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SUMMARY 

The factors affecting reproductive strategies in long-lived species comprise one of the most 

important yet least understood components of population ecology. Variations in the 

reproductive performance of young females affect both the fitness of individuals, through the 

potential trade-offs of reproduction with subsequent reproductive success; and population 

dynamics, by determining the number of female cohorts in a population that will produce 

recruits. Reproduction in young female bighom sheep (Ovis canadensis) is influenced by a 

complex system of trade-offs. Young ewes must allocate a limited amount of resources to 

growth, maintenance and reproduction so as to maximize their individual fitness and that of 

their offspring. When ewes are very young and still undergoing considerable growth or when 

resources are scarce, they may be more likely to allocate resources to maintenance rather than 

reproduction, in order to increase their chances of survival. However, missed reproductive 

opportunities may significantly reduce lifetime reproductive success and therefore fitness. 

Natural selection should favour a conservative reproductive strategy in young bighom ewes 

that is flexible depending on an individual's probability of successful reproduction at a given 

time and the potential costs that reproduction will have on her survival and future reproductive 

success. This strategy should be particularly conservative intimes of resource scarcity. 

My research examined how the probability of reproduction in young (2- to 5-year-old) bighom 

ewes was affected by individual body mass, resource availability and age. I investigated 

whether the probability of reproduction was simply a function of individual body mass 

(suggesting a fixed threshold physiological constraint), a mass-age interaction (suggesting an 

age-dependent physiological constraint) or a function of both mass and resource availability 

(suggesting a true and flexible reproductive strategy, in particular if heavy ewes did not 

reproduce at low resource availability). 
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Body mass, resource availability and age are all determinants of reproduction in young bighom 

ewes. Contrary to several earlier studies of ungulates, I found that mass during early 

development explained only a small part of individual variability in reproduction; there was no 

single body mass above which all ewes conceive. Ewes did not reproduce when under 

unfavourable conditions even if their body mass would physically allow them to reproduce. 

This conservative strategy is a result of natural selection on life history, shaped by factors such 

as resource availability, age and habitat quality that influence both a ewe' s current and future 

ability to reproduce. Resource availability (indirectly measured using the average mass of 

yearling ewes in early June as an index) had an effect on a ewe's reproductive strategy; the 

more limited the resources in the year of her birth, the less likely she was to reproduce between 

the ages of 2 and 5. The interaction between mass and resource availability did not affect the 

probability of reproduction. Ewes of the same mass but with different levels of resource 

availability were less likely to reproduce when resources were scarce. Regardless of mass or 

resource availability, young ewes were less likely to reproduce than older ewes. There was no 

interactive effect of mass and age on the probability of reproduction. Age and body mass had 

additive effects on the probability of reproduction in young ewes, likely because older ewes 

have less opportunity to continue gaining mass, so they are more likely to reproduce than 

younger ewes. 

There was a strong increase in the mass-specific probability of reproduction with age. When 

age is taken into account, the interaction between age and resource availability only affected 

the probability of reproduction for 2- and 3-year-old ewes and not for 4- and 5-year-old ewes. 

However, once 2-year-olds were excluded from the model, there was no interactive effect 

between age and resource abundance on the probability of reproduction for ewes aged 3, 4 and 

5. Two-year-old ewes follow a particularly conservative reproductive strategy because they 

still have the potential to gain a substantial amount of mass before reaching asymptotic mass, 

whereas older, but also small ewes may have almost reached asymptotic mass and therefore 

postponing reproduction will be less beneficial as they have less to invest in future growth. 
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Based on an index of fecal crude protein, the probability of reproduction increased as habitat 

quality improved. If ewes are restricted to a diet of low-quality vegetation, they will have 

limited body reserves and may therefore be forced to delay reproduction. 

Long-term studies of the causes of variations in reproduction and of the interactions among 

these causes are vital to our understanding of life-history evolution. The long-term monitoring 

of marked individuals at Ram Mountain spanning almost 30 years allowed me the opportunity 

to examine the mass of each ewe over her entire lifespan and explore the effects of an 

experimentally induced wide range in density throughout the study. This study is unique 

because it concurrently examines numerous determinants of reproduction in young female 

mammals using individual-based data on both body mass and reproduction throughout a period 

of large fluctuations in population density. Variations in the reproductive potential of a 

population may not be detected by simply measuring individual body mass. This study shows 

that young ewes follow reproductive strategies that are shaped by natural selection in order to 

maximize their lifetime reproductive success and may be generalized for other ungulate 

spec1es. 
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SOMMAIRE 

Les facteurs influençant les stratégies des espèces longévives comptent parmi les plus 

importantes composantes de l'écologie des populations mais sont pourtant peu comprises. Les 

variations de la performance reproductive des jeunes femelles affectent à la fois la forme 

physique des individus, par le compromis de la reproduction avec le succès reproductif 

subséquent, et les dynamiques de la population en déterminant le nombre de cohortes de 

femelles dans une population qui produira des recrus. La reproduction chez les jeunes femelles 

des mouflons d'Amériques (Ovis canadensis) est influencée par un système complexe de 

compromis. Les jeunes brebis doivent allouer une quantité limitée de ressources pour la 

croissance, le maintien et la reproduction de façon à maximiser leur forme physique 

individuelle et celui de leur progéniture. Lorsque les brebis sont encore très jeunes et en 

période de croissance, ou lorsque les ressources sont rares, il est probable qu'elles allouent une 

plus grande part de ressources au maintien plutôt qu'à la reproduction, et ce, de façon à 

accroître leur chance de survie. Par contre, une opportunité de reproduction manquée risque de 

réduire fortement le succès reproducteur au cours de la vie ( «lifetime reproductive success») de 

l'animal et, de ce fait, sa valeur adaptative («fitness»). La sélection naturelle devrait favoriser 

une stratégie de reproduction conservative chez les jeunes brebis laquelle serait flexible selon 

la probabilité individuelle de succès reproductif en un temps donné et le coût potentiel que la 

reproduction aura sur la survie et le succès de reproduction futur. Cette stratégie devrait être 

particulièrement conservative en périodes de rareté des ressources. 

Mes recherches avaient pour objectif d'examiner comment la probabilité de reproduction chez 

les jeunes brebis (2 à 5 ans) était affectée par la masse corporelle individuelle, la disponibilité 

des ressources et l'âge. J'ai examiné de façon à savoir si la probabilité de reproduction était 

simplement une fonction de la masse corporelle individuelle (suggérant une contrainte 

physiologique à seuil fixe), de l'interaction masse-âge (suggérant une contrainte physiologique 

dépendante de l'âge) ou une fonction à la fois de la masse et de la disponibilité des ressources 
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(suggérant une stratégie de reproduction véritable et flexible, en particulier si les brebis de 

fertes masses ne se sont pas reproduites à un niveau bas de disponibilité des ressources). 

La masse corporelle, la disponibilité des ressources et l'âge sont tous des déterminants de la 

reproduction chez les jeunes brebis. Contrairement à plusieurs études effectuées 

précédemment, j'ai trouvé que la masse, durant les premiers stades de développement, 

n'expliquait qu'une petite partie de la variabilité individuelle de reproduction; il n'existe pas 

de masse corporelle au-dessus de laquelle toutes les brebis se reproduissent. Les brebis ne se 

reproduisaient pas sous des conditions favorables même si leur masse corporelle le leur 

permet. Cette stratégie conservative serait le résultat de la sélection naturelle sur l'histoire de 

vie, formée par des facteurs, tels la disponibilité des ressources, l'âge et la qualité de l'habitat 

qui influencent la capacité présente et future qu'a une brebis de se reproduire. La disponibilité 

des ressources (mesurée en utilisant la masse moyenne des brebis de 1 ans au début du mois de 

juin) a eu un effet sur la stratégie reproductive des brebis; plus les ressources étaient limitées 

durant l'année de leur naissance, moins fortes étaient les chances qu'elles se reproduisent entre 

les âges de 2 et 5 ans. L'interaction entre la masse et la disponibilité des ressources n'a pas 

affecté la probabilité de reproduction. Les brebis de même masse mais ayant des niveaux 

différents de disponibilité de ressources avaient moins de chance de se reproduire lorsque les 

ressources étaient limitées. Peu importe la masse ou la disponibilité des ressources, les jeunes 

brebis avaient moins de chance de se reproduire que les brebis plus âgées. Il n'y avait pas 

d'effet interactif de la masse et de l'âge sur la probabilité de reproduction. L'âge et la masse 

corporelle ont eu un effet jumelé sur la probabilité de reproduction des jeunes brebis, 

probablement parce que les brebis plus âgées n'ont pas l'opportunité de gagner de la masse, 

faisant en sorte qu'ils avaient une plus grande chance de se reproduire que les jeunes brebis. 

Il y a eu une augmentation importante de la probabilité de reproduction spécifique à la masse 

avec l'âge. En effet, lorsque l'âge était considéré, l'interaction entre cet âge et la disponibilité 

des ressources affectait seulement la probabilité de reproduction pour les brebis de 2 et 3 ans et 

non pour les brebis de 4 et 5 ans. Toutefois, une fois que les brebis de 2 ans étaient exclues du 
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modèle, il n'existait pas d'effet interactif entre l'âge et l'abondance des ressources sur la 

probabilité de reproduction pour les brebis d'âge 3, 4 et 5 ans. Les brebis de 2 ans suivaient 

une stratégie de reproduction particulièrement conservative parce qu'elles possédaient encore 

le potentiel de gagner une quantité substantielle de masse corporelle avant d'atteindre la masse 

asymptotique alors que remettre à plus tard la reproduction allait être moins bénéfique parce 

qu'elles avaient moins à investir pour la croissance future. 

En se basant sur un index de protéine fécale brute, la probabilité de reproduction a augmenté à 

mesure que la qualité de l'habitat augmentait. Si les brebis étaient restreintes à une diète de 

végétation de faible qualité, elles possédaient une réserve corporelle limitée et risquaient alors 

de devoir retarder la repro_duction. 

Des études à long terme sur les causes des variations dans la reproduction et les interactions 

entre ces causes sont vitales afin de bien comprendre l'évolution de l'histoire de la vie. Le 

suivi à long terme des individus identifiés à «Ram Mountain» sur une période de 3 0 ans nous a 

donné l'opportunité d'examiner la masse de chacune des brebis tout au long de leur vie et ainsi 

de pouvoir explorer les effets d'une grande variété de densité induite expérimentalement tout 

au long de l'étude. Cette étude est unique parce qu'elle a permis d'examiner simultanément de 

nombreux déterminants de la reproduction chez les jeunes mammifères femelles en utilisant 

des données individuelles à la fois sur la masse corporelle et la reproduction à travers une 

période de grande fluctuation dans la densité de la population. Il est possible que les variations 

dans le potentiel de reproduction d'une population ne soient pas détectées en mesurant 

seulement la masse corporelle. Cette étude a permis de montrer que les jeunes brebis suivent 

des stratégies de reproduction qui ont été formées par la sélection naturelle de façon à 

maximiser leur succès reproducteur tout au long de leur vie. Les résultats obtenus par cette 

étude peuvent aussi être généralisés pour d'autres espèces d'ongulés. 
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CHAPTER 1 

INTRODUCTION 

Whether or not a female mammal reproduces at a young age is an important life-history trait 

that has broad evolutionary and ecological consequences. Variations in the reproductive 

success of young females can profoundly affect individual fitness and population dynamics, 

because of the potential trade-offs with subsequent reproductive success and because they 

determine the number of female cohorts in a population that will actually contribute to 

recruitment (Cole, 1954 ; Festa-Bianchet et al., 1995 ; Stearns, 1976). The ability of animals 

to adjust reproducti_ye effort to resource availability and other factors is of considerable 

interest to population ecologists. Whether or not young females reproduce and the factors that 

determine their reproductive effort are of great relevance to our understanding of life-history 

evolution, and consequently numerous studies have explored the issue of determinants of 

reproduction in female mammals (Albon et al., 1983 ; Clutton-Brock et al., 1987 ; Festa-

Bianchet, 1998 ; Jorgenson et al., 1993 ; Reiter and Leboeuf, 1991 ; Srether, 1997 ; Swihart et 

al., 1998). These studies have shown that early reproduction in female mammals is affected 

by a complex system of trade-offs, but have left several unanswered questions: What factors 

other than mass may determine a young female's reproductive success? Do resource 

abundance and population density play a specific role in the determination of a young 

female's reproductive success? How does age interact with environmental variables to affect a 

female's reproductive decisions? Are young females simply constrained by a series of factors 

that must attain fixed thresholds before reproduction becomes physiologically possible, or do 

they have flexible reproductive strategies that have been shaped by natural selection to 

maximize their lifetime reproductive success? Does an individual's reproductive history play 

arole in determining her current reproductive success? Do extemal factors such as variations 

in habitat and weather affect a young female' s probability of reproduction beyond their 

effects on body mass and resource availability? Determining the causes of variations in the 
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reproductive success ofyoung females is vital to our understanding of population ecology and 

life-history evolution and a crucial part of the management oflong-lived species. 

Because they continue somatic growth after sexual maturity, bighom ewes (Ovis canadensis) 

are confronted with a trade-off between the fitness benefits of early breeding and its potential 

growth and fitness costs (Bell, 1980 ; Gadgil and Bossert, 1970 ; Reiter and Leboeuf, 1991 ; 

Steams, 1992). Bighom sheep are mostly capital breeders (Festa-Bianchet, 1998): they rely 

partly on stored body reserves to satisfy the energetic costs of reproduction, whereas income 

breeders rely only on food resources acquired during each reproductive episode. As more 

resources are allocated to growth and survival, less are left available for reproduction. Thus, a 

ewe faced with the competing demands of growth, maintenance and reproduction has a 

limited amount of resources to allocate to each of these activities. Before sexual maturity, 

ewes allocate all metabolic resources to growth, activity and maintenance; following sexual 

maturation, they must devote some resources to reproduction in order to have positive fitness. 

