
Harvest-induced phenotypic selection in an1

island population of moose, Alces alces2

Thomas Kvalnes1,2, Bernt-Erik Sæther1, Hallvard Haanes3, Knut H. Røed4, Steinar Engen5
3

and Erling J. Solberg6
4

1Centre for Biodiversity Dynamics (CBD), Department of Biology, Norwegian University5

of Science and Technology (NTNU), NO-7491 Trondheim, Norway6

3Norwegian Radiation Protection Authority, NO-1361 Øster̊as, Norway7

4Department of Basic Sciences and Aquatic Medicine, Norwegian University of Life Sci-8

ences, PO-8146 Dep, NO-0033 Oslo, Norway9

5Centre for Biodiversity Dynamics (CBD), Department of Mathematical Sciences, Nor-10

wegian University of Science and Technology (NTNU), NO-7491 Trondheim, Norway11

6Norwegian Institute for Nature Research (NINA), NO-7485 Trondheim, Norway12

2Kvalnes (corresponding author): thomas.kvalnes@ntnu.no13

Sæther: bernt-erik.sather@bio.ntnu.no14

Haanes: hallvard.haanes@nrpa.no15

Røed: knuth.roed@nmbu.no16

Engen: steinaen@math.ntnu.no17

Solberg: erling.solberg@nina.no18

Running head: Harvest-induced selection19

Data archival location: Dryad (datadryad.org)20

Word count: 6120, Figures: 3, Tables: 421

KEY WORDS: Age structure, animal model, microevolution, reproductive value, un-22

gulate23

revised May 11, 201624



Abstract25

Empirical evidence strongly indicates that human exploitation has frequently26

led to rapid evolutionary changes in wild populations, yet the mechanisms involved27

are often poorly understood. Here we applied a recently developed demographic28

framework for analysing selection to data from a 20-year study of a wild population29

of moose, Alces alces. In this population, a genetic pedigree has been established30

all the way back to founders. We demonstrate harvest-induced directional selection31

for delayed birth dates in males and reduced body mass as calf in females. During32

the study period, birth date was delayed by 0.81 days per year for both sexes, while33

no significant changes occurred in calf body mass. Quantitative genetic analyses34

indicated that both traits harboured significant additive genetic variance. These35

results show that selective harvesting can induce strong selection which oppose36

natural selection. This may cause evolution of less favourable phenotypes that37

become maladaptive once harvesting ceases.38
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Introduction39

Adaptive evolution on ecological time scales (microevolution) is strongly influenced by40

the standing level of additive genetic variance and selection expressed as the covariance of41

phenotype and fitness (Price, 1972; Lande, 1979). In exploited populations, the natural42

direction of evolutionary changes may be substantially affected by the phenotypic charac-43

teristics of harvested individuals and the increased mortality added by harvesting (Sæther44

et al., 2001; Law, 2007; Proaktor et al., 2007; Allendorf and Hard, 2009; Darimont et al.,45

2009; Engen et al., 2014b). Sustainable harvest strategies should consequently include46

considerations of how harvest selection might interfere with natural selection and how47

this in turn will affect phenotypic evolution (Dunlop et al., 2009; Hutchings, 2009; Hendry48

et al., 2011; Kuparinen and Hutchings, 2012; Laugen et al., 2014).49

In many heavily exploited mammalian populations, harvest may be the largest source50

of mortality (e.g. Solberg et al., 2000; Stubsjøen et al., 2000; reviewed in Collins and Kays,51

2011). As harvesting is often non-random with respect to individual characteristics, this52

mortality will have the potential for shifting the distribution of phenotypes (Law, 2000;53

Allendorf and Hard, 2009; Mysterud, 2011; Garcia et al., 2012). Such harvest-induced54

selection may occur through several mechanisms (Mysterud, 2011). For instance, the use55

of harvest equipment that select some types of individuals more than others (e.g. size56

selective fishing nets, Law, 2000; Carlson et al., 2007; Enberg et al., 2012; Kuparinen and57

Merilä, 2007; Kendall et al., 2009), or hunters that are choosy due to individual variation58

in harvesting value or attractiveness (e.g. trophy-hunting in ungulates, Coltman et al.,59

2003; Hedrick, 2011; Pigeon et al., 2016). In addition, there could be individual differences60

in vulnerability or exposure to hunters (e.g. bold vs less conspicuous behaviour, Ciuti61

et al., 2012). Several traits affected by harvesting may be heritable (Law, 2000; Kruuk and62

Hadfield, 2007; Allendorf et al., 2008; Carlson and Seamons, 2008; Sasaki et al., 2009).63

Thus, there is a growing body of empirical evidence on how harvest-induced selection64

may cause rapid evolutionary changes (Olsen et al., 2004; Garel et al., 2007; Law, 2007;65

Allendorf and Hard, 2009; Darimont et al., 2009; Sharpe and Hendry, 2009). In bighorn66

sheep Ovis canadensis, Coltman et al. (2003) found that trophy hunting had induced a67
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decrease in body weight and horn size over time (see also Pigeon et al., 2016). In wild boar68

Sus scrofa scrofa, Gamelon et al. (2011) showed that birth date had advanced in response69

to harvest selection for early maturation. Also Sasaki et al. (2009) found that harvested70

populations of Japanese Mamushi Snake Gloydius blomhoffii were smaller, matured earlier71

and displayed stronger anti-predator behaviour than unharvested populations.72

The strength and form of selection resulting from harvest-induced and natural causes73

of mortality and fecundity, and which age classes are more strongly affected, are impor-74

tant determinants for the outcome of selective harvest (Carlson et al., 2007; Edeline et al.,75

2007; Proaktor et al., 2007; Mysterud, 2011; Olsen and Moland, 2011; Engen et al., 2012,76

2014b). In age-structured populations, the contribution of an individual to future genera-77

tions (reproductive value) depends on age-specific transitions among different phenotypic78

categories affecting their fecundity and survival (Caughley, 1966; Caswell, 2001; Coulson79

et al., 2010; Sæther et al., 2013). For instance, natural mortality rates in large ungulates80

are typically low for prime aged adults, and higher for young and old individuals (Gail-81

lard et al., 1998; Loison et al., 1999). Exploited populations will have harvest mortality82

interfering with natural mortality, changing the distribution of reproductive values by83

affecting age classes differently (Langvatn and Loison, 1999; Solberg et al., 2000; Engen84

et al., 2014b). Thus, the total selection imposed through harvest and natural mortality85

will be a complex function of annual age-specific covariances of traits and fitness, which86

best can be understood in a demographic framework (Lande, 1982; van Tienderen, 2000;87

