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CHAPITRE |
INTRODUCTION

La s®l ection naturelle entraine | a maxi misa
combi nai son opti mal e (Rdfle2802)tEn effettlesrt aliothd sd @h ir £t o
vie, tels | 0606ge et |l a taille ™ | a premi re r
I mpliqu®s dans | a sur vi ¢tearnetKkodla 198)pCeperbtant t i o n
auntenps donn® et pour un eesessauncedirigé®verd GnRmaite r gi e
occasionnet une contrainte énergétique pour les autres traits, créant des compromis entre de
mul tiples param tres dohi st oi rhénotgpmugbteaens p ou v a
1992; Yampolsky 2002)Par exemple, les espéces gllbuent davantage a la reproduction tot

dans leur vie ont une courte longévité, comparativement aux especes longévives qui retarderont
leur premiére reproduction et seront moins fécori@esllard et al. 198P Ainsi, il existe une

grande diversité interspécifique des stratégies pouvant étre adoptées pour répondre aux
compromis énergétiques entre la survie et la reproduction. Au niveatspéitdique,la

variation destraits entre lesindividus occasionnera des différences en survie et en succes

reproducteufStearns 1992)

Objectifs

Ma ma  trise a comme o0 blgsaétdrnmirantspdu succesirgpraductedré i n v
chez |l es femell es dWMackpus gigantayooun grand mammitte | 6 Es
herbivore. Je me concentre plus particulierement sur le réle de la taille corporelle et les
compromis attendus entre la croissasmmatiqueet la reproduction, ainsi que sur la variabilité
interindividuelle des soins maternels a travers la composition du lait. Mon @uojebrtetrois
objectifs plus spécifiques, soit

1) Quantifier le role de variables endogénes et exogenes swidaarce squelettique des

femelles adultes
2) D®t erminer | 6effet de |l a taille squelettd.i

survie de leur juvéniles



3) ldentifier les déterminants maternels et environnementaux de la composition du lait, et

lesrépercussionsle cette derniérsur la survie juvénile en milieu naturel

Suite a une introduction générale, ce mémoire se divise en trois autres chapisesond
chapitre explore les deux premiers objectifs, alors que le troisieme chapitre se concdatre s
troisieme objectif. Finalement, le quatrieme chapitre est une conclusion générale rapatriant les
principaux résultats et les implications de mon mémoire pour les travaux futurs.

Contexte de dmédelé ude et esp ce

Mon projetse base surplusdeht ann®es de sui vi |l ongi tudi nal
gris de ldsodest daend 6Australi e, au Wil sons Pr
146 A176E), dans | 6 ®t adepuis 2008Ylesdemellesiadultearguées h a q u e
dansdb ai r e do ®t ud afin desuiviela neprodwtiprt, ka cra@ssasce et la survie des
mémesgndividus. Unsou®c hant i I | on grandi ssant des f emel
acces aux données de plus de 350 captures pour étudier les compromis entre la reproduction et
la croissance chez cette espece. De plus, nous avons échantillonnél@1dihelles en 2014

et 2015meper met t ant vadabiitéde lacompesitionldalaiet ses effetshez ce

mammiféere en milieu naturel.

Le kangourou gris de | 6Est est un grand herb
prononcé&Jarman 1983)Cette espéce possede des caractéristiépaegiqus similaires aux

ongul ®s, mai s i |unmadnaifereyard ényarcoursaévohitif ¢iviergelant des
euthériengHayssen et al. 1988} ayant développé des camaesreprodudts propres. En effet,

suite a une gestation tres courte (36 jours), les femelles donnent naissance a un jeune
déapparence fitale qui p aneposhaien sernaurrissanhdu @&i®v e | o
de & mére(TyndaleBiscoe et Janssens 198&)endant les 16 a 23 mois suivaisng et

Goldizen 2016)La composition du laiest contrélée au niveau de la glande mammaire par des
prot® nes ¢signal e, dont prédétermpingErattetab 2003s ui t U

Sharp et al. 2017)et change drastiguement tout au long du développement du juvénile pour
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répondre a ses besoins énergétiques grandis€hyrnslaleBiscoe et Janssens 1988)0n

observe notamment une augmentation graduelle des concentrations de protéines et de lipides

dans |l e | ait, sondnteliede cad macnoreitrimeatsran®liaesecendgmoitié
de | a | actation, ainsi quobéune di mi(Graeenetabhn pr o

1980; Green et al. 1983)a lactation prolongée chez cette espéffeel e pot ent i el do
des différences interindividuelles importantes dargtrhtégie de reproductiades femelles et

la qualité desoins maternels.

De pl us, |l e kangourou poss de un patadien de c

gue les individus continuent de grandir pendant la majeure partie de |ditavikach 2006;

Congdon etal. 2013) Cette caract®ristique est doi nt ®r

croissanceet la reproduction, puisque rares sont les grands mammjjégesntante type

d 6 o nt oGp ®@atronede croissanaEcasionne un défi supplémentaire pour mesurer la

condition c-adiproea elld @nercgpieestaccumul ®essagiteus f o
| 6al i ment atausslsnu,r gsuoin riennvseesitginsess ement pass® e

pour le futur notamment pour la croissance et la reprodugtaig and Green 200%n effet,

comme | a masse subit | 6effet de | a croissanct

tailles corporelles occasionne des biais pour les indiadusx e xt r ®mi t @alleede | 6 R

Pour celajl estpertinentd 6 u t unlindice @le condition corporelle standardisé, ou la mesure

des réserves tiendra compte de la relation entre la roagsarelleet la taille squelettique, de

telle sorte que | 6i nsquelettsue daent indépethdarti®huo mon e t | a

mod | e do®t uddecondition carpbreltdd permetladétuatément de représent

les réserves corporelles des femelles Cren 1951out en étanindépendante la taille

o)

sqguel ettique. Léindice est calcul ®e péalite, un r

cette derniere étant estimée par une régreggi®moindres carrés ordinaidkslog de la masse

corporelle sur l e 1l og doéune mes udeeonditien | ong.L
sup®rieur © 1 indiqgue (¢ uion que lesnadtieyvinddidus d@st e n
popul ation, alors qudéun indice inf®rieur ~° 1

Déautres i ndi c eessortmeguen®e® utiis@\cleet lesegpess terrdsires
|l 6i ndi ce dag dmas®s  ¢Stcaad e d mas s R{«Redidual édex»p u | 6 i
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(Peig and Green 201QYéanmoins, ces indices ne parvient pas adéquatemenénir compte
de lacroissance indéterminée dans leesmationsalorsqu e | 61 nméeset rpdsatddr

a taille corporelle des individus

Les d®ci sions doéall ocation entre | a croissan

Lataillecorpoe | | e et | 6aptitude ph®notypique

La littérature scientifiguen écologie animalee gor ge do6 ®t udes poett ant s
son i mportance pour | 6apti tEtdteeph@hbobegpegte
corr® ation positive entre |l a tailltaxonsor por
(Olsson et Shine 199€estaBianchet et al. 1998; MadsenShine 2000Meekan et al. 2006;
Beaupletet Guinet 2007; MacNulty et al. 2008plkvord et al. 2014)En effet, pour bien des
taxons, la taille, souvent représentée par la masse corporelle, est utilisée tel un proxy pour
estimer | 6aptitude ph®notypique dbébun individ
autres,alagaaci t ® d 6 ac q u®acNulty el ad 2009; RésZarearia et a. 28015)
| 6 ®vi t e me nNNeekdreesal. POOCROsEtUt sacigMTEIligott et al. 2001; Hamel
et al. 2009a; Miller et al. 2010 la longévitéBérubé et al. 1999; Galillard et al. 2000b; Weladji
et al. 2006)et a la survi€Clutton-Brock et al. 1996; Parker et al. 200@hez les femelles, une
plus grande taille corporelle est souvent fortement associée a un plus grand succés reproducteur
a travers plusieurs parameétres maternels. En effefefaslles de grande taille détiennent
souvent une plus grande fécondi@&een and Rothstein 1991; Choudhury et al. 1996; Sand
1996; Langvatn et al. 2004)ne taille(Olssonet Shine 1996; Lardnezt Loman 2003pu une
masse de porté®obsonetMichener 1995; Cotét FestaBianchet 2001; Sparkman et al. 2007)
plus grandesmontrentun plus grand effort reproducte(Bowen et al. 2001; Crocker et al.
2001; Lardner and Loman 2003)rodiguentdes soins maternels plus longsnbom et al.
1997; Mellish et al. 1999u plus énergétiqugd ardif et al. 2001; Landet€astillejos et al.
2005) e t b®n®f i ci ent doune (Panerbyl etal r1399; Beaupleti e de s
Guinet 2007)



Il est suggéré que les femelles en meilleure condition ou détenanplus grande qualité
phénotypique devraient allouer davantage de ressources a la progéniture qui détiegtdaglus
potenti el d aptitudg phénotypeuélrivers et Willard 1973) Certaines études

montrent que les femelles de plus grande taille produisent plus de fils que les femelles de plus
petites taillg(Fisher 1999; Le GalPayne etal. 2015) et qudbdel |l es prodiguen
mat er nel s au x (Ardderdoret Fedakila8d; Bovdlenth ¢t al.s201Bke plus, les

femelles de plus grande taille & un dge donné ont grandi et atteint la taille a la maturité plus
rapidement, et commencent a se reproduire plus t6t dans le(&nden and Rothstein 1991;
Choudhury et al. 1996; Rughetti and FeBtanchet 2011)La taille corporelle pourrait indiquer

la dispositiond 6 u n e femel |l e " all ouer "’ | a repr oc
doi nves (Roeiseeam@0i@et doéabsorption des compr omi ¢

reproduction.
N®anmoins, °tre de grande taille noéimplique |
i semble qudatteindre une taille ou une mas

aptitude phénotypique, notamment par leur performance repreel(Ctioudhury et al. 1996;

Sand 1996; Servanty et al. 200E effet, chez les mammitgs les femelles qui tentent de se
reproduire eld e s sous doun massecdrparelle ons sowrd noingl e succes

(Hamel et al. 20092) pui squobel | etsreldifade repredaction poteetisllentemt ¥

plus élevégTuomi et al. 1983)Par contre, un individu de plus grande taille doit assumer des
co%uts plus ®l ev®s, " travers un effort dobéali
biomasseMalgré qudes femelles de plus grande tailleessot capabl es ddédaugment
de transfert énergétique a leur progéniture, si les ressources sont limitées, elles peineront a
refaire leur réserves pour leur prochaine tentative de reprod@enomeroy et al. 1999Ainsi,

devoir entretenir une grande masse corperétiut en ayant une grande performance
reproductive incombe des colts de reproduction élevés a la reproduction subséquente et

potenti el | e meimdvidide §randedaille. vi e doéun



Les colts liés a la croissance

On peut s 0 a totganisrmdes eherahenta mansiser leur taille par une croissance
rapi de, et ce t11t dans | eur vi e, pour tous
termes de succeés reproductalrez les femellegStearnset Koella 1986) Les individus

devraient donc maintenired taux de croissance maximauwepéndantc e node st pas
phénoméne typiqguement observé en milieu nafDm@litriew 2011) En effet, allouer fortement

a la croissance réduiegdr essour ces di sponibles pour dobéaut
phénotypiques, telle la reproductiflrunn et al. 1994; Descas et al. 2007¢t le maintien de

la protection cellulairdSmith et al. 2016)Par ailleurs, la croissance rapide peut-eléEme

générer du stress oxydatilonso-Alvarez et al. 2007)et entrainer des répercussions négatives

a long termgMetcalfe et Monaghan 2001; Hector et al. 2012pmme la croissance est un
processus ontogénique codteux, les taux de craissahservés résultent entre autres de

| 6opti mi sation des co%ts et (Dnittew 2001 iciPei ces  «
compromis entre | a croissance somatique et |
entre | 60ge et | a taille " |l a maturit®, 0¥ r €
ou commencer a segduire a une taille sotgptimalepeuventous les deux réduire le succes
reproducteua vied 6 u n i (Btdarn®tiKaklla 1986) Ainsi, a une taille et a un age donné,

les organismes font face a des compromfdints entre la croissance et la reproduction

donnant | ieu " des d®cisions dbéallocation va
Les trajectoires doall ocation et | e rtle de
Consi d®r ant quoi l e xi stored O’nt raev adnet aggreaidpdoeu rt ali a
plus jeunes et de plus petite taille devr al

somatiqugSteanset Koella 1986; West et al. 20019t une fois une certaine taille atteinte,
devraient diriger | eurs ressources vers |l a r
|l 6al l ocation 7 I a r e p f(Wiliaons 19660Beaupteuay al.e20d6;e a v e
Descamps et al. 20Q7¢n plus ded taille corporelle(Beaupletet Guinet 2007) Pour les

by

organismes a croissance déterminée, comme la plupart des mammiféresmpemis



ddéoall ocation entre |l a croissance somatique ¢
individus puisque le chevauchement entre la période de croissance et le début de la reproduction
occupe une petite fenétre temporell=uxci subirontdoncles codts les plus élevés de ce
compromisLoal | ocati on ° |l a reproduct eaors quedat pr ®:

croissance ralent{tunn et al. 1994; Descamps et al. 2007; Simard eDall2Néanmoins, les

organismesavec une croissance somatiquguiper si ste bien apr s | 6at
sexuelle(Congdon et al. 2013kront f ace ~ ces d®ci sions dobal | «
l eur vie reproductive. Al ors qudon peut s 0a
augmente ®gal ement avec | 6 ©g e et la taille

indéterminé, cesogani smes devraient adopter une traje¢
taille a un age donn&tearnset Koella 1986; Heinat Kaitala 1999)

La modul ation des trajectoires dobéall ocation
(Dmitriew 2011) ces derniers étafiirtement influencés par les conditions environnementales.