Ewes must optimize the allocation of these resources to maximize their individual fitness and 

that of their offspring. Natural selection should favour reproductive strategies that are flexible, 

balancing an individual's probability of successful reproduction at a given time with the 

potential costs that reproduction will have on her survival and future reproductive success 

(Gadgil and Bossert, 1970). When a young ewe's total resource intake is reduced, she faces a 

greater challenge in dividing those resources between growth and reproduction than she 

would if she was able to acquire more abundant resources (Festa-Bianchet et al., 1998). When 

resources are scarce, a ewe may be more likely to allocate resources to maintenance rather 

than reproduction, to avoid compromising her survival, which may have a drastic negative 

effect on her lifetime reproductive success (and therefore her fitness ), which will be referred 

to as a "conservative allocation strategy". Therefore, selection should favour a conservative 

reproductive strategy in young bighom ewes, in particular during periods of resource scarcity. 
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Evidence of a reproductive strategy arises when individuals are selected to not reproduce at a 

given titne if reproductive costs are sufficiently high that individuals may be better off 

postponing reproduction. Under those circumstances, anitnals may restrain their current 

reproductive output so as to enjoy greater future reproductive potential. Mammals require 

considerable amounts of energy for reproduction, in particular for lactation (Gittleman and 

Thompson, 1988). Consequently, energy allocations in young females are under increased 

selective pressures during lactation. Several studies suggest that fitness costs are incurred by 

reproducing females, particularly in species that reproduce before completing body growth 

(Bell and Koufopanou, 1986; Gallant et al., 2001 ; McNamara and Houston, 1996; Neuhaus, 

2000). Reproductive effort may be costly to mothers by lowering future reproductive potential 

(McNamara and Houston, 1996) and it may also reduce maternai survival (Bell and 

Koufopanou, 1986). Neuhaus (2000) proposed that for parents, reproductive costs may 

include decreases in body condition, parasite resistance, longevity, subsequent reproductive 

success or survival (Boyd et al., 1995 ; Hochachka, 1992; Reznick, 1985). Given that the aim 

of each individual should be to maximize its fitness by passing on the maximum number of 

genes to future generations, it seems logical that ewes should attempt to reproduce every year. 

The presence of fitness costs of reproduction may lead some individuals to forgo reproducing 

in a given year in order to increase their reproductive potential in the future. 

The age at which young females first reproduce may strongly affect the dynamics of an entire 

population (Cole, 1954 ; Steams, 1976). Each offspring affects the entire population over his 

or her entire lifetitne. The number of reproducing cohorts in a population affects population 

recruitment. If the 2- and 3-year-olds in a population do not produce lambs, the potential 

population growth will be severely reduced. 

We need long-term research to examine the determinants of reproductive strategies in long-

lived species and to explore the influences of these factors on life-history traits in order to 

understand and manage wild populations. Short-term research cannot achieve these 
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objectives, as they require individual-based data from numerous individuals throughout their 

lifetimes. Long-term research, such as this study, is important as it provides information on 

individual masses and reproductive success under changing levels of resource availability and 

examines the selective pressures influencing the evolution of life histories. 

1.1 Objectives 

The general objective of my research was to investigate how the probability of reproduction 

in young bighom ewes is affected by individual body mass, resource availability, age and the 

interactions among these variables. This study is unique because it concurrently explores 

several potential determinants of reproductive success in young female mammals using 

individual-based data on both reproduction and body mass and on the wide variations in 

density that occurred during the study. This is an important approach in the development of 

life-history theories because rather than only studying one factor at a time, this approach 

allows me to investigate the ensemble of and interactions among the determinants of 

reproduction thereby generating a more complete picture of the complex reproductive 

strategies of young female mammals. 1 analyzed data on marked individuals; all aged and 

weighed each year over a variety of resource abundances and population densities, collected 

over 2 7 years at Ram Mountain, Alberta. 

The main objectives of my research were to examine the effects of mass, resource availability 

and age on the probability of reproduction in young bighom ewes. 1 focused on establishing 

whether the probability of reproduction was simply a function of individual body mass 

(suggesting a physiological constraint), a mass-age interaction (suggesting an age-dependent 

physiological constraint) or was affected by both mass and resource availability, which would 

suggest a real reproductive strategy, in particular if heavy ewes did not reproduce at low 

resource availability (Table 1 ). 1 predicted that changes in the probability of reproduction 

were not simply driven by physiological constraints, but rather by reproductive strategies. 1 
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also expected that the factors affecting the probability of reproduction in 2-year-olds would be 

different from factors affecting the probability of reproduction in 3- to 5-year-olds, because 2-

year-olds are considerably further from achieving asymptotic body mass than ewes aged 3 to 

5 years. 1 tested the effect of previous parity on reproductive success in order to rule out 

reproductive experience as a determining factor. A lack of influence of previous parity would 

suggest that the costs of reproduction are not high enough to affect future reproductive 

success. 1 also examined the role of environmental variables (habitat quality and weather) on 

the probability of reproducing in order to reduce the effects of environmental variability on 

reproduction, so that 1 could focus on my main goals of examining the effects of age, mass 

and resource availability. It is important to remember that environmental variables are not the 

sole determinants of resource availability. Jorgenson et al. (1993) found that at Ram 

Mountain, weather had no effect on the probability of reproduction in 2-year-old ewes. 

Consequently, 1 expected that weather and yearly habitat quality would only have an indirect 

effect on a ewe' s probability of reproducing through their effects on body mass and resource 

availability. 1 thus tested the environmental variables, resource ability and mass independently 

in order to determine the true determinants of reproduction in young ewes. Sections 1.2 to 1.4 

discuss each of the variables both separately and together, provide justifications for my 

choices of variables and present the ecological rationale for my hypotheses, which are listed 

explicitly in Section 1.5. 
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Table 1. Variables potentially affecting the probability of reproduction m young 

bighomewes 

Re source 
Mass (M) Age (A) MxA MxR AxR MxAxR 

availability (R) 

Physiological constraint X 

Age-dependent X X X 

physiological constraint 

Reproductive strategy X X X X X X X 

1.2 Weighing in: Individual body mass and the probability of reproduction 

Body size is usually positively associated with fitness in bighom ewes: heavy ewes live 

longer and have lower reproductive costs compared with light ewes (Festa-Bianchet et al., 

1998 ; Festa-Bianchet et al., 1997). Heavier ewes may have lower relative food requirements, 

thermoregulatory costs and metabolic rates relative to lighter ewes. Heavier ewes may also 

have a lower reproductive effort than lighter ewes because the size of the lamb is only very 

weakly correlated with maternai size (Festa-Bianchet et al., 1998 ; Réale and Festa-Bianchet, 

2000), so that on average the size of the lamb relative to that of its mother decreases with 

increasing ewe body size. Reaching sexual maturity at an optimal age and size is an important 

aspect of an individual's life-history strategy, as early maturation may lead to costs in 

subsequent survival and reproductive success (Stearns, 1992). Individual differences in body 

size play a role in determining both the probability of reproduction and the age of primiparity 

ofyoung ewes (Jorgenson et al., 1993). 
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Many studies of ungulates suggest that body mass and reproductive potential are closely 

linked (Albon et al., 1983 ; Birgersson and Ekvall, 1997 ; Festa-Bianchet, 1998 ; Festa-

Bianchet and Jorgenson, 1998). Albon et al. (1983) stated that a seasonally breeding female's 

mass, independent of her age, is the major determinant of whether or not she will reproduce in 

a given year. There are substantial differences in body mass between young ewes of different 

ages; at Ram Mountain the June 5th mass of an average 4-year-old is 16.1 % heavier than that 

of the average 2-year-old (Festa-Bianchet et al., 1996). In an analysis of reproduction by 2-

year-old ewes at Ram Mountain, Jorgenson et al. (1993) found that breeders were on average 

heavier than non-breeders, but also that there was considerable overlap in mass between the 

two groups. It is therefore likely that factors other that mass would also have an effect on 

whether or not a young ewe will reproduce. 

Several studies of ungulates have shown that there are population-specific threshold body 

masses above which most females reproduce and below which reproduction is unlikely 

(Albon et al., 1983 ; Srether et al., 1996 ; Skogland, 1985 ; Thomas, 1982). Other studies 

suggested that sexual maturation is determined by the attainment of a critical mass/energy 

balance necessary for ovulation and conception (Adams and Dale, 1998 ; Albon et al., 1983 ; 

Jorgenson et al., 1993 ; Svendsen and White, 1997). This minimum threshold mass may 

dictate the timing of a ewe' s first ovulation and therefore her age of first reproduction 

(Bercovitch et al., 1998). The threshold mass, however, may vary depending on resource 

availability (Skogland, 1990). Jorgenson et al. (1993) found that at high density, ewes may 

forego reproduction even if their mass exceeds the threshold mass for reproduction observed 

at low population density. This finding suggests that factors other than body mass also affect 

a young ewe' s probability of reproducing. I propose that resource availability affects an 

individual' s probability of reproducing independently of its effects on her body mass. 
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1.3 Where's the beef!: Resource availability and the probability of reproduction 

Jorgenson et al. (1993) suggested that body mass may not be the only factor determining the 

probability of reproduction at a young age in bighom ewes, and highlighted the importance of 

population density and individual characteristics as determinants of a ewe's reproductive 

success. The costs of reproduction increase with population density (and therefore declining 

resource availability) due to increased competition and fewer resources per individual. 

Several studies show that in mammals, fecundity of young females shows strong density-

dependence (Clutton-Brock et al., 1987 ; Gaillard et al., 2000a ; Gaillard et al., 1998 ; 

Swihart et al., 1998). Gaillard et al. (2000b) suggested that for several ungulate species, 

fertility of young females is the first vital rate to show signs of density-dependence. At high 

population density, age of primiparity increases and at low population density, age of 

primiparity decreases (Reiter and Leboeuf, 1991 ; Srether, 1997). Gallant (1999) suggested 

that population density was the primary factor leading to a delay of primiparity in bighom 

sheep. Ransome (1995) found that selection favours early breeding at low population density 

and late reproduction at high population density. 

In most other studies where mass was reported as an important predictor of probability of 

reproduction in young ungulates (Gaillard et al., 1992; Green and Rothstein, 1991 ; Langvatn 

et al., 1996 ; Srether et al., 1996), population densities were kept low or moderate by hunting 

or removals, which would essentially ensure ample resource abundance. Several studies of 

ungulates suggest that low resource abundance typically delays reproduction in young 

females (Bailey, 1991 ; Gaillard et al., 1992 ; Jorgenson et al., 1993). Ransome (1995) 

suggests that population density may affect age of primiparity indirectly through the 

availability of food resources. In most mammals, early reproduction is related to abundant 

resources, low population densities (Albon et al., 1987) and long growing seasons (Dobson 

and Murie, 1987). It is easy to see how changes in reproductive success may be linked to 

fluctuations in the resource base. Low resource abundance and high population densities force 

13 



an increased number of sheep to compete for a very limited amount of resources. Each ewe 

has to work harder to obtain potentially less energy than she would ingest at higher resource 

abundance and lower density. As a result, at low resource abundance a young ewe may eat 

less than at high resource abundance and therefore gain less mass and be selected to postpone 

her first reproduction. Recent evidence supports this theory by maintaining that the 

reproductive decisions of animals may be influenced by their current phenotypic state 

(Clutton-Brock et al., 1996). Thus, ewes may be able to adjust fecundity to body mass, but 

not to fluctuations in resource abundance. In other words, animals may not be able to 

reproduce optimally because they have incomplete information about the availability of 

current and future resources. Several other recent studies propose that females are not strictly 

constrained by food _availability, but may restrain their reproduction at high density (Festa-

Bianchet and Jorgenson, 1998 ; Gaillard et al., 1998). Delayed reproduction may be caused 

by low body mass due to decreased resource abundance, but resource availability may also 

have a direct effect on the probability of reproduction in young ewes, independently of body 

mass. When resources are scarce, there may be stronger selection for a conservative 

reproductive strategy simply because young ewes will have less certainty of securing 

sufficient resources for growth, maintenance and reproduction if they become sexually 

mature. Furthermore, low resource availability may also affect factors, for example 

competition and stress, which may affect the reproductive strategies of ewes, but not 

necessarily their body mass. 

In this study, I propose that the effect that resource availability has on the probability of 

young ewe' s reproducing may be described as a reproductive strategy. This would explain 

why an individual ewe's chance of successfully reproducing cannot be predicted simply from 

her body mass. In a reproductive strategy, a ewe's physiology (i.e. her capacity to attain 

sexual maturity) is affected by constraints or selective pressures other than body mass. In such 

a case, natural selection appears to favour a mechanism by which a ewe's probability of 

reproducing is not simply affected by her mass, but by a combination of factors ( e.g. mass, 

14 



resource availability, age). This type of strategy may also be called a "physiological 

mechanism selected by evolution" or a "flexible physiological mechanism". 

While some of the variability in the reproductive successes of young ewes may be due to 

differences in mass, Jorgenson et al. (1993) found that for 2-year-olds, the relationship 

between mass and reproduction was weak and much of the variation in reproductive success 

could not be explained by differences in mass. Young bighom ewes may try to avoid the life-

history costs associated with reproduction by adopting a conservative reproductive strategy 

when resources are scarce, even if their body mass is above the physiological threshold 

required for reproduction. Jorgenson et al. (1993) supported this theory for 2-year-old bighom 

ewes by finding that as population density increases, females had a lower mass-specific _ 

probability of conception. The costs of reproduction may increase with decreasing resource 

abundance (Festa-Bianchet et al., 1998), thereby making it more difficult for young ewes to 

compensate for growth costs as resources are depleted. Thus, ewes may be selected to lower 

reproductive effort when the possibility to compensate for growth costs is reduced. J orgenson 

et al. ( 1993) suggested that natural selection should promote a reproductive strategy that 

weighs the average chances of successful reproduction at any age against its consequences for 

survival and future reproduction. For a given body mass, the potential costs should increase 

with decreasing resource availability. 

What justification do I have for the claim that low resource abundances may promote 

conservative reproductive strategies? It has been shown that the fitness costs of breeding, 

when measured in terms of subsequent reproduction of both mother and offspring, increase 

with population density (Clutton-Brock et al., 1983). Furthermore, previous work on ovids 

has shown that as population density increases, the cost of reproduction for adult ewes may 

also increase (Clutton-Brock et al., 1986 ; Festa-Bianchet, 1998) and some costs may only be 

present at high population density (Festa-Bianchet, 1989). The relationship between body 

mass, resource abundance and reproductive performance are important because larger ewes 
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could have a reproductive advantage at titnes of resource scarcity due to lower mass-specific 

food requirements and thermoregulatory costs relative to lighter ewes (Festa-Bianchet et al., 

1998). Thus, as resources are depleted, the disadvantages of being a small ewe are 

compounded. This suggests that reproductive costs are highest for small young ewes at high 

population densities as reported by Festa-Bianchet et al. (1998) for adult ewes. 