Coulson et al., 2003, 2006, 2010; Engen et al., 2011, 2012, 2014a; Morrissey et al., 2012).88

This allows fitness to be defined through both fecundity and survival, and describes89

how selection at different stages of the life cycle affects both ecological and evolutionary90

dynamics (Wilson and Nussey, 2010; Engen et al., 2009, 2012, 2014a).91

In this paper we investigated selective and evolutionary effects of harvesting on two92

fitness-related traits in ungulates, body mass as a calf and birth date (see also Coulson93

et al., 2003). We used data from a population of radio-collared moose in northern Norway,94

where most individuals have been followed in detail with life histories monitored from95

birth (Sæther et al., 2003, 2004, 2007; Solberg et al., 2007, 2010; Haanes et al., 2013). This96
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enabled us to partition out the effects of harvest from other environmental factors that97

affect individual phenotype and fitness. Both traits investigated are closely associated98

with individual fitness. An individuals own calf body mass can explain a large proportion99

of individual variation in recruitment (Wilson et al., 2005b; Grøtan et al., 2009; Milner100

et al., 2013), age at maturity (Sæther and Haagenrud, 1983, 1985; Sæther and Heim, 1993;101

Sæther et al., 1996; Sand, 1996) and early life fecundity (Sæther and Haagenrud, 1985;102

Schwartz and Hundertmark, 1993; Sand, 1996) in moose as well as in other ungulates103

(Gaillard et al., 2000b). Furthermore, calf body mass is positively correlated with adult104

body mass at all age classes in our population (Solberg et al., 2008). Individual birth105

date is considered a key trait influencing early growth and recruitment in several species106

of ungulates (Festa-Bianchet, 1988; Coulson et al., 2003; Wilson et al., 2005b; Solberg107

et al., 2007; Plard et al., 2015). Timing of births has profound population dynamic effects108

under seasonal variation in resource abundance (Albon and Langvatn, 1992; Sæther and109

Heim, 1993; Clutton-Brock and Coulson, 2002; Solberg et al., 2007; Plard et al., 2014).110

If the individual phenotypic variation in these traits causes some individuals to be more111

attractive or susceptible to hunters, harvest may be an important selective force driving112

phenotypic changes in this population. For instance, hunters may target individuals with113

large calf body mass for high yield, preferably shoot barren females (with on average114

low calf body mass) to avoid shooting calves or females with calves, or may actively115

select on other cues of individual quality affected by individual differences in birth date.116

Our objectives were to (1) reveal whether there were temporal trends in the two traits117

while controlling for other confounding factors, (2) estimate phenotypic selection across118

years separating between harvest-induced and natural selection, (3) estimate the additive119

genetic variation for each trait and (4) predict evolutionary responses under the current120

harvest regime.121
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Material and methods122

Study system and data collection123

The data were collected on the island of Vega in northern Norway (65◦40′N, 11◦55′E, see124

map in Solberg et al., 2008). The island has an area of 119 km2, of which approximately125

80 km2 are preferred moose habitat, and had a human population of 1250-1500 during126

the study (Solberg et al., 2008, 2010). The moose population was founded by one male127

and two female yearlings immigrating from the mainland in 1985, with an additional128

24 immigrants recorded between 1986 and 2011. Starting in 1989, annual hunting has129

been allowed throughout October, with a break around peak ovulation (Garel et al.,130

2009). During the first four years hunting intensity was low (2-4 individuals annually),131

but increased since 1993 (Sæther et al., 2003), keeping the population at winter densities132

of 25 to 43 individuals annually (Solberg et al., 2007). With this regime, less than 5%133

of calves and adults are known to have died from causes other than hunting (Figs 1 and134

2) (see also Solberg et al., 2007). Thus, we assume that density dependence has a minor135

influence on the dynamics of this population.136

During 1992 and 1993 all individuals in the population were radio collared for the first137

time. In January-March every year until present (except 2003 and 2008), this procedure138

was repeated to mark all new calves (born in May-June) which survived the annual139

hunting. At the same time, calf body mass was recorded with an accuracy of ± 2 kg by140

use of an analogue or digital scale installed on a helicopter. At this stage, calves were141

8-9 months of age and follow their mothers closely for another 2-4 months. No data are142

available on live body mass of calves at earlier ages. Calf body mass was standardised by143

simple linear regression as there was significant weight loss by date during the period of144

fieldwork (b = −0.166, t = −1.85, P = 0.067), which was similar for both sexes (sex ×145

date interaction: t = −0.23, P = 0.818). The adjusted calf body mass (z) was estimated146

by z = z′ − bd, where d equals date of measurement relative to 15th of February and147

b is the slope of calf body mass (z′) on date of measurement. Pregnant females were148

approached during May-July at 3-5 days intervals until calving, when birth date (± 1149
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day, 1st of January = day 1) was determined for all calves based on calf size, behaviour,150

and the condition of the mother (Sæther et al., 2003). In total over the years 1992-151

2011, there were 181 individuals phenotyped for calf body mass, birth date or both (see152

Table 2). The high intensity of fieldwork combined with relative small area and open153

landscape of the study site, ensured that >90% of individuals were radio collared at154

all times during the study and could have survival determined with a high degree of155

certainty (Stubsjøen et al., 2000; Solberg et al., 2007, 2010). Furthermore, with tissue156

samples from all marked and hunted individuals, a genetic pedigree with a total of 499157

individuals born in the period 1984-2012 was constructed (for details see Haanes et al.,158

2013). This enabled the number of offspring to be determined genetically for both sexes.159

The diagram in Fig. 1 indicates the chronological order of events during a time step and160

relevant demographic parameters monitored.161

Temporal phenotypic trends162

We tested for temporal trends across the years 1992-2011 in calf body mass and birth163

date by constructing linear mixed effects models with year as a continuous effect and164

mother identity as random effect to account for non-independence of siblings. Previous165

investigations in this population has found the age of the mother, twin status (1 = twin,166

