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ABSTRACT 44"
 45"

MECHANISMS MAINTAINING ADDITIVE GENETIC VARIANCE IN FITNESS 46"
IN RED SQUIRRELS 47"

 48"
S. Eryn McFarlane           Advisor: 49"
University of Guelph, 2012          Professor Andrew G. McAdam 50"
 51"

A trait must genetically correlate with fitness in order to evolve, however, theory 52"

suggests that strong directional selection should erode additive genetic variance (Va) in 53"

fitness and limit future evolutionary potential. Sexual antagonism and temporal 54"

fluctuations in selection are mechanisms that could maintain Va in fitness. Maternal 55"

genetic effects could be an additional source of adaptive genetic variation. I used ‘animal 56"

models’ to examine a long-term population of red squirrels to determine 1) if either 57"

sexual antagonism or temporal fluctuations in selection were maintaining direct Va in 58"

fitness or 2) if maternal genetic effects were a source of indirect Va in fitness. While there 59"

were environmental trade-offs on juvenile survival, neither sexual antagonism nor 60"

temporal fluctuations in selection maintained Va in fitness. Maternal genetic effects on 61"

fitness were significant and provide the Va in fitness needed for rapid microevolution. 62"

This is the first instance of maternal genetic effects demonstrated as the only genetic 63"

variance available for microevolution. 64"
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 185"

CHAPTER I 186"

GENERAL INTRODUCTION 187"
 188"

Robertson-Price Identity 189"

Additive genetic variance is necessary for microevolution as a trait must both 190"

increase fitness and be heritable in order for it to evolve. This can be expressed by the 191"

Robertson-Price identity, which states that a trait must be genetically correlated with 192"

fitness to evolve (Robertson 1966, Price 1970). Both fitness and the trait in question 193"

must, therefore, have some level of additive genetic variance to be correlated (Houle 194"

1991). As such, additive genetic variance in fitness is a prerequisite for evolution, but it is 195"

rarely measured directly in studies of microevolution in the wild (Morrissey et al. 2010).  196"

 197"

Fitness 198"

Fitness is a measure of the extent to which individuals contribute genes via 199"

offspring to the next generation (Brommer et al. 2002), and is typically thought of as a 200"

function of an organism’s ability to survive and reproduce. Despite being a fundamental 201"

evolutionary concept, fitness is difficult if not impossible to measure in a consistent way 202"

(Krimbas 2004), so several proxies are often used in empirical studies in lieu of true 203"

fitness. When individuals can be followed throughout their life, then their fitness can be 204"

measured as their lifetime reproductive success (LRS), or their contribution to population 205"

growth (λind; McGraw and Caswell 1996). LRS can be considered an individual’s 206"

contribution to the net reproductive rate of a population (R0: Brommer et al. 2002). R0 is 207"
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an estimate of how many daughters each female has in her lifetime (Brommer 2000). In a 208"

population at equilibrium R0 is 1, which suggests that each female is simply replacing 209"

herself in the population (Brommer 2000). To account for reproductive timing, λind is 210"

used as a measure of individual contribution to population growth (McGraw and Caswell 211"

1996). This reflects that offspring born earlier in an individual’s life increase the number 212"

of descendants in the future (Houston and McNamara 1999, Brommer et al. 2002). LRS 213"

does not account for reproductive timing (Brommer et al. 2002), so it might overestimate 214"

the relative fitness of females who time their reproduction later in life (Brommer et al. 215"

2002). However, this is only an issue when reproductive timing is an integral part of 216"

fitness, which is true of growing or constant environments, but does not necessarily 217"

improve the fitness estimate in temporally variable environments (Brommer et al. 2002). 218"

LRS is an intuitive measurement, is relatively easy to estimate and is widely used as a 219"

measure of fitness in studies of microevolution in the wild (i.e. Gustafsson 1986, Kruuk 220"

et al. 2000, Merilä and Sheldon 2000). 221"

One of the conceptual challenges of defining fitness is that early juvenile survival 222"

can be assigned to the fitness of either the parent or the offspring (Wolf and Wade 2001, 223"

Wilson et al. 2005). For example, an individual’s early juvenile survival might be due to 224"

the frequency of begging food from its parents, or it might be due to the parent’s 225"

phenotype of feeding frequency. When parents contribute substantially to early offspring 226"

survival, it can be instructive to assign early offspring survival to the fitness of the parent 227"

and measure parental fitness as the number of offspring that survive to breeding age 228"

(Wolf and Wade 2001). However, assigning early offspring survival to the parents 229"

confounds selection and inheritance and can lead to inconsistences in predicted responses 230"
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to selection (Wolf and Wade 2001), so it is often preferable to assign early survival to the 231"

fitness of the offspring (Wolf and Wade 2001). Assigning early survival to the offspring 232"

prevents ‘double-counting’ of fitness (Wolf and Wade 2001). While this assignment of 233"

early survival to offspring fitness can result in biased phenotypic selection estimates due 234"

to selection acting on adult traits prior to their phenotypic expression (i.e. the invisible 235"

fraction; Grafen 1988) these potential biases can be overcome by directly quantifying the 236"

genetic association between the trait and fitness (Hadfield 2008, Sinervo and McAdam 237"

2008).  238"

 239"

Mutation-Selection Balance 240"

Standing levels of genetic variation in any trait reflect a balance between 241"

mutation, which generates genetic variation, and selection, which often erodes genetic 242"

variation (i.e. mutation-selection balance; Barton and Keightley 2002). Fitness, however, 243"

is predicted to have little or no additive genetic variance because fitness is, by definition, 244"

under strong directional selection and genes enhancing fitness should quickly go to 245"

fixation (Fisher 1958, Robertson 1955, Jones, 1987). This fundamental prediction of 246"

evolutionary theory, however, is inconsistent with empirical observations that suggest 247"

that levels of additive genetic variance in wild populations are typically greater than 248"

would be expected based on rates of mutation (Turelli and Barton 2004). Previous 249"

estimates of the heritability of fitness in captivity have found high heritabilities of 0.38 in 250"

rhesus macaques (Macaca mulatta; Blomquist 2010), and 0.57 in Drosophila (Long 251"

2009). Heritability estimates from wild populations range widely, but in some cases the 252"

coefficient of additive genetic variance (CVa) is surprisingly high. For example, moderate 253"
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CVas were reported (percentiles were calculated based on all CVa values for all traits 254"

reviewed by Hansen et al. 2011) for fitness in female collared flycatchers (29th percentile, 255"

Merilä and Sheldon 2000) and in male red deer (78th percentile, Foerster et al. 2007). The 256"

presence of moderate levels of additive genetic variance in fitness in the wild suggests the 257"

importance of some mechanism that maintains additive genetic variance in fitness in 258"

natural systems.  259"

 260"

Mechanisms to Maintain Va in Fitness 261"

Potential mechanisms that could maintain genetic variance in fitness include some 262"

form of balancing selection, including temporal or spatial fluctuations in selection 263"

(Levins 1968, Ellner and Hairston 1994), sexual antagonism (Chippindale et al. 2001, 264"

Prasad et al. 2007) and trade-offs between life history traits (Roff 1997). While these 265"

mechanisms have been theoretically proposed and modeled they have rarely been 266"

documented in the field (but see Foerster et al. 2007, Brommer et al. 2007). Balancing 267"

selection acts to maintain multiple alleles in a population through fitness trade-offs 268"

(Barton and Keightley 2002). Examples of balancing selection include frequency- 269"

dependent selection (Barton and Keightley 2002), heterozygote advantage (Barton and 270"

Keightley 2002), temporal fluctuations in selection (Ellner and Hairston 1994) and sexual 271"

antagonism (Turelli and Baron 2004).  272"

 Genetic variance can be maintained by sexual antagonism because of opposing 273"

selective pressures on each sex (Chippindale et al. 2001). Sexual antagonism occurs when 274"

selection in one sex moves the other sex away from its phenotypic optimum 275"

(Bonduriansky and Chenoweth 2009) and arises when there is sexual conflict over 276"
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optimal values of a trait or a gene that is shared by females and males. This is typically 277"

seen when sex roles diverge from each other (e.g. Chippindale et al. 2001) and can 278"

impede adaptive evolution. Situations where sexual antagonism is expected include 279"

species with differential parental care (Chapman et al. 2003, Lande 1980) or promiscuous 280"

mating systems (Rice 2000). Sexual antagonism can maintain additive genetic variance in 281"

a system whereby different genes are beneficial depending on the sex of the individual 282"

they are in (Turelli and Barton 2004). For example, in red deer (Cervus elaphus) it was 283"

found that sexual antagonism, where high quality males produced low quality daughters, 284"

was maintaining additive genetic variance in fitness (Foerster et al. 2007); high levels of 285"

additive genetic variance were found for both female and male fitness in red deer (CVas = 286"

44.25 and 156.45 respectively). Brommer et al. 2007 also found evidence for a strong 287"

negative genetic correlation (-0.85±0.6) between male and female fitness in collared 288"

flycatchers (Ficedula albicollis), but levels of additive genetic variance were much lower 289"

than for red deer (CVas = 35.3 and 21.7 respectively, Brommer et al. 2007). 290"

Temporal fluctuations in selection, where there are fitness trade-offs between time 291"

periods due to a change in the environment, have been suggested as a mechanism that 292"

could maintain additive genetic variance in a system (Levins 1968, Hedrick et al. 1976). 293"

Models have shown that genetic variance can be maintained if selection is intense and 294"

there is a high level of generational overlap (Ellner and Hairston 1994). When fluctuating 295"

selection acts on early life history stages, such as juvenile survival, then deleterious 296"

genotypes can be stored and maintain genetic variation in adult individuals in the 297"

population, even if there is no juvenile recruitment during one time period, thereby 298"

maintaining genetic variation. This is especially true when adults are relatively long 299"
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lived, and sheltered from temporally varying episodes of selection (Ellner and Hairston 300"

1994). For example, a study of Chlamydomonas found that, when separate populations 301"

were grown in different environments, there was only a small genetic correlation between 302"

fitness in the two lines (Goho and Bell 2000). The difference in environment was 303"

substantial enough that mutations that were previously thought to be neutral evolved, 304"

which led to an overall maintenance of genetic variance in the population (Goho and Bell 305"

2000).  306"

Temporally fluctuating selection has not yet been tested as a mechanism 307"

maintaining additive genetic variance in a wild population. However, recent reviews by 308"

Siepielski et al. (2009) and Bell (2010) have suggested that temporal fluctuations in 309"

selection may be an important mechanism contributing to evolution. Specifically, 310"

temporal fluctuations in selection, when paired with high heritability estimates may 311"

provide insight into evolutionary stasis. In addition, these changes in direction in 312"

selection due to environmental changes are thought to be common in wild populations 313"

(Siepielski et al. 2009). In contrast, further review of fluctuations in selection in wild 314"

systems have indicated that systems where selection changes direction tend to be those 315"

with the lowest estimates of selection, suggesting that these changes in direction may be 316"

due to sampling error (Kingsolver and Diamond 2010). When analyzed differently, there 317"

was less evidence of widespread fluctuating selection (Morrissey and Hadfield 2012). It 318"

therefore seems likely that temporal fluctuations in selection are important in some 319"

systems, rather than a widespread phenomenon (Morrissey and Hadfield 2012).  320"

 321"
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Maternal Genetic Effects 322"

An important component of additive genetic variation is indirect genetic effects 323"

(IGEs). IGEs are the effects of an individual’s genes on another individual’s phenotype 324"

via a social interaction (Wilson et al. 2009). More specifically, IGEs are a heritable 325"

environment, where the environment consists of conspecific individuals (Wolf et al. 326"

1998). IGEs have been suggested as a mechanism that can lead to complicated pathways 327"

of inheritance and non-intuitive evolution (Moore et al. 1997, Wolf et al. 1998).  328"

One example of an IGE are maternal genetic effects (MGEs), which occur when 329"

the phenotype of the mother is heritable and affects her offspring beyond the genes they 330"

have inherited from her. More generally, maternal effects are the effect of the mother on 331"

the offspring’s phenotype beyond that of additive genes (Mousseau and Fox 1998). 332"