A first breeding attempt by a young ewe at high density may seriously compromise her 

fitness. Gallant (1999) suggested that in the Ram Mountain population, growth and other 

fitness costs were likely avoided at high density by delaying pritniparity until the ewe had 

almost reached her asymptotic mass. Thus, at low resource abundance, young ewes that 

reproduced had a higher average mass than those reproducing at high resource abundance. 

That this critical mass appears to fluctuate with resource availability argues against the 

contention that a ewe's reproductive decisions are simply based on her body mass. Gallant 

(1999) suggested that at high density, the increased risk and decreased benefit of early 

reproduction may select for delays in reproduction independent of body mass. 

Researchers have suggested that low or .decreasing levels of resource availability may support 

a conservative reproductive strategy, but what happens when resources become abundant 

again, following a period of scarcity? Albon et al. (1983) in their study of red deer, suggested 

that at low population density the cost of breeding is lower than at high population density. 

Thus at low population density, ewes should begin reproducing at an earlier age than they 

would at high population density. There is, however, a potential lag effect, which would occur 

during the period of decreasing density, but before forage resources have recovered. I propose 

that when resources are readily available, reproductive strategies should promote a higher 

probability of reproduction of young ewes. 

After the experitnental ewe removal project at Ram Mountain ended, two-year-old ewes 

postponed reproduction to a later age as the population density increased (Jorgenson et al., 
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1993). However, reproductive strategies may not be able to respond quickly to changes in 

population density because of time-lags in resource recovery, cohort effects and individual 

effects. Cohort effects are environmental conditions during early development that may have 

long-term effects on an individual's physical development and fitness (Gaillard et al., 1993). 

If a ewe bom at low resource availability fmds herself under conditions of resource 

abundance, she may adopt a conservative "high density" strategy as an effect of the 

conditions under which she was bom (Albon et al., 1987 ; Gaillard et al., 1993). Thus, the 

environmental conditions when a ewe is bom may be equally or more important to her 

reproductive strategy than the current environmental conditions. As a yearling' s mass is 

affected by the availability of resources, which in turn depends on both population density 

and weather (which affects forage growth), 1 used average female yearling mass in the year of 

the ewe's birth to measure resource availability, as further explained in Section 2.4.1. Using 

the average mass of female yearlings provides a better measure of resource availability than 

population density, because it is a direct reflection of the amount of resources available to 

growing sheep. It is also strongly correlated with hom growth in young rams (Festa-Bianchet 

et al., in press). Yearling ewe mass should also integrate the effects of density, weather and 

time lags, all of which may affect resource availability. 

Ewes may not only adopt conservative reproductive strategies when resources are scarce, but 

also when variations in the future availability of resources are unpredictable (Festa-Bianchet 

et al., 1995). As bighom sheep are a long-lived species and natural selection is expected to 

influence reproductive success over a ewe' s entire lifetime, ewes may be more conservative in 

their reproductive strategies if they are unsure about future conditions. If the resource base is 

unstable and ewes are unable to predict if it will increase or decrease in the following year, 

they may not take the chance of investing in reproduction thereby possibly compromising 

their fitness and that of their future offspring. 
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1.4 How young is too young?: Age and the probability of reproduction 

The relationship between mass and reproduction vanes with age; larger juveniles are 

generally more fecund than smaller juveniles whereas increased mass in post-pubertal 

individuals is negatively related to reproductive performance (Green and Rothstein, 1991). 

Bighom ewes first give birth at 2 to 4 years of age (Jorgenson et al., 1993), before they have 

reached asymptotic body mass. Ewes attain over 90% of their adult mass by age 4 (Festa-

Bianchet et al., 1996). Because ewes grow so much between 2 and 5 years of age (for 

example, the average mass of ewes at Ram Mountain rose from 42 kg in June at age 2 to 69 

kg in September at age 5) (Figure 1 ), growth in young ewes requires substantial amounts of 

energy. The relative allocation of energy between growth and reproduction is therefore crucial 

for ewes younger than. 5 years of age. Particularly at 2 and even at 3 years of age, ewes are 

still undergoing considerable body growth (Figure 1 ); they therefore face greater constraints 

than older ewes in the trade-off between growth and reproduction. Ewes aged 4 and 5 years 

have a larger body mass and may afford to devote more energy towards reproduction.-Under 

marginal or poor conditions, ewes may be particularly unlikely to reproduce at age 2, when 

they still have to undergo substantial body growth and are therefore likely to be more 

constrained by low resource availability. Festa-Bianchet (1989) found evidence of higher 

mortality of early-breeding ewes during a pneumonia epizootic; more ewes that had lactated 

as 2-year-olds died during the epizootic than ewes that had not lactated as 2-year-olds. These 

results are an example of the potential negative effects of resource unpredictability on 

reproduction in young ewes. The occurrence of the pneumonia epizootic was an unpredictable 

"stressful" episode that may have had the same effects as a decrease in resource availability. 

Reproduction at a young age is ultimately affected by genetic and environmental factors that 

affect life-history traits such as body growth, development and longevity (Steams, 1992). 

Plasticity in age of first parity is critical in unpredictable environments with fluctuating 

population densities (Stevenson and Bancroft, 1995) and adaptation to unpredictable 
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environments may have selected for the ability of young ewes to have flexible reproductive 

strategies. Jorgenson et al. (1993) reported that both body mass and population size affected 

the probability of reproduction in 2-year-old bighom ewes. 1 examined the effects of several 

factors on the probability of reproduction in young ewes from 2 to 5 years of age. Studies by 

Gallant et al. (2001) and Jorgenson et al. (1993) also suggested that the factors affecting the 

probability of reproduction in bighom ewes may be different for 2-year-olds than for older 

ewes. Two-year-old ewes are different from older ewes because they are still far from 

achieving adult body size. At Ram Mountain, average adult mass on September 15th is 71 kg 

and the average 2-year-old has only achieved 84.5% of adult mass whereas the average 3-

year-old has achieved 91.3% of adult mass (Festa-Bianchet et al., 1996). Consequently, 1 

repeated some of my analyses excluding 2-year-old ewes, to determine whether ewes of the 

very youngest possible age of primiparity responded differently to various individual 

characteristics and environmental factors. 
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Figure 1. Average body mass(± SD) on June 5 and September 15 for ewes aged 2 to 6 at 

Ram Mountain from 1975 to 2001. 
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Life-history theories predict that females should begin reproducing at the age when the net 

fitness benefits of reproducing outweigh the net benefits of delaying reproduction (Lunn et 

al., 1994 ; Ransome, 1995 ; Reiter and Leboeuf, 1991). The primary benefit of early 

reproduction is that the ewe gains a competitive advantage over the other females in her 

cohort (Reiter and Leboeuf, 1991). Young mothers can begin compounding their genetic 

interest in advance of those that delay breeding (Bell and Koufopanou, 1986). Early breeding 

is often related to a higher lifetime reproductive success (Gallant et al., 2001), a measure of 

individual fitness (Clutton-Brock, 1988). Given the advantages of early breeding, young ewes 

should only delay reproduction if the additional resource allocation to growth and 

maintenance allowed by the delay will positively affect subsequent reproductive success 

enough to offset the loss of early reproduction (Partridge and Harvey, 1988). 

Just as a single factor does not regulate the dynamics of a population (Fowler, 1987), changes 

in the reproductive strategies of young ewes may not simply be explained by changes in body 

mass, resource availability and age. Other factors, such as weather, habitat quality and 

previous parity, may play an important role in determining whether or not a young ewe 

reproduces. For example, if a ewe reproduced this year, will she be less likely to reproduce 

next year? Or will her present reproductive success be unaffected by her previous 

reproductive efforts? Several studies have identified individual factors that affect reproduction 

in young mammals (for example Gallant et al., 2001; Jorgenson et al., 1993), but this study 

aims to combine individual-based data (body mass, previous reproduction) and environmental 

factors (average mass of yearling ewes) in order to determine the factors that influence the 

probability of reproduction in young bighom ewes. 
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1.5 Specific hypotheses and predictions 

Hl) Selection favours different reproductive strategies as individual body mass, resource 

availability and age vary. 

P 1) The probability of reproduction will increase with increases in each individual body mass, 

resource availability and age. 

H2) lndependently of ail other factors, the probability of reproduction will be lower for 2-

year-olds thanfor 3- to 5-year-olds. 

P2) 2-year-olds will be less likely to reproduce under conditions of low body mass and 

resource availability than 3- to 5-year olds. 

H3) Previous parity does not affect probability of reproduction. 

P3) Parous and nonparous ewes will have the same probability of subsequent reproduction for 

a given age and body mass. 

H4) External environmentalfactors do not affect the probability of reproduction. 

P4) Habitat quality and weather variables (temperature and precipitation), both before 

pregnancy and before birth of the lamb, have no effect on a ewe's probability of reproducing. 

H5) The effect of individual body mass on the probability of reproduction varies according to 

resource availability. 

P5) At low resource availability, young ewes may delay reproducing even if they are at or 

above a mass at which most ewes give birth under conditions of resource abundance. 

H6) The effect of individual body mass on the probability of reproduction varies as afunction 

of ewe age. 

P6) As ewes become older, they will reproduce at a lower body mass. 
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CHAPTER2 

MATERIALS AND METHODS 

2.1 Study area and population 

The study population inhabits the isolated rocky peak of Ram Mountain, Alberta, Canada 

(52°N, l 15°W). Ram Mountain is located approximately 30km east of the main Rocky 

Mountain Range across a barrier of forested foothills. The bighom population uses 

approximately 3 8km2 of alpine and subalpine terrain at elevations ranging from 1700 to 2200 

metres. Population density varied considerably throughout the study. From 1972 to 1981, the 

population was artificially maintained at a low density of 30 to 33 adult ewes through yearly 

removals of 12-24% of the ewes (Jorgenson et al., 1993). Removals ceased in 1981; leading 

to a large increase in the number of adult ewes (2 years of age and older). The population 

increased to a peak of 104 adult ewes in 1992 and then declined to 24 ewes by 2002 (Figure 

2) due partly to a further removal of 11 adult and 3 yearling ewes in 1997 and apparent cougar 

(Puma concolor) predation (Réale and Festa-Bianchet, 2003). As density increased, the 

population showed strong signs of resource limitation and density-dependence through 

delayed primiparity (Gallant et al., 2001 ; Jorgenson et al., 1993), decreased lamb and 

yearling female survival (Jorgenson et al., 1997; Portier et al., 1998), and reduced mass gain 

and hom growth for young sheep (Festa-Bianchet and Jorgenson, 1998 ; Jorgenson et al., 

1998). The number of adult ewes at the study site has been continuously and gradually 

decreasing since 1997 (Figure 2). Predators such as cougars, wolves (Canis lupus) and golden 

eagles (Aquila chrysaetos) are present in the study area. 
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Figure 2. Number of adult bighom ewes at Ram Mountain from 1972 to 2002. 

2.2 Captures 

A mark-recapture program began at Ram Mountain in 1971 using a corral trap baited with sait 

to capture sheep from late May to early October. The trap allowed for yearly multiple 

captures of almost every ewe. Over 95% of individuals in the population were marked in most 

years of the study. Ali adult ewes have been marked since 1976. Ewes were marked with 

plastic or canvas collars and lambs with coloured strips of Safeflag ribbon. Ali sheep were 

also marked with numbered metal Ketchum tags. Most ewes were captured 2 to 5 times per 

summer; any captured ewes that had not been processed for 3 weeks or longer were weighed 

and measured. 

At each capture, individual mass and reproductive status were recorded. Mass was measured 

with a Detecto spring balance to the nearest 0.25 kg. The accuracy of the balance was 

frequently tested with known weights. Almost ail ewes were first caught as lambs or yearling 

and their exact age was known; those caught as adults were aged by counting the hom annuli 
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(Geist, 1966). Female reproductive status was determined by udder examination as barren, 

pregnant, lactating or having lost a lamb. As spontaneous abortion or fetal resorption could 

not be detected, ewes that conceived, but did not complete gestation were considered barren. 

Lactating ewes that were never seen with a lamb were assumed to have lost their lamb 

neonatally. Because over 80% of ewes were captured in the first two weeks of trapping, it is 

likely that neonatal mortality was accurately assessed through udder inspection. During field 

observations, ewes seen nursing a lamb were considered to be lactating. Lamb sex was 

identified when lambs were captured or in the field through urination posture. Mother-lamb 

pairings were identified through field observations of suckles and repeated close associations. 

Data used in this study were collected over 27 years from 1976 to 2002. Jorgenson et al. 

( 1993) provide more details of the techniques used to capture, mark, measure, and monitor 

individual sheep at Ram Mountain. 

2.3 Variables studied 

2.3.1 lndividual body mass 

Ewe mass on September 15 in the year preceding the birth of a lamb is representative of mass 

at the beginning of the winter season and during the rut, as little mass accumulation occurs 

after mid-August (Festa-Bianchet et al., 1996). For most ewes, body mass was adjusted to 

September 15 each year using the individual rate of mass gain, determined by repeated 

weighings during the summer. Individual rates of mass gain were calculated for sheep caught 

at least twice a summer providing that there were more than 30 days between captures. When 

there were fewer than 30 days between captures, but an actual weight was measured within 50 

days of September 15, the ewe' s individual growth rate was also used to adjust body mass to 

September 15. Finally, the mean growth rate from ail captures of ail ewes of the same age and 

reproductive status was used to adjust mass for females caught only once in a summer. In the 

later years of the study, ewes were often first caught before they gave birth. In my analyses, I 

excluded any masses collected from pregnant ewes. Ewe summer mass gain is quadratic, but 
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it was converted into a linear function by plotting it against the square root of capture date. 

Capture dates were coded beginning with May 25 as day l, thereby making September 15 day 

114. May 25 was chosen as day 1 as this was the earliest date sheep were trapped and it is 

also the mean birthdate of bighorn lambs in Alberta (Festa-Bianchet, 1998). Using individual 

rates of mass gain allowed me to examine variability among individuals. 1 considered the 

effects of mass on September 15 preceding the rut rather than the effects of summer mass gain 

on the probability of reproduction because Gallant (1999) showed that mass on September 15 

had a stronger effect than summer mass gain on age of primiparity. Further details about mass 

adjustments at Ram Mountain are described in Festa-Bianchet et al. (1996). 