En effet, une faible disponibilité des ressour@&skelski et Thom 2000; Lardneet Loman

2003; Chaloupka et al. 2004; Zedrosser et al. 2@Q6)une forte densité de population
(Forchhammer et al. 2001; Pettorelli et al. 2002; Mdreilland et b 2013) peuvent
hypothéquer la croissance somatique a un age donné, en affectant négativement la condition
corporelle des individus. Par aill eurs, doau
(Blanckenhorn 1999; Otterlei et al. 1998 les précipdtions (PerezBarberia et al. 1996;

Servanty et al. 2009nfluencentla croissancesomatique Comme és taux decroissance en

début de vie sont souvent les plus rapiVest et al. 2001 )des conditions environnementales
précocesléfavorables a la croissance peuvent avoir des répercussiativegsur la trajectoire

doal | poordetreste @ | a vie doéoun i ndi vi-dpimalegpeuvenf f et |,
entrainer | 6adoption de gJohnssdre@Bphlire2)06;,cHeatop e ns a't
et al. 2A.2), et créer des similarités entre les individus ayant vécu un environnement précoce
similaire (Madsenet Shine 2000Hamel et al. 2009a)Si cessimilaritésse maintiennent et
influencent négativement la performance des individus, les conditions défavorables en début de
vie ont | e potenti el d 0 a(Pabthreerc109@)Alorsl gae ladgyanda mi q u e
taille corporelle peut refléterlaqu&@it de | 6 envi ronnement pendant |
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i ndividu, elle indiqguerait ®gal(PémeeBarberideta cap a
al. 2015; Gélin et al. 2016bAinsi, un individu qui parvient a maintenir un taux de croissance
élevé possede une meilleure capacité a acquérir des ressources et les allouer a la croissance, par

sa prédisposition physiologique ou génotypi@en Noordwijketde Jong 1986)

Léall ocation ° |l a reproduction chez | es gran

Reproduction chez les espéces longévives

Les strat®gies de reproduction vari-istary | e | o
speedeée) et | es composantes de | 6aptitude ph®
reproduction dpendentlur y t h me desespecdHamel & al.r2010)Par exemple, pour

des espéces itéropares ayant une grande espérance de vie, comme les grands herbivores,

| 6aptitude ph®notypi gurela sarsie¢ desmalwtésnai trav@re leuesn  mi
tentatives de reproductidi®Gaillard et al. 2000b)Par ailleurspour les espéces vivant moins
longtemps, tels les rongeurs, la clé du succe# skrdavoriser la reproduction au détriment de

la survie(Hamel et al. 2010) Ai nsi , pour | es grands mammi f
gue les colts de la reproduction affectent la prochaine reproduction, au profit de la meilleure

survie des individus.

En effet, la dynamique de populat®de grands herbivores est fortemigrfiuencéepar la
stochasticitale | eur environnement, et <cbdbest ~ trave
desfemellesque les variations environnementales peuadfecterces populationgSaether

1997) Ces especes auraient évolué une strakgen si bl e au risilElittues et
conditions, © travers | a cBRlusarécis@amentaivariabilité nvi r o
en survie des adultes aurait été costkectionnée a travers toute une étendue de conditions
environnementais (Hamel et al. 2010)es grands mammiféres herbivores possedent souvent

une stratégie de reproduction conservatfftgaillard et al. 1998)puisque la variance en survie

des adultes est plus faible que la variance en survie de la progévitutia et FestaBianchet

2010) Ainsi, les individus qui se reproduisent a faible risqa@ur leur survievivront



probablement plus longtemps et augmenteront leur potedéiemaximiser leur succes
reproducteur a vi@Veladji et al. 2006; Hayward et al. 2014)

Cette stratégieonservatrice pour les femelles explique en partie la difficulté a détecter des codlts

de la reproduction chez rtaines espéces. En effet, sesllles femelles ebbonnecondition

corporelle devraient tenter de se reprod(irestaBianchet 1998; Hamel et al. 2009a)ors,

|l a variance en succ s reproducteur entre de
expliqu®e par | 6ampl eur d, enotamment®da® rleo qaRGt® i t ®
déacqu®rir des ressour c e s(vareNoordaivgket beeJeng 89B6; o u e r
BeaupleetGuinet2007) mai s aussi pour doéandlépowksuccasr act ®:
reproduct eur (Beaopetmeheal 2000)Pas endividus de meilleure qualité
ph®notypique pourraient supporter | es co¥%ts
serait véritablement détecté a leur reproduction subség(ierdmi et al. 1983; Rughetti et al.

2015) Cependant , pour | es grands herbivores, I
| 6ampl eur depreductiom %2tosn dseb altat end ~ wune augment at
reproducteur dans une population vivant des conditions environnementales linfifaicies

et al. 1983; Galillard et al. 2000a; Toigo et al. 20&2) effet, indépendamment de la densité de
population, le climat peut affecter la dynamique de population des grands herbivores en agissant

sur la productivié primaire(Langvatn et al. 1996)affectant ainsi le statut nutritionnel des
femell es pendant | a (Ggillars tetaat. 20D0n)Pag exeniplé,allesta i t e m
répertor ® que | es pr®cipitations variables 7 tr
reproducteur variable des femelles, mesuré a travers leur fécondité et la survie de leurs juvéniles
(Langvatn et al. 1996; Forchhammer et al. 2001; Parker et al. 2009; Servanty et al. 2009; Simard

et al. 2014)

Soins parentauxla lactation

Chez les mammiferes, les colts postnat®la reproduction sont majoritairement assumes par
les femelles. En effet, en plus de la gestation, ce sont elles qui prodiguent les soins parentaux

dont le principal est la lactatig®ftedal 1985) Le | ait est | a seul e sou
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au deébut de leur vie et cette dépendance nutritionnelle prolongée peuiormoeada
transmission non génétique de similarités entre les meres et leurs(/arssipieriet Mateo

2009) En effet, les soins maternels prodigués peuvent étre influencés par des caractéristiques
maternelles(Bowen et al. 2001) et la variabilit® de | 6effo
r®percussions sur | 6apt i {(Pankmy e dl. RO ar wileurggue de

la composition du lait est un trait physiologique de la mere, qui renseigne directement sur

| 6all ocation aux soins maternels et | 0ampl eu
femelles.

La qualit® des soins mareenrtn eplasr p eduRtt ast 6 enxuptIrii g
En effet, | 6®quil i bre m®tabolique peut veni.

doall ocati on (Parkereaet at. 2099; Butcherdeti ab 2010) La condition
maternelle est souvent positivement assoai@elume de laitMellish et al. 1999; Landete
Castillejos et al. 20035 un lait plus riche en lipides ou protéifeerson et al. 1993; Crocker

et al. 2001)a ure durée de lactation plus long(#®rnbom et al. 1997; Mellish et al. 199%X a

une progéniture de plus grande masse au se{Pageeroy et al. 1999; Bowenadt 2001) Par
aill eur s, | a qual ladisponidileédes Gessources pamimfleencerdat et
compositiondu lait,etla détérioration des conditions peut avoir des répercussions négatives sur
les soins recudJne restriction alimenteg peut réduire la densité énergétique et le volume du
lait pour le cerf rougeGervus elaphys le daim Dama damg et le babouinKapio papid
(Roberts et al. 1985; Lande@astillejos et al. 2003; Bovolenta et al. 2013)

En milieu naturel, les ressources disponibles et la phénologie de la reproduction sont
susceptibles doéi nf | (Lendete@astilldjoaet L2600t Skibsei etHoadn d u |
2015) En effet, un stress nutritionnel ou des conditions environnementales variables (Parker et

al. 2009) peuvent affecter la capacité des meres a prodiguer des soins énergétiques et de bonne
qualité, en modulant les colts asso®s ~ | 6 e f (Cakr1091;Ceppsletat 204AL) i o n
Finalement, les iférences interindividuelles dans la composition du lait poertaétre
expliquées par le sexe du jeune i | peut °tre adaptatif pour

davantage a la reproduction, de produire un lait plus riche en macronutriments favioratges
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meilleure aptitude phénotypique pour un fils que pour une fille, lorsque le succés reproducteur
des males est plus variable que celui des feméliegers et Willard 1973) Déja, quelques

études font ressortir une allocation différentielle dans le lait selon le sexe du jeune chez certains
mammi f res, alors que dbdédautres noéidentifient
peut étre plus volumineukandee-Castillejos et al. 2005)u plus concentrén énergi¢Powe

et al. 2010) peut contenir davantage de macronutriméftgita et al. 2012; Robe#t Braun

2012) ou alors sa coposition peut ressembler a celle du lait produit pour les filisde et

al. 2009; Hinde etal. 2014) En somme, | 0i nvestigation de | a
pour explorer les mécanismes proximaux qui influenlkzegualité des soins parentaux chez les

mammiféres.
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CHAPITRE Il

TALLER FEMALES GET AHEAD: SIZE -SPECIFIC FECUNDITY IN WILD
KANGAROOS SUGGESTS STEEP TRADEOFF WITH GROWTH

par
Louise Quesnel, Wendy J. King, Graeme M. Coulson
& Marco FestaBianchet

Il ntroduction de | 6article et contribution de

Ce chapitre fait | 6 dedolegtae 1bdnars20tdlapnourstcer istu rs ol ubnt
de la croissance squelettique des femelles kangegroui s de | 6 Est”, I|d@®tfwd e
de leur fécondité et succes reproducteur annuels. Pour réaliser ces analyses, nausis&ons
lesfemellesd 6 © g e dela populatiorde Wilsons Promontory National Park, pour étudier
|Gallocation a la croissance et alareproductteny  d 6 ®t udes | ongitudinal e
mammiféereacr oi ssance i nd®termi n®e, et ces travau
sur le compromis persistant entre la croissance et la reproduction chez un grand herbivore. Ainsi,
notre étudeedt 6une des rares ayanKingetdl 20l1i)en chikeu capt u:
naturel , adt eaxXplnitPuerssl es d®ci si ons deal | oca
plus, elle fournit davantage de connai ssance
nuancer et deenforcerdes hypothéses évolutives majoritairement testées chez les mammiferes

euthériens.

Joai contribu® ° deewxlid4darn®e0 1sH5ur elne ptl eursr adiéma
analyses statistiques et rédigé ce manudaibDr Wendy King etle Dr Graeme Coulson ont

mesurd 61l ndi ce de pr ogr efswsn desconunerdairas cohsiructifsessr le ( M1 )
manuscrit. Finaleent,le Dr. Marco Festd8i anchet est | 6i nstigateur
terme de kangourous. Il a fourni son expérience et ses conseils tout au long de la collecte et du

traitement des données, de méme que pour la rédaction de ce chapitre.
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Abstract

When resources are limited, organisms face allocation conflicts. Indeterminate growth creates a
persistent conflict between growth and reproduction, as growth may enhance future
reproduction, but diverts resources from current reproduction. Yet,iitheown about the
allocation tradeoffs in longlived species with indeterminate growth. We studied growth and
reproduction in adult female eastern grey kanga(ddecropus giganteys an iteroparous
mammal with indeterminate growth. Allocation trajeatsrivaried with age and size: small
females(5% smaller than averaggjew 30% more annually than averagieed females, but
females that reached average size at an older age had lower growth rates. For younger females,
larger skeletal size improved fecutyd(probability of parturition), from 30% to 82% at age 4

from shortest to averaggzed individuals. Older females maintained high fecundity regardless

of size. Rainy winters were associated with lower leg growth, but rainy springs increased
fecundity fran 61% to 84% for females that had previously reproduéechales with a higher
relative condition index grew more than females of average, whereas most females below
average condition failed to reprodudéese results highlight a strong agpecific tradeoff
between growth and reproduction. Young females benefit from a larger size, resulting in a
smaller tradeoff between somatic growth and early fecundity than shorter females of the same
age, but older females appear to favour reproduction over grogahdtess of size.

Key words: Allocationindeterminate growth, Life historilacropus giganteys

Reproductive success

13



Introduction

Organisms aim to increase their fitness through multiplehigeory components, but limited
resources result in allocation tradHs between reproduction, growth and survif@tearns

1992; Roff 2002) As allocation decisions occur over a lifetime, fithess components may have
different agerelated trajectories. Large body size often confers a fitness advatitegegh

larger litter sze (Olsson and Shine 1996; Lardner and Loman 2003) and litter mass (Dobson
and Michener 1995), higher reproductive success (Sand 1996:Btasthet et al. 1998;
Pomeroy et al. 1999), greater maternal care (Lar@agtillejos et al. 2005), higher offspg
survival (Beauplet and Guinet 2007; Hamel et al. 2009a) and increased longevity (Gaillard et
al. 2000b) Therefore, females should aim to be lag§eearns and Koella 1986)llocation to
growth, however, diverts resources away from reproduétionn et al. 1994; Dmitriew 201,1)

and allocation to reproduction pades the achievement of a large body $@eeen and
Rothstein 1991; Helle 2008~urthermore, rapid growth may generate loergn cost¢Metcalfe

and Monaghan@1; AlonseAlvarez et al. 2007)but slow growth may delay age at maturity
(Allal et al. 2004; Rughetti and FedBganchet 2011) and reduce lonterm reproductive
succesgHayward et al. 20149r force costly compensatory trajector{@shnsson and Bohlin
2006; Macil-Ferland et al. 2013Pelaying maturity may be advantageous if reaching a larger
size before reproduction decreases offspring mortality and leads to higher lifetime reproductive
success compared to organisms maturing earlier and si&itarns and Koella 1986; Lunn et

al. 1994; Sand 1996rowth, however, may be compromised by low resource availability
(Madsen and Shine 2000; Toigo et al. 2002; Chaloupka et al.,2p0gdlation density
(Pettorelli et al. 2002)or environmental conditions such as temperatBtanckenhorn 1999;
Otterlei et al. 1999and precipitatior(PerezBarberia et al. 1996; Servanty et al. 200B)e
earlylife environment can have lortgrm impacts on fithess and on the lifetime allocation
trajectory of organisméSaether 1997; Forchhammer et al. 2001; Hamel et al. 2009a; Marcil
Ferland et al. 2013)
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Most longlived mammals stop growing shortly after sexual mat(ikiarkach 2006)therefore
tradeoffs between growth and reproduction are expectedfextaonly young individuals.
Hence, the cost of reproduction should be higher for young man{@aikard et al. 2000a;
Langvatn et al. 2004nd allocation is expected thift from growth to reproduction as they age
(Beauplet et al. 2006; Simard et al. 201#yrowth is indeterminate, however, individuals may
always face allocation trad#fs between growth and reproducti@ifeino and Kaitala 1999)
Moreover, growth trajectories of organisms with indeterminate growth are likely to be
influenced by environmental factors, such as food availability, throughout thei(Ni\zesen

and Shine 2000; Chaloupka et al. 200¥%0, because age and size are positively correlated in
organisms with indeterminate growth, the expected association between age and reproductive
success may be simply a consequence of a size advédtagen and Shine 199@)s the largest
individuals are usually the oldest. If reproductive performance increases with size, then we
expect a shift in reproductive success towards older age c{Besemplet et al. 2006; Sparkman

et al. 2007) Despite these important implications for the evolution of reproductive strategies
ard for population dynamics, no studies have examined the allocation decisions between growth
and reproduction, and their distinct trajectories, in iteroparous-lleed mammalswith
indeterminate growth, and little is known about the variability ingggific growth in these

species.