0 = singleton) and degree of inbreeding, f, to account for some of the phenotypic variance167

in calf body mass and birth date (Solberg et al., 2007; Haanes et al., 2013). Thus, we168

included them as covariates in our models. With these models a significant year effect was169

taken as evidence for a temporal trend. However, we also fitted a quadratic effect of year170

in our models to test whether any trends found displayed an effect-reduction over time,171

as predicted if caused by manipulations of sex ratio and age structure that were made in172

the early years (Sæther et al., 2003). All adult males were shot after the rut in 1994 and a173

high off-take of males in all age classes followed in 1996, which kept the sex ratio strongly174

biased towards females until 1999 (Sæther et al., 2003, 2004). Statistical significance was175

assessed by likelihood ratio tests, in which twice the difference in log likelihood between176

two nested models (fitted by maximum likelihood), is χ2-distributed with degrees of177
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freedom (df ) equal to df1 − df2. Model assumptions were checked graphically using178

diagnostic plots. Estimates are provided with standard errors in the text. All analyses179

were performed using the R package lme4, version 1.1.12 (Bates et al., 2014) with R180

version 3.2.5 (R Core Team, 2014).181

Phenotypic selection analyses182

We estimated selection on individual calf body mass and birth date, keeping these traits183

fixed throughout an individuals life. Hence, calf body mass is an individuals own body184

mass measured as calf and birth date is the date on which an individual was born. The185

selection analyses were restricted to the years 2000-2011 and included only individuals186

with both traits of interest. Thus, we avoided the period of sex ratio and age structure187

manipulations, and ensured that phenotypes (as calf) were available within most age188

classes.189

Selection was analysed in males and females separately using the demographic frame-190

work developed by Engen et al. (2009, 2011, 2012, 2014a) to account for age structure.191

Hence, for each sex, the data were structured with pre-breeding census (Caswell, 2001)192

for survival and fecundity (Fig. 1). Calves (aged 8-9 months) constituted the first age193

class and the oldest individuals were collected in age class 11 (females) and 7 (males),194

as only 4 females and 3 males survived these age classes. An individual was recorded as195

surviving from year t to t + 1 if recorded in year t + 1, and had fecundity equal to half196

the number of calves produced in year t which were alive in year t + 1 (i.e. recruits,197

see Fig. 1). Emigrants were treated as dead individuals. In this framework, fecundity198

includes both the number of calves produced and their survival until 8-9 months of age199

(Fig. 2). There are potential issues with assigning offspring viability to their parents200

fitness (e.g. Wolf and Wade, 2001; Hadfield, 2012, and references therin). However, the201

viability of calves are largely dependent on characteristics of the female. Moose calves202

are weaned at approx. 6 months of age, and follow their mothers closely until just before203

the next calving season.204

In the demographic framework, unbiased estimates of selection are achieved by weight-205
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ing components of individual fitness and trait values by age-specific reproductive values206

from the mean population projection matrix (Caswell, 2001; Engen et al., 2012, 2014a).207

Hence, for each sex, the mean age-specific fecundity and survival were estimated across208

the years 2000-2012 to populate the sex-specific projection matrix, l. The real dominant209

eigenvalue of l is the multiplicative growth rate (λ) of the population. The corresponding210

right (u) and left (v) eigen vectors scaled to
∑

x ux = 1 and
∑

x uxvx = 1 are the stable211

age distribution and reproductive values (Table 1 and Fig. 1; Caswell, 2001; Engen et al.,212

2009, 2012).213

Within each sex, the annual individual fitness of an individual i in age class x was214

defined as Λi = Wi/vx, where vx is the sex- and age-specific reproductive value and Wi215

is the individual reproductive value (Engen et al., 2009). Wi estimate the individual216

contribution to the total reproductive value of the population next year (Engen et al.,217

2009, 2014a) and is defined by,218

Wi = Jivx+1 +Biv1/2, (1)

where Ji is a dichotomous indicator of survival (0/1), Bi is the number of recruits pro-219

duced and the v’s are the sex- and age-specific reproductive values. The B′s were always220

divided by 2 to account for the contribution from each sex. This definition of annual221

individual fitness was used to estimate the total selection on a trait. We also estimated222

viability and fecundity selection separately by using the first and second part of equation223

1 as measures of viability (Wsi) and fecundity (Wfi) fitness (Engen et al., 2011). Any224

selection that is detected on survival is by definition harvest-induced, as there are almost225

no natural mortality in this population (Fig. 2). However, to investigate the effects of226

harvest on fecundity, we repeated the fecundity selection analyses while ignoring harvest227

mortality among recruits (shx in Fig. 1) in fecundity fitness. That is, using fx = mxs
n1
1 s

n2
1228

for fecundity in projection matrices and adding the number of harvested calves to the229

number of recruits (Bi) produced by an individual i in the selection analyses. In each230

case, relative fitness was defined using the annual weighted mean fitness (Engen et al.,231

2014a).232
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To separate direct from indirect selection, we estimated selection gradients across233

years as a set of weighted partial regression coefficients (weights vx) of relative fitness234

on trait values (Lande and Arnold, 1983; Engen et al., 2012, 2014a). Within each sex,235

both traits were centred by the annual weighted mean and scaled by the global weighted236

standard deviation (SD-scaled) of the centred traits (see Table 2). Directional (βσ1), cor-237

relational (γσ12) and quadratic (γσ11) selection gradients were estimated. Uncertainties238

in the estimates were assessed by resampling with replacement for 10000 bootstrap repli-239

cates (Mitchell-Olds and Shaw, 1987). Standard errors and confidence intervals (CI) were240

estimated as the standard deviations and adjusted bootstrap percentile intervals of the241

bootstrap replications. Quadratic selection gradients and standard errors were doubled242

from the least squares estimates (Stinchcombe et al., 2008). Post hoc tests adding the243

individual inbreeding coefficient, f, to the models revealed no inflation of estimated selec-244

tion gradients due to heterogeneity among individuals in f (Kvalnes et al. unpublished245

results; see Willis, 1996). Standard errors of weighted means were estimated by the ratio246

variance approximation as recommended by Gatz and Smith (1995).247

Quantitative genetics analyses248

Pruning the pedigree to only the phenotyped individuals and connecting pedigree links,249

we ended up with an informative pedigree of 210 individuals born in the period 1992-250

2011. This pedigree information was utilized in univariate animal models (Lynch and251

Walsh, 1998; Kruuk, 2004). This is a form of mixed model which expresses the vector252

(y) of measurements on the individuals own calf body mass or birth date in terms of253

their additive genetic effects and other random and fixed effects. Pooling the sexes and254

mean-scaling the traits across years (see Table 2), we constructed models of the following255

structure256

y = Xb + Zaa + Zmm + e, (2)

where b is a parameter vector with the fixed effects of sex and the individual inbreeding257

coefficient, a is a vector of additive genetic effects and m is a vector of maternal envi-258
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ronment effects. X is a design matrix relating fixed predictors to each individual, each259