2.3.2 Resource availability 

ln previous publications (Festa-Bianchet et al., 1998 ; Gallant et al., 2001 ; Jorgenson et al., 

1993 ; Jorgenson et al., 1998), the number of adult ewes in June of each year was used to 

measure population density and as an index of resource availability. Rams are segregated 

from ewes for most of the year, and variation in the number of adult rams appears to have 

little effect on population dynamics (Jorgenson et al., 1998). Consequently, reproduction in 

young bighorn ewes should be affected by the number of females rather than by the total 

number of sheep. Because the area used by ewes was independent of population size, 

population size was used to measure density. Population density may have been an accurate 

index of resource availability until the onset of resource scarcity in the early 1990's 

(L'Heureux et al., 1995). Due to the short growing seasons and harsh conditions, however, 

the recovery of vegetation at Ram Mountain following heavy grazing may require several 

years (Ebersole, 2002). While the number of adult ewes declined after the peak in population 

density in 1992, it is highly probable that the recovery of resources lagged behind the drop in 

population density (Figure 3). For example, Festa-Bianchet et al. (in press) found that in 

young (2 to 4-year-old) bighorn rams at Ram Mountain, horn growth was positively 

associated with resource availability. After the decrease in population density at Ram 
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Mountain in the late 1990' s, resource availability remained low and hom growth in young 

males was still reduced in spite of the drop in density. The lack of increase in individual and 

population growth following the decrease in population density suggests a lag in vegetation 

recovery at Ram Mountain. Thus, the number of adult ewes could not be used to measure 

resource availability, because in the later years of the study the number of sheep declined but 

resource availability appeared to remain low (Figure 3). 
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Figure 3. Comparisons of the number of adult ewes and the average mass of yearling ewes 

on June 5 throughout the study period. 

1 decided to use the average mass of yearling ewes in early June as an index of resource 

availability. 1 could not use the mass of yearlings of both sexes because in two years of the 

study there were no male yearlings in the Ram Mountain population. The average mass of 1-

year-old ewes should be a good indication of how resource availability is affected by both 

vegetative yield and population density, because yearling ewes are not dependent on maternai 

milk but are still undergoing considerable growth (Clutton-Brock et al., 1987). 1 used the 
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average mass of yearling females on June 5th in the year of a ewe' s birth rather than in the 

year of the birth of each of her lambs to control for delayed cohort effects. The average mass 

of yearling females is a measure of cohort resource availability. Average yearling mass 

generally did not vary much over short periods of time and typically cohorts bom in 

successive years tended to have similar average yearling masses, suggesting that 

environmental conditions affecting resource availability may not have varied drastically over 

periods of only 2-3 years (Figure 3). Conditions during early development may have strong 

effects on the probability of reproduction (Albon et al., 1987 ; Gaillard et al., 1993). Two 

earlier studies also used the average mass of yearling females as a measure of resource 

availability; one study at Ram Mountain by Festa-Bianchet et al. (in press) and one by Adams 

and Pekins (1995) on moose (Alces alces). 

2.3.3 Weather data 

Weather data were provided by Environment Canada from the Nordegg meteorological 

station, located approximately 20km northwest of Ram Mountain at 1326m elevation. The 

weather at Ram Mountain is highly variable. Temperatures below -40°C can occur from 

November to March, and snowfalls have been recorded during ail months of the year. During 

the study period, the average temperature at Nordegg ranged from 6.8°C to l0.4°C (average 

8.2°C) in the spring (May 15 to June 15) and-2.8°C to -12.3°C (average -7.8°C) in the winter 

(December 1 to March 31 ). Precipitation also varied considerably from year to year. The 

average total annual water equivalent of precipitation during the study period was 179 .5 mm 

(annual range from 99.2mm to 266.6mm). In most years of the study, snow was present above 

2000m from November to May. Snow cover when we arrived at our research camp (at 

approximately 1900m) in late May was highly variable among years, from zero to more than 

two metres. 
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To test the effects of weather on the probability of reproduction, 1 analysed two weather 

parameters that could affect body growth: average daily maximum temperature and total 

precipitation (measured in mm of water equivalent), in the winter before the rut, the winter 

before birth of the lamb (i.e. including the rut) and in the spring preceding the rut. 1 only used 

one month of weather data to calculate the spring parameters because very little vegetation 

growth occurs on Ram Mountain before May 15 and Festa-Bianchet (1998) showed that in 

alpine areas of Alberta, vegetation growth peaks in mid-June. Using data for the complete 

summer (mid-May to mid-August) always produced similar results to those of the period from 

mid-May to mid-June, which had greater explanatory power than precipitation over the entire 

summer. Between 1973 and 1998, 23 years ofweather data were available. 

1 expected that neither temperature nor precipitation would have an effect on a young ewe' s 

probability of reproduction. Jorgenson et al. (1993) found that the probability of reproduction 

in 2-year-old ewes at Ram Mountain was not affected by winter precipitation, winter 

temperature or summer precipitation. Conversely, Albon and Clutton-Brock (1988) found that 

low winter temperatures could impose direct energetic costs on ungulates. Other studies have 

shown that increased snow cover has a negative effect on the foraging efficiency of bighom 

sheep (Goodson et al., 1991) and could increase vulnerability to predators (Picton, 1984). 

Hoefs (1984) showed that in alpine habitats, precipitation and temperature in the growing 

season were positively correlated with primary production and with vegetation quality. 

2.3.4 Habitat 

1 tested the effect of habitat quality on the probability of reproduction using an index of 

nutritional quality throughout the period when bighom sheep gain mass. This index (log fecal 

nitrogen-days) is determined from the Kjeldahl method of nitrogen analyses of fecal samples 

collected during captures, or occasionally in the field, from most ewes. Collection dates were 

spaced less than 18 days apart until June 19 and less than one month apart until mid-
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September. Samples collected between May 31 and September 18 of each year (n=32 to 181 

samples per year) were included. These dates were chosen because they approximate the 

period when bighom sheep gain mass in the study area (Festa-Bianchet et al., 1996) and 

because they enabled me to maximize the number of years included in the analyses. Fecal 

samples were air-dried in paper bags for a minimum of 14 days after which total fecal 

nitrogen (FN) content was determined by the Kjeldahl method (Drew, 1970). 

The natural log of FN content was plotted against Julian date (Blanchard et al., 2003). The 

area under the curve ofthis graph was estimated and represents "log (FN)-days" (Blanchard et 

al., 2003). Log FN-days per year were calculated using an image analyzer and Agvision 

software (Decagon Devices Inc., PO Box 835, Pullman Washington, 99163, USA, 1990). In 

this study, 1 used 20 years of log FN-days data from the period between 1917 and 2000. 

Additional information about the use of fecal nitrogen to evaluate nutritional status in bighom 

sheep at Ram Mountain is given in Blanchard et al. (2003). 

2.4 Statistical analysis 

To answer the question: "What variables affect the probability of reproduction in young 

bighom ewes and to what extent does each variable affect a ewe's probability of 

reproducing?", 1 fitted a multilevel model to the data using the program MLwiN (Rasbash et 

al., 2001 ). By using multilevel modelling, 1 can account for repeated measurements of the 

same individuals in different years. For example, body mass of an individual in a given year 

may be somewhat independent of her mass in previous years and may vary with age, resource 

availability and other factors. Previous parity, however, obviously cannot be independent of 

reproductive success in previous years. The second important component of multilevel 

models is that they allow for comparisons between levels (for example individual and year) as 

is necessary for the analysis of long-term datasets of marked individuals such as those 

available from the Ram Mountain study. For example, weather measurements are the same 

for all individuals within a given year ( vary only at the year level), whereas body mass differs 
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among individuals and within individuals among years (varies at both the individual and year 

levels). 

In this study, all MLwiN models include two levels of variation in the data: age (subscript i) 

and individual (subscriptj) (Table 2). As individuals can be nested according to their age, 1 

classified age as the highest level (level 2) and individual as the lowest level (level 1 ). The 

age level variation allows me to compare the results from the models of ewes of different 

ages. As age varies from year to year, the age level also differentiates among years, but 

groups all individuals into four ages rather than 2 7 years. 1 used age as a lev el rather than year 

because 1 suspected that the effect of age was far more influential than the effect of any given 

year on the probability of reproduction. 
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Table 2. Example of the data set input into the MLwiN discrete response model of the 

determinants of reproduction in young bighom ewes. 

Lev~l 2 Level 1 Response Variable 

Age (i) Individual (j) Reproduced? 

2 1 0 

3 1 0 

4 1 1 

5 1 1 

2 2 0 

3 2 1 

4 2 0 

Explanatory Variables 

Ewe mass on 
September 15 

42.8 

56.3 

66.2 

73.l 

49.9 

58.6 

67.4 

Average female 
yearling mass 

27.97 

27.97 

27.97 

27.97 

30.71 

30.71 

30.71 

As the dependent or response variable, the probability of reproduction, has a binomial 

distribution, 1 set up a discrete response model in MLwiN. 1 specified that the model should 

assume a binomial distribution with 2°d order linearisation and penalised quasilikelihood 

(PQL) estimation. Quasilikelihood estimation is used in MLwiN for generalised linear models 

with discrete responses. It uses the mean and variance properties associated with binomial 

distributions to define the covariance structure, which is then fitted using Iterative 
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Generalised Least Squares (IGLS). Further description of these procedures can be found in 

(Goldstein, 1995). 

In the MLwiN binomial response models, the standard assumption is that the response 

variable (the probability of reproduction) is distributed as Binomial (1, 1ty)· The denominator 

of the binomial proportion is always equal to 1 in this study. A constant of 1 represents the 

level 2 binomial variation, while the level 1 variation is set to be binomial by setting the 

variance to be equal to 1 using the a second constant. The probability that the j1h individual 

ewe of ith age reproduced is 1tij· This probability is defined as a function of the intercept (~ 1 ), 

the random part of the model. I used the logit link function in the MLwiN modelas it was not 

necessary to transform the data (McCullagh and Nelder, 1989). The regression coefficients for 

the intercept (~1) and slope of each explanatory variable are the fixed part of the model and 

they de fine averages for all individuals of all ages in the study. The residuals, the random part 

of the model, describe the amount by which each age's average departs from the overall 

average (µ1j) and the amount each individual of a given age departs from that age's average 

(eoy) (Rasbash et al., 2001). The residuals are distributed normally with a mean of 0 and a 

variance of ô2 
µO· 

Data were available from 225 individual ewes, each contributing a maximum of 4 years of 

data. I considered ewes from 2 to 5 years of age throughout 27 years; the sample size for each 

age class was: 2 = 200, 3 = 187, 4 = 165, 5 =144. As MLwiN only accepts numerical data and 

not empty spaces, I used the code -999. 0 to identify missing data, which was interpreted by 

the pro gram as a missing data point. ML wiN operates by using iterations until the data 

converge on an estimate using the estimation method of IGLS, which is equivalent to 

maximum likelihood when the random variables have normal distribution at each level 

(Rasbash et al., 2001). Maximum likelihood estimates the maximum probability of observing 

the sample data given the parameters of the population (Hox, 1995). 
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Once the discrete response multilevel model was set up, 1 identified each variable as either 

continuous or categorical and then tested each explanatory variable · (in the order listed in 

Table 3) rejecting each variable as it became non-significant in the model, and keeping each 

significant variable in the model until 1 built the final model (see Table 5). 1 also tested for 

interactions between individual body mass and resource availability and between body mass 

and age (Table 3). 1 tested the significance of each variable by its function result, which is 

calculated in MLwiN using the coefficient estimate (Rasbash et al. 2001). This result 

produces a chi-squared value, a normal distribution interval (based on 1.96 standard 

deviations ), with the associated degrees of freedom (Rasbash et al. 2001 ). A variable was 

considered significant when p < 0.05 and thus, included in the final model. Results were 

graphically explored using Microsoft Excel and SigmaPlot (Brannan et al., 2000). 
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CHAPTER3 

RESULTS 

There are numerous possible determinants of reproduction in young bighom ewes. The 

discrete response multilevel model showed that not all the variables considered in my 

analyses influenced the probability of reproduction {Table 3). Explanatory variables were 

added one at a time into the model (in the order listed in Table 3) and each non-significant 

variable was removed (Table 4). 
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Table 3. Variables tested in the MLwiN model of determinants of reproduction in young 

bighom ewes, and whether or not they were significant. 

VARIABLE 

Ewe mass on September 15 prior to the rut 

Average female yearling mass on June 5 in year of ewe's 
birth 
Interaction between ewe mass on September 15 prior to the 
rut and average female yearling mass on June 5 in year of 
ewe's birth 

Temperature in the winter before the rut 

Temperature in the spring before the rut 

Precipitation in the winter before the rut 

Precipitation in the spring before the rut 

Temperature in the winter before birth of the lamb 

Temperature in the spring of the birth of the lamb 

Precipitation in the winter bef ore birth of the lamb 

Precipitation in the spring of the birth of the lamb 

Age ( categorical variable, ages 2, 3, 4 and 5) 

Interaction between ewe mass on September 15 prior to the 
rut and age (in categories of 2, 3, 4 and 5 years) 

Previous Parity (binomial variable, 0 or 1) 

Habitat Quality (F ecal Crude Prote in) 

Y ear Effect ( categorical variable, tested for each of the 27 
years between 1976 and 2002) 
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SIGNIFICANT? 

Yes 

Yes 

No 

No 

No 

No 

No 

No 

No 

No 

No 

Yes 

No 

No 

Yes 

Yes (for 1988, 1992, 
1993, and 1994 only) 



Table 4. Non-significant variables tested in the MLwiN model of determinants of 

reproduction in young bighom ewes and their Chi squared and p values. 

VARIABLE 

Interaction between ewe mass on September 15 in year prior 
to the rut and average female yearling mass on June 5 in 
year of ewe' s birth 

Temperature in the winter before the rut 

Temperature in the spring before the rut 

Precipitation in the winter before the rut 

Precipitation in the spring before the rut 

Temperature in the spring of the birth of the lamb 

Temperature in the winter of the birth of the lamb 

Precipitation in the winter before birth of the lamb 

Precipitation in the spring of the birth of the lamb 

Interaction between ewe mass on September 15 in year prior 
to the rut and age (in categories of 2, 3, 4 and 5 years) 

Previous Parity (binomial variable, 0 or 1) 

Y ear Effect ( categorical variable): 1976 to 2002 
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p 

0.037 0.847 

0.075 0.784 

0.008 0.929 

0.537 0.464 

0.365 0.546 

2.555 0.110 

1.825 0.177 

0.027 0.869 

3.669 0.554 

Unavailable from 
MLwiN, but see Fig. 7 

3.233 0.0722 

23of27 years p>O.l 



3.1 Individual body mass and resource availability 

In support of my prediction, the probability of reproduction increased with mass on 

September 15, with average yearling female June 5 mass in the year ofbirth and with ewe age 

(Table 5). 