Maternal effects have been documented in a variety of studies, and have particular 333"

significance in mammalian species because of the long period of post-parturition 334"

maternal care (Reinhold 2002). These effects have been theorized to either accelerate or 335"

decelerate evolution, depending on their correlation to other traits (Kirkpatrick and Lande 336"

1989). They can be partitioned into maternal genetic and maternal environmental effects, 337"

where maternal genetic effects are those maternal effects that are transmissible between 338"

generations (Räsänen and Kruuk 2007). These maternal genes affect the phenotype of the 339"

offspring beyond the genes transmitted from mother to offspring. MGEs might have 340"

higher levels of transmissible genetic variance even when under strong selection as the 341"

genes are protected from selection in 50% of individuals (Wade 1998). Selection does not 342"

see these genes in males because they are not expressed as phenotypes (Wade 1998).  343"
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MGEs have been found fairly frequently in plants (Shaw and Byers 1998) and 344"

domesticated animals (Wilson and Réale 2006) but are rarely estimated in wild animal 345"

populations. MGEs have been documented in red squirrels (Tamiasciurus hudsonicus, 346"

McAdam et al. 2002), Soay sheep (Ovis aries, Wilson et al. 2005b) and collared 347"

flycatchers (Ficedula albicollis, Tschirren et al. 2009). Although MGEs have been 348"

documented in adult traits (Wilson and Réale 2006), the strongest MGEs were seen in 349"

traits expressed by juveniles, such as birth/weaning weight (Wilson and Réale 2006), 350"

growth rate (McAdam et al. 2002) or seed weight (Shaw and Byers 1998). The primary 351"

focus of the literature has been on traits where there are clear links between mother and 352"

offspring, such as juvenile growth rate. However, MGEs have not yet been estimated for 353"

LRS in a wild species. To produce comprehensive heritability estimates, analyzing the 354"

contribution of IGEs may be critical in resolving the genetic mechanism of evolution. 355"

Maternal genetic effects on fitness could be a previously unrecognized source of genetic 356"

variation in fitness facilitating microevolution in the wild.  357"

 358"

Animal Models 359"

An “animal model” is a mixed effect model that is useful in determining the 360"

additive genetic variance for a trait in a population (Kruuk 2004). The genetic basis of a 361"

trait is determined by examining resemblance between related individuals in a population, 362"

using a relatedness matrix (Kruuk 2004). An animal model also allows for the 363"

determination of the contribution of other random effects, such as permanent 364"

environmental effects and maternal effects, which, when not accounted for, could inflate 365"

the estimate of additive genetic variance (Kruuk 2004). Since animal models include 366"
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additional random effects, they are typically more conservative than other estimates of 367"

heritability (Kruuk 2004). Additionally, animal models have few assumptions (e.g. no 368"

assumptions regarding assortative mating, inbreeding and selection), which makes animal 369"

models useful in wild systems (Kruuk 2004).  370"

 371"

Red Squirrels 372"

 North American red squirrels (Tamiasciurus hudsonicus) are diurnal, semi 373"

arboreal rodents that are found commonly throughout most of forested North America. 374"

Red squirrels live for a maximum of 9 years, with a generation time of 2.7 years 375"

(McAdam and Boutin 2003). Females typically reproduce for the first time in their 376"

second year, but occasionally do so in their first (McAdam et al. 2007). Offspring are 377"

altricial and are dependent on the mother until they wean at about 70 days after birth 378"

(Lane et al. 2007, McAdam et al. 2002). Potential conflict between parents, if genetically 379"

based, could lead to sexual antagonism in fitness. For example, conflict has been 380"

demonstrated between male and female red squirrels in personality traits where female 381"

annual reproductive success was negatively correlated with male siring success (Taylor et 382"

al. in prep). In addition, female and male red squirrels were found to allocate time 383"

differently while hoarding, which hints at previous or ongoing sexual conflict (Archibald 384"

et al. in review). These examples of sexual conflict could be indicative of overall sexual 385"

antagonism in fitness.  386"

 In the south-western Yukon, red squirrels are territorial and depend on the seeds 387"

from white spruce cones (Picea glauca) as their primary food source (Fletcher et al. 388"

2010). Individuals store cones in a larder hoard, and are dependent on their cache of 389"
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spruce cones to survive the winter (Larsen and Boutin 1994). Juvenile red squirrels must 390"

obtain a midden and cache cones in order to survive the winter, representing a strong 391"

episode of selection in the red squirrel population (McAdam and Boutin 2003, McAdam 392"

et al. 2007). Every three to six years, white spruce trees synchronously produce large 393"

numbers of cones, called masting (LaMontagne and Boutin 2007). Female red squirrels 394"

adjust reproduction in anticipation of these resource pulses (Boutin et al. 2006) and 395"

selection on growth rates is decreased (McAdam and Boutin 2003). Furthermore, 396"

fluctuations in cone abundance have been associated with fluctuations in natural selection 397"

on red squirrel life history (McAdam et al. in prep) and personality (Taylor et al. in prep). 398"

In mast years, competition among juveniles for vacant territories is weak (McAdam et al. 399"

in prep) and selection favours increased litter sizes (McAdam et al. in prep) and more 400"

active and less aggressive squirrels (Taylor et al. in prep). During non-mast years, when 401"

competition for territories is strong, selection favours faster growing offspring (McAdam 402"

et al. in prep) and more aggressive and less active squirrels (Taylor et al in prep). Larger 403"

litters are genetically associated with slower growing offspring (McAdam et al. 2002) 404"

and red squirrel activity and aggression are heritable and positively genetically correlated 405"

traits (Taylor et al. 2012) so these represent genetically based trade-offs between these 406"

environments. These resource pulses, therefore, present an opportunity to determine 407"

whether temporal environmental fluctuations could maintain additive genetic variance for 408"

fitness. 409"

Maternal genetic effects have previously been demonstrated for juvenile growth 410"

rate in red squirrels (McAdam et al. 2002). Additionally, maternal effect evolution on 411"

juvenile growth rate has also been demonstrated in this population (McAdam and Boutin 412"



 11 

2004). Maternal genetic effects have yet to be tested as a mechanism to maintain additive 413"

genetic variance in fitness, and seem likely because of previously demonstrated maternal 414"

genetic effects and maternal effect evolution in this population. 415"

 416"

Research Goals 417"

My research goals for this study were to understand the evolutionary potential of the 418"

Kluane red squirrel population. I did this in two ways; first, I measured direct genetic 419"

variance in fitness and determined whether it was maintained via either sexual 420"

antagonism or temporal fluctuations in selection. Secondly, I measured maternal 421"

(indirect) genetic effects on fitness to determine the importance of maternal genetic 422"

effects to microevolution in the red squirrel system. 423"

 To determine whether sexual antagonism or temporal fluctuations in selection 424"

were maintaining direct Va in fitness I tested two hypotheses. First, I tested whether 425"

sexual antagonism was maintaining Va in fitness by examining whether there was a trade- 426"

off (i.e. negative genetic correlation) between male and female fitness, or if there were 427"

higher levels of Va in either female or male fitness compared to the fitness of the whole 428"

population. Second, I tested whether temporal fluctuations in selection, via white spruce 429"

masting cycles, were maintaining Va by measuring whether there was a negative genetic 430"

correlation between fitness proxies in a mast environment compared to fitness proxies in 431"

a non-mast environment. The fitness proxies that I used to test this hypothesis were 432"

annual reproductive success (ARS; individuals breeding in mast or non-mast years), 433"

juvenile survival and LRS (i.e. individuals born in mast or non-mast years). I also 434"
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measured whether there was higher Va in either mast environment fitness proxies or non- 435"

mast fitness proxies when compared to the whole population.  436"

 To determine if there were MGEs on fitness, I measured MGEs and direct genetic 437"

effects (DGEs) on fitness, lifespan, mean annual reproductive success, age of first 438"

breeding event, juvenile survival and adult longevity using animal models. I then 439"

compared MGEs and DGEs for each of these traits to determine the relative importance 440"

of MGEs and DGEs to evolution in red squirrels.  441"

 442"

Thesis Overview 443"

This thesis contains three chapters in addition to this introductory chapter. In Chapter II I 444"

tested whether sexual antagonism or temporal fluctuations in selection were maintaining 445"

additive genetic variance in fitness. In Chapter III I compared maternal genetic and direct 446"

genetic effects on fitness to determine which was more likely to be contributing to 447"

evolution in this system. Chapter IV provides a general conclusion of the results of 448"

Chapters II and III, and suggests some future research directions.  449"

  450"
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CHAPTER II 678"

SEXUAL ANTAGONISM AND ENVIRONMENTAL FLUCTUATIONS DO NOT 679"
MAINTAIN ADDITIVE GENETIC VARIANCE IN FITNESS IN A RED 680"

SQUIRREL (Tamiasciurus hudsonicus) POPULATION 681"
 682"

ABSTRACT 683"

A trait must genetically correlate with fitness in order to evolve, however, theory 684"

suggests that strong directional selection should erode additive genetic variance in fitness 685"

and limit future evolutionary potential. Balancing selection, specifically, sexual 686"

antagonism and temporal fluctuations in selection, has been proposed as a mechanism 687"

that could maintain genetic variance in fitness and has been invoked to account for 688"

empirical observations of higher levels of additive genetic variance of fitness than would 689"

be expected from mutation-selection balance. Here, I used a long-term study of an 690"

individually marked population of North American red squirrels (Tamiasciurus 691"

hudsonicus) to determine whether additive genetic variance in fitness was maintained by 692"

either a) sexual antagonism and/or b) temporal fluctuations in selection. In the presence 693"

of antagonism between males and females or between environments I predicted negative 694"

genetic correlations between male and female fitness or between fitness in a high- 695"

resource environment and fitness in a low-resource environment. Contrary to my 696"

predictions, ‘animal model’ analyses of a multigenerational pedigree revealed no 697"

evidence of negative genetic correlations between either male and female fitness or 698"

between fitness in high- and low-resource conditions. In addition, I found low levels of 699"

additive genetic variance in fitness as a whole as well as within each sex and each 700"

environment. Genetic trade-offs between juvenile survival in high- and low-resource 701"
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environments were found but these were not evident in annual reproductive success or 702"

lifetime reproductive success. It, therefore, appears that neither of these proposed 703"

mechanisms maintains genetic variance in fitness of red squirrels. 704"

 705"

INTRODUCTION 706"

The Robertson-Price identity states that a trait must be genetically correlated with 707"

fitness to evolve (Robertson 1966, Price 1970, 1972). Both fitness and the trait in 708"

question must, therefore, have some level of additive genetic variance to be correlated 709"

(Houle 1991). As such, additive genetic variance in fitness is a prerequisite for evolution, 710"

but it is rarely measured directly in studies of microevolution in the wild (Morrissey et al. 711"

2010).  712"

Fitness is a measure of the extent to which individuals contribute genes to the next 713"

generation through the processes of survival and reproduction (Brommer et al. 2002). 714"

Despite being a fundamental evolutionary concept, fitness is difficult to measure in a 715"

consistent way (Krimbas 2004), so several proxies have been used in empirical studies in 716"

lieu of true fitness. When individuals can be followed throughout their lifetime, their 717"

fitness can be determined as their lifetime reproductive success (LRS). LRS can be 718"

considered an individual’s contribution to the net reproductive rate of a population (R0: 719"

Brommer et al. 2002). LRS does not account for reproductive timing (Brommer et al. 720"

2002), so it might overestimate the relative fitness of females who time their reproduction 721"

later in life (Brommer et al. 2002), but it is intuitive, relatively easy to estimate and is 722"

widely used as a measure of fitness in studies of microevolution in the wild (e.g. 723"

Gustafsson 1986, Kruuk et al. 2000, Merilä and Sheldon 2000).  724"
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One of the conceptual challenges of defining fitness is that early juvenile survival 725"

can be assigned to the fitness of either the parent or the offspring (Wolf and Wade 2001, 726"