We examined annual growth and reproductive success in wild female eastern grey kangaroos
(Macropus giganteysto understand the lifetime trajectonf allocation to somatic and
reproductive functions. Kangaroos are largaparous herbivores, ecologically similar to
ungulategFisher et al. 2002)They are marsupials, with a very short gestation and a prolonged
lactation (TyndaleBiscoe and Janssens 1988eproduction in kagaroos is asynchronous
compared to the highly seasonal reproduction of temperate ung(Raige 1975; King and
Goldizen 2016) Young remain in the pouch for about 10 months, and are weaned28t 16
months (TyndaleBiscoe and Janssens 1988; King and Goldizen 20d&hgaroos show
indeterminate skeletal growth over their lifetifftéarkach 2006) making them ideal study
subjects to tease apart the effects of size, age and environmental factors on allocation decisions
between growth and reproduction.
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In this study, we first aimed to quantify how adult skeletal growth variedsizéghand age. We

then determined how body condition, reproductive effort and environmental conditions affected
growth. We expected females to grow more if they were in better relative body condition, and
we predicted that environmental conditions duringlatife could persistently affect growth
rates. Finally, we predicted that annual female growth would be affected by an interaction of
size and age. Females may allocate less to growth at any given size following maturity, as
typically seen in organismsith indeterminate growtfHeino and Kaitala 1999; Folkvord et al.
2014) This would result in distinct sizat-age trajectories. We then examined the relationship
between reproductive success and skeletal size at different ages, to understand the allocation
decisions between growth and reproduction, and the relative impertdnbody size for
reproduction in the context of indeterminate growth. We expected to find that taller females
would have higher fecundity and higher offspring survival than shorter females. Because female
kangaroos are monotocous, however, we expectadyanptotic relationship between size and
reproductive success, and predicted that taller females would allocate more energy to
reproduction than to growth. Additionally, we expected allocation decisions to change with age,
so that for a given size youngiemales would allocate more to growth and be less likely to
reproduce than older females, which would prioritize reproduction and increase the proportion
of resources allocated to this functi@and 1996; Simard et al. 201Fherefore, we predicted

that the positive effect of size on reproductive success would decrease with female age
(Langvatn et al. 2004)We also tested the differential allocation based on offspring sex and
predicted lower survival of sorf€lutton-Brock et al. 1985)Finally, we predicted that maternal

body reserves and favorable environmental conditions would increase reproductive success,
because like many loAged organisms, female kangaroos have a conservative reproductive
strategy(Gélin et al. 2015)

Methods

Study population and dataollection
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We have monitored a kangaroo population since 2008 at Wilsons Promontory National Park,
Victoria, Australia (38A576S, 146A1GénE) . Mar
al. 2013)in a grassland surrounding an emergency landing @gvis et al. 2008)where

vegetation consists primarily of grasses, herbs, sedges andDanris et al. 2010)Between

2008 and 2016, annual rainfall ranged 518-1018 mm, with 33% of rainfall occurring from June

to August on average, and with the lowest maximum monthly temperatures (14m8JUD)
(www.bom.gov.au/climate/data; Shallow Inlet (#0851689,79 S, 146.18 E; Corner Inlet
(#085301)38.63 S,146.8T E).

To obtain morphometric and reproductive data, adult females were immobilized with®Zoletil
injected with a pole syring&ing et al. 2011) They were then fitted with a unique combination

of colored flexible collar and Allflex ear tag&élin et al. 2013)Females were weighed to the
closest 0.25 kg, and their forearm, foot and hind leg (hertbefeferred to as leg) lengths
measured to the nearest 1 mm using a retractable measuring tape. Most measurements (84%)
were done by the same observer, and from late July to early December each year. In this
population, more than 75% of pouch young armbdmetween November and Februéing

and Goldizen 2016}uch that permanent emergence from the pouch (RERkell 1989and
weaning generally occur in spring and subsequent winter, respectively. We determined
fecundity at captre, by visual inspection of teats, and checking for the presence of a pouch
young. Fecundity was scored as a binomial trait (0O=No lactation, 1=Lactation). We considered
that a female had not attempted to reproduce that year if her teats did not shognarof s
lactation. A female was considered fecund that year if she had an elongated or regressing teat,
whether the pouch was holding a young at capture or not. For the few females not recaptured
in a year, we considered that they had reproduced if endistl pouch was noted during field
observations. At capture, pouch young were weighed, measured, sexed and, if they weighed at
least 0.9 kg, marked with colored Leader ear tags (Leader Products Pty Ltd, Craigieburn,
Australia). Pouch young were betwegand 10 months of age and categorized as a large pouch
young (LPY)(Jaremovic and Croft 1991Age of pouch youngvas estinated from skeletal
measurements using ssgecific growth models based on kneage individual{Poole et al.

1982)
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Following capture, motheyoung pairs were monitored almost daily from August to December.
Date of PEP was recorded for all marked nygwsurviving to that stage. We monitored their
survival until early summer (December), and located them again at the end of the following
winter (August). If they reached 18 months of age, we recorded them as having been weaned
(Poole 1975)

Other maternal characteristics were documented, such as age and relative body condition. Age
was known if the female hduoist been captured in the pouch or weighing less than 15 kg (aged

| year). For females first caught as adults that were found dead, age at death was estimated by
retrieving the skull and measuring the Molar Index, based on the anterior progression of the
upper molars with ageyith the limits of the 95% confidence interval surrounding 16% of the
estimatgKirkpatrick 1965) Their age was then retroactively calculated to when they were first
marked. Relative body condition was traio of body mass to mass predicted by an OLS
regression of log mass on log leg len@ith Cren 1951)This condition index is independent of
skeletal sizé€see results)making it appropriate for organisms with indeterminate growth, and
represents the nutritional state of a female through the relative amoemergly store¢Peig

and Green 2009)We calculated relative body condition using leg length because it best
represented skeletaize and accounted for high variability between females. In a principal
component analysis including leg, forearm and foot measurements, leg length had a component
loading of 51.8% on the first principal component which explained 94.9% of variability in
female body size. To represent in@mnual variability in environmental conditions during a
growth interval or a reproductive attempt throughout the study (200%), we used rainfall

dataf r om t he Australian Bureau of Met eorol ogy
closest to the study area (17.5 kritye studied rainfall data to consider a densigependent
environmental effect that is linked to primary productivity and thus, kntovinfluence
population dynamics of large herbivores through the physical condition of breeding females
(Galillard et al. 2000a; Forchhammer et al. 2001)
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Statistical analyses

The pattern of indeterminate growth was investigated through annual changes in size using
measurements between two consecutigptures. With the difference in leg length (mm)
between two captures, we adjusted annual growth to-@@gthterval for all females. Average
capture interval was 355 days (SD = 56 days) and 195 of 237 captures occurred from late winter
to early springfiean = 27 August, SD = 36 days). A model set of 20 line&ed candidate
models was formulated to explain annual leg growth, with female age, leg length, relative body
condition and reproductive status (LPY or not) at initial capture of the growth ihisva
explanatory variables (ESM; Table S1). Rainfall during the winter (June to August) prior to the
growth interval was included as an environmental variable, representing climatic conditions
right before the measured growth increment. The allocatioactmay was tested using an
interaction between age and leg length. We also tested for interactions between reproductive

status and both winter rainfall and age.

Reproductive effort and success were studied by determining the probability of fecundity as
well as the probability of a juvenile surviving to two stages: PEP (10 months) and weaning (18
months). The explanatory variables considered for all three stages tested were four maternal
traits: age, leg length, relative body condition, and previous regtiwdustatus (LPY in
previous year or not) to account for possible costs of previous reproduction on current attempt
(Pomeroyet al. 1999; Hamel et al. 2009aRainfall during the season prior to when the
developmental stage occurred was included in each model set (Table 1), to evaluate the relative
importance of environmental conditions at each stage. Thsiagellocatiortrajectory was

tested with an interaction, and we also considered that leg length, age and total rainfall might
moderate the effect of previous reproductive status on current reproduction. We considered the
possibility of sexdifferential survival and congred annual juvenile sex ratio of the entire
marked population with that of knowaged females to check for a possible sample bias. We
compared 20 generalized lineairxed logistic regressions, investigating the three reproduction
stages separately throutiitree model sets (ESM; Tables-S3).
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Using an informatiottheoretic approach, we evaluated the relative support of biological
hypotheses that could explain skeletal growth, fecundity, PEP and weaning gBccakam

and Arderson 2002)with a total of four candidate sets. With multiple competing models, we
selected the scenario that best described our data. Based on the-csecadnd r Akai ke
Information Criterion (AlG) (Burnham and Andersa2z002) model selection was done for the

four candidate sets and the relative strength of evidence for each candidate model was
established. We ri aatuéseadative to the mooal with the Iowest HiC

Akaike weights (W and evidenceatios were computed for each model, imdicating the

probability that a model was the best among all those considered in the set, and evidence ratios
being the ratio of wof the best model to the wf the nextbest mode(Burnham and Anderson

2002) Models withw® 0. 05 were considered to have sup,|]
more than one madudake of we they could egballynexpkin the data and
generate model selection uncertainty. Under thieserostances, we calculated mod&kraged

parameter estimat¢Burnham and Anderson 2002)his step was also performed if no model

had a w> 0.9. Modelaveraged estimates for variables that best described leg growtigifgcu

and juvenile survival had 95% confidence intervals that did not overlap zero, which were

computed using the unconditional standard error (Burnham et al. 2011).

All model-averaged parameters were obtained from regressions fit to rescaled varigbles, b
dividing each centered numeric variable by two times the standard devetidrSD=0.5), as

it is best practice to directly compare the magnitude of coefficients (Gelman 2008). The
P e ar s on énsomgntcorrélatiosbefficient p was calculated between age, leg length and
relative body condition to assess the strength of association between these variables. Female
identity was always included in models as a random factor to account for repeated measurements
of the same individualThe significance of the year of capture as a random factor was tested
using a loglikelihood ratio test. We used R version 3.2.5 (R Core Team 2015), aimaethend

glmer functions from thdme4 package(Bates et al. 2015)To obtain AIG values, perform

model averaging ahestimate model parameters, we usedatb&b andmodavgfunctions in

the AIiCcmodavgackaggMazerolle 2006Burnham et al. 2091
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Results

Model selection

Adult females had an average leg length of 520 mm + 22 mm (mean = 1 SD) (Fig 1a, range:
456:569) and weighed 26.25 + 3.25 kg (range:-34. Their relative body condition index
ranged 0.93L.07 (SD = 0.02), and varied significantly among years (F = 10.24, df =7, P <
0.001), but was not correlated with age<0.11, df = 246, P = 0.09). Althougéd length and

body mass were highly correlated £r0.78, df = 246, P < 0.001), the relative body condition
index was independent of leg length<10.02, df = 246, P = 0.8).

Our dataset spanned eight years (22086) and included 325 captures of féesaaged 20

years (Fig. 1a), providing 233 growth intervals from 79 individuals (Fig. 1b). Recorded changes
in leg length over 365 days declined from 20.2 + 9.1 mm for females aged 3 years to 3.1 + 4.7
mm for females aged 12 and older (Fig. 1a). At aap®0% of females (160/233) showed signs

of lactation. Winter rainfall prior to the growth interval averaged 279 + 73 mm (range: 144
400). Final models of growth did not include year of capture as a random variable, because it
did not improve the global adel fit (Logl i k e | i h o 0 4= 2194 P £ @09t fetstdl of j
309 captures from females age@@ years were used to analyze fecundity. To investigate the
probability of PEP, we used a subset of 212 captures of 88 females that had shown evidence of
lactation. Of those, 70 juveniles from 47 mothers survived to PEP and were used to analyze the
probability of weaning success. Rainfall during the season prior to the reproductive stage (Table
1) tested differed among years (Fecundity: F = 149, df =YQ0R01; PEP: F =192, df =7, P
<0.001; Weaning: F =607, df =7, P <0.001). We included year as a random factor in the model
set explaining the probability of PEP, as it significantly improved the global model fit, but it did
not improve the fit for th two other stages tested (kbg kel i hood r ati?o test
=0.08, P=06=2769.:34PEPP < 0 21.810P=0.25\Weani ng: j

In all four model selections performed, no candidate model stood out as having substantially
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Tablel. Seasonal rainfall variables that were compared to three stages of eastern grey kangaroo
reproduction at Wilsons Promontory National Park, Victoria, Australia. Rainfall data were
available from the Australian Bureau of Meteorologgository, from the Shallow Inlet station.

0td refers to the year.

Stage of reproductive N
Precipitation

attempt (available data fc dat Period mean £ SD Min-max
ata
that stage)
Total rainfall
. . (mm) during
Evidence of lactation _ _ 2245 +
spring prior SeptembeNovember (t) 145322
(n=309) _ 65.5
to breeding
season
Total rainfall
277.1+
Permanent emergence (mm) during JuneAugust (t+1) 144400
from the pouch (PEP) _ 70.5
winter of
(20 monthsp=212) _
pouch life
Total rainfall
mm) durin
(mm) J 2795 %
Weaning (18 months, ~ autumn March-May (t+2) 299 137-360
n=70) following '
PEP
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greater support, because at least another model was within twaAK€ of the best model
(Tables 2 & 3). As more than one model could describe the data;mudgl inference was

performed to estimate effect sizes.

Age, body size and skeletal growth

Leg growth was mostly determined by the leg length at the begiohthg growth interval

(modeta v e r a 4% 95% Cl;14.6 t0-9.3), but this effect was moderated by age (Fig. 2;

Age x Leg length, moded v er aged b, 92.9). At tie Bviéragé hge of B years,
females that were one standard deviationn{@2) shorter than average grew 57% more (10.8
mm-year') than the averagsized female growth of 6.9 mm-y&aMoreover, averagsized

females aged 4 grew more than twice as much (10 mmbyasiaveragsized females aged 12

(3.8 mm-yeat). Relative baly condition was positively correlated with leg growth; females
whose body condition was one standard deviation above average grew 3.2 mm more per year
compared to females of average condition (95% C15123 Additionally, winter rainfall prior

to the gowth interval reduced leg growth, which was 2 mm lower for every additional standard
deviation of rainfall (73 mm) between June and August (95%3@,t0-0.3). While the effect

of female reproductive status was not different from zero (m@dele r 3 -@.¢; 85%CI1-4.3

to 0.1), age modulated this effect (Age x Reproductive status, vaodet r aged b, 3. 8;
0.3-7.4) such that reproductive status reduced leg growth for females younger than 9 years, and
affected the youngest females most: at agerdeding females grew 3mm-year® less than

nonbreeding females; this difference was reduced tarinyear* at age 7.