Table 5. Results from the final MLwiN model of the determinants of reproduction in 

young bighom ewes including the parameter estimates of the regression 

coefficients of each determinant, standard errors, Chi squared and p values. 

VARIABLE Regression Standard t p 
coefficient error 

Ewe mass on September 15 in 0.176 0.035 23.709 < 0.001 year prior to the rut 

Average female yearling mass on 0.511 0.092 27.944 < 0.001 June 5 in year of ewe's birth 

Age ( categorical variable) 2 -3.437 0.791 18.058 < 0.001 

3 -1.596 0.592 7.037 0.00798 

4 -0.667 0.516 1.824 0.177 

F ecal Crude Prote in 0.114 0.028 15.060 < 0.001 

Y ear Effect ( categorical variable) 1988 4.083 1.155 11.586 < 0.001 

1992 -4.132 0.667 36.495 < 0.001 

1993 -1.461 0.671 4.396 0.0360 

1994 -2.367 0.639 12.928 < 0.001 
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The interaction between mass on September 15 and average yearling female June 5 mass did 

not affect the probability of reproduction <:t.,2 = 0.037; p = 0.847) (fable 4). Similarly, the 

interaction between mass on September 15 and ewe age was not significant (fable 4). These 

results suggest that age, resource availability and mass on September 15 all have additive 

eftècts on the probability of reproduction. Figures 4 and 5 show the relationship between the 

probability of reproduction and mass on September 15 with the data grouped in levels of 

resource availability (Figure 4) and in the four ewe ages considered in the analyses (Figure 5). 

The parallel lines illustrate the lack of interaction between variables. In addition, when tested 

in lv1LwiN, none of the age groups interacted with mass on September 15 to affect the 

probability of reproduction (fable 6). 
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Figure 4. The effect of mass on the probability of reproduction of young ewes grouped into 

high (average female yearling mass > 27.9kg) and low (average female yearling 

mass< 27.9kg) levels of resource availability. 
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Figure 5. The effect of mass on the probability of reproduction of young bighom ewes 

grouped into ages 2, 3, 4 and 5. The model was limited to the available range of 

data. 
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Table 6. Results from the final MLwiN model of the detenninants of reproduction in 

young bighom ewes showing the interactions between mass on September 15 and 

each age including the parameter estimates of the regression coefficients of each 

detenninant and the standard error. In all three interactions (at ages 2, 3 and 4), 

the regression coefficient is smaller than the standard error indicating that at each 

of the ages, the interaction between ewe mass and age were not significant. 

VARIABLE Regression Standard 
coefficient error 

Average female yearling mass on June 0.388 0.064 5 in year of ewe' s birth 

F ecal Crude Prote in 0.058 0.017 

Interaction between age and ewe mass 2-year-old ewes 0.069 0.085 on September 15 

3-year-old ewes -0.057 0.070 

4-year-old ewes 0.075 0.085 

Ewe mass on September 15 in year 0.144 0.060 prior to the rut 

Age ( categorical variable) 2 -4.782 4.870 

3 2.436 4.384 

4 -5.039 5.355 
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The positive relationship between average female yearling mass in the year of birth and 

probability of reproduction (i = 23.087; p = < 0.001) (Table 5) was expected based on the 

assumption that average female yearling mass reflects resource availability in a given year. 

The probability of reproduction also increased with ewe age (Table 5). When age was taken 

into account, the interaction between age and average female yearling mass affected the 

probability of reproduction only for ewes aged 2 and 3 (Tables 7 and 8). The interaction effect 

arose because an increase in resource availability increased the probability of reproduction for 

3-year-old ewes more than for 4- and 5-year-old ewes (Table 7). The probability of 

reproduction by 2-year-old ewes, however, was negatively affected by the interaction between 

age and average female yearling mass (Table 8). While overall the probability of reproduction 

was positively affected by average female yearling mass, the effect was weaker for 2-year-old 

ewes than for ewes aged 3 to 5 years. To understand these apparently conflicting results, 1 

graphed the probability of reproduction against average female yearling mass for each ewe 

age using a bubble graph (Figure 6). These graphs illustrate that likely MLwiN produced 

confusing results due to: 1) few years in which 2-year-old ewes reproduced and 2) several 2-

year-olds in cohorts that did not reproduce despite high average female yearling June 5 mass 

in the year of their birth. The pattern for 2-year-olds appears to be very different from that of 

the three other age classes suggesting that the same model may be unsuited to adequately 

represent ail age classes. 
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Table 7. Results from the MLwiN model of the determinants of reproduction in young 

bighom ewes showing the interaction between resource availability and age 3 

including the parameter estimates of the regression coefficients of each 

determinant and the standard error. 

VARIABLE Regression Standard 
coefficient error 

Ewe mass on September 15 in year prior to the rut 0.150 0.027 

F ecal Crude Prote in 0.057 0.018 

Age ( categorical variable) 2 -1.130 0.599 

3 -13.166 4.124 

4 -0.469 0.385 

Interaction between average female yearling mass 0.424 0.140 on June 5 in year of ewe's birth and age 3 

Average female yearling mass on June 5 in year of 0.265 0.072 ewe's birth 
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Table 8. Results from the ML wiN model of the detenninants of reproduction in young 

bighom ewes showing the interaction between resource availability and age 2 

including the parameter estimates of the regression coefficients of each 

detenninant and the standard error. 

VARIABLE Regression Standard 
coefficient error 

Ewe mass on September 15 in year prior to the rut 0.157 0.027 

F ecal Crude Prote in 0.056 0.018 

Age ( categorical variable) 2 7.640 4.680 

3 0.856 0.440 

4 -0.515 0.401 

Interaction between average female yearling mass -0.299 0.155 on June 5 in year of ewe's birth and age 2 

Average female yearling mass on June 5 in year of 0.430 0.069 ewe's birth 
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Figure 6. Bubble graphs showing the effect of resource availability (average mass of 

yearling females on June 5 in the year of birth) on probability of reproduction by 

bighom sheep ewes, grouped by ages 2, 3, 4 and 5. Bubble size is proportional to 

sample size (smallest n = 1, large:st n = 21). 
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3.2 Age of reproduction 

The MLwiN model of determinants of reproduction in young bighom ewes shows a strong 

increase in mass-specific probability of reproduction with age (the parameter estimates of the 

regression coefficients are increasingly positive with age) (Table 5). The chi square statistic 

shows that 2- and 3-year-olds are significantly less likely to reproduce than 4- to 5-year-olds 

if all other variables are held constant (Table 5). 

When the probability of reproduction is plotted against mass on September 15 the previous 

year for each of the 4 ages, the overlap in mass between ewes that reproduced and ewes that 

did not reproduce is smaller for 2-year-olds than for older ewes (Figure 7). Figure 7 does not 

appear to support the final model in showing that the mass-specific probability of 

reproduction of 3-year-old is different from that of 4- and 5-year-olds. To clarify whether the 

overall analysis was heavily influenced by the effect of 2-year-olds, 1 excluded 2-year-olds 

and re-ran the model (Table 9). In the model excluding 2-year-olds, there was no difference 

between ages 3, 4 and 5 on the probability of a ewe reproducing at a given mass (Table 9). 
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Figure 7. The effect of ewe mass on September 15 on the probability of reproduction 

grouped by ages. 
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Table 9. Results from the MLwiN model of the determinants of reproduction in young 

bighom ewes excluding 2-year-olds, listing the parameter estimates of the 

regression coefficients of each determinant, standard errors, Chi squared and p 

values. 

VARIABLE Regression Standard x2 p 
coefficient error 

Ewe mass on September 15 in 0.211 0.043 23.984 < 0.001 year prior to the rut 

Average female yearling mass on 0.696 0.111 39.524 < 0.001 June 5 in year of ewe's birth 

F ecal Crude Prote in 0.103 0.034 9.198 0.00242 

Age ( categorical variable) 3 -0.874 0.606 2.084 0.149 

4 -0.173 0.508 0.116 0.733 

3.3 Externat environmental factors 

As predicted, none of the temperature and precipitation variables were significant (Table 4). 

Fecal crude protein (FCP) a measure of habitat quality (Blanchard et al., 2003) appeared to 

increase the probability of reproduction (Table 5). Although FCP decreases with increasing 

density (Blanchard et al., 2003), and can therefore be assumed to decrease with resource 

availability, MLwiN adjusts for the effects of other variables in the model so this result 

suggests an additive effect of FCP (i.e. not just a by-product of the correlation of FCP and 

population density). This result implies that as habitat quality improves, the probability of 

reproduction increases (Figure 8). 

47 



Yes cg 

90 100 110 120 130 140 

F ecal Crude Protein (log fecal nitrogen days) 

Figure 8. The relationship between fecal crude protein and the probability of reproduction 

of 2- to 5-year-old bighom ewes. Bubble size is proportional to sample size. 

3.4 Annual effect 

To test for variables that may affect probability of reproduction among years, beyond the 

effects of climate, habitat quality and resource availability, 1 considered each of the 27 years 

of the study separately, using the first year of the study (1976) as the base year to compare all 

others. Only four years had a significant effect on the probability of reproduction (Table 5). 

Ewes were more likely to reproduce in 1988 than what would have been predicted based on 

information collected in the other years of the study (Table 5). ln 1988 every 3-year-old and 

older ewe was lactating (n=55) and three of the ten 2-year-olds were lactating. In the 14 years 

since 1988, only one of 103 2-year-olds lactated. In the 3 years following the peak population 

density at Ram Mountain, 1992, 1993 and 1994, ewes were less likely to reproduce than 

expected from the other years of the study (Table 5). In 1992, only 65 out of 88 ewes aged 3 

years and older lactated; in 1993, only 49 out of 89 ewes aged 3 years and older lactated; and 

in 1994, only 68 out of 76 ewes aged 3 years and older lactated. During the same 3 years, 

none of the 13 2-year-olds lactated. 
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CHAPTER4 

DISCUSSION 

My investigation revealed that once body mass is taken into account, both resource 

availability and age have strong effects on the probability of reproduction in young bighom 

ewes. I will first discus the role of body mass on reproduction in young ewes, then the effect 

of resource availability (and the efficacy of my index of resource availability) and age (in 

particular the differences between 2-year-olds and older ewes ). I will then discuss how annual 

variability in habitat quality affected the probability of reproduction and finally examine why 

some factors that I expected to affect reproduction by young ewes did not have a significant 

effect. My research shows that reproduction by young bighom ewes is not merely govemed 

by the single physiological constraint of body mass, but rather is determined by a complex 

reproductive strategy shaped by resource availability, age and habitat quality. Selection 

appears to favour a reproductive strategy that weighs the consequences of early breeding 

against an individual' s future reproduction and survival. 

4.1 Determinants of reproduction: mass, resource availability, age and habitat quality 

In young female bighom sheep, the probability of reproduction increased with body mass, 

resource availability, age and habitat quality (Table 5). It is frequently argued that life history 

characteristics, such as reproduction, are constrained by body mass. Several studies have 

proposed that mammals in general and ungulates in particular only become sexually mature 

once they attain a threshold body mass (Adams and Dale, 1998 ; Sadleir, 1969). I found that 

mass on Sep1tember 15th preceding the rut was positively correlated with the probability of 

reproduction (Table 5). Clearly mass must play a role in reproduction in young ewes, because 

as a minimum the very smallest females appear unable to reproduce. The key question, 

however, is how much of the variability in reproduction can be explained by differences in 
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body mass? If most of the variability is simply mass-dependent, then reproduction is simply 

constrained by mass, small ewes cannot reproduce due to physiological limitations and there 

would be little evidence that ewes are selected for life-history strategies that respond to any 

other ecological variable. 

Jorgenson et al. (1993), in an earlier study of the Ram Mountain population, found that a 2-

year-old ewe's mass affected whether or not she reproduced in a given year. They reported a 

threshold body mass below which females did not reproduce. For females heavier than this 

threshold, however, the relationship between mass and reproduction was very weak. My 

research, based on a much larger data set, confirms that body mass is a weak predictor of 

reproduction in young ewes. In particular, 1 confirmed that the very smallest ewes will not 

reproduce, but 1 also found a wide overlap in mass between parous and non-parous 3- and 4-

year-old ewes. Thus, young ewes first reproduce for reasons largely independent of body 

mass, which plays a weaker role on reproduction in young bighom ewes than it does on bison, 

roe deer, reindeer and moose (Gaillard et al., 1992 ; Green and Rothstein, 1991 ; Reimers, 

1983 ; Srether and Heim, 1993). 

ln young female bighom sheep, mass during early development explained only a part of 

individual variability in reproduction, suggesting that other variables affected reproductive 

decisions. The effects of body mass appeared to be modulated by other limiting factors, and 

there was no single body mass above which all ewes conceived. The absence of a clear 

threshold suggests that other factors affect reproduction, and because some very heavy young 

ewes postponed reproduction when resources appeared to be scarce, 1 suggest that ewes 

follow a true, flexible reproductive strategy and not simply a physiological constraint imposed 

by mass. Ewes will restrain reproduction when circumstances are such that it would be a 

better strategy for them not to reproduce despite being beyond the minimum threshold mass. 

My results show that body mass is a constraint at all times only for the smallest ewes, but 

beyond a certain mass other factors become more important than mass in determining a ewes 
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probability of reproducing. This strategy is a result of natural selection on life history, where 

the probability of reproduction appears to account for variables such as resource availability, 

age and habitat quality that may affect a ewe's current but also future ability to reproduce. 

The availability of forage resources for wild ungulates is difficult to measure, because of the 

heterogeneity of forage quantity and quality over space and time within a population' s habitat, 

and because the value of different types of forage to individual animais is often unknown. As 

a result, researchers have developed varions indices of resources availability to measure its 

impact on life-history traits. In most previous studies, population density has been used as a 

simple and apparently reliable index of resource availability (Albon et al., 1987 ; Clutton-

Brock et al., 1996). Although population density has been used to measure resource 

availability in most publications about the Ram Mountain bighorn sheep population (Gallant 

et al., 2001 ; Jorgenson et al., 1993 ), I used the average female yearling mass because I 

expected it to reflect resource availability more accurately than density. 