Wilson et al. 2005). When parents contribute substantially to early offspring survival, it 727"

can be instructive to assign early offspring survival to the fitness of the parent and 728"

measure parental fitness as the number of offspring that survive to breeding age (Wolf 729"

and Wade 2001). However, assigning early offspring survival to the parents confounds 730"

selection and inheritance and can lead to inconsistencies in predicted responses to 731"

selection (Wolf and Wade 2001), so it is often preferable to assign early survival to the 732"

fitness of the offspring (Wolf and Wade 2001, Hadfield in prep.). While this assignment 733"

of early survival to offspring fitness can result in biased phenotypic selection estimates 734"

due to selection acting on adult traits prior to their phenotypic expression (i.e. the 735"

invisible fraction; Grafen 1988) these potential biases can be overcome by directly 736"

quantifying the genetic association between the trait and fitness (Hadfield 2008, Sinervo 737"

and McAdam 2008).   738"

Standing levels of genetic variation in any trait reflect a balance between 739"

mutation, which generates genetic variation, and selection, which often erodes genetic 740"

variation (i.e. mutation-selection balance; Barton and Keightley 2002).  Fitness, however, 741"

is predicted to have little or no additive genetic variance because fitness is, by definition, 742"

under strong directional selection and genes that consistently enhance fitness should 743"

quickly go to fixation (Fisher 1958, Robertson 1955, Jones 1987). This fundamental 744"

prediction of evolutionary theory, however, is inconsistent with empirical observations 745"

that suggest that levels of additive genetic variance in fitness in wild populations are 746"

typically greater than would be expected based on rates of mutation (Turelli and Barton 747"
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2004). Previous estimates of the heritability of fitness in captivity have found high 748"

heritabilities of 0.38 in rhesus macaques (Macaca mulatta; Blomquist 2010), and 0.57 in 749"

Drosophila (Long et al. 2009). Heritability estimates from wild populations range widely 750"

(Table 1), but in some cases the coefficient of additive genetic variance (CVa) is 751"

surprisingly high. For example, moderate CVas were reported (percentiles were 752"

calculated based on all CVa values for all traits reviewed by Hansen et al. 2011) for 753"

fitness in female collared flycatchers (29th percentile, Merila and Sheldon 2000) and in 754"

male red deer (78th percentile, Foerster et al. 2007). The presence of moderate levels of 755"

additive genetic variance in fitness in the wild suggests the importance of some 756"

mechanism that maintains additive genetic variance in fitness in natural systems.  757"

Potential mechanisms that could maintain genetic variance in fitness include some 758"

form of balancing selection, including temporal or spatial fluctuations in selection 759"

(Levins 1968, Ellner and Hairston 1994), sexual antagonism (Chippindale et al. 2001, 760"

Prasad et al. 2007) and trade-offs between life history traits (Roff 1997). While these 761"

mechanisms have been theoretically proposed and modeled they have rarely been 762"

documented in the field (but see Foerster et al. 2007, Brommer et al. 2007). Balancing 763"

selection acts to maintain multiple alleles in a population through fitness trade-offs 764"

(Barton and Keightley 2002). Examples of balancing selection include frequency- 765"

dependent selection (Barton and Keightley 2002), heterozygote advantage (Barton and 766"

Keightley 2002), temporal fluctuations in selection (Ellner and Hairston 1994) and sexual 767"

antagonism (Turelli and Baron 2004).  768"

 Genetic variance can be maintained by sexual antagonism because of opposing 769"

selective pressures on each sex (Chippindale et al. 2001). Sexual antagonism occurs when 770"
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selection in one sex moves the other sex away from its phenotypic optimum 771"

(Bonduriansky and Chenoweth 2009) and arises when there is sexual conflict over 772"

optimal values of a trait or a gene that is shared by females and males. This is typically 773"

seen when sex roles diverge from each other (e.g. Chippindale et al. 2001) and can 774"

impede adaptive evolution. Situations where sexual antagonism is expected include 775"

species with differential parental care (Chapman et al. 2003, Lande 1980) or promiscuous 776"

mating systems (Rice 2000). Additionally, sexual antagonism can maintain additive 777"

genetic variance (Turelli and Barton 2004). For example, in red deer (Cervus elaphus) it 778"

was found that sexual antagonism, where high quality males produced low quality 779"

daughters, maintained additive genetic variance in fitness (Foerster et al. 2007); high 780"

levels of additive genetic variance were found for both female and male fitness (CVas = 781"

44.25 and 156.45 respectively). Brommer et al. 2007 also found evidence for a strong 782"

negative genetic correlation (-0.85±0.6) between male and female fitness in collared 783"

flycatchers (Ficedula albicollis), but levels of additive genetic variance were much lower 784"

than for red deer (CVas = 35.3 and 21.7 respectively, Brommer et al. 2007). 785"

Temporal fluctuations in selection, where there are fitness trade-offs between time 786"

periods due to a change in the environment, have been suggested as a mechanism that 787"

could maintain additive genetic variance (Levins 1968, Hedrick et al. 1976). Models have 788"

shown that genetic variance can be maintained if selection is intense and there is a high 789"

level of generation overlap (Ellner and Hairston 1994). When fluctuating selection acts 790"

on early life history stages, such as juvenile survival, then genotypes that are currently 791"

deleterious can be stored in adults even if they have no juvenile recruitment in the current 792"

environment, until the environment changes and these genotypes are now favoured. This 793"
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is especially true when adults are relatively long lived, and sheltered from episodes of 794"

selection (Ellner and Hairston 1994). For example, a study of Chlamydomonas found 795"

that, when separate populations were grown in different environments, there was only a 796"

small genetic correlation between fitness in the two lines (Goho and Bell 2000). The 797"

difference in environment was substantial enough that mutations that were previously 798"

thought be neutral evolved, which lead to an overall maintenance of genetic variance in 799"

the population (Goho and Bell 2000).  800"

Temporal fluctuations, however, have not yet been tested as a mechanism 801"

maintaining additive genetic variance in fitness in a wild population. Recent reviews by 802"

Siepielski et al (2009) and Bell (2010) have suggested that temporal fluctuations in 803"

selection may be an important mechanism contributing to evolution. Specifically, 804"

temporal fluctuations in selection, when paired with high heritability estimates may 805"

provide insight into evolutionary stasis. In addition, these changes in direction in 806"

selection due to environmental changes are thought to be common in wild populations 807"

(Siepielski et al. 2009). In contrast, further review of fluctuations in selection in wild 808"

systems have indicated that systems where selection changes direction tend to be those 809"

systems with the lowest estimates of selection, suggesting that these changes in direction 810"

may be due to sampling error (Kingsolver and Diamond 2010). When analyzed 811"

differently, there was less evidence of widespread fluctuations in selection (Morrissey 812"

and Hadfield 2012). It therefore seems likely that temporal fluctuations in selection may 813"

be important in some systems, rather than a widespread phenomenon (Morrissey and 814"

Hadfield 2012).  815"
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 North American red squirrels (Tamiasciurus hudsonicus) are diurnal, semi 816"

arboreal rodents that are found commonly throughout most of forested North America. 817"

The offspring are altricial and are dependent on the mother until they wean at about 70 818"

days after birth (Lane et al. 2007, McAdam et al. 2002). Potential conflict between 819"

parents, if genetically based, could lead to sexual antagonism in fitness. For example, 820"

conflict has been demonstrated between male and female red squirrels in personality 821"

traits whereby increased aggression enhanced female annual reproductive success but 822"

reduced male siring success (Taylor et al. in prep). In addition, female and male red 823"

squirrels were found to allocate time differently while hoarding, which suggests the 824"

potential for previous or ongoing sexual conflict (Archibald et al. in review). These 825"

examples of sexual conflict could be indicative of overall sexual antagonism in fitness.  826"

 In the south-western Yukon, red squirrels are territorial and depend on the seeds 827"

from white spruce cones (Picea glauca) as their primary food source (Fletcher et al. 828"

2010). Individuals store cones in a larder hoard, and are dependent on their cache of 829"

spruce cones to survive the winter (Larsen and Boutin 1994). Juvenile red squirrels must 830"

obtain a midden and cache cones in order to survive the winter, representing a strong 831"

episode of selection in the red squirrel population (McAdam and Boutin 2003, McAdam 832"

et al. 2007). Every three to six years white spruce trees synchronously produce large 833"

numbers of cones, called masting (LaMontagne and Boutin 2007). Selection on growth 834"

rates is decreased during these masting events (McAdam and Boutin 2003). Furthermore, 835"

fluctuations in cone abundance have been associated with fluctuations in natural selection 836"

on red squirrel life history (McAdam et al. in prep) and personality (Taylor et al. in prep). 837"

In mast years, competition among juveniles for vacant territories is weak (McAdam et al. 838"
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in prep) and selection favours increased litter sizes (McAdam et al. in prep) and more 839"

active and less aggressive squirrels (Taylor et al. in prep). During non-mast years, when 840"

competition for territories is strong, selection favours faster growing offspring (McAdam 841"

et al. in prep) and more aggressive and less active squirrels (Taylor et al in prep). Larger 842"

litters are genetically associated with slower growing offspring (McAdam et al. 2002) 843"

and red squirrel activity and aggression are heritable and positively genetically correlated 844"

traits (Taylor et al. 2012), so these represent genetically based trade-offs between these 845"

environments. These resource pulses, therefore, present an opportunity to determine 846"

whether temporal environmental fluctuations could maintain additive genetic variance in 847"

fitness. 848"

 I tested two non-mutually exclusive mechanisms that could maintain additive 849"

genetic variance in fitness. I first hypothesized that antagonistic selection between males 850"

and females maintains genetic variability in fitness in red squirrels. This sexual 851"

antagonism hypothesis predicts low additive genetic variance in fitness overall, but 852"

higher additive genetic variance in fitness of each of sex separately as well as a negative 853"

genetic correlation between male and female fitness.  854"

Second, I hypothesized that fitness trade-offs between high- and low- resource 855"

conditions associated with white spruce masting maintains genetic variation in fitness in 856"

red squirrels. This environmental fluctuation hypothesis predicts low genetic variation in 857"

fitness overall, but higher levels of genetic variation in fitness in mast and non-mast 858"

years. This hypothesis also predicts a negative genetic correlation between fitness in mast 859"

and fitness in non-mast environments. 860"

 861"
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METHODS 862"

A natural population of North American red squirrels in the southwest Yukon, 863"

Canada (61°N, 138°W) was monitored from 1987 until 2011. The population was 864"

completely enumerated through regular live-trapping of individuals with unique alpha- 865"

numeric ear-tags (McAdam et al. 2007). To collect data on reproduction, squirrels in the 866"

population were routinely live-trapped using Tomahawk live-traps (Tomahawk Live 867"

Trap, Tomahawk, WI, U.S.A.) and assessed for reproductive status. Females were 868"

regularly monitored for pregnancy status through palpation, nipple condition and 869"

recorded weight. Once pregnancy was confirmed, via weight loss or lactation, radio 870"

telemetry was used to locate nests. Pups were temporarily removed from the nest soon 871"

after birth to assess litter size and again at ~25 days of age in order to collect DNA for 872"

paternity analysis and permanently tag the pups (see McAdam et al. 2007). Permanently 873"

tagging pups within their natal nest allowed for assignment of maternity behaviourally 874"

with certainty. Paternity was assigned starting in 2003 using DNA paternity analysis. 875"

Tissue samples were taken from pups and adult immigrants and paternity was assigned 876"

using 16 microsatellites (Gunn et al. 2005) with 99% confidence using CERVUS 3.0.  877"

 878"

Fitness Analysis 879"

I used lifetime reproductive success (LRS), defined as the total number of 880"

offspring that an individual produced during their lifetime, as my measure of fitness. 881"

Individuals were considered to be dead if they were not trapped for more than one year, 882"

or if they were found dead (Descamps et al. 2009). All individuals who were included in 883"

my analyses died of natural causes. Survival does not appear to be confounded by 884"
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dispersal in this system; the population is completely enumerated via frequent live 885"

trapping (McAdam et al. 2007), juveniles typically dispersed less than 100 metres 886"