Z is a design matrix relating random predictors to each individual, and e is a vector of260

residuals (Lynch and Walsh, 1998; Kruuk, 2004). Hence, in this model the total phe-261

notypic variance (σ2
P ) was partitioned into three additive components such that σ2

P =262

σ2
A + σ2

M + σ2
R, where each component is the estimated variance for the corresponding263

vector in equation 2. Individual f -values were included to avoid inflated additive genetic264

effects due to correlations among close relatives (Reid and Keller, 2010; Haanes et al.,265

2013), while sex was included to have estimates of heritability on the same scale as the266

estimated selection gradients (Wilson, 2008).267

The models were fitted using Bayesian methods implemented in MCMCglmm version268

2.22.1 (Hadfield, 2010) with Gaussian distribution and identity link function. Priors269

for the fixed effects were the normal distribution with zero mean and large variance270

(1010), while a non-informative improper prior was used for the variance components by271

specifying V = 0 and nu = -2. Care was taken to ensure good mixing of the chains272

and that specified priors did not have exaggerated influence on posterior distributions by273

graphical examinations of different priors. In the analyses, runs with a burn-in period of274

10 000 and a thinning interval of 200 ensured low autocorrelation (generally < 0.1) for a275

total of 10 000 independent random samples from the stationary posterior distribution.276

The deviance information criterion (DIC) was calculated (Spiegelhalter et al., 2002) to277

determine the statistical support for variance components by comparing the full model278

with reduced models where the component of interest was left out. Unscaled variance279

components (σ2) were reported in the results by back-transforming with the square of280

the mean across years (Table 2), accompanied by variance-scaled estimates to obtain the281

narrow sense heritability (h2 = σ2
A/σ

2
P ). All estimates are reported as the posterior mode282

and 95 % credibility intervals from the full model.283

Predicting responses to selection284

We separated direct and indirect selection on calf body mass and birth date in the selec-285

tion analyses, but were limited by sample size to univariate analyses of quantitative genet-286
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ics. Hence, to predict responses to selection we obtained the vector of unscaled selection287

differentials by S = Pβσ ◦σ−1, where P is the weighted phenotypic (co)variance matrix,288

βσ is the vector of estimated SD-scaled selection gradients, σ the vector of weighted289

phenotypic standard deviations and ◦ denotes element-wise multiplication (Lande and290

Arnold, 1983). Then the predicted response (R) in the weighted mean of each trait fol-291

lows from the breeders equation R = h2S, where h2 is the narrow sense heritability of a292

trait (Lush, 1937).293

Propagation of uncertainty is important to assess the uncertainty in predicted evolu-294

tionary responses (de Villemereuil et al., 2013). We obtained the empirical distributions295

of R by resampling with replacement for 10000 iterations from the estimated distribu-296

tions of the parameters in the breeders equation. The predicted responses to selection297

are presented with 95 % percentile confidence intervals.298
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Results299

Temporal phenotypic trends300

Males were heavier than than females (χ2 = 25.40, df = 1, P < 0.001), but there was no301

sexual difference in birth date (χ2 = 0.66, df = 1, P = 0.418, Table 2). In both sexes302

calf body mass decreased with later birth date (males: rp = -0.456, t = −4.522, df = 78,303

P < 0.001, females: rp = -0.220, t = −1.864, df = 68, P = 0.067). Accounting for the304

differences between sexes, we found no significant directional change in calf body mass305

across years (b = 0.25 ± 0.30, χ2 = 0.73, df = 1, P = 0.394), whereas birth dates delayed306

with a rate of 0.81 ± 0.20 days per year (χ2 = 15.47, df = 1, P < 0.001). The annual307

delay was similar in both sexes (χ2 = 1.52, df = 1, P = 0.218) and did not deviate from308

linearity (χ2 = 0.47, df = 1, P = 0.493).309

Phenotypic selection310

For females, there was significant negative directional selection on calf body mass (Fig.311

3A, Table 3A, CI = [-0.16, 0.00]), but no significant directional selection on birth date312

(Fig. 3B, Table 3A, CI = [-0.10, 0.04]). When considering only survival (see Fig. 2), the313

estimates of directional viability selection were non-significant for calf body mass (Fig.314

3C, Table 3A, CI = [-0.14, 0.02]) and birth date (Fig. 3D, Table 3A, CI = [-0.04, 0.11]).315

In contrast, there was evidence for directional fecundity selection towards lighter calf316

body mass (Fig. 3E, Table 3A, CI = [-0.52, 0.01]) and earlier birth date (Fig. 3F, Table317

3A, CI = [-0.56, -0.13]). Hence, small and early born females produced more recruits.318

However, the confidence interval for the directional fecundity selection on calf body mass319

marginally crossed zero.320

Re-analysing fecundity selection while excluding the effect of harvesting (see Figs 1321

and 2), i.e. adding harvested calves to fecundity fitness, indicated no significant direc-322

tional selection on calf body mass before the hunting season (Table 3A, CI = [-0.20,323

0.05]). Hence, the variation in the number of calves born and their natural mortality324

were not the causes of selection on female calf body mass. The estimates of directional325
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fecundity selection with and without the effect of harvesting have confidence intervals326

which greatly overlap. Still, when adding the negative effect induced by hunters on fit-327

ness there was significant directional selection for smaller females (Table 3A). In contrast,328

the negative fecundity selection on birth date was unaffected by removing the effect of329

harvesting (Table 3A). In no cases were there any significant estimates of correlational330

or quadratic selection (Table 3A).331

In males, there was significant positive directional selection for later birth date (Fig.332

3B, Table 3B, CI = [0.00, 0.35]). The estimated directional selection on calf body mass333

was also positive, however, the confidence interval crossed zero (Fig. 3A, Table 3B, CI334

= [-0.02, 0.28]). In accordance with the estimated total selction, there was significant335

directional viability selection for later birth date (Fig. 3D, Table 3B, CI = [0.11, 0.49]).336

Almost all deaths were harvest-induced (see Fig. 2) and males born early in the season337

were more likely to be shot. The mean difference in birth date between killed and sur-338

viving individuals within years was 9 days. The estimated directional viability selection339

on calf body mass had a confidence interval which crossed zero (Fig. 3C, Table 3B, CI340

= [-0.03, 0.32]). In the analyses of fecundity selection in males there was found signifi-341

cant negative directional selection for earlier birth date (Fig. 3F, Table 3B, CI = [-0.86,342

