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Sommaire

Dans les climats tempérés, les périodes de haute disponibilité en ressources sont limitées. Ceci

cause des conflits d’allocation de ressources parmi des composantes d’aptitude phénotypique

opposées (i.e. la survie, la croissance, et la reproduction) et sculpte ainsi les traits d’histoire

de vie des organismes qui y habitent. La synchronisation de la mise bas avec la période de

ressources optimale est essentielle afin de maximiser l’énergie disponible à la reproduction

ainsi qu’à la croissance et à la survie des progénitures. L’environnement est imprévisible dans

l’occurrence et dans la durée de la période haute en ressources. Cette imprévisibilité devrait

promouvoir la plasticité phénotypique dans la date de mise bas, ainsi que dans les stratégies

maternelles conservatrices qui favorisent la survie au lieu de la reproduction en cas de pénurie

de ressources. La variabilité dans l’arrivée des ressources pourrait maintenir différents phé-

notypes dans la population si différentes dates de naissance sont favorisées dans différentes

années, résultant de la reproduction asynchrone. Avec des données à long-terme des kangou-

rous gris de l’est identifiés individuellement, j’ai quantifié les conséquences écologiques et

évolutives pour les femelles se reproduisent à différents temps de l’année. J’ai découvert que la

reproduction asynchrone du kangourou pourrait être expliquée, en partie, par des changements

annuels dans la force et dans la direction de la sélection sur la date de naissance. La variabilité

en force de sélection aura contribué à l’affaiblissement de l’effet moyen de sélection sur la date

de naissance. La grande variabilité de la date de mise bas des kangourous (80 % sont nés de fin

novembre à mars) m’a permis de mesurer des différences dans les stratégies maternelles des

femelles donnant naissance lors des différentes saisons. Lorsque possible, j’ai inclus la date de

mise bas comme variable périodique afin d’obtenir des effets plus réalistes qui reflètent mieux

le système naturel étudié. Ainsi, les résultats ont démontré une forte connectivité entre les

évènements de reproduction consécutifs. La date de mise bas, et donc le succès reproducteur,

étaient affectées par la date de mise bas et le succès du jeune précédents. Une femelle donnant

naissance au printemps a une meilleure probabilité de sevrer un jeune, mais donnera proba-
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blement naissance plus tard l’année suivante. Les évènements de reproduction consécutifs ne

sont donc pas indépendants et pourraient être reliés par la condition maternelle. La faible sé-

lection nette que j’ai mesurée pourrait donc avoir des effets au-delà de la survie juvénile si les

conséquences au niveau de la condition maternelle affectent aussi la reproduction future. Com-

prendre comment s’adaptent les kangourous à un environnement imprévisible pourrait nous

aider à mieux prédire les conséquences potentielles des changements climatiques. En effet, il

est prévu que ces derniers réduiront la saisonnalité dans les régions tempérées.

Mots clés : [Compromis d’allocation, statistiques circulaires, survie juvénile, environnement

stochastique, macropod, sélection fluctuante]
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Summary

Limited periods of high resource availability drive allocation trade-offs among competing fit-

ness traits (i.e. growth, reproduction, and survival) and forge the life histories of organisms

in seasonal climates. Timing parturition with peak resource availability and clement weather

optimizes the energy available for reproduction and increases offspring growth and survival.

In unpredictable climates, variability in the onset and duration of high-resource seasons should

promote plasticity in reproductive timing and a conservative maternal allocation strategy favou-

ring maintenance over reproduction when resources are scarce. Unpredictable resource availa-

bility could also promote asynchronous reproduction by selecting differently-timed offspring

in different years, thus, maintaining different phenotypes within the population. Using data

from a longitudinal survey of individually marked eastern grey kangaroos, I quantified fitness

consequences of variability in forage and rainfall for mothers that gave birth at different times

of the year. I found that asynchronous parturition in kangaroos is likely explained in part by

annual changes in strength and direction of selection on birthdate that favoured variability

and weakened the relationship between phenology and offspring survival. The wide spread of

birthdates, 80 % of pouch young were born from late-November to March, provided natural

variability that allowed me to measure differences in reproductive success and maternal allo-

cation to pouch young growth for differently timed mothers. I analysed birthdate as a circular

variable whenever possible to preserve the true nature of effects. This produced a clearer idea of

connectedness of consecutive life-history events. Indeed, parturition date, and therefore pouch

young survival, was affected by the timing and survival of the previous pouch young. Mothers

that gave birth early were more likely to wean a young, but also more likely to give birth la-

ter in the following year. Reproductive events were not independent and were likely linked

through a common capital resource pool. Selection against mistimed young could therefore be

stronger than what I measured through offspring survival if, through depletion of resources,

consequences are carried over to future reproduction. As the rate and intensity of extreme
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weather events is expected to increase worldwide, climate change could increase environmen-

tal variability in currently stable climates and select for more flexible reproductive schedules.

Understanding ecological drivers of timing of parturition and the consequences of birthdate

on fitness of kangaroos that evolved in an El-Niño affected temperate climate could provide

important insight for predicting long-term consequences of climate change. Finally, I found

that previous reproductive effort likely has strong effects on timing of subsequent parturition,

and ignoring these effects would likely result in an incomplete or erroneous understanding of

inter-annual adjustments in parturition date.

Keywords : [Trade-offs, circular statistics, offspring survival, unpredictable environment, ma-

cropod, fluctuating selection]
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Chapitre 1

GENERAL INTRODUCTION

1.1 Theory

1.1.1 Timing and synchrony of parturition

In seasonal climates, annually predictable periods of high food availability and nutritional qua-

lity (Forchhammer, 1995) interact with physiology, foraging decisions (Boggs, 1992), and

resource allocation tactics (Stephens et al., 2009, 2014), to dictate the optimal timing of re-

production (Iwasa and Levin, 1995) with consequences for survival, recruitment, and popula-

tion dynamics (Daan et al., 1988; Rubin et al., 2000; Post et al., 2008). Timing of parturition

is an individual life history trait, heritable in several mammals (Réale et al., 2003a; Feder

et al., 2008; Boutin and Lane, 2014), and therefore potentially subject to natural selection and

evolution (Thomas et al., 2001; Ogutu et al., 2010). Synchrony of parturition, however, is a

population-level trait referring to the number of days over which births occur (Kerby and Post,

2013) and is the indirect result of the cumulative response to selection on individual timing

(Ogutu et al., 2010).

Asynchronous reproduction is likely the ancestral state of ruminants (Lee et al., 2017) and

synchronous parturition should evolve in seasonal environments where individuals born out

of synch with restricted periods of resource availability have low survival (Côté and Festa-

Bianchet, 2001; Post et al., 2003; Feder et al., 2008). Predator swamping may also increase

reproductive synchrony, since young born at the same time as many others have higher sur-
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vival if predators face more prey than they can consume (Estes and Estes, 1979). However,

synchronous reproduction is unlikely to have evolved in response to predator swamping alone,

however, which may only tighten synchrony in populations already displaying seasonal birth

peaks (Rutberg, 1987). Rather, seasonal resource availability explains timing and synchrony in

mammals better than predation (Rutberg, 1984; Zerbe et al., 2012). The amount of seasonal

restrictions in resource quality and availability can affect the level of synchrony in parturition

along latitudinal gradients for some mammals (Gemmell and Sernia, 1992; Higginbottom and

Johnson, 2000; Rubin et al., 2000), including kangaroos (Kirkpatrick, 1965). Populations that

experienced more pronounced seasonality also had higher birth synchrony. Even in solitary

species like moose (Alces alces) parturition was highly synchronous with 95 % of young born

within 16 days. Timing was independent of predation pressure and unresponsive to short-term

environmental fluctuations suggesting that reproductive phenology was timed to long-term sea-

sonal climate patterns (Bowyer et al., 1998). Large-scale climatic perturbations or unpredic-

tability of seasonal resources should promote reproductive asynchrony (Zerbe et al., 2012) or

individual plasticity in reproductive phenology (Post et al., 2001; Canale and Henry, 2010).

To maximise fitness, birthdate should match peak reproductive expenditure, which is lacta-

tion in mammals (Clutton-Brock et al., 1989), with maximum food quality and abundance

(Hogg et al., 2017). Early-born northern ungulates benefit from a potentially high forage qua-

lity and maximize time for growth before winter (Côté and Festa-Bianchet, 2001; Post et al.,

2003; Feder et al., 2008), but may risk uncertain conditions if the spring flush is late (Iwasa

and Levin, 1995). Strong selection against late-born young results in high reproductive syn-

chrony. For example, 80 % of mountain goat (Oreamnos americanus) kids are born within 2

weeks in spring and those born later suffer high mortality (Côté and Festa-Bianchet, 2001). In

tropical climates, ungulates also time reproduction to benefit from seasonal resources (Ryan

et al., 2007; Lee et al., 2017). Lower birth synchrony of tropical ungulates compared to species

from temperate climates might be the result of unpredictability of the tropical rainy season and

vegetation flush (Ogutu et al., 2010). Here, I examine the causes of asynchronous birth in a

temperate but unpredictable climate and the consequences of birth date for offspring survival
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and timing of future reproduction.

1.1.2 Trade-offs in seasonal resource allocation : capital vs. income bree-

ding

When energy for reproduction, growth, and maintenance is simultaneously procured during li-

mited periods of high resource availability (Fischer et al., 2011), species must evolve strategies

of resource allocation to compensate for seasons of resource scarcity (Boggs, 1992). Trade-

offs are a dilemma of energy allocation (Brommer et al., 2000) where increasing allocation of

limited resources to current reproduction diminishes the energy available for other components

of future reproductive value such as growth, survival and future reproductive output (Hirsh-

field and Tinkle, 1975; Jönsson, 1997). To offset trade-offs, most large herbivores accumulate

body mass as stored energy to be metabolically mobilized when food resources become scarce

(Bowen et al., 1992).

Species that rely entirely on stored energy to sustain reproduction are termed “capital bree-

ders”. “Income breeders” rely entirely on foraging of concurrent resources to care for young

(Stephens et al., 2014). Mammals often exhibit a combination of income and capital breeding

tactics (Stephens et al., 2009; Baron et al., 2013), but capital resources are essential to repro-

duction when maternal care lasts longer than periods of high food availability (Jönsson, 1997;

Hogg et al., 2017; Varpe, 2017). Body stores can also be used to satisfy the energetic costs

of parturition and lactation pre-emptively in advance of the onset of the local environmental

optimum (Ejsmond et al., 2015), particularly when being born early in the cohort provides

a competitive advantage (Hogg et al., 2017). The ability to store capital resources is there-

fore an important adaptation to seasonally restricted resources, and provides a buffer against

an uncertain environment (Varpe, 2017) ; however, they also incur energetic costs of building,

maintaining, and carrying extra tissue (Jönsson, 1997).
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For iteroparous species, reliance on capital resources establishes an energetic link between

consecutive reproductive attempts through a common capital resource pool (Jönsson, 1997;

Baron et al., 2013), especially if consecutive reproductive cycles overlap (Lee et al., 2017).

Hence, trade-offs between current and future reproduction are often a consequence of capi-

tal breeding (Varpe, 2017), and reproductive effort (Festa-Bianchet and Jorgenson, 1998) may

vary from one offspring to another to reflect differences in the fitness potentials of offspring

(Brommer et al., 2000). When energy allocated to reproduction depletes capital for future

reproduction, parents may delay or forego a breeding opportunity resulting in reproductive

pauses. For instance, prime-aged Weddell seals (Leptonychotes weddellii) that skipped a repro-

ductive opportunity subsequently gave birth earlier than back-to-back breeders (Rotella et al.,

2012), likely because they had stored more capital resources during the reproductive pause.

The oldest seal females delayed parturition likely due to senescence-related loss of condition

(Rotella et al., 2012). In ungulates and macropod marsupials, heavier and often older females

are more fecund and give birth earlier than lighter and often younger females (Schwanz and

Robert, 2012; Plard et al., 2014a). Indeed, maternal body condition fluctuates with seasonal

environments (Schwanz and Robert, 2012) and can serve as an endogenous predictor of timing

of reproduction (Tecot, 2010).

1.1.3 Early growth rate

Growth rate during early development is an important life history trait with strong conse-

quences for fitness (Lummaa and Clutton-Brock, 2002; Moore et al., 1997). Large body size

commonly leads to higher fitness through increased juvenile survival (Garnett, 1981), longevity

(Festa-Bianchet et al., 2000; Marcil-Ferland et al., 2013), or reproductive success (Magnhagen

and Kvarnemo, 1989). In mammals, fetal growth rate can affect size at birth and post-natal

growth rate, and has important consequences for survival and lifetime reproductive success in-

dependent of post-natal conditions (Williams et al., 1982; Boltnev et al., 1998; Beauplet et al.,
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2005). Negative effects of slow early growth and poor conditions during ontogeny can per-

sist into adulthood, reducing lifetime reproductive success (Lummaa and Clutton-Brock, 2002;

Marcil-Ferland et al., 2013). Allocating maternal energy to faster offspring growth, however,

may divert resources from somatic maintenance and future reproduction (Dmitriew, 2011).

When resources are scarce, or when environmental fluctuations in timing of resources are un-

predictable, iteroparous mammals should prioritize allocation of resources to survival over

reproduction by reducing maternal care (Gaillard et al., 1998; Therrien et al., 2008), which

could compromise early offspring growth. Risk-avoidance reproductive strategies are common

in large mammals where survival of adult females is often canalized against environmental va-

riation (Gaillard and Yoccoz, 2003). Indeed, when reproduction is out of synch with seasonal

resources (Ceesay et al., 1997) and environmental conditions during gestation are poor (Albon

et al., 1983; Byers and Hogg, 1995; Strand et al., 2011), mothers lose mass and have smaller

offspring (Lummaa and Clutton-Brock, 2002; Oldham et al., 2011). Birth size is a common

proxy for early growth rate, but it is a function of fetal growth rate and gestation time. Mea-

suring prenatal growth directly in wild mammals is extremely difficult. Several studies made

population-level inferences using cross-sectional data from culled animals (Skogland, 1984;

Reimers, 1997; Christiansen et al., 2014), but true prenatal growth rates are rarely measured.

Little is known, therefore, about how timing of birth interacts with maternal and pre- and post-

birth environments to affect offspring growth and survival in wild mammals.

Marsupials provide an ideal study model for measuring how seasonality affects early growth

rate. Gestation is very short and altricial newborns undergo the majority of their early growth

and development extrauterine, making early-stage young available for direct measurements. I

expected an effect of birthdate on pouch young growth via effects on maternal mass change,

because maternal nutrition affected early growth of Brushtail possum (Trichosurus vulpecula ;

DeGabriel et al., 2009) and Tammar wallaby (Macropus eugenii ; Inns, 1982) pouch young.

Furthermore, despite the temperate climate, kangaroos in southeastern Victoria exhibit year-

round parturition with a 4-month summer birth peak (Gélin et al., 2016). It is therefore pos-
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sible to sample differently timed mothers naturally and to quantify how differences in pheno-

logy affect maternal acquisition and allocation of capital resources to offspring growth or to

maintenance.

1.1.4 Effects of birth date on juvenile survival in a fluctuating environment

In temperate environments organisms time reproduction to coincide with seasonally available

resources, and mistimed individuals have lower relative fitness (Reed et al., 2016) through re-

duced juvenile survival or reproductive potential (Côté and Festa-Bianchet, 2001; Feder et al.,

2008; Plard et al., 2015). Even for most capital breeders, concurrent resources are often es-

sential to meet the energetic requirements of lactation (Atramentowicz, 1982; Schwanz and

Robert, 2012; Baron et al., 2013). Hence, a birthdate can be optimal in one year, and misti-

med in another if the resource peak shifts, causing selection on timing of birth to fluctuate in

strength or direction between years. Phenotypic plasticity could allow individuals to adjust par-

turition to fluctuations in annual resource availability (Post et al., 2008; Kerby and Post, 2013).

Behavioural strategies in foraging and migration to track latitudinal or altitudinal patterns of

spring forage can also partly compensate for mistimed phenology (Leader-Williams, 1988).

Since parturition date is often heritable (Réale et al., 2003b; Kruuk and Hadfield, 2007; Feder

et al., 2008), directional changes in optimal breeding date, such as that possibly induced by cli-

mate change, can result in directional microevolution of reproductive phenology (Boutin and

Lane, 2014; Reed et al., 2016). Microevolution is a change in gene frequency across genera-

tions (Lande, 2009). Non-directional fluctuations in timing of resources and optimal birthdate,

however, could also have dramatic effects on juvenile survival and life history. Fluctuating

and opposing annual selection gradients could result in long-term stasis of phenological traits

(Siepielski et al., 2009) and decrease birth synchrony by favouring phenotypic variance (Bell,

2010).

Fluctuating selection has rarely been measured in natural populations (Morrissey and Hadfield,
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2012), although a few prominent examples underline its fundamental importance to the life his-

tory of organisms under its influence (Grant and Grant, 2002). Variability in measurements of

annual selection gradients (Lande, 2009) can be caused by measurement or sampling error in

addition to true variation in selection (Morrissey and Hadfield, 2012). Truly fluctuating selec-

tion can be gaged by examining if the standard deviation of among-year selection coefficients

is large relative to the mean strength of selection (Bell, 2010).

1.1.5 Repeatability of parturition date

Repeatability is the proportion of trait variation attributable to individual differences (Biro and

Stamps, 2015). Using mixed models, repeatability is quantified through a random variance

term for the model intercept by identity. Hence, repeatability is the ratio of among- to within-

individual variance (Plard et al., 2014a), and presents a maximum threshold for heritability

(Lessells and Boag, 1987). In humans, gestation length was 34 % heritable, and there was a

strong maternal, but not paternal, genetic influence on gestational age at birth (Kistka et al.,

2008). Indeed, maternal identity explains significant variation in parturition date for pinnipeds

(Rotella et al., 2012) and several temperate ungulates. Repeatability of birth timing was 0.54

– 0.93 for different roe deer (Plard et al., 2014a) populations, and 0.10 for red deer (Nussey

et al., 2006).

Measures of repeatability are low if there is high within-individual variability in timing or if

there is low among-individual variation in timing (Nakagawa and Schielzeth, 2010). In kanga-

roos, there is high population-level variability in parturition date (Chapter 3) and thus I should

easily detect individual consistency in parturition date if it occurs. Ignoring confounding fac-

tors that affect the mean trait value or trait variance, however, can bias estimates of individual

repeatability (Biro and Stamps, 2015). Since most large mammal females give birth once each

year, similar conditions in consecutive years could inflate repeatability if year is unaccounted

for (Nakagawa and Schielzeth, 2010; Plard et al., 2014a). In contrast to repeatability, pheno-
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typic plasticity is the expression of multiple phenotypes by a single genotype in response to

changes in environment (Houston and McNamara, 1992). Individuals whose trait expression

over time has high repeatability tend to show less flexibility in response to changes in environ-

ment (i.e. low plasticity).

1.1.6 Adaptations to fluctuating environments : plasticity vs. bet-hedging

Southeastern Victoria, Australia, where this study took place, has a temperate climate influen-

ced by El-Niño Southern Oscillation cycles. El-Niño cycles generally occur every 2–7 years,

cycling between warm dry El-Niño and wet cool La-Niña years at unpredictable intervals (Yeh

et al., 2009). These cycles can impose climate-driven selective pressures that fluctuate in di-

rection and intensity, and should select for “multi-purpose” genotypes that are adapted to a

variety of conditions (Canale and Henry, 2010). I investigate the possibility that the high varia-

bility in birth timing for kangaroos despite a seasonal climate could be the result of adaptations

to an unpredictable environment. I consider phenotypic plasticity and bet-hedging as alterna-

tive flexible adaptive strategies to fluctuating environments (Furness et al., 2015), as well as

polymorphism as a passive result of fluctuating selection (Maxwell and Magwene, 2017).

A population-level plastic response produces a correlation between phenotype and environ-

ment, but individuals can also vary in their ability to respond to environmental change (Nussey

et al., 2005). Individual differences in the slope of phenotypic responses to an environmen-

tal gradient (Figure 1.1.1) can be measured using reaction norms in mixed model regression

(Houslay and Wilson, 2017). Parturition date is plastic for many ungulates (Linnell and Ander-

sen, 1998; Ryan et al., 2007; Hogg et al., 2017). Because parturition date is a composite trait,

potentially affected by both breeding date and gestation duration, ungulates can adjust partu-

rition in response to environment by different mechanisms (Hogg et al., 2017). Unpredictable

climates are likely to promote the evolution of highly plastic reproductive phenologies (Ogutu

et al., 2010; Zerbe et al., 2012) with reaction norms selected to be adaptive over wide climatic
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gradients (Canale and Henry, 2010). Indeed, if plasticity in parturition date is selectively ad-

vantaged and individuals can vary in their degree of plasticity (Houslay and Wilson, 2017) then

plasticity per se is a phenotypic trait that can be acted on by selection (Nussey et al., 2005).

Serengeti ungulates delayed parturition by several months in response to late rainfall (Estes

and Estes, 1979; Ogutu et al., 2010). Temperate-dwelling red deer gave birth later after wet

autumns (Nussey et al., 2005). Maintaining the sensory and regulatory machinery necessary to

monitor and adjust timing to a fluctuating resource optimum can be costly (Canale and Henry,

2010), however, and plasticity is potentially maladaptive if the environmental cues used to

time parturition are not mechanistically linked to future selective conditions (Reed et al., 2010;

Boutin and Lane, 2014).

When fitness trade-offs exist between phenotypes that are fit in different selective environments

but there are no reliable cues for predicting future environments, bet hedging can be a more

advantageous timing strategy than plasticity (Furness et al., 2015; Maxwell and Magwene,

2017). Randomized bet-hedging is when an individual produces offspring of different pheno-

types in the aim that some will be adapted to an unpredictable future selective environment.

Bet-hedging might explain the variability in birth dates for kangaroos if among-individual va-

riability in birthdate is high compared to between-individual variability (i.e. low repeatability),

and if this variability is not explained by responses to environmental gradients (i.e. low in-

dividual plasticity). It is also possible for species to exhibit combinations of plasticity and

bet-hedging when plasticity does not fully explain trait variability (Furness et al., 2015). Alter-

natively, polymorphism could explain the high variability in reproductive phenology if weak or

fluctuating selection maintains multiple stable phenotypes within the population. If individuals

are consistent in timing of parturition (i.e. high repeatability) and different phenotypes are fa-

voured by selection in different years, then multiple phenotypes could be maintained within

the population, with each phenotype’s probability of occurrence proportional to its probability

of success (Maxwell and Magwene, 2017).
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2018). This study reveals commonalities and divergences in maternal care strategies between

the two clades.

The rate and intensity of extreme weather events is expected to increase worldwide (Trenberth

et al., 2014; Van Gorsel et al., 2016). Climate change could reduce predictability of seasonality

in currently stable climates and select for more flexible reproductive schedules (Zerbe et al.,

2012; Maxwell and Magwene, 2017). Understanding ecological drivers of phenology (Boutin

and Lane, 2014) and its consequences on fitness and population dynamics of kangaroos that

evolved in an El-Niño affected temperate climate (Caughley et al., 1985) could provide impor-

tant insight for predicting long-term consequences of climate change. Finally, this study will

also test the importance of considering the constraints of previous reproductive effort and the

flexibility of maternal strategies when predicting the effects of timing on fitness.

Most studies on individual reproductive phenology in mammals have examined highly syn-

chronous breeders in regards to directional climate change (English et al., 2012; Boutin and

Lane, 2014). For these species, strong selection against young born outside of an optimal win-

dow of a few weeks reduces variability in timing of parturition (Festa-Bianchet, 1988; Bowyer

et al., 1998). In that context, terms such as “early-born” or “late-born” young are intuitive. Un-

like better-studied highly synchronized northern ungulates, however, kangaroos can give birth

year-round. For asynchronous reproduction, the terminology of “early-born” or “late-born” is

ambiguous, since extreme birthdates could be early for one year or late for the previous year,

due to the periodic nature of seasons. Parturition date in asynchronous breeders is therefore a

circular (or periodic) variable that cannot be normally distributed (Fisher, 1995; Berens, 2009).

Few studies analyze reproductive phenology in asynchronous breeders, and they generally cate-

gorized parturition date to simplify analyses (Mumby et al., 2013; Lummaa and Clutton-Brock,

2002; Burthe et al., 2011), leaving some ambiguity in the interpretation of some birthdates. I

used novel applications of circular statistics to quantify population- and individual-level varia-

bility in timing of parturition while respecting, and deriving useful insight from, the circular

nature of year-round parturition.
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1.3 Objectives

My primary objectives were to investigate the effects of environmental uncertainty on birth

timing, and how birthdate affected maternal resource allocation, offspring survival, and trade-

offs in reproductive effort over consecutive years. To achieve this goal, I examined the causes

and consequences of variability in birthdate in eastern grey kangaroos. More specifically, I as-

ked how timing affected 1) maternal allocation to offspring growth versus maintenance, and

2) fitness via offspring survival. Also, I asked 3) what strategies were involved in timing birth

in a fluctuating environment, and 4) how did birthdate and previous reproductive effort affect

future reproductive timing ? Kangaroos are analogous to ungulates in ecology and life history

(Jarman, 1991) in that they are large, iteroparous and sexually dimorphic (Hume et al., 1989)

herbivores with high levels of maternal care (Fisher et al., 2002) mostly through lactation.

Hence, I relied on studies of reproductive phenology of ungulates from temperate and tropical

climates to inform my research hypotheses. The study area in south eastern Victoria, Australia,

has a temperate climate (Stern et al., 2000), but is also strongly affected by El-Niño oscilla-

tion patterns. La-Niña years are warmer and wetter and El-Niño periods are cooler and drier

(Trenberth et al., 2014). These broad-scale weather patterns contribute much between-year va-

riability in timing and abundance of forage resources in an otherwise 4-season environment,

and may result in changes in the optimal timing of birth between years. Unpredictability in fu-

ture resource availability should encourage a conservative maternal strategy (Caro et al., 2016)

favouring maintenance over reproduction (Marcil-Ferland et al., 2013) when birth is mistimed

or in years when resources are scarce. I used structural equation path models (Pearl, 2012)

to determine how timing of parturition affected maternal resource allocation to maintenance

or to pouch young growth (Chapter 2). Also, I used logistic regression for circular variables

(Al-Daffaie and Khan, 2017) to quantify fluctuating annual selection on birthdate, as it relates

to variability in the timing and quantity of annual seasonal resources (Chapter 3). Finally, I

used multi-response generalized linear mixed models (Hadfield, 2010) and repeated parturi-

tion dates for individual mothers to investigate whether individual differences in phenotypic
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plasticity, bet-hedging, or polymorphism were most likely to explain the high variability in

birth phenology for kangaroos (Chapter 4). Overlapping reproductive cycles and maternal re-

liance on capital resources, however, could constrain mothers to give birth at a less optimal

time if earlier parturition compromises the survival of the young currently nursing. Hence, I

test for trade-offs between the timing and success of a previous reproduction and birthdate of

the next young using generalized additive models (Chapter 4).