(Larsen and Boutin 1994, Stuart-Smith and Boutin 1995, Kerr et al. 2007), the areas that 887"

surrounded the study areas were poor quality squirrel habitat (McAdam et al. 2007) and 888"

there was no evidence that individuals from the center of the study site were surviving 889"

better than those from the edge, as would be expected if individuals were successfully 890"

dispersing out of the study area (McAdam et al. 2007). I used relative fitness (LRS 891"

divided by the mean LRS of individuals of the same sex), as this is the most relevant 892"

fitness measure for the Robertson-Price identity (Morrissey et al. 2012), but analyses 893"

based on absolute fitness did not affect my conclusions. Here I assigned the early survival 894"

of pups to the fitness of the offspring and not the mother such that LRS was the total 895"

number of pups produced. This is in contrast to other studies (Foerster et al. 2007), which 896"

assigned the early survival of offspring to the fitness of their parent. I assigned early 897"

survival to the fitness of the offspring and not their parent to avoid confounding fitness 898"

and inheritance (Wolf and Wade 2001). However, analyses based on the total number of 899"

recruited offspring did not affect my conclusions (results not shown). 900"

When testing the environmental fluctuation hypothesis, I used annual 901"

reproductive success (ARS) as a fitness measure because environments change within 902"

each squirrel’s lifetime so no single environment is characteristic of an individual 903"

squirrel. ARS was analyzed as the number of pups produced in a year, divided by the 904"

mean number of pups produced that year. This measure of fitness, however, does not 905"

include early juvenile survival, which is an important component of fitness (McAdam et 906"

al. 2007) and can be a strong episode of selection (McAdam and Boutin 2003). To 907"
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address this I also used juvenile survival as an additional measure of fitness. Here, 908"

juveniles who successfully survived the winter were denoted as 1 and juveniles who did 909"

not survive were denoted as 0. This fitness measure was then divided by the sex-specific 910"

mean survival for each year to calculate relative fitness. Additionally, I also examined the 911"

LRS of individuals born in mast and non-mast environments as a third measure of fitness, 912"

which combined both juvenile survival and ARS for individuals born in different 913"

environments. 914"

All individuals included in the analysis of LRS died of natural causes before the 915"

2011 breeding season to ensure that I had full data for their lifetime. Not all squirrels in 916"

my annual models were deceased at the time of this analysis. I included 3583 individuals 917"

in my analysis of LRS, 6625 individual-year combinations in my analysis of ARS and 918"

5470 individuals in my analysis of juvenile survival. 919"

Mixed effect ‘animal models’ combine phenotypic information on individuals 920"

with information from a pedigree to determine how much related individuals resemble 921"

each other in order to estimate additive genetic variance (Kruuk 2004). The pedigree that 922"

I used included both paternal and maternal links, and consisted of 7799 individuals, of 923"

which 6196 had known mothers and 1827 had known fathers. I used ‘animal models’ to 924"

estimate variance components of additive genetic (Va), maternal (Vm), and permanent 925"

environmental (Vi) effects for all models of annual reproductive success and Va and Vm 926"

for models of lifetime traits (i.e. LRS and juvenile survival; Kruuk 2004). Vm are the 927"

effects of the mother’s phenotype on the phenotypes of her offspring over and above her 928"

genes (Mousseau and Fox 1998). Vi represents the among individual variance not 929"

explained by additive genetic variance (Kruuk and Hadfield 2007) and can only be 930"
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estimated in traits that are measured for each individual more than once (Kruuk and 931"

Hadfield 2007).  932"

I used bivariate models to estimate genetic correlations between traits. To test the 933"

sexual antagonism hypothesis I estimated a genetic correlation between male LRS and 934"

female LRS. To test the temporal fluctuations hypothesis I used three different response 935"

variables: ARS in mast and non-mast environments, juvenile survival of pups born in 936"

mast and those born in non-mast environments and LRS of individuals born in mast and 937"

those born in non-mast environments. I used a character state approach rather than 938"

random regressions because mast and non-mast years are dramatically different in 939"

resource levels (LaMontagne and Boutin 2007). As well, the character state approach was 940"

less statistically demanding (Wilson et al. 2005b).  941"

I estimated genetic correlations between traits even when univariate models 942"

indicated non-significant additive genetic variance in one or both of the traits. Logically it 943"

does not make sense to estimate a correlation with a trait with no variance (Houle 1991), 944"

but my predictions were bivariate in nature and bivariate modes can sometimes provide 945"

more power to detect variances than univariate models, especially when traits are 946"

measured in different individuals (e.g. male and female fitness).  947"

All models were run in R using the Markov Chain Monte Carlo for generalized 948"

linear mixed models (MCMCglmm) package (R Development Core Team 2011, Hadfield 949"

2010). I assumed a Gaussian distribution for all traits. The pedigree was modified to 950"

include only informative individuals using the pedantics package (Morrissey 2010). 951"

Variance components were estimated as the mode from posterior distributions. The 952"

residual variance (Vr) was estimated for LRS and ARS, but not for juvenile survival, for 953"
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which it was constrained. I constrained Vr to equal 1 when estimating juvenile survival 954"

because there should be no residual variance around a single observation binary response 955"

(Hadfield 2010). My bivariate models allowed for covariance between additive genetic 956"

variances and maternal effects of the two traits in question (e.g. male and female LRS). 957"

However, I did not estimate covariances between either individual variances or residual 958"

variances. Phenotypic variance (Vp) was estimated as the differences among individuals 959"

in the focal trait, where Va, Vm, Vi (if applicable) and Vr were summed to estimate Vp. 960"

Heritabilities (h2), maternal effects (m2) and permanent environmental effects (Vi/Vp) 961"

were estimated as the proportion of phenotypic variance explained by the additive genetic 962"

variance, maternal variance and individual variance, respectively. Genetic correlations 963"

were estimated as the covariance between the additive genetic variance of each trait 964"

divided by the square root of the product of the variances of each trait (Lynch and Walsh 965"

1998).  Estimates of h2, m2, Vi/Vp, Va, Vm, Vi and genetic correlations are reported with 966"

95% credible intervals. Credible intervals were estimated as 95% of the highest density 967"

region covered by the MCMC (Gill 2002).  The estimates reported in Tables 2-5 were all 968"

estimated from univariate models to measure the variance components of traits regardless 969"

of their genetic correlations with other traits.  970"

I included variables as fixed effects in order to account for methodological 971"

variation but not biological variation relevant to selection (Wilson 2008). I included a 972"

fixed effect for cohort in all models to account for differences in environments in the year 973"

an individual was born, and I accounted for the effect of year in all annual models 974"

because environmental conditions can vary substantially among years (LaMontagne and 975"

Boutin 2007). Cohort was directly included in the relative estimates of juvenile survival, 976"
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and so was not included as a fixed effect in these models. The significance of fixed 977"

effects was estimated using a linear model in R. Estimates of population means are 978"

reported ± the standard deviation.  979"

 I used parameter expanded prior probabilities because I wanted to have non- 980"

informative priors (Hadfield 2010), which reflected previous ignorance toward my 981"

hypotheses (Ellison 2004). To ensure that each model was properly converged, I used a 982"

Heidelberger and Welch convergence diagnostic (Heidelberger and Welch 1983) and a 983"

Geweke convergence diagnostic (Geweke 1992). I used more than one diagnostic 984"

because neither is considered to be reliable in all circumstances (Cowles and Carlin 985"

1996). All models were converged as determined by both tests, except where noted.  986"

 987"

RESULTS 988"

Mean lifetime reproductive success was 1.5 ± 3.8 pups, with a mean female LRS 989"

of 1.8 ± 5.8 pups and a mean male LRS of 0.9 ± 2.8 pups. The mean annual reproductive 990"

success was 0.8 ± 1.7 pups, the mean mast ARS was 1.0 ± 2.2 pups, and the non-mast 991"

environment mean ARS was 0.8 ± 1.5 pups. Mean juvenile survival overall was 0.3 ± 992"

0.5. Juvenile survival was 0.4 ± 0.5 in mast years and averaged 0.3 ± 0.5 in non-mast 993"

years. Mean LRS of individuals born in mast years was 1.9 ± 4.1 and averaged 1.3 ± 3.6 994"

for individuals born in non-mast years. Relative LRS differed significantly among 995"

cohorts (R2 = 0.06, F25, 3557=10.2, p<2.2e-16), but cohort had no effect on relative ARS 996"

(R2 = 0.00096, F23, 2917=1.1, p=0.3).  997"

As expected, the heritability of relative LRS overall was very low (2.77e-05, CI = 998"

1.38e-12 to 0.0042). In contrast to my predictions, the heritabilities of female and male 999"
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LRS were also very low (0.000083, CI = 2.25e-10 to 0.10 and 0.00017, CI = 2.08e-10 to 1000"

0.026 respectively). These heritability estimates of each overall, female and male LRS 1001"

are not significantly different from each other, as judged by overlapping credible 1002"

intervals. Vas estimated for LRS overall, female LRS and male LRS were similarly low 1003"

(Table 2). Additionally, in contrast to my predictions, the genetic correlation between 1004"

male and female LRS did not differ from zero (rg = -0.86, CI = -0.99 to 0.83). However, 1005"

maternal effects for each of these traits were larger than the heritability estimates (Table 1006"

2).  1007"

The heritability of relative ARS was very low (0.0000091, CI = 2.67e-10 to 1008"

0.0029) as I expected it would be. However, in contrast to my predictions, the heritability 1009"

of ARS in non-mast years was also very low (0.000034, CI = 3.03e-10 to 0.0062) as was 1010"

the heritability of ARS in mast years (0.00015, CI = 2.04e-10 to 0.03) I estimated 1011"

similarly low Vas for ARS overall and ARS in non-mast and mast years (Table 3), and I 1012"

estimated a genetic correlation between mast ARS and non-mast ARS that was not 1013"

significantly different from zero (rg = 0.98, CI = -0.99 to 0.80). I found that the 1014"

heritability estimates of ARS overall, mast ARS and non-mast ARS were not 1015"

significantly different from each other, as the credible intervals for these estimates were 1016"

overlapping. However, I did estimate moderate maternal effects in each ARS overall, 1017"

mast ARS and non-mast ARS (Table 3).  1018"

In contrast to my results for ARS, patterns of genetic variation in juvenile survival 1019"

matched one of the predictions of the temporally varying selection hypothesis. Estimates 1020"

of heritability with mast years (0.14, CI = 0.058 to 0.23) and non-mast years (0.29, CI = 1021"

0.26 to 0.31) were both significant, and the heritability of juvenile survival for all years 1022"
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combined was an intermediate estimate (0.24, CI= 0.22 to 0.26), which was significantly 1023"

different from neither the mast nor the non-mast heritability estimate. This does not 1024"

match my first prediction, as I expected that juvenile survival overall would have the 1025"

lowest heritability. However, there was an extremely strong negative genetic correlation 1026"

between survival in a mast year and survival in a non-mast year (rg = -0.99, CI = -0.99 to 1027"

-0.80), which was predicted by the temporal fluctuations hypothesis. I found similarly 1028"

large Vas and maternal effects for each overall survival, survival in a mast year and 1029"

survival in a non-mast year (Table 4).  1030"

Despite these genetic trade-offs in juvenile survival there was no indication of 1031"

genetic trade-offs in LRS between individuals born in a mast year versus those born in a 1032"

non-mast year (rg = -0.83, CI= -0.99 to 0.87). I also found low heritabilities of LRS for 1033"

each individuals born in non-mast years (0.000047, CI = 4.89e-11 to 0.0065) and 1034"

individuals born in mast years (0.00019, CI = 1.64e-11 to 0.040). I estimated similarly 1035"

small Vas for LRS of individuals born in mast and non-mast years (Table 5). However, I 1036"

found significant maternal effects for LRS of individuals born in mast years and for LRS 1037"

of individuals born in non-mast years (Table 5).  1038"

 1039"

DISCUSSION 1040"