-0.09]). Early born males had a higher reproductive success, hence, fecundity and via-343

bility selection on birth date acted in opposite directions. There was not any significant344

fecundity selection on calf body mass in males (Fig. 3E, Table 3B, CI = [-0.44, 0.29]). Re-345

analysing fecundity selection for males while excluding the effect of harvesting on recruit346

production (see Figs 1 and 2), did not indicate any harvest-induced fecundity selection.347

No significant estimates of correlational or quadratic selection were found (Table 3B).348

Predictions of phenotypic evolution349

There was high support for an additive genetic component in calf body mass and birth350

date (Table 4). In addition, there was high support for a maternal environment effect in351

both traits as judged by DIC (Table 4). The heritability of calf body mass was 18.4 %, a352

little larger than the heritability of birth date. Maternal environment effects contributed353
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to more than 50 % of the phenotypic variation in birth date (Table 4B), while calf body354

mass had a much smaller maternal variance component (Table 4A). Estimates for fixed355

effects were bf = -0.14 (CI = [-0.32, 0.04]) and bsex = 0.07 (CI = [0.04, 0.10]) for calf356

body mass, and bf = -0.01 (CI = [-0.11, 0.09]) and bsex = 0.00 (CI = [-0.02, 0.01]) for357

birth date.358

Using the total selection differentials, which include direct and indirect selection on359

traits, we predicted the response to selection on calf body mass as -0.22 (CI = [-0.85,360

0.01]) kg/year in females and 0.12 (CI = [-0.62, 1.12]) kg/year in males, and on birth date361

as -0.02 (CI = [-0.25, 0.13]) days/year in females and 0.12 (CI = [-0.06, 0.65]) days/year362

in males. The uncertainty in the estimates of heritability were large, thus, the confidence363

intervals for these prediction are wide. Furthermore, these predictions do not account for364

any genetic correlations between traits within and between sexes.365
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Discussion366

The body mass of female ungulates is often closely associated with individual variation in367

several fitness components (Hewison, 1996; Sand, 1996; Sæther et al., 1996; Sæther, 1997;368

Tveraa et al., 2003; Grøtan et al., 2009). For instance, fertility rates increased with body369

mass in female caribou Rangifer tarandus (Pachkowski et al., 2013) and muskox Ovibos370

moschatus (White et al., 1997), while Gaillard et al. (2000a) found lifespan to increase371

with higher body mass in female roe deer Capreolus capreolus and bighorn sheep. In372

moose, females with high body mass as calves and adults are more likely to ovulate and373

produce twins early in life (Sæther and Haagenrud, 1983, 1985; Schwartz and Hundert-374

mark, 1993; Sæther et al., 1996; Solberg et al., 2008; Garel et al., 2009). In this study, we375

found indications of harvest-induced directional selection for females with smaller body376

mass as calf (Fig. 3, Table 3A). This was induced by hunting of calves (Table 3A), which377

at this stage still follow their mothers closely and have yet to become independent indi-378

viduals in the analyses. The confidence interval for the estimated directional fecundity379

selection on calf body mass was wide and marginally included zero. However, the es-380

timate was outside the range defined by the confidence interval for fecundity selection381

when excluding harvest (see Results). Large females lost a higher proportion of calves382

to hunting than small ones (see Table 3A). The probability of losing a calf was 60±7 %383

for females with one calf and 76±5 % for females with two. Consequently, prime-aged384

females producing twins lost in 6 out of 10 age classes a higher proportion of calves due385

to harvesting than females with only a single calf. Hence, either hunters prefer to shoot386

a calf from females with twins or females with twins are more likely to be spotted by387

hunters. However, females with twins would still have a higher probability to raise at388

least one calf than females with only one calf. Thus, the increased risk of losing a calf for389

females with twins could not be the only cause of the negative selection on body mass390

as calf. There has to be an additional increased risk of losing a calf for females that391

themselves were heavy as calf. This could be mediated by a preference among hunters392

to harvest large calves, as produced by large females (see Table 4), or body mass as393

calf could be correlated with traits that affect the susceptibility to hunting (Law, 2000;394
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Sasaki et al., 2009; Mysterud, 2011; Ciuti et al., 2012; but see Moe et al., 2009). Whatever395

mechanism, the increased risk of losing a calf among large females may explain the neg-396

ative harvest-induced selection on female body mass as calf and will modify any natural397

fecundity selection (Fig. 3, Table 3A).398

Our results indicated no selection on calf body mass in males in our population (Fig.399

3, Table 3B). Thus, hunters were non-selective in their harvest of yearlings and adults400

with respect to their calf body mass, and males with large calf body mass did not have401

larger reproductive success than males with smaller calf body mass. These results seems402

surprising as only a small proportion of males are often found to mate with most of the403

females in polygamous ungulates (Clutton-Brock, 1982; Mysterud et al., 2002) and body404

mass is usually seen as an important trait explaining variation among males in mating405

success (Stewart et al., 2000). Solberg et al. (2008) found that calf body mass generally406

predicts adult body mass well in our population. However, male moose grow for a long407

period and do not reach their asymptotic body mass until old ages (Solberg and Sæther,408

1994; Solberg et al., 2004). Large individual deviations from the predicted relationship409

between calf and adult body mass could reduce the power of detecting any selection on410

body mass. Alternatively, in small and isolated populations under high harvest pressure,411

demographic stochasticity will be large and few males will reach the size at which they412

might compete successfully for females (Langvatn and Loison, 1999; Solberg et al., 2000;413

Stewart et al., 2000; Darimont et al., 2009; Engen et al., 2014b). Hence, individuals414

that enter older age classes might not be those that were large as calves, indicating415

that age is a major determinant of reproductive success (see Table 1; Sæther et al., 2003;416

Coulson et al., 2010; Sæther et al., 2013). This also implies that hunters can appear to be417

selective with respect to body mass across age classes, but that this selective harvest may418

not have any direct evolutionary effect on body mass if the mechanism is a preference for419

old individuals that are large (Solberg et al., 2000; Ericsson and Wallin, 2001; Mysterud,420

2011). Indeed, from Table 1 we see that survival rates, which are almost exclusively421

determined by harvest mortality (see Fig. 2), are lowest among yearling and prime aged422

(above age 5) males. The oldest male in our population was 11 years old at harvest, and423
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only 3 males got older than 7 years. The demographic approach used to estimate selection424

in this study correctly accounted for the dependency between age and fitness. Generally,425

estimates of selection will contain a component of false selection when age-structure is426

ignored. This is caused by transient changes in the age-distribution and differences in427

the mean phenotype between age classes (Engen et al., 2014a).428

For herbivores in seasonal environments, getting the timing right with respect to the429

advance of spring vegetation is important to achieve optimal foraging conditions for lac-430

tating females and their calves (Klein, 1965; Albon and Langvatn, 1992; Mysterud et al.,431