1.4 Outline of articles, research questions and scientific hy-

potheses

Article 1 : Maternal resource allocation adjusts to timing of parturition in an asynchro-

nous breeder

Q1 : Does the timing of reproduction in regards to seasonal resource availability affect maternal

allocation to maintenance versus reproduction ?

H1 : In seasonal environments, reproductive phenology will affect the relative timing of re-

source acquisition and expenditure. Therefore, if kangaroos exhibit conservative maternal stra-

tegies for reproduction like many other large mammals, mother kangaroos that time lactation

with scarce winter resources should canalize maternal survival at a cost of reduced reproduc-

tive success by reducing energy allocated to pouch young.

Article 2 : Fluctuating selection on timing of parturition in an asynchronously breeding

mammal in a seasonal environment
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Q2 : Can environmental stochasticity explain year-round parturition in eastern grey kangaroo

by introducing between-year variability in the strength or direction of natural selection on

birthdate ?

H2 : If the timing and abundance of resource availability varies unpredictably between years,

there will be fluctuating annual selection on birth date. Fluctuating selection on timing of par-

turition could result in the asynchronous birth pattern of kangaroos in a temperate climate

because differently timed mothers are favored in different years.

Article 3 : Reproductive history affects reproductive timing in an asynchronous breeder

Q3 : Is the wide range of birthdates we observed for eastern grey kangaroo the result of in-

dividual plasticity to environmental variation in the best time to give birth, or the result of a

between-year allocation trade-off where some mothers delay parturition after a high previous

maternal effort or a previously mistimed reproduction ?

H3 : The accumulation of capital resources acts as an endogenous cue for timing reproduction.

High maternal allocation in a successful reproductive event will delay subsequent reproduction

if mothers require time to regain depleted capital resources, establishing an allocation trade-off

between consecutive offspring.
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1.5 Methods

My Ph.D. research contributed to a long-term study on variation in life history of eastern grey

kangaroos using mark-recapture and monitoring of individual reproductive success. The study

began in 2008 and by the end of the 2016 field season it had accumulated over 1000 captures

of 321 reproductive aged females, as well as birthdate estimates for 612 pouch young. Most

data such as body mass, skeletal growth and birth date estimates are obtained from captures.

Long-term meteorological data were obtained from the Australian government’s Bureau of Me-

teorology online resources (http ://www.bom.gov.au/vic). Our collaborator Dave Forsyth has

measured seasonal grass productivity since 2009, providing quantitative measures of seasonal

forage availability.

1.5.1 Study species : Eastern grey kangaroo (Macropus giganteus)

Species distribution

Kangaroos are the largest extant marsupials, and the largest members of the Macropodidae

family (Meredith et al., 2009), which also includes wallaroos, wallabies, pademelons and other

smaller groups. Macropods are characterized by elongated hind feet and hoping locomotion

(Hume et al., 1989). Three species of kangaroos are endemic to Australia : the red kangaroo

(Macropus rufus), and the eastern and western grey kangaroos (Macropus giganteus and M.

fuliginosus). The red kangaroo inhabits the drier outback of north-central Australia (Figure

1.5.1 ; Short et al., 1983). The two grey kangaroos have overlapping coastal mesic habitats

(McCarron et al., 2001). The western grey occupies the southwestern coast (Caughley et al.,

1987), while the eastern grey spans the eastern coast from northern Queensland to Tasmania

and is least adapted to arid conditions (Short et al., 1983; Caughley et al., 1987). All three

species overlap in parts of New South Whales and Victoria (Caughley et al., 1984). Female
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hybrids of the two grey kangaroo species produced in captivity were fertile, while male hybrids

were not (Poole and Catling, 1974; Poole, 1975). Furthermore, the eastern grey can hold an

embryo in paused development (i.e. embryonic diapause ; Clark and Poole, 1967), but the

western grey cannot (Hume et al., 1989).

Marsupial reproduction

Comparisons are frequently made between macropods and ungulates, which fulfil similar eco-

logical roles as grazers (Hume et al., 1989; Gulino et al., 2013). The two clades exhibit

convergent ecological and life-history traits such as diet (Gulino et al., 2013), longevity, body

size, sexual dimorphism (Jarman, 1991), social organization (Carter et al., 2009), reproductive

output (Fisher et al., 2001), and maternal care strategies (Fisher et al., 2002). As large-bodied

grazing mammals, kangaroos can digest fibrous vegetation by enteric fermentation in a large

tubiform forestomach (Hume et al., 1989; Munn and Dawson, 2003), which incorporates a

complex microbial ecosystem (Gulino et al., 2013). Digestive efficiency of red kangaroo was

comparable to that of sheep (Ovis aries), a true ruminant, and both species foraged for ap-

proximately 10–18 hours per day (Clarke et al., 1989; Munn et al., 2010). As in sexually

dimorphic ungulates (Rioux-Paquette et al., 2015), male kangaroos grow faster than females

(Poole et al., 1982; Hume et al., 1989), and suffer greater post-weaning and adult mortality

(Quin, 1989). Hence, faster-growing males may be more susceptible to harsh environmental

conditions (Byers and Hogg, 1995; Garel et al., 2006). Sex-biased provisioning favoring sons

has also been observed in both taxa (Côté and Festa-Bianchet, 2001; Le Gall-Payne et al., 2015;

Quesnel et al., 2017). Unlike some ungulates (Linnell and Andersen, 1998), kangaroos cannot

carry multiple young to pouch emergence. Fraternal twins occurred in 2 / 328 parturition events

of kangaroos in captivity and in both cases one pouch young died early in pouch life (Poole,

1975).

Macropod reproduction is most different from ungulate reproduction in its allocation schedules
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to gestation versus lactation (Sharman, 1970; Angelini and Ghiara, 1984; Renfree, 2010). The

gestation of eastern grey kangaroos lasts 36.4 ± 1.6 SD days independently of season of birth

(Poole, 1975). The gestation period for similar-sized roe deer (Capreolus capreolus) is 301 ±

8.1 SD day or 88 % longer, although this includes an obligatory ∼122 day embryonic diapause

for roe deer (Linnell and Andersen, 1998). Embryonic diapause in eastern grey kangaroo is

facultative (Renfree, 2000) and likely only occurs with very high resource availability. Six

of 27 captive eastern grey females exhibited embryonic diapause and their mean inter-birth

interval (323 ± 23 days) was 50 days shorter than females that did not exhibit diapause (373 ±

59 days), although this difference was not significant, likely due to the small sample of mothers

exhibiting diapause (Poole, 1975). Parturition date in kangaroos is therefore much less affected

by variability in gestation length than ungulates (Hogg et al., 2017), and should instead depend

essentially on breeding date or on date of reactivation of a paused blastocyst. Short gestation

could also make kangaroos capable of responding rapidly to improved conditions by quickly

reaching oestrus, allowing them more flexibility in timing of reproduction than ungulates that

must time birth months in advance (Boutin and Lane, 2014).

An extensive maternally-controlled lactation (Trott et al., 2003; Nicholas et al., 2012) accounts

for the majority of maternal energy allocated to reproduction in marsupials (Atramentowicz,

1995; Kuruppath et al., 2012). Lactation in kangaroos often exceeds 18 months (Poole, 1975;

King and Goldizen, 2016), and milk energy increases with age of the young (Quesnel et al.,

2017) demanding more resources as pouch young grow. Kangaroo neonates are very altricial

(Figure 1.5.2, top panel) and weigh ∼0.8 g (Poole, 1975; Poole et al., 1982), less than 0.01%

of mean maternal body mass (26.5 kg). Neonate development while nursing in the pouch is

comparable to embryonic development in eutherian mammals (Renfree, 2010). Young aged

∼7–10.5 months move in and out of the pouch and gradually introduce grass to their diet.

When they permanently exit the pouch at ∼10.5 months (Poole, 1975) kangaroos (Figure 1.5.2,

middle panel) resemble eutherian neonates in size and development (Tyndale-Biscoe and Ren-

free, 1987). Pouch emergence is therefore comparable with parturition in ungulates (Sharman,

1970). Despite different schedules of allocation to gestation and lactation (Table 1.5.1), wea-
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Table 1.5.1: Stages of juvenile development of female eastern grey kangaroo from birth at

day 0 to age of sexual maturity ∼3 years. Sources for juvenile stages : Poole

(1975), Poole et al. (1982), and Fisher et al. (2001) supplemental resources.

Ages and body mass of stages of development are approximate, since indivi-

dual variability is observed in captive and wild populations.

Juvenile stage
(abbreviation)

Age (days) Mass (kg) Maternal care Comparative stage
in ungulates

Gestation -36 – 0 0 – 8x10−6 Placental
provisioning (low)
Transport (low)

In utero

Small pouch young 0 – 209 8x10−6 – 1 Lactation (low)
Transport (low)

In utero

Large pouch young 210 – 320 1.0 – 5.5 Lactation (high)
Transport (high)

In utero – neonate

Young-at-foot 320 – 549 5.5 – 11.0 Lactation (high)
Transport (none)

Lactation –
weaning

Sub-adult 549 – 1095 11.0 – 16.0 Independent Sub-adult

ning mass does not differ between the two clades for similar-sized species (Hayssen et al.,

1985). Pouch exit marks the end of the maternal energy cost of carrying young (Table 1.5.1),

but young-at-foot remain in association with their mother and nurse for an additional 6–10

months (Poole and Pilton, 1964; King and Goldizen, 2016) before weaning. The young-at-foot

stage (Figure 1.5.2, bottom panel) is therefore similar to lactation in ungulates.

Under favourable environmental conditions, reproductive cycles of kangaroo can overlap and

mothers can give birth and nurse a new pouch young before weaning the current young-at-foot.

Milk is produced concurrently from different mammary glands with different nutritional com-

positions specialized for the developmental stages of each suckling young (Sharman, 1970).

Milk given to older young has higher protein and fat content than milk given to newer pouch

young, which has higher sugar (Trott et al., 2003; Tyndale-Biscoe and Renfree, 1987). Howe-

ver, the birth of a new pouch young seems to encourage mothers to wean young-at-foot up to 3

months sooner than mothers that do not give birth again right away (King and Goldizen, 2016).
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Indeed, the mean interval between parturition events in lactating females is approximately one

year (Poole, 1975) despite an > 18 month lactation period. Hence, kangaroos can potentially

raise one young each year (Quin, 1989).

The potential to enter oestrus year-round (Poole and Catling, 1974) could increase the kanga-

roos’ ability to respond quickly to improvements in environment or to the death or weaning of a

previous young (Hume et al., 1989). Year-round parturition of eastern grey kangaroos has been

recorded in captivity (Poole et al., 1982; Poole, 1975) and in the wild (Quin, 1989). An average

oestrus cycle is 45.6 days ±19.8 SD for eastern grey kangaroo and females returned to oes-

trus in 10.9 days ±4.8 SD when small pouch young were lost or removed (Poole and Catling,

1974). Hence, year-round oestrus (Poole and Catling, 1974), embryonic diapause (Clark and

Poole, 1967; Renfree, 2000) and short gestation (Poole, 1975; Poole et al., 1982) should allow

kangaroos to respond quickly to sudden improvements in environment and these traits likely

present adaptations to evolution in an unpredictable climate (Norbury et al., 1988; Canale and

Henry, 2010).

Maternal reproductive strategy

Kangaroo fecundity increased with pre-breeding mass gain (Gélin et al., 2016), but females

also increased resource intake during lactation (Gélin et al., 2013). Kangaroos therefore likely

exhibit a dynamic resource budget (Baron et al., 2013) requiring a combination of income and

capital resources (Bowen et al., 1992; Stephens et al., 2009) to supplement reproduction while

also allocating to somatic growth and maintenance (Fischer et al., 2011). Ungulates (Brous-

sard et al., 2005; Lewis and Kappeler, 2005; Wheatley et al., 2008), and some viviparous

reptiles (Baron et al., 2013) exhibit dynamic resource budgets, relying on capital in the early

stages of reproduction (gestation in ungulates or vitellogenesis in reptiles) so they can time

energy-intensive stages (lactation in ungulates and embryogenesis in reptiles) with peak local

resource availability (Baron et al., 2013). Kangaroos have year-round parturition and should
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therefore be flexible in their use of stored versus income resources depending on the season of

birth. Mothers giving birth in different seasons might draw to different extents from capital or

income resource pools to sustain the same reproductive stages, depending on resource availabi-

lity (Jönsson, 1997). Provisioning through lactation instead of placental transmission may also

allow for greater maternal control of resource allocation to growing young (Trott et al., 2003).

Mothers may therefore adjust allocation to pouch young born at different times of the year

depending on body mass and concurrent resource availability (Lummaa and Clutton-Brock,

2002). Indeterminate growth means that older females are taller and heavier than younger fe-

males (Quesnel et al., 2018) and should accumulate mass more easily and better time lacta-

tion and weaning with spring vegetation to maximize pouch young survival (Norbury et al.,

1988; Quin, 1989). However, indeterminate growth also means that trade-offs between mater-

nal growth and reproduction persist longer into an individual’s reproductive lifespan, which

could further encourage conservative maternal strategies, especially for smaller females.

Reliance on stored reserves (Gélin et al., 2016) to sustain extensive maternal care and the

potential for overlapping lactation cycles imply that maternal resource pools for consecutive

reproductive events are not independent (Jönsson, 1997; Boggs, 1992). A temporally linked

capital resource pool should lead to allocation trade-offs between current and future reproduc-

tion (Varpe, 2017), which could compromise future timing. Indeed, marsupial reproduction

seems to favour flexibility in timing, but also results in a slower life history and more conser-

vative reproductive strategy (MacKay et al., 2018; Quesnel et al., 2017) than comparable-sized

eutherian (Fisher et al., 2001, 2002) possibly as a reflexion of the slower metabolic rates of

marsupials than eutherians (McCarron et al., 2001).

1.5.2 Study area

The main study site is ∼76 ha of coastal grassland in Wilsons Promontory National Park

(38◦57’ South, 146◦20’ East) in the state of Victoria, in southeastern Australia (Figure 1.5.3).
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Thomas, 2008). Fire likely served to keep dense forests at bay, and attract game animals such

as kangaroos by encouraging rich forage regeneration. Livestock production has now domina-

ted the landscape for over a century and competes with native vegetation and wildlife (Lunt,

1997b; Dorrough et al., 2007). Kangaroos are frequently in conflict with farmers (Viggers and

Hearn, 2005), and males especially are often victims of road accidents (Inwood et al., 2008;

Coulson et al., 2014).

The climate is four-season temperate (Stern et al., 2000) and humid with an average annual

rainfall of 913 mm. Temperature and, less so, rainfall, are seasonally predictable with hot and

dry summers, and colder and wet winters. Forage production does not entirely cease in win-

ter because temperatures rarely descend below freezing, although morning frost can occur.

Spring and summer generally have higher vegetation growth and that is when most kangaroo

are born, although seasonal forage growth may be unpredictable in dryer years. Extreme heat

can occur in summer with temperatures occasionally surpassing 40◦C, and drought (Dijk et al.,

2013; Trenberth et al., 2014) can stifle forage growth making summer challenging for kanga-

roos (Kirkpatrick and McEvoy, 1966). Climate change is expected to exacerbate intensity and

duration of El-Niño related droughts (Tilman and El Haddi, 1992).

1.5.3 Captures

Captures are performed by administration of Zoletil with a jabstick (King et al., 2011) or

occasionally a Wildvet crossbow. We measured head, leg, foot and arm length (mm) and mass

to the nearest 0.25 kg using a spring scale. Adults were marked using Allflex ear tags and

unique identification collars, and pouch young > 1 kg were marked using unique combinations

of Leader tags. We also measured head, leg and foot length of pouch young (mm) following

Poole et al. (1982) and estimated their age by comparing body measurements to growth models

for captive kangaroos (Poole et al., 1982). We subtracted age from capture date to obtain date

of birth. Approximately 90 % of marked females are recaptured every year between August and
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December to track yearly mass and skeletal growth. Marked young are recaptured as sub-adults

in March of their second year. We captured 22–34 females carrying very small pouch every

March in 2013–2016. These females were then recaptured in August-November providing data

on juvenile survival and growth rates.

1.5.4 Birthdate estimates

Studies of wild animals often rely on growth curves derived from captive populations to es-

timate age from body measurements when births cannot be directly observed (Gaillard et al.,

1993; Atramentowicz, 1995; Le Gall-Payne et al., 2015). Characterizing growth patterns re-

quires repeated measures of known-aged individuals (Spahn and Sherry, 1999; Andersen et al.,

2000; DeGabriel et al., 2009). The accuracy of these growth curves for wild-born young, ho-

wever, is often unknown (Wood et al., 1983). Congruency between growth rates of captive and

wild marsupials has previously been documented (Atramentowicz, 1995) and may be explai-

ned by a consistent pouch environment (Delaney and De’ath, 1990) or by high mortality of

slow-growing young.

Poole et al. (1982) constructed sex-specific growth models from weekly body measurements

of 25 male and 22 female captive eastern grey kangaroos from multiple genetic lineages whose

birthdates were exactly known. The growth pattern of the log-transformed body length (M) fol-

lowed a four-parameter (bi) non-linear double hyperbola constrained to pass though a common

join point at 310 days (Equation 1.1 ; Poole et al., 1982). We obtained three age estimates by

comparing leg, head, and foot length of pouch young to growth curves fitted for captive young

(Poole et al., 1982). Birthdates were the mean of the three estimated ages subtracted from the

date of capture.
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The join point approximates the age of permanent pouch emergence at ∼319 days. Although

Poole et al. (1982) do not attribute biological significance to this coincidence, increased energy

costs associated with leaving the pouch, such as thermoregulation and an increased forage

consumption, could explain the change in growth rate observed by the models. Whatever the

case, the growth curves are unreliable after permanent pouch emergence as individual varia-

bility increases substantially (Poole et al., 1982). Hence, this study does not include birthdate

estimates of young first captured after they permanently left the pouch. I used birthdate esti-

mates from older pouch young (n = 612) to quantify possible effects of birthdate on survival

to weaning (Chapter 3) and to evaluate individual and ecological causes of variability in birth-

date (Chapter 4). I also use repeated measurements of 68 young from the 2013-2016 cohorts to

determine mechanisms that explain how birthdate could cause variation in individual growth

rate of pouch young through its effects on maternal mass change and forage availability during

lactation (Chapter 2).

The subsample (n = 68) of recaptured pouch young also served to evaluate the accuracy of the

growth curves from captive young for predicting the ages of wild pouch young. The mother-

young pairs were captured twice at ∼5 month intervals. At first capture (pouch young < 2

months old) I estimated pouch young ages from size measurements compared to growth curves

(Poole et al., 1982) and added the number of days elapsed between captures to extrapolate

the ages of pouch young at their second capture. Independently, I re-estimated ages of the

same pouch young from size at second capture (pouch young ∼7 months old) using the same

growth curves. I compared ages estimated from actual body size of older pouch young to

the extrapolated ages deduced from measurements from their first capture (Figures 1.5.5 and
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Table 1.5.2: Congruency of wild eastern grey kangaroo pouch young (36 male and 30 fe-

male) to sex-specific growth curves from repeated measures of captive pouch

young head, leg and foot lengths (Poole et al. 1982). Paired t-tests for age

estimated from measurements collected from large pouch young and age ex-

trapolated from size as small pouch young plus the interval between captures.

If pouch young growth between captures follows the fitted prediction curve,

then there is no difference between estimated and predicted age. Mean age

is the mean of the age estimates from the three fitted growth models. Bold

p-values show significant deviation from captive pouch young growth rates

(α = 0.05).

Growth Model Pouch young
sex

t d f p-value mean of age
difference
(days)

95% CI

head length
male
female

3.31
2.34

35
29

< 0.01
0.03

6.7
5.7

2.5, 10.6
0.72, 10.7

leg length
male
female

0.68
0.52

35
29

0.50
0.61

1.2
1.2

-2.4, 5.9
-3.5, 5.9

foot length
male
female

-2.80
-2.85

35
29

0.01
0.01

-5.2
-7.0

-9.1, -1.4
-12.1, -2.0

mean age
male
female

0.40
0.04

35
29

0.69
0.97

0.72
0.01

-2.9, 4.4
-4.7, 4.9

1.5.6). If pouch young grew exactly according to the fitted growth models from captive young

(Poole et al., 1982), the difference between the estimates is zero. Differences between these

age estimates (Figures 1.5.5d and 1.5.6d) shows variability in individual growth rates.

The mean age estimated for older pouch young was very close to the extrapolated age from size

of small pouch young (mean age difference = −0.44 days ±11.6 SD ; Table 1.5.2). Head length

underestimated pouch young age at second capture (Table 1.5.2 ; Figures 1.5.5a,1.5.6a), while

foot length overestimated age (Figures 1.5.5c and 1.5.6c), and leg length accurately estimated

ages of older pouch young on average (Figures 1.5.5b, 1.5.6b). This pattern occurred for male

and female young, and it is possible that these discrepancies are the result of how we measured
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head and foot lengths rather than true differences in growth rates of wild versus captive pouch

young. Head length could be underestimated if we close calipers more on the cartilaginous

nose than Poole et al. (1982). Foot length may be overestimated if we flex the toes farther than

Poole et al. (1982). Leg length is the length of the tibia from knee to heel when the leg is held

at a 90˚ angle. This measurement involves no flexible tissue or articulations, which could be

why we seem to have measured it more precisely. I concluded that using the mean of the age

estimates best predicted pouch young age (Table 1). The mean of the second age estimates was

within ±15 days of the first estimate for 81.8% of the 68 twice-captured pouch young (Figs

5d, 6d). Fifteen days is 12% of the peak four-month birth season and 4% of the full year-round

variability in birth date. This compares to a 3.6-day error in a month-long birth season like

those of some northern temperate ungulates. When possible, however, including birth date as a

latent variable, or using models that incorporate measurement error can help account for error

in age estimates of large pouch young.

1.5.5 Survival

We observed marked mother-young pairs with binoculars to monitor maternal and juvenile

survival. Female eastern grey kangaroos are philopatric (Best et al., 2014), and most marked

females are seen every few days. No female that was unobserved for 12 months was detected

again alive. Therefore, there is a near zero probability of not detecting a living marked adult

female, with the possible exception of permanent emigrants. Philopatry of adult females and

long maternal-offspring association allows us to confidently determine survival of juveniles

until ∼18 months of age. Despite some young no longer receiving milk, they remain associated

with the mother until about 21 months old (King and Goldizen, 2016). Young that disappeared

before 18 months of age were therefore likely dead, especially if the mother was still on the

study area.

Spring (Aug–Dec) is the main season of observation. During spring we observe every mother-
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young pair every few days, with most pairs being observed twice daily. If young died before 18

months, the mean age of weaning (Poole et al., 1982), I calculated the minimum age at death.

Minimum age at death was estimated by subtracting birthdate from the date at which they were

last seen alive. During summer (late Dec–Mar) kangaroos were monitored every few weeks

at different intervals, with the exception of the last week of February and first two weeks in

March when captures of mothers with small pouch young occur. During these capture weeks,

survival data of mothers and young-at-foot or sub-adults are obtained prior to winter. During

winter occasional survival data are collected from observations during vegetation and density

sampling and the occasional visit.

1.5.6 Maternal age

Maternal age affects timing of parturition and reproductive success (Feder et al., 2008; Plard

et al., 2013). Most females in this study (64 % of 241), however, were first captured as adults

and their exact ages were unknown. We knew the age of 28 females first captured as pouch

young or subadults, and 59 more were aged after death using the molar progression index

(Kirkpatrick, 1964), totaling 187 female-years of monitoring. I also used size as a very ap-

proximate proxy of age, since kangaroos have indeterminate skeletal growth over most of their

lives (Quesnel et al., 2017, 2018) and taller kangaroos tend to be older (Gélin et al., 2016).

Hence, including maternal leg length in models may partially account for maternal age. There

is, however, much individual variability in size among same-aged females, and size affects

female reproductive success independently of age (Quesnel et al., 2017, 2018). Age and leg

length were correlated among known-aged females (rp = 0.40, 95% CI = 0.27, 0.52 ; n= 187).

Tooth wear, a categorical ranking from an index of 3 indicating no wear 3 to extreme wear

at 0, has been used to broadly classify female age classes (Gélin et al., 2016, 2013; Le Gall-

Payne et al., 2015). Tooth wear was correlated with leg length rp = 0.31 (CI = 0.24, 0.38 ;

n= 594) and with known age rp = 0.39 (CI = 0.26, 0.51 ; n= 187), and was correlated with
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parturition date (Figure 1.5.7). Females in ealry and late prime age (tooth wear 1–1.5 and

1.5–2) gave birth earlier than younger (tooth wear > 2) and older (tooth wear < 1) mothers.

It is unlikely that this is simply a reflection of better dentition increasing maternal ability to

acquire resources, because mothers with the best teeth (tooth wear > 2) gave birth later, which

lowers reproductive success (Quesnel et al., 2017, Chapter 2). Hence, I predict that smaller,

likely younger, females will give birth later than taller and older females because of allocation

trade-offs between growth and reproduction.

1.5.7 Maternal body condition

Body condition refers to the relative size of energy stores available to allocate to future repro-

duction or growth. Body condition is intended to be a punctual measure of resource accumula-

tion and is likely to vary between years or seasons in response to availability and competition

for resources (Clutton-Brock et al., 1989; Plard et al., 2013). Measuring true quantities of fat

and muscle mass, however, is invasive and often requires killing study animals, which is not

compatible with long-term studies. Hence, mass is a common proxy for condition. Mass, howe-

ver, is a combination of structural size and girth from fat and tissue stores, and should therefore

be standardized in relation to structural size to evaluate energy stores. Mass can be scaled ac-

cording to a morphometric body size indicator, a body length measurement that that accurately

reflects skeletal size (Green, 2001). Thus, an individual’s body condition is measured relative

to the population-level relationship between body mass and body size. Several condition in-

dices exist for standardizing body mass by structural size, with vigorous debate over which

most accurately describes energy reserves (Peig and Green, 2009).