For any trait to evolve, it must genetically correlate with fitness (Price 1970), 1041"

which requires genetic variance in both the focal trait and fitness (Houle 1991). Here, I 1042"

estimated a Va of 0.00022 and a heritability of 0.000028 for LRS. This suggests that 1043"

while evolution in this system is possible it would likely proceed very slowly. I estimated 1044"

the evolvability of absolute fitness (estimated as LRS) as 0.00017 pups per generation 1045"
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where evolvability is equal to the additive genetic variance divided by the squared mean 1046"

of the trait (results not shown, Hansen et al. 2011). This suggests that it would take 5882 1047"

generations for the average, absolute, lifetime reproductive success to increase by one 1048"

pup. This is in contrast to evolvability that can be estimated from the female red deer 1049"

system of 0.20 relative calves per time step (Foerster et al. 2007), or that from female 1050"

collared flycatchers of 0.085 chicks per lifetime per generation (Merilä and Sheldon 1051"

2000) which predict, respectively, 5 generations and 12 generations to add one offspring 1052"

to the mean. The low level of evolvability of fitness and the lack of negative genetic 1053"

correlations involving LRS (i.e. male versus female LRS and mast versus non-mast LRS) 1054"

in this system suggest that neither temporal fluctuations in selection nor sexual 1055"

antagonism is maintaining additive genetic variance in fitness.  1056"

The genetic correlation between male and female fitness was strongly negative, 1057"

but not significantly different than zero. While this may seem to be due to insufficient 1058"

data for the analyses, the large confidence intervals are more likely due to insufficient 1059"

additive genetic variance for one or both of the traits, as there can be no correlation with 1060"

zero (Houle 1991). The genetic effects on male and female fitness are so small that it was 1061"

not possible to estimate a genetic correlation. In addition to this, the bivariate model used 1062"

to estimate the genetic correlation between male and female fitness did not pass the 1063"

Heidelberger and Welch convergence diagnostic (Heidelberger and Welch 1983), which 1064"

is further indicative of too little additive genetic variance in one or both male and female 1065"

fitness for a genetic correlation.  1066"

If male fitness was heritable then I could expect to see female preference for high 1067"

fitness males, as assessed by ornaments, or some other “honest signal” (Brommer et al. 1068"
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2007). If fitness is genetically correlated with a male sexual signal, and if female 1069"

choosiness is heritable, then there can be linkage disequilibrium where female preference 1070"

and fitness are genetically correlated (Lande 1981, Kokko et al. 2003). However, as 1071"

demonstrated in this system, if a male trait is not heritable and is not related to the trait 1072"

expressed in the offspring then there should be no preferential mating (Brommer et al. 1073"

2007). Female squirrels are not choosy when mating (Lane et al. 2008), which is 1074"

consistent with the demonstrated non-significant correlation between male and female 1075"

fitness. 1076"

I found low levels of Va for ARS in mast environments, non-mast environments, 1077"

and the two environments combined (Table 4). Also, I did not find a genetic correlation 1078"

for ARS between mast and non-mast environments. This lack of a significant genetic 1079"

correlation may also be a result of generally low levels of genetic variance in each trait 1080"

(Houle 1991), and is not consistent with the temporal fluctuations in selection hypothesis. 1081"

However, I found high levels of Va for juvenile survival, high h2s for both juvenile 1082"

survival in the whole population and juvenile survival split across environments, and a 1083"

negative genetic correlation between juvenile survivals in each environment (Table 4), 1084"

suggesting that there may be an environmentally mediated genetic trade-off in juvenile 1085"

survival. The environmental trade-offs that I found in juvenile survival and the lack of 1086"

environmental trade-offs in ARS gave us conflicting support for the temporal fluctuations 1087"

in selection hypothesis. 1088"

An environmentally mediated genetic trade-off in juvenile survival has also been 1089"

found in rainbow trout (Oncorhynchus mykiss). When survival was treated as one trait 1090"

across the whole population, it had a low heritability, but when juvenile survival was 1091"
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investigated in the context of the specific study station (i.e. environment) a broad range of 1092"

heritabilities was found (h2=0.04 to 0.71; Vehviläinen et al. 2008). As well, some 1093"

negative genetic correlations were found between cohorts from different environments, 1094"

suggesting that juvenile survival strategies were not stable across time and space 1095"

(Vehviläinen et al. 2008). These results are comparable to my study, although I found 1096"

high h2 and Va for juvenile survival in both the whole population and when the population 1097"

was split into mast and non-mast environments (Table 4). This suggests that while 1098"

juvenile survival is heritable there may be components of this trait that are genetically 1099"

trading off in different environments. 1100"

This trade-off between juvenile survival in different environments might be in 1101"

part due to other traits that have been found to trade-off in this system. For example 1102"

juvenile growth rate and personality, which are both correlated with fitness (McAdam 1103"

and Boutin 2003, Boon et al. 2007), were found to be subject to fluctuating selection due 1104"

to different levels of competition, related to cone availability (McAdam et al. in review, 1105"

Taylor et al. in review). The effect of trade-offs in juvenile survival, growth rate and 1106"

personality in different environments may be masked by some other quality trait 1107"

expressed by individuals. This quality may be due to a non-heritable component, such as 1108"

the local environment, territory, which I have not yet accounted for (Wilson and Nussey 1109"

2010). I would expect to see large permanent environmental effects if quality were indeed 1110"

masking the genetic trade-off in juvenile survival. I found moderate permanent 1111"

environmental effects in ARS (Table 3), but these effects are fairly small, so they might 1112"

not explain the pattern. However, ARS is only part of LRS; permanent environmental 1113"
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effects on longevity might also be important in explaining why trade-offs on juvenile 1114"

survival are not resulting in trade-offs on LRS. 1115"

To determine if unmeasured quality is masking genetic trade-offs, one could 1116"

measure this quality and determine how it phenotypically correlates with fitness in each 1117"

environment. However, even if this unseen quality is masking a negative genetic 1118"

correlation between ARS in different environments, it is clear that this trade-off is not 1119"

maintaining additive genetic variance in either ARS or LRS as the levels of additive 1120"

genetic variance is very low in both ARS and LRS. While this genetic trade-off in 1121"

juvenile survival does support my hypothesis it is clear that this effect does not magnify 1122"

to maintain Va in LRS, as the Va in LRS is still very low.  1123"

In addition to quality, it may be the case that the variance in ARS is great enough 1124"

that the differences in juvenile survival are not sufficient enough to result in differences 1125"

in LRS. Additionally, it could be the case that juvenile survival in different environments 1126"

is further trading off with another fitness component, such as longevity or age of first 1127"

reproduction (Roff 1997). If this were the case, then I would expect a negative genetic 1128"

correlation between juvenile survival and this other fitness component, or further between 1129"

juvenile survival in a specific environment, and this fitness component. It seems that the 1130"

genetic trade-off in juvenile survival is not sufficient to maintain enough Va to support 1131"

microevolution, but I cannot discount that there are further trade-offs, involving juvenile 1132"

survival that could lead to higher heritabilities of fitness components. 1133"

The high levels of maternal effects that I have demonstrated (Tables 2-5) could be 1134"

very important to evolution in the red squirrel system if they are heritable, and could lead 1135"

to unexpected patterns of evolution (Kirkpatrick and Lande 1989). Maternal effects are 1136"
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the effects of the mother on her offspring’s phenotype above and beyond the effect of her 1137"

genetic contribution to her offspring (Mousseau and Fox 1998). Maternal genetic effects, 1138"

where a mother’s genes affect her offspring’s phenotype, are a particular kind of maternal 1139"

effect that I did not separate from maternal environmental effects. In addition to the high 1140"

levels of maternal effects I have documented here, maternal genetic effects have been 1141"

seen previously in traits that are highly correlated with fitness, such as parturition date 1142"

and litter size in red squirrels (McAdam et al. 2002). Maternal genetic effects have also 1143"

been observed in Soay sheep (Ovis aries) where birth weight, birth date and natal litter 1144"

size are highly correlated to fitness (Wilson et al. 2005c). The high levels of maternal 1145"

genetic effects in life history traits in red squirrels suggest that it may be worth 1146"

considering whether maternal genetic effects may be supplying the necessary genetic 1147"

variation for microevolution seen in this system.  1148"

I found no evidence for sexual antagonism maintaining additive genetic variance 1149"

in LRS. I did find evidence of temporal fluctuations in selection on juvenile survival, but 1150"

these trade-offs did not seem to be continuing to affect LRS, which lead us to conclude 1151"

that temporal fluctuations in selection are also not maintaining additive genetic variance 1152"

in LRS. Future research could look into fitness component trade-offs where another 1153"

fitness component is trading-off with juvenile survival and masking environmentally 1154"

mediated trade-off I found, or could delve further into the importance of maternal genetic 1155"

effects on LRS in this system. 1156"

1157"
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Table 2.1 – Previous estimates of heritability and maternal effects of fitness. Different fitness measures are denoted as lifetime 

reproductive success (LRS), delifing (Coulson et al. 2006) or relative LRS (LRS/meanLRS). 

 

* “n/a” indicates that maternal effects were not estimated in this study 

** “NS” indicates that maternal effects parameter was dropped from the model, based on an AIC model assessment 

Study Study&Organism Heritability&
Estimate

Maternal&Effects&
Estimate

Fitness&
measure

Gustafsson)1986 Female)Collared)Flycatchers 0.01±0.16 n/a LRS
Gustafsson)1986 Male)Collared)Flycatchers 0.01±)0.13 n/a LRS
Kruuk)et)al)2000 Female)Red)Deer 0.00±)0.05 0.16+/G)0.041 LRS
Kruuk)et)al)2000 Male)Red)Deer 0.02±)0.06 NS LRS

Merilä)and)Sheldon)2000 Female)Collared)Flycatchers 0.21±)0.06 n/a LRS
Merilä)and)Sheldon)2000 Male)Collared)Flycatchers 0.07±)0.06 n/a LRS
McCleery)et)al)2004 Female)Great)Tits 0.00±0.04 n/a LRS
McCleery)et)al)2004 Male)Great)Tits 0.02±0.04 n/a LRS
Foerster)et)al)2007 Female)Red)Deer 0.09±0.02 0.0021 delifing
Foerster)et)al)2007 Male)Red)Deer 0.04±0.03 0.0045 delifing
Teplitsky)et)al)2009 Female)Red)Billed)Gulls 0.36±0.29 NS LRS
Teplitsky)et)al)2009 Male)Red)Billed)Gulls 0.00±0.00 NS LRS
Schroeder)et)al)2011 House)Sparrows 0.09)(0.03)–)0.18) 0.33)(0.14)–)0.51) delifing
Morrissey)et)al)2012 Soay)Sheep 0.0259)±0.0145 NS relative)LRS
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Table 2.2 – Sample sizes (N), maternal effects (m2), variance components, including additive genetic (Va), maternal (Vm) and residual 

(Vr), estimated with credible intervals (CI) to test the whether sexual antagonism on lifetime reproductive success (LRS) is 

maintaining additive genetic variance in fitness in North American red squirrels (Tamiasciurus hudsoniscus).  

 

 

  

Trait N h2 CI m2 CI
LRS 3583 0.00003   1.38e-12 to 0.0042 0.37 0.27 to 0.43
Female LRS 2516 0.00008 2.25e-10 to 0.10  0.041 0.019 to 0.074
Male LRS 1067 0.00017 2.08e-10 to 0.026 0.79 0.74 to 0.82
Trait Va CI Vm CI Vr CI
LRS 0.00022 9.88e-12 to 0.033 2.8 1.92 to 3.53 4.93 4.55 to 5.30
Female LRS 0.000092 1.21e-09 to 0.056 0.24 0.098 to 0.40   5.21 4.88 to 5.50
Male LRS 0.0017 3.08e-09 to 0.38   11.9  9.71 to 13.60 3.06 2.67 to 3.54
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Table 2.3 – Sample sizes (N), maternal effects (m2), permanent environmental effects (Vi/Vp), variance components, including 

additive genetic (Va), maternal (Vm), individual (Vi), and residual (Vr), estimated with credible intervals (CI) to test the whether 

temporal fluctuations in selection on annual reproductive success (ARS) are maintaining additive genetic variance in fitness in North 

American red squirrels (Tamiasciurus hudsoniscus). 

