian ground squirrels[END_REF][START_REF] Dobson | The limits of phenotypic plasticity in life histories of Columbian ground squirrels[END_REF][START_REF] Dobson | Regulation of population size: evidence from Columbian ground squirrels[END_REF][START_REF] Neuhaus | Effects of a late snowstorm and rain on survival and reproductive success in Columbian ground squirrels (Spermophilus columbianus)[END_REF][START_REF] Risch | Is mean litter size the most productive? A test in Columbian ground squirrels[END_REF][START_REF] Dobson | Increasing returns in the life history of Columbian ground squirrels[END_REF][START_REF] Dobson | The demographic basis of population regulation in Columbian ground squirrels[END_REF]. Reproductive and somatic efforts, however, were not previously tested for phenotypic plasticity. A few species have been examined for plasticity in reproductive traits, and these traits were associated Such studies suggest that life histories are highly phenotypically plastic in response to changes in environmental conditions. Among mammalian species, plasticity of allocations of resources to both reproduction and soma have been little studied. In Columbian ground squirrels, we found an ideal situation for testing plasticity in energy allocations. In this species, at least some sources of environmental variation, specifically age and year, could be included in the analyses to statistically control their significant influences.

Repeatability of reproductive and somatic efforts provided an initial test of phenotypic plasticity. When repeatability is high, mothers are similar among years in their allocations of mass to their litters and themselves. If reproductive and somatic allocations were highly phenotypically plastic and changeable from year-to-year, however, we would expect their repeatability to be low. We found that repeatability of reproductive effort was about 22%, and somatic effort was about 14% for individual mothers that successfully bred more than once.

While these values were highly significant, statistical tests are for deviations from 0%, given the expected variation due to sampling. However, our interest was in "scope" for plasticity; that is, variation that was not explained by age of the mother or year of sampling. For both reproductive and somatic efforts, there was substantive unexplained variation, 78% and 86% respectively.

This indicates the presence of variation that may have been due to plastic responses.

We began a more direct analysis of plasticity with a comparative examination of the influences of relative timing of breeding and initial personal resources on subsequent reproductive and somatic efforts (Table 1a). A mother's initial personal body mass appeared to be at least twice as important as the timing of breeding to reproductive effort, though both had significant influences. Despite these variables accounting for only about 7% of the variation in reproductive effort, allocations to reproduction were greater for later breeding females and those that were heavier when emerging from hibernation and mating. This was surprising, since annual fitness is greatest for early emerging females [START_REF] Viblanc | Measuring fitness and inferring natural selection from long-term field studies: different measures lead to nuanced conclusions[END_REF]. Perhaps mothers compensated for later emergence with greater allocations of energy to reproduction, perhaps facilitated by the ongoing "green-up" of the growing season. During the breeding season (from conception through weaning), mothers that emerged later compared to their peers put on a bit more personal body mass (viz., had greater concurrent somatic effort). However, much more evident and significant was a pattern of females emerging from hibernation at low body mass putting on more personal mass [START_REF] Rubach | Testing the reproductive and somatic trade-off in female Columbian ground squirrels[END_REF]). Together, timing of breeding and initial maternal mass accounted for a substantial ~30% of the variation in somatic effort during breeding.

One caveat with this first analysis (i.e., Table 1a) was that it did not examine the plasticity of individual mothers (van de Pol and Wright 2009). Within-subject effects of timing of breeding and initial maternal capital on reproductive and somatic efforts were significant and fairly substantial, indicating plastic responses of individual mothers (Table 1b). In addition, slopes that likely reflected the strength of the plastic responses were not significantly different among mothers. Thus, mothers were not only plastic in their allocations to reproduction and themselves, but their plasticity exhibited similar characteristic changes. Some mothers undoubtedly had higher quality home ranges to extract resources from, and this is consistent with differences in intercepts of females in their plastic responses (Figure 1). Similar plastic responses of reproductive effort (number or mass of offspring) but lack of significant differences in the degree of plasticity among mothers have been found in other species (e.g., red deer, Froy et al. 2017;blue tits, Chik et al. 2022;review by Arnold et al. 2019).

Population responses mainly mirrored these patterns, but for two cases: the influence of relative timing of the breeding season on reproductive effort and the influence of initial maternal capital on somatic effort (Table 1c). In the first case, the population pattern was much weaker than the within-mother pattern (Table 1b); mean responses of individuals (reflected by the dots in Figure 1a) were scattered widely among the relative mating dates and showed little pattern.

Thus, mothers were plastic in reproductive effort with respect to mating date, but widely variable in their mean responses, perhaps reflecting variation in resource availability on their foraging ranges (a mismatch between processes that produce individual and population levels; [START_REF] Westneat | Collision between biological process and statistical analysis revealed by mean centring[END_REF]). In the latter case, mothers were highly plastic in somatic effort with respect to their initial body mass, but again the population pattern was more mild than the plastic response of individual mothers (Figure 1d), perhaps reflecting differences in the quality or quantity of resources on different foraging ranges. It appeared that in both cases, the population patterns were diluted, and further examination of this phenomenon seems warranted, since one might conclude a lack of plasticity (or less so) from population-level analyses, where stronger individual-based plasticity actually exists.