2001; Solberg et al., 2007). Being born too early or late may increase calf mortality due to432

low amounts of available high quality food and have negative developmental consequences433

which lasts into adulthood (Solberg et al., 2004, 2008; Rödel et al., 2009). Accordingly,434

Schmidt et al. (2001) found antler size in red deer Cervus elaphus to be negatively related435

to birth date and Plard et al. (2015) found higher probability of recruitment and larger436

adult body mass for early-born roe deer. In our study, we found significant negative437

fecundity selection on birth date in both sexes (Fig. 3, Table 3). Thus, supporting the438

idea that early-born individuals possess qualities which increase their reproductive perfor-439

mance (Rödel et al., 2009; Plard et al., 2015; but see Wilson et al., 2005a). However, the440

response to fecundity selection depends on its interaction with survival (Coulson et al.,441

2003, 2006; Wilson and Nussey, 2010). In our study, we found strong opposing harvest-442

induced viability selection on birth date in males (Fig. 3, Table 3B), where early-born443

males were shot more frequently than late-born males. There are two not mutually exclu-444

sive hypotheses for such a pattern. Phenotypic variation in birth date could make some445

individuals (1) more attractive (hunter preference) or (2) more susceptible to hunters446

(Law, 2000; Coltman et al., 2003; Carlson et al., 2007; Allendorf and Hard, 2009; Sasaki447

et al., 2009; Ciuti et al., 2012). As adult moose generally are solitary and the population448

is subject to high hunting pressure during a relatively short hunting season, the possibil-449

ity for hunters to be choosy might be restricted (Solberg et al., 2000; Mysterud, 2011).450

However, at present we are not able to rule out this possibility from the susceptibility451

hypothesis, where early-born males are more frequently shot due to increased exposure.452
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Possible mechanisms by which the latter could occur, include variation in rates and pat-453

tern of movement or size of home range and habitat use in relation to distribution of454

hunters, and variation in other behaviour traits (e.g. shyness) during the rutting season455

that affect susceptibility (Law, 2000; Sasaki et al., 2009; Mysterud, 2011; Ciuti et al.,456

2012). In either case, the harvest-induced viability selection caused the total selection457

in males in favour of later births. This contrasts with females, where harvest mortality458

was non-selective with respect to birth date and confounded negative fecundity selection459

by increased demographic stochasticity (Table 3). Probably hunters have less opportu-460

nities to selectively shoot females than males, because they expose themselves less often461

to hunters (Solberg et al., 2010; Ericsson and Wallin, 2001) and are followed by one or462

more calves (see also Table 1 and Fig. 2). Previous studies has suggested that hunters463

preferably shoot females without calves, and if they are to shoot females with calves the464

calves have to be shot first, thus, allowing females to escape (Solberg et al., 1999, 2000;465

Ericsson, 2001).466

We found evidence for additive genetic variance in both traits in this study (Table467

4). The heritability estimated for birth date and calf body mass were of the same order468

as previously recorded with similar analyses of reindeer (both traits, Muuttoranta et al.,469

2013), bighorn sheep (parturition date, Feder et al., 2008), soay sheep Ovis aries (both470

traits, Wilson et al., 2005a) and red deer (body mass, Kruuk and Hadfield, 2007). Our471

sample sizes of less than 170 individuals (see Table 2) limited the quantitative genetic472

analyses to univariate models (Kruuk, 2004; de Villemereuil et al., 2013). Hence, we473

used the univariate breeders equation to predict a negative response in calf body mass in474

females and a positive response in birth date in males over the years (see Results). These475

predictions ignore genetic covariances between traits within and between sexes (Morrissey476

et al., 2010) which certainly would have been important in shaping the observed change477

towards later births at a rate of 0.81 days per year and the lack of change in calf body478

mass. Generally, unmeasured additive genetic covariance between selected traits limit479

the additive genetic variation in each trait that is available for unconstrained phenotypic480

evolution (Hansen and Houle, 2008; Morrissey et al., 2010). In previous studies on un-481
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gulates, a negative genetic covariance between birth mass and date has been found for482

instance in reindeer (Muuttoranta et al., 2013), while a positive genetic covariance has483

been found in soay sheep (Wilson et al., 2005a). In this study, we found a negative phe-484

notypic covariance between calf body mass (at 8-9 months of age) and birth date (Table485

2; see also Solberg et al., 2008). A quantitative genetic analysis would be required to486

separate genetic effects from environmental effects due to higher foraging quality for early487

born individuals. However, the negative phenotypic covariance could be taken to indicate488

the presence of a negative genetic covariance (Cheverud, 1988). A strong negative genetic489

covariance would constrain the evolutionary response in traits selected in the same di-490

rection, while a positive genetic covariance would have the opposite effect (Lande, 1979).491

In this study, a negative genetic covariance between body mass as calf and birth date492

could constrain the evolutionary responses in females to negative directional selection on493

body mass as calf, while causing a response of delayed birth date (see Table 3). In males,494

a negative covariance would constrain evolutionary responses in both traits and if suffi-495

ciently strong could even cause predicted responses in the opposite direction of selection.496

However, the final response to selection on a suite of traits within each sex will generally497

also depend on intersexual genetic covariances (Lande, 1980; Gosden et al., 2012). The498

intersexual genetic covariance for each trait in this study seems likely to be positive and499

may even be quite strong. Hence, our inability to estimate all of these additive genetic500

components, could be an important cause of differences between predicted and observed501

phenotypic changes. However, other explanations for differences between observed and502

predicted phenotypic changes which are difficult to rule out should also be mentioned.503

For instance, selection on a unmeasured genetically correlated trait could constrain evo-504

lutionary responses and responses could be masked by environmental effects which are505

not accounted for (reviewed in Merilä et al., 2001). Furthermore, in our population with506

such a long life expectancy, estimated responses will only be observable if consistent in507

direction over several years (Engen et al., 2014a). At any time, the population will consist508

of reproducing individuals in different age classes which has been exposed to potentially509

fluctuating selection pressures over their life span (Engen et al., 2012). The full response510
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to selection will in such populations only be observable when all individuals under se-511

lection in the population has stopped reproducing (i.e. achieved lifetime reproduction;512

Engen et al., 2011, 2014a).513

Both traits in this study are to some degree likely to be maternally determined.514