In large mammals, the effects of density on resource availability are often not linear and only 

become evident at very high population sizes (Fowler, 1981 ; Hjeljord and Histol, 1999 ; 

Srether, 1997 ; Skogland, 1985). When populations reach extremely high density, such as at 

Ram Mountain in the early 1990's (Figure 2), strong density-dependent effects may suddenly 

emerge. Ewes may postpone reproduction and lamb mortality may increase, factors which 

will eventually cause a decrease in density. This decrease in density should in turn decrease 

the pressure on forage species, so that in the long-term resource availability should increase. 

Resources, however, may take several years to recover, especially given the short growing 

season of alpine and subalpine environments (Ebersole, 2002). A slow recovery in forage 

could cause a time-lag between the reduction in herbivore population density and forage 

recovery. 
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Although its precise mechanism is unknown, there is a clear time-lag in population recovery 

at Ram Mountain, making population density an unreliable index of resource availability 

(Figure 3). This very strong time lag in population recovery may simply be due to a lag in 

resource recovery, although it is more likely due to strong cohort effects or genetic effects, 

including those that may have been induced by years of selective hunting of large homed 

males (Coltman et al., in press). 1 used the average female yearling mass on June 5 in the year 

of a cohort's birth as an index of resource availability (see Section 2.3.2). Average yearling 

mass is likely a good indicator of resource availability because young female ungulates are 

particularly sensitive to changes in their environment (Blanchard et al., 2003 ; Bonenfant, 

2002 ; Festa-Bianchet et al., 1998 ; Festa-Bianchet et al., 1995 ; Gaillard et al., 2000b ; 

Gaillard et al., 1998 ; Jorgenson et al., 1997 ; Swihart et al., 1998). Two other studies of 

ungulates have measured resource availability by the average mass of yearling females. 

Adams and Pekins (1995) cited several factors, such as the high proportion of yearlings that 

ovulated and the significant increase in body weight from 0.5 to 1.5 years of age, as 

indications that the yearling age class is a good indicator of nutritional status in moose. In 

other words, as young females must gain such a significant amount of mass over the 12 

months between ages 0.5 and 1.5, mass as a yearling is strongly affected by resource 

availability. Furthermore, using average yearling female mass as a measure of resource 

availability is ideal because yearlings are often easy to identify in comparison to other age 

classes. More recently, Festa-Bianchet et al. (in press) used the average early-June mass of 

yearling ewes in the Ram Mountain population to assess the effects of resource availability on 

body mass and hom growth of bighom rams. They found a correlation between hom growth 

and yearling ewe mass, supporting my contention that yearling ewe mass is a good index of 

resource availability. 

I used the average female yearling mass in the year of birth of each cohort rather than in the 

year of reproduction to account for cohort effects. Cohort effects are environmental 

conditions during early development that may have long-term effects on an individual's 
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physical development and fitness (Gaillard et al., 1993). Cohort effects are widespread in 

ungulates, and often have strong long-term effects on individual fitness components (Albon et 

al., 1987 ; Beckerman et al., 2002 ; Gaillard et al., 1993 ; Lindstrom, 1999). Cohort effects 

have been reported for red deer (Albon et al., 1992 ; Bonenfant, 2002 ; Rose et al., 1998), roe 

deer (Gaillard et al., 1997), ibex (Capra ibex) (Toïgo et al., 1999), Soay sheep (Forchhammer 

et al., 2001) and bighom sheep (Leblanc et al., 2001). Cohort effects occur when the common 

environmental conditions experienced by a group of individuals result in differences in their 

future fitness that are discemible from those of other groups. The effect of an individual's 

environment as a juvenile could be of such importance to subsequent life-history traits 

(including the age-specific probability of reproduction) that different cohorts may have 

considerable fitness differences. To account for possible long-term fitness differences among 
-

cohorts, 1 used average female yearling mass in the year of birth as an index of resource 

availability. 

Resource availability, measured by average female yearling mass, had a strong positive effect 

on the probability of reproduction (Table 5). Thus, the more limited the resources in the year 

of birth, the less likely a ewe is to reproduce between the ages of 2 and 5. My findings support 

Gallant et al. (2001) whose results on the Ram Mountain study showed that the total amount 

of resources available to ewes was correlated with reproductive effort, the proportion of total 

resources allocated to reproduction. Thus, resource availability is a major factor affecting the 

reproductive strategies of bighom ewes independently of its direct effects on ewe body mass. 

Ewes of the same mass but with different levels of resource availability adopted reproductive 

strategies that were apparently adjusted to the perceived risk of committing resources to 

reproduction, because they were less likely to reproduce if resource availability was low. 

Numerous demographic indicators suggest that at the peak of density in 1992 and in 

subsequent years, resources were becoming scarce for the Ram Mountain population. For 

example, ewe reproductive success and yearling mass gain were lower in 1992 than they were 
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m 1990 (L'Heureux et al., 1995). Evidence also suggests that in most years, the Ram 

Mountain population is limited by resource availability. For example, as population density 

increased, the average age of primiparity increased (Jorgenson et al., 1993) and mortality of 

yearling ewes increased (Jorgenson et al., 1997). When resources are limited, either some 

individuals will be largely excluded from access to the resource, or all individuals will have 

access to a smaller proportion of the resource than they would under conditions of resources 

abundance. Because small individuals are less competitive than large ones during resource 

shortages (Begon, 1984 ), small individuals, who are subject to growth constraints, have a 

reduced ability to compensate for the costs of investing in their own growth when resources 

are scarce. The consequences of mass diff erences in ewes may be exacerbated in times of 

resource scarcity. Small ewes in particular may have limited access to resources due to their 
- -

low level of competitiveness and they will therefore have to survive on a reduced percentage 

of an already scarce resource base. Large ewes will be less affected by the scarcity of 

resources as they have access to a larger relative percentage of the resources. Thus, the 

advantage of large mass should increase with decreasing resource availability. Undemutrition 

as a young ewe may lead to a conservative reproductive strategy with delayed reproductive 

effort and eventually a low lifetime reproductive success. 

When resources are scarce, ewes may be selected to delay reproduction and invest instead in 

their own growth and survival. Postponing reproduction may allow young ewes to minimise 

the growth costs and other fitness costs until almost all body growth is complete. Another 

way of compensating for inferior conditions would be for a ewe to reproduce, but decrease 

her reproductive effort, thereby conserving resources for her own body growth. For example, 

at Ram Mountain ewes weaned larger lambs at low than at high population density, even 

though the mass gain of lactating ewes was largely unaffected by changes in density (Festa-

Bianchet and Jorgenson, 1998). The higher risk and lower benefit of reproducing at a young 

age when resources are scarce may select for delays in reproduction which are independent of 

body mass. Albon et al. (1983) found that as resources become scarce, fertility in red deer 
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may wane before a noticeable decline in weight and condition. They found that the 

probability of reproduction at a given mass was density-dependent, with the threshold weight 

for conception increasing with population density. Thus, hinds reduced the risks and costs of 

breeding at high population density by only reproducing if they had attained a very high body 

mass (Albon et al., 1983), which likely reduced any negative fitness consequences of 

reproduction (Festa-Bianchet et al., 1998). Fluctuations in resource availability may explain 

why past studies have been inconsistent in defining the determinants of reproduction in young 

ungulates (Albon et al., 1983 ; Clutton-Brock et al., 1983 ; Festa-Bianchet, 1998 ; Jorgenson 

et al., 1993 ; Reiter and Leboeuf, 1991 ; Srether, 1997 ; Swihart et al., 1998). For example, 

certain studies that tried to show that body mass determines reproductive success in young 

female mammals may have been unsuccessful because the effect of body mass on 

reproduction varies with resource availability. Combining several potential determinants of 

reproductive success and considering the interactions among these determinants is the most 

accurate way to determine the formula of factors that combine to effect whether or not a 

young female reproduces. 

According to both my study and to Albon et al. (1983), resource availability affects 

reproduction independently of mass. Factors such as stress, which is likely to increase when 

resources are scarce, may play an important role. For example, in cattle, stress can inhibit 

lactation (Bruer et al., 2000 ; Silanikove et al., 2000). Stress and intra-specific competition 

increase with resource deficiency because it is increasingly difficult for ewes to increase 

forage time and efficiency to compensate for energetic loss as resources decrease. Anderson 

and Linnell (1997) found that in roe deer, increased competition for forage led to lower 

growth and birth rates. Stress and competition may also influence growth and reproductive 

success among young ungulates. Ozoga and Verme (1986) found that in white-tailed deer, 

stress and their rank on the social hierarchy changed the reproductive behaviour of 2-year-old 

does so that they exhibited breeding behaviour typical of yearlings. 
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In young bighom ewes at Ram Mountain, 1 found that the probability of reproduction 

increased with age (Table 5). Independently of mass or resource availability, young ewes 

were less likely to reproduce than older ones. Probably because they are smaller and 

inexperienced, young females that conceive are often less able to reproduce successfully than 

older females (Clutton-Brock et al., 1982; Ozoga and Verme, 1984). If reproduction involves 

fitness costs, the high rates of reproductive failure in very young mothers should select 

against reproduction at a very young age. Very young mothers should not conceive if their 

chance of successfully reproducing is low and their attempted reproduction will have a 

negative impact on their fitness. Bighom ewes, however, are limited to one offspring per year 

and therefore cannot delay first reproduction and then increase litter size at an older age. 

Consequently, delaying reproduction may lead to a missed opportunity of reproduction for 

bighom ewes, as they only have one chance per year to reproduce. Because bighom sheep are 

strongly seasonal breeders, the timing of reproduction in young ewes is critical. A ewe that 

has accumulated "almost" enough resources to provide a high probability of successful 

reproduction cannot simply delay reproduction for a few weeks or months, she has to wait an 

entire year. Therefore it is difficult for seasonal breeders to fme-tune reproductive effort to 

individual condition. Due to the low flexibility in timing of reproduction in bighom ewes, 

selection may promote a risky reproductive strategy that favours conception even if body 

mass is low. An additional cause of uncertainty is that a ewe has little "information" on the 

conditions of resource availability and weather during gestation and lactation. She must 

conceive or delay conception based on her individual condition and perhaps a perception of 

resource availability at the time of the rut. My data suggest that these sources of uncertainty 

select for a conservative reproductive strategy in bighom ewes. 

Age also plays arole in the relationship between mass and reproductive success. Body mass 

had an overall positive effect on the probability of reproducing in young ewes (Table 5), but 

there are considerable differences in body mass among females of different ages (Figure 1). 

Growth and age of reproduction in young ewes seem to be closely related, however, I found 
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no interaction between age and mass on the probability of reproduction (Table 4). Figure 5 

illustrates that age had an additive effect on the relationship between mass and the probability 

of reproduction in young ewes. This graph confirms that within a given age, heavier ewes are 

more likely to reproduce than lighter ewes, but that the effect of age is the same at any body 

mass. This graph also illustrates that at a given mass (ex. 55kg), 5-year-old ewes (average 

probability of reproduction= 0.58) are much more likely to reproduce than 2-year-old ewes 

(average probability of reproduction = 0.39). Thus in the Ram Mountain population, age and 

body mass have separate and additive, but not interactive effects on the probability of 

reproduction in young ewes. This is likely due to the fact that older ewes have less 

opportunity to continue gaining mass, so they are more likely to reproduce. For example, my 

data show that a 2-year-old ewe with a mass of 55kg still undergoing considerable body 

growth may hope to weigh at least 70kg as a 5-year-old if she delays reproduction, whereas a 

5-year-old with a mass of 55kg that has already attained over 90% ofher adult body mass will 

likely always remain a small ewe, therefore she has little to gain in postponing reproduction. 

Several papers have examined the effects of age-mass trade-offs on primiparity (Emsting et 

al., 1993 ; Rohr, 1997). 

4.2 The conservative mass-specific reproductive strategies of 2-year-old ewes 

At Ram Mountain, the mass-specific probability of reproduction of 2- and 3-year-old ewes 

was lower than that of 4- and 5-year-old ewes when all other measured factors were held 

constant (Table 5). As my hypothesis was that only 2-year-olds and not 3-year-olds would be 

less likely to reproduce as 2-year-olds are much smaller than older ewes, 1 decided to remove 

all 2-year-olds from the dataset and re-run the MLwiN model for all ewes aged 3 to 5 years 

(Table 9). As 1 suspected, in this new model age had no effect on the mass-specific 

probability of reproduction indicating that in the original model, the effect of 3-year-olds was 

influenced by the model being adjusted to the effect of 2-year-olds. At Ram Mountain, 2-

year-old bighom ewes are more likely to allocate resources to growth and future reproductive 
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potential, whereas 3- to 5-year-olds are more likely to reproduce in the current year. This 

makes sense as a small 2-year-old may still gain a considerable amount of mass before 

reaching her asymptotic mass, whereas an older, but also small ewe may have almost reached 

her asymptotic mass and postponing primiparity may not allow her to further invest in growth 

and therefore would not be very beneficial. 

Age is clearly an important determinant of whether or not a young ewe reproduces; 2-year-

olds have more conservative mass-specific reproductive strategies than older ewes. When 

resources are scarce, the growth versus reproduction trade-off observed under resource 

abundance may be affected by amplifying the importance of growth over reproduction. 

Reproduction at a very young age is beneficial when resources are abundant or increasing, 

because the chances of producing a viable offspring are high. Individuals are expected to 

delay reproduction at scarce or decreasing resource availability when competition is high. At 

low resource availability at Ram Mountain, the growth costs of primiparity may be alleviated 

by reproductive restraint, because most ewes that reproduced at age 3 were heavier than ewes 

that had reproduced at age 2 at high resource availability. In support of this finding, 2-year-

old ewes reproduced almost exclusively at the highest resource availabilities (Figure 6). As 2-

year-old ewes are still undergoing considerable growth (see Figure 1), they should be even 

less likely to reproduce in times of resource scarcity than older ewes. Two-year-olds may only 

be selected to reproduce when resources are abundant, possibly because they can recover 

sufficiently during the summer to compensate for the growth costs of gestation and lactation. 