The plasticity of reproductive and somatic efforts to the initial spring maternal body mass indicated a partial tradeoff. Mothers that began breeding with greater mass-capital allocated more energy to reproductive effort and less to somatic effort. For example, compared to a mother that mated weighing 380g, a mother weighing 480 grams allocated, on average, about 36 grams more to reproductive effort and 76 grams less to herself over the course of the breeding season. On average, the heavier female at the start of breeding would also allocate 40 grams less overall. Again, our evidence on plasticity suggests that these differences could be present in an individual mother in different years. Clearly, energy dynamics are complicated in Columbian ground squirrels, and the low marginal coefficients of determination in our analyses suggest that other influences on reproductive and somatic efforts are likely. These might include such things as the number of offspring produced [START_REF] Dobson | Increasing returns in the life history of Columbian ground squirrels[END_REF], and the resource quality and quantity of the territories that females maintain during breeding (e.g., [START_REF] Murie | Social interactions and dominance relationships between female and male Columbian ground squirrels[END_REF].

Female Columbian ground squirrels live in mountain environments at a variety of elevations [START_REF] Murie | Annual variation of spring emergence and breeding in Columbian ground squirrels (Spermophilus columbianus)[END_REF]Dobson and Kjelgaard 1985a;Zammuto andMillar 1985a, 1985b;[START_REF] Dobson | Interpretation of intraspecific life history patterns: evidence from Columbian ground squirrels[END_REF][START_REF] Dobson | Regulation of population size: evidence from Columbian ground squirrels[END_REF][START_REF] Dobson | The demographic basis of population regulation in Columbian ground squirrels[END_REF][START_REF] Oli | The relative importance of life-history variables to population growth rate in mammals: Cole's prediction revisited[END_REF].

Likely due to these environments, individuals exhibit high degrees of phenotypic plasticity in many life-history traits, including date of emergence from hibernation, age at maturity, body mass, litter size, and both juvenile and adult differences in rates of survival (Dobson and Kjelgaard 1985b;[START_REF] Dobson | Interpretation of intraspecific life history patterns: evidence from Columbian ground squirrels[END_REF][START_REF] Murie | The costs of reproduction in columbian ground squirrels[END_REF][START_REF] Dobson | The limits of phenotypic plasticity in life histories of Columbian ground squirrels[END_REF]. In this study, we showed that reproductive and somatic efforts were also phenotypically plastic. Given the fairly high rates of gene flow among Columbian ground squirrel populations at different elevations and habitats [START_REF] Dobson | Measures of gene flow in the Columbian ground squirrel[END_REF], the hypothesis that mothers in different populations have similar genetic propensities for phenotypic plasticity of life-history traits seems to be supported.

The long lives of the ground squirrels and year-to-year variations in ecological conditions might also favor plastic responses (e.g., [START_REF] Lane | Delayed phenology and reduced fitness associated with climate change in a wild hibernator[END_REF]). Here we tested and found support for similar phenotypic plasticity among mothers in their concurrent reproductive and somatic efforts, providing preliminary support for the hypothesis of similar genotypes underlying the plasticity in these traits. However, phenotypic variation in individual plasticity was always present (Figure 1), and thus underlying genetic variation may have been present, though perhaps unlikely [START_REF] Nussey | The evolutionary ecology of individual phenotypic plasticity in wild populations[END_REF]. 
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 1 Figure 1. Changes in traits of reproductive female Columbian ground squirrels (Urocitellus
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	gained 0.76 grams less in personal body mass during breeding for each additional gram of mass
	when they initiated breeding (F [1,329.4] = 184.4, p < 0.001), and a weaker negative pattern was
	evident among individuals that lost on average 0.32 grams of initial gram of mass for every
	additional gram of initial capital (F

[1,,140

.7] = 33.2, p < 0.001). In this case, the slopes of the within-individual and among-individual declines in mass gain during breeding with increases in maternal body mass at the beginning of the breeding season were significantly different, with individuals showing a significantly stronger pattern (Table
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 1 Mixed regression models that test variation in reproductive (RE) and somatic efforts (SE) with relative to within-year reproductive timing (relative mating date, RMD) and spring capital (initial body mass near the time of mating, IM). a) regressions that test for variation of RE and SE separately on both RMD and IM. b) regressions that test for variation of, separately, RE and SE within individual mothers and among those mothers, evaluated for RMD and IM separately (4 tests). c) tests for significant differences in the slopes of the regressions of, separately, RE on RMD and on IM, and then the same comparisons for SE. In all models, age, year, and maternal identity are included as random effects. Both marginal and conditional R 2 values are given for models a) and b). Sample sizes are 125 mothers and 450 litters.

	RE ~ RMD	RE ~ IM	SE ~ RMD	SE ~ IM

*p 0.01, **p < 0.001
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