Fecundity, juvenile survival, body size and rainfall

There was no significant yearly variability in the proportion of females that attempted to
reproduce (Fig 3a, ANOVA: F = 1.32, df = 8, P = 0.26), but there were significant differences
for successful PEP (Fig 3b, ANOVA: F =411, df =1, P <0.001) andingérig 3c, ANOVA:
F=283,df =1, P<0.001).
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Table2. Model selection for the effects of leg length, age, relative body condition, reproductive

status and winter rainfall on annual leg growth (mm) of female kangaroos (n=79).

ModeF K AIC. qQ wi Evidence ratio
Age+Size+Cond+RS+Rain+Age x

_ 10 1543.13 0.00 0.64
Size+Age x RS
Age+Size+Cond+RS+Rain+Age x

_ _ 11 1545.12 199 0.23 2.8
Size+Age x RS+RS x Rain
Age+Size+Cond+RS+Rain+Age x

10 1547.34 4.21 0.08 8.0

Size+RS x Rain

%, number of estimated parameters (wittercept and error terms); AAG Ak ai keo0s

order Information Criteriongp, difference between model A{@Gnd the lowest Al€in the

model setwi, Akaike model weight; Evidence ratio, ratio ofaf the best model to the;wf

the subsequent modelModels are ranked in descending order of support, and 17 models with
weak support (w< 0.05) are omitted from the table, but are listed in Appendix 1 of the

S

supplementary material. Abbreviations: Age indicates female age at capture; Size, initial hind

leg length (mm); RS, reproductive status at initial capture; Cond, initial relative body condition;

Rain, total winter rainfall prior to growth.
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Table 3. Model selection for the effects of leg length, age, relative loodyglition, previous
reproductive status and seasonal rainfall on the probability of attempting a reproduction, PEP

and weaning success for female kangaroos.

ModeF K AlCc wi  Evidence ratio

Fecundity for all females €=309)

Age+Size+pRS+Cond+Rain+Age x
_ _ 9 329.21 0.00 0.56
Size+pRS x Rain

Age+Size+pRS+Cond+Rain+Age x Size 8 331.12 191 0.22 2.5
Age+Size+pRS+Cond+Rain+Age x

. 9 33285 3.64 0.09 6.2
Size+Age x pRS
Age+Size+pRS+Cond+Rain+Age x

_ _ 9 333.19 3.98 0.08 7.0
Size+Size x pRS
Permanent pouch emergence for young o
females that produced a youngn=212)
Cond 4 195.39 0.00 0.60
Cond + pRS 5 196.96 157 0.27 2.2
Survival to weaning following pouch
emergence 1G=70)
pRS+Rain+pRS x Rain 5 96.16 0.00 0.27
Cond 3 97.71 156 0.12 2.3
pRS 3 98.27 2.11 0.09 3.0
1(ID 4 98.40 2.24 0.09 3.0
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Rain 2 98.60 2.44 0.08 3.4

Cond + pRS 3 98.81 2.65 0.07 3.9

%, number of estimated parameters (with intercept and error terms)=AICAk ai ke-ds s ec
order Information Criteriongp, difference between model A{@Gnd the lowest Algin the

model setwi, Akaike model weight; Evidence ratio, ratio ofafithe best model to the;wf

the subsequent models. Models are ranked in desagodier of support, and models with

weak support (w< 0.05) are omitted from the table, but are listed in Appendix 1 of the
supplementary material. Abbreviations: Age indicates female age at capture; Size, initial hind

leg length (mm); pRS, previous repluctive status; Cond, initial relative body condition; Rain,

total rainfall during the season (three months) prior to the reproductive stage tested, 1|ID,

maternal identity included as a random intercept.

The probability of fecundity increased with leg length (memlel er aged b, -1. 7; 9
2.6), although this effect was strongly modulated by age, being more important for younger
adult females (Fig. 4a, modalv e r a €.4;®5%0Cl-3.6 t0-0.6). Rehtive body condition

increased fecundity (Fig. 4b, moelelv er aged b, -2.5).FinallydBcundigivas 0. 9
affected by an interaction between rainfall prior to conception (vmdele r aged b, 0. 4;
-0.1to 1.0) and previous reproductive stdtaedeta v e r a §.8; 85%60CJ-1.4 to 0.1), such

that spring precipitation had a positive effect on fecundity but only for females that had had an

LPY the previous year (Fig. 4c, moeelv er aged b, 124)2; 95% CI , 0. 0

Sex of the pouch young wasdwin for 62% (131/212) of reproductive attempts of kneged

females, compared to 76% (471/616) of all marked females. The proportion of males did not
differ between the two subsets (all females: 252/471 (53.5%), kaogre 65/ 131 (49.
= 0.18, df =1, P = 0.67). Model selection and model averaging for kraged females with

knownsex pouch young suggested no effect of sex on survival to PEP {medelr aged b, (
95% CI,-0.3 to 1.5) or to weaning (modalv e r a €.8;, ®5%bC|-1.2 to 0.9). Theaxfore, to

increase sample size, our final model sets did not include sex of young.
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Relative body condition was a strong predictor of survival to PEP (Fig. 4d;faoded r a ge d b
2.0; 95% Cl, 0.63.4). However, neither rainfall (modalv er aged b ,-250a3M®), 95 %
previous reproductive status (modev er age d b ;0.56@ 1.8),leg SiZe &on€(model

aver aged b,-0.400 166) or i Bitesactidh withge (modela v e r a ¢O;P5% ,

Cl, -2.7 to 0.9) yielded effects different from zero.

Following PEP, relative body condition was no longer related to juvenile survival (model
aver aged b -0.210.283); and®nBittker IE€gllength (model e r a @ 856 CH-1.9

to 1.9), maternal age (modelv e r a @.&;, @5%HC|-1.3 to 1.1), rainfall during first autumn
outside the pouch (modalv e r a gL&;d5%Cl.-2.6 to 0.3), previous reproductive status
(modelaver aged b ,-0.4G0 28}, oifekaétion€ hetween these terms significantly
explained survival to weaning (Age x Leg: moedeV e r a §.&; @5%0C|-3.8 to 1.8; Age X
Previous reproductive status: model er aged b, -1.81to 2.5, R&ANSxPreddus
reproductive status: metla ver aged b -1.01044), 95% CI ,

Discussion

Annual growth rates of female eastern grey kangaroos were mostly explained by their age and
size, although annual differences in winter rainfall and interindividual variation in body
condition also explained variability in individual growth. Environmentaiditions and habitat
quality can influence the indeterminate ontogenetic pattern of adult kangaroos, with a greater
impact during early development when growth is faster. Reproductive effort reduced growth for
young females, but older females had sinfiar lower growth rates whether they bred or not,
suggesting tradeffs between these two |Hieistory component§Green and Rothstein 1991;
Folkvord et al. 2014)but also a flexible agdependent allocation rule between growth and
reproduction(Heino and Kaitala 1999; Lardner and Loman 2008)leed, young and short
females were less likely to be fecund possibly because they faced the highest costs of growth,
but being short later in life did not affect fecundity as musiggesting older females

preferentially allocated to reproduction, regardless of their size. Cost of reproduction were
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detected, but only for fecundity and during harsher environmental conditions, confitratng t
reproductive costs fluctuate in variable environméntemi et al. 1983; Servanty et al. 2009)
Survival to PEP was strongly affected by maternal condition, but survival from PEP to weaning
wasnot significantly associated with any variable we investigated.

With longitudinal monitoring of knowsaged adult female kangaroos, we quantified their
indeterminate skeletal growth pattern and identiBedhe ofits endogenous and exogenous
determinants. Previous work on the same population found increased allocation to somatic
functions for smaller femalé&élin et al. 2016h)supporting a pattern of sizependent growth
common in most organisms, and likely due to larger individuals reducing allocation to growth
because of higher biomass maintenance ¢@siseroy et al. 1999; West et al. 2001; Lardner

and Loman 2003)Thus, as expected, females that were 20 mm shorter than average (one
standard deviation) grew 30% more than females of average leg l@higlsizedependent

skeletl growth trajectory was, however, considerably influenced by age. Females that reached
average size at an older age had lower annual growth. Thim@deated ontogenetic growth
pattern of adult females suggests that growth is a higher priority for yemnades, as expected

with indeterminate growtfFolkvord et al. 2014)It also suggests that growth may be costlier

for older females. Growth diverts energy from metabolic maintenance, including antioxidant
protection(Alonsc-Alvarez et al. 200), but indeterminate growth results in prolonged elevated
cellular activity that may also be responsible for oxidative stress. As oxidative damage
accumulates, its costs may become more apparent through decreased growth of older individuals
(Metcalfe and Monghan 2001; Smith et al. 201@) our population, taller and older individuals

grew the least, and it is possible that oxidative stress may constrain future growth because older
females did not maintain the same growth rates as their youngeisssadeonspecifics.

Being short as a young adul't resul ted in gr
subsequent lifetime, with shorter females growing more than taller ones at any given age.
Marcil-Ferland et al. (2013pund that in bighorn shee@®yis canadens)sfemales that had
experienced poor early conditions prolonged their growth as a strategy to compensate for their

initial size deficit. It is likely that size differences between kangaroos resulted at least partly
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from poor conditions during early ontogeny, which were maintatheoughout their lifetime
(Madsen and Shine 2000; Hamel et al. 200%9h)s study found that adult growth rates were

still affected by climatic factors: winter rainfall appeared to reduce subsequent leg growth.
Indeed, shorter female kangaroos could have survived harsher early conditions or low resource
availability, and cosequently have reduced early somatic grai@gether 1997; Pettorelli et al.

2002) Winter rain likely increased thermondgtory costgParker et al. 2009yeducing the

proportion of resources available for growth.

Interindividual variation in relative body condition also explained differences in growth
increments. Females in better condition had higher leg growth in the following year than females
in poa condition, after accounting for age, size and hat@mual environmental differences. A
greater amount of acquired resources allows more energy to be allocated to various functions,
and variable resource acquisition may partly account for changes eatailo to somatic
functions(van Noordwijk and de Jong 1986; Parker et al. 2003he same population, females

that had faster bite rates also had higher subsequent mag&éhiinet al. 2016a)suggesting
heterogeneity in ability to acquire resourcgkeletal growth may be a reliable index of resource
acquisition and be associated to other fitrretmsted trait{Beauplet and Guinet 2007; Gélin et

al. 2016b)

Growth rates of older females appeared independent of reproductive status, but growth of
younger females decreased byto34% if they reproduced, suggesting a stemin allocation

tradeoff between growth and reproduction for females with the steepest growth rates. Other
studies have identified either no traoké between growth and reproduction during the same
period(Lardner and Loman 2003{radeoffs between these trai{&reen and Ro#tein 1991;
Folkvord et al. 2014)or positive longierm correlations of reproduction with leg growth in
kangaroos, without accounting for a@eélin et al. 2016h) This last study, however, showed

that contracepted females gained more mass and grew more than females that could reproduce.
Our results suggest an agpecific tradeoff between growth and reproduction, after accounting

for individual heterogeneity(van Noordwijk and de Jong 1986;elHo and Kaitala 1999)

Further investigation is needed to understand why older females apparently do not face this
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tradeoff. Growth increments of older females are small, however, limiting our power to detect

differences in this age group.

Fecundityremained high and stable across all years. However, yearly juvenile survival to both
PEP (10 months) and weaning (18 months) fluctuated substantially. In the year with lowest
success, only 1% of females (1/97) successfully carried their young until®t&pared to 87%
(55/63) ina high-success year. The variation between years was partly explained through
mat er nal relative condition. I ndeed, a femal
fecundity and offspring survival to PEP. In kangaroostajén is very short and its costs are
negligible compared to the costs of lactatfdgndaleBiscoe and Janssens 1988; Cripps et al.
2011) Accordingly, we found that maternal condition was most important in mid lactation:
lactating females that werene standard deviation below average relative condition all failed
that reproductive attempishile young born to females withe highestelative condition index

had a 75% probability of PEFhis suggests that lactating kangaroos need to maintain a certain
condition to sustain the costs of reproductidbnomi et al. 1983; Servanty et al. 2008)deed,
females must carry their younghigh can weigh up to one quarter of maternal mass by the end
of pouch life, and supply milk simultaneougBoole et al. 1982; TyndaRiscoe and Janssens
1988) In longlived mammals such salarge herbivores, females adopt a conservative
reproductive strategfGaillard et al. 1998; Gélin et al025; Rughetti et al. 2015javouring

their own survival and transferring the cost of reproduction to their ygdagin and Festa
Bianchet 201Q)Among marsupial herbives, maternal condition has been linked to juvenile
survival in the agile wallabyMacropus agili$ (Bolton et al. 1982)and in our study population

low forage production was associatedh lower maternal condition and lower milk energy
content at mid lactatiofQuesnel et al. 2017)Kangaoos are partly income breed€@glin et

al. 2016b) and experience highly variable environmental conditions. Our results suggest that
most females tteempted to reproduce because gestation involves negligible energy costs, but
after parturition they allocated energy following an optimal stra(€gyllard et al. 2000a)0

that females in poor condition terminated their reproductive attemgtiaply to favor their own

survival.
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Our results reveal that fecundity followed an-aay&d sizespecific trajectory. After accounting

for body condition, taller females were more fecund, at any age except for very old females,
highlighting theimportance of skeletal size for kangaroo reproduction. Although 83% of
averagesized females aged 8 years attempted a reproduction, those that were shorter by one or
two standard deviations (SD = 22 mm) were respectively 10% and 25% less likely to reproduc
Additionally, this size effect was strongest for younger females. In female mi&loss &lcek

(Sand 1996)xand ed deer Cervus elaphys(Langvatn et al. 2004)increases in mass had
stronger positive effects on the probability of ovulation in younger individugto, heavier
young female bisonBison bison)calved earlier than lighter femal¢&reen and Rothstein
1991) and female chamoif®(picapra rupicaprawith high early horn growth achieved higher
pre-repraluctive mass and attained primiparity at a younger age than females with slower early
horn growth(Rughetti and FestBianchet 2011) Our results suggest that in the context of
indeterminate growth aggpecific size is also of paramount importance in determining age
specific alocation decisions. Because annual growth in female kangaroos is mostly explained
by size, the fecundity advantage of being taller may mostly involve a reduced need for allocation
to skeletal growth and thus, more resources for reprodudtiom et al. 1994; Fest@ianchet

et al. 1998; Simard et.a2014) Additionally, as fecundity increases with size, selection may
favour a delay in allocation to reproduction until a threshold size has been réldeirealand
Kaitala 1999; Dmitriew 2011; Simard et al. 201%hus, females that enjoy favorable early life
conditions may benefit from a longer reproductifedpan because their initially greater size
gives them a head start and permanent advantage over smaller f@vtadesn and Shine
2000) Other studies reported that early reproduction increased reproductive lifespan and was
positively correlated with later reproductive sucdgd®en and Rothstein 1991; Hayward et al.
2014) pointing out that early growth rates ynae related to phenotypic quality. At this point,
most females from our sample with known age andr@peoductive growth are still alive,
therefore we cannot yet investigate the effect of rapid early growth on lifetime reproductive

SUucCCessS.