 

 

 

  

Trait N h2 CI m2 CI Vi/Vp CI
ARS 6625 0.000009  2.67e-10 to 0.0029 0.049 0.024 to 0.069 0.049 0.027 to 0071 
Mast ARS 1495 0.00015 2.04e-10 to 0.03   0.1 0.031 to 0.29  0.025 0.013 to 0.066
Non-mast ARS 5130 0.000034  3.03e-10 to 0.0062 0.056 0.029 to 0.086 0.048 0.023 to 0.073
Trait Va CI Vm CI Vi CI Vr CI
ARS 0.00004 1.12e-09 to 0.012 0.19 0.10 to 0.30 0.21   0.12 to 0.30 3.86 3.71 to 4.00
Mast ARS 0.00079 7.53e-10 to 0.12  0.62 0.12 to 1.26 0.12 0.056 to 0.27 3.32 2.83 to 3.77
Non-mast ARS 0.00013 1.08e-09 to 0.023 0.18 0.099 to 0.31  0.17 0.086 to 0.27 3.26 3.12 to 3.41
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Table 2.4 – Sample sizes (N), maternal effects (m2), variance components, including additive genetic (Va), maternal (Vm), and residual 

(Vr), estimated with credible intervals (CI) to test the whether temporal fluctuations in selection on juvenile survival are maintaining 

additive genetic variance in fitness in North American red squirrels (Tamiasciurus hudsoniscus). Residual variance was constrained to 

1 following Hadfield (2010).  

 

 

 

 

  

Trait N h2 CI m2 CI
Survived 5470 0.24 0.22 to 0.26 0.56 0.54 to 0.60
Survived - Mast Cohort 1339 0.14 0.058 to 0.23  0.32 0.23 to 0.42
Survived - Non-mast Cohort 4131 0.29 0.26 to 0.31 0.54 0.51 to 0.58
Trait Va CI Vm CI Vr CI
Survived 1.24 1.13 to 1.39 2.92 2.60 to 3.21 1 n/a
Survived - Mast Cohort 0.25 0.095 to 0.44  0.61 0.40 to 0.80 1 n/a
Survived - Non-mast Cohort 1.66 1.51 to 1.82 3.12 2.78 to 3.53 1 n/a
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Table 2.5 – Sample sizes (N), maternal effects (m2), variance components, including additive genetic (Va), maternal (Vm), and residual 

(Vr), estimated with credible intervals (CI) to test the whether temporal fluctuations in selection on LRS of individuals born in 

different environments (mast or non-mast) are maintaining additive genetic variance in fitness in North American red squirrels 

(Tamiasciurus hudsoniscus). 

!

 

  

Trait N h2 CI m2 CI
LRS - Mast Cohort 878 0.00019 1.64e-11 to 0.040 0.43 0.27 to 0.54
LRS - Non-mast Cohort 2705 0.000047   4.89e-11 to 0.0065 0.3 0.21 to 0.40
Trait Va CI Vm CI Vr CI
LRS - Mast Cohort 0.0019 1.39e-10 to 0.38 3.47 2.16 to 5.48 5.5 4.65 to 6.4
LRS - Non-mast Cohort 0.00035   3.36e-10 to 0.044 2.01 1.32 to 2.82 4.53   4.22 to 5.07
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CHAPTER III 

MATERNAL GENETIC EFFECTS ON FITNESS DICTATE THE RATE OF 
MICROEVOLUTION IN RED SQUIRRELS (Tamiasciurus hudsonicus) 

 

ABSTRACT 

The Robertson-Price Identity states that the rate of microevolution of any trait is determined by 

its genetic covariance with fitness. For this covariance to be large, and thus for microevolution 

to be rapid, both fitness and the focal trait must have significant additive genetic variance (Va). 

This suggests that evolution can be constrained by the Va of fitness. Theory predicts that Va in 

fitness is eroded by consistent, strong, directional selection. This paradox, between the 

necessity of Va of fitness for evolution, and the expectation of erosion by selection has led to 

studies of mechanisms that could be maintaining Va of fitness. One additional source of Va in 

fitness that has not been previously considered, and which might be buffered from erosion by 

strong selection is maternal genetic variance. Maternal genetic effects are the effect of the 

mother’s genotype on her offspring’s phenotype. These effects on fitness have not previously 

been quantified in a wild species, so the potential for maternal genetic effects to facilitate 

evolution has not yet been tested. I estimated both the direct genetic variance and maternal 

genetic variance of fitness (lifetime reproductive success) in female red squirrels, from a long-

term pedigreed population near Kluane Lake, Yukon. Maternal genetic effects on fitness were 

nearly always an order of magnitude or more larger than direct genetic effects. While direct 

genetic effects would appear to constrain the rate of evolution, maternal genetic effects provide 

enough additive genetic variance in fitness to facilitate rapid microevolution. So as to avoid 
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underestimating the potential for evolution in a system, I recommend that wild studies look at 

maternal genetic effects. 

 

INTRODUCTION 

For any trait to evolve it must be genetically correlated with fitness (Robertson 1966, 

Price 1970, 1972). In order for this genetic correlation to exist both fitness and the trait in 

question must, therefore, have some level of additive genetic variance, which allows for 

reliable transmission of variation to the next generation (Houle 1991). While genetic variance 

in fitness is required for evolution, a corollary of Fisher’s Fundamental Theorem of Natural 

Selection suggests that there should be no additive genetic variance in fitness, because fitness 

is under such strong selection, and genes conferring high fitness should go to fixation (Fisher 

1958, Jones 1987). To properly predict the potential for evolution in a system, especially given 

the expectation of erosion of additive genetic variance in fitness, long-term field studies on 

wild animals must first estimate the available genetic variance in their system before trying to 

quantify evolution (Morrissey et al. 2010). 

Given that contemporary microevolution has been commonly documented (Kinnison 

and Hendry 2001) I might expect that reasonable levels of genetic variation in fitness would be 

present. In contrast, numerous studies report low or non-significant additive genetic variance 

and heritability estimates (reviewed in Chapter II). Notable exceptions include female red deer 

(Cervus elaphus; Foerster et al. 2007), female collared flycatchers (Ficedula albicollis; Merila 

and Sheldon 2000), and Soay sheep (Ovis aries; Morrissey et al. 2012), where the heritabilities 

of fitness were estimated at 0.09 ± 0.02, 0.21 ± 0.06 and 0.026 ± 0.015 respectively. It may be 

that not all of the transmissible genetic variance is being estimated, thus, incorporating an 
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estimation of all of the additive genetic variance of fitness into my analyses could help to 

better predict microevolution (Merila et al. 2001, Kruuk et al. 2008). 

Maternal effects are the effect of the mother on the offspring’s phenotype beyond that 

of additive genes (Mousseau and Fox 1998). Maternal effects have been documented in a 

variety of studies, and have particular significance in mammalian species because of the long 

period of post-parturition maternal care (Reinhold 2002). Maternal effects can be partitioned 

into maternal genetic and maternal environmental effects, where maternal genetic effects are 

those maternal effects that are transmissible between generations (Räsänen and Kruuk 2007). 

These maternal genes affect the phenotype of the offspring beyond the genes transmitted from 

mother to offspring and can either accelerate or decelerate evolution, depending on their 

correlation to other traits (Kirkpatrick and Lande 1989). 

MGEs might have higher levels of transmissible genetic variance even when under 

strong selection as the genes are protected from selection in 50% of individuals. Selection does 

not see these genes in males because they are not expressed as phenotypes (Wade 1998). For 

example, a MGE involving juvenile growth that is due to the maternal lactation phenotype 

would not be under selection in males because males do not express a lactation phenotype. 

Any deleterious genes for lactation, and thus MGEs for juvenile growth rate, would be 

sheltered from selection if they were in a male individual, assuming that they do not have 

pleiotropic, deleterious effects on the male.  

MGEs have been found fairly extensively in plants (Shaw and Byers 1998) and 

domesticated animals (Wilson and Réale 2006) but are rarely estimated in wild animal 

populations. MGEs have been documented in red squirrels (Tamiasciurus hudsonicus; 

McAdam et al. 2002), Soay sheep (Ovis aries; Wilson et al. 2005) and collared flycatchers 
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(Ficedula albicollis; Tschirren et al. 2009). Although MGEs have been documented in adult 

traits (Wilson and Réale 2006), the strongest MGEs were seen in traits expressed by juveniles, 

such as birth/weaning weight (Wilson and Réale 2006), growth rate (McAdam et al. 2002) or 

seed weight (Shaw and Byers 1998). The primary focus of the literature has been on traits 

where there are clear links between mother and offspring, such as juvenile growth rate. 

However, MGEs have not yet been estimated for lifetime reproductive (LRS) success in a wild 

species. Importantly, maternal genetic effects on fitness could be a previously unrecognized 

source of genetic variation in fitness facilitating microevolution in the wild.  

Here, I used females from a pedigreed population of red squirrels, near Kluane Lake, 

Yukon, Canada to quantify the level of MGEs on fitness. Additive genetic variance (Va) on 

fitness for this population has been previously found to be low (h2=0.000028, Chapter II), but 

maternal effects on fitness were large (m2=0.37; Chapter II). In addition, maternal genetic 

effects have been previously identified for one fitness-related trait (McAdam et al. 2002). In 

addition to quantifying MGEs for lifetime reproductive success I also estimated the effect of 

MGEs in five key fitness components (i.e. lifespan, adult longevity, age of first reproduction, 

mean annual reproductive success and juvenile survival) that have been demonstrated to be 

significant predictors of LRS (Brown 1988, McAdam et al. 2007) to identify which fitness 

components MGEs may be acting through. 

 

METHODS 

A natural population of North American red squirrels in the southwest Yukon, Canada 

(61°N, 138°W) was monitored from 1987 until 2011. Individuals were followed throughout 

their lifetime and their reproductive status was continually assessed via live trapping 
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(Tomahawk Life Trap, Tomahawk, WI, U.S.A.) and abdominal palpation (McAdam et al. 

2007). When a female was determined to have given birth, she was fitted with a radio collar 

(model PD-2C, 4g, Holohil Systems Limited, Carp, Ontario, Canada) and radio telemetry was 

used to locate her nest, at which point her pups were removed from the nest, weighed, 

individually marked and tissue samples were taken (McAdam et al. 2007). Three weeks after 

the initial nest entry, the nest was re-entered, tissue samples were taken and pups were 

individually marked with unique alphanumeric tags (Monel #1, 5 digits, McAdam et al. 2007). 

This allowed for individuals to be followed from birth to death.  

 

Fitness and Fitness Components 

 Female LRS was measured as the number of pups produced by a female in her lifetime. 

This definition of fitness assigned early survival to the fitness of the offspring (Wolf and Wade 

2001). Survival does not appear to be confounded by dispersal in this system; the population 

has been completely enumerated via frequent live trapping (McAdam et al. 2007), juveniles 

typically dispersed less than 100 meters (Larsen and Boutin 1994, Stuart-Smith and Boutin 

1995, Kerr et al. 2007), the areas that surrounded the study areas were poor quality squirrel 

habitat (McAdam et al. 2007) and there was no evidence that individuals from the center of the 

study site were surviving better than those from the edge, as would be expected if individuals 

are successfully dispersing out of the study area (McAdam et al. 2007).  

Additionally, I examined a variety of life history traits including lifespan, adult 

longevity, age of first reproduction (AFB), juvenile survival and mean annual reproductive 

success (ARS). Lifespan was measured as the number of years that a squirrel survived. Age of 

first reproduction was the age that a female was first assessed as pregnant or lactating. Juvenile 
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survival was a binary trait that was scored as whether an individual survived its first winter, as 

judged by whether the juvenile was trapped the following spring. Annual reproductive success 

was the number of pups an individual produced in a year. For some individuals, for whom I 

had repeated measures, this was the mean number of pups produced over multiple years. All 

life history traits, and LRS were measured as relative values, where the variable was divided 

by the mean estimate of the population (Morrissey et al. 2012). Individuals were considered to 

be dead if they were not trapped in a season, or if they were found dead (Descamps et al. 