Different indices perform better for different organisms depending on the proportional relation-

ship between size and growth, and the physiological storage of energy as fat or muscle, which

can vary greatly between organisms. Previous research on kangaroos determined that the most

appropriate body size indicator is tibia length, and the most appropriate index for body mass
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is an Ordinary Least Squared regression (King et al., 2011; Le Gall-Payne et al., 2015). I the-

refore used the standardized residuals from the linear regression of log body mass on log leg

length to assess relative body condition.

Scaled Mass Index is another popular body mass index (Peig and Green, 2009) since it accounts

for changes in the relationship between structural size and mass with age. It has previously

been applied to measure condition of wallabies (Schwanz and Robert, 2012). Le Gal-Payne et

al. (2015) determined, however, that Ordinary Least Squared regression was superior to Scaled

Mass Index in estimating body condition of kangaroos because residuals from Ordinary Least

Squared regression were less correlated with, and therefore more independent of, body size

than residuals from the Scaled Mass Index. Hence, I used Ordinary Least Squared regression

to measure body condition of mother kangaroos.

1.5.8 Rainfall and temperature

I obtained daily observations of temperature and precipitation from weather stations from the

Australian Government Bureau of Meteorology (http ://www.bom.gov.au/climate/data/) ; Shal-

low Inlet (38◦47’ S, 146◦10’ E) and Corner Inlet (38◦48’ S, 146◦19’ E), 17 km and 19 km NW

of the study area, respectively. Rainfall was the mean of both stations, but only temperature

from Corner Inlet was used because Shallow Inlet lacked temperature data for some periods.

Precipitation in southeastern Australia is strongly linked to El-Niño Southern oscillation, resul-

ting in 2–7 year cycles of variable frequency and intensity (Kiem et al., 2003). While La-Niña

events bring high precipitation, El-Niño events are associated with low rainfall and drought in

eastern mainland Australia (Dijk et al., 2013; Trenberth et al., 2014; Palmer et al., 2015). The

interdecadal Pacific oscillation (Vance et al., 2015) is also correlated to rainfall in this region,

though to a lesser degree (Dijk et al., 2013). Correlations between interdecadal Pacific oscilla-

tion, El-Niño Southern oscillation and other climate indices, and their interactions and causal
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effects on rainfall are complex and multi-factored (Lim et al., 2017), making any one index

unreliable as an overall indicator of regional climate.

Drought is defined broadly as prolonged period of below average precipitation, which is insuf-

ficient to sustain normal function of ecological systems (Trenberth et al., 2014). In southeastern

Australia, serious to severe drought occurrs locally every year and regionally every ∼10 years

(Caughley et al., 1985). Recent severe droughts in southeastern Australia include the Fede-

ration drought (1895–1902), the World War II drought (1937–1945, Palmer et al., 2015) and

the Australian Millennium drought (2001–2009, Dijk et al., 2013). Drought likely plays a key

role in population dynamics of kangaroos. High mortality (35–55 % decrease in population

size) and reduced fecundity in severe drought years alternate with rapid population increases

between droughts (Caughley et al., 1985). Subadult and senescent kangaroos suffer the hi-

ghest mortality during drought, while prime-aged adult females are least likely to die (Robert-

son, 1986) suggesting that adult survival is canalized against a poor environment (Canale and

Henry, 2010).

Major rainfall and flooding, driven principally by La-Niña events (Kiem et al., 2003), are also

prevalent in eastern Australia. Too much rain can inundate grass plains rendering them inac-

cessible to kangaroos for grazing. Excessive rainfall occurred in Australia in 2010 and 2011

(Trenberth et al., 2014). Anecdotally, in 2011 and spring 2013 excessive rainfall resulted in

large parts of the main study area being submerged in several inches of standing water, rende-

ring them inaccessible for grazing. The reduction in grazing area could be offset, however, if

the precipitation increases forage production in unflooded areas.

Climatologists predict increases in frequency and intensity of global drought with climate

change, which has disrupted ocean circulation and increased the frequency of El-Niño events

(Yeh et al., 2009) with drastic consequences forecasted for biodiversity (Tilman and Downing,

1994; Tilman and El Haddi, 1992). The rate and strength of future drought intensification, ho-

wever, is unclear (Sheffield et al., 2012; Dai, 2013; Trenberth et al., 2014). Nonetheless, global
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increases in mean temperature and in the severity and frequency of extreme heat events due to

anthropogenic increases in atmospheric CO2 are projected for most global regions including

Australia (Lewis and Karoly, 2013), and extreme heat events are likely to exacerbate drought

(Trenberth et al., 2014). In Australia, the 2012–2013 “Angry Summer” was the hottest on re-

cord (Lewis and Karoly, 2013) with a wide-ranging record-breaking heat wave that lasted for

weeks (Van Gorsel et al., 2016). Natural climate variations alone cannot explain the Angry

Summer, and anthropogenic causes have been suggested (Lewis and Karoly, 2013). Increased

drying may result in warming by eliminating cooling effects of precipitation (Sheffield et al.,

2012), resulting in a self-perpetuating cycle of warming and drying.

I predicted that kangaroos should exhibit high plasticity in reproductive phenology (Bell, 2010;

Canale and Henry, 2010) considering the historic variability of their environment (Kiem et al.,

2003; Vance et al., 2015) and the frequent occurrence of extreme weather events with which

they evolved (Caughley et al., 1985; Van Gorsel et al., 2016). Kangaroos are long-lived and ite-

roparous, making it probable that a female will encounter at least one, if not several, extreme

weather events during her reproductive lifespan. During the 10-year span of this study, the

kangaroos of Wilsons Promontory have experienced excessively wet years with flooding (2010

and 2011, Trenberth et al., 2014), and dry years with record-breaking heat (2012–2013, Lewis

and Karoly, 2013; Van Gorsel et al., 2016). I predicted, therefore, that environment would be a

strong predictor of timing of parturition as well as pouch young survival. Females should give

birth earlier in years when spring is wet and warm, which should stimulate earlier forage pro-

duction and encourage mass gain. More autumn births should follow a wetter, cooler summer,

whereas a dry hot summer should truncate the birth season.

1.5.9 Forage growth and population density

Kangaroos forage mainly on grass. In the fall of 2009, Dave Forsyth began a long-term moni-

toring program of grass productivity using 50 pairs of sampling plots randomly placed throu-

38





year, and was not strongly seasonal (Figure 1.5.9).

I used forage accumulation curves (Figure 1.5.10) that assume linear growth of forage between

sampling dates to calculate forage growth over a period of interest. For instance, to calculate the

mean daily forage growth between birthdate and capture date for a large pouch young (Equation

1.2), I subtracted the forage accumulated until birthdate from the total forage accumulated until

capture as large pouch young (Figure 1.5.10, lower panel). In the example below and illustrated

in Figure 1.5.10, the young was born 18 February 2013 and was captured as a large pouch

young (LPY) on 9 September 2013, an interval of 203 days. The same calculations can be

applied to any dates for any life-stage or season of interest.

Mean daily f orage =
( f orage until 09 Sep 2013)− ( f orage until 18 Feb 2013)

203 days (i.e. days between birth and capture at LPY)
(1.2)

At the same time as forage was sampled, quarterly density estimates of the entire marked

and unmarked kangaroo population were performed. An observer walked six parallel transects

(Figure 1.5.4), and recorded the number of kangaroos and their distance from transects within

50 m. Density estimates were corrected for the probability of not observing an individual (Glass

et al., 2015). Density increased during the main breeding season (October–January) when more

males were present on the site. Males frequently arrived and left the study site even during the

breeding season, which caused inconsistency in density counts. Females rarely left the study

area. The study population peaked at 7.1 kangaroos/ha in autumn 2011, but declined to 2.1

kangaroos/ha in summer 2015 (Figure 1.5.11), the lowest density since monitoring began in

2009.
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1.6 Statistics

1.6.1 Structural equation models (SEM)

We used structural equation models (SEM) to explore causal relationships (Pearl, 2012) of how

birthdate affects pouch young growth rate through the concurrent effects of resource availabi-

lity and maternal mass fluctuations. With SEM, scientifically logical hypotheses are represen-

ted as directed acyclic graphs (DAGs ; Shipley, 2009), which are tested statistically by deter-

mining the extent to which a proposed causal structure is consistent with the true covariance

structure between a set of measured variables (Pearl, 2012). DAGs are essentially a hierarchical

set of linear models (Bentler and Weeks, 1980), which cannot contain feedback loops (Shipley,

2009), and must be falsifiable and contain measureable covariates (Pearl, 2012). While explo-

ratory path analysis is a useful tool for identifying important covariates (Shipley, 1997), the

true strength of path analysis is its ability to test the likelihood of specific causal hypotheses

(Bentler and Weeks, 1980). Onus is therefore on the researcher’s scientific reasoning and the

development of sensible statistical hypotheses. Importantly, missing paths between variables

are claims of zero influence and are tested causal assumptions that can hold as much biologi-

cal significance as directional effects (Bentler and Weeks, 1980; Pearl, 2012). SEM can also

test indirect effects (i.e. chains of effects) and incorporate latent variables (Lowry and Gaskin,

2014; Miles et al., 2015), which are variables that are not measured directly but are composed

of several measured variables (Bentler and Weeks, 1980).

1.6.2 Circular statistics : Origin and theory

The first recorded instance of applied circular statistics was in 1858 by Florence Nightingale.

A nurse during the Crimean War, she used a rose diagram to illustrate mortality data of hos-

pitalized British troops (Figure 1.6.1 ; Nightingale, 1858). Fisher (1953) popularized circular
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In circular data, also referred to as angular or directional data, the origin (i.e. zero) is arbitrary

and therefore the ordering of high and low values is arbitrary (Fisher, 1953; Berens, 2009).

Circular data are ubiquitous in ecological studies (Fisher, 1995; Tecot, 2010), but are often li-

nearized or grouped into factor levels to simplify analyses (Lummaa and Clutton-Brock, 2002;

Burthe et al., 2011). Time of day, day of year, and direction of animal dispersal are some com-

mon examples. While linearizing a circular variable may be justified when only a very small

segment of the circle arc is represented in the data, it is problematic when values span more

than 180˚ or when they encompass the origin 0˚. Hence, I made substantial efforts to maintain

the integrity of birthdate in kangaroos as a circular variable. Thus, I accounted for the wrap-

around effect of year-round reproduction and avoid biasing conclusions by arbitrarily grouping

or truncating data.

1.6.3 Transforming linear to circular data and the unit circle

Circular data can be expressed as a two-dimensional unit vector Cartesian coordinates (cos,

sin) or by polar coordinates (angle, radius). Since circular data are usually measured on the

unit circle (Figure 1.6.2), which has a radius of 1. Data can be presented as a single angle

measured in radians or, less commonly, in degrees (Nuñez-Antonio and Gutiérrez-Peña, 2014).

Conventionally, each angle is displayed as a point on the unit circle with the origin (1, 0) on

the right-hand horizontal axis and rotation is counter-clockwise (Figure 1.6.2).

1.6.4 Circular median and circular mean

The median direction is the point φ at which half the data lie on either side of the axis [φ, φ+π)

and the majority of the data is closer to φ than to φ+ π. In other words, the median direction is

the direction that minimizes the summation of circular distances (Pewsey et al., 2013). Circular
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Unlike the strict inverse tangent atan with values in (−π
2 , π

2 ), atan2 gives values in (−π, π) that

can be transformed to [0, 2π) by adding 2π to any negative values. A thick arrow originated

from the center of the unit circle and extending towards the value of the mean resultant angle

represents the circular mean. The length of this arrow is between (0, 1) and is a measure of

spread called the mean resultant length (rho).

1.6.5 Mean resultant length, circular variance and circular standard devia-

tion

The most common statistic for measuring variance (i.e. spread) in values of a circular variable

is the length of the mean resultant angle (rho ; Equation 1.5). If all values are equal, rho = 1,

and rho = 0 if the values are continuously distributed around the circle, in which case there is

no circular mean. The circular variance is simply V = 1 – rho.

rho =
√

(C2 + S2) (1.5)

The circular standard deviation (Equation 1.6) is derived from the mean resultant length nor-

malized by the sample size N.

standard deviation =

√

(

1

N

)

(−2log(rho)) (1.6)

1.6.6 Circular box plot

The boxplot (McGill et al., 1978) is an important graphical tool in exploratory data analysis.

It illustrates the distribution of data by quartiles, Q1-Q4, around the median and identifies

extreme values and outliers. However, standard boxplots are not suitable for illustrating circular
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data with a periodic nature and no natural ordering (Abuzaid et al., 2012). Here, I adapted a

technique originally developed by Abuzaid et al. (2012) for the S-plus programming language

to illustrate circular boxplots and applied it in R (Figure 1.6.3).

The challenge with circular boxplots is determining the resistant constant v, which deter-

mines the length of the circular interquartile range. The appropriate value for v depends on the

concentration parameter k, a measure of circular dispersion. For all years combined, I found

that the concentration coefficient for birthdate in eastern grey kangaroos is k = 2.8. Hence,

when plotting circular boxplots I used a v = 1.5 as suggested by Abuzaid et al. (2012) for 2

≥ k ≤ 3. The function geomboxplot in the ggplot2 package for R already uses 1.5 as a default

value for v. Manually specifying values for the circular median (Q2) and the midpoints of the

data groups on either side of median (Q1 and Q3) using the stat = “identity” command yielded

similar results to relying on the preset functions. This may be because the distribution of kan-

garoo birthdates is similar to a projected normal distribution (i.e. a linear normal distribution

projected on a unit circle, Nuñez-Antonio and Gutiérrez-Peña, 2014).

1.6.7 Bayesian statistics : Theory and Bayes’ probability

I applied both Bayesian and Frequentist methods as appropriate to address the analytical requi-

rements of each research question. It is not my intention to argue the merits of either approach,

as both have strengths and weaknesses. Bayesian methods approach model parameters as ran-

dom variables with mean values and variances instead of as fixed like in frequentist statistics

(Hadfield, 2012). They begin with a set of priors or what a researcher may think the para-

meters are before considering the data. Then these a priori density functions are refined with

information from the data and the proposed model to produce a joint posterior distribution of

likely parameter values (Spiegelhalter et al., 2002). This posterior distribution allows for an

inference-based interpretation of Bayesian model outputs (Hadfield, 2012).
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Briefly, the classical likelihood approach assumes that the model Θ = (µ, σ2) is true and

evaluates how well it describes the data, Pr(y|Θ). In other words, what is the likelihood of the

data y given the model Θ ? The Bayes theorem (Equation 1.7) asks instead what is the probable

distribution of the model parameters Θ given the data y ? In fact, the joint posterior distribution

of parameters from a Bayes estimated model is proportional to the likelihood of the data given

the parameters Pr(y|Θ), the prior distributions of the parameters Pr(Θ), and a the marginal

likelihood Pr(y) as a normalizing constant so that the integral of Pr(Θ|y) is one.

Pr(Θ|y) =
Pr(y|Θ) · Pr(Θ)

Pr(y)
(1.7)

Prior distributions of model parameters are arguably subjective and therefore somewhat contro-

versial (Kass and Raftery, 1995; Clark, 2005). Incorrect prior distributions could introduce

bias into posterior probability estimates or prevent models from converging (Spiegelhalter and

Smith, 1982). By explicitly specifying priors, however, the subjectivity is made explicit and

can be directly challenged. Furthermore, when true prior information is known regarding a

parameter, including this information with new information from the data can give more accu-

rate parameter estimates. Indeed, this type of parameter refining is proving effective in machine

learning techniques that rely on gradual iterative refinements of prior “decisions” by new infor-

mation (Andrieu et al., 2003; Snoek et al., 2012). When no prior knowledge is available, as is

the case in my analyses, uninformative priors are preferred so as not to bias posterior distribu-

tions with false suppositions. Uninformative priors contain only basic information such as the

supposed distribution type of each parameter (i.e. Gaussian or binomial for instance) and are

designed as a jumping off point for iterative chain analyses such as Markov Chain Monte Carlo

(MCMC ; Robert and Casella, 2013). I described the specific prior probability functions used

in models the Methods sections of each chapter. Practically, Bayesian models required more

decision-making in determining prior distributions and writing specific model codes than many

pre-existing mixed model packages would require. However, Bayesian models also allowed me
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more freedom in specifying distributions of circular variables and simplified the extraction and

back-transformation of predicted values when yi was predicted from a combination of sine and

cosine components. I therefore applied Bayesian statistics when quantifying effects of birthdate

as a circular variable on pouch young survival (Chapter 3).

1.6.8 Markov chain Monte Carlo (MCMC)

Techniques like MCMC and modern computer power have re-popularized Bayesian statistics

(Gilks et al., 1996). Previously, the marginal probability Pr(y) =
∫

Pr(y, Θ)dΘ, unsolvable in

complex models, restricted the use of Bayesian statistics to simple models or approximated

density functions (Robert and Casella, 2013). The marginal posterior distribution (a.k.a. evi-

dence or normalizing constant) is the evidence that the data y was generated by the model Θ

and represents our knowledge about a parameter, given the data, after averaging over any nui-

sance parameters (Hadfield, 2010). Calculating the marginal distribution in complex models

is usually analytically impossible, however, because the integrals become undefined (Robert

and Casella, 2013). Instead of calculating the exact marginal posterior probabilities, MCMC

calculates several approximations and provides an iteration-generated distribution of parameter

posterior estimates (Cowles and Carlin, 1996).

A Markov chain is a sequence of numbers in which each number is dependent on the previous

number in the sequence. Each value Θ is drawn from a normal distribution with the mean equal

to the previous value Θ(i−1), this is called a random walk (Robert and Casella, 2013) and the

mean value will wander randomly. To ensure that the random walk will converge on parameter

estimates, an algorithm such as the Metropolitan-Hastings algorithm (Metropolis et al., 1953;

Robert and Casella, 2013) is applied to determine which estimates of Θ to accept or reject

considering the data. Briefly, if the posterior probability (likelihood x prior) for the new ran-

domly generated value Θ is greater than the posterior probability of the previously generated

value Θ(i−1), the new value is accepted. If, however, this is not the case, the new value is not
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necessarily rejected. Instead, the ratio (posteriori probability Θ / posterior probability Θ(i−1))

becomes the acceptance probability and the new value is still accepted if this ratio is greater

than a random number from a uniform distribution (Metropolis et al., 1953). Occasionally ac-

cepting new values with lower probabilities than the previous value allows for the sampling of

the entire posterior distribution ; otherwise the sampling would remain stagnant once the maxi-

mum likelihood value was attained (Metropolis et al., 1953). MCMC sampling results in a

trace plot, and the values from the trace plot constitute the posterior distribution. To reduce the

influence of the arbitrary starting value, a process called “burn-in” discards the beginning of the

chain before it has stabilized around the estimated mean value. “Thinning” is when only values

at given intervals are maintained in the posterior distribution sample, and is meant to reduce au-

tocorrelation between subsequent sample values. Strong patterns of autocorrelation, however,

could indicate problems in model specification and should be investigated. MCMC is essential

to several analyses I have applied including Bayesian logistic regression (Al-Daffaie and Khan,

2017) and model selection (Kuo and Mallick, 1998) using relative importance (Chapter 3), and

MCMCglmm (Hadfield, 2010) multivariate response models (Chapter 4). Specifications for

number of iterations, and burn-in or thinning settings are detailed in regards to specific models

in the Methods sections of each chapter.

1.6.9 MCMCglmm

MCMCglmm (Hadfield, 2010) is an R package designed to perform regression on sets of corre-

lated response variables. It is based in Bayesian MCMC modeling and can incorporate random

variance components (Hadfield, 2012), which is essential for quantifying repeatability or plasti-

city (Chapter 4). While the usual Bayesian challenge of specification of sensible priors applies,

MCMC measures of confidence are more exact and intuitive than REML derived confidence

intervals for typical mixed models (Hadfield, 2012). MCMCglmm uses an inverse Wishart prior

(Bekker and Roux, 1995) for variances and a normal prior for the fixed effects. A Wishart dis-
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tribution depends on variance (V) and a degree of belief parameter (nu). Common prior values

are nu = 0.002 and V =1, which corresponds to and inverse gamma distribution (Hadfield,

2012). I used uninformative inverse gamma distributions as priors for variances for fixed ef-

fects in the MCMCglmm models from Chapter 4, and uninformative zero-centered Gaussian

priors with large variance (108) for the mean of fixed effects.

1.6.10 Model selection : Relative Importance Analysis

In Chapter 3, I used Bayesian variable selection following Kuo and Mallick (1998) to explore

effects of birthdate, pouch young sex, maternal condition, or environmental fluctuations from

different seasonal periods on pouch young survival to weaning. Each of these variables could

reasonably affect pouch young survival, but I had no prior indication of which combinations

of variables should be included together in models, because I did not have a pre-determined

set of statistical hypotheses. With 11 possible explanatory variables, I would therefore have

to compare 2048 possible sub-models to explore all possible variable combinations (i.e. num-

ber of sub-models = 2P where P is the number of explanatory variables ; Kuo and Mallick,

1998). Instead, I used a variable-specific model selection, which uses a vector of indicator

variables (i.e. relative importance) as model parameters (O’Hara and Sillanpää, 2009), and ex-

plores possible subsets of predictors (Kuo and Mallick, 1998). MCMC algorithm approximates

the posterior distribution of indicator variables raging from 0 to 1, and posterior probabilities

of 1 indicates that the associated covariate should be included in the final model.

The full Bayesian model, therefore, takes the form of (Equation 1.8)

yi =
p

∑
(j=1)

Bj Ijxij + ϵi (1.8)

where Bi = (B1, . . . , Bp)T is the usual column vector of estimated regression coefficients, and
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xij is the jth covariate for the ith subject (Kuo and Mallick, 1998). Regression parameters are

normally distributed as a function of estimated means (B̄) and covariance (D), B = N(B̄, D)

(see Kuo and Mallick, 1998, for full definition of prior distributions). I used a random-effect

method (O’Hara and Sillanpää, 2009) to incorporate indicator variables Ij, which are Bernoulli

B(1,ρ̃j) distributed and supported at two points 1 and 0. Priors for B and for I are independent

here, unlike some other model selection methods in which they are hierarchically dependent

(George and McCulloch, 1993; O’Hara and Sillanpää, 2009).

Model components (xj) are iteratively included (I = 1) or removed (I = 0) from the model

by randomly proposing changes in its indicator value Ij (O’Hara and Sillanpää, 2009) and

evaluating the sum of weights of models containing xj (i.e. models in which Ij. = 1). The mean

of the posterior distribution for Ij is therefore a measure of the likelihood of the “best” model

containing the jth predictor. Importantly, relative importance is the relative contribution of a

variable to the total predictive variance, but does not inform on either the statistical significance

or the biological importance of the predictor (Tonidandel and LeBreton, 2011).

I systematically included covariates (xj) for which the associated Ij > 0.95. For intermediate

indicator variables, 0.95 < Ij > 0.50, I evaluated whether the posterior distributions for Bj

with 95% credible intervals excluded zero and whether including the variable in the model

reduced the DIC, indicating a better fit. Interpretation of effect sizes, however, was reserved

for posterior probability estimates derived from final models including only selected variables

(Kuo and Mallick, 1998).
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Chapitre 2

MATERNAL RESOURCE

ALLOCATION IN KANGAROOS

2.1 Significance statement and author contributions

Capital and income breeding are often presented as opposing tactics of resource provisioning.

Many species, however, use a combination of stored and concurrent resources to reproduce.

In seasonal environments, reproductive phenology should affect the relative timing of resource

acquisition and expenditure, which could affect maternal allocation to offspring. We used re-

peated captures of mother-young kangaroo pairs and path analysis to explain how maternal

allocation tactics adjust to season of parturition. Mothers that timed later lactation with cold

weather and low winter forage relied more heavily on stored resources for reproduction and

allocated less to offspring growth. Flexibility in foraging tactics may explain the variability

in kangaroo parturition date by allowing mothers to use stored energy to sustain reproduction

during periods of scarce forage.

Initially, Graeme Coulson, Marco Festa-Bianchet and I discussed the potential of using re-

peat captures of mother-young pairs for testing the reliability of growth models derived from

captive-born young for ageing pouch young from the natural study population. It was not long

before we realized the potential that these data had, not only to describe variability in growth

rate of young, but also to address the ecological mechanisms and indirect effects of birthdate

on growth through maternal mass change. David Forsyth provided forage growth data and re-

vised and edited the manuscript. G. Coulson and M. Festa-Bianchet also revised and edited the
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manuscript. I executed the analyses, with guidance from Bill Shipley regarding path analysis,

and I wrote the initial manuscript and saw the paper through the publication process.

2.2 Article 1 : Maternal resource allocation adjusts to

timing of parturition in an asynchronous breeder

Published in Behavioral Ecology and Sociobiology (2018) 72 :7

Allison E. MacKay, David M. Forsyth, Graeme Coulson and Marco Festa-Bianchet

2.2.1 Abstract

Environmental variation affects foraging decisions and resources available for allocation among

competing life-history traits. In seasonal environments, variation in breeding phenology leads

to differences in relative timing of resource intake and expenditure, which can lead to variation

in maternal allocation tactics. Monitoring maternal allocation to fetal growth in wild mammals

is challenging, however, and few studies have linked seasonal effects of forage and maternal

condition to early offspring development. Asynchronous parturition and short gestation make

kangaroos ideal for studying phenological effects on very early growth, since pouch young

born in different seasons can be measured during stages equivalent to in utero development for

eutherian mammals. Over four years, we recaptured 68 eastern grey kangaroo mother-young

pairs with parturition dates spanning five months to evaluate how birthdate affects maternal

allocation to offspring growth before pouch exit. Structural equation modeling revealed that

mothers that gave birth in autumn gained mass during lactation, and their young grew faster

than young born in early summer. When later lactation coincided with poor winter forage and

cold temperatures, mothers prioritized maintenance of their own mass over offspring growth.

Differences in maternal mass change and allocation to early and late-born young suggest that
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seasonal resource availability influenced tactics of resource storage and expenditure. Our re-

sults provide a mechanistic link between reproductive phenology, seasonal forage, and alloca-

tion trade-offs in wild mammals, and demonstrate a clear effect of maternal mass change on

growth of young during a phase that occurs in utero for eutherian mammals.