The markedize effect on fecundity decreased with increasing age, suggesting that the optimal

allocation changed from growth to reproduction as females aged, as predicted for organisms
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with indeterminate growtfHeino and Kaitala 1999; Folkvord et al. 2014lternatively, the
greater experience or better foraging skills of older females may allow greater reproductive

success despite a smaller gjzenn et al. 1994)

We did not find sex effects on survival to PEP or to weaning, despite the prediction that sons
should be more affected by a poor environment or lower maternal care in sexually dimorphic
mammalgClutton-Brock et al. 1985)Our sample of knowsex juveniles, however, included
mostly young that had survived untépture as LPY, thus we could not account for early
mortality. In addition, only mothers in good condition successfully brought their young to PEP.
In this population, heavier mothers tend to produce @an&allPayne et al. 2015potentially
cortributing to an apparent lack of sex bias in juvenile suryagimore sons may be nursed by
females with a higher ability to absorb the negative effects of a bad enviroriBiaiarly,
surviving to weaning appeared independent of all the maternal hesriale examined, despite

the extended period of maternal care. Other factors are likely responsible for the highly variable
weaning success between ye@mg et al., In pres) suggesting a considerable importance of
environmental stochasticity, including weather and preda@anks et al. 2000; King and
Goldizen 2016)

In conclusion, we identified a traadf between skeletal growth and reproduction, with the
highest reproductive costé somatic growth occurring for the youngest and shortest females.
We suggest that strong cohort effects are likely to explain differences Hspag#ic
reproductive effort, as earlife conditions may have lortgrm consequences on future age
specificgrowth rates of female kangaroos. This would result in females with rapid early growth
starting to reproduce earlier and possibly maintaining that advantage over the lifetime. A test of

this hypothesis will require continued monitoring of kneaged indivduals.
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Abstract

The main component of mammalian maternal care is milk production. The composition of milk
has beerhypothesised to determine offspring survival, and to vary with offspring sex. Few
studies, however, have examined variation in milk composition of wild mammals in seasonal
environments, where environmental conditions can impact the ability of mothersvidepr

care. We investigated individual differences in milk composition and offspring survival in wild
eastern grey kangaroosVidcropus giganteys We analyzed total protein and lipid
concentrations in 103 milk samples from 91 females over two years.daraof/low forage
production, the few females that lactated were in poorer condition and produced milk of lower
energy content compared to females lactating in a year of high forage production. Females
nursing in late winter produced milk with more lipicismpared to females at the same stage of
lactation in late spring, whose milk had a higher proportion of protein. The milk of larger
females contained more protein than lipid, and females in better condition allocated higher
proportions of protein to sortkan to daughterdncreased protein concentration in milk was
correlated with male offspring longevity onlyA seasonallymodulated lactation strategy
enables the adjustment of milk composition to available resources. Corgjiioific protein
allocationin favour of sons for mothers of higher caring ability suggests adaptivieiased

maternal care in this highly sexually dimorphic mammal.

Key words: LactationMacropus giganteysviaternal effects, Multimodel inference, Timing of

reproduction, TriverSVillard Hypothesis
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Introduction

Lactation is the most costly component of maternal care in man{@#éial 1985) and the
prolonged dependence of offspring on milk results in ubiquitous maternal éNtstripieri
and Mateo 2009)vith consequences for evolutionary and population ecology. Maternal traits
(Georges and Guinet 2000; Bowen et al. 208id differential care for sons and daughters
(LandeteCastillejos et al. 2005; Robert and Braun 2012y contribute to variability in milk
provisioning. Milk compositions correlated with maternal condition in pinnipdtlgerson et

al. 1993; Crocker et al. 20QrimatefNommsen et al. 199Tardif et al. 2001,)and ungulates
(LandeteCastillejos et al. 2005; Bovolenta et al. 2Q18)t not in tammar wallabieM@acropus
eugeni) or Columbian ground squirre{®Jrocitellus columbianusjRobert and Braun 2012;
Skibiel and Hood 2015)Moreover, differences in millprovisioning affect offspring size
(Mellish et al. 1999; Landet€astillejos et al. 2001; Robert and Braun 2048y survival
(Skibiel and Hood 2015)

Sexbiased allocatiorfTrivers and Willard 1973)s one potential source of variation in milk
composition. In polygynous mammals, males have higher reproductive variance than females,
therefore sons should benefit more than daughters from gregikgorovisioning(Trivers and

Willard 1973) Hence, mothers with higher caring ability should favour sons, whereas mothers
with lower ability should favour daughters. Some studies of milk composition have provided
suwpport for sexbiased allocation by reporting that sons received rflaaadeteCastillejos et

al. 2005)or higherenergy milk(Powe et al. 2010yith greater lipid(Fujita et al. 2012pr

protein concentrationéRobert andBraun 2012)han daughters. Other studies found no- sex
related differencedHinde, 2009; Hindet al, 2014)

Experimentally restricted diets have revealed the importance of nutrition on lactation
performancéRoberts et al. 1985; Lande@astillejos et al. 2003; Bovolenta et al. 2018)he
timing of reproduction affects milk provisioningandeteCastillejos et al. 2001; Skibiel and
Hood 2015%hen there could be large seasonal variation in maternal caring ability in the wild.

Most studies investigating maternal care through milk, however, were performed in captive

46



(Hinde 2009; Robert and Braun 2012y semicaptive (LandeteCastillejos et al. 2001)

environments. Hence, little is known about-béxsed milk allocation in wild mammals.

We studied milk composition in wild eastern grey kangarddac(opus giganteusjn a
temperate environment. Similar to ungulates, kangaroos are large herbivores and males have
higher reproductive variance than femal@ssher et al. 2002)The short gestation and
prolonged lactation of marsupials,viiever, make kangaroos ideal for studying postnatal care
(Sharp et al. 2017pBtagespecific changes in milk composition during marsupial lactation have
been extensively studied in the congeneric tammar wall@pgen et al. 1980; Green et al.
1983) with milk components changing substantially throughout lactgfigndale Biscoe and
Janssens 1988)Ve identified determinants of milk lipid and protein, two macronutrients with
high caloric density and sensitivity to maternal nutritional $Raeker et al. 2009We expected

that females at the same stage of lactation woatg wmilk composition according to forage
production. Male body size in kangaroos affects mating su¢Réssx-Paquette et al. 2015)

we predicted that mothers with a higher ability to care would provide milk with higher protein
content to sons than to daughters. Finally, we tested whether protein concentration at peak

lactation affected offspring suval (Skibiel and Hood 2015)

Methods

Study area and data collection

The study area in Wilsons Promontory National Park, Victoria, AusifaBa8 A57 6 S , 146A:
is a 1.2km? grassland surrounding an emergency air§iavis et al. 2008)where grasses,

sedges and herbs are the main ford@mvis et al. 2010)The kangaroo population has been
monitored since 2008, with anaurecaptures of marked individugiGélin et al. 2013)The

climate is temperate, with mean maximum monthly temperatures ranging from 12.5 °C in July

to 26.8 AC in February, and annual precipit
(Corner Inlet Station38°810 S146°1% Bwnww.bom.gov.au/climate/dada/
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We used a pole syringKifg et al. 2011}o capture females carrying pouch young aged six to

10 months from midvinter (July)to early summer (December) in 2014 and 2015. Young were
transferred to a cloth bag, sexed and their head, foot and leg lengths (mm) measured. They were
marked with coloured plastic ear tags (Leader Products Pty Ltd, Craigieburn, Australia).
Mothers were wighed to the closest 0.25 kg and their hind leg length measured (mm). To

stimulate milk letdown, oxytocin (Oxyt8ure, Vetoquinol, concentration = 20 USP-fHose

=12 el LkLkg) was injected intramuscul arl-y. Aft
top vial by gently stripping the teat. Sampl
°CuntilanalysisThe time of milk collection (morning,

hours) was recorded and young were returned to the pouch. We collected 103 milk samples from
91 females. Of these, 12 and 11 were newly marked in 2014 and 2015, respectivebipnath c
Allflex ear tags and a flexible coll&Gélin et al 2013)

Milk analysis

Milk samples were assayed in triplicate for total protein (Thermo ScieRtiice r c e E B CA
Protein Assay Kit #23227) and lip{&twood and Hartmann 1992pncentrations. The partial

energy (carbohydrate content not included) calculated per unit volume was derived from lipid
and protein concentrations, assuming energy values of 24:6fkd jrotein and 38.1 kJ-gfor

lipid (Oftedal 1984)At this stage of marsupial lactation, carbohydrates decrease and remain at
low concentrations for thremainder of lactatiofTyndale Biscoe and Janssens 1988refore

should not greatly influence milk energy. Milk yield was not quantified, and time saste |

suckling could not be measured because nursing occurred inside the pouch.

Explanatory variables

Environmental, maternal and offspring characteristics could affect milk composition. The
maternal characteristics we considered were leg length and relative body condition, measured
as the ratio of observed body mass to mass predicted by an OLS regoéssgpfemale mass

on log leg lengtiLe Cren 1951)Age wasunknown for 73% of mothers and hence was not
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included in analyses. The offspring characteristics we considered were sex and age. Age was
the mean of estimates from sgpecific growth models for head, foot and leg lengBwo(e et

al. 1982 and was included in analyses to account for increases in both lipid and total protein
concentrations in milkGreen et al. 1980; Green et al. 19&)vironmental variables included

year of sampling, sampling date and birthdate of young, the two latter characteristics
representing seasonal variables. Birthdateexpsessed as Julian day, with 1 August as day 1,
because the peak of births occurs during spring and early summer (60% were born in November
January an®% were born in MayDctober). Year of sampling indirectly considered forage
production, that was not asonally predictable. Forage production was measured in January,
April, July and October by harvesting palatable vegetation from 50 systematisiijputed,
0.79m? circular wiremesh exclusion cages. We calculated forage production between
estimated bthdate and milk sampling date for each motymung pair assuming constant daily

vegetation growth between measures.

We examined how milk composition explained offspring survival using age of juveniles in days
at their last sighting. We searched for neatkyoung on most days from late July to early
December, and again in early March. Maximum longevity was 550 days (18 months), the

minimal age of weanin{Poole 1975)

Model development and analysis

We first evaluated the sources of variation in milk composition by considering multiple
hypotheses. We tested sgeiased allocation by including interactions between maternal
characteristics and offspring sex. We considered an alternative hypothesisnmevital
modulation of milk provisioning at annual and seasonal levels, by including year and offspring
birthdate in analyses, and interactions between year and both maternal condition and offspring
sex were tested. Preliminary analyses indicated a auwaili relationship between milk
macronutrients and age of young, therefore age was included as a quadratic term. A total of 19
hypotheses were modelled using linear mixed regressions (Table 1; Appendix S1), and three
response variables describing milk corsipion, total protein and lipid concentrations, and the
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lipid-to-protein ratio (LPR), were separately investigated. High LPR indicates a greater
proportion of lipids than proteins, and low LPR indicates greater protein content regardless of
milk solids comentrations. Using LPR accounts for the confounding effect of milk volume
diluting macronutrientgHinde 2009)

We formulated 11 hypotheses to explain the effect of milk composition on offspring longevity
(Table 1; Appendix S1), including offspring sex and interactions between sex and
macrontrients. Age of young at capture was included in models because it was correlated with
longevity (5=0.20, P<0.001). Maternal condition was included because it is linked to juvenile
survival in agile wallabieg\. agilis) (Bolton et al. 1982)We also considered birthdate and an

interaction between birthdate and year.

To establish the relative strength of evidence for each candidate model, we performed model
sel ecti on iInrmatign CAt&rian caredied for sample size (lBurnham and
Anderson2002) or t he four candi date setiwluesilatdee| s we
to the model with the lowest AICAkaike weights (W, indicating the probability that a model

was the best in the candidate set given the(@atanham and Anderson 20Q02)ere computed

for each model. A model had significant supportifv 0. 05. We then perfor
inference to estimate averaged effect sizes; parameter estimates for variables that best described
variance in milk composition and offspring longevity had 9&%conditional confidence

intervals that did not overlap zefBurnham et al. 2011)

All models included maternal identity as a random variable to account for the use- of non
averaged triplicates. We used theer function in thelme4packageBates et al. 2015)ith R
version 3.2.2 (R Core Team 2015) to fit models to the data, andidtad function in the
AlCcmodavgpackaggBurnham et al. 2011tp obtain AIG values, perform model averaging

and estimate model parameters.

50



Tablel. Parameters used in linear mixed models fitted to ads¢ssninants of milk composition (m) and effects of milk

composition on offspring longevity (Y) in Wilsons Promontory National Park, Australia, in 2014 and 2015.

Model

Description

Milk composition
m {.}

m {a + &}

m {bd}

m {C}

m {L}

m {S}

m {yr}

m {all}

m {S x C}

m {S x L}

m {yr + bd}

m {all + S x C}

m{all+ S x C +
Sx yr}

m{all + S x L}

m{al+SxL+S
x yr}

Milk composition varies randomly (i.e. nutiodel)

Milk composition varies curvilinearly with age of yours) (

Milk composition varies linearly with birthdate of yourigglf

Milk composition varies linearly with maternal relative conditi@) (

Milk composition variedinearly with maternal leg lengti.)