2009). To ensure that I had complete data on lifetime reproductive output all individuals 

included in my analyses of lifetime traits (i.e. lifespan or LRS) died in 2011 or earlier due to 

natural causes. 

 

Path Analysis of LRS 

 I estimated the effects of lifespan, mean annual reproductive success (ARS) and age of 

first reproduction (AFB) on the phenotypic variance of LRS. I used a path analysis where I 

estimated the standardized partial regression coefficients of each fitness component on fitness 

(Shipley 2000), and again for juvenile survival and adult longevity on lifespan. I substituted 

mean values of traits for any individuals who did not express a trait, for example, because they 

did not survive to adulthood (McAdam et al. 2007). Traits were mean standardized, and since 

traits were not normally distributed, I estimated standard errors for traits using a delete-one-

female jackknifing procedure (McAdam et al. 2007). Path coefficients were estimated in R 

2.13.2 (R Core Development Team, 2011).  
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Animal Model Analyses 

I estimated variance components of LRS and each fitness component using mixed 

effect ‘animal models’, which estimate the genetic basis of a trait by examining the 

resemblance between related individuals in a pedigreed population (Kruuk 2004). Maternity 

was assigned when offspring were tagged in their natal nest, beginning in 1989. Paternity was 

assigned starting in 2003 using DNA paternity analysis. Tissue samples were taken from pups 

and adult immigrants and paternity was assigned using 16 microsatellites (Gunn et al. 2005) 

with 99% confidence using CERVUS 3.0. The pedigree, including both paternal and maternal 

links, consists of 7799 individuals, of which 6196 had known mothers and 1827 had known 

fathers. The pedigree was pruned to include only informative individuals by the pedantics 

program in R (Morrissey 2010, R Development Core, 2011). 

I used a Markov Chain Monte Carlo for Generalized Linear Mixed Models 

(MCMCglmm) analysis in R (Hadfield 2010, R Development Core, 2011) to estimate variance 

components of additive genetic variance (Va), maternal environmental (Vme) and maternal 

genetic (Vmg) effects. I did not estimate permanent environmental effects as the traits that I 

analyzed were not measured repeatedly (Kruuk and Hadfield 2007). Variance components 

were estimated as the mode from posterior distributions and reported with 95% credible 

intervals. Credible intervals were estimated as 95% of the highest density region covered by 

the MCMC (Gill 2002).  Heritabilities (h2), maternal environmental effects (me
2) and maternal 

genetic effects (mg
2) were estimated as the proportion of phenotypic variance that they explain. 

Phenotypic variance was calculated as the sum of Va, Vmg, Vme and Vr. Residual variances 

were estimated for all traits except for juvenile survival, as it was a binary trait that could only 
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be measured once (see Vehviläinen et al. 2008). For juvenile survival, I set the residual 

variance to be 1 (Hadfield 2010).  

All fitness components and LRS were treated as relative fitness, specifically, they were 

standardized by the population mean of the trait, and were assumed to have a Gaussian 

distribution. Additionally, I included a fixed effect for cohort in all models to account for 

differences in environments in the year an individual was born. 

 In order to estimate maternal genetic effects, I included only females in the analysis 

who had known mothers (n=2133). To separate maternal genetic effects from maternal 

environmental effects I included each a maternal identification variable that was linked to the 

pedigree and a maternal identification variable that was not. This is analogous to a pedigree-

linked animal identification variable, to estimate additive genetic variance and an animal 

identification variable not associated with the pedigree to estimate permanent environmental 

effects (Hadfield 2010).  

I used non-informative priors, as they are best suited to large datasets with potentially 

subtle signals in the data (Hadfield 2010). I used parameter expanded prior probabilities 

because I wanted to have non-informative priors, so that my posterior estimates would come 

from the data and not from the priors. I used both a Heidelberger and Welch and a Geweke 

convergence diagnostics to determine whether models had converged (Heidelberger and Welch 

1983; Geweke 1992). Two diagnostics were used because neither diagnostic alone is 

considered consistent in determining whether models have converged (Cowles and Carlin 

1996). All models were converged as determined by both diagnostic tests, except where noted. 

 I assessed the evolvability of absolute LRS with and without MGEs. Evolvability is a 

mean-standardized estimate of how much a trait could evolve in one generation, and is 
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typically calculated as the additive genetic variance of a trait divided by the mean of the trait 

squared (Hansen et al. 2011). The evolvability of absolute LRS with MGEs was estimated as 

one half of the Vmg divided by the mean of the trait, following Dickerson (1947). I have 

measured the evolvability of absolute fitness here, as it is more tangible, but is similar to the 

evolvability estimated of relative fitness (results not shown). 

 

RESULTS 

Lifespan was the strongest predictor of LRS, explaining 49% of the absolute 

phenotypic variance (β = 0.70 ± 0.15, t2128 = 109.79, p<2.2e-16). Mean annual reproductive 

success (ARS) explained 26% of the absolute phenotypic variation in LRS (β = 0.51 ± 0.14, 

t2128 = 73.44, p<2.2e-16) and age of first reproduction explained 0.058% of the phenotypic 

variation in LRS (β = -0.024 ± 0.13, t2128 = -3.55, p = 0.0004). Juvenile survival explained 64% 

of the phenotypic variance in lifespan (β = 0.80 ± 6.64e-7, t2129 = 3.92e+15, p<2.2e-16; Figure 

1).  

 Va of LRS was 0.00024 (CI = 1.25e-09 to 0.095) and I determined that the h2 was 

0.000047 (CI = 2.45e-10 to 0.019). This can be contrasted with the Vmg for LRS, which was 

0.15 (CI = 6.93e-02 to 0.26) and the mg
2 which was 0.03 (CI =0.014 to 0.054). Similarly, with 

the exception of juvenile survival, all fitness traits had maternal genetic variance that was at 

least an order of magnitude larger than direct genetic variance (Table 1). I found the highest 

mg
2 in AFB with an estimate of 0.23 (CI = 0.18 to 0.29). The lowest mg

2 that I estimated was 

0.018 (CI = 0.0053 to 0.12) in mean ARS. In all cases, except for juvenile survival, mg
2 was at 

least an order of magnitude larger than the h2 estimate.  
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When only direct genetic effects are considered, the evolvability (Ia) of absolute fitness 

is 0.00017 pups per lifetime per generation, implying that it would take 5882 generations for 

the mean LRS to increase by one (Hansen et al. 2011, Chapter II). When maternal genetic 

effects are considered, the evolvability of absolute fitness is 0.06 pups per lifetime per 

generation, which allows for the evolutionary addition of one offspring in only 16.7 

generations (Hansen et al. 2011). 

 

DISCUSSION 

 It is clear that maternal genetic effects rather than direct genetic effects set the rate of 

evolution in this population of red squirrels. I measured MGEs in fitness and a variety of 

fitness components and I found that MGEs were almost always at least an order of magnitude 

larger than traditional heritability estimates. I examined the total heritability of LRS, which 

includes MGEs in the estimate of heritability (Dickerson 1947, McAdam et al. 2002). I found a 

total heritability of LRS of 0.015, compared to a heritability of LRS without MGEs of 

0.000047. I assumed a covariance between direct and maternal genetic variances of zero in my 

estimate of total heritability because the direct genetic variance was so small (Houle 1991). 

This relationship was similar when I assessed evolvability in this system with and without 

MGEs, where I found a direct evolvability of 0.00017 and a maternal genetic evolvability of 

0.06. The difference between traditional heritability and total heritability and the difference 

between evolvabilities that I estimated suggest that without the contribution of MGEs 

evolution would not be observable in the red squirrel system. Evolvability calculated from 

MGEs in red squirrels is comparable to the evolvabilities of fitness that can be calculated based 

on the direct genetic variance in red deer (Ia =0.196 relative calves per time step, calculated 
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from Foerster et al. 2007), collared flycatchers (Ia =0.0846 chicks per generation, calculated 

from Merila and Sheldon 2000) and Soay sheep (Ia=1.55 relative lambs per generation, from 

Morrissey et al. 2012).  

 To determine the specific fitness component that provided the largest amount of 

maternal genetic effects in fitness I also estimated maternal genetic effects in a variety of 

fitness components, including lifespan, adult longevity, mean ARS, female age of first 

breeding (AFB) and juvenile survival. Maternal genetic effects contributed significantly in all 

of these life history traits (Table 1). I found that MGEs explained 23% of the variance in AFB. 

However, AFB only explained 0.05% of the phenotypic variance in LRS, indicating that AFB 

is unlikely to be a large contributor to MGEs in fitness. I found that MGEs explained 3.4% of 

the phenotypic variation in lifespan, which was a large component of LRS (Figure 1, see also 

McAdam et al. 2007). Longevity might be one trait where the maternal genetic effects could be 

resulting in maternal genetic effects in fitness. 

The MGEs in lifespan could be due to any number of heritable maternal effects and 

could have a lifelong affect on an individual. For example, juvenile survival, which explains 

64% of the phenotypic variance in lifespan and 31% of the phenotypic variance in LRS, has 

MGEs of 3.8%. Juvenile survival is often affected by juvenile growth rate (McAdam and 

Boutin 2003), which itself is a trait with large maternal genetic effects (McAdam et al. 2002). 

Maternal genetic effects on LRS could be acting via a variety of maternal traits, including 

bequeathal behaviour (Price and Boutin 1993) or maternal hormones (Dantzer et al. 2011). For 

example, maternal androgens, which are repeatable and correlated with maternal behaviour, 

have been suggested to have life-long effects on offspring (Dantzer et al. 2011). Maternal 

androgens have been documented to be heritable (Tschirren et al. 2009) and to affect breeding 
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behaviour (Strasser and Schwabl 2004), sexual ornamentation (Strasser and Schwabl 2004) 

and adult stress response (Hayward and Wingfield 2004) in other systems. Maternal genetic 

effects on offspring LRS could be mediated via maternal androgen levels if these androgen 

levels are heritable. 

Maternal genetic effects are expected to have higher levels of genetic variance than 

direct genetic effects because these genes are sheltered from selection in male individuals 

(Wade 1998). Specifically, because maternal phenotypes are not expressed in males, genes that 

cause maladaptive maternal phenotypes can hide from selection in male individuals. This has 

led to an expectation that MGEs are two times larger than direct genetic effects as selection is 

half as strong (Wade 1998). I found that MGEs in red squirrel fitness and fitness components 

were at least an order of magnitude larger than DGEs, in most cases (Table 1). Future studies 

could look at other mechanisms that have been proposed to maintain genetic variance, such as 

temporal fluctuations in selection (Levins 1968), to determine if these mechanisms could be 

acting on maternal genes, resulting in large MGEs or if MGEs are maintained by shelter from 

selection in males. Sexual antagonism and temporal fluctuations in selection were not found to 

be maintaining direct genetic variance (Chapter II) but have not yet been tested on maternal 

genetic variance.  

Maternal effect evolution is a complex phenomenon, where selection and response to 

selection happen in different generations, which can result in accelerated evolution (Räsänsen 

and Kruuk 2007). This potential to accelerate evolution makes maternal effect evolution 

particularly important to consider when predicting evolution on an ecological time scale. When 

measuring maternal effect evolution, it is critical to account for both current and past selection, 

and one should expect a time lag between selection and response (Kirkpatrick and Lande 
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1989). This time lag, which is due to selection happening on the offspring generation and 

response occurring in the maternal generation, can lead to accelerated or decelerated response 

to selection, non-linear rate of evolution, and evolution continuing after selection has ceased 

(Kirkpatrick and Lande 1989). Accelerated evolution is expected when the maternal and 

offspring traits are positively, genetically correlated (Räsänsen and Kruuk 2007). I did not 

examine a maternal genetic – direct genetic covariance of fitness because the direct genetic 

effect was too small to generate sensible genetic correlations (Houle 1991). However, an 

increased rate of evolution was previously found in this system, where the evolution of 

juvenile growth rate was much faster than could be predicted by direct genetic effects alone, 

but was consistent with a model that considered the additional contribution of maternal genetic 

effects (McAdam and Boutin 2004).  

