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Abstract: Although the effects of individual age, resource availability and reproductive costs 1�

have been extensively studied to understand the causes of variation in reproductive output, there 2�

are almost no studies showing how these factors interact in explaining this variation. To examine 3�

this interaction, we used longitudinal demographic data from an 18-year study of 53 breeding 4�

female wolverines (Gulo gulo), and corresponding environmental data from their individual 5�

home ranges. Females showed a typical age-related pattern in reproductive output, with an initial 6�

increase followed by a senescent decline in later years. This pattern was largely driven by four 7�

processes: (1) physiological/ behavioral maturation between ages two and three, (2) age-related 8�

differences in the costs of reproduction resulting in an initial increase and then a declining 9�

probability of breeding two years in a row as individuals aged, (3) resource availability (reindeer 10�

carcass abundance; mostly Eurasian lynx kills) in the months preceding parturition which 11�

influenced the probability of having cubs, but only for individuals that had successfully bred in 12�

the previous year, and (4) resource availability also influenced the cost of reproduction in an age-13�

dependent manner, as prime age females that had bred in the previous year were more responsive 14�

to resource availability than those at other ages. This study demonstrates that by examining how 15�

drivers of reproductive variation interact we can get a much clearer understanding of the 16�

mechanisms responsible for age-related patterns of reproduction. This has implications not only 17�

for general ecological theory, but will also allow better predictions of population responses to 18�

environmental changes or management based on a population’s age-structure. 19�

Keywords: intermittent breeding, multistate models, individual-based studies, carry-over effects, food 20�

hoarding, Lynx lynx, Rangifer tarandus, apex predators, sympatric scavengers21�
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Introduction 1�

The production of young is a critical driver of population dynamics and determinant of individual 2�

fitness. Thus, understanding the causes of variation in reproductive output, both between and 3�

within individuals and populations, is a key component of evolutionary ecology (Roff 1992, 4�

Stearns 1992) and conservation biology (Richter et al. 2003, Low et al. 2007). Variation in 5�

reproductive output is primarily driven by three factors: (1) the current intrinsic reproductive 6�

potential of an individual (e.g. its physiological health or development; Forslund and Pärt 1995, 7�

Wilson and Nussey 2010), (2) the availability of resources necessary for successful reproduction 8�

(e.g. food or breeding sites; Fuller and Sievert 2001, Shaw and Levin 2013) and (3) trade-offs 9�

between current reproductive success and future reproductive potential (i.e. reproductive costs; 10�

Drent and Daan 1980, Reznick 1992, Stearns 1992). Because the impacts of resource availability 11�

and costs of reproduction may vary throughout the life of an individual (Forslund and Pärt 1995, 12�

Proaktor et al. 2007, Hamel et al. 2010a), an understanding of the changing relative contribution 13�

of these factors in determining age-specific reproductive patterns is necessary for developing and 14�

testing theory (e.g. senescence; Hamel et al. 2012) and the management of populations (Ferguson 15�

and Larivière 2002).  16�

An important source of variation in reproductive output is when a sexually mature adult 17�

forgoes opportunities to breed, resulting in a pattern of reproduction known as ‘intermittent 18�

breeding’ (Bradley et al. 2000). This is expected to evolve in long-lived organisms when the cost 19�

of not breeding is compensated for by future fecundity benefits (Stearns 1992, Shaw and Levin 20�

2013), potentially becoming the most important determinant of reproductive varation in these 21�

taxa. An intermittent breeding strategy is more likely in variable environments, with the potential 22�

for ‘good’ and ‘bad’ years (Ferguson and Larivière 2002, Nevoux et al. 2010) where adults 23�
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choose to breed based on environmental cues that predict resource availability prior to breeding 1�

(Shaw and Levin 2013). As such, adults may minimize the cost of reproduction by limiting 2�

breeding attempts when: (1) resource abundance is low, if reproductive costs are regulated by 3�

environmental conditions, and/or (2) individual quality is low (e.g. by postponing the age of first 4�

breeding or reducing reproduction late in life; Shaw and Levin 2013, Zedrosser et al. 2013, 5�

Desprez et al. 2014). Despite general evidence that reproductive costs are modified by individual 6�

quality or age (Bérubé et al. 1999, Weladji et al. 2008) and that available resources may influence 7�

individual quality and reproductive costs (Laaksonen et al. 2002, Barbraud and Weimerskirch 8�

2005, Robert et al. 2012), few studies have examined how these factors interact in explaining 9�

variation in reproductive output (but see Moyes et al. 2011, Robert et al. 2012).  10�

Extended parental care, through provisioning dependent young, is energetically expensive 11�

(Clutton-Brock 1991) and thus expected to be influenced by age, resource availability and trade-12�

offs against future reproduction. Among female mammals with extended parental care, the cost of 13�

reproduction and its interaction between individual or environmental quality is mostly 14�

documented in herbivores and marine carnivores (Hamel et al. 2010b), with a scarcity of 15�

information on terrestrial carnivores (Proaktor et al. 2007). This is despite many mammalian 16�

carnivores having life history traits that should promote strong effects of reproductive costs on 17�

reproductive output: (1) a relatively short gestation, which results in the production of heavily 18�

dependent offspring that require extended and energetically demanding parental care (Millar 19�

1977, Gittleman and Thompson 1988, Proaktor et al. 2007), (2) home ranges that (co)vary with 20�

quality among individuals (review in Mattisson et al. 2013), and (3) temporal variation in 21�

resource availability, with shifting environmental conditions and prey availability expected to 22�

drive individual fitness differences and relative costs of reproduction (Norris 2005, Harrison et al. 23�

2011).  24�
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In this study we examine interactions between individual age, environmental resources 1�

and reproductive costs in a large predatory mammal, the wolverine (Gulo gulo). The wolverine is 2�

an excellent study organism for examining how reproductive trade-offs are influenced by 3�

individual and environmental parameters because its reproductive strategy of delayed 4�

implantation allows females to influence embryo development (including termination) based on 5�

maternal condition (Ferguson et al. 1996), with condition influenced by previous reproductive 6�

output (Persson 2005) and seasonal fluctuations in prey availability (Mattisson et al. 2011b). 7�

Reproductive success in this species is not confounded by variation in male quality because 8�

parental care is exclusive to mothers. Also, the strong territoriality of females ensures that 9�

environmental variation in resource distribution can be linked to specific individuals based on 10�

their home range boundaries. Our study system is unusual for a large carnivore because of its 11�

duration (18 years), number of uniquely identified and aged breeding females (n = 53), ability to 12�

delineate home range boundaries from telemetry positions, and individual demographic and 13�

environmental data. Thus, we were able to examine the following: (1) do female wolverines 14�

display age-related changes in reproductive output, and is this output primarily driven by changes 15�

in litter size or the probability of breeding? (2) To what extent does previous reproductive effort 16�

influence current reproduction, and are costs of reproduction responsible for age-related patterns 17�

in reproduction? (3) Do resource-linked environmental factors influence breeding probability; 18�

and do these effects differ depending on previous reproductive output (environmental quality x 19�

reproductive cost interaction), at different ages (environment x age interaction), and at different 20�

ages depending on breeding experience (environment x age x reproductive cost interaction)?  21�

 22�

Methods 23�
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Study species & area 1�

Wolverine reproduction is characterized by delayed implantation, short gestation, denning 2�

behavior, and extended maternal care (Inman et al. 2012a). Birth is generally earlier in 3�

wolverines than in other non-hibernating carnivores (Inman et al. 2012a), and the female cares 4�

for the cubs in a den during the snow season (Magoun and Copeland 1998, May et al. 2012), 5�

yielding dependent cubs at the onset of spring (Inman et al. 2012a). The cubs rely on maternal 6�

resources, including food and territory until age of dispersal (~11 months; Vangen et al. 2001). 7�

Wolverines display year-round intra-sexual territoriality (Persson et al. 2010, Mattisson et al. 8�

2011b). During winter ungulates constitute the main food source (van Dijk et al. 2008, Mattisson 9�

et al. 2011a), with wolverines displaying extensive food hoarding (Inman et al. 2012a). There is 10�

limited information on wolverine summer food (Inman et al. 2012a), but small rodent abundance 11�

is reported to positively influence wolverine reproduction (Landa et al. 1997), and ungulates can 12�

be important also during summer (Landa et al. 1999, Mattisson et al. 2011a). 13�

The study was carried out in and around Sarek National Park in northern Sweden (67ºN, 14�

17ºE). The area was characterized by large spatial and seasonal heterogeneity, with large 15�

altitudinal range (300-2000 m a.s.l.) encompassing distinct vegetation gradients within short 16�

distances. Vegetation at lower elevations mainly consisted of mixed conifer forest (Scots pine 17�

Pinus sylvestris and Norway spruce Picea abies), with mountain birch (Betula pubescens) 18�

predominating the tree line at 600-700 m a.s.l. The alpine tundra above tree line was vegetated by 19�

dwarf birch (Betula nana) and willow (Salix spp.) shrubs, succeeded by lower growing heaths, 20�

grass and meadows, bare rock and glaciers. Wolverines preferred habitats of mountain birch 21�

forest and alpine heaths in steep and rugged terrain (Rauset et al. 2013). The climate was 22�

continental with distinct seasons, and the ground was snow-covered from October until May. 23�
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Mean onset of greenness in the area was ~1 June, and primary production peaked (i.e. maximum 1�

normalized difference vegetation index NDVI; Pettorelli et al. 2005) around 15 July (ORNL 2�

DAAC 2012). The area included important spring to autumn grazing pastures for reindeer 3�

(Rangifer tarandus); during winter most reindeer were moved to coniferous forests closer to the 4�

coast (Danell et al. 2006). Semi-domesticated reindeer were the most important large prey for 5�

wolverines, of which a high portion was carrion from Eurasian lynx (Lynx lynx) kills (Mattisson 6�

et al. 2011a). Alternative small prey included mountain hare (Lepus timidus), willow and rock 7�

ptarmigan (Lagopus spp.), black grouse (Tetrao tetrix) and capercaillie (Tetrao urogallus), but it 8�

is unknown what role these played in the wolverine’s diet. Rodents represent a substantial part of 9�

wolverines’ summer diet in Scandinavia (Landa et al. 1997), and the densities of these fluctuate 10�

strongly between years (Ecke et al. 2010). The main source of mortality in sub-adult and adult 11�

wolverines in the study area was poaching (Persson et al. 2009). Annual adult mortality from 12�

natural (i.e. non-human) sources was low; the main mortality source in juvenile wolverines was 13�

intraspecific predation (Persson et al. 2009). 14�

 15�

Wolverine reproduction and home range data  16�

Wolverines were captured and immobilized (see Fahlman et al. 2008) and equipped with radio 17�

transmitters: Very High Frequency [VHF] or Global Positioning Satellite [GPS] collars, or 18�

intraperitoneal-implanted VHF transmitters. The capture and handling protocols (Arnemo et al. 19�

2011) were approved by the Animal ethics committee for northern Sweden, Umeå (protocol 20�

number A13-09). We recorded individual locations by radio-tracking VHF transmitters from the 21�

air or ground, or for GPS collars these were downloaded directly (e.g. from drop-offs or at 22�
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recapture), downloaded by VHF to a receiver, or by Global System for Mobile communication 1�

[GSM]. Location data were analyzed in ArcGIS 9.3™ (©1999-2004 ESRI Inc). We removed 2�

locations belonging to capture events, and those with accuracy >2000 m. We sampled the GPS 3�

records to only include one random location per individual per day. 4�

During the denning period (Feb-May), we intensively radio-located and monitored adult 5�

females to evaluate whether they displayed behaviors that indicate a reproductive event (Persson 6�

et al. 2006). Because wolverine dens are often in deep snow (Magoun and Copeland 1998) we 7�

could not observe the number of cubs at parturition. However, after den abandonment (May-8�

June) we located females and observed the number of cubs. Parallel to this, wolverine 9�

reproductions were monitored in the Swedish national monitoring program for large carnivores 10�

(Persson et al. 2015). This program observed no additional reproductive events among radio-11�

marked individuals, indicating our methods were adequate. Thus, we could confidently say 12�

whether a female gave birth in a given year and how many cubs she weaned (first week of June). 13�

Since early litter loss is common in wolverines, females showing denning behavior but no cubs at 14�

emergence in early June were classified as not reproducing. We marked all cubs we were able to 15�

capture, and those that did not disperse out of the study area were continuously monitored 16�

throughout their life. Thus, a high portion of the individuals were of known age.  17�

We estimated individual home ranges, using a 90% kernel density estimator with a 18�

bivariate normal kernel function in the package AdehabitatHR (Calenge 2006) in R (R 19�

Development Core Team 2012). Kernel home range estimators are influenced by sample size; 20�

small sample sizes generally result in disproportionally large estimated home ranges (Börger et 21�

al. 2006). Therefore, we used bootstrapping simulations on real wolverine home range data sets 22�

containing >200 locations to explore the impact of sample size on the estimated home range sizes 23�
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and compositions. From this we concluded that a minimum of 20 locations were needed to 1�

produce representative wolverine home range estimators, and excluded home ranges containing 2�

<20 locations. We extracted environmental representations for each individual home range. 3�

 4�

Variation in resource availability and environmental conditions 5�

To account for territory-specific annual variation in primary production we used the Integrated 6�

NDVI [normalized difference vegetation index] (i.e. the sum of NDVI values over the year; 7�

Pettorelli et al. 2005) from 250 x 250 m cells throughout the study area. For food availability we 8�

used the spatial distribution of reindeer carcasses (Mattisson et al. 2011a; see Supplementary 9�

Materials S1) and an index of rodent density (specimens caught by 100 trap nights; Ecke et al. 10�

2010). For reindeer carcass availability we derived three variables relating to changing seasonal 11�

distributions of reindeer carcasses (winter/spring: Feb-May [reindeerSPRING]; summer: Jun-Sept 12�

[reindeerSUMMER]; autumn/winter: Oct-Jan [reindeerWINTER]). These three periods were chosen 13�

because they represented different possible critical periods when carrion resources could 14�

influence the reproductive output of wolverines: winter/spring is when females are lactating; 15�

summer is when females have dependent young; autumn/winter is when females are gaining 16�

condition prior to parturition (see Supplementary Materials). The rodent density index was 17�

derived from the National Environmental Monitoring Program in Sweden for the site Stora 18�

Sjöfallet (Ecke et al. 2010). We pooled the 8 rodent species, and observations during spring and 19�

fall into one annual rodent index. The rodent density index varied substantially between years 20�

(range 0.2 – 16.6, mean: 4.1 ± 1.1 SE), and was dominated by Clethrionomys rufocanus (52 %), 21�

Clethrionomys rutilus (17%), Microtus agrestis (11%), and Sorex araneus (9%). To account for 22�
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annual variation in winter severity, we used the mean winter (Nov-March) values of the North 1�

Atlantic Oscillation Index (NAO). In our study area positive winter values of the NAO represent 2�

warm and moist conditions with deep snow, which have negative impact on the winter condition 3�

of reindeer and possibly their vulnerability to predation from wolverines (Helle and Kojola 4�

2008), but which also influence spring snow cover. 5�

 6�

Reproductive output models 7�

We estimated age of first reproduction (Persson et al. 2006), mean number of cubs by age and 8�

reproductive lifespan, based on 53 females (� 2 yrs) during 205 reproductive events, not 9�

including individuals of uncertain age, reproduction events with uncertain outcomes, and data 10�

from four individuals during years when they were included in a supplementary feeding 11�

experiment (Persson 2005). We analyzed age-related reproductive output, defined as number of 12�

weaned cubs after den abandonment in female wolverines using zero-inflated Poisson (ZIP) 13�

models in R package pscl (Zeileis et al. 2008). These include a binomial model to account for 14�

zeros that arise in addition to those modeled by the Poisson process (i.e. number of cubs 15�

produced per reproductive event). Thus, they were suitable for handling potentially different 16�

processes that determine the number of cubs produced: (i) maturity, as a binomial process, and 17�

(ii) the number of cubs produced in a litter when a female is able to reproduce (a Poisson 18�

process). We initially modeled age-specific reproductive patterns by fitting different 19�

combinations of age terms (i.e. constant, linear and quadratic) to both binomial and Poisson 20�

components. Based on this analysis, we then fitted variables describing year-specific effects and 21�

home range characteristics to the age-specific model with the highest support. Because not all 22�
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environmental variables were available for all wolverines (e.g. lacking reliable home range 1�

measures), all models including resource availability were restricted to 41 individuals with 174 2�

potential reproductive events (� 2 yrs). We did not include ‘year’ in these models because there 3�

was no evidence of year effects on reproductive output when included in the highest-ranked age 4�

model (year as categorical variable; ǻAICc = 21.9, no single year effect with p < 0.1). Because 5�

we were primarily interested in within-individual age-related patterns we needed to control for 6�

potential between-individual sources of heterogeneity that can bias cross-sectional population 7�

data (Forslund & Pärt 1995). Thus, in all models we included the age when the individual was 8�

first and last recorded in our dataset (van de Pol & Verhulst 2006; Nussey et al. 2008). Normally 9�

these variables account for individual ‘quality’ differences; however, in our data we did not 10�

expect these terms to be so easily interpreted because entry into the dataset was partly determined 11�

by our ability to capture and collar an animal, and its exit often a result of poaching (Persson et 12�

al. 2009). Thus, these terms are more about statistical controls for individual entry and exit from 13�

the data to ensure any reproductive patterns relate to longitudinal effects on individuals as they 14�

age (Nussey et al. 2008).     15�

To avoid multicollinearity, we evaluated suites of potential variables by VIF (Zuur et al. 16�

2009), and did not include variables with a correlation of R2 � 0.70 or VIF � 3 in the same model. 17�

We assessed model performance by AICc. We tested for count data overdispersion by the ratio 18�

(residual deviance)/df in the count process of the ZIP models, and by evaluating the dispersion 19�

parameter theta in corresponding ZINB models. To generate exact confidence intervals for the 20�

model predictions across the wolverines’ lifespan (i.e. from ages 2-14), we reran the highest-21�

ranked model using an MCMC sampler (JAGS: Just Another Gibbs Sampler; Plummer 2003) 22�

called from R. For this we used 200 000 iterations with a 10 000 ‘burn in’ and non-informative 23�
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priors. Chains were checked for convergence using the Gelman and Rubin diagnostic and the 1�

95% credible intervals extracted directly from the estimated posterior distributions of the model.     2�

 3�

Reproductive cost models 4�

We used multistate mark-recapture models in program MARK (version 5.1; White and Burnham 5�

1999) to estimate the probability of breeding in year t + 1 for animals that were either breeders 6�

(state 1), or non-breeders (state 2) in year t. A multistate modeling framework allows the 7�

estimation of transition probabilities specific to the initial breeding state of each animal each year 8�

(state transition (ȥ) i.e. non-breeder to breeder (ȥNBĺB) or breeder to breeder (ȥBĺB)) in addition 9�

to the survival (Ɏ) and resighting (p) parameters, permitting a ‘cost of breeding’ analysis (White 10�

et al. 2006, Moyes et al. 2011). The survival and resighting parameters were separately estimated 11�

for breeders and non-breeders and had the same fixed structure for all analyses (Ɏ (state, age) p 12�

(state)) based on initial modeling where we compared different possible structures of the survival 13�

and resighting parameters (constant, state, age, state + age) while keeping the transition 14�

parameters general (i.e. state + full age-varying term: see also Low et al. 2010, Moyes et al. 15�

2011). The age structure in the survival parameter was a simple 2-stage factor (year 2 versus 16�

older) because mortality in adult wolverines in the study area largely occurs through poaching, 17�

and in juveniles through intraspecific predation (Persson et al. 2009). Because of the substantial 18�

spatial variation in poaching associated with human land use and activity (Rauset 2013), this is 19�

likely to have a large confounding effect on age-related patterns in survival; hence, we did not 20�

model age-related survival patterns. The most general model (Ɏ (state, age) p (state) ȥ (state, 21�
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age)) was checked for goodness-of-fit using the median ƙ variance inflation measure in MARK; 1�

this indicated there was no extra-binomial variation (ƙ = 1.09 ± 0.07). 2�

Because we were primarily interested in how individual and resource factors interacted 3�

with the cost of reproduction, we fitted explanatory variables separately to each transition state 4�

(i.e. ȥNBĺB & ȥBĺB). This allowed us to examine the strength of support for how each of these 5�

factors influenced wolverine reproductive output relative to whether the female had produced a 6�

den with cubs in the previous year. We first examined the influence of individual age on 7�

reproductive costs by modeling five different age structures: constant, 2-stage (young versus old), 8�

linear, quadratic and full age-dependent. Based on AICc support, the highest-ranked age 9�

parameter structure was then used as the basis of fitting the environmental covariates (see also 10�

Low et al. 2010). These environmental covariates included: (1) NDVI, (2) seasonal reindeer 11�

carcass availability (reindeerSPRING, reindeerSUMMER & reindeerWINTER; see Appendix S1 for 12�

information on how these were calculated), (3) annual rodent density, and (4) winter NAO. We 13�

also included a second measure of reproductive cost as a covariate: (5) the number of cubs raised 14�

in year t (this was only fitted to the ȥBĺB parameter). We used these factors as variables because 15�

they were expected to influence food availability and female condition. Because NDVI and 16�

reindeer carcass availability were highly correlated (r > 0.9), we initially compared them in 17�

separate models and used the covariate with the strongest support (i.e. reindeerWINTER) for further 18�

model comparisons. Thus, when reindeer carcass availability is reported in the results it can be 19�

effectively substituted for NDVI. All model comparisons were based on Akaike’s information 20�

criterion with a second-order correction for sample size (AICc), with AIC weights used to 21�

determine the strength of support for each model, variable relative importance weights (0.7-1.0 22�
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indicating strong support, and <0.5 indicating weak or no support) and for deriving model-1�

averaged estimates (Burnham and Anderson 2002). 2�

 3�

Individual and environmental interactions 4�

Because individual age may interact with environmental variables in determining the magnitude 5�

of the costs of reproduction (e.g. good environments may remove [or enhance] within-individual 6�

quality effects on reproductive costs), we examined whether the influence of reindeerWINTER 7�

carcass availability, the only covariate identified in the multi-state cost of reproduction analysis 8�

as having ‘strong support’, on breeding probability varied with age. We used a sliding window 9�

approach within a multi-model inference framework (Mihoub et al. 2012) to assess the relative 10�

importance of this covariate on the probability of breeding at each age. The sliding window 11�

analysis involved creating a series of models where reindeerWINTER carcass availability was 12�

constrained to only influence breeding probability estimates during specific periods of an 13�

animal’s breeding life (a form of age-related ‘sensitivity’ analysis for the covariate). Thus, the 14�

only element varying between the models was the period of the animals’ life that reindeer carcass 15�

availability could influence the probability of breeding. This was possible in MARK through 16�

direct manipulation of the design matrix, where individual covariate values were assigned only to 17�

the ages of interest, leaving the covariate for all other ages set at ‘0’ (i.e. non-informative; for a 18�

similar procedure see Low and Pärt 2009). A candidate set of 78 models for each transition state 19�

(i.e. 157 models in total including the ‘null’ model) was created by varying the length of the 20�

window (i.e. from single-age estimates to estimates spanning all 12 possible reproductive 21�

transitions) and the starting position of the window, from transition at age 2-3 up to 13-14. We 22�
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used a multi-model inference approach to account for model selection uncertainty in determining 1�

the strength of support for the variable at different ages. To do this, we first generated the AIC 2�

weight for each model within the candidate set and used these weights to calculate the relative 3�

importance of reindeerWINTER carcass availability at each age. For example, to calculate the 4�

relative importance of the covariate on animals at 5 years of age for transition state ȥBĺB, the 5�

AIC weights for all ȥBĺB models that contained this age group within the age window were 6�

added together (see also Mihoub et al. 2012). This allows a relative comparison for the strength 7�

of support in the data for the covariate of interest on each age group (cf. ‘relative variable 8�

importance’ in Burnham and Anderson 2002). Because the starting position of each window 9�

influenced the possible lengths of the windows from that position (e.g. from age 2 the length 10�

could vary from 1 to 12, while from age 10 it could only vary from 1 to 4), this meant that ages 11�

were not evenly represented across the candidate model set. To remove this bias we standardized 12�

the relative importance weights based on the number of models that included each age. 13�

 14�

Results 15�

We observed 53 wolverines during 205 potential reproductive events, from 2 to 14 years of age. 16�

Earliest breeding was at age 2 and the oldest at age 13. The mean age of primiparity was 3.4 17�

years (SD = 0.79, range 2-5). The mean number of cubs per female per year was 0.84 (range=0-18�

3); for animals with recorded denning behavior this increased to 1.38 (n=149, range=0-3).  19�

Effects of age on reproductive costs and output  20�

There was a clear relationship between the number of offspring produced and female age (Fig. 1). 21�

This age-specific relationship came from the combination of two processes: a binomial process 22�
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where animals <3 years of age were extremely limited in their ability to reproduce, and a Poisson 1�

process that showed a decline in reproductive potential with age for animals �3 years (Fig. 1; 2�

Tables S1, S2 & S3). Note that without the inclusion of the age-at-first-breeding and age-at-last-3�

breeding parameters in the model, the general age effect in the count process was qualitatively 4�

similar (model with versus without these parameters: -0.11 ± 0.04 versus -0.09 ± 0.03 5�

respectively), suggesting that any bias in age-related reproductive patterns arising from selective 6�

age-related appearance and disappearance of phenotypes was minor. By limiting the analysis to 7�

animals that gave birth, the age-related effect of litter size had little support (GLMM with log-8�

link: model without general age term ǻAICc = 0; model + age = 0.7; model + age + age2 = 2.6; 9�

AIC-weighted model-averaged estimates for age = 0.017 ± 0.032; age2 = -0.0007 ± 0.002). This 10�

suggests that age-related reproductive patterns in wolverines �3 years old (Fig. 1) largely result 11�

from females becoming increasingly likely to skip breeding as they become older.  12�

The increasing likelihood of skipping breeding with age was supported in the multi-state 13�

analysis, and showed that this pattern resulted from age-related changes in the costs of 14�

reproduction. This is clearly seen by comparing the predicted transition probabilities (ȥNBĺB and 15�

ȥBĺB) throughout the wolverine’s lifespan (Fig. 2; Tables 1, S4 & S5). Females that did not 16�

breed in the previous year (ȥNBĺB) showed breeding probabilities that were similar to one 17�

another regardless of age, while females that did breed in the previous year (ȥBĺB) showed a 18�

strong age-related breeding probability (Fig. 2). 19�

 20�

Effects of environmental factors on reproductive costs and output 21�
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Reproductive output was positively influenced by reindeer carcass availability in the months 1�

prior to parturition (Oct-Jan [logit-link reindeerWINTER = 1.42 ± 0.57 (SE)]; Tables 1, S2, S3 & 2�

S5), meaning that females were more likely to give birth and suckle cubs in home ranges with 3�

greater food resource abundance at the time of fetal development. Summer NDVI was strongly 4�

correlated with winter reindeer carcass availability [r=0.94] and its inclusion in the models gave 5�

qualitatively similar results as the reindeer covariate (Table S2). As with female age, habitat 6�

quality/resource abundance interacted with the costs of reproduction, since support for the 7�

reindeer carcass covariate in the multi-state analysis was restricted to females that had bred in the 8�

previous year (Tables 1 & S5). There was some support for the number of cubs raised in the 9�

previous year having a negative influence on breeding probability in the current year, but little or 10�

no support for NAO and rodent density influencing breeding probability (Tables 1 & S5). 11�

 12�

Interactions between reproductive costs, individual age and environmental factors 13�

The sliding window analysis suggests that the three main determinants of reproductive output 14�

shown as important in this study (previous breeding history, female age & winter reindeer carcass 15�

availability) interact in determining the probability of breeding (Fig. 3). By constraining 16�

reindeerWINTER to only influence specific age windows, this showed evidence that some age 17�

classes were more responsive to reindeer availability than others. For females that had bred in the 18�

previous year, restricting the influence of reindeer to only those years with a high probability of 19�

breeding again (from transition 3-4 years old to 7-8 years) showed stronger support over the 20�

model where reindeerWINTER explained all age groups (ǻAICc = 3.18), with wolverines 21�

transitioning from 5-6 and 6-7 being the most responsive to this parameter (ǻAICc ages 6 & 7 = 22�
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0.0 versus ǻAICc all ages = 4.19; Fig. 3). This could be seen in the parameter estimates of the 1�

effect of reindeerWINTER on the probability of reproduction for females aged 4-8 versus the years 2�

outside this range (logit-link reindeerWINTER mean estimates ± SE: 2.06 ± 0.71 versus -0.23 ± 1.02 3�

respectively). By AIC-weighting the strength of support for reindeerWINTER on each age class, 4�

there was a strong age-dependent pattern for reindeer carcass availability influencing the 5�

probability of reproducing for those females that had bred in the previous year, but no apparent 6�

age-related decline for those that had skipped breeding in the previous year (Fig. 3). 7�

 8�

Discussion 9�

Female wolverines showed typical age-related changes in reproductive output: i.e. an initial 10�

increase followed by a senescent decline in offspring production in later years. While such 11�

patterns have been reported in many taxa (Forslund and Pärt 1995, Caswell 2000, Gaillard et al. 12�

2000) our study is one of the first to show how such age-related variation in reproductive output 13�

is driven by the interactions between female age, costs of reproduction and resource availability 14�

(see also Robert et al. 2012). We identified four processes driving this variation. First, maturation 15�

occurs between two and three years of age, and is independent of resource availability (Fig. 1). 16�

Second, age-related differences in the costs of reproduction result in a declining probability of 17�

breeding two years in a row as individuals age (Fig. 2). Third, age-specific reproductive output is 18�

influenced by resource availability in the months preceding parturition, modulating the 19�

probability of breeding in a year following a successful breeding (Table 1). Finally, the influence 20�

of these resources on the cost of reproduction is also age-dependent, as females at prime age are 21�

more responsive to resource availability than those at other ages (Fig. 3). 22�
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Maturation 1�

By using a binomial and Poisson mixture model to predict reproductive output, we could 2�

disentangle two processes influencing failure-to-breed in wolverines. Failure-to-breed could arise 3�

from a simple binomial process linked to age: i.e. animals aged two or less very rarely breed, 4�

while older animals can breed but may not because of an additional Poisson process linked to 5�

reproductive costs and resource availability. The sudden change in reproductive output from 2 to 6�

3 years of age was not a result of delayed home range acquisition, and most likely due to age-7�

related physiological or behavioral maturity and/or other improvements of competence (e.g. 8�

foraging ability; Forslund & Pärt, 1995). Wolverines reach asymptotic growth before primiparity 9�

(J. Persson unpublished data); hence it is unlikely that this pattern results from a simple trade-off 10�

between allocating resources for growth and reproduction (Zedrosser et al. 2009).  11�

Interactions between individual age & reproductive costs 12�

For individuals �3 years old, the age-related pattern in reproductive output was largely a result of 13�

changing probabilities of successfully breeding that were not only related to an individual’s age, 14�

but also to a carry-over effect of the cost of reproduction from the previous year. Individuals that 15�

did not breed in the previous year had the same probability of breeding in the current year 16�

regardless of age, whereas individuals that had bred in the previous year showed strong age-17�

dependent variation in the probability of breeding in the current year. This age-related sensitivity 18�

to the costs of reproduction appeared to be the main driver of the age-related patterns of 19�

reproductive output in this population.  20�

Between 4 and 7 years of age, there was no evidence of reproductive costs: all individuals 21�

had the same probability of successfully reproducing regardless of their reproductive status in the 22�
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previous year. That prime age females exhibit higher reproductive output regardless of previous 1�

reproductive status suggests that if within-individual age-related quality changes are ignored they 2�

can mask detection of reproductive costs (Hamel et al. 2010a, Chambert et al. 2013). Variation in 3�

individual quality has been related to body condition (Reznick 1985, Bérubé et al. 1999), 4�

previous experience (Forslund and Pärt 1995), social rank or age (Hamel et al. 2010a), but it is 5�

rare that measurements of multiple traits are available within one study (Wilson and Nussey 6�

2010). In our study, the decline in reproductive output among older females appeared to be a 7�

result of reproductive senescence expressing itself as longer recovery times following a 8�

successful reproduction. One possibility is that reproductive costs accumulate over time, with 9�

individuals that start breeding later in life having a lower biological versus chronological age 10�

compared to animals that begin breeding when young. There was some evidence for this based on 11�

the positive relationship between age-at-first-reproduction and reproductive output. However, this 12�

pattern could also result from between-individual differences in quality unrelated to reproductive 13�

history. Senescence is not unexpected considering the bet-hedging life history of wolverines, 14�

where survival of adult females is the most important demographic parameter (Sæther et al. 2005, 15�

Persson et al. 2015). A conservative reproductive strategy is thus favorable, where older females 16�

do not trade current reproduction against their own survival.  17�

Interactions between resource abundance & reproductive costs 18�

Wolverines are adapted to seasonally and annually shifting resource availability (Ferguson and 19�

Larivière 2002); thus, it was not surprising to find an effect of seasonal resource abundance 20�

influencing the decision to breed (Nevoux et al. 2010, Shaw and Levin 2013). The distribution of 21�

reindeer carcasses during early winter positively influenced reproductive output by reducing the 22�

cost of reproduction for females that had successfully bred in the previous year. This importance 23�
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of early winter food corresponds with the timing of the decision to maintain or terminate 1�

embryonic development. Embryonic resorption or early litter loss has little cost, and thus 2�

consequences for future reproduction, compared to litter loss during or after lactation; implying 3�

that decisions to skip or abandon breeding should be made based on early winter resources. Early 4�

winter resources will also be available for the female, because of food hoarding, during late 5�

pregnancy and early lactation when reindeer are generally rare (Persson 2005). This is also when 6�

the young are most vulnerable and the female is restricted in her hunting movements. 7�

Subsequently, coinciding with the latter part of lactation, reindeer are much less likely to become 8�

a limiting resource because of favorable hunting conditions in deep snow and late winter deaths 9�

and spring migration of reindeer (Haglund 1966, Persson 2005, Mattisson et al. 2011a). Notably, 10�

a large proportion of reindeer carcasses result from lynx-kills (64%), suggesting that this top 11�

predator facilitates wolverine reproduction (cf. Mattisson et al. 2011a).  12�

 Because summer primary production (NDVI) was highly correlated with winter reindeer 13�

carcass abundance, and thus could not be included in the same models, it is possible that it also 14�

contributes to resource effects on individuals attempting to breed two years in a row. Increased 15�

primary production positively influences the abundance of various small prey and there are 16�

indications that small prey constitute major summer food items for wolverines (Inman et al. 17�

2012a, and references therein). An increase in small prey availability reduces maternal effort 18�

during summer, either through easier hunting for the female during rearing, earlier independence 19�

of cubs, and/or reduced strain on stored resources (Persson 2005). The number of cubs raised the 20�

previous year had a moderate support for influencing the decision to breed again; this ongoing 21�

reliance of cubs on their mother’s resources would be one explanation for such an effect. 22�

Interactions between individual age, resource abundance & reproductive costs 23�
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Resource abundance may simultaneously influence reproductive costs and exacerbate differences 1�

in within-individual quality related to aging, so that costs of reproduction may only become 2�

evident in harsh environments (Clutton-Brock 1991, Laaksonen et al. 2002, Tavecchia et al. 3�

2005, Robert et al. 2012), with very young or old individuals disproportionately burdened by 4�

reproductive costs when resources are limited (Hamel et al. 2010a, Robert et al. 2012, Chambert 5�

et al. 2013). Here we found that not only did the effects of resource abundance specifically 6�

influence the breeding decisions of wolverine females that had bred in the previous year, but also 7�

that these effects were more influential on individuals during their peak reproductive years. This 8�

pattern is likely to be attributable to two factors: (i) females that did not breed in the previous 9�

year have had time to fully recover their condition, and (ii) females not in their prime age that had 10�

bred the previous year are less able to recover their condition quickly enough regardless of 11�

resource abundance. This suggests that females in their prime age that bred in the previous year 12�

are more influenced by resource abundance in the current year because they have a high enough 13�

intrinsic quality to overcome the costs of reproduction in years with high resource availability (or 14�

individual variation in unmeasured traits; Wilson and Nussey 2010).  15�

By considering the interactions between individual age, reproductive costs and resource 16�

abundance, we are provided an unusually detailed insight into the factors driving variation in 17�

reproductive output: a key component for understanding population dynamics and viability (see 18�

also Robert et al. 2012 for similar insights into seabirds). In addition, our study provides a 19�

stronger foundation for science-based management of this solitary carnivore. Several wolverine 20�

populations are intensively managed (Brøseth et al. 2010, Inman et al. 2013) and monitored 21�

(Brøseth et al. 2010, Ellis et al. 2014, Gervasi et al. 2014), requiring a basic knowledge of age-22�

specific reproduction and reproductive costs. Also, our finding that reindeer carcass abundance 23�
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was strongly linked to offspring production, but only in prime-aged individuals (cf. Robert et al. 1�

2012), suggests that population responses to environmental variation will depend on the age-2�

structure of the population, prey availability and interspecific carnivore interactions – all of 3�

which may vary with species and ecosystem management. These examples demonstrate that 4�

studies able to consider interactions between drivers of population dynamics have much to offer 5�

not only ecological theory, but also practical population management.    6�
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Table 1: Factors influencing the breeding probability of a female wolverine relative to her 1�

breeding status in the previous year. Mean estimates (± SE) and the Variable Relative Importance 2�

(VRI) weights are AIC-weighted model-averaged estimates of determinants of the transition 3�

parameter from the candidate set of multi-state mark-recapture models in Table S5. Parameters 4�

are: age (years), cubs (number of cubs raised in the previous year), winter reindeer carcass 5�

availability (years 2001-2011, centralized and standardized by 2 SD, i.e. “z-scores”), annual 6�

winter NAO (z-scores), and annual rodent density (z-scores); with the probability of breeding 7�

calculated via a logit link. 8�

Parameter 

Breeder previous yr  

(BĺB) 
 

Non-breeder previous yr 

(NBĺB) 

Estimate  VRI  Estimate VRI 

      

Intercept 0.57 ± 0.60 -  0.41 ± 0.32 - 

Age 0.65 ± 0.34 1.0  0.02 ± 0.09 0.10 

Age2 -0.088 ± 0.039 1.0  -0.001 ± 0.002 0.03 

Reindeer* 1.57 ± 0.60 0.94  -0.02 ± 0.03 0.16 

Cubs (t – 1)  -0.44 ± 0.25 0.65  - - 

NAO -0.45 ± 0.34  0.46  0.07 ± 0.15 0.11 

Rodent density 0.18 ± 0.31 0.32  0.001 ± 0.12 0.09 

 9�

* Note that if NDVI is substituted for reindeer carcass in Table 2 the VRI weights for covariates 10�

from the ȥBĺB transition models were (NDVI = 0.9, cubs = 0.56, NAO = 0.42, rodent = 0.29). 11�
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Figure 1. Age-related reproductive output in female wolverines based on 174 reproductive events 1�

from 41 individuals. Predictions represent the mean number of cubs weaned per individual and 2�

are derived from the highest-ranked mixed-effects model in Table S2, with 95% credible 3�

intervals (shaded grey). Points represent the observed mean number of cubs per individual by 4�

age, labeled with age-specific sample sizes. The separate predictions from the binomial and count 5�

process components of the zero-inflated Poisson model are shown as insets.  6�

Figure 2. Age-related changes in the probability of breeding for female wolverines (n = 174 7�

reproductive events from 41 individuals) that had bred in the previous year (ȥBĺB black points) 8�

compared to females that had skipped breeding in the previous year (ȥNBĺB dotted line). 9�

Estimates are derived from model-averaging predictions from the candidate model set in Table 10�

S4, with 95% CIs shown for ȥBĺB.   11�

Figure 3. Age-related changes in the relative importance of winter food resources (reindeer 12�

carcasses) in influencing the probability of breeding for female wolverines (n = 174 reproductive 13�

events from 41 individuals) that had bred in the previous year (ȥBĺB gray bars) compared to 14�

females that had skipped breeding in the previous year (ȥNBĺB black bars).    15�
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Figure 11�
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Figure 2 1�
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Figure 3 1�
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