Milk composition varies with offspring se)

Milk composition varies with years of sampling’X

Milk composition varies additively with all predictor variables

Milk compositionvaries with an interaction between offspring sex and maternal relative conditiol
Milk composition varies with an interaction between offspring sex and maternal leg length
Milk composition varies additively with year of sampling dndhdate of young

Milk composition varies additively with all predictors variables and an interaction between offspi
sex and maternal relative condition

Milk composition varies additively with all predictovariables and an interaction between offspring
sex and both maternal relative condition and year of sampling

Milk composition varies additively with all predictor variables and an interaction between offspri
sex and maternal size

Milk composition varies additively with all predictor variables and an interaction between offspri
sex and both maternal size and year of sampling
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m {all + yr x C +
S x yr}

m{al+SxC+
C xyr}

m{al+SxC+
Cxyr+S xyr}

m {all +
Sx Cx yr}

Milk composition varies additively with all predictor variabland an interaction between year of
sampling and both maternal relative condition and offspring sex

Milk composition varies additively with all predictor variables and an interaction between matert
relative condition and botyear and offspring sex

Milk composition varies additively with all predictor variables and-tmay interactions between
offspring sex, year and maternal relative condition

Milk composition varies additively with all predictor variables and a tim@einteraction between
offspring sex, year and maternal relative condition

Offspring survival
Y {}

Y{a}

Y {lip}

Y {prot}

Y {C}

Y {S}

Y {yr x bd}
Y {all}

Y {S x lip}
Y {S x prot}

Y {S x lip +
Sx prot}

Offspring longevity varies randomly (i.e. null model)

Offspring longevityaries linearly with age of young)(

Offspring longevity varies linearly with milk lipid concentratidip)

Offspring longevity varies linearly with milk protein concentratipnog)

Offspring longevity varies linearly witmaternal relative conditiorCj

Offspring longevity varies with offspring se®)(

Offspring longevity varies with an interaction between year of sampling and birthdate of young
Offspring longevity varies additively with gbiredictor variables

Offspring longevity varies additively with all predictor variables and an interaction between offsg
sex and milk lipid concentration

Offspring longevity varies additively with all predictor variables andnteraction between offspring
sex and milk protein concentration

Offspring longevity varies additively with all predictor variables and an interaction between offsf
sex and both milk lipid and protein concentrations
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Results

Proximate milk composition

We analyzed 103 samples, 78 from 2014 and 25 from 2015 (Table 2). Among females marked

in previous years, 49% (70 of 144) carried pouch young in 2014 and 11% in 2015 (15 of 131)

( §=44.48, df=1, P <0.0001). Young in 2014 were estimated to be seven days older at capture,

on average, than in 2015 (range: 1961284 da)
longer in 2014 (31 July to 5 December) than in 2015 (29 July to 29 Octdéstinated

birthdates spanned five months in 2014 (23 November 2013 to 29 April 2014) and four months

in 2015 (5 December 2014 to 29 March 2015).

Table2. Number of milk samples assayed during a-year study of eastern grey kangaroos

at Wilsons Promonty National Park, Australia.

Year Total
2014 2015
Daughters 35 16 51
Sons 43 9 62
TOTAL 78 25 103

Forage production was 48% lower in 2015 than in 2014 (TRbénd maternal condition (Table

3) and partial energy (Fig. 1) were also higher in 2014 than in 2015. Maternal body condition
increased in spring (Table 4). Further examinations of relationships between explanatory
variables (Tables 3,4) provided additional evidence of the lack of sasnpling. Average age

of young, sampling date and birthdate were not different according to offspring sex (Table 3).
Time of day did not affect protein concentrations (Welch-sample ttest: t =-0.42, df =
261.02, P = 0.68), but lipid concentrationsravdigher in the morning than in the evening
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(Welch twesample #test: t = 2.84, df = 207.46, P = 0.005). On average, evening samples were

collected later in the season (Welch tsample ttest; t =-2.26, df = 258.58, P = 0.02).

Determinants of milk conmgition
Lipid and protein

The concentrations of protein and Ilapdi ds
46. 761 316 11respectigely)miith significant year effects (Table 3). Detailed
distributions, model selection and multimodel infemsummaries for these macronutrients are

provided in Appendices S2&S5 in the Supporting Information.

Lipid: protein ratio

Because sampling date and birthdate of young were highly correlated (Table 4), models fitted

with each variable yielded similar 1dts. We report modelsetsusing birthdate because they

VvV a

had greater strength of evidence than those including sampling date (Likelinmddi o02=t e s t :
7.11,df =1, P <0.001). Therewassuppartd 0. 05) for three model s

5). Model averaging (Table 6) suggested that LPR was best explained by negative interactions

between maternal condition and both year and offspring sex (Fig. 2a, c), and by negative effects

of birthdate (Fig2b) and maternal size (Fig. 2d). Detailed multimodel inference summaries are

provided in Appendix S3.

Juvenile survival

Longevity estimates were accurate and precise for young that died befoi2eosthber
because we located every marked individual almost daily. We excluded-bdtatpouch
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Table3. Mean + SD values and tweay analysis of variance by year of sampling and sex of offspring for variables recc

for each milk sample collected at WilsdAgomontory National Park, Australia, in 2014 and 2015.

Yeal Offsprinc Year x Offspriny
Mean value Mean value

2014 201t F P df Femal Male F P df F P df
Lipid concentration (mgin 174+5¢ 119+4° 58.6¢ <0.00° 1 161 * 6¢ 160 4! 0.01¢ 0.89: 1 2.34¢ 0.12¢ 1
Protein concentration (mg)n  90.4+22. 48.9%8! 23t <000 1 785%26. 824%26! 164/ 0201 1 094¢ 0331 1
Date of sampling (1=29 Jul 47 + 3¢ 41+27 226 0138 1  A47+3E 44+3; 047 049 1 1.84¢ 0.17¢ 1
iﬁ;ﬁzt.yo””g birthdate (1 175+4. 175433 000¢ 094, 1 175%4:  175+3  00C 0098 1 0.88( 0.34¢ 1
Maternal relative conditic  1.007 + 0.01 0.998 + 0.01 10.0: 0.00: 1 1.004 +0.01 1.007+0.01 2.87 0.09: 1 1.70¢ 0.19; 1
Maternal legength (mm 520+1. 525+1f 3.46 006: 1 528+ 1 528+1. 0.1z 073 1 0.74€ 0386 1
(Ad%‘;:.f pouchyoungatcaptt  ,oq 1 0541 7.5 0006 1 2322 230+1° 0.84 036: 1 0327 0566 1

‘Total forage production durii . .
154 + 1t 80+1¢ 1191 <0.00: 1 132 + 4 142+3( 6 <0000 1 1 022 1

lactation (g?ﬁ)
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Table 4. Pearson's produchoment correlation coefficients between maternal, pouch young and environmental \

characterizing eastern grey kangaroo milk samples (n=103) collected at Wilsons Promontory National Park, Austral

Pearson's product-moment correlatiogs (r

Age of Sampling Maternal Maternal
pouch P Ping P Birthdate P relative P
date . leg length

young condition
Sampling date (1=29 July) -0.06 0.306 - - - - - - - -
Birthdate (1=1 August) -0.53 <0.001 0.87 <0.00: - - - - - -
Maternal relative condition 0.07 0.209 0.28 <0.00. 0.19 <0.00: - - - -
Maternal leg length (mm) 0.16 0.006 -0.17 0.004 -0.22 <0.00. -0.13 0.027 - -
Total forage production during

_ - 0.48 <0.001 0.15 0.010 -0.11 0.059 0.19 <0.00: 0.12 0.03¢

lactation (gm*©)
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Figurel. Partial gross energy of eastern grey kangaroo milk by year and offspring sex.
derived from lipids and proteins was significantly lower (F= 8.93, df= 1, P < 0.001) i
than in 2014 but was independenbéfspring sex (F= 0.049, df= 1, P=0.8).

young from the analyses to avoid underestimating longevity because they were last seen alive
when we left the study area. Most young disappeared before permanent pouch emergence and
only 11 (10%) survived to 550ays (2014: six females, two males; 2015: two females, one
mal e) . Mean | ongevity was 321 N 97 (range:
support (i,e. wO 0 . 0 57). Mddataveraged estimates (Tatflpconfirmed that offspring
longevity increasd with maternal condition and lipid concentration (Fig. 3a), but increased with

protein concentration only for sons (Fig. 3b). Finally, longevity decreased with birthdate and
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was lower in 2015 than in 2014 (Tatéle Detailed multimodel inference resuéiee presented

in Appendix 4.

Discussion

Forage productivity and milk composition of eastern grey kangaroos differed markedly between
years. The substantial annual and seasonal differences in forage production during lactation in
the two years of the wily were associated with differences in maternal condition and milk
composition, that we attribute to much lower forage production in 2015. Milk composition was
further explained by offspring sex through an interaction with maternal condition, as methers i
better condition allocated more protein to sons than to daughters. Interestingly, larger mothers
in our study area tend to have more sdmesGallPayne et al. 2015and during our study they
produced milk with more protein than smaller mothktsreover, milk composition had a direct

and sexdependent effect on offspring survival.

Forage production during lactation in 2015 was half of that in 2014, and mothers in 2015 were
in poorer condition and produced lowamergy milk than mothers in 2018imilarly, food
restricted red deer hind€érvus elaphug)roduced less milk, containing less lipids, protein and
glucose, than control hindéandeteCastillejos et al. 2003)and female tammar wallabies
increased food intake to avoid metabolizing fat reserves as lactation progesded991)

The concomitant differences in milk composition and foragelymtion suggests that eastern
grey kangaroos relied at least partly on current nutrition to meet lactational requirements.
Lactating kangaroos increase their bite rate and midday foraging time comparedzctating
females(Gélin et al. 2013)Increasing foraging effort may not, however, compensate for the
costs of lactation when forage is sca(Barker et al. 2009)Low forage production likely
lowered protein intake, but females that maintained relatively high condition in the poor year
(2015) produced highrotein milk, suggesting that they were able to buffer against forage

scarcity.
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Figure 2. Determinants of milKipid-to-protein ratio in eastern grey kangaroos. (a) Mk
averaged effect of scaled maternal relative condition moderated by year (a proxy o
production). 2014: closed circles, solid line; 2015: open triangles, dotted line. (b)-
averaged effeg of scaled maternal relative condition as a function of offspring sex
relationships between scaled maternal relative condition x offspring sex for lipid and
concentrations mirror the effect shown here. Sons: open triangles, dotted linbtddsiugjose
circles, solid line. (c) Modehveraged effect of scaled offspring birthdate. (d) Mal&rage
effect of scaled maternal leg length (range:-882 mm). Details on multimodel inference

provided in Appendix 3 in the Supporting Informatio

59



600 600

w w
& &
= 400 = 400
& &
i o
[ug] i
j -
=] =]
2 2
@ 200 @ 200
= =
= =
— —

0 0

-1.5 -1.0 -0.5 0.0 0.5 -1.5 -1.0 -0.5 0.0 0.5
Scaled milk lipid concentration Scaled milk protein concentration
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concentration in milk of eastern grey kangaroos on offspring survival to weaning (i.e. 55
Sons: open triangles, dotted line. Daughters: clas@tkes, solid line. Details on multimoc

inference are provided in Appendix 4 in the Supporting Information.

Milk composition was also affected by birthdate. At mid lactation, dawshypn kangaroos
received more milk lipids than proteins, indeperlyeaf maternal condition. For temperate
herbivores, dietary protein might not be enough for milk production before the onset of spring
vegetation growtlTaillon et al. 2013)Also, mothers of eariporn pouch young face both low

food abundance and high thermoregulatory costs because of cooler temperatures in late winter
and there might be higher costs to deplete protein stores than fat(Baresza and Parker

2008) Our results provide a rare example of how forggeduction, and potentially
temperature, affect maternal condition and milk composition in a wild terrestrial mammal.
Eastern grey kangaroos exhibit a conservative reproductive strategy and are partly income
breedergGélin et al. 2016a)lower milk partial energyn a lowforage year suggests that

females attempt to maintain condition by transferring environmental costs to their young.
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Females, however, acted as capital breeders early in the season by using body stores to meet the

high lactation costs, suggestiagesourcenodulated lactation strategy.

Table5. Model selection summary for the effects of maternal characteristics, age and sex of
pouch young, birthdate and year on |ipadprotein ratio in eastern grey kangaroo milk. LL,-log
likelihood; K, number & estimated parameters; AIG Ak ai ke ds I nf or mat i
corrected for small sample siap; difference between model Aé@nd the lowest AlEin the

model setwi, Akaike model weight. Models are ranked in descending order of support, and

modelswith significant support(® 0. 05) are in bol d.

Model ID LL K AlC q Wi
m{all + Sx C + Cx yr} -251.08 12 527.24 0.00 0.52
m{all+ Sx C+ Cx yr+ Sx yr} -250.43 13 528.11 0.87 0.34
m {all + Sx C x yr} -250.17 14 529.79 2.55 0.15
m{all + Sx C + Sx yr} -276.57 12 578.22 50.98 0.00
m{all +yrx C+ S x yr} -276.95 12 578.97 51.73 0.00
m {all + S x C} -281.18 11 585.27 58.03 0.00
m{all + Sx L + Sx yr} -301.37 11 625.64  98.40 0.00
m{all + S x L} -303.96 11 630.82 103.58 0.00
m {all} -310.36 10 641.47 114.24  0.00
m {yr + bd} -320.27 7 65493 127.69 0.00
m {S x C} -325.20 8 666.89 139.65 0.00
m {bd} -339.28 4 686.69 159.45  0.00
m {S x L} -340.14 8 696.76 169.52  0.00
m{a + &} -346.53 5 703.27 176.03  0.00
m {S} -360.84 4 729.82 20258 0.00
m {yr} -362.49 4 733.11 205.88 0.00
m {L} -362.97 4 734.07 206.83 0.00
m {.} -364.33 3 734.73 20750 0.00
m {C} -364.31 4 736.76 209.53  0.00
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Table6. Modelaveraged parameter estimates explaining variatitipidito-protein ratio in
eastern grey kangaroo milk and offspring longevity, using standardized variables (reduced and

centered to the mean).