Accordingly, approximately 50 % of the variance in birth date and 20 % of the variance515

in calf body mass were attributed to maternal environmental effects (Table 4). The516

maternal environment effects estimated in these models contains an environmental source517

of phenotypic variation, but also parts of this variation is likely to have a genetic origin518

(Mousseau and Fox, 1998; Wilson et al., 2005a; Kruuk and Hadfield, 2007). Such maternal519

genetic effects represent a heritable component of phenotypic variation, inherited through520

maternal inheritance, which contribute to the rate and direction of evolutionary changes521

in a trait (Kirkpatrick and Lande, 1989; Lande and Kirkpatrick, 1990; Hadfield, 2012).522

However, estimating maternal genetic effects is not a trivial matter and requires extensive523

sample sizes in a well connected pedigree (Kruuk and Hadfield, 2007; Wilson et al., 2010).524

When not directly estimated these effects will be concealed within the additive genetic525

and maternal environment effects (e.g. Wilson et al., 2005a; Kruuk and Hadfield, 2007;526

Wilson et al., 2010). Antagonistic selection through mothers and offspring on calf body527

mass or birth date could act to constrain evolutionary changes (Kirkpatrick and Lande,528

1989). Thus, while we find directional selection on both calf body mass and birth date529

from the perspective of the individual (i.e. an individuals own trait values), there could530

also be selection on these traits through their maternal analogues, offspring body mass531

and parturition date (the trait values of an individuals offspring; e.g. Wilson et al., 2005b;532

Janzen and Warner, 2009). In such a case, the phenotype of an individual is thought to533

be a result of its own genes, an environmental effect and a parental effect (Kirkpatrick534

and Lande, 1989; Lande and Kirkpatrick, 1990; Hadfield, 2012). Hence, the change in535

a phenotype from one generation to the next would be affected by both selection on536

the individuals directly and selection that modify the traits of their parents (Hadfield,537

2012). Parental effects may have important consequences for evolutionary trajectories,538

however, there does not yet exist a theoretical framework for dealing with these effects539
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in age-structured populations.540

Demographic and evolutionary consequences of harvesting have been investigated in541

several populations, however, thus far only as separate processes (Law, 2000; Solberg542

et al., 2000). The demographic framework which we utilize here enable us to investigate543

harvest-induced selection and phenotypic evolution while keeping track of the relation-544

ships to demographic parameters such as population growth rate and the age structure of545

the population (Engen et al., 2009, 2011, 2012, 2014a; Morrissey et al., 2012; Sæther and546

Engen, 2015). Thus, the general implications of our results can more readily be related547

to demography of the population and be available for developing better harvest strate-548

gies over short and long time scales (Dunlop et al., 2009). In this study we demonstrate549

how harvesting can result in phenotypic selection through non-random hunting of calves550

from females which differ in fecundity rates and calf body mass (Fig. 3A, Table 3A).551

Thus, in species with extended parental care, sustainable harvest strategies should not552

only consider the effects on the phenotypic distribution of individuals, but also consider553

how harvesting their young may affect their contribution to further generations (Fig. 2;554

see also Solberg et al., 2000). Accordingly, our measure of fitness consists of both fe-555

cundity (production and early survival of calves) and own survival (Engen et al., 2014a).556

We clearly demonstrate how non-selective harvesting might effectively mask any natural557

selection occurring (e.g. fecundity selection on birth date in females) by introducing ad-558

ditional demographic stochasticity through mortality (Engen and Sæther, 2014; Sæther559

and Engen, 2015). Under the high hunting pressures which many exploited populations560

experience, this effect will be considerable (Solberg et al., 2000; Stubsjøen et al., 2000;561

Darimont et al., 2009; Collins and Kays, 2011).562

In conclusion, we here demonstrate how selective harvest led to directional selection563

in a population of ungulates, and show how this may lead to evolutionary changes on an564

ecological time-scale. Even though several previous studies have demonstrated selective565

harvest, this has only rarely been manifested into harvest-induced directional selection566

due to a lack of knowledge on fitness and phenotypic distributions in most harvested567

populations (Mysterud, 2011). We emphasise the importance of considering and includ-568
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ing the potential for harvest-induced selection through both viability and fecundity to569

develop sustainable harvest strategies. Even under non-selective harvest the increased de-570

mographic stochasticity due to harvesting might affect the evolutionary potential of the571

population by diminishing the strength of natural selection (Sæther and Engen, 2015).572
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Tables902

Table 1: Age-specific fecundity (fx) and survival (sx+1) (mean±SE) with pre-breeding

census for female (A) and male (B) moose on the island of Vega in northern Norway

over the years 2000-2012. nx = number of individuals in age class x. The stable age

distribution (ux) and reproductive values (vx) for each sex result from the sex-specific

projection matrix, l, populated by the age-specific vital rates in the table. Individuals

enter age class 1 at 8-9 months old and those that enter the final age class (k), stay in

this age class with survival sk+1 = sk. The life cycle of moose in this population is shown

in Fig. 1.

Age (x) Fecundity (fx) Survival (sx+1) ux vx nx

(A) Females
1 0 0.62±0.06 0.20 0.91 61
2 0.19±0.05 0.94±0.04 0.12 1.47 36
3 0.23±0.06 0.91±0.05 0.12 1.38 35
4 0.32±0.07 0.81±0.07 0.10 1.30 31
5 0.32±0.07 1.00±0.00 0.08 1.26 25
6 0.22±0.07 0.88±0.07 0.08 0.98 25
7 0.26±0.07 0.90±0.07 0.07 0.89 21
8 0.33±0.09 0.89±0.08 0.07 0.73 18
9 0.28±0.08 0.88±0.09 0.06 0.48 16
10 0.21±0.09 0.64±0.13 0.05 0.26 14
11 0.08±0.08 0.33±0.21 0.05 0.11 6

(B) Males
1 0 0.43±0.06 0.33 0.53 69
2 0.05±0.03 0.74±0.08 0.15 1.19 31
3 0.30±0.16 0.91±0.06 0.11 1.51 22
4 0.22±0.07 0.89±0.08 0.11 1.43 18
5 0.88±0.26 0.94±0.06 0.10 1.42 16
6 0.84±0.23 0.56±0.13 0.09 0.97 16
7 0.75±0.25 0.50±0.19 0.11 0.86 8
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Table 2: Mean±SE and (co)variance of calf body mass (kg, at 8-9 months of age) and

birth date (1th of January = day 1) for moose at the island of Vega in northern Norway.