Key words :[Early growth rate ; income or capital breeding ; life-history theory ; maternal ef-

fects]

2.2.2 Introduction

Resource allocation among competing traits controls the life history of individuals, and there-

fore demography (Boggs 1992). When resource pools are restricted, different allocation tactics

can prioritize survival or reproduction according to the residual reproductive value of parents

and offspring (Hirshfield and Tinkle 1975; Brommer et al. 2000). For herbivores in seasonal

environments, plant phenology affects foraging decisions and the quality and availability of

resources to be allocated to successive stages of reproduction (Forchhammer 1995). When the

season of high resource acquisition is shorter than an organisms’ period of reproductive expen-

diture, stored “capital” resources can sustain reproduction during periods of restricted resource

intake (Jönsson 1997; Oftedal 2000; Stephens et al. 2009). Hence, variation in reproductive

phenology should affect the relative timing of resource intake and expenditure, leading to va-

riation in resource storage and allocation.

To maximize lifetime fitness, most iteroparous mammals prioritize allocation of resources to

survival over reproduction, by reducing maternal care when resources are scarce (Therrien et al.

2008). Hence, the survival of adult females should be canalized against environmental variation

by a risk-avoidance reproductive strategy (Gaillard and Yoccoz 2003). Reduced allocation to

offspring may, however, decrease pre- and post-natal growth rates, decreasing offspring fitness

independently of post-weaning conditions (Boltnev et al. 1998; Lummaa and Clutton-Brock
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2002; Beauplet et al. 2005). Faster post-natal growth is associated with higher fitness (Festa-

Bianchet et al. 2000; Marcil-Ferland et al. 2013), but can be costly if it requires diversion

of resources from somatic maintenance and reproduction (Dmitriew 2011), reducing lifespan

(Metcalfe and Monaghan 2003).

Despite its probable fitness consequences, there are no longitudinal studies of maternal allo-

cation during fetal development in wild free-ranging mammals, likely because it is extremely

difficult to measure prenatal growth. Several studies made population-level inferences using

cross-sectional data from culled pregnant animals (Skogland 1984; Reimers 1997; Christian-

sen et al. 2014), but none measured fetal growth directly. Others found that timing of birth

relative to seasonal resources affected environment and maternal condition during gestation

(Albon et al. 1983; Ceesay et al. 1997; Strand et al. 2011), which can affect size at birth (Lum-

maa and Clutton-Brock 2002), a possible proxy for fetal growth rate. Size at birth, however, is

also dependent on gestation length, which is usually unknown. Mothers that adjust gestation

length in response to timing of conception (Morel et al. 2002), forage availability (Holst and

Allan 1992; West 1996), or to time birthdate with a local environmental optimum (Hogg et al.

2017), can affect offspring size at birth independently of fetal growth rate. The causal relation-

ships (Pearl 2012) between reproductive phenology, foraging decisions and maternal allocation

to early offspring growth, have not been examined.

Here, we use structural equation modeling (SEM) (Bollen and Pearl 2013; Shipley 2016) and

repeated captures of wild eastern grey kangaroo (Macropus giganteus) mother-young pairs

to uncover mechanisms explaining how reproductive phenology affects maternal allocation to

offspring growth while young are completely dependent on maternal care. We expected a faster

juvenile growth rate when mothers had access to more resources. We predicted that mothers

with different reproductive phenologies would adopt different tactics of resource allocation.
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2.2.3 Methods

Study species

Eastern grey kangaroos have a 36-day gestation and a 10-month pouch life period (Poole et al.

1982; King and Goldizen 2016), minimizing the effects of environment during gestation (Cle-

ments et al. 2011) and allowing measurement of young at very early stages of development.

In marsupials, a long, maternally controlled lactation (Trott et al. 2003; Nicholas et al. 2012)

accounts for the majority of maternal energy allocation to reproduction (Atramentowicz 1995;

Kuruppath et al. 2012). Pouch young are protected from weather and consume only milk until

first pouch exit (∼9 months), when they resemble a newborn ungulate in size and development

(Tyndale-Biscoe and Renfree 1987). Thus, environmental effects on early growth are trans-

mitted solely through the mother, similar to fetal growth in eutherians. Despite the different

schedules of allocation to gestation and lactation, weaning mass does not differ between the

two infraclasses for similar-sized species (Hayssen et al. 1985). Kangaroos also share ecolo-

gical and life-history traits with ungulates : they are herbivorous, long-lived, and iteroparous

(Jarman 1991). Growth during pouch life in marsupials is therefore likely to affect early survi-

val and lifetime reproductive success similarly to fetal growth in eutherian ungulates.

Kangaroos likely exhibit a combination of income and capital breeding tactics (Stephens et al.

2009), as do some other mammals (Broussard et al. 2005; Lewis and Kappeler 2005; Wheat-

ley et al. 2008). While fecundity may depend on pre-breeding mass gain (Gélin et al. 2016),

females also increased resource intake during lactation (Gélin et al. 2013). Finally, male pouch

young grow faster than female pouch young (Poole et al. 1982), which may make males more

susceptible to reduced maternal care in a poor environment (Byers and Hogg 1995; Garel et al.

2006).
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Study area, population and environment

The study area is 1.5 km2 of coastal grassland around an emergency landing strip in Wilsons

Promontory National Park, southern Victoria (38◦56’ S, 146◦17’ E). The shrub-encroached

grassland comprises sedges, herbs, ferns and grasses (Davis et al. 2010). The study population

declined from 5.6 kangaroos/ha in spring 2013 (Glass et al. 2015) to 2.8 kangaroos/ha in au-

tumn 2015 ; the lowest since quarterly monitoring began in 2009. For this study we used data

from the 2013 to 2016 cohorts.

Palatable forage was harvested from 50 systematically distributed, circular, wire-mesh 0.25 m2

exclusion cages every January, April, July and October. We used clippers to cut the forage to

ground level. Samples were combined to give the mean palatable forage growth per 1 m2 since

the previous sample. We calculated total forage growth between birthdate and capture as a large

pouch young (LPY) for each mother-young pair using a forage accumulation curve (Chapter 1,

Figure 1.5.10). To control for variability in intervals between birthdate and capture as an LPY,

we divided the total forage accumulated since birth by the capture interval, obtaining a mean

daily rate of forage growth.

Southern Victoria has a temperate climate (Stern et al. 2000). We used meteorological data from

the Shallow Inlet (38◦47’ S, 146◦10’ E) and Corner Inlet (38◦48’ S, 146◦9’ E) weather stations

of the Australian Government Bureau of Meteorology (http ://www.bom.gov.au/climate/data/),

17 km and 19 km NW from our study area, respectively. Rainfall was the mean of both stations,

but only temperature from Corner Inlet was used because Shallow Inlet lacked temperature data

for some periods. Despite high yearly variability, summer is drier (median January rainfall =

42.5 mm) and warmer (median daily minimum temperature = 13.2◦C) than winter (median

July rainfall = 97.2 mm ; median daily minimum temperature = 7.5◦C). We calculated mean

daily minimum temperature and mean daily rainfall between birthdate and date of LPY capture

for each mother-young pair.
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Captures

Mothers (n = 54) were immobilized by injection of Zoletil using a pole syringe (King et al.

2011), then marked with Allflex ear tags and collars (Gélin et al. 2016). Mothers were first

captured when young in the pouch (n = 68) averaged 75 days old (SD = 32) and again when

young were nearing first pouch exit (LPY mean age = 231 days, SD = 16). At each capture,

we measured maternal mass to the nearest 0.25 kg. We also measured head, leg and foot length

of the pouch young to the nearest millimeter following Poole et al. (1982). We compared body

measurements of pouch young to growth models for captive kangaroos (Poole et al. 1982) to

estimate age at each capture. Mother-young pairs were measured and weighed on location and

released with the young in the pouch. It was not possible to record capture data blind because

our study involved marked wild animals.

Growth curves from captive eastern grey kangaroos

Congruence between growth rates of captive and wild marsupials has previously been docu-

mented (Wood et al. 1983; Atramentowicz 1995) and may be explained by a buffered pouch

environment (Delaney and De’ath 1990) or by high mortality of slow-growing young. Poole

et al. (1982) constructed sex-specific hyperbolic growth models from weekly body measure-

ments of 25 male and 22 female captive eastern grey kangaroos from multiple genetic lineages

whose birthdates were exactly known. Age estimates derived from these models were used to

construct latent variables of birthdate and pouch young growth.

Latent variables : birthdate and pouch young growth

Because we did not directly observe births, birthdate is a latent variable estimated with error

(Shipley 2016). We estimated age of small pouch young (SPY) using non-linear growth models
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for captive young (Poole et al. 1982) for head, leg and foot length. We then subtracted these

age estimates from the capture date to obtain three indicators of birthdate per pouch young.

Birthdate was expressed in Julian days with 1 August as day 1, because only 2% of births in

this population occur between June and September (King and Goldizen 2016).

Pouch young growth is also a latent variable because it can be measured in different ways

(Shipley 2016). Growth is usually represented by change in length of body parts over time ; here

we investigated increases in head, leg and foot lengths from SPY to large pouch young (LPY)

stages. We could not, however, simply use a linear rate of change of body size between captures,

because growth during pouch life is non-linear and the rate of change is age-dependent. Instead,

we relied on growth trajectories for captive young (Poole et al. 1982) to establish an expected

pattern of growth and measured how much individual age estimates at capture as LPY deviated

from the mean trajectory. A difference of one millimeter in head length is not comparable to a

one millimeter difference in leg or foot length. Therefore, we used differences in ages estimated

from size measurements to express all three indicators in the same unit, age in days :

Growth Indicator(i,j) =

(age f rom length(i) LPY(j)) – (age f rom length(i) SPY(j) + interval)

(2.1)

Hence, each indicator of latent growth was the difference between ages estimated from body

length i for individual j when captured as an LPY and as an SPY (Equation 2.1). Interval was the

number of days between captures and was added to age estimated at SPY to obtain the age that

we expected to estimate at LPY if the pouch young had followed the growth trajectory perfectly.

Positive values indicated that young grew faster than predicted by the growth curves, while

negative values indicated slower growth. A similar method, although not with a latent variable

approach, was used to estimate pouch young growth in wild brushtail possums (Trichosurus

vulpecula ; DeGabriel et al. 2009). Variance for both latent variables was set to one, allowing

all indicators to load freely on the latent constructs (Shipley 2016).
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Statistical analyses

We used structural equation modeling (SEM) and the package lavaan (Rosseel et al. 2015) in

R version 3.2.4 (R 2016) to test effects of birthdate on growth from small pouch young (SPY)

to large pouch young (LPY), nearing the age of pouch exit. SEM is ideal for testing complex

directional hypotheses as it can measure chains of causal effects and indirect effects (Pearl

2012; Bollen and Pearl 2013), and permits the inclusion of latent variables (Lowry and Gaskin

2014). All variables were standardized (mean = 0, SD = 1).

Our path models tested the general prediction that resources available in the environment af-

fected, through foraging decisions, the resources available for reproduction (Boggs 1992). We

added an effect of timing of parturition on seasonal environmental resources, and measured

allocation to reproduction as offspring growth between captures. The timing of birthdate de-

termines the seasonal weather and forage production experienced during lactation. Mothers

that time lactation with more favorable spring weather and greater forage availability should

allocate more to pouch young growth, compared to mothers that time lactation with restricted

winter plant growth. We included temperature, rainfall and forage independently in path mo-

dels instead of using them as indicators of a latent variable “environment” because we were

interested in their individual effects. We considered interaction effects between environmental

variables by multiplying their standardized values and including the product as a new variable

(Little et al. 2007). Models including rainfall and control variables of age at first capture and

year were not coherent with the covariance structure of the data and were rejected (α = 0.05).

Seven alternate nested path models were coherent with the data, and included maternal mass

change during lactation and an interaction between temperature and forage (Annexe A1, Fi-

gure 6.1.1). We compared models by Akaike’s Information Criterion corrected for sample size

(AICc) (Shipley 2013) using the AICcmodavg package (Mazerolle 2016). Nested models were

designed to test if indirect effects of birthdate on pouch young growth were transferred either

sequentially through a chain of effects of environment on maternal mass change, or by a pa-
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rallel direct effect of environment on pouch young growth. A parallel model structure suggests

a risk-avoidance strategy, as environmental effects are passed directly by the mother to the

young. We then used the highest-ranked model to investigate whether unmeasured maternal

attributes affected parturition date, maternal mass changes and pouch young growth. We again

performed model selection using AICc selection to test different patterns of free covariance

between variables (Shipley 2016, pp 103-104) while maintaining the causal structure selected

for in the previous analysis. Finally, we used a multigroup approach (Shipley 2016) to inves-

tigate whether the expected faster growth rates of sons (Poole et al. 1982) made them more

vulnerable than daughters to maternal mass loss or poor environment.

2.2.4 Results

We recaptured 69 female-young pairs over four years (2013 to 2016), including 33 daughters

and 36 sons. There were no recorded instances of multiple births. One mother-son pair was

excluded, despite conforming to the tendencies of the path model, because the mother was the

only primiparous female sampled. Hence, her mass increase was likely influenced more by size

growth due to her young age than by seasonal variability, and inexperience could explain her

late parturition, 45 days later than the next latest mother. Mean age of young did not differ by

sex at SPY (t-test, overall mean = 75 days, t = −1.08, d f = 61, P = 0.28) or at LPY capture

(t-test, overall mean = 231 days, t = −0.85, d f = 67, P = 0.39). Birthdate estimates at SPY

capture ranged from 1 December to 15 May (mean = 9 January, SD = 35 days), and did not

vary by year (ANOVA, F(3,68) = 1.4, P = 0.25), and were 17 days later for daughters than for

sons (t-test, t = 2.04, d f = 50, P = 0.04). Mean maternal mass at SPY capture was 28.2 kg (SD

= 2.4) and mass change between captures ranged from −4.0 to 2.0 kg (mean ± SD = −0.6 ±

1.1 kg), with no year effect (ANOVA, F(3,68) = 1.6, P = 0.19). Overall, 47 mothers lost mass,

6 maintained mass, and 15 gained mass. The mean (± SD) interval between captures was 156

± 33 days. Pouch young growth did not vary with year (ANOVA, F(3,68) = 1.1, P = 0.38) and
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Table 2.2.1: Ranking of candidate models for effects of birthdate on growth of eastern

grey kangaroo pouch young using Akaike’s Information Criterion corrected

for sample size (AICc), their number of estimated model parameters (K) and

weights (Wt). The sequential models included indirect effects of birthdate

(BD) that cascaded through mean minimum daily temperature (T) and mean

daily forage produced during lactation (F) affecting maternal mass change

(M), which in turn affected pouch young growth. In parallel models the ef-

fects of BD passed independently through parallel paths of maternal and en-

vironmental variables. Full models included all possible effects found in se-

quential and in parallel models. Additional effects were added to the corres-

ponding model base. The top-ranked model (Figure 2.2.1) had a parallel base

structure with an additional effect of temperature on maternal mass change.

All models maintain the same latent variable structure as shown in Figure

2.2.1. For the complete list of illustrated models and effects see Annexe A1

(Figure 6.1.1)

Model base Additional effects K AICc ∆AIC AIC Wt Log likelihood

Parallel (M ∼ T) 38 818.06 0.00 0.63 -364.05
Full 39 820.53 2.47 0.18 -363.35
Sequential (M ∼ BD) 37 821.16 3.10 0.13 -367.46
Full (M∼ T :F) 40 824.57 6.51 0.02 -363.35
Parallel base model 37 824.81 6.75 0.02 -369.29
Parallel (M∼F) 38 826.14 8.08 0.01 -368.09
Sequential base model 36 837.31 19.25 0.00 -377.32

was not correlated with interval between captures (rPearson = −0.18,P = 0.15), age at SPY

(rPearson = 0.16, P = 0.19), or age at LPY capture (rPearson = −0.05, P = 0.68).

The mean (± SD) difference between measured and expected age at LPY capture was 0.16

± 11.36 days. Birthdate indirectly explained 30.5% of variance in growth between captures

through parallel effects of maternal mass change and forage, moderated by temperature, during

lactation (Figure 2.2.1). Most mothers that gave birth later than 30 January gained mass during

lactation (Figure 2.2.2a) and their young grew faster than those born earlier (Figure 2.2.2b).
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Table 2.2.2: Ranking of candidate models for free covariance structures of the top-ranked

path model (Figure 2.2.1) for indirect effects of birthdate (BD) on growth

of pouch young (PY) in eastern grey kangaroos using Akaike’s Information

Criterion corrected for sample size (AICc), their number of estimated mo-

del parameters (K) and weights (Wt). The null model does not allow cova-

riance between residuals. Candidate models test free covariance between PY

growth, maternal mass change (M) and BD. All models maintain the same

structural and latent variable models.

Covariance structure K AICc ∆AICc AICcWt Log likelihood

Null 38 818.06 0.00 0.33 -364.05
PYgrowth ∼∼ M 39 818.36 0.30 0.29 -362.26
PYgrowth ∼∼BD 39 818.36 0.30 0.29 -362.26
M ∼∼ BD 39 821.93 3.87 0.05 -364.05
PYgrowth∼∼ M + BD 40 822.40 4.34 0.04 -362.26
PYgrowth ∼∼ M + BD
and M∼∼BD

41 826.61 8.55 0.00 -362.26

However, only 20.5% of mothers gave birth after 30 January, so most did not time parturition

to favor seasonal mass increases that maximize pouch young growth. Furthermore, mothers that

experienced relatively warmer temperatures for similarly-timed lactation periods (i.e. relatively

warmer winter) also lost less mass (Annexe A1 ; Figure 6.1.2). In parallel, the increased forage

availability associated with later summer and autumn birthdates improved pouch young growth

independently of maternal mass change, but only when seasonal conditions were cooler (Figure

2.2.3). The total indirect mean (± SE) standardized effect of birthdate on pouch young growth

was 0.63 ± 0.19 (Z = 3.3, P = 0.001). The mean (± SE) effect of birthdate transmitted through

maternal mass change was 0.20 ± 0.09 (Z = 2.2, P = 0.03), while that acting through forage

was 0.43 ± 0.20 (Z = 2.2, P = 0.03).

The full model without the effect of the environmental interaction on maternal mass change

(Annexe A1 ; Figure 6.1.1c) also had support (Table 2.2.1). However, the added effect of daily

forage production on maternal mass change was not statistically significant. Furthermore, ad-
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Figure 2.2.1: Confirmatory structural equation model of the effect of birthdate on growth of eastern grey kangaroo pouch

young (PY) through maternal and environmental effects. Birthdate and PY growth are latent variables

(circles), each with three observed indicator variables. Birthdate was constructed from the age estimated

at small pouch young capture from measures of head, leg and foot lengths applied to growth models for

captive kangaroos. PY growth is the difference between measured and expected age at large pouch young

capture according to head, leg and foot length measurements. Boxes represent observed variables and R2

values show the variance explained by the effects of all causal parent variables. Solid black arrows indicate

significant paths (*P ≤ 0.05 ; ** P ≤ 0.01 ; ***P ≤ 0.001) ; grey, dashed arrows indicate paths that were

not significant (α = 0.05). Numbers on arrows are standardized effect coefficients. The double-headed arrow

indicates a free covariance between PY growth as estimated from head and foot length. The structural

model was the best supported of seven path models tested using Akaike’s Information Criterion corrected

for sample size (Table 2.2.1) and is coherent with the data (χ2 = 31.65, d f = 27, P = 0.24, n = 68).
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ding free covariance between parturition date, maternal mass change and pouch young growth

did not improve model fit (Table 2.2.2).

Growth of sons was no more susceptible to harsh environment than that of daughters (Annexe

A1 ; Table 6.1.1). Multi-group models with effects allowed to vary according to pouch young

sex did not explain more variance than the fully constrained model.

2.2.5 Discussion

Timing of parturition determined the food resources available to lactating mothers, and affected

maternal mass change dynamics, which in turn affected maternal resource allocation to pouch

young growth. The variation in reproductive phenology of eastern grey kangaroos allowed us

to measure the effects of a difference in relative timing of resource intake and expenditure on

resource storage and allocation to reproduction. All mother-young pairs were measured during

the same reproductive stage : from undeveloped altricial young until near pouch exit. Yet,

maternal mass change dynamics differed dependent on parturition date.

Mothers that gave birth in early summer moved into the costlier phase of lactation for older

pouch young (Trott et al. 2003; Nicholas et al. 2012) in late winter, when forage was scarce.

Nearly all of these early-timed mothers lost mass, suggesting that they relied on stored “capi-

tal” resources to sustain lactation (Bowen et al. 1992; Oftedal 2000). Conversely, late summer

and autumn parturitions resulted in a net maternal mass gain during lactation, likely due to an

alternative tactic of compensatory feeding (Jönsson 1997) on abundant spring forage. Indeed,

kangaroo mothers with later-stage young increased foraging efforts compared to females wi-

thout, or with younger, pouch young (Gélin et al. 2013). Food availability affects growth rate

in juvenile primates (Altmann and Alberts 2005), and some ungulates (Andersen et al. 2000;

Kerby and Post 2013) and other macropodid marsupials (Schwanz and Robert 2012) also rely

on concurrent resources to offset the costs of lactation. The young of late-timed mothers that
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Figure 2.2.2: Indirect effect of parturition date on growth of eastern grey kangaroo pouch

young (PY) until first pouch exit via changes in maternal mass during lac-

tation. Effects are unstandardized and taken from the path analysis (Figure

2.2.1). a) Maternal mass change during lactation as a function of parturition

date, controlled for mean minimum temperature during lactation (shaded

area, 95% CI). Horizontal dashed line indicates no net change in mater-

nal mass during lactation. Vertical dashed line indicates 30 January, after

which mothers tended to gain mass during lactation. b) Effect of maternal

mass change on PY growth (shaded area, 95 % CI), controlled for direct

environmental effects. Horizontal and vertical dashed lines indicate no de-

viation from growth as predicted by models derived from captive PY, and

no net change in maternal mass during lactation, respectively. Latent PY

growth is the difference in mean age estimates from leg, foot and head mea-

surements at large PY capture and expected age estimates according to age

at small PY capture and days elapsed between captures.
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Figure 2.2.3: Effect of daily forage production during lactation, moderated by mean daily

minimum temperature, on growth of eastern grey kangaroo pouch young

(PY). a) Declining effect of forage on PY growth (measured – expected age

at large PY capture) with increasing mean daily minimum temperature du-

ring lactation (shaded area, 95 % CI). The histogram displays the distri-

bution of mean minimum daily temperatures during lactation. b) Effect of

daily forage production during lactation on PY growth (a standardized la-

tent construct) for high and low mean daily minimum temperatures, bars

are 95 % confidence intervals. Mean deviation from growth predicted by

models derived from measures of captive kangaroos was 0.16 days (hori-

zontal dotted line). One standard deviation of PY growth is 11.36 days.
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gained body mass also showed faster age-specific growth. This effect, however, was modera-

ted by temperature, since for a given parturition date, mothers lost less mass in warmer years,

leading to faster pouch young growth. Mothers that timed costly late lactation with abundant

spring resources apparently allocated more to offspring growth than early-birthing mothers

that used capital body stores to sustain lactation. Greater allocation may be expressed through

better quality milk. For same-aged young, milk produced later in the spring has higher concen-

trations of lipids and protein, which are essential for offspring growth (Quesnel et al. 2017).

Our study revealed different tactics of relative timing of resource acquisition and expenditure

among individuals experiencing the same seasonal environment.

Parturition date explained 43 % of the variance in maternal mass change. Unexplained variance

could be due to individual differences in foraging strategies or nutrient gain efficiency (Boggs

1992). Greater net allocation to offspring growth does not necessarily indicate greater repro-

ductive effort since late-born young may receive a smaller proportion of the overall resource

pool (Brommer et al. 2000). Therefore, more information about total available resources and

physiological efficiency of energy transfer to young (Boggs 1992) is required before drawing

conclusions about differential reproductive effort for young with varying birthdates.

Forage productivity directly affected pouch young growth, suggesting that kangaroo mothers

exhibit a risk-avoidance reproductive strategy similar to that reported for ungulates (Gaillard

and Yoccoz 2003; Therrien et al. 2008). Forage productivity interacted with seasonal tempera-

ture dynamics to influence resource allocation. During colder winters, maternal energy requi-

rements for thermoregulation appeared to have priority over milk production, since the com-

bination of low temperature and low forage directly reduced pouch young growth. The direct

effect of forage on pouch young growth, not acting through maternal mass change, suggests

that mothers allocated resources to body condition at the expense of maternal care, as reported

for bighorn ewes (Ovis canadensis) (Festa-Bianchet and Jorgenson 1998; Martin and Festa-

Bianchet 2010). By restricting allocation to reproduction in a harsh environment, female eas-

tern grey kangaroos might maximize energy available for future reproduction (Hirshfield and
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Tinkle 1975; Brommer et al. 2000), should conditions improve. In primates, mothers that recon-

ceived sooner invested less in their current infant’s growth (Bowman and Lee 1995). Trade-offs

between current and future reproduction are also expected in kangaroos, which must maintain

or gain mass to successfully reproduce in the subsequent year (Gélin et al. 2016), and where

the use of energy stores for reproduction establishes a common resource pool linking breeding

attempts (Jönsson 1997). Our results support the hypothesis that highly iteroparous mammals

should canalize adult survival against environmental variation to maximize fitness (Gaillard

and Yoccoz 2003). Hence, the convergence of life-history traits between species could result in

the convergence of reproductive strategies.

Allowing free covariance between pouch young growth and either birthdate or maternal mass

change did not improve model fit (Table 6.1.1), but these models were equivalent and had

essentially the same amount of support as the null model (Figure 2.2.1). It is therefore likely

that there remain unmodelled causal relationships between these three variables, possibly due

to unmeasured maternal traits that affect both timing of parturition and pouch young growth.

Despite the better understanding we have achieved through relatively simple path models, the

unresolved covariance highlights the complexity of seasonal effects on aseasonal reproduction

and resource allocation tactics.

The use of path analysis was essential to understand how reproductive phenology affected ma-

ternal allocation to reproduction, because it included indirect effects of birthdate on offspring

growth. Strong indirect effects of birthdate on the growth rate of maternally-dependent young

were conveyed through maternal mass change and forage availability during lactation. Most

females, however, gave birth earlier than expected if the timing of parturition was selected to

maximize growth during pouch life, which is comparable to fetal growth in eutherians. We

predict, therefore, that early parturition is likely to benefit other components of reproduction

that outweigh the fitness costs of slower growth in the pouch. Synchronizing post-pouch lacta-

tion, which is comparable to lactation in eutherians, with spring forage could improve juvenile

survival, and warrant the stored energy expenditure we observed in early-timed mothers (Hogg
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et al. 2017). Despite slower growth while in the pouch, early-born young may benefit from

more time to grow prior to the subsequent winter, or from faster growth as young-at-foot, ana-

logous to post-partum growth in young ungulates (Côté and Festa-Bianchet 2001; Feder et al.