Because they are much smaller, however, 2-year-olds should always be less likely to 

reproduce than older ewes. Two-year-old ewes may benefit more from allocating resources to 

growth rather than to reproduction which may in tum affect the evolution of adult body mass 

and longevity in the population. For example, early reproduction may have a delayed negative 

effect on both body mass and survival in bighom ewes, and the very few 2-year-old ewes that 

reproduced at high population density appeared to suffer substantial fitness costs (F esta-

B ianchet et al., 1995). 
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4.3 Additive eff ects of resource availability and age 

As resource availability likely has a strong influence on mass, these two factors are not 

independent of one another. 1 found that both resource availability and mass have separate 

effects on a young ewe's probability of reproducing (Table 5), but what exactly are the 

relationships among resource availability, mass and reproduction? Contrary to my 

expectations that when resources are depleted, ewes will only reproduce at higher body 

masses and vice versa, 1 found that the interaction between body mass and resource 

availability had no effect on the probability of reproduction (Table 4). Instead, resource 

availability had an additive effect on the influence of body mass on reproductive success 

(Figure 4). When resources are abundant, ewes are always more likely to reproduce, for any 

given mass, than when resources are scarce (Figure 4). 

The difference in probability of reproduction at high and low resource availabilities shows 

that resource availability affects the influence of ewe mass on the probability of reproduction 

in young ewes. The costs and benefits of reproduction in bighom ewes appear to change with 

both individual mass and resource availability. The fact that the effect of resource availability 

on the probability of reproduction is additive to that of body mass, indicates that resource 

availability affects reproduction independently of body mass. The low reproductive rates seen 

at low resource availability may be a method used by ewes to reduce the costs of 

reproduction, which are particularly high in young, small ewes. 

My results partially support those of Jorgenson et al. (1993) in an earlier study on the Ram 

Mountain bighom population. They found that the interaction between body mass and 

population density affected the probability of reproduction in 2-year-old ewes; the average 

mass of ewes that reproduced at high density was higher than the average mass of ewes that 

reproduced at low density (Jorgenson et al., 1993). Even though my study found no 

interactive effect between body mass and resource availability on a young ewe' s probability 
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of reproducing, my conclusion is the same at Jorgenson et al. (1993): ewes need to be heavier 

to reproduce when resources are scarce (or density is high). It is somewhat surprising, 

however, that the negative effect of low resource availability in 2-year-olds seems to be the 

same across a range of body sizes. Most other studies have found a lower effect of density (or 

resource availability) on the heavier females. I propose that 2-year-olds should be treated are 

a special case because of their small size and because of my results that suggest that they are 

different from older ewes in many ways. 

4.4 The effect of habitat quality (fecal crude protein) 

An individual' s growth is controlled by her nutritional intake, which is dependent on the 

quality and quantity of food resources she consumes. At low resource availability, females 

may be forced to forage on low-quality vegetation (White, 1983). On a restricted diet of low-

quality vegetation, ewes may have limited body reserves and therefore be forced to delay 

reproduction. For example, in Dall's sheep, superior nutrition leads to earlier primiparity, 

larger size, bigger homs and higher reproductive success (Hoefs and Nowlan, 1993). As 

resource availability is highly seasonal and winter resources are very limited in their habitat, 

early-season access to nutritious vegetation is critical to bighom sheep in order to re-gain 

mass lost during winter. At Ram Mountain ewes have more control over their summer mass 

gain than their winter loss; they can adjust the amount they gain over the summer more easily 

than adjusting the amount they loose over the winter (Festa-Bianchet et al., 1996). Within the 

summer, variations in the digestibility of plants early in the season have more effect on mass 

gain than the digestibility of plants later in the season (Langvatn et al., 1996). Mass gain in 

early summer is particularly important to young ewes needing to attain sufficient body 

reserves to attempt reproduction in the fall. 

Blanchard et al. (2003) concluded that fecal nitrogen is a reliable index of population 

nutritional status for the Ram Mountain bighom sheep population. ln this study, 1 found that 
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fecal nitrogen content over the summer had a positive effect on the probability of 

reproduction (Table 5 and Figure 8). Fecal nitrogen is correlated with population density and 

with mass gain by yearling ewes (Blanchard et al., 2003), but my results suggest that habitat 

quality is a determinant of reproductive success, independently of the effect of resource 

availability. ln other words, the positive eff ect of fecal nitrogen on young ewe reproduction is 

not simply a consequence of its correlation with population density Thus, as habitat quality 

improves, a ewe's probability of reproducing also increases. My study supports early studies 

that reported a negative correlation between fecal nitrogen and population density for bighom 

sheep (Blanchard et al., 2003), white-tailed deer (Sams et al., 1998) and Sika deer (Asada and 

Ochiai, 1999). Similarly, Bunnell and Olsen (1981) found that Dall's sheep conceive at a 

smaller mass when they have access to better forage. 

4.5 Previous reproductive experience and weather: non-determinants of reproduction 

in young ewes 

Theoretically, individuals should start reproducing when the benefits of current reproduction 

will exceed its costs on future reproductive potential. Barly reproduction is desirable because 

the earlier an individual starts reproducing, the higher the number of offspring she can 

produce throughout her lifetime and the more genes she passes on to future generations. My 

study supports several earlier studies in fmding that previous reproductive success has very 

little effect on future reproductive success (Bérubé et al., 1999 ; Clutton-Brock et al., 1996 ; 

Festa-Bianchet et al., 1995 ; Gallant et al., 2001 ; Lunn et al., 1994; Murie and Dobson, 1987 

; Rubin et al., 2000) once individual mass, resource availability, age and habitat quality are 

taken into account (Table 4). Young ewes appear to adopt reproductive strategies that 

minimize reproductive costs, thereby rendering the costs difficult to measure. 

Temperature and precipitation are major stochastic factors that influence all populations. 

Often this influence is though their impacts on resource availability during periods such as 
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youth, when the trade-off between reproduction and growth is critical. ln young ewes at Ram 

Mountain, 1 could not detect an effect of either temperature or precipitation on the probability 

of reproduction (Table 4). One possible explanation why 1 did not find an effect of 

temperature or precipitation on the probability of reproduction is that bighom sheep are a low 

reproductive expenditure species. Compared to other, similar-sized ungulates, they are not 

typically near the maximum potential reproductive effort, at which point offspring mass and 

gestation length would be sensitive to changes in the environment (Byers and Hogg, 1995). 

Climatic factors may often interact with other factors in their effects on life-history traits of 

ungulates. Environmental factors can have influential effects on growth and reproduction in a 

given year for capital breeders like bighom sheep that stock body reserves for future use. 

While weather is always a density-independent effect, the effects of weather on population 

dynamics are often density-dependent. For example, density will have no effecf on the 

probability of a poor-weather spring, but harsh spring weather may have a greater negative 

impact on a high-density population than on a low-density population. As a resùlt, separating 

the effects of density from those of weather may be problematic unless the population is 

monitored over numerous years. This problem was avoided in this study due to the fact that 

the Ram Mountain dataset spans almost 30 years. 
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CONCLUSION 

It is important to carry out long-tenn studies on the selective pressures affecting reproduction 

to fully understand the factors that drive population dynamics in wild animais and to develop 

life-history theories for these populations. Ewes face an important life-long trade-off at a 

young age between incurring the costs of reproducing as early as possible or delaying 

reproduction and forgoing the benefits of early reproduction. My research shows that 

reproduction is not simply detennined by a physiological constraint (individual body mass), 

but rather is part of a reproductive strategy involving resource availability, age and habitat 

quality. The results from this study can be generalized for other large mammals. Over her 

lifespan, a ewe may encounfer · drastic fluctuations in resource availability, thus selection 

should favor a conservative yet flexible reproductive strategy rather than a fixed strategy that 

may not be optimal under all conditions. 

Detecting or forecasting changes in reproductive potential by measuring body mass may not 

be accurate. lt is important to study the relationships among reproductive success, resource 

availability and body mass to test life-history theories that predict a trade-off under limited 

resources between mass and reproduction (Stearns, 1992). Minor changes in the resource base 

or in individuals' masses may lead to relatively large changes in the probability of 

reproduction. This emphasises the importance of tracking small shi:fts in the resources and 

collecting individual masses when managing wild populations. Forchhammer et al. (2001) 

predicted that global warming may produce cohorts of females with high fecundity and 

longevity rates, but with small body masses. This presents an interesting opportunity for 

future research in the area of climatic effects on life-history traits in mammals. Long-term 

studies, such as that at Ram Mountain, that provide information on individual masses and 

reproductive success under varying levels of resource availability may provide useful clues 

into the evolution of life histories. 

63 



BIBLIOGRAPHY 

Adams, L.G., and Dale, B.W. (1998). Reproductive performance offemale Alaskan caribou. 
J. Wildl. Manage. 62, 1184-1195. 

Adams, L.G., and Pekins, P.J. (1995). Growth patterns of New England moose: yearlings as 
indicators of population status. Alces 31, 53-59. 

Albon, S.D., Clutton-Brock, T.H. (1988). Climate and the population dynamics ofred deer in 
Scotland. In Ecological change in the Uplands. M.B. Usher and D.B A. Thompson, eds. 
(Oxford: Blackwell Scientific Publications), pp. 93-107. 

Albon, S.D., Mitchell, B., and Staines, B.W. (1983). Fertility and body weight in female red 
deer: a density-dependent relationship. J. Anim. Ecol. 52, 969-980. 

Albon, S.D., Clutton-Brock, T.H., and Guinness, F.E. (1987). Barly development and 
population dynamics in red deer. II. Density-independent effects of cohort variation. J. Anim. 
Ecol. 56, 69-81. 

Albon, S.D., Staines, H.J., Guinness, F.E., and Clutton-Brock, T.H. (1992). Density-
dependent changes in the spacing behaviour of female kin in red deer. J. Anim. Ecol. 61, 131-
137. 

Anderson, R., and Linnell, J.D.C. (1997). Variation in maternai investment in a small cervid-
the effects of cohort, sex, litter size and time of birth in roe deer ( Capreolus capreolus) fawns. 
Oecologia 109, 7 4-79. 

Asada, M., and Ochiai, K. (1999). Nitrogen content in feces and the diet of Sika deer on the 
Bose Peninsula, central Japan. Ecological Research 14, 249-253. 

Bailey, J.A. (1991). Reproductive success in female mountain goats. Can. J. Zool. 69, 2956-
2961. 

Beckennan, A., Benton, T.G., Ranta, E., Kaitala, V., and Lundberg, P. (2002). Population 
Dynamic Consequences ofDelayed Life-History Effects. Trends in Ecology and Evolution 
17, 263-269. 

Begon, M. (1984). Density and individual fitness: Asymmetric competition. In Evolutionary 
Ecology. B. Shorrocks, eds. (Oxford: Blackwell Scientific Publications), pp. 175-194. 

64 



Bell, G ., and Koufopanou, V. (1986). The cost of reproduction. In Oxford surveys in 
evolutionary biology. R. Dawkins and M. Ridley, eds. (Oxford: Oxford University Press), pp. 
83-131. 

Bell, G. (1980). The costs of reproduction and their consequences. Am. Nat. 116, 45-76. 

Bercovitch, F.B., Lebron, M.R., Martinez, H.S., and Kessler, M.J. (1998). Primigravidity, 
body weight, and costs ofrearing first offspring in Rhesus macaques. Am. J. Primat. 46, 135-
144. 

Bérubé, C.H., Festa-Bianchet, M., and Jorgenson, J.T. (1999). Individual differences, 
longevity, and reproductive senescence in bighom ewes. Ecology 80, 2555-2565. 

Birgersson, B., and Ekvall, K. (1997). Barly growth in male and female fallow deer fawns. 
Behav. Ecol. 8, 493-499. 

Blanchard, P., Festa-Bianchet, M., Gaillard, J.-M., and Jorgenson, J.T. (2003). A Test of 
Long-term Fecal Nitrogen Monitoring to Evaluate Nutritional Status in Bighom Sheep. 
Journal ofWildlife Management 67, 477-484. 

Bonenfant, C., J-M. Gaillard, F. Klein and A. Loison. {2002). Sex- and age-dependent effects 
of population density on life-history traits of red deer Cervus elaphus in a temperate forest. 
Ecography 25, 446-458. 

Boyd, l.L., Croxall, J.P., Lunn, N.J., and Reid, K. (1995). Population demography of 
Antarctic fur seals: the costs of reproduction and implications for life-histories. J. Anim. Ecol. 
64, 505-518. 

Brannan, J., Althoff, B., Fong, J., Jacobs, L., Norby, J., and Rubenstein, S. (2000). SigmaPlot 
2000 for Windows Version 6.00. Copyright 1986-2000 SPSS Inc. 

Bruer, K., Hemsworth, P.H., Barnett, J.L., Matthews, L.R., and Coleman, G.J. (2000). 
Behavioural response to humans and the productivity of commercial dairy cows. Applied 
Animal Behaviour Science 66, 273-288. 

Bunnell, F.L., and Olsen, N.A. (1981). Age-specific natality in Dall's sheep. J. Mamm. 62, 
379-380. 

Byers, J.A., and Hogg, J.T. (1995). Environmental effects on prenatal growth rate in 
pronghom and bighom: further evidence for energy constraint on sex-biased maternai 
expenditure. Behav. Ecol. 6, 451-457. 

65 



Clutton-Brock, T.H., ed. (1988). Reproductive success. (Chicago: University of Chicago 
Press). 

Clutton-Brock, T.H., Guinness, F.E., and Albon, S.D. (1982). Red deer: behavior and ecology 
oftwo sexes (Chicago: University of Chicago). 

Clutton-Brock, T.H., Guinness, F.E., and Albon, S.D. (1983). The costs of reproduction to red 
deer hinds. J. Anim. Ecol. 52, 367-383. 

Clutton-Brock, T.H., Albon, S.D., and Guinness, F.E. (1986). Great expectations: dominance, 
breeding success and offspring sex ratio in red deer. Anim. Behav. 3 4, 460-4 71. 

Clutton-Brock, T.H., Major, M., Albon, S.D., and Guinness, F.E. (1987). Early development 
and population dynamics in red deer. 1. Density-dependent effects on juvenile survival. J. 
Anim. Ecol. 56, 53-64. 

Clutton-Brock, T.H., Stevenson, l.R., Marrow, P., Maccoll, A.D., Houston, A.I., and 
McNamara, J.M. (1996). Population fluctuations, reproductive costs and life-history tactics in 
female Soay sheep. J. Anim. Ecol. 65, 675-689. 

Cole, L.C. (1954). The population consequences oflife history phenomena. Q. Rev. Biol. 29, 
103-137. 