Estimates are shown for (A) the whole study period 1992-2011 and (B) the limited period

2000-2011 where selection was analysed. Number of individuals (n) for each estimate is

shown. 70 females and 80 males were measured for both traits during the whole study.

In (B), the data were limited to individuals measured for both traits. Estimates in (B)

are those relevant for standardizing selection gradients in the study. Thus, they were

estimated across the whole data set with 188 (females) and 105 (male) individ-years

weighted by age-specific reproductive values (see Table 1). The (co)variances in (B) were

estimated after centering by the annual weighted means.

Females Males
Mean±SE Var Cov n Mean±SE Var Cov n

(A) 1992-2011
Calf body mass 179±2 342 76 192±2 450 89
Birth date 152±1 97 -35 79 151±1 96 -92 87

(B) 2000-2011 (weighted)
Calf body mass 177±1 250 49 189±3 759 43
Birth date 152±1 97 -24 49 157±1 96 -174 43
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Table 3: SD-scaled directional (βσi), quadratic (γσii) and correlational (γσij) selection

gradients for calf body mass and birth date in female (A) and male (B) moose at the

island of Vega in northern Norway during the years 2000-2011. Selection gradients are

presented as estimate±SE from multiple regressions where traits were centered by the an-

nual weighted mean and scaled by the weighted standard deviation in the centered traits.

Estimates in bold are significanly different from zero. Selection gradients are estimated

using total fitness (the combinations of survival and fecundity according to equation 1),

viability fitness and two measures of fecundity fitness. In the analyses with fecundity

fitness excluding harvest mortality among calves, the number of recruits was replaced by

the number of potential recruits by including calves shot during the atumn hunt in the

measures of individual fecundity fitness. Hence, fecundity (excl. harvest) is the fecundity

selection which would have been if there had been no hunting. Weighted means and

variances for the traits are given in Table 2, with further details of the procedures in the

text.

Calf body mass Birth date
Calf b. m. ×
Birth date

βσ1 γσ11 βσ2 γσ22 γσ12

(A) Females
Total -0.08±0.04 0.08±0.07 -0.03±0.04 0.03±0.11 0.03±0.05
Viability -0.06±0.04 0.10±0.07 0.03±0.04 -0.02±0.10 0.03±0.05
Fecundity -0.25±0.14 -0.05±0.23 -0.33±0.11 0.31±0.27 0.07±0.13
Fecundity (excl. harvest) -0.07±0.07 0.16±0.13 -0.28±0.07 0.13±0.14 -0.04±0.05

(B) Males
Total 0.14±0.08 -0.04±0.08 0.18±0.09 -0.15±0.13 0.05±0.08
Viability 0.16±0.09 -0.05±0.10 0.30±0.10 -0.17±0.14 0.08±0.09
Fecundity -0.08±0.19 -0.02±0.23 -0.42±0.20 -0.12±0.20 -0.05±0.19
Fecundity (excl. harvest) 0.05±0.22 0.18±0.25 -0.32±0.18 -0.23±0.21 -0.05±0.09
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Table 4: Variance components from the quantitative genetic analyses of (A) calf body

mass (kg) and (B) birth date (days since 1th of January) among moose born in the years

1991-2011 at the island of Vega in northern Norway. Estimates are posterior modes with

95 % highest posterior density intervals. σ2
P = σ2

A + σ2
M + σ2

R, where each component is

indicated by its first letter. Means and variances for the traits are given in Table 2, with

further details of the procedures in the text.

σ2 σ2/σ2P ∆DIC

(A) Calf body mass
animal 75.0 (0.3-242.4) 0.184 (0.001-0.593) 13.94
maternal 80.1 (5.1-193.8) 0.196 (0.012-0.474) 13.39
residual 253.5 (162.0-359.5) 0.621 (0.397-0.880)

(B) Birth date
animal 16.0 (0.1-59.5) 0.137 (0.001-0.509) 31.63
maternal 66.5 (32.1-130.2) 0.569 (0.274-1.114) 68.67
residual 34.4 (14.4-51.4) 0.294 (0.123-0.440)
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Figure legends903

Figure 1: Diagram showing the life cycle of moose (for one sex) at the island of Vega in904

northern Norway during one time step (t to t+1 ). For each age class x = (1, 2,..,k), Nx905

= the number of individuals, mx is the average number of offspring produced divided by906

2, sn1x+1 and sn2x+1 are the annual natural probabilities of survival before and after harvest907

and sx+1h = the probability of surviving the annual hunting season (Harvest). Using908

pre-breeding census, the grey rectangle indicate the part of the life cycle which are part909

of the census at time t. Individuals enter out data at age 1 (c. 9 months), and are prior910

to this included in their parents fecundity. Calves are weaned at the age of approx. 6911

months, follow their mother closely at the time of census and are not rejected until just912

before the calving season (Calving). The corresponding sex specific projection matrix l913

(see Table 1) has fecundities, fx = mxs
n1
1,xs

h
1,xs

n2
1,x for all x, in the first row and survivals,914

sx+1 = sn1x+1s
h
x+1s

n2
x+1 = Nx+1/Nx for x < k, in the subdiagonal. For x = k we have915

survival sk+1 = sk in the lower left corner element of l, because individuals in the final916

age class stay in this age class until death.917

Figure 2: The mean annual probability of survival and for calves, and (adult and year-918

ling) female and male moose over the years 2000-2011 on the island of Vega in northern919

Norway. The mean survival probabilities following two sources of mortality are shown,920

natural (sn1, e.g. diseases and accidents) and harvest(sh), with the mean total survival921

s as their product (see Fig. 1 and Table 1). The mean annual natural probabilities of922

survival after harvest (sn2 in Fig. 1), were 1 in all cases. The dotted line indicate that923

survival probabilities of calves, which follow their mothers closely for a whole year, are924

included in the fecundity of their parents.925

Figure 3: Directional selection gradients (SD-scaled) on calf body mass (A, C, E) and926

birth date (B, D, F) for female (solid circles and lines) and male (open circles and dashed927

lines) moose during the years 2000-2011 at the island of Vega in northern Norway. Three928

different measures of relative fitness, total fitness (A, B), viability fitness (C, D) and fe-929

cundity fitness (E, F), where used to estimate selection gradients. Age-specific directional930
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selection gradients (circles and lines) are from simple linear regressions. Estimated se-931

lection gradients of the population (horizontal lines) are coloured black when significant.932

Weighted means and (co)variances for the traits are given in Table 2. Further details are933

given in the text and in Table 3.934
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