2008). Hence, parturition cannot be timed to maximize growth at all stages of juvenile develop-

ment, and future studies should focus on how birth timing leads to potential trade-offs between

growth stages.

We used a latent variable for birthdate to reduce the potentially biasing influence of imperfect

estimates. The high congruence between loadings of the three indicators for birthdate estimates

at SPY capture reinforces our confidence in the accuracy of the estimates at this age. Higher

precision in measurements of smaller pouch young, and a more constrained error in the growth

model at younger ages (Poole et al. 1982), likely contribute to the congruence between indica-

tors. Age estimates obtained from foot, leg, and head lengths at SPY capture were very similar

(mean difference = 0.45 days). The short time between birth and capture likely restricted di-

vergence from the predicted growth rate. Very early growth could also be less variable among

individuals due to the lower energy required to carry and suckle the very small young in the

first few months after birth (Trott et al. 2003; Nicholas et al. 2012), making environmental and

maternal effects less likely to cause variation in growth at this stage. Eutherian mammals also

exhibit low variability in early fetal development. In both reindeer (Rangifer tarandus) and red

deer (Cervus elaphus), variation in fetal growth rate and effects of environment on birth mass

were apparent only in the last third of gestation (Albon et al. 1983; Skogland 1984).

The use of sex-specific growth prediction models may explain why path coefficients were si-

milar for both sexes, since the faster male growth rate was accounted for when predicting age

at large pouch young (LPY) capture. The growth models were accurate in predicting the age of

LPY nearing pouch emergence, particularly for young born near the mean parturition date of

9 January. The mean deviation between measured and expected age at LPY capture was 0.16

(95 % CI : −2.64, 2.96) days. However, since parturition date explained a significant part of

the variance in growth between captures, birthdate estimates of older pouch young from this
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population should be corrected to account for seasonal effects on growth.

Asynchronous parturition and a short gestation in kangaroos provided novel insight into the

effects of phenology on tactics of maternal resource allocation to reproduction. Seasonal ti-

ming of birth strongly influenced growth indirectly through maternal mass changes and forage

availability. Female eastern grey kangaroos exhibited flexibility in the use of income-capital

resources to sustain reproductive efforts dependent on season of parturition. Kangaroo mothers

used a risk-avoidance reproductive strategy, prioritizing body condition and opportunity for

future reproduction over current reproduction in colder conditions. Our results provide a clear

link between maternal resources and growth of young during a phase that occurs in utero for

eutherian mammals.
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Chapitre 3

FLUCTUATING SELECTION ON

BIRTHDATE IN KANGAROOS

3.1 Significance statement and author contributions

Modern evolutionary ecology recognises that response to selection, at least at the phenotypic

level, occurs on a much shorter timescale than originally thought. Short-term variability in

strength and direction of selection could therefore have important consequences for fitness. I

measured fluctuating annual selection on birthdate in eastern grey kangaroos, likely driven by

unpredictability in seasonal forage availability. Scarce winter resources resulted in poor pouch

young survival, which corroborates the conservative maternal strategy of kangaroos. However,

some early-timed mothers may be taking a risk and timing lactation with late winter so that, if

winter forage is sufficient, their young will benefit and exit the pouch earlier during the spring

green-up. This strategy could be costly, however, if the combined winter and capital resources

are insufficient to sustain maintenance and reproduction.

Inspired by the wide distribution of birthdates for kangaroos, Marco Festa-Bianchet and I won-

dered if this was a reflection of individuals tracking a changing environment, weak selection,

or changes in annual selection gradients. I performed the analyses on the long-term data and

wrote the initial manuscript. M. Festa-Bianchet, David Forsyth and Graeme Coulson revised

and edited earlier versions. D. Forsyth provided the data on forage growth.
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3.2 Article 2 : Fluctuating selection on timing of parturition

in an asynchronously breeding mammal in a seasonal

environment

Allison E. MacKay, David M. Forsyth, Graeme Coulson and Marco Festa-Bianchet

3.2.1 Abstract

In unpredictable environments, temporally fluctuating selection affects trait-fitness relation-

ships and limits evolutionary responses. It is critical to identify ecological or climatic drivers

of selection to predict long-term changes in phenological traits like parturition date. Eastern

grey kangaroos are long-lived iteroparous herbivores that evolved with high annual variation

in rainfall, temperature and food availability. Asynchrony in birthdate in this species could be

a consequence of fluctuating selection, generated by environmental variability, that weakened

the overall relationship between phenology and fitness. We investigated the effects of birthdate

on survival to weaning for kangaroos born during 2009–2016. Annual survival to weaning was

highly variable (range 2–86 %). Overall, there was a net directional selection for spring-born

young born earlier than the mean birthdate of 10 January. Net selection, however, was wea-

kened by two years when survival was independent of birthdate, and one in which selection

favored autumn-born young. Hence, female fitness likely depends on her ability to survive and

reproduce in favorable years, promoting a conservative maternal care strategy when conditions

are harsh. Our results suggest that for animals with a conservative maternal strategy, environ-

mental unpredictability could cause fluctuating selection on birthdate, which could ultimately

result in low birth synchrony. For other seasonal breeders, if climate change increases en-

vironmental variability, we expect lower reproductive synchrony but also more conservative

maternal strategies due to unpredictable offspring survival.
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3.2.2 Introduction

Inter-annual variability in the strength and direction of phenotypic selection (Siepielski et al.,

2009) can weaken long-term evolutionary responses, even with high heritability and strong

annual selection gradients (Bell, 2010; Bonnet and Postma, 2018). Environment-driven fluc-

tuating selection, however, appears rare in natural populations in temperate environments, and

seems unlikely to be the main factor stabilizing long-term selection gradients (Morrissey and

Hadfield, 2012; Bonnet and Postma, 2018). If stable selection regimes are favored by stron-

gly seasonal environments (Morrissey and Hadfield, 2012), then temporally variable selection

gradients should be of fundamental importance to life history evolution and population dyna-

mics in environments prone to unpredictable resource availability due to drought or variable

timing of rainfall (Tilman and El Haddi, 1992). For example, evolution of beak morphology in

Darwin’s finches (Geospiza fortis) in response to rainfall-induced temporal variability in seed

size (Grant and Grant, 2002) underlines the importance of looking beyond simple trait-fitness

correlations to understand the ecological basis of fluctuating natural selection (Morrissey and

Hadfield, 2012).

Reproductive phenology is a principle life history trait that is vulnerable to increased seasonal

instability through climate change (Kerby and Post, 2013; Wrona et al., 2016). Timing repro-

duction in relation to seasonal resource availability affects juvenile survival (Festa-Bianchet,

1988; Côté and Festa-Bianchet, 2001) and mistimed births have strong consequences for fitness

(Feder et al., 2008; Post et al., 2008) and population dynamics (Loe et al., 2005; Burthe et al.,

2011). For mammals in temperate climates, this means timing lactation, the costliest phase of

mammalian reproduction, with spring forage (Côté and Festa-Bianchet, 2001; Post et al., 2003)

and favorable weather (Bowyer et al., 1998). In predictable seasonal environments, consistent
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selection against mistimed births likely resulted in the evolution of the synchronous birth sea-

sons typical of many temperate species (English et al., 2012; Loe et al., 2005). Parturition date

is often individually repeatable (Nussey et al., 2006; Plard et al., 2013) and genetically heritable

in mammals (Réale et al., 2003; Feder et al., 2008; Boutin and Lane, 2014), making it suscep-

tible to evolutionary processes (Coulson et al., 2003). Stronger seasonality in higher-latitude

populations increases birth synchrony (Thompson and Turner, 1982; Rubin et al., 2000; Post

et al., 2008), reflecting selection from shorter and more predictable resource peaks (Thompson

and Turner, 1982). Even in highly seasonal environments, however, annual variation in timing

of resources occurs. In response, mothers may attempt to adjust parturition to synchronize

with local resource peaks through plasticity in breeding date or gestation duration (Canale and

Henry, 2010; Hogg et al., 2017). With higher variability and less predictable environments, ho-

wever, plasticity is unlikely to coordinate births with resources (Reed et al., 2010), particularly

if environmental conditions at conception do not predict conditions during lactation (Canale

and Henry, 2010; Boutin and Lane, 2014). The inability to track annual resource peaks could

promote asynchronous breeding as a result of weak or conflicting selection on timing in unpre-

dictable environments.

We examined the consequences of birthdate for juvenile survival in the asynchronously bree-

ding eastern grey kangaroo (Marcopus giganteus). Southeastern Australia has a four-season

temperate climate (Stern et al., 2000) with strong inter-annual variability in the amount and

timing of rainfall, and therefore forage growth, partly caused by El-Niño cycles (Stern et al.,

2000; Dijk et al., 2013). We hypothesized that the asynchronous birth pattern of these temperate-

dwelling marsupials evolved due to fluctuating annual selection on birthdate caused by unpre-

dictability in seasonal forage. Kangaroos are Macropods, a family of marsupial mammals ana-

logous to small ungulates in size, ecology, and life history (Jarman, 1991; Fisher et al., 2002).

They are ideal for studying fluctuating selection on phenology because they have a suite of

traits that may be adaptations to highly variable and weakly predictable environments, inclu-

ding embryonic diapause (Poole, 1975), short gestation (Poole, 1983) and maternal control of

reproductive effort (Trott et al., 2003; Gélin et al., 2016).
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broadly, we aimed to address the growing need, brought on by increasing environmental insta-

bility in ecosystems worldwide caused by climate change (Lewis and Karoly, 2013; Trenberth

et al., 2014), to understand temporal dynamics of selection on life-history traits and potential

avenues for adaptation to unpredictable environments.

3.2.3 Methods

Study species

Eastern grey kangaroos have a 36-day gestation and ∼18 month lactation (Poole, 1975), which

accounts for the majority of maternal energy allocation to reproduction (Atramentowicz, 1995;

Kuruppath et al., 2012). Milk composition and production rate is maternally controlled, not

driven by pouch young demand or suckling rate (Nicholas et al., 2012; Trott et al., 2003). High

volumes of protein- and lipid-concentrated milk are given to older young, while newborns re-

ceive smaller quantities of carbohydrate-rich milk (Quesnel et al., 2017; Trott et al., 2003). Like

other marsupials, newborns are extremely altricial and juveniles undergo the majority of their

development post-partum, spending 9–11 months in the pouch followed by 6–10 months su-

ckling from outside the pouch as a young-at-foot. At birth, newborns weigh ∼ 800 mg (Poole,

1975) and are underdeveloped. By 7 months, pouch young weigh ∼ 1 kg have open eyes, are

furred, and can hold their heads out of the pouch. Near permanent pouch exit at 9–10 months,

young kangaroos resemble newborn ungulates in size and development (Tyndale-Biscoe and

Renfree, 1987). Mean age of weaning is 18 months (Poole, 1975; Quin, 1989), but can vary

from 16 to 21 months, partly depending on the timing of subsequent reproduction (King and

Goldizen, 2016). Early pouch life is therefore akin to fetal growth in eutherians (Hayssen and

Lacy, 1985), with young held in the pouch buffered against external environments and entirely

reliant on milk. For similar-sized species, mass of offspring at weaning is similar for marsu-

pials and eutherians (Hayssen and Lacy, 1985), and kangaroos share ecological and life-history
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traits with ungulates : they are herbivorous, long-lived and iteroparous (Jarman, 1991; Fisher

et al., 2002).

Captures

We captured 226 mothers with 537 pouch young from 8 cohorts (2009–2016). Mothers were

immobilized through injection of Zoletil using a pole syringe (King et al., 2011), measured,

weighed to the nearest 0.25 kg and marked at first capture with Allflex ear tags and collars

(Gélin et al., 2016). We measured head, leg and foot length of pouch young to the nearest mil-

limeter following Poole et al. (1982) and marked young > 1 kg using colored Leader ear tags.

Processing occurred on-site and mothers were released, with young in the pouch, within 30 mi-

nutes of injection. Very young, underdeveloped pouch young (age < 4 months) were measured

and sexed without removal from the teat, and if ears were sufficiently developed a tissue sample

was taken to confirm identity at later captures. All procedures involving animals were autho-

rized by The University of Melbourne Animal Ethics Committee (protocol No : 1312902.1)

and by The University of Sherbrooke Animal Care Committee (protocol No : MFB2012-02),

affiliated with the Canadian Council on Animal Care.

Study area, forage, and climate

The study area is 1.5 km2 of coastal grassland around an airstrip in Wilsons Promontory Natio-

nal Park, southern Victoria (38◦56’ S, 146◦17’ E) comprising sedges, herbs, ferns and grasses

(Davis et al., 2008). Palatable forage was harvested at quarterly intervals from 50 systema-

tically distributed, circular, wire-mesh 0.25 m2 exclusion cages, using clippers to cut the fo-

rage to ground level. Forage sampling periods broadly corresponded to summer (November

– January), autumn (February – April), winter (May – July), and spring (August – October)

(Annexe A2 Figures 6.2.1 and 6.2.2 for harvest dates). We used the mean dry weight of pala-
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table forage from the 50 cages, multiplied by four, to give dry g/m2 of forage produced since

the previous harvest. Then, to account for inconsistency in sampling dates between years, we

divided the mean total yield by the number of days between harvests. Hence, we measured

the daily growth rate of palatable forage per square meter for each season. Forage data were

not available for winter 2009, resulting in the exclusion of this cohort from model selection

analyses including forage. Southern Victoria has a temperate climate (Stern et al., 2000), with

high variability in rainfall (Lewis and Karoly, 2013; Dijk et al., 2013). Summer is generally

drier (median January rainfall = 42.5 mm) and warmer (median daily minimum temperature =

13.2◦C) than winter (median July rainfall = 97.2 mm ; median daily minimum temperature =

7.5◦C), but rainfall varies greatly between years (Australian Government Bureau of Meteoro-

logy 2018). We used mean daily values from weather stations within and surrounding the park :

Shallow Inlet (38◦47’ S, 146◦10’ E), Corner Inlet (38◦48’ S, 146◦19’ E), Fish Creek (38◦72’

S, 146◦06’ E), Pound Creek (38◦63’ S, 145◦81’ E), and the Wilsons Promontory Lighthouse

(39◦13’ S, 146◦42’ E). Rainfall was not available from the Pound Creek station, and tempera-

ture was not available from the Fish Creek station. We calculated mean maximum temperature

and mean daily rainfall for the same semi-seasonal periods determined by forage sampling

dates : summer (November – January), autumn (February – April), winter (May – July), and

spring (August – October).

Estimates of birthdate : correction for imperfect estimation

Birthdate was calculated by subtracting the mean age estimated from head, leg and foot lengths

of pouch young using growth curves from captive eastern grey kangaroos (Poole et al., 1982)

from date of capture. These growth models derived from captive-born young (Poole et al.,

1982) performed well in predicting ages for 68 wild young that were captured twice (Chapter 1

and 2). For these young, the mean difference between birthdate estimated at ∼ 7.5 months old

and at ∼ 2 months old was only 0.16 days (95% CI : −2.64, 2.96 days) (Chapter 2), suggesting

that the growth models are adequate for the study population. Although births occurred in every
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month of the year, they peaked in summer (Figure 3.2.1). Since < 2 % of births occurred in July

– August, we selected 1 August as the first day for each cohort. Thus, 1 August was the origin π

= 0 when birthdate was used as a circular variable, and also day 1 Julian date when parturition

date was considered a linear variable.

Pouch young survival

We observed marked mother-young pairs with binoculars to monitor juvenile survival. Survival

0–7 months and 7–18 months were binary variables with 1 = survival and 0 = dead before the

specified maximum age. Age at which young died was estimated by subtracting birthdate from

the date at which they were last seen alive. Most deaths (77 %) occurred between late July

and early December (Annexe A2 Figure 6.2.1) when mother-young pairs were observed daily.

Monitoring was intermittent from January to March when 15 % of juvenile mortality occurred,

and monitoring was rare from April to late July when only 8 % of deaths occurred. Mean age

at death was 306 ± 73 days and mortality was more frequent (72 %) during the large pouch

young stage (214–321 days old), than for young-at-foot (322–548 days old) (Annexe A2 Figure

6.2.1).

Visual detection of very small pouch young is difficult, and young that died prior to 7 months

old were most often lost in winter when monitoring was less frequent. Therefore, survival

0–7 months was confirmed by recapturing mothers that had been captured with pouch young

< 4 months old. Survival 0–7 months was only monitored for the 2013–2016 cohorts. The

reduction in the number of sample years increased within-year collinearity between forage,

temperature, and rainfall from the four seasonal sampling periods. Therefore, we used annual

rather than seasonal values for these three variables in models of pouch young survival 0–7

months. Annual values were the sum of each environmental covariate from the four seasons

starting in November prior to the birth peak until the end of October, by which date 97 % of the

small pouch young we sampled would have reached > 7 months old if they survived (Annexe
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A2 Figure 6.2.1).

Like other macropods (Hazlitt et al., 2004), female eastern grey kangaroos are philopatric

(Best et al., 2014), and no marked female was unseen for more than 12 months. Therefore,

the probability of not detecting a living marked adult female, with the possible exception of

permanent emigrants, was near zero. Furthermore, young remain associated with the mother

until about 21 months of age, although some may not be receiving milk after 18 months (King

and Goldizen, 2016). It is therefore unlikely that any young that disappeared before 18 months

of age had emigrated rather than died.

Bayesian variable selection and models for juvenile survival by birthdate

We performed Bayesian variable-specific model selection following Kuo and Mallick (1998).

We included maternal identity (ID) as a random variance component for intercepts (α) in all

models to account for repeat measures. Then, each fixed covariate (xi) was associated with an

inclusion coefficient (Ii) as well as the usual regression coefficient (Bi) (Equation 3.1).

logit(yi) =
ρ

∑
(j=1)

αj[IDij] + Bj Ijxij + ϵi (3.1)

Inclusion coefficients are Bernoulli distributed and can be either 1 = included or 0 = excluded

from the model. The posterior mean for Ii can be interpreted as the probability that the associa-

ted xi should be included in the final model (Kuo and Mallick, 1998; Galipaud et al., 2014). We

followed the random-effect method for incorporating Ii, which separates covariates that should

be included or excluded from the final model more effectively than the fixed-effect inclusion

coefficient models (O’Hara and Sillanpää, 2009). Final models for predicting offspring survi-

val included covariates with associated I > 0.95. Since we did not know a priori the maximum

number of variables that should be included in the model, we used a wide prior for the degree
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of sparseness (0.1 > ρ > 0.8) (i.e. the proportion of the total number of proposed predictors that

should be included in the final model) (O’Hara and Sillanpää, 2009).

After fixed covariate structures were selected, cohort was included first in interaction with

model intercepts only, then also in interaction with the fixed effect for birthdate. When an

interaction between cohort and the slope of the effect of birthdate on survival (cohort*birthdate)

improved the variance explained by the model, we interpreted this as evidence for fluctuating

annual selection on birthdate. Models with lower deviance information criterion (DIC) were

considered to better explain variance in juvenile survival (Spiegelhalter et al., 2002).

We used a Bayesian estimation approach in package rjags (Plummer et al., 2013) for R statis-

tical software (R, 2016). Since parturition occurs year-round, birthdate has a circular distribu-

tion and is measured in radians (θ = 2π/365 days). Bayesian linear models were therefore

constructed using logistic regression for circular data (Al-Daffaie and Khan, 2017) by inclu-

ding birthdates as sine and cosine components. If either the sine or the cosine component of

birthdate had an indicator coefficient I > 0.95 then both components were included in the final

model.

Maternal body condition has been linked to offspring survival to permanent pouch emergence

in eastern grey kangaroos (Quesnel et al., 2018). We therefore accounted for this in our ana-

lyses by using the ratio of true body mass and body mass predicted by an ordinary least-squares

regression of log(mass) on log(leg length) (Le Cren, 1951; King et al., 2011; Quesnel et al.,

2018). Sex-biased maternal care (Quesnel et al., 2017) for pouch young and lower adult survi-

val of males during drought (Norbury et al., 1988; Quin, 1989) have been documented in grey

kangaroos. Therefore, juvenile sex was also included in variable selection models, along with

its age-at-capture. Covariates were standardized (mean = 0, SD = 1).

We repeated model selection and analyses using only the median-centered 80 % of births over

all years to verify that any effects we measured were not only caused by extreme off-timed

young (born in the Austral winter). The 80 % birth season is a convention proposed by Rutberg
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(1984) to avoid exaggerating the length of the birth period due to a few late-born young. We

centered the birth season on the median birthdate as in Zerbe et al. (2012) instead of starting

form the first birth, since a circular variable has no beginning (Fisher, 1995). The median-

centered 80 % of birthdates was linear, normally distributed, and ranged from 23 November

to 4 March. As before, we included a random intercept for maternal identity and tested for

fluctuating selection through an interaction between cohort and birthdate using Bayesian linear

“mixed” models.

3.2.4 Results

We monitored 537 mother-pouch young pairs : 283 sons and 254 daughters born to 226 mothers

between Aug 2008 and Jul 2017 (Figure 3.2.1). We captured ∼ 30 mothers per cohort from

2013–2016 carrying young < 100 days old (n = 110) to investigate early survival to 7 months.

Sixty-four percent of small pouch young survived to 7 months old. Survival to 7 months was

not affected by pouch young sex (t = 0.75, d f = 107, P = 0.45), age at capture (mean age

= 67 ± 22 days SD, B = 0.003, SE = 0.002, d f = 108, P = 0.22), or birthdate (t = −0.39,

d f = 90.5, P = 0.69). Of all young captured when at least 7 months old (n = 489), 15

died for reasons related to capture and were excluded from analyses (Annexe A2 Table 6.2.1).

Additionally, three young were being cared for by adoptive mothers (King et al., 2015) and

were excluded from analyses including maternal random effects or fixed effects of maternal

condition. Finally, because forage data were not collected in winter 2009, this cohort (n = 47)

was excluded from models including effects of winter forage. Overall, 40 % of young that

survived until 7 months, survived to 18 months. Although age at capture (mean = 231 ± 51

days SD) did not affect survival to 18 months (B < 0.001, SE < 0.001, d f = 469, P = 0.10),

it was included in model selections. Mean birthdate of young did not differ by sex (t = −0.06,

d f = 468, P = 0.96), and survival of males and females was similar (t = −1.09, d f = 466,

P = 0.27). Mean birthdate of young that survived to 18 months was 16 days earlier than for
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young that died (t = 3.77, d f = 454, P < 0.001).

We observed fluctuating annual selection on birth timing in eastern grey kangaroos. Overall,

birthdate affected survival of young (7–18 months), and mean selection favored young born

prior to the circular mean parturition date of 10 January (Table 3.2.1, Figure 3.2.2). Net survi-

val probability was greatest for spring-born young and lowest for winter-born young (Figure

3.2.2). The effect of birthdate on survival to weaning was mostly explained by variance in the

sine component, which varies between November and May (Figure 3.2.1). This effect fluc-

tuated between years (Figures 3.2.3 and Annexe A2 6.2.4), however, and years of weak or

opposing selection attenuated the mean effect of timing on survival. The standard deviation

of annual effect sizes (Table 3.2.2) for the sine component of birthdate on survival was 4.76,

which is 2.5 times greater than the mean effect size of 1.89. Trends were similar for the linear

80 % median-centered birthdates (Table 6.2.4 and Figures 3.2.3 and Annexe A2 6.2.4), and in-

cluding a quadratic term for birthdate did not improve the model (∆ DIC = 30.9). Cohort 2015,

in which only 3 of 26 young survived, was the only year of opposing selection in which young

born later than the population mean survived better than earlier-born young. In 2013, only 1 of

56 young survived ; hence, survival in that year was not correlated with parturition date, and

the selection gradient was essentially zero. Selection was also zero in 2016, when offspring

survival was independent of birth timing. For the 2010, 2011, 2012 and 2014 cohorts, selection

favored early-born young (Table 3.2.2, Figures 3.2.3 and Annexe A2 6.2.4), although in 2010

the estimated effect of birthdate included zero when the full circular distribution was conside-

red, suggesting weaker selection against very off-timed young in that year. Hence, birthdate

was an important predictor of survival from 7 to 18 months and net selection was directional

for young born up to two months earlier than the mean parturition date of 10 January (Figure

3.2.2).

Fixed covariates were included in models if their relative importance indicators RI > 0.95 and

95 % credible intervals did not include zero (Table 3.2.1). Examining all years combined and

controlling for maternal identity, the best model explaining survival from 7–18 months inclu-
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Figure 3.2.2: Probability of survival of eastern grey kangaroo pouch young > 7 months old

(n = 424) to weaning (18 months) according to birthdate as a year-round, cir-

cular variable. Mean survival probability (curve) and shaded 95 % credible

intervals were smoothed using spline functions. Birthdates (points) are jit-

tered vertically to reduce overlap. Vertical line shows mean birthdate of 10

January. Model covariates included winter forage, winter and spring rain-

fall and a random intercept for cohort of birth (2010–2016).
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Figure 3.2.3: Probability of survival 7–18 months of eastern grey kangaroos according

to birthdate as a linear variable for 339 young born within the median-

centered 80 % season of birth. Prediction curves (solid lines) and shaded

95 % credible intervals show predicted effects of birthdate on survival for

each cohort and for the mean effect of all cohorts combined. For cohorts

marked with * the credible intervals of the estimated effect of birthdate do

not include zero.
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Table 3.2.1: Bayesian variable selection for predictors of survival of juvenile eastern grey

kangaroos. Covariates (xi) included birthdate as a circular variable, juvenile

sex and age at capture, maternal condition at capture, daily forage growth,

mean daily rainfall and mean maximum temperature. Maternal identity was

included as a random intercept. Mean standardized effect size and 95 % cre-

dible intervals (CrI) are presented. Posterior means of relative importance

indicator variables (RI) and their time-series standard errors (SE) are the

probability that the corresponding covariate should be included in the mo-

del. Covariates selected for the final models are in bold.