 My data demonstrate that in this wild mammal population, evolution is driven by more 

than the simple case of direct genetic effects that would simply involve a heritable trait under 

selection (Lynch and Walsh 1998). By virtue of the magnitude of the MGEs in fitness 

compared to the direct genetic effects, any evolution that is fast enough to be measured in this 

red squirrel population (e.g. Réale et al. 2003) is likely a result of maternal effect evolution 

(e.g. McAdam and Boutin 2004). Including MGEs in the estimates of heritability, particularly 

in cases where direct genetic effects in fitness estimates are low (Chapter II: Table 1, 

Morrissey et al. 2010), could result in more accurate predictions of microevolution. 
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Table 3.1 – Direct genetic and maternal genetic effects on lifetime reproductive success (LRS), lifespan, mean annual reproductive 

success (ARS), age of first breeding (AFB), juvenile survival and adult longevity of females from a population of red squirrels 

(Tamiasciurus hudsonicus). Heritabilities (h2), maternal genetic effects (mg
2), maternal environmental effects (me

2) and variance 

components of each additive genetic (Va), maternal genetic (Vmg), maternal environment (Vme) and residual components (Vr) are 

reported for each fitness component.  

 

 

Trait h2 CI mg
2 CI me

2 CI
LRS 0.000047 2.45e-10 to 0.019 0.03 0.013 to 0.051 0.031  0.014 to 0.054
Lifespan 0.000069 5.86e-10 to 0.023 0.034 0.019 to 0.055 0.047  0.025 to 0.073
Mean ARS 0.0013 5.58e-10 to 0.26  0.018 0.0053 to 0.12    0.02 0.0045 to 0.11   
AFB 0.0003 1.54e-08 to 0.045 0.23 0.18 to 0.29 0.23   0.18 to 0.29
Juvenile Survival 0.49      0.45 to 0.54 0.038 0.020 to 0.076 0.095 0.060 to 0.15
Adult Longevity 0.00067 2.08e-08 to 0.10  0.043 0.020 to 0.12  0.083 0.028 to 0.17
Trait Va CI Vmg CI Vme CI Vr CI
LRS 0.00024 1.25e-09 to 0.095 0.15 6.93e-02 to 0.26 0.15 7.57e-02 to 0.28 4.68 4.39 to 4.97
Lifespan 0.00016 1.26e-09 to 0.051 0.079 4.31e-02 to 0.13 0.1 5.79e-02 to 0.17 2.05 1.89 to 2.16
Mean ARS 0.024 8.68e-09 to 4.43  0.3 8.84e-02 to 2.07 0.35 9.12e-02 to 1.94 13.73 10.42 to 16.06
AFB 0.000034   1.48e-09 to 0.0044 0.02        0.016 to 0.030 0.022 1.62e-02 to 0.03 0.049 0.042 to 0.059
Juvenile Survival 1.37       1.19 to 1.56 0.11      0.055 to 0.21 0.27        0.16 to 0.43 1 n/a
Adult Longevity 0.0024 7.18e-08 to 0.37  0.16 5.89e-02 to 0.41 0.23 1.00e-01 to 0.64 2.94 2.40 to 3.42
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Figure 3.1 – Path diagram of the effects of fitness components on lifetime reproductive 

success (LRS) of red squirrels (Tamiasciurus hudsonicus). Mean values were substituted 

for missing data, and data were standardized. “U” indicates unexplained phenotypic 

variance in LRS. “ARS” is mean annual reproductive success and “AFB” is age of first 

breeding. 
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CHAPTER IV 

GENERAL CONCLUSION 
 

 The Robertson-Price Identity suggests that the rate of evolution of a trait is 

dictated by the strength of its genetic covariance with fitness (Robertson 1966, Price 

1970). As genetic variance in both traits is necessary for this genetic covariance (Houle 

1991), this suggests that the rate of evolution can be constrained by the amount of genetic 

variance of fitness in a system (Morrissey et al. 2010). Additionally, there is an 

expectation of erosion of genetic variance of fitness (Fisher 1958, Jones 1987). Fitness is 

always under strong directional selection, so genes that consistently increase fitness ought 

to go to fixation. The paradox between the necessity of additive genetic variance in 

fitness, and the expectation of erosion of the variance has led to hypothesized 

mechanisms that could maintain additive genetic variance in fitness, including sexual 

antagonism (Chippindale et al. 2001), temporal fluctuations in selection (Levins 1968, 

Ellner and Hairston 1994) and trade-offs between fitness components (Roff 1997). 

Additionally, it has been suggested that maternal genetic effects, or the heritable 

environment that a mother provides for her offspring, might harbour higher levels of 

additive genetic variance than direct genetic effects because these genes are not exposed 

to selection when in male individuals (Wade 1998). 

Here I examined three mechanisms, namely sexual antagonism, temporal 

fluctuations in selection, and maternal genetic effects, to determine if there was sufficient 

additive genetic variance (either direct or indirect) in fitness for microevolution to occur 

in this system. In Chapter 2, I examined sexual antagonism and temporal fluctuations in 

selection as mechanisms for maintaining additive genetic variance in fitness. I found no 
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evidence for genetic trade-offs between male and female fitness. I also found no evidence 

of genetic trade-offs between annual reproductive success (ARS) in the two environments 

(mast vs. non-mast), or fitness of individuals born in mast vs. non-mast environments. 

However, I did find a negative genetic trade-off between juvenile survival in a mast years 

and juvenile survival in non-mast years. I proposed two explanations for these findings: 

1) trade-offs in juvenile survival were being washed out by variance in other traits and 

thus not resulting in life-long trade-offs, or 2) that these trade-offs in juvenile survival 

were additionally trading off with another, yet unknown, fitness component, which led to 

the appearance of low additive genetic variance in LRS. Future studies should look for 

trade-offs between juvenile survival in different environments and other fitness 

components, such as longevity or age of first reproduction, to determine if these trade-

offs are maintaining additive genetic variance in fitness (Roff 1997). 

My research has demonstrated the importance of incorporating relative LRS into 

selection analyses rather than relying on short-term fitness proxies. The trade-off that I 

demonstrated in juvenile survival in different environments in Chapter 2 did not result in 

a trade-off in LRS of individuals born in different environments. This suggests that 

juvenile survival, while important, is not analogous to LRS, and might give skewed 

estimates of selection. Relative fitness is the best measure of fitness when using the 

Robertson-Price Identity to estimate selection and predict evolution (Morrissey et al. 

2010, Morrissey et al. 2012). LRS is an intuitive, easy way to measure fitness, and is 

appropriate to use in temporally variable environments (Brommer et al. 2002).  

 The level of additive genetic variance that I found in LRS in Chapter 2 led me to 

conclude that neither sexual antagonism nor temporal fluctuations in selection was 
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maintaining additive genetic variance in fitness because when I estimated the potential 

rate of evolution (evolvability, Hansen et al. 2011) I determined that it would be too slow 

for microevolution in this system. However, microevolution has been demonstrated in 

this system previously (Réale et al. 2003, McAdam and Boutin 2004), and evolution is 

often measured on a ecological time scale (Kinnison and Hendry 2001), suggesting that 

there might be an additional source of additive genetic variance in fitness in the red 

squirrel system. 

 In Chapter 3 I compared maternal genetic effects to direct genetic effects to 

determine whether there could be additional adaptive genetic variance in maternal effects. 

I found that maternal genetic effects on fitness, lifespan, juvenile survival, adult 

longevity, mean ARS and age of first reproduction were almost always at least an order 

of magnitude larger than direct genetic effects. I estimated evolvability of fitness to be 

large enough for evolution to proceed on an ecological time scale, via maternal effect 

evolution. Without maternal genetic effects I would predict that evolution could be 

constrained; with maternal effects I predicted the potential for evolution on an ecological 

timescale.  

 Wade (1998) suggested that maternal genetic effects might harbor twice as much 

additive genetic variance than direct genetic effects because there is no selection on these 

genes when they are in a male individual. Specifically, males do not express the maternal 

phenotype and so might carry deleterious maternal genes without consequence, which 

leads to selection that is half as strong (Wade 1998).  

I found maternal genetic effects that were much larger than twice the direct 

genetic variance as predicted (Wade 1998). Future research should examine whether 
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mechanisms that have been proposed to maintain direct genetic variance (i.e. temporal 

fluctuations in selection) could be maintaining maternal genetic variance in this system, 

leading to larger than predicted maternal genetic effects on fitness. However, this would 

be incredibly data intensive to do, as it would require bivariate models that measured the 

genetic correlation between maternal genetic effects. I already stretched the limitations of 

my data with genetic correlation (bivariate) models and maternal genetic effect models. 

Bivariate maternal genetic effects animal models would likely require a lot more data 

especially since one would be looking for very small effects. 

Additionally, future research should look into a more specific mechanism that 

mothers are using to affect the fitness of their offspring. My results were especially 

surprising because I did not test for environmental mediation of maternal effects, which 

suggests that mothers are affecting their offspring consistently. This does not correspond 

with previous studies that have show changes in selection with masting cycles on juvenile 

growth rate (McAdam et al. in prep), personality types (Taylor et al in prep) or with my 

findings from Chapter 2 where I found genetic trade-offs for juvenile survival. One trait 

that might be consistently expressed while still buffering the environment is maternal 

transgenerational plasticity, where mothers alter the phenotype of their offspring 

according to the environment (Mousseau and Fox 1998). This phenotypic plasticity 

would allow mothers to cope with changes in the environment (Nussey et al. 2007). For 

example, it was found that maternal American Bellflowers (Campanulastrum 

americanum) transmit environmental cues to their offspring, which results in higher 

offspring fitness, if the offspring grow in the maternal environment (Galloway and 

Etterson 2007). However, maternal transgeneration plasticity could only be the 
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mechanism behind MGEs in fitness if maternal plasticity for a trait is heritable. Heritable 

plasticity has been demonstrated in great tits (Parus major; Nussey et al. 2005) and 

bighorn sheep (Ovis canadensis; Pelletier et al. 2007), but heritable maternal 

transgenerational plasticity, to the best of my knowledge, has not yet been demonstrated.  

Measuring evolution in the red squirrel system is more difficult now that I suspect 

that the evolution is maternal effect evolution (Kirkpatrick and Lande 1989). As stated in 

Chapter 3, maternal effect evolution can result in time lags, non-linear rates of evolution 

and evolution after selection has stopped (Kirkpatrick and Lande 1989). Predicting 

maternal effect evolution using the Robertson-Price Identity is not straight forward; to 

determine if a trait is likely to evolve, one must determine whether the trait in question is 

genetically correlated with maternal genetic variance in relative fitness, as well as 

whether there are maternal genetic effects on the trait in question, and whether there is a 

maternal genetic correlation between the trait and fitness. For example, if I were curious 

to predict whether body length in red squirrels should evolve, I would have to test three 

things: 

 

cov(DGEs body length, MGEs relative fitness) 

 

cov(MGEs body length, MGEs relative fitness) 

 

cov(DGEs body length, MGEs body length) 

 



77 

If I had found evidence of direct genetic effects on fitness, then I would need to test for 

genetic correlations between body length and direct genetic effects on fitness. The third 

equation, which tests for a genetic correlation between the direct genetic effects on body 

length and the maternal genetic effects on body length indicates whether evolution can be 

expected to be accelerated, if the correlation is positive, or decelerated, if the correlation 

is negative (Kirkpatrick and Lande 1989).  

 In conclusion, I found that sexual antagonism and temporal fluctuations in 

selection are not maintaining additive genetic variance in fitness, but that there are 

sufficient maternal genetic effects on fitness for evolution on an ecological time scale to 

occur. I concluded that evolution happening in the red squirrel system was maternal 

effect evolution, and thus may be more challenging to predict than evolution occurring 

via direct genetic effects. Future studies in other systems ought to examine maternal 

genetic effects, and indirect genetic effects generally as a way to satisfy the Robertson-

Price Identity when there seems to be insufficient additive genetic variance in fitness.  
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