Terms Parameter valu¢ 95% confidence interve
Lipid: protein
Age of young -0.23 -0.34,-0.13
Year(reference=2014) -0.06 -0.26, 0.13
Sex of offspring (reference=female) 0.20 -0.07, 0.46
Maternal relative condition 0.16 -0.03, 0.35
Maternal leg length -0.31 -0.52,-0.10
Offpspring birthdate -0.38 -0.61,-0.16
Yearx Sex 0.41 -0.24, 1.07
Maternalconditiorx Sex -1.46 -1.78,-1.14
Maternal conditior Year -1.23 -1.53,-0.92
Offspring longevity
Age of young -5.64 -13.19,1.91
Year (reference=2014) -15.38 -28.43,-2.32
Maternal relative condition 52.98 44.65, 61.32
Offspring birthdate -23.15 -29.24,-17.06
Offspring sex (reference=female) -35.51 -43.42,-27.59
Lipid concentration 18.99 12.13, 25.85
Protein concentration 45.37 30.72, 60.02
Lipidx Sex 15.66 -0.87, 32.20
Protein Sex 36.97 19.95, 53.99
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Table 7. Model selection summary for the effects of milk composition, sex of pouch young,

birthdate and year on eastern grey kangaroo survival to weaning. tikébhood; K, number

of estimated parameters; AIE Ak ai ke ds

Il nf or mati on

Criterion

o, difference between model Al@nd the lowest Algin the model setwi, Akaike model

weight. Models are ranked in descending order of support, and models with significant support

(w; ©0.05) are in bold.

Model ID LL K  AIC. @ W

Y {Sxlip +Sxprot}  -1221.91 12 2468.97 0.00 0.64
Y {Sx prot} 122358 11 2470.14 1.17 0.36
Y {all} 123152 10 2483.84 14.87 0.00
Y {Sx lip} -1230.59 11 2484.14 15.17 0.00
Y {yr x b} -134458 6  2701.47 232.50 0.00
Y{a} -1383.68 4 277551 306.54 0.00
Y {prot} -1386.23 4  2780.61 311.64 0.00
Y {C} -1402.46 4  2813.07 344.09 0.00
Y {lip} -1419.23 4 2846.60 377.63 0.00
Y {S} -1429.38 4 2866.90 397.93 0.00
Y {} -1438.05 3  2882.18 413.20 0.00
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Kangaroos are polygyno(Bisher et al. 2002and successful sons could provide higher fitness
returns compared to daughtéisivers and Willard 1973)Since milk protein is of paramount
importance to preveaninggrowth (LandeteCastillejos et al. 2001; Parker et al. 2009 eater
protein transfer by mothers could i nmpdubve so
body size(Miller et al. 2010) We found that mothers of sons produced milk with higher
proportions of protein than mothers of daught&shert & Braun, 2012)bu this effect was
moderated by maternal body condition. Mothers in better relative condition favoured protein
allocation to sons while mothers in poorer condition favoured protein allocation to daughters,
revealing a conditioispecific and sexbiased carestrategy(Trivers and Willard 1973)This

result supports previous findings that heavier macropod mothers tend to have more sons
(Sunnucks and Taylor 1997; Le GRlayne et al. 2015probably because they can provide
high-quality care(Robert et al. 2010)In marsupials, milk composition is autonomously
controlled by thenammary gland and is unaffected by suckling pattérrat et al. 2003)It is
therefore unlikely that higher protein allowance for sonsavwasradaptive maternal response

to higher suckling and nutrient demafgidandeteCastillejos et al. 2005)because despite
different compositions, partial energy density per unit volume of milk was similar for sons and
daughters. We do not know if females prodd different amounts of milk. Data on milk volume
would allow a better understanding of d@msed care, with potential sex differences in

production and macronutrient dilutigNommsen et al. 1991; Hinde 2009; Hinde et al. 2014)

Surprisngly, structural size affected milk composition independently of maternal condition.
Larger females produced higiotein milk compared to smaller females. Kangaroos have
indeterminate skeletal growth, so larger individuals tend to be @denan 1989)Age could
therefore partly explain the effect of size, as experienced females may select better food patches.
Alternatively, larger females may be able to allocate more resourcesatolaPomeroy et al.

1999) because smaller females face a steeper -wHdeetween allocating protein stores to

structural growth or to milk productiqiStearns 1989)
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In 2015, when forage production and maternal condition were poor, offspring survival and
population reproductive rate were lower compared to 2014. Model selection revealed that
offspring longevity was affected by maternal condition, birthdate and milk asitign. Higher

lipid concentrations increased longevity for both sexes, but low protein concentrations had a
greater negative effect on the longevity of sons. Higher milk protein during mid lactation was
also associated with higher offspring mass at 1athwin captive tammar wallabi¢Robert

and Braun 2012)in kangaros, sons require more protein than daughters, as they grow faster
during the pouch stag®oole et al. 1982)pnd selection favors rapid structural growth in male
juveniles of sexualhdimorphic speciegArnould et al. 2001) Marsupial milk composition
follows a temporal protein delivery sequence, partly acting as signal for tissue development
(Sharp et al. 2017Apart from retarding structural growth, deficiency in specific compsund
could also cause abnormal developn(&fiarp et al. 201@nd weaken resistance to pathogens
(Daly et al. 2007; X3 et al. 2009)eopardizing survival. Our results are conservative, because

it is possible that we overestimated the age of-piglvisioned young. Our analyses could not
compare milk attributes to early survival, which was likely affected by poadrcemental

conditions.

We found that earWporn young survived longer. A similar result in mountain goatednmos
americanus)as attributed to eadigorn kids having a longer period of access to high forage
quality in a temperate environmd@oté and FestBianchet 2001)We remain cautious about
the negative effect of ihdate on longevity, as seasonal conditions likely fluctuate between

years in our study area.

In conclusion, we found strong support for $eased milk macronutrient allocation in wild
kangaroos. Asynchronous reproduction revealed effects of envircamentitions on a direct
component of maternal care. Our study is a rare example of concomitant deterioration in milk

guality and forage production in a large wild terrestrial mammal.
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CHAPITRE IV

CONCLUSION
Mon objectif généraétaitd 6 ®t udi er | 6effet de | a taille su
chez | e kangourou gris de | 6Est. Un premier

facteurs endogénes et exogenes sur la croissance squeledtiquielle des individus.
Parall | ement, un second objectif visait 7
succes reproducteur en investiguant la fécondité et la survie de leur progéniture, et la qualité des
soins maternels dans un envirenrentvariableet saisonnierGrace a un suivi longitudinal de

la croissance somatique et des événements de reproduction chez les femellesl dd@tgse

conny et en ®valwuant | 6ampl eur de | a variabili
la compréhension de la stratégie de reproduction chez ce grand marsupial évoluant dans un
environnementvariable Mon mémoire fournit une rare documentation de la trajectoire
déall ocation chez un mammif re 7 crmdulkisance

de kangourou en milieu naturel.

Le second chapitre de mon m®moire souligne |
femelle pour sa reproductiode suggerqfue | 6avantage doéune grand
reproducteur chez les femell&angourous survient en raison des plus faibles compromis
énergétiques entre la croissance et la reproduction que les femelles de plus grande taille
rencontrerontdans 6 a | | odeddurs cessources limité¢bleino et Kaitala 1999) Plus
précisémenj, tariouv® qubé”™ un ©ge donn®, Isaentniolmsanel | es
que celles plus petites, et que les plus jeunes femelles avaient les taux de croissance les plus
®l ev®s. De fa-on concomitante, | es femelles
fécondexomparativement aukemelles plus jeunemais une taille corporelle plus grande pour

les jeunes femelles augmentait considérablement leur fééondiCe s r ®s ul t at s s u
existerait un avantage pour une femelle dobéat:
augmenter son saés reproducteur a viGtearnset Koella 1986) En effet, d0 aux taux de
croissance qui sont fortement déterminés par la taille, les petites femelles font face a des

compromi s co%teux et p deurscroissareen @t $eur eeproducton | 6 a |
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actuelle, en plus de potentiellement enclencher des trajectoires compensatoires colteuses,
comme les plus petites femelles maintenaieattdax de croissance plus €élepéiss tard dans

leur vie (Metcalfe et Monaghar®@1).La croissance squelettique indéterminée des kangourous

a fourni des donnéegii révélentgue les mauvaises conditions environnementaigsisenta
croissance squelettique des adultes, suggérant que les conditions de vie précoces, au moment ou
la croissance est la plus rapide, peuvent occasionner des compromis spécifiques a la taille et
persistants pendan t(MatcibRetaed etab2013) e doéun i ndi vi

Dans le troisiéme chapitrie,6iadie nt i f i ® |&Ehvironpement sartagualitédes sdins
maternels ayant une incidence directe sur le succés reproducteur des femelles kangourous.
L&t ude sur | a c¢omposi tquedadengit@iéndrgétique dwalait dbdia b o r d
facon concomitante a la dégiationde | a producti vit® v®Jgoedanal e
€galement montrane grande variabilité saisonniere de la composition du lait, ou les femelles
atteignant |l e milieu de | a | actation lées | a fi
femelles ayant donné naissance plus tard pour arriver au méme stade de lactation au début de

|l 6®t ®. 1ci, | a reproduction asynchrone chez

| 6ampl eur des di ff ®r e n c e des soing maternefsdquivariehtuea | | e s
fonction de la phénologie de la reproduction et des ressources disponibles au moment de la
lactation (Parker et al. 2009; Taillon et al. 2013)e plus, lesanalyses ont identifié une

allocation différentielle selon le sexe du jeune, ou les femelles en meilleure coaliitiaient
davantage de prot®i nes dans |l eur | ait pour |
déune strat®gie adaptative de | actation sp®c
disponibles, et influencée par le sexe du je{imevers and Willard 1973; Robert and Braun

2012)

Les résultats dtroisieme chapitre appuiehiént er pr ®t ati on que | 6avant
pour les femelles se traduit a travers des compromis énergétiques réduits entre la croissance
squelettique et la reproduction. En effeipn étude du lait de kangourou a identifié dode
association positive entre |l a concentration

all aitante, sugg®r ant que | es da®Blacompositiors d o al
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du lait. Lesfemelles de plus petite taille allouent davantage a la croissance, et cela peut
influencer la qualité nutritionnelldu lait De plus, la concortance des différences annuelles

dans la qualité énergétique du lait et dans la production de végétatios surtlee d 6 ®t u d e,

de la plus faible probabilité de succes reproducteur chez les femelles en moins bonne condition
corporelle, indiqguent que les kangourous posseédent une stratégie de reproduction tres
conservatrice, ou les soins maternels et la sumgejulvéniles sont hautement affectés par les
conditions environnemental es ¢aillatdatalc28dda ci t ®
Gélin et al 2015) l ci , | 6absence des co%ts de reprodtdt
par | a d®cision de se reproduire qui sera foc
maintenir un effort de lactation soutenu; ainsi les femelles qui tenéesé deproduire sont
probablement celles qui ont a priori pius grand potentiel de reproducti(Beauplet and

Guinet 2007; Hamel et al. 2009a)

Implications

Mon ®tude de | a t r dgceissarme et la repodlution se démargue par e n t
laporttede ses r®sultats, “ cause desdobéa©gger acnodnen uf
ayantété suivies pendant une période de leur vie reproductive. Les résultats en découlant
supportentlesd ®c i si ons do6al l ocation sp®ci {Beagplee ~ | O
et al. 2006; Rughetti et al. 2015nais les nancent par des effets attribuables a la taille
sqguel ettique et ” l a condition corporelle d
femelles kangourousemblenemprunerune tr aj ectoire doboall ocati o
aptitude phénotypiquet leur succes reproducteur sur une échelle a long terme, de telle sorte
gudell es ne compromettent pas | eur (pHamebr e su
et al. 2010) Cette stratégie estramtéristigue des especes longévives empruntant un parcours

de vie lenttypiquechez les grands herbivores.

Mes travaux sur la variabilité en composition du lait sont parmi les rares documentations des
soins maternelproximaux en milieu naturel chez s$emammiferes, et parmi les premiers

étudiant ce trait physiologique chez une population naturelle de kangourous. lls suggerent que
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la composition du lait est fortement affectée par les ressources disponibles, et que les femelles
kangour ous nabod aléueprogénilugelmrielr état nutritionnel et les compromis
auxquelles elles font face entre la croissance somatique et les soins maternels. Mes résultats
renforcent |l es conclusions do®tudes ant®ri e
femell es adopt ent unienodsigl reautr ® gcioempd& a lelnmeeintt e naledn

ressources, leur évitant de puiser dans leurs propres réserves a leur détriment.

Travaux futurs

Mon projet rehausse | 0i mportance des condi't
r ®percuter sur | es traits doéhistoire de vie
| 6al | @caatciroon ssance s quel porelieianpremieectreprodiicliane et

Bien que mes travaux nobaient pas directemen-
mauvaises conditions en d®but de vi e, mes r
pendant | a efenelleedt pdsister a idfldencer a la fois sa croissance et sa

f®condi t ®, Ainsi, |l es travaux futurs sur cet
®chantill on accru de femelles d6©ge connu po
a la premiergeproductionsont connus afin de mesurer | 6amp
en découler et venir affecter la dynamique de populdlany ant age ddann®es de
également permettre de se pencher sur le succes reproducteur a vie et tleswadidtes, et le

réle que joue la taille corporelle pour ces composantes du fitness.

De pl us, |l a poursuite de | 6exploration de |

dé®t udi er |l es S t dréifotativg iaexssoins Mmdternels, deavedtiguants

| 6occurrence de di f f ®r lesnfamelleslapsderpariitisnheanent des e X |
nutri ments vers | e | ait. Ceci permettrait po
expliqguant comment certaines femelles possedaenimailleure performance reproductive que

d 6 a uNéanmsins, alors que la composition laitf our ni t doéi mportants r
demeurera difficile de quantifier la production de lait chez les kangourous en milieu naturel. En

effet, il nous est ence impossible de mesurer de facon fiable le volume de lait produit, et
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d éxplorer la variabilité entre les femelldsen est de méme chez les populations captives
(Robert et al. 2012) , et ceci demeur elea pot e

pour les Marsupiayxet un biais persistant sur les estimations de concentrations de lait.

Final ement , |l e domaine de recherche de | 6®co

nouvelles directions en lien avec les résultats de mon projetctierche. Par exemple,

| 6expl oitati on dMarsugiaa peurraferefoisorsherdcat veaunrt adgees d 6 ®t
l ong terme afin do6é®l argir | e spectre des e

effet, les travaux futurs pourront profiteles colts de @geation quasabsents chez les

Mar supiaux pour r®duire | es saragproduetonctezledb i ai s
femelles mammiferes Aussi , | e kangour ou comme mod |
considérable pourtédier leseffe s de | a croi ssance desmdr@ser mi n
ddéall ocationsp®lcafigpesdlict i6®myg e, not amment |
de lasénescencet | 6augment ati on de alcissanoenngléevminte® c he

gui tirent avant(Spgremamedal 2007; Qongdoneteal. 20E3) | | e
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APPENDIX S1: FINAL MODEL SELECTION FOR ANNUAL SKELETAL GROWTH

See Table 2 for detailed variable abbreviations.