Model Covariates (xi) Mean
effect

95 % CrI Post. mean
RI

SE n

Su
rv

iv
al

0–
7

m
on

th
s sin(Birthdate) 0.047 -0.157, 3.863 0.144 0.011 113

cos(Birthdate) 0.321 -0.885, 1.338 0.199 0.011
Pouch young sex -0.167 -2.034, 0.137 0.177 0.012
Age at capture 0.019 0.000, 0.591 0.085 0.009
Maternal condition -0.003 -2.262, 1.991 0.183 0.012
Forage (Nov–Oct) 2.951 1.065, 6.999 1.000 0.000
Rainfall (Nov–Oct) 0.103 0.000, 1.250 0.116 0.010

Su
rv

iv
al

7–
18

m
on

th
s

sin(Birthdate) 0.774 0.316, 1.272 0.987 0.004 424
cos(Birthdate) 0.011 -0.297, 0.450 0.189 0.014
Pouch young sex -0.015 -0.346, 0.079 0.125 0.010
Age at capture -0.008 -0.180, 0.011 0.095 0.009
Maternal condition 0.088 -1.022, 1.587 0.365 0.018
Forage (May–Jul) 1.653 1.074, 2.260 1.000 0.000
Rainfall (May–Jul) 0.069 0.427, 0.977 1.000 0.000
Temperature (May–Jun) 0.001 -0.090, 0.240 0.130 0.010
Forage (Aug–Oct) -0.489 -0.854, 0.000 0.927 0.010
Rainfall (Aug–Oct) -0.762 -1.358, -0.152 0.981 0.005
Temperature (Aug–Oct) -0.006 -0.438, 0.350 0.189 0.012
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ded birthdate, winter forage and rainfall, and spring rainfall. Spring rainfall, however, was not

in the best model limited to the median-centered 80 % of birthdates. Once selected, we main-

tained the fixed effect structure constant and sequentially added random variance components

for cohort*intercept and cohort*birthdate (Table 3.2.2). Each addition of cohort-based cova-

riance components reduced the DIC, suggesting that allowing the effect of birthdate to vary

between cohorts explained more variance in survival from 7–18 months than considering all

years combined or random intercepts only. We therefore infer that temporally fluctuating selec-

tion on timing of birth exists in this population of kangaroos (Figure 3.2.3, Annexe A2 Figure

6.2.4). Including random variance components for maternal identity and cohort in the same

model, however, resulted in poor model convergence, possibly due to the low number of repeat

measures per mother (mean 2.1 ± 1.3 SD) and high overlap between the two variables. Hence,

maternal identity was not included in models including cohort-based variance structures. Re-

lative maternal body condition, age of young at capture, or pouch young sex did not influence

survival to either stage, as it did not affect survival to pouch exit in a previous study (Ques-

nel et al., 2018). Birthdate did not influence survival 0–7 months and was not selected to the

final prediction model. These covariates had low relative importance indicators (< 0.35) and

the 95 % credible intervals of estimates included zero (Table 3.2.1). Neither rainfall nor tem-

perature predicted survival 0–7 months, but winter and spring rainfall on survival from 7–18

months were similar in models with cohort-based covariance structures (Table 3.2.2). Forage,

however, had a positive effect on survival to both stages.

Annual forage growth (November–October) was the only covariate selected to predict survival

0–7 months (Table 3.2.1, Figure 3.2.4 upper panel). Years with greater forage growth were

also warmer (rpearson = 0.97, P < 0.001) and therefore temperature and forage were not inclu-

ded in the same models. We chose forage growth over temperature because the link between

high forage and juvenile survival appears more direct, through maternal resources for milk pro-

duction, than the effects of temperature, which likely pass partially through effects on forage

growth (Quesnel et al., 2017). Furthermore, higher temperatures could affect mothers diffe-

rently during summers than winters, complicating the interpretation of the effects of annual
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temperature on juvenile survival. Survival from 7–18 months also increased with forage avai-

lability (May–July), controlling for birthdate (Figure 3.2.4 lower panel). Spring forage growth,

when most young were aged 7–10 months, did not predict survival to 18 months (Table 3.2.1).

Hence, winter resources prior to the energetically demanding large pouch young stage appeared

more important in predicting survival to weaning than concurrent spring forage.

3.2.5 Discussion

Over seven years (2010–2016), we measured directional selection on birthdate for eastern grey

kangaroos, with young born approximately two months prior to the mean birthdate of 10 Ja-

nuary most likely to survive to weaning. The probability of survival for spring-born young

(∼ 70 %) was only 40 % greater than the lowest probability of survival (∼ 30 %) for April-

born young. Fluctuating selection likely explains the overall weak relationship between bir-

thdate and survival in kangaroos, with years of null and opposing selection attenuating years

of strong selection for spring-born young. In four years, we measured strong selection favo-

ring spring-born young (linear standardized selection gradients range −0.84 to −1.50), but

high (77 %) or extremely low (2 %) survival resulted in no selection on birthdate in 2016 and

2013, and in 2015, another year of low survival, selection favored autumn-born young (linear

standardized selection gradient = 2.43). The ratio of the standard deviation of annual selection

gradients over the mean selection gradient is 2.5. Being greater than one, this ratio supports

our hypothesis that fluctuating effects of birthdate on reproductive success likely contributed

to maintaining year-round births in kangaroos. Inconsistency in the “best" time to reproduce

between years should limit potential micro-evolutionary responses in phenological traits (Reed

et al., 2016).

The fitness consequences we measured for mistimed births for kangaroos in this southern tem-

perate region are much less drastic than for ungulates in northern temperate regions (Côté and

Festa-Bianchet, 2001; Feder et al., 2008). Thirty-five pouch young, 6.5 % of young monitored
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Table 3.2.2: Bayesian hierarchical models of juvenile survival in eastern grey kangaroo.

Fixed covariates were selected using relative importance indicators from mo-

dels controlling for maternal identity (Table 3.2.1). We sequentially added a

random intercept for cohort and an interaction between cohort and birth-

date, while keeping fixed covariates (xi) constant. The random slope models

represent changes in annual selection on birthdate. Lower deviance informa-

tion criterion (DIC) indicates better model fit. Rhat = 1 indicates convergence

of posterior distribution for the corresponding estimate. Effects with credible

intervals (95 % CrI) that do not include zero are in bold text.

Model Covariates (xi) Mean effect 95 % CrI Rhat n DIC ∆DIC

in
t[

M
at

ID
] sin(birthdate) 0.78 0.32, 1.24 1.01 424 460.2 0

cos(birthdate) -0.11 -0.77, 0.58 1.03
winter forage 1.44 1.12, 1.79 1.01
winter rainfall 0.87 0.60, 1.14 1.00
spring rainfall -0.51 -0.96, -0.13 1.00

in
t[

C
oh

or
t] sin(birthdate) 0.83 0.37, 1.29 1.00 424 403.5 -56.7

cos(birthdate) 0.03 -0.67, 0.72 1.00
winter forage 1.42 0.44, 2.45 1.00
winter rainfall 0.71 -0.40, 1.96 1.00
spring rainfall -0.95 -2.48, 0.07 1.00

in
t[

C
oh

or
t]

+
B

D
[C

oh
or

t] 424 400.1 -60.1
sin(birthdate) 2010 0.81 -1.36, 1.15 1.00 (58)

2011 2.73 0.97, 5.09 1.00 (51)
2012 2.14 0.94, 3.57 1.00 (61)
2013 7.53 -1.03, 22.41 1.04 (56)
2014 6.87 2.10, 14.82 1.00 (79)
2015 -6.65 -16.59, -1.01 1.00 (26)
2016 -0.22 -1.14, 0.66 1.00 (93)

cos(birthdate) 2010 -0.15 -1.36, 1.15 1.00 (58)
2011 -0.96 -2.92, 0.65 1.00 (51)
2012 0.82 -2.27, 3.85 1.00 (61)
2013 -6.78 -26.86, 4.18 1.01 (56)
2014 -4.38 -13.06, 2.00 1.02 (79)
2015 -12.19 -32.34, -0.39 1.01 (26)
2016 0.05 -2.03, 2.11 1.00 (93)

winter forage 3.63 0.61, 6.88 1.01
winter rainfall 3.47 -0.89, 10.04 1.02
spring rainfall -2.18 -9.26, 1.95 1.02
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in this study, were born in winter (May–July) despite low survival rates. Ten of these young sur-

vived to weaning, and the non-null survival probability of winter-born young may encourage

mothers to attempt reproduction outside of the optimal time. In particular, mothers making a

second attempt after losing an earlier-born young, or those prevented from giving birth earlier

because they were constrained by another young still in the pouch, may make use of this “best

of a bad job” strategy. Instead of delaying reproduction 5–7 months until spring for a 50–80 %

chance of weaning success, some mothers opt for earlier winter breeding accepting a 25–35 %

chance of success.

We also found that survival to both stages increased with forage availability (Figure 3.2.4).

High forage availability likely improved the nutritional value of milk produced by mothers

(Quesnel et al., 2017), which could affect offspring survival. Despite a 4-season climate, forage

growth varied greatly among years and was not always seasonally predictable (Annexe A2

Figure 6.2.3), possibly due to the influence of El-Niño cycles (Yeh et al., 2009). Winter forage

growth was even greater than the following spring forage growth in 2010 and 2016, and these

years had the highest survival to weaning > 70 % (Annexe A2 Table 6.2.4). Winter forage

growth was least from 2013–2015, and survival to weaning in these years was < 20 % (Annexe

A2 Figure 6.2.3). While poor forage growth resulted in high mortality, high forage growth did

not guarantee high survival. Years 2011 and 2012 also had high forage availability, but only an

intermediate probability of survival 7–18 months (both 0.45). Hence, survival may be limited

foremost by forage availability, but once forage is “sufficient”, other factors such as birthdate

may become important. Furthermore, although most juvenile mortality occurred in the spring,

winter forage had a greater effect than spring forage on survival 7–18 months. From this we

infer that kangaroos rely in large part on capital resources to sustain lactation for large pouch

young.

Temperature and rainfall did not predict survival 0–7 months, and were excluded from survi-

val 7–18 months models once random variance components for cohort were introduced. This

could imply that temperature and rainfall independently do not predict survival as well as their
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combined together or combined with unmodeled environmental variables (i.e. day length, hu-

midity, etc.), but that “cohort” incorporates these unmeasured complexities. Forage availability

is also dependent on rainfall and temperature and has a more intuitively causal link with survi-

val, and might therefore be stronger, more direct explanation of environmental effects on pouch

young survival. Furthermore, correlations between temperature and forage or rainfall resulted

in temperature often being excluded from models, or tested separately. We are therefore not

able to conclusively state whether the entire effect attributed to forage is not, at least in part,

due to effects of temperature. Furthermore, for asynchronous breeders, individuals may be af-

fected differently by seasonal environmental conditions because they are experiencing them

during different reproductive stages. Perhaps more years of data with different combinations

of temperature and rainfall would clarify the effects of each on annual reproductive success of

kangaroos.

The influence of fluctuating selection on evolutionary dynamics of natural populations is un-

clear (Morrissey and Hadfield, 2012; Bonnet and Postma, 2018), but identifying ecological

and climate-driven affects on the relationship between birthdate and fitness is likely critical in

understanding temporal changes in phenological traits (Boutin and Lane, 2014). There are few

examples of fluctuating selection in natural populations (Bell, 2010; Morrissey and Hadfield,

2012), but the microevolution of beak morphology of Darwin’s finches in response to El-Niño

driven rain and seed availability (Grant and Grant, 2002) constitutes a classic example of how

annual fluctuations in environment can fundamentally influence the life history of organisms,

even over short time intervals. We found that fluctuating selection on birth timing is likely a

primary influence on the life history of eastern grey kangaroos beyond its effects on pheno-

logy. We link the exceptional variability we observed in juvenile survival among cohorts (2 %

- 83 %) with variability in annual and seasonal forage availability. Uncertainty in forage avai-

lability likely reinforces the conservative strategy of kangaroos to prioritize self-maintenance

over allocation to reproduction in years with inadequate forage (Gélin et al., 2016; MacKay

et al., 2018; Quesnel et al., 2017), since female fitness likely depends on her ability to survive

and reproduce in favorable years with high forage. It seems likely therefore, that population
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growth will be mostly dependent on recruitment, while adult survival is canalized (Gaillard

and Yoccoz, 2003), as in most ungulate populations (Gaillard et al., 1998). The possible effects

of variability in adult female survival of kangaroos, however, remain to be assessed.

This study provides convincing support for the intrinsic importance of fluctuating forage avai-

lability on reproductive success and population dynamics of kangaroos. Our results highlight

the importance of favorable years with high winter forage and high pouch young survival to

balance years of poor recruitment. Early birthdate could further favor survival within high-

forage years, but not always. We provide evidence of fluctuating selection on birthdate through

survival to weaning, and conclude that it likely has an important influence on the reproductive

phenology and maternal care strategies of eastern grey kangaroos. We suggest that if climate

change reduces the stability of typically predictable seasonal climates through more extreme

weather events (Trenberth et al., 2014; Yeh et al., 2009), we could expect less synchronous par-

turition and more conservative maternal strategies to emerge in temperate ungulates, reflecting

what we observed for kangaroos.
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Chapitre 4

TRADE-OFFS BETWEEN CURRENT

AND FUTURE REPRODUCTION IN

KANGAROOS

4.1 Significance statement and author contributions

Organisms from environments with high environmental variability could be adapted to respond

quickly to changes in their selective environments through phenotypic plasticity or bet-hedging

tactics. I examined individual variability in parturition date of eastern grey kangaroos over nine

years and found that low birth synchrony is likely due to the occurrence of multiple different

phenotypes rather than individual plasticity. Mothers were flexible in timing parturition, but

variability was linked to constraints from efforts invested in previous reproduction and not

plasticity. Hence, kangaroos may have evolved a responsive strategy of timing reproduction,

likely triggered by mass changes, rather than adjusting parturition in anticipation of future

conditions.

Uriel Gélin and Marco Festa-Bianchet measured the birthdates of pouch young from the 2008–

2012 cohorts. The peak of the distribution ranged over 4 months and that was more asynchro-

nous than anticipated in a temperate climate. Hence, the initial objectives of determining the

causes and fitness consequences of variability in parturition date in kangaroos were derived.

I and other graduate students contributed four more years of birthdate estimates. M. Festa-

Bianchet and I developed the specific research hypothesis and I preformed the analysis and
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wrote the initial manuscript. David Forsyth and Graeme Coulson edited and revised previous

versions.

4.2 Article 3 : Reproductive history affects birth timing in

an asynchronous breeder

Allison E. MacKay, David M. Forsyth, Graeme Coulson and Marco Festa-Bianchet

4.2.1 Abstract

In stochastic environments the optimal birthdate fluctuates between years, which can increase

variability in reproductive timing if selection favors different phenotypes in different years. If

reliable environmental cues allow mothers to predict future selective habitats for offspring, they

may rely on phenotypic plasticity to synchronize reproduction with shifts in peak resource avai-

lability to maximize juvenile survival. Hence, in variable environments selection could favor

highly plastic individuals through higher relative fitness, if plasticity has a genetic component.

However, investment in a previous reproduction could hinder a mother’s ability to adjust par-

turition to changes in the environemntal optimum if they require too much time to recover

condition lost caring for young. Especially in species with high maternal care, a mistimed re-

production could therefore delay the timing subsequent reproduction by constraining mothers

to give birth less optimal times, reducing reproductive sucess. In addition to lower current off-

spring survival, negative effects of mistimed reproduction could be amplified if the timing or

success of future reproduction is impacted. We used circular statistics and multi-response gene-

ralized mixed models to investigate repeatability and plasticity in the reproductive phenology

of 241 female eastern grey kangaroos (Macropus giganteus) over ten years. Parturition occur-

red later in hot summers, and higher summer rainfall reduced birth synchrony, but individuals
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did not vary in plasticity. Instead, kangaroos showed repeatability (R = 0.26) and consistent

individual differences in reproductive timing as they grew and in response to environmen-

tal gradients. Smaller females gave birth later than taller females, suggesting trade-offs with

growth. Furthermore, females nursing young-at-foot delayed parturition unless they skipped a

reproductive opportunity, indicating a cost of previous reproduction. Accounting for maternal

size and reproductive history was crucial in explaining the variability in timing of parturition,

underlining the importance of long-term monitoring of marked individuals.

Key words :[MCMCglmm ; previous reproductive effort ; reproductive timing ; plasticity]

4.2.2 Introduction

The ability to time parturition to seasonal resources is crucial to maximize fitness (Feder et al.,

2008; Festa-Bianchet, 1988), and individuals capable of adjusting parturition to inter-annual

variability in the onset of rainfall and forage are advantaged (Nussey et al., 2005; Varpe, 2017).

Ungulates in temperate climates synchronize lactation, the most costly stage of mammalian re-

production (Clutton-Brock et al., 1989), with spring vegetation (Festa-Bianchet, 1988; Post

et al., 2001) and warmer temperatures (Bowyer et al., 1998). In tropical climates, lactation

is timed with the rainy season (Sinclair et al., 2000; Ogutu et al., 2010; Lee et al., 2017). In

both climates, mistimed birth reduces offspring survival (Côté and Festa-Bianchet, 2001; Feder

et al., 2008; Tecot, 2010), and can reduce subsequent growth and fecundity (Pettorelli et al.,

2007; Plard et al., 2015). Severe demographic consequences can therefore occur if birth be-

comes uncoupled with seasonal food sources (Walther et al., 2002; Visser et al., 2010; Plard

et al., 2014b) through unreliable environmental cues (Bell, 2010). When between-year fluc-

tuations in optimal conditions for birth are high and environmental cues such as photoperiod

do not reliably predict future conditions (Reed et al., 2016), births become less synchroni-

zed (Bell, 2010). Recent model simulations predict the evolution of optimal timing strategies

in fluctuating environments (Ejsmond et al., 2015; Maxwell and Magwene, 2017; Proulx and
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Teotonio, 2017), but require verification in natural systems.

Fluctuating environments should promote phenotypic plasticity (Reed et al., 2016; Proulx and

Teotonio, 2017) unless environments were completely unpredictable (Leimar and McNamara,

2015). Phenotypic plasticity occurs when a single genotype expresses multiple phenotypes in

response to environmental cues (Visser et al., 2010). It can be measured using reaction norms

from random regression mixed models, and individuals can vary in their plastic responses to

environmental gradients (Nussey et al., 2005; Martin et al., 2011). More plastic individuals

increase their fitness by responding to environmental stochasticity (Boutin and Lane, 2014), but

plasticity could decrease fitness if environmental cues informing timing are unreliable (Reed

et al., 2010).

In iteroparous species, trade-offs between current and future reproduction may constrain mo-

thers to give birth later than optimally (Varpe, 2017). Trade-offs are a dilemma of energy allo-

cation (Brommer et al., 2000) where, by increasing allocation from a limited energy budget to

reproduction, an individual diminishes the energy available to allocate to subsequent growth,

survival, or reproduction (Hirshfield and Tinkle, 1975; Jönsson, 1997). In seasonal climates,

stored “capital” supplements reproduction during periods of resource scarcity (Stephens et al.,

2009, 2014). Body reserves are essential if the duration of maternal care is longer than the per-

iod of high resource availability (Jönsson, 1997). Larger females store more resources and en-

dure famine better than smaller females (Lindstedt and Boyce, 1985; Varpe, 2017), and should

therefore be favored by selection in unpredictable climates (Speakman, 1992; Boutin and Lane,

2014). Also, heavier mothers can give birth earlier (Feder et al., 2008; Plard et al., 2014b) in

anticipation of seasonal resource peaks, increasing fitness (Ejsmond et al., 2015). Mammals ty-

pically rely on a combination of income (i.e. concurrent resources) (Stephens et al., 2009) and

capital to reproduce (Broussard et al., 2005; Lewis and Kappeler, 2005; Wheatley et al., 2008)

despite the energetic costs of building, maintaining, and carrying capital resources (Jönsson,

1997). Body mass serves therefore as an endogenous cue for timing reproduction in addition to

exogenous cues like photoperiod (Tecot, 2010; Huang et al., 2012). Reproductive timing could
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be delayed, however, if mothers need time to regain depleted energy stores after a successful

reproduction, establishing a trade-off between consecutive offspring (Nilsson and Svensson,

1996; Lee et al., 2017).

In southeastern Australia, eastern grey kangaroos (Macropus giganteus) experience a tempe-

rate environment with El-Niño cycles (Kiem et al., 2003), which cause annual fluctuations in

amount and timing of rainfall and forage. We used 10 years of data on individually marked

kangaroos, and Bayesian multi-response mixed linear regression (Hadfield, 2010), to quan-

tify repeatability and plasticity through random variance components of maternal identity,

while maintaining parturition date as a periodic variable. Kangaroos have a short gestation

and flexible embryonic diapause (Clark and Poole, 1967; Renfree, 2000). We expected the-

refore that females would adjust parturition plastically in response to fluctuations in seasonal

weather conditions, and should vary in individual plasticity (Nussey et al., 2005) since the abi-

lity to respond to changes in environment increases fitness in unpredictable climates (Canale

and Henry, 2010). In contrast, individual repeatability in parturition date, in lieu of plasticity,

could indicate that individuals were unable to predict changes in optimal birtdhate or that carry-

over effects from previous reproduction contributed to population-level variability in birthdate.

Kangaroos are long-lived and iteroparous, we therefore expected that mothers whose young

survived to weaning would face constraints in timing future reproduction due to depleted capi-

tal resources, particularly for smaller females who also likely face strong trade-offs with growth

(Kozłowski and Teriokhin, 1999; Quesnel et al., 2018).

4.2.3 Methods

Study species

The reproductive schedule of eastern grey kangaroo is dominated by an extensive 16 to 22-

month (King and Goldizen, 2016; Poole et al., 1982) maternally controlled lactation (Nicholas
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et al., 2012; Trott et al., 2003). Gestation is 36 days and mothers (mean mass = 26.5 kg)

give birth to one extremely altricial young (birth mass ∼ 0.8 g) (Poole, 1975). Young are

carried in the pouch and consume only milk until first pouch exit at ∼ 7 months, when they

resemble a newborn ungulate in size and development (Sharman, 1970; Tyndale-Biscoe and

Renfree, 1987). Young permanently exit the pouch when ∼ 10 months-old (King and Goldizen,

2016), ending the maternal cost of transport, but mothers continue to nurse the young-at-foot

for another 8–10 months (Poole, 1975; King and Goldizen, 2016). The young-at-foot stage

is congruent with ungulate lactation. For a given maternal mass, weaning mass is similar for

kangaroos and ungulates (Hayssen and Lacy, 1985).

Fecundity depends on pre-breeding mass gain (Gélin et al., 2016) and is inhibited in harsh

conditions (Quesnel et al., 2018; Quin, 1989). Indeterminate growth means that older females

are taller and heavier than younger females (Quesnel et al., 2018). Larger females should accu-

mulate mass more easily and better time lactation and weaning with spring vegetation to maxi-

mize pouch young survival (Norbury et al., 1988; Quin, 1989). The use of stored resources

for reproduction (Gélin et al., 2016; MacKay et al., 2018) and extended lactation energetically

link consecutive reproductive events through a common capital resource pool (Jönsson, 1997),

which could force trade-offs between breeding attempts when resources are scarce. In harsh

conditions, mothers with young that survive to late lactation could delay future reproduction

due to depleted body mass.

In favourable environments, however, a young can be born as soon as the previous young has

left the pouch but before it is weaned (Sharman, 1970). Milk given to older young is higher

in protein and lipids than the carbohydrate-rich milk given to the new pouch young (Nicholas

et al., 2012; Quesnel et al., 2017; Trott et al., 2003). This strategy allows kangaroos to maintain

a mean inter-birth interval of approximately one year (363 ± 57 days ; Poole (1975)) despite

lactation lasting 18 months or longer (Quin, 1989; Gélin et al., 2013).
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Study area, climate and forage availability

Our 1.5 km2 study area consists of coastal grassy woodland around a grass airfield in Wil-

sons Promontory National Park, Victoria (38◦56’ S, 146◦17’ E). Vegetation includes pala-

table grasses, sedges and ferns (Davis et al., 2008). The climate is temperate (Stern et al.,

2000) with cool wet winters and hot dry summers, when the majority of young are born. Rain-

fall and temperature data were obtained from Australian Government Bureau of Meteorology

(http ://www.bom.gov.au/climate/data/) weather stations at Shallow Inlet (38◦47’ S, 146◦10’

E) and Corner Inlet (38◦48’ S, 146◦19’ E), 17 km and 19 km NW of the study area, respecti-

vely. Rainfall was the mean of both stations, but only temperature from Corner Inlet was used

because Shallow Inlet lacked temperature data for some periods. Precipitation in southeastern

Australia is strongly linked to El-Niño Southern oscillation (Kiem et al., 2003) ; high rainfall

occurs during La-Niña events, while El-Niño events are associated with drought (Dijk et al.,

2013; Trenberth et al., 2014). We tested the effects of winter (1 Jun–31 Aug preceding parturi-

tion), spring (1 Sep– 30 Nov), and summer (1 Dec–28 Feb) mean temperature and cumulative

rainfall on parturition date.

Palatable forage was harvested at quarterly intervals from 50 systematically distributed, circu-

lar, wire-mesh 0.25 m2 exclusion cages, using clippers to cut vegetation to ground level. We

used the mean dry weight of palatable forage from the 50 cages, multiplied by four, to give

dry g/m2 of forage produced since the previous harvest. Then, assuming constant growth rates,

we used accumulation curves (see General Introduction : Methods Figure 1.5.10) to calculate

forage growth for winter, spring, and summer. Hence, we measured the daily accumulation of

palatable forage per square meter for each season.
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Monitoring mothers and birthdates

We monitored females daily from late July to late December, when most pouch young have

exited the pouch, and again from late February to early March to monitor survival to weaning

and mothers with new small young. Adult females were captured each spring by injection of

Zoletil (King et al., 2011) and weighed to the nearest 0.25 kg. Females were marked with All-

flex ear tags and collars (Gélin et al., 2016), and pouch young > 1 kg were marked with Leader

tags. Maternal leg (tibia) length was measured to the nearest millimeter. We distinguished fe-

males that skipped reproduction from those that tried and failed prior to capture by recording

sightings of marked females with pouch bulges and by examining the condition of the teats

at capture. When young were present in the pouch, we measured head, leg and foot length

(mm) following Poole et al. (1982). We determined birthdate by subtracting the mean age of

pouch young estimated by comparing body measurements to growth models for captive kan-

garoos (Poole et al., 1982) from date of capture. These growth models adequately estimated

the ages of 68 large pouch young from this population. The mean difference between birthdate

estimated at ∼ 7.5 months old and at ∼ 2 months old was only 0.16 days (95 % confidence

interval : −2.64, 2.96 days) (Chapter 2). Processing lasted < 30 minutes, occurred on site, and

mothers were released with the young in the pouch. Animal handling protocols were approved

by the Animal Care Committee of the University of Sherbrooke (protocol MFB2012-02) and

the Ethics Committee of the University of Melbourne (Ethics ID 0911512.1).