Coltman, D.W., O'Donohew, P., Jorgenson, J.T., Hogg, J.T., Strobeck, C., and Festa-
Bianchet, M. (2003). Undesirable evolutionary consequences oftrophy hunting. Nature, in 
press. 

Dobson, F.S., and Murie, J.O. (1987). Interpretation of intraspecific life history patterns: 
evidence from Columbian ground squirrels. Am. Nat. 129, 382-397. 

Drew, H.D. (1970). Determination of total nitrogen. In The analytical chemistry of nitrogen 
and its compounds. C.A. Streuli and P. R. Averell, eds. (New York: Wiley-Intersciences), pp. 
1-27. 

Ebersole, J.J. (2002). Recovery of alpine vegetation on small, denuded plots, Niwot Ridge, 
Colorado, U.S.A. Arctic, Antarctic, and Alpine Research 34, 389-397. 

Emsting, G., Zonneveld, C., Isaaks, J.A., and Kroon, A. (1993). Size at maturity and patterns 
of growth and reproduction in an insect with indeterminate growth. Oikos 66, 17-26. 

Festa-Bianchet, M. (1989). Individual differences, parasites, and the costs of reproduction for 
bighom ewes (Ovis canadensis). J. Anim. Ecol. 58, 785-795. 

66 



Festa-Bianchet, M. (1998). Condition-dependent reproductive success in bighom ewes. 
Ecology Letters 1, 91-94. 

Festa-Bianchet, M., and Jorgenson, J.T. (1998). Selfish mothers: reproductive expenditure 
and resource availability in bighom ewes. Behav. Ecol. 9, 144-150. 

Festa-Bianchet, M., Jorgenson, J.T., Lucherini, M., and Wishart, W.D. (1995). Life-history 
consequences of variation in age of primiparity in bighom ewes. Ecology 76, 871-881. 

Festa-Bianchet, M., Jorgenson, J.T., King, W.J., Smith, K.G., and Wishart, W.D. (1996). The 
development of sexual dimorphism: seasonal and lifetime mass changes of bighom sheep. 
Can. J. Zool. 74, 330-342. 

Festa-Bianchet, M., Jorgenson, J.T., Bérubé, C.H., Portier, C., and Wishart, W.D. (1997). 
Body mass and survival ofbighom sheep. Can. J. Zool. 75, 1372-1379. 

Festa-Bianchet, M., Gaillard, J.-M., and Jorgenson, J.T. (1998). Mass- and density-dependent 
reproductive success and reproductive costs in a capital breeder. Am. Nat. 152, 367-379. 

Festa-Bianchet, M., Coltman, D.W., Turelli, L., and Jorgenson, J.T. (in press). Density-
dependent resource allocation to hom and body growth in bighom rams. Behavioral Ecology 

Forchhammer, M.C., Clutton-Brock, T.H., Lindstrom, J., and Albon, S.D. (2001). Climate 
and population density induce long-term cohort variation in a northem ungulate. Journal of 
Animal Ecology 70, 721-729. 

Fowler, C.W. (1981). Density dependence as related to life history strategy. Ecology 62, 602-
610. 

Fowler, C.W. (1987). A review of density dependence in populations oflarge mammals. In 
Current Mammalogy. H. H. Genoways, eds. (New York: Plenum Press), pp. 401-441. 

Gadgil, M., and Bossert, W.H. (1970). Life historical consequences of natural selection. Am. 
Nat. 104, 1-24. 

Gaillard, J.-M., Sempéré, A.J., Boutin, J.-M., Laere, G.V., and Boisaubert, B. (1992). Effects 
of age and body weight on the proportion of females breeding in a population of roe deer 
(Capreolus capreolus). Can. J. Zool. 70, 1541-1545. 

Gaillard, J.M., Delorme, D., and Jullien, J.M. (1993). Effects of cohort, sex, and birth date on 
body development ofroe deer (Capreolus capreolus) fawns. Oecologia 94, 57-61. 

67 



Gaillard, J.-M., Boutin, J.-M., Delorme, D., Laere, G.V., Duncan, P., and Lebreton, J.-D. 
(1997). Barly survival in roe deer: causes and consequences of cohort variation in two 
contrasted populations. Oecologia 112, 502-513. 

Gaillard, J.-M., Andersen, R., Delorme, D., and Linnell, J.D.C. (1998). Family effects on 
growth and survival of juvenile roe deer. Ecology 79, 2878-2889. 

Gaillard, J.M., Festa-Bianchet, M., Delorme, D., and Jorgenson, J. (2000a). Body mass and 
individual fitness in female ungulates: bigger is not always better. Proc. R. Soc. Lond. B 267, 
471-477. 

Gaillard, J.M., Festa-Bianchet, M., Yoccoz, N.G., Loison, A., and Toïgo, C. (2000b ). 
Temporal variation in fitness components and population dynamics of large herbivores. 
Annual Review ofEcology and Systematics 31, 367-393. 

Gallant, B.Y. (1999). Retardement dans l'âge à la primiparité chez le mouflon d'Amérique: 
corrélats et conséquences. Mémoire de maîtrise, Université de Sherbrooke, Sherbrooke, 
Québec. 

Gallant, B.Y., Reale, D., and Festa-Bianchet, M. (2001). Does mass change ofprimiparous 
bighom ewes reflect reproductive effort? Canadian Journal of Zoology 79, 312-318. 

Geist, V. (1966). Validity ofhom segment counts in aging bighom sheep. J. Wildl. Manage. 
30, 634-646. 

Gittleman, J.L., and Thompson, S.D. (1988). Energy allocation in mammalian reproduction. 
Amer. Zool. 28, 863-875. 

Goldstein, H. (1995). Multilevel Statistical Models (London, New York: Edward Arnold, 
Wiley). 

Goodson, N.J., Stevens, D.R., and Bailey, J.A. (1991). Effects of snow on foraging ecology 
and nutrition ofbighom sheep. J. Wildl. Manage. 55, 214-222. 

Green, W.C.H., and Rothstein, A. (1991). Trade-offs between growth and reproduction in 
female bison. Oecologia 86, 521-527. 

Hjeljord, O., and Histol, T. (1999). Range-body mass interactions of a northem ungulate - a 
test of hypothesis. Oecologia 119, 326-339. 

Hochachka, W. (1992). How much should reproduction cost? Behav. Ecol. 3, 42-52. 

68 



Hoefs, M. (1984). Population dynamics and horn growth characteristics ofDall sheep (Ovis 
dalli) and their relevance to management. In Northern ecology and resource management. R. 
Oison ed. (Edmonton, Alberta: University of Alberta Press). 

Hoefs, M., and Nowlan, U. (1993). Minimum breeding age of dall sheep, Ovis dalli dalli, 
ewes. Can. Field-Nat. 107, 241-243. 

Hox, J.J. (1995). Applied multilevel analysis (Amsterdam: TT-Publikaties). 

Jorgenson, J.T., Festa-Bianchet, M., Lucherini, M., and Wishart, W.D. (1993). Effects of 
body size, population density and maternai characteristics on age of first reproduction in 
bighorn ewes. Can. J. Zool. 71, 2509-2517. 

Jorgenson, J.T., Festa-Bianchet, M., Gaillard, J.-M., and Wishart, W.D. (1997). Effects of 
age, sex, disease, and density on survival ofbighom sheep. Ecology 78, 1019-1032. 

Jorgenson, J.T., Festa-Bianchet, M., and Wishart, W.D. (1998). Effects of population density 
on hom development in bighom rams. J. Wildl. Manage. 62, 1011-1020. 

L'Heureux, N., Lucherini, M., Festa-Bianchet, M., and Jorgenson, J.T. (1995). Density-
dependent mother-yearling association ofbighorn sheep. Anim. Behav. 49, 901-910. 

Langvatn, R., Albon, S.D., Burkey, T., and Clutton-Brock, T.H. (1996). Climate, plant 
phenology and variation in age of first reproduction in a temperate herbivore. J. Anim. Ecol. 
65, 653-670. 

Leblanc, M., Festa-Bianchet, M., and Jorgenson, J.T. (2001). Sexual size dimorphism in 
bighom sheep (Ovis canadensis): effects of population density. Can J Zool 79:1661-1670. 
Canadian Journal of Zoology 79, 1661-1670. 

Lindstrom, J. (1999). Barly development and fitness in birds and mammals. TREE 14, 343-
348. 

Lunn, N.J., Boyd, l.L., and Croxall, J.P. (1994). Reproductive performance of female 
Antarctic fur seals: the influence of age, breeding experience, environmental variation and 
individual quality. J. Anim. Ecol. 63, 827-840. 

McCullagh, P., and Nelder, J. (1989). Generalised linear models (London: Chapman and 
Hall). 

McNamara, J.M., and Houston, A.I. (1996). State-dependent life histories. Nature 380, 215-
221. 

69 



Murie, J.O., and Dobson, F.S. (1987). The costs of reproduction in female Columbian ground 
squirrels. Oecologia 73, 1-6. 

Neuhaus, P. (2000). Weight comparisons and litter size manipulation in Columbian ground 
squirrels (Spermophilus columbianus) show evidence of costs of reproduction. Behav. Ecol. 
Sociobiol. 48, 75-83. 

Ozoga, J.J., and Verme, L.J. (1984). Effect of family-bond deprivation on reproductive 
performance in female white-tailed deer. J. Wildl. Manage. 48, 1326-1334. 

Ozoga, J.J., and Verme, L.J. (1986). Relation of maternai age to fawn-rearing success in 
white-tailed deer. J. Wildl. Manage. 50, 480-486. 

Partridge, L., and Harvey, P.H. (1988). The ecological context of life history evolution. 
Science 241, 1449-1455. 

Picton, H.D. (1984). Climate and the prediction of reproduction ofthree ungulate species. J. 
Appl. Ecol. 21, 869-879. 

Portier, C., Festa-Bianchet, M., Gaillard, J.-M., Jorgenson, J.T., and Yoccoz, N.G. (1998). 
Effects of density and weather on survival ofbighom sheep lambs (Ovis canadensis). J. ZooL 
245, 271-278. 

Ransome, R.D. (1995). Earlier breeding shortens life in female greater horseshoe bats. Phil. 
Trans. R. Soc. Lond. B 350, 153-161. 

Rasbash, J., Browne, W., Healey, M., Cameron, B., and Charlton, C. (2001). MLwiN Version 
1.10.0007. Institute of Education. 

Réale, D., and Festa-Bianchet, M. (2000). Mass-dependent reproductive strategies in wild 
bighom ewes: a quantitative genetic approach. J. Evol. Biol. 13, 679-688. 

Réale, D., and Festa-Bianchet, M. (2003). Predator-induced natural selection on temperament 
in bighom ewes. Animal Behaviour 65, 463-470. 

Reimers, E. ( 1983). Reproduction in wild reindeer in N orway. Can. J. Zool. 61, 211-217. 

Reiter, J., and Leboeuf, B.J. (1991). Life history consequences of variation in age at 
primiparity in northem elephant seals. Behav. Ecol. Sociobiol. 28, 153-160. 

Reznick, D. (1985). Costs of reproduction: an evaluation of the empirical evidence. Oikos 44, 
257-267. 

70 



Rohr, R. (1997). Demographic and life-history variation in two proximate populations of a 
viviparous skink separated by a steep altitudinal gradient. J. Anim. Ecol. 66, 567-578. 

Rose, K.E., Clutton-Brock, T.H., and Guinness, F.E. (1998). Cohort variation in male survival 
and lifetime breeding success in red deer. Journal of Animal Ecology 67, 979-986. 

Rubin, E.S., Boyce, W.M., and Bleich, V.C. (2000). Reproductive strategies of desert bighom 
sheep. J. Mammal. 81, 769-786. 

Sadleir, R.M.F.S. (1969). The Ecology of Reproduction in Wild and Domestic Animais 
(London: Methuen). 

Srether, B.-E. (1997). Environmental stochasticity and population dynamics oflarge 
herbivores: a search for mechanisms. TREE 12, 143-149. 

Srether, B.-E., and Heim, M. (1993). Ecological correlates of individual variation in age at 
maturity in female moose (Alces alces): the effects of environmental variability. J. Anim. 
Ecol. 62, 482-489. 

Srether, B.-E., Andersen, R., Hjeljord, O., and Heim, M. (1996). Ecological correlates of 
regional variation in life history of the moose Alces alces. Ecology 77, 1493-1500. 

Sams, M.G., Lochmiller, R.L., Qualls, C.W., and Leslie, D.M. (1998). Sensitivity of 
condition indices to changing density in a white-tailed deer population. J. Wildl. Dis. 34, 110-
125. 

Silanikove, N., Shamay, A., Shinder, D., and Moran, A. (2000). Stress down regulates milk 
yield in cows by plasmin induced 13-casein product that blocks K + channels on the apical 
membranes. Life Sciences 67, 2201-2212. 

Skogland, T. (1985). The effects of density-dependent resource limitations on the 
demography of wild reindeer. J. Anim. Ecol. 54, 359-374. 

Skogland, T. (1990). Density dependence in a fluctuating wild reindeer herd: maternai vs. 
offspring effects. Oecologia 84, 442-450. 

Steams, S.C. (1976). Life-history tactics: a review of the ideas. Q. Rev. Biol. 51, 3-47. 

Steams, S.C. (1992). The Evolution ofLife Histories (Oxford: Oxford University Press). 

Stevenson, I.R., and Bancroft, D.R. (1995). Fluctuating trade-offs favour precocial maturity in 
male Soay sheep. Proc. R. Soc. Lond. B 262, 267-275. 

71 



Svendsen, G.E., and White, M.M. (1997). Body mass and first-time reproduction in female 
chipmunks (Tamias striatus). Can. J. Zool. 75, 1891-1895. 

Swihart, R.K., Weeks, H.P., Easter-Pilcher, A.L., and Denicola, A.J. (1998). Nutritional 
condition and fertility of white-tailed deer ( Odocoileus virginianus) from areas with 
contrasting histories ofhunting. Can. J. Zool. 76, 1932-1941. 

Thomas, D.C. (1982). The relationship between fertility and fat reserves of Peary Caribou. 
Can. J. Zool. 60, 597-602. 

Toïgo, C., Gaillard, J.M., and Michallet, J. (1999). Cohort affects growth of males but not 
females in alpine ibex (Capra ibex ibex). J. Mammal. 80, 1021-1027. 

White, R.G. (1983). Foraging patterns and their multiplier effects on productivity of northem 
ungulates. Oikos 40, 377-384. 

72 


	1nancy
	2nancy
	3nancy