Most females in our study (64 % of 241) were first captured as adults and their age was unk-

nown. The ages of 28 adult females first captured as pouch young or subadults were known,

and 59 others were aged after death using the molar progression index (Kirkpatrick, 1964) :

these individuals totaled 187 female-years of monitoring. Among known-aged females, age

and leg length were positively correlated rp = 0.40 (95 % CI = 0.27, 0.52 ; n = 187).
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Previous reproductive effort

We determined reproductive cohorts to be from August 1 to July 31 of the following year,

because < 2 % of young were born in July-August. Since mean interbirth interval for eastern

grey kangaroo is approximately one year (Poole, 1975), we considered each cohort as a repro-

ductive opportunity for females. In six instances, mothers bread twice within the same cohort

after losing young early (< 4 months), but due to the small sample size we were obliged to ex-

clude these pouch young from analyses. Previous reproductive effort (i.e. time spent caring for

a pouch young in the year leading up to parturition) was classified as a four-level factor : low,

medium, high and high-and-skip. Fifty-two mothers either lost their young within the first 4

months of lactation or they skipped a reproductive opportunity after losing pouch young prior

to pouch exit (< 10 months-old). We considered their previous reproductive effort to be low

because of the short period of time that these mothers spent caring for young in the year prior

to parturition. Low previous reproductive effort could allow mothers to give birth early since

they had the opportunity to accumulate resources otherwise allocated to reproduction. Mothers

that lost pouch young 4 > 10 months-old, but did not skip a reproductive opportunity (i.e. they

gave birth again in the next cohort) had medium previous reproductive effort (n = 137). Mo-

thers with a young that survived to pouch exit (> 10 months-old) and that bred again in the

next cohort had high previous reproductive effort (n = 103). Lastly, mothers with young that

survived to pouch exit, but then skipped the subsequent reproductive opportunity (i.e. did not

give birth again in the next cohort) were classified as high-and-skip (n = 37).

Inter-birth adjustment

We used inter-birth adjustment (IBA) between consecutive reproductive attempts to quantify

how environment, maternal traits, and reproductive history affected between-year consistency

of parturition date. To account for the wrap-around of parturition as a circular variable (Fisher,

1995), IBA was measured in days as the shortest temporal distance (arc length) between conse-
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cutive parturition dates. Hence, IBA was negative when females gave birth relatively earlier in

the second than in their first attempt (shortest arc length was clockwise), or IBA was positive if

females gave birth relatively later in their second than in their first attempt (shortest arc length

was counter-clockwise). IBA is restricted between ±182 days (equivalent to 180◦). Using IBA

(a relative measure of consistency between parturition dates) rather than a strict inter-birth in-

terval allowed us to consider females that skipped a reproductive opportunity on the same scale

as those that reproduced consecutively.

Statistical analysis

We used rao.homogeniety from the CirStats package (Berens, 2009) in R version 3.2.4 (R,

2016) to evaluate population-level shifts in annual circular mean and median parturition date,

and to estimate annual mean resultant length as a measure of synchronicity (rho = 1 is synchro-

nized and 0 is continuous). We then used linear regression to evaluate the relationship between

annual circular mean birthdate or annual mean resultant length, and seasonal temperature and

rainfall.

Including random variance components in linear models is complex when the response va-

riable is circular, as is the case for parturition date in year-round breeders (Jordan et al., 2005;

McMillan et al., 2013; Bürkner, 2016). We used multi-response generalized linear mixed mo-

dels with the package MCMCglmm (Hadfield, 2010) to quantify maternal and environmental

effects on timing of parturition. Parturition date, measured in radians ΘP, was expressed as

Cartesian [cos(ΘP), sin(ΘP)] (Berens, 2009) and regressed simultaneously as a bivariate res-

ponse variable on explanatory variables, bypassing complex and limiting circular probability

density functions (Presnell et al., 1998) but accounting for the covariance between cos(ΘP) and

sin(ΘP). To avoid negative values we added one to Cartesian components that naturally range

from -1 to 1 (new range 0 to 2). The transformed values had exponential distributions (Annexe

A3 Figure 6.3.1). To report fixed effects from bivariate models we back-transformed model
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predictions to radians Θi = arctan[(sinΘi − 1)/(cosΘi − 1)]. Partition of circular variables

into linear components is applied to linear and logistic regression (Al-Daffaie and Khan, 2017)

when the circular variable is explanatory (Chapter 3). However, to our knowledge ours is the

first application of this principle to a circular response variable.

We first estimated the individual repeatability of parturition date (bivariate cos(ΘP) + 1 and

sin(ΘP) + 1, family = exponential) with a random intercept for maternal identity (Plard et al.,

2013), and cohort as a discrete fixed factor controlling for inter-annual variation of parturition

date not due to maternal identity (Biro and Stamps, 2015). Maternal leg length was a continuous

fixed effect, controlling for a confounding effect of maternal size and age (Wolcott et al., 2015).

Repeatability was the proportion of total variance in parturition date explained by maternal

identity (Plard et al., 2013). We re-ran the model excluding mothers with only one estimate

of parturition date to test the robustness of repeatability estimates to the occurrence of non-

repeated measurements (Martin et al., 2011; Plard et al., 2013).

To quantify plasticity in parturition date to environmental fluctuations, we replaced the fixed

factor cohort with covariates of winter, spring, and summer temperatures and rainfall. Each

model included temperature and rainfall for one season only. All models, including the null

model, had a fixed effect of maternal leg length and a random intercept for female identity.

Annexe A3 (Table 6.3.2) provides a complete list of models. We identified models with the

most support using the model select function in the package MuMIn (Bartoń, 2014), ranked by

DIC. We then tested for individual variability in plasticity of parturition date between females

by testing random slopes for maternal leg length and random slopes for environmental variables

that showed population-level effects different from zero.

To quantify possible carry-over effects of previous parturition date and reproductive effort on

subsequent timing of parturition, we used generalized additive models (GAMS) from the pa-

ckage MuMin (Bartoń, 2014). We averaged effects from IBA regressed on seasonal tempera-

tures and rainfalls, and an interaction between previous parturition date and previous reproduc-

126





tive effort. Previous parturition date is circular and was therefore modeled using cyclic cubic

regression splines constrained to join at the extremes. We controlled for a fixed effect of ma-

ternal leg length and a random effect of maternal identity in all models. Model-averaging and

variable selection used relative importance by sum of weights (Tonidandel and LeBreton, 2011;

Galipaud et al., 2014). The relative importance of a predictor variable indicates the probability

that the variable should be included in the final model, but does not inform on the size or the

significance of the effect (Galipaud et al., 2014). For predictor variables with intermediate re-

lative importance we therefore considered the significance of the effect and whether or not its

inclusion improved model fit by DIC.

4.2.4 Results

We estimated 617 parturition dates for 241 marked females from 2008–2017. Mothers contri-

buted between 1 and 8 parturition events (mean 2.6 ±1.5 SD, Annexe A3 Table 6.3.1). Parturi-

tions occurred in all months but peaked in early summer : 66 % were in December and January,

and only 1 % in winter (June–August) (Figure 4.2.1). Births had a unimodal Von Mises distri-

bution (Watson’s goodness of fit test = 1.15, P < 0.01), with a mean birthdate of 10 January (SE

= 1.6 days) and a concentration parameter κ = 2.6 (SE = 0.13). The distribution was skewed

towards autumn births (March–May in the southern hemisphere).

At the population level, a Wheeler-Watson test for homogeneity of angles showed no difference

in polar vectors of distributions of birthdates among cohorts (W = 22.9, n = 599, d f = 16,

P = 0.12) from 2009 to 2017 (Annexe A3 Figure 6.3.2). There was, however, a significant

difference in the synchrony of birthdates among years (Roa’s test for equality of dispersion, test

statistic = 14.5, d f = 1, P < 0.001) (Annexe A3 Figure 6.3.2). Birthdates were less synchronized

(lower rho) in years with greater summer rainfall (Figure 4.2.2d ; F(1,7) = 4.45, P = 0.07 ; R2

= 0.30). Results were similar when the 2008 cohort (the first year of the study with only 18

birthdates) was included.
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Table 4.2.1: Exploratory model averaging for effects of mean daily rainfall (mm), tem-

perature (C◦), forage availability (dry g/m2/day), and date of previous par-

turition (PPD) on inter-birth adjustment of parturition date in eastern grey

kangaroos. Effects are moderated by categorical levels of previous reproduc-

tive effort (PRE). Relative Importance (RI) indicated the probability that the

corresponding covariate (xi) should be included in the final model. Mater-

nal identity was a random intercept and we controlled for maternal size with

maternal leg length (mm) in all models. Mean standardized effect size and 95

% confidence intervals (CI) are presented for linear effects. PPD is a cyclic

cubic spline and non-linear effects of PPD are illustrated in Figures 4.2.3 and

4.2.4 from the main text. Combinations of variables with RI < 0.20 are not

included in the table.

Covariates (xi) RI PRE Mean effect size 95 % CI

PRE (no interaction) 1.00 low 1
medium -24 (-55.8, 7.3)
high -6.2 (-52.0, 39.6)
high-and-skip -27.9 (-69.5, 13.7)

Rainfall (Jun-Aug) 0.96 (no interation) 4.2 (-10.3, 18.7)
Rainfall (Jun-Aug) 0.93 low 1

medium 4.0 (-11.8, 19.8)
high -38.9 (-66.1, -13.5)
high-and-skip -9.3 (-27.6, 9.0)

PPD 0.85 (interaction) non-linear
PPD 0.65 (no interaction) non-linear
Forage (Jun-Aug) 0.39 (no interaction) -0.7 (-33.7, 1.9)
Maternal leg length 0.39 (no interaction) -3 (-10.1, 4.2)
Temperature (Jun-Aug) 0.35 (no interaction) 1.1 (-8.8, 10.9)
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Individual repeatability of parturition date, controlling for year, was R = 0.25, 95 % Credible

Interval (CrI) = 0.10, 0.40. Removing 76 females that contributed single samples had little ef-

fect on the estimate (R = 0.27, CrI = 0.14, 0.44). Taller and likely older mothers gave birth

earlier in summer, while smaller and likely younger females accounted for most parturitions in

late summer and autumn (Figure 4.2.2c). We did not detect individual variability in plasticity

of parturition date with body size for kangaroos. Indeed, as females grew taller they advanced

parturition dates at a similar rate, maintaining consistent individual differences. Including a

random variance component for individual plasticity in parturition date with increasing mater-

nal leg length explained 1 % (CrI = 0.00, 0.02) of the variance in parturition date and did not

improve model fit ∆ DIC = 12 (Annexe A3 Table 6.3.2).

Once female identity and leg length were controlled for, parturition occurred later in years

with warmer summers (Figure 4.2.2a), and was less synchronized in years with higher sum-

mer rainfall (Figures 4.2.2b and d). This model explained more variance in parturition date

than the null model (Annexe A3 Table 6.3.2, ∆DIC = −24.5, model weight (wi) = 0.89), and

was distinctly better than the next best model (∆DIC = −4.7, wi = 0.08), which included a

non-significant interaction between winter rainfall and temperature (CrI(cos) = −0.20, 0.06,

CrI(sin) = −0.02, 0.12).

We observed 321 consecutive parturition events : 252 occasions where females gave birth in

consecutive cohorts, and 69 occasions where females skipped a breeding opportunity. The

mean interval between parturitions was 1 year (364.5 days ± SD = 56.9) when females did

not skip a reproductive opportunity, and 2.1 years (776.8 days ± SD = 127.7) when they did.

Mean daily winter rainfall, relative importance (RI) = 0.96, affected IBA differently depen-

ding on previous reproductive effort (RI = 0.96). Timing of previous reproduction as a cubic

cyclical spline (RI = 0.65) moderated by previous reproductive effort (RI = 0.85) had inter-

mediate relative importance. We included these predictor variables because they increased the

variance explained by the model by 42 % and the 95 % confidence intervals for their effect

sizes excluded zero (Table 4.2.1). Other covariates had importance probabilities < 0.39 and
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were excluded from the final model. The final model describing adjustments in timing between

subsequent parturition events (IBA) included mean daily winter rainfall and previous parturi-

tion date (Figures 4.2.4 and Annexe A3 Figure 6.3.3), each moderated by previous reproductive

effort, and a random intercept for maternal identity (R2
adj = 0.48, deviance = 52.1 %).

Mothers adjusted their next parturition towards the population mean parturition date of 10 Ja-

nuary (Figure 4.2.3). Mothers that gave birth near the mean date were unlikely to substantially

change their parturition date in the following year, while mothers that gave birth one (29 Nov)

and two (19 Oct) circular standard deviations (CSD) ahead of the mean date delayed their

subsequent parturition by 25.7 (±7.0 SE) and 41.6 days (±16.7 SE) respectively. Late-timed

mothers (19 Feb = +1 CSD, 31 Mar = +2 CSD) advanced their subsequent parturition by 48.8

(±6.7 SE) and 73.3 days (±10.6 SE). For similarly timed mothers, those that made a high

reproductive effort were constrained to give birth later in their next reproductive attempt un-

less they skipped a breeding opportunity. Mothers that made a high reproductive effort and

had a late-born young were constrained in how much they could advance their next parturi-

tion unless they skipped a breeding opportunity. Specifically, late-timed back-to-back breeders

that had a young-at-foot advanced their second parturition by half as much (-30.8 ± 16.6 SE

days) as late-timed mothers that lost their pouch young (−73.3 ± 10.7 SE days), skipped a

breeding opportunity after losing their pouch young (−70.2 ± 17.1 SE days), or skipped af-

ter having a late-born young-at-foot (−94.8 ± 14.6SE days). Similarly, back-to-back breeders

with early-born young-at-foot experienced stronger delays in future parturition than mothers

that lost pouch young or skipped a year.

4.2.5 Discussion

Kangaroos evolved in a climate with high annual variability in rainfall and forage productivity

(Kiem et al., 2003), and frequent extreme weather events (Caughley et al., 1985; Van Gorsel

et al., 2016). Over the 10 years of this study, kangaroos at Wilsons Promontory experienced
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drought, flooding and extreme heat. They also possess adaptations that should promote flexi-

bility in reproductive phenology including short gestation (Poole et al., 1982), embryonic dia-

pause (Clark and Poole, 1967; Renfree, 2000) and year-round oestrus (Poole et al., 1982; Quin,

1989). We therefore predicted that kangaroos would exhibit plasticity in reproductive pheno-

logy (Nussey et al., 2005; Canale and Henry, 2010) in response to fluctuations in seasonal

environment, and that individuals would vary in plasticity (Nussey et al., 2005), as selection

could favour those best able to track annual environmental fluctuations (Canale and Henry,

2010). We found population-level plasticity in response to summer rainfall and temperature,

but we did not find significant variability in individual plasticity in response to these gradients.

Births occurred earlier in cooler summers and summer rainfall encouraged more autumn births.

Our results suggest therefore that individual kangaroos respond to changes in the environment

in a similar way, maintaining consistent differences in phenotypes across environmental gra-

dients (Nussey et al., 2007; Bell et al., 2009). Moreover, parturition date was individually

repeatable (R = 0.25) and mean inter-birth interval averaged one year (364.5 days ± SD =

56.9) for mothers that gave birth in consecutive cohorts.

Our estimate of repeatability proved robust to the occurrence of mothers with single measure-

ments despite the ratio of captures per individual (0.39) being lower than the ideal ratio of 0.5

(Martin et al., 2011). Parturition date is also repeatable for ungulates from northern temperate

climates, which are much more synchronized than kangaroos. Birthdate was more repeatable

in kangaroos (R = 0.25) than in red deer (Nussey et al., 2006, R = 0.10), but less repeatable

than birthdate in roe deer (Plard et al., 2013, R = 0.54–0.93). Thus, timing of birth in kangaroos

may have a genetic component, as reported in other mammals (Réale et al., 2003b,a; Kruuk

and Hadfield, 2007; Sumners et al., 2015), and may be subject to selection (Lande, 2009). Re-

peatability despite inter-annual variability in the optimal time to be born (Chapter 3) suggests

that individuals are relatively fixed in phenotype.

We observed year-round parturition with a strong peak in early summer, congruent with birth-

date distributions for captive (Poole, 1975; Poole et al., 1982) and wild eastern grey kangaroos
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(Quin, 1989). Hence, like other eutherian (Temte and Temte, 1993; Zerbe et al., 2012) and

marsupial mammals (Mcallan et al., 2006), kangaroos likely rely on photoperiod to time partu-

rition and lactation of large pouch young with high resource availability (Renfree, 2000; Lopes

et al., 2004). Similar to African buffalo (Syncerus caffer), in kangaroos the seasons of concep-

tion, birth and lactation overlap and are synchronized with high forage availability (Ryan et al.,

2007). In stochastic environments, short periods of food availability can make simultaneous al-

location to reproduction and storage an optimal strategy (Fischer et al., 2011). For buffalo, the

coincidence of these different reproductive stages occurs due to a prolonged 11-month gesta-

tion (Ryan et al., 2007), whereas an abbreviated 36-day gestation is responsible for the overlap

of conception and birth seasons in kangaroos (Poole et al., 1982). In buffalo, conception lags

behind the rainy season green-up, likely due to a delay in building capital resources (Ryan

et al., 2007). The summer peak in births that we observed for kangaroos leads us to speculate

that mothers must build body stores using spring resources prior to conception (Gélin et al.,

2013). Hence, like in some primates (Tecot, 2010), kangaroos likely rely partly on endogenous

cues like body stores to signal the best time for reproduction in addition to exogenous cues like

photoperiod.

Trade-offs between reproductive opportunities was essential for understanding the high varia-

bility in birthdates of kangaroos. Inter-birth adjustment was strongly dependent on previous

reproductive timing and duration of lactation. Late-timed kangaroos with a high previous re-

productive effort gave birth earlier in their next attempt when they skipped a reproductive

opportunity than those that did not skip a reproductive opportunity. Since young born in late

spring or early summer had better survival than young born later (Chapter 3), skipping a bree-

ding opportunity might increase maternal fitness if it allows mothers to advance parturition.

Early-timed mothers that gave birth in October–December should maximise survival of young

(Chapter 3), but had to delay their next parturition, especially following a high previous effort.

Mothers with a high previous reproductive effort also delayed their next parturition when win-

ter rainfall was low. Insufficient rainfall might further deplete capital resources during winter

resulting in a longer fattening-up period in spring and a delay in subsequent reproduction.
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As predicted, taller and likely older mothers timed parturition to spring and early summer bet-

ter than smaller females (Plard et al., 2013, 2014a). Smaller females were more likely to give

birth in late summer and autumn than larger females. This result supports the idea that larger

mothers have more stable energy reserves than smaller mothers (Boutin and Lane, 2014), but

could also partly result from experience acquired with age (Pärt, 1995; Wolcott et al., 2015).

Kangaroos born in autumn had lower survival to weaning (Quesnel et al., 2017). Smaller mo-

thers may be forced to delay parturition because they require a longer time to allocate energy

to somatic growth early in life. Taller females allocated less to growth and had higher repro-

ductive success, controlling for parturition date, than smaller females (Quesnel et al., 2018). A

trade-off between growth and reproduction may persist longer in kangaroos than in other large

mammals due to indeterminate growth. Smaller females likely faced a choice between giving

birth at an apparently suboptimal time and delaying parturition until the following summer.

A delay may allow them to grow and stock more resources, but also decrease their lifetime

number of reproductive opportunities. Because selection on birth date appears to be temporally

inconsistent, however, these females may benefit from attempting to increase their reproductive

rate because “mistimed” young survive in some years (Chapter 3).

In conclusion, mothers were consistent in parturition date but were also constrained by pre-

vious reproductive efforts. They maintained individual differences as they grew and when re-

sponding to environmental gradients. Parturition date was repeatable for individual females,

but timing-dependent trade-offs between subsequent reproductive attempts likely contributed

substantially to the wide range in parturition dates. Results from this study underline the impor-

tance of accounting for trade-offs between consecutive reproductive attempts when investiga-

ting the causes of variability in timing of parturition in iteroparous mammal with long periods

of maternal care.

137



4.2.6 References

Al-Daffaie, K., Khan, S. 2017. Logistic regression for circular data. Vol. 1842. AIP Publishing.
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Chapitre 5

GENERAL DISCUSSION AND

CONCLUSION

I examined the causes and consequences of year-round parturition in eastern grey kangaroo ;

a large, iteroparous mammals that evolved in an environment with highly variable seasonal

forage productivity. El-Niño cycles affect rainfall patterns and add uncertainty to the otherwise

four-season climate of southeastern Australia, where this study took place. I quantified how

birthdate and environmental variability, especially in timing and amount of forage availabi-

lity, affected offspring survival. Birthdate and survival of offspring then affected future par-

turition dates of mothers, constraining those that finished the previous lactation and allowing

more flexibility to those whose previous lactation was interrupted early or who did not give

birth. There are four main results of my research that merit further discussion. First, growth

curves derived from captive-born young were, on average, adequate in estimating birthdates of

wild-born young from this population. That is an important result for the long-term study of

this population, which relies on measurements taken when pouch young are 7-8 months old

to estimate birthdates. There was, however, variability in growth rates of wild young related

to timing of birth, and this could introduce bias in birthdate estimates of young born outside

of the mean-centered birth peak. I discuss the merits and possible techniques for correcting

birthdate estimates for future research with this population. Second, year-round parturition re-

vealed flexibility in allocation tactics of differently timed mothers that shifted their reliance

on capital or income resources to sustain similar stages of reproduction according to seaso-

nal resource availability. I found that capital resources were indispensable for fecundity and

lactation, but insufficient concurrent resources during early lactation also limited maternal al-
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location to pouch young growth. Third, individual females were relatively consistent in timing

of reproduction, and the frequency of different phenotypes reflected the long-term average of

fluctuating selection on birthdate, with most females apparently timed to give birth at a time of

high juvenile survival probability. Adjustments in timing between years occurred in response

to increased body size, summer environment, or delays from carry-over effects of previous ma-

ternal effort. I did not find convincing evidence of true plasticity, as females did not appear to

actively adjust parturition date as a response to a reliable environmental cue. Lack of strong

plasticity may arise because, in this system, current environment is likely a poor predictor of

future conditions. Finally, I discuss the potential consequences for asynchronous parturition

and fluctuating selection on population dynamics.

5.1 Birthdate estimates : should we correct for season ?

When births are not directly observed, which is the case in most studies of natural populations

of large mammals, size or mass at capture (Linnell and Andersen, 1998; Jarnemo et al., 2004),

behaviour, or other physical attributes (Feder et al., 2008) are used to age young and estimate

date of birth. Using growth curves to backdate birth (Linnell and Andersen, 1998; Delaney

and De’ath, 1990; Atramentowicz, 1995) is common, but creates a statistical conflict when

offspring size or mass and birthdate are then covariates in the same model, because their non-

independence (Graham, 2003; Zuur et al., 2010) can cause variance inflation in slope estimates

(Freckleton, 2011). In my analyses, birthdate is estimated from pouch young sizes at capture,

but pouch young size does not resurface as a control or response variable for models also

including birthdate.

We compared foot, leg and head length from large pouch young (n = 612) to fitted growth

curves derived from repeated measurements of captive eastern grey kangaroos to estimate

pouch young age and birthdate. In Chapter 2, I used repeat captures of 68 young first cap-

tured < 2 months-old and determined that they followed the captive young growth trajectories
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variability in growth rate related to season of birth (Chapter 2), which leads to a possible bias

in birthdate estimates from sizes of large pouch young. Given this known bias, should birthdate

be corrected for season before being used as an explanatory variable ?

If young born late grew faster and those born early grew slower than predicted by the growth

models, our distribution of birthdates estimated from sizes of large pouch young is likely more

concentrated around the mean than the “true” distribution (Figure 5.1.2), but the relative order

of birth estimates for individual young would not change. Hence, I likely underestimate the va-

riability in birth timing, which could reduce the statistical power of finding effects of birthdate

on fitness parameters like survival or timing of future parturition. However, applying a broad

correction may be unjustified since the effects of birthdate on growth rate were only evaluated

within a 5.5-month window (Figure 5.1.2) as we did not have any double measurements for

young born in the remaining 6.5 months. Therefore, extrapolating effects outside this range

may be unwarranted.

Explanatory variables should be measured without error, however, and knowingly violating

this assumption can lead to biased results (Freckleton, 2011). In Chapter 2 I addressed the

uncertainty in birthdate estimates from small pouch young by including birthdate as a latent

variable ; a composite variable that is not directly measured and often includes an unmeasu-

red degree of uncertainty (Graham, 2003). The same statistical dilemma does not occur when

birthdate is used as a response variable in Chapter 4, since birth order should not change and

any unexplained variance related to estimation bias will simply be included in the model error

term. In Chapter 3 birthdate is estimated from large pouch young sizes and used to explain

variability in survival to weaning. Hence, as a fixed covariate it may warrant a correction.

Correcting birthdate estimates according to combinations of direct effects of forage availability

and maternal mass change is not practical since environment, forage, and maternal mass are

likely to occur as covariates in models involving birthdate, and most mothers are captured only

once when pouch young are > 1 kg, so change in maternal mass during early lactation is usually
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unknown. Alternatively, birthdate estimates could be corrected according to the overall standar-

dized effect of birthdate on pouch young growth rate (0.63 ±0.19 SE ; Figure 5.1.1). However,

correcting birthdate estimates according to birthdate is somewhat circular, even though I explai-

ned the causal mechanisms of how this likely occurs (Chapter 2). Hence, instead of adjusting

birthdate values by a correction constant, I accounted for uncertainty in birthdate estimates

by incorporating the uncertainty directly into Bayesian logistic regression (Clark, 2005) as a

Berkson correction (Equation 5.1). By including birthdate as a latent variable (BDlat) I used

the linear relationship between “true” birthdates estimated from sizes of small pouch young (n

= 68), and birthdate estimates from measures of large pouch young (Figure 5.1.3) to quantify

the uncertainty in birthdate estimates of large pouch young. The general model for the effect

of birthdate (BD) on juvenile survival (pi), corrected for imperfect estimates of birthdate, was

logit(pi) ∼ b0 + I1 · b1 · cos(BDlat) + I2 · b2 · sin(BDlat) + Ii · bi · Xi + (1|Mother) (5.1)

BDlat ∼ α0 + α1 · BDest + µ, where µ ∼ N(0, σ) (5.2)

where bi are effect parameters for fixed covariates Xi, and Ii are indicator random variables to

help with variable selection (Kuo and Mallick, 1998). Maternal identity is a random variance

component for intercept. The latent variable for birthdate (BDlat) was a function of estimated

birthdate from measurements obtained from captures of large pouch young (BDest) adjusted

by parameters describing the linear relationship (Figure 5.1.3) between birthdate estimates and

“true” birthdates (α0, α1 and σ) obtained from twice-captured young.

This correction was removed in the final version because it increased the complexity of the

model but did not affect results (Figure 5.1.4). For this population of wild-born kangaroos, I

feel confident in using the growth curves from captive young to estimate birthdate because of

the strong conformity of size at large pouch young capture, especially for young born near

the mean birthdate. However, I also encourage future researchers to incorporate this prior in-

formation regarding the uncertainty of birthdate estimates from large pouch young whenever
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5.2 Environmental uncertainty promotes asynchronous par-

turition and variability in maternal allocation strategies

Most mothers in this study timed lactation of large pouch young with spring forage. Like other

macropods (Schwanz and Robert, 2012), female kangaroos increase body mass while lacta-

ting in spring and lose mass in winter (Chapter 2), especially when forage is less abundant.

Spring resources must therefore sustain reproduction and build capital resources, while win-

ter resources generally suffice only for maintenance and survival (Fischer et al., 2011), and

mothers rely on capital to sustain reproduction until spring forage growth resumes. Lower-

cost reproductive stages, like gestation in ungulates (Clutton-Brock et al., 1989), coincide with

low winter resources so that lactation, which demands more energy, is timed with high spring

resources (Post et al., 2001). Births in this study population occurred year-round, however,

so some earlier-timed mothers entered winter with older and more energy-demanding (Trott

et al., 2003; Nicholas et al., 2012) pouch young. These mothers lost more mass and their

pouch young grew more slowly than the younger less-demanding pouch young of later-timed

mothers (Chapter 2). Hence, mothers that gave birth in different seasons relied on different

strategies of resource acquisition and allocation to sustain lactation.

Taken by itself, this result suggests that giving birth in early summer is maladaptive since faster

early growth (Festa-Bianchet et al., 2000; Beauplet et al., 2005) and large body size (Lummaa

and Clutton-Brock, 2002; Quesnel et al., 2018) increase fitness. In Chapter 3, however, I show

that young born in spring and early summer had greater survival to weaning (7–18 months) than

autumn-born young, and that high winter forage increased mean survival. If exiting the pouch

early in spring increases survival to weaning, then mothers may benefit from early parturition

in years when winter resources are high enough to sustain maintenance and lactation for older

young. Hence, although capital resources are important to kangaroo reproduction, they are

likely insufficient for maintenance and lactation of older pouch young. Low winter resources

restricted pouch young growth and decreased survival to weaning, but a lot of pouch young
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died from late winter to early summer, suggesting a possible delayed affect of winter forage on

survival. Sparse winter forage could therefore have affected survival indirectly through slow

growth, or by depleting maternal capital resources, or both. Future research could test these

alternative pathways, and should also investigate whether slower-growing young born in early

summer experience compensatory growth (Marcil-Ferland et al., 2013) at the very end of pouch

life or as young-at-foot. Furthermore, these seemingly contradictory selection gradients acting

on birthdate could promote variability in timing and maternal strategies, especially considering

that forage availability in both winter and spring appears to vary considerably from year to

year.

The primacy of allocation to maintenance and survival over reproduction in female kangaroos

is consistent with patterns of allocation for many long-lived iteroparous mammals (Therrien

et al., 2008). Mothers prioritized maintenance over allocation to pouch young growth (Chapter

2) and survival (Chapter 3), when reproduction was timed with low winter resources. Fecun-

dity depends on mass gain or maintenance (Gélin et al., 2016). Smaller mothers likely take

more time to accumulate capital resources and gave birth later than larger females (Chapter 4).

Smaller females gave birth at an apparently suboptimal time rather than delaying parturition

until the following summer. These females may be selected to attempt to increase their repro-

ductive rate even if that involves an apparently mistimed parturition, possibly because selection

on birth timing varies substantially between years (Chapter 3).

Results from this study and others (Gélin et al., 2013, 2016) suggest that maternal mass change

likely serves as an endogenous cue for timing reproduction, as in other mammals (Tecot, 2010;

Lee et al., 2017). For Weddell seals in Antartica, prime-aged mothers that did not reproduce in

the previous year, hence mothers likely to be in the best condition, gave birth earliest (Rotella

et al., 2016). Mass change is likely not the sole indicator of reproductive timing for kangaroos,

however, and photoperiod is likely to also play a role. Grey kangaroos in the London zoo

inversed their season of reproduction despite receiving adequate feed year-round, suggesting

that variables other than forage, likely photoperiod, affected timing of reproduction (Poole,
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1975). Repeatability of parturition date also suggests that there may be a genetic determinant

of reproductive timing. As more years of data accumulate and a pedigree is established, animal

models (Kruuk and Hadfield, 2007) could be used to test heritability of parturition date.

5.3 Fluctuating selection and between-year trade-offs contri-

bute to asynchronous reproduction of kangaroos

Changes in the strength of selection from year to year weakened the mean strength of selection

on birthdate. The mean standardized linear effect within the 80 % median-centered birth peak

was −0.48 in favor of October-born young. In 2014, however, it was as strong as −1.5, but

the next year it was 2.43 and the three young that survived were born in February-March. In

other years there was no optimal birthdate as either most young survived regardless of birthdate

(2016), or nearly all young died (2013). It seems unlikely that individual plasticity, so relied

upon by temperate ungulates to time parturition (Canale and Henry, 2010; Hogg et al., 2017),

could track shifts in optimal birthdate that can vary by > 4 months from one year to the next.

Serengeti ungulates, however, delayed parturition for up to 6 weeks during drought (Ogutu

et al., 2010). The consistency in birth distributions between years (Chapter 4) despite large

variability in optimal birthdate (Chapter 3) suggests that kangaroos may react to variability

in environment by adjusting maternal allocation, possibly in response to their own body mass

changes (Chapter 2), instead of attempting to adjust timing to changes in environment.

I did, however, find that years with warmer summers had later parturition, once maternal iden-

tity and body size were controlled for. It is unlikely that this is a true plastic response, however,

since summer starts after most mothers have mated and could therefore not influence timing of

conception. Rather, later mean birthdates in warm summers may be explained by an increase

in fecundity of late-timed mothers or in the survival of late-timed young, as summer conditions

also increased the spread of birthdate distributions. Summer and early autumn rainfall was
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previously linked to increased fecundity in prime-aged female eastern grey kangaroos (Quin,

1989). Warm and wet summers likely extend the forage growth season allowing late-timed mo-

thers, mothers that lost and earlier-born young, or mothers that were constrained by previous

reproductive effort, to gain mass and conceive. If summer forage growth is prolonged by good

weather, improving mass gain of late-timed mothers, this could also improve the probability

of late-timed young surviving long enough to be captured as large pouch young at the end

of winter. I did not find variability in individual responses to summer temperature or rainfall,

which would be expected if individual phenotypic plasticity explained the population-level

correlations with summer conditions.

With the further accumulation of genetic data from this population, pedigree analysis and com-

parisons of parturition dates from mother-daughter paris should shed light on potential mecha-

nisms explaining asynchronous reproduction in kangaroos in this seasonal climate. I suggest

that unpredictability in the Australian environment may promote polymorphism if parturition

date is heritable. Multiple relatively stable phenotypes could be maintained within the popula-

tion by variability in strength and direction of selection between years (Chapter 2). Overlapping

the mean probability of survival (Chapter 3) with the overall distribution of birthdates (linea-

rized for illustrative purposes), suggests that, as predicted by polymorphism, the proportion

of different phenotypes in the population generally reflects the mean probability of selection

(Figure 5.3.1).

The overlap in (Figure 5.3.1) also shows that most mothers give birth too late to maximize

pouch young survival, possibly because they are unable to acquire resources fast enough after

winter or they may be constrained by the presence of the previous year’s pouch young. Invest-

ment in previous offspring constrained timing of the subsequent parturition, especially when

the first young was born after the birth peak (Chapter 4). Birth timing in kangaroos may also

be constrained from evolving to its optimal value because of conflicting selection pressures

with correlated traits (Sheldon et al., 2003). For instance, spring-born young are more likely

to survive to weaning (Chapter 3), but autumn-born pouch young grew faster than young born
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Figure 5.3.1: Combined birthdate distribution for 2009-2017 cohorts (histogram) in com-

parison with the mean probability of survival to weaning (7–18 months).

The mean probability of survival (curve) and 95 % credible intervals (sha-

ded area) are from a Bayesian logistic regression model with birthdate as a

circular variable and effects are controlled for winter forage and winter and

spring rainfall (Chapter 3). Broken vertical line is the mean birthdate 10 Ja-

nuary. Maximum survival probability (0.72) is 29 September, and minimum

survival probability (0.26) is 27 Marchl.

before the mean birthdate (Chapter 2), and larger body size increases reproductive success in

kangaroos (Quesnel et al., 2017, 2018). Hence, selection on birthdate is likely more complex

than portrayed by our relatively simple regression models, possibly implicating multiple cor-

related (Sheldon et al., 2003; Reed et al., 2016) and potentially opposing life-history traits

(Chapter 2 and 3) in addition to temporally fluctuating selection (Chapter 3) and allocation
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trade-offs (Chapter 4). These results provide an important step, however, in our understanding

of the intricacies of reproductive phenology of iteroparous mammals in unpredictable seaso-

nal environments and underline the importance of long-term monitoring of marked individuals

(Festa-Bianchet et al., 2017) to account for reproductive history.

5.4 Consequences of asynchronous parturition and fluctua-

ting selection for population dynamics

I found weak net selection on birthdate through survival to weaning. Weak selection can have

important effects on maternal fitness. In marsupials, young born in non-optimal times often do

not die as neonates, but survive until older ages when energy demands for maternal care are

higher (Atramentowicz, 1982). Indeed, survival prospects of offspring do not always predict

the reproductive effort of parents (Brommer et al., 2000), especially when fluctuating selection

makes survival prospects unpredictable. In Chapter 3, I report that most young survived until

7 months regardless of birthdate. Hence, mothers of autumn- and winter-born young appear

to invest time and energy, depleting important capital resources caring for offspring with low

reproductive potential. Bighorn ewes for instance, did not abandon late-born lambs, although

it would have been advantageous for them to do so because these lambs often did not survive

the winter (Festa-Bianchet, 1988). In bare-tailed wolly opossum (Caluromys philander) young

born in low-resource winters inly had an 18 % probability of survival, but mothers invested in

these young and suffered mass loss and forced anoestrus that did not occur for spring-timed

mothers (Atramentowicz, 1982).

Kangaroo population dynamics are likely driven by high and low recruitment years. Low-

recruitment years likely favor conservative reproductive strategies (Therrien et al., 2008; Ques-

nel et al., 2017), as mothers need to survive to reproduce in good years in order to increase

fitness. Eastern grey kangaroos can take up two years to recover in recruitment rate once envi-
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ronment improves following a year of restricted resources (Norbury et al., 1988). The projected

increase in the frequency of El-Niño events with climate change (Therrien et al., 2008) could

destabilize population dynamics if time between low-resource years is insufficient for popu-

lations to recover fecundity. Birthdate may only affect reproductive success and recruitment

in years with intermediate resource availability. In most years, spring and early-summer timed

females had higher annual reproductive success (Chapter 3) and adjusted parturition date less

than later-timed mothers (Chapter 4). Hence, early-timed females likely contribute more to

population growth than autumn-timed mothers.

5.5 Conclusion

This research contributed to a long-term individual-based study on the evolution and ecology

of a marked population of eastern grey kangaroos that began in 2008 (King et al., 2011; Gélin

et al., 2016). While more years of data are needed to properly account for age structure and

lifetime reproductive success (Clutton-Brock and Sheldon, 2010), the insight into population

dynamics and individual reproductive strategies of kangaroos already rendered by this decade-

long survey is substantial (Gélin et al., 2013; Le Gall-Payne et al., 2015; Rioux-Paquette et al.,

2015; King and Goldizen, 2016; Quesnel et al., 2018). The first chapter of this thesis is publi-

shed as a Featured Student Research Paper in Behavioral Ecology and Sociobiology (MacKay

et al., 2018), and I intend to submit Chapters 3 and 4 next month. I also co-authored an article

(Quesnel et al., 2017) on the effects of birthdate on milk composition in the same kangaroo

population, in which I contributed to hypothesis development, field and lab work, analyses,

writing and responses to reviewer questions. Overall, my doctoral research has increased our

understanding of the study system and kangaroo life-history, and provided key information on

parameters that will be of interest in future analyses. I also intend for my results to provoke

new research hypotheses, of which I have suggested a few.
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Analyzing birthdate as a year-round variable required novel and innovative adaptations of me-

thods from the re-popularized field of circular statistics (Fisher, 1953; Hadfield, 2012; Al-

Daffaie and Khan, 2017). These applications can be extended to other systems with year-round

breeding or other periodic variables (Pewsey et al., 2013). Accounting for the periodic nature

of birthdate (Berens, 2009) allowed me to describe the system in a new and more realistic way.

I conclude that asynchronous reproduction in kangaroos is likely explained in large part by

fluctuating annual selection favouring different phenotypes in different years, instead of an ac-

tive adjustment of parturition by mothers to predict changes in optimal timing. I found that

timing and duration of previous reproduction, warm and wet summers, and female body size

affect variability in parturition date, likely influenced through cessation of previous lactation

and changes in capital resource accumulation, which could act as endogenous cues for oestrus.

Caution should be taken, however, when making conclusions regarding the strength of selection

and its effects on fitness. Carry-over effects like the depletion of capital resources and delays

in future timing can result from allocation to lactation following a previous mistimed birth,

and could have important consequences for fitness. The importance of individual reproductive

history and traits like body size highlight the importance of individual-based longitudinal re-

search (Clutton-Brock and Sheldon, 2010; Festa-Bianchet et al., 2017) in disassociating effects

of maternal traits from environment and their effects on phenology.

More broadly, my results contribute to our understanding of how established ecological constructs

that are well studied in northern ungulate populations like phenotypic plasticity, optimal ti-

ming of reproduction and trade-offs in maternal resource allocation, can be affected by high

environmental variability. Understanding the effects of fluctuating selective environments on

the ecology of large mammals may become increasingly important for ecologists and wildlife

managers, because climate change could disrupt contemporary stable seasonal environments

making them less predictable (Trenberth et al., 2014; Van Gorsel et al., 2016).
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Chapitre 6

ANNEXES

6.1 Annexe A1 : Maternal resource allocation adjusts to

timing of parturition in an asynchronous breeder

Table 6.1.1: Nested models grouped by sex of young based on the top-ranked path mo-

del (Figure 2.2.1) of effects of birthdate on growth of eastern grey kangaroo

pouch young. Each model was compared to the fully constrained model using

a Chi-square test. None of the grouped models explained significantly more

variation in pouch young growth than the fully constrained model.

Free parameter whose between-group equality

constraint was released

d f AICc χ2 ∆χ2 ∆d f P

None (constrained model) 72 814.7 12 2.6

Maternal effects 71 816.3 122.2 0.6 1 0.44

Environmental effects 69 818.5 120.3 2.1 3 0.56

All effects (unconstrained) 67 817.4 115.2 5.7 5 0.34
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6.2 Annexe A2 : Fluctuating selection on timing of

parturition in an asynchronously breeding mammal in a

seasonal environment

Table 6.2.1: Sample size of eastern grey kangaroo pouch young according to cohort of

birth. Cohort is defined here as 1 August – 31 July and is named for the Ja-

nuary year (i.e. 2009 cohort comprises young born between 1 August 2008

and 31 July 2009). Pouch young could be excluded from analyses if they did

not survive until at least 7 months old, died or were abandoned by their mo-

ther for capture-related reasons, or were being cared for by a female other

than their biological mother.

Cohort Total
pouch
young
captures

Number
male/female
pouch
young

Died < 7
months

Abandoned
at capture
(%)

Pouch
switch

Net
sample

2009 49 33/16 2 0 (0 %) 0 47
2010 63 36/27 0 5 (8 %) 0 58
2011 56 32/25 3 1 (2 %) 1 51
2012 61 30/30 0 0 (0 %) 0 61
2013 65 25/40 6 2 (3 %) 1 56
2014 86 48/38 6 0 (0 %) 1 79
2015 52 23/30 26 0 (0 %) 0 26
2016 105 56/48 5 7 (7 %) 0 93

Total 537 271/247 48 15 (3 %) 3 471
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Table 6.2.2: Annual sample size of eastern grey kangaroo pouch young captured as small

pouch young. Small pouch young are unfurred and permanently attached to

the teat. The net sample is the total number captured subtract those captured

later than 100 days old, or those abandoned at capture. Unlike large pouch

young, small pouch young cannot be switched to non-biological mothers be-

cause they are permanently attached to the teat.

Cohort Total pouch
young
captures

Number
male/female
pouch young

Captured >
100 days old

Abandoned
at capture
(%)

Net sample

2013 24 13/11 2 1 (3 %) 21
2014 30 15/15 4 0 (0 %) 26
2015 33 16/17 2 2 (0 %) 29
2016 35 19/16 0 1 (7 %) 34

Total 122 63/59 8 4 (3.5 %) 110
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Table 6.2.3: Bayesian variable selection for predictors of survival of juvenile eastern grey

kangaroos. Covariates (xi) included birthdate as a linear variable, juvenile

sex and age at capture, maternal condition at capture, daily forage growth,

mean daily rainfall and mean maximum temperature. Maternal identity was

included as a random intercept. Mean standardized effect size and 95 % cre-

dible intervals (CrI) are presented. Posterior means of relative importance

indicator variables (RI) and their time-series standard errors (SE) are the

probability that the corresponding covariate should be included in the mo-

del. Covariates selected for the final models are in bold.

Model Covariates (xi) Mean effect 95 % CrI Post. mean RI SE

Su
rv

iv
al

7–
18

m
on

th
s

(n
=3

39
)

Birthdate -0.443 -0.764, 0.000 0.955 0.007
Pouch young sex -0.033 -0.474, 0.152 0.193 0.012
Age at capture -0.009 -0.214, 0.004 0.158 0.012
Maternal condition -0.013 -0.749, 0.701 0.345 0.015
Forage (May–Jul) 1.241 0.718, 1.740 1.000 0.000
Rainfall (May–Jul) 0.680 0.392, 1.009 1.000 0.000
Temperature (May–Jun) 0.001 -0.097, 0.154 0.137 0.010
Forage (Aug–Oct) -0.112 -0.587, 0.000 0.403 0.017
Rainfall (Aug–Oct) -0.570 -1.144, 0.000 0.919 0.009
Temperature (Aug–Oct) -0.088 -0.650, 0.079 0.293 0.013

172



Annual selection gradients

We measured variance-standardized annual selection gradients (BP) on birthdate following

Matsumura et al. (2012). We standardized annual selection differentials (S) (Lande and Ar-

nold, 1983), the covariance between circular ranks of birthdate (µ) and survival to weaning

(w), by circular standard deviation (σP) (Pewsey et al., 2013, pp. 27) to respect the periodic na-

ture of year-round parturition (Equation 6.1). Birthdate rank was multiplied by 2π and divided

by total number of samples to obtain the circular rank.

BP =
cov(µ, w)

σP
(6.1)

These circular selection gradients are compared to cohort-specific linear selection gradients

(BL) on the 80 % median-centered distribution of birthdates from mixed models controlling

for winter forage and rainfall, and spring rainfall (Table 6.2.4). Variance-standardized annual

selection gradients (Equation 6.1) with the full range of birthdates (BP) gave similar but weaker

trends than selection coefficients obtained from linear mixed models (BL) that controlled for

environmental variables. It is unclear, however, whether birthdate effects are more strongly

detected when variance in winter forage growth is accounted for, or simply stronger within the

80 % mean-centered birth season.
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Table 6.2.4: Fluctuating annual selective effects of birthdate on survival 7–18 months of

eastern grey kangaroo. The ratio successful/unsuccessful is a proxy for fitness

(r). Number of offspring (n), selection differential (S), and circular standard

deviation (σP) of birthdate in radians were used to calculate annual variance-

standardized selection gradients (BP) from year-round birthdates (Equation

6.1). Linear annual selection gradients (BL) were the mean effects and 95 %

credible intervals of birthdate on survival to weaning for the median-centered

80 % of birthdates. Linear selection gradients were estimated controlling

for winter forage growth and rainfall, and spring rainfall, using a Bayesian

linear mixed model including a random variance component for maternal

identity. Linear effects in bold text have credible intervals that do not include

zero. We could not include the 2009 cohort in the linear model because we

did not have winter forage data for this year.

Cohort r n S σP BP BL 95 % CI

2009 0.83 47 -0.06 0.73 -0.08 NA
2010 0.71 58 -0.24 0.91 -0.27 -0.86 -1.78, -0.10
2011 0.45 53 -0.19 0.94 -0.20 -1.25 -2.31, -0.32
2012 0.45 60 -0.41 0.67 -0.61 -0.84 -1.47, -0.25
2013 0.02 59 -0.03 0.55 -0.05 -0.89 -3.74, 1.12
2014 0.10 80 -0.16 0.71 -0.23 -1.50 -2.78, -0.42
2015 0.18 28 0.32 0.79 0.40 2.43 0.99, 4.30
2016 0.77 90 0.05 0.76 0.06 0.36 -0.41, 1.02

All years 0.45 475 -0.15 0.76 -0.20 -0.48 -0.77, -0.18
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Figure 6.2.4: Annual changes in the effect of birthdate on survival to weaning (7–18

months) of eastern grey kangaroo. The mean effect of selection on birth-

date favored spring-born young, as it did in 2011, 2012, 2014 and 2017. Late

born young survived better in 2015, and selection was null in 2010, 2013

and 2016. Points are birthdates and shaded areas are 95 % credible inter-

vals. Effects are controlled for winter forage growth and winter and spring

rainfall.
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6.3 Annexe A3 : Reproductive history affects birth timing in

an asynchronous breeder

Table 6.3.1: Sample distribution of repeated measures of parturition date for eastern grey

kangaroos (n = 241 mothers with 617 female-years).

# Repeated observations of parturition 1 2 3 4 5 6 7 8

# Mothers 76 59 51 25 14 13 2 1

179





Table 6.3.2: Candidate models for maternal and environmental effects on parturition date

of eastern grey kangaroos (n = 617 female-years). Response variables were

Cartesian coordinates of parturition date ΘP, a circular year-round variable

(cos(ΘP), sin(ΘP)). Cartesian distributions were shifted by +1 to avoid nega-

tive values. Random intercept for maternal identity (int[ID]) and for random

individual slopes (slope[xi :ID]). Fixed effects included cohort as a catego-

rical variable, maternal leg length in mm (Leg), and daily rainfall (R) and

mean temperature (T). Models with the lowest Deviance Information Crite-

rion (DIC) and highest relative model weight (wi) were favoured and those

with ∆DIC < 2 are highlighted in bold.

Fixed covariates (xi) Fixed controls Random variance
components

DIC ∆DIC df wi

Individual variance in parturition date according to female size

Null model Cohort int[ID] 92.3 6.5 24 0.03
∼ Leg Cohort int[ID] 85.8 0.0 26 0.83
∼ Leg Cohort int[ID] + slope[Leg :ID] 89.4 3.6 24 0.14

Environmental effects on parturition date

Null model Leg int[ID] 112.3 24.5 8 0.0
Winter environment models (1Jun–31 Aug of cohort year -1)

∼ winter T Leg int[ID] 98.5 10.7 10 0.00
∼ winter R Leg int[ID] 109.8 22.0 10 0.00
∼ winter R + T Leg int[ID] 104.9 17.1 12 0.00
∼ winter R + T + R :T Leg int[ID] 92.5 4.7 14 0.08
Spring environment models (1Sep–30 Nov of cohort year -1)

∼ spring T Leg int[ID] 113.0 25.3 10 0.00
∼ spring R Leg int[ID] 102.6 14.8 10 0.00
∼ spring R + T Leg int[ID] 107.3 19.6 12 0.00
∼ spring R + T + R :T Leg int[ID] 102.3 14.5 14 0.00
Summer environment models (1Dec of cohort year -1 – 28 Feb of cohort year

∼ summer T Leg int[ID] 113.6 25.8 10 0.00
∼ summer R Leg int[ID] 95.0 7.2 10 0.02
∼ summer R + T Leg int[ID] 87.8 0.0 12 0.89
∼ summer R + T + R :T Leg int[ID] 100.1 12.3 14 0.00

Individual variance in response of parturition date to summer temperature and rainfall

∼ summer R + T Leg int[ID] 95.8 0.0 12 0.70
∼ summer R + T Leg int[ID] + slope[T :ID] 102.4 6.7 12 0.03
∼ summer R + T Leg int[ID] + slope[SmR :ID] 97.6 1.9 12 0.27

181







BIBLIOGRAPHY

Abuzaid, A. H., Mohamed, I. B., Hussin, A. G. 2012. Boxplot for circular variables. Compu-
tational Statistics 27, 381–392.

Al-Daffaie, K., Khan, S. 2017. Logistic regression for circular data. Vol. 1842. AIP Publishing.

Albon, S., Guinness, F., Clutton-Brock, T. 1983. The influence of climatic variation on the birth
weights of red deer (Cervus elaphus). Journal of Zoology 200, 295–298.

Andersen, R., Gaillard, J.-M., Linnell, J. D., Duncan, P. 2000. Factors affecting maternal care
in an income breeder, the european roe deer. Journal of Animal Ecology 69, 672–682.

Andrieu, C., De Freitas, N., Doucet, A., Jordan, M. I. 2003. An introduction to mcmc for
machine learning. Machine Learning 50, 5–43.

Angelini, F., Ghiara, G. 1984. Reproductive modes and strategies in vertebrate evolution. Ita-
lian Journal of Zoology 51, 121–203.

Atramentowicz, M. 1982. Influence du milieu sur l’activité locomotrice et la reproduction de
Caluromys philander (l.). Revue d’Ecologie (Terre et Vie) 36, 373–395.

Atramentowicz, M. 1995. Growth of pouch young in the bare-tailed woolly opossum, Caluro-

mys philander. Journal of Mammalogy 76, 1213–1219.

Baron, J.-P., Galliard, J.-F., Ferrière, R., Tully, T. 2013. Intermittent breeding and the dynamics
of resource allocation to reproduction, growth and survival. Functional Ecology 27, 173–
183.
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