Table S1. The model s e | eoodeéricriberion bf éhe 2Ochndmlate Ak a i kK
linear mixed effects models explaining variation in eastern grey kangaroo hind leg length
growth. Female identity (1|ID) was included as a random variable (randtarcept), but not

year of capture.

_ Evidence
Model K AlC. (o4] Wi ,
ratio

Age+Size+Cond+RS+Rain+Age x

_ 10 1543.13 0.00 0.64
Size+Age x RS + 1|ID
Age+Size+Cond+RS+Rain+Age x

. . 1545.12 199 0.23 2.8
Size+Age x RS+RS x Rain + 1|ID
Age+Size+Cond+RS+Rain+AgeSize+RS

) 1547.34 4.21 0.08 8.0

x Rain + 1|ID
Age+Size+Cond+RS+Age x Size + 1|ID 1548.61 5.48 0.04 16
Age+Size+Rain+Age x Size + 1|ID 1551.95 8.82 0.01 64

1556.01 12.88 0.00
1560.68 17.55 0.00

Age+Size+Age x Size + 1|ID
Age+Size+RS+Rain+Cond + 1|ID
Age+Size+Cond+RS+Rain+Age x RS +

8

7
Age+Size+Rain+tRS+Age x Size + 1|ID 8 1553.88 10.75 0.00

6

8

1561.08 17.95 0.00

1|ID
Age+Size+Cond+RS + 1|ID 7 1561.46 18.33 0.00
Age+Size+Cond+RS+Rain+RS x Rain+A(

1562.73 19.60 0.00
xRS + 1|ID
Age+Size+Rain+Age x RS + 1|ID 7 1567.65 24.52 0.00
Size+ 1|ID 4 1567.83 24.71 0.00
Age+Size+RS 1|ID 6 1568.53 25.40 0.00
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Age+RS+Rain+RS x Rain + 1|ID 7 1643.48 100.35 0.00
Age+ 1|ID 4 1644.82 101.69 0.00
Cond+RSt+ 1|ID 5 1698.21 155.08 0.00
RS+ 1|ID 4 1704.24 161.11 0.00
Rain+ 1|ID 4 1707.75 164.62 0.00
1|ID 3 1707.83 164.70 0.00

APPENDIX S2: MODEL SELECTIONS (3) FOR ANNUAL REPRODUCTIVE SUCCESS

See Table 3 for detailed variable abbreviations.

Table S2. The model selection baseddt Ak ai k e@er crikerdon of thel 2@andidate
generalized lineamixed effects models explaining probability of fecundity in female eastern
grey kangaroos (0=No lactation, 1=Lactation). Female idefiffy) was included as a random

variable(random intercepf)out not year of capture.

. Evidence
K AlC. q Wi .
Model ratio
Age+Size+pRS+Cond+Rain+Age x
_ _ 9 329.21 0.00 0.56
Size+pRS x Rain + 1|ID
Age+Size+pRS+Cond+Rain+Age x Size +
8 33112 191 0.22 2.5
1|ID
Age+Size+pRS+Cond+Rain+Age x
_ 9 33285 3.64 0.09 6.2
Size+Age x pRS + 1|ID
Age+Size+pRS+Cond+Rain+Age x
_ _ 333.19 3.98 0.08
Size+Size x pRS + 1|ID 7
Age+Size+pRS+Cond+Rain+pRS x Rain -
8 33582 6.61 0.02
1|ID 28
Age+Size+pRS+Cond+Age x pRS +1|ID 8 335.82 6.61 0.02 28
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Age+Size+Cond+Rain+pRS + 1|ID

Age+Size+pRS+Cond+Rain+Size x pRS - g

1|ID

Age+Size+pRS+Cond+Rain+Age x pRS + g

1|ID

Cond+ 1|ID

Cond+pRSt+ 1|ID

Age+Size+Age x Size + 1|ID
Size+ 1|ID

Age+Size+pRS+Size x pRS + 1|ID
Age+Size+pRS+Age x pRS + 1|ID
pRS+Rain+pRS x Raifi 1|ID

Age+ 1|ID

Rain+ 1|ID

pRS+ 1|ID

1|ID

N W W w o1 o o w o o W

337.99

338.60

339.94

357.20
359.21
361.13
367.99
370.20
373.83
379.12
380.87
381.86
388.02
388.48

8.78

9.39

10.73

27.99
30.00
31.92
38.78
40.99
44.62
49.91
51.66
52.65
58.81
59.27

0.01

0.01

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

56

56
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Tabl e S3. The model
generalized lineamixed effects models explaining probability of permanent emergence from
the pouch (PEP) in eastern grey kangaroos (0=No emergence, 1=Emergemadg. iBentity
(1/ID) and year of reproductiofi|Year)attempt were included as random varialfl@mdom

s el

eocdericraanion bfahe 2ahndidate Ak a i

intercept)
_ Evidence
Model K AIC. (04] Wi )
ratio
Cond+ 1|ID +1|Year 4 195.39 0.00 0.60
Cond+pRSt 1|ID +1|Year 196.96 1.57 0.27 2.2
Age+Size+pRS+Cond+Age x pRS +
8 201.21 5.82 0.03 20
1|ID +1|Year
Age+Size+Cond+Rain+pRS + 1|ID
201.74 6.35 0.02 30
+1|Year
Age+Size+pRS+Cond+Rain+Age x
_ 9 203.01 7.62 0.01 60
Size + 1|ID +1|Year
Age+Size+pRS+Cond+Rain+pRS x
_ 9 203.03 7.64 0.01 60
Rain + 1|ID +1|Year
Age+Size+pRS+Cond+Rain+Age x
9 203.22 7.83 0.01 60
pRS + 1|ID +1|Year
Age+Size+pRS+Cond+Rain+Size x
9 203.93 8.53 0.01 60
pRS + 1|ID +1|Year
Age+Size+pRS+Cond+Rain+Age x
_ _ 10 204.30 8.91 0.01 60
Size+pRS x Rain + 1|ID +1|Year
Age+Size+pRS+Cond+Rain+Age x
_ 10 204.46 9.07 0.01 60
Size+Age x pRS + 1|ID +1|Year
Age+Size+pRS+Cond+Rain+Age x
_ _ 10 205.18 9.79 0.00
Size+Size x pRS + 1|ID +1|Year
1|ID +1|Year 3 206.32 10.93 0.00
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pRS+ 1|ID +1|Year
Size+ 1|ID+1|Year
Age+ 1|ID +1|Year
Rain+ 1|ID +1|Year 4
Age+Size+Age x Size + 1|ID +1|Yeal 6
pRS+Rain+pRS x Raif 1|ID +1|Year 6
Age+Size+pRS+Age x pRS + 1|ID
+1|Year

Age+Size+pRS+Size x pRS + 1|ID

+1|Year

A b~ b

207.89
208.01
208.14
208.22
209.85
210.95

212.19

212.92

12.50
12.62
12.75
12.84
14.46
15.56

16.80

17.52

0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00

Tabl e S4. The model

generalized lineamixed effects models explaining probability wEaning success in eastern

grey kangaroos (0=No weaning, 1=Weaned (18 months)). Female idéfifitywas included

as a random variableandom intercept)

s e | eotdericritemion bfahe @@hndidate Ak a i

_ Evidence
Model K AIC. (04] Wi )
ratio

pRS+Rain+pRS x Rain +1|ID 5 96.16 0.00 0.27
Cond +1|ID 3 97.71 1.56 0.12 23
pRS +1|D 3 98.27 2.11 0.09
1(ID 2 98.40 2.24 0.09
Rain +1|ID 3 98.60 2.44 0.08 34
Cond+pRS +1|ID 4 98.81 2.65 0.07 3.9
Age+Size+Cond+Rain+pRS +1|ID 7 99.86 3.70 0.04 6.8
Age+Size+pRS+Cond+Rain+pRS x R:

8 100.14 3.98 0.04 6.8

+1|ID
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Age+Size+pRS+Cond+Rain+Size x pF
+1|ID

Size +1|ID

Age +1|ID

Age+Size+pRS+Size x pRS +1|ID
Age+Size+Age x Size +1|ID
Age+Size+pRS+Cond+Rain+Age x Si:
+1|ID
Age+Size+pRS+Cond+Rain+Age x pFk
+1|ID
Age+Size+pRS+Cond+Rain+Age x
Size+pRS x Rain +1|ID
Age+Size+pRS+Cond+Rain+Age x
Size+Size x pRS +1|ID
Age+Size+pRS+Cond+Rain+Age x
Size+Age x pRS +1|ID
Age+Size+pRS+Age x pRS +1]|ID
Age+Size+pRS+Cond+Age x pRS +1|

g o W w

100.18

100.39
100.47
100.95
101.77

101.92

102.28

102.68

102.81

104.37

104.86
105.78

4.02

4.23
4.31
4.79
5.61

S5.77

6.12

6.52

6.65

8.21

8.70
9.32

0.04

0.03
0.03
0.02
0.02

0.02

0.01

0.01

0.01

0.00

0.00
0.00

6.8

13.5
13.5

135

27

27

27
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APPENDIX S1: CANDIDATE MODEL LISTS

Table S1The 19candidate linear mixed effects models explaining variation in eastern grey kangaroo lipid concentration,

protein concentration and LPR (lipid-protein ratio) Female identity (ID) was included as a random variable (random

intercept), to account for use of triplicates.

Model Description

m{.} (1|/idmother)

m{a + &’} age + agé+ (1lidmother)

m{bd} birthdate + (1|idmother)

m{C} condition + (1]idmother)

m{L} leg +(1|idmother)

m{S} sex +(1|idmother)

m{yr} year +(1]idmother)

m{all} age + age+ condition + leg + year + sex + birthdate + (1|[idmother)

m{S x C} age + age+ condition +sex+ conditionsex+ (1|idmother)

m{S x L} age + age+ leg + sex + legsex +(1|idmother)

m{yr +bd} age+agé+year+ birthdate+(1|idmother)
age+agé+condition+leg +year + sex + birthdate + condiisex+

m{all Sx C} (1|/idmother)

m{all + Sx C + Sx yr}

age +ager+ condition+ leg+ year+ sex+ birthdate+ conditieex +yeax sex+
(1]idmother)
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m{all+ S x L}

m{all + Sx L+ Sx yr}

m{all + yr x C + S x yr}

m{all + Sx C+ C x yr}

m{all+ S x C + C x yr+ S x yr}

m{all+ Sx C x yr}

age+ agér condition+ leg+ year+ sex+ birthdate+ ¥egpx+ (1|idmother)

age + agé+condition+ leg+ year+ sex+ birthdate+ Jexpx+ year+sex+
(1|idmother)

age + ager condition+eg+ year+ sex+ birthdate+ conditioyear+ sexyear+
(1|/idmother)

age + ager condition+ leg+ year+ sex+ birthdate+ conditieex+
conditiorxyear+ (1lidmother)

age + ager condition+ leg+ yearsex+ birthdate+ conditiorsex+
conditiorxyear+ sexyear +(1|idmother)

age + agé+condition+ leg+ year+ sex+ birthdate+ conditi@ex

conditiorxyear+ sex year+ conditior sex<year+ (1|idmother)
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Table S2.The 1%candidate linear mixeshodels explaining variation in eastern grey kangaroo offspring long&jitFémale

identity (1]ID) was included as a random variable (random intercept), to account for use of triplicates.

Model Description

Y {} (1]idmother)

Y{a} age+ (1|idmother)

Y {lip} lipid + (1|idmother)

Y {prot} protein + (1|idmother)

Y {C} condition + (1|idmother)

Y {yr x bd} year + birthdate + yeabirthdate+ (1|idmother)

Y {all} age + lipid + protein +year+ birthdate+ condition + (1|idmother)

Y {S xlip} age + lipid+year+ pysex + birthdate + condition + pységid + (1|idmother)

Y {S x prot} age + protein+ year +pysex +birthdate+ condition +pygeatein + (1|idmother)

Y {Sx lip + S x prot}

age + protein+ lipid+ year +pysex +birthdate+ condition+ pygeatein+
pysex lipid+ (1|lidmother)

97



APPENDIX 2: MODEL SELECTION AND MULTIMODEL INFERENCE
SUMMARIES FOR PROTEIN AND LIPID CONCENTRATIONS

Protein concentration in milk was best explained by four modelgHmh Akaike weights (v

were O 0.10 (Tabl e S3). -dveragedtpardmetersnvalaeg that o f Y
additively explained protein concentration were year of sampling and interactions between
maternal condition and both sex of young and yeawsarhpling (Table S5). For lipid
concentration, five models were supported@v 0. 05 ; Table S2), and st
effects of year of sampling, birthdate of young, sex of young, and an interaction between

maternal condition and sex of young begtlained lipid concentration (Table S6).
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Table S3Model selection summary fénear mixed modelsxplaining effects of maternal characteristics, age and sex of pouch

young, year and birthdate @motein concentrationn eastern grey kangaroo milk. LL,géikelihood; K, number of estimated

parameters; Ale= Ak a i

lowest AIC in the model setwi, Akaike model weight. Models are ranked in descensgupport, and models with substantial

keds

Il nfor mati on

Cr i t op,diffecemce etween maddl Al@nd the r

support(wO 0. 05) are in bold.
Model LL K AlIC. (0] Wi

m{all+ S x C + C x yr} -1148.17 12 2321.42 0.00 0.40
m{all+ Sx C+ Cxxyr+S xyr} -1147.28 13 2321.82 0.40 0.32
m{all +S x C x yr} 114720 14 2323.86 2.44 0.12
m {all + yr x C + S x yr} 114958 12 2324.23 2.81 0.10
m {all + Sx L + Sx yr} -1151.65 11 2326.21 4.79 0.04
m {all + Sx C + Sx yr} -1151.29 12 2327.65 6.23 0.02
m {all + Sx L} 1153.22 11 2329.35 7.93 0.01
m {all + Sx C} -1153.53 11 2329.96 8.54 0.01
m {yr + bd} -1159.83 7 2334.04 12.62 0.00
m {all} -1157.62 10 2335.99 14.57 0.00
m {yr} 1200.90 4  2409.93 88.51 0.00
m {Sx C} -1280.05 8 2576.59 255.17 0.00
m {Sx L} -1289.12 8 2594.72 273.30 0.00
m{a + &) 129436 5 2598.91 277.49 0.00
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m {C} -1314.40 4  2636.93 315.51 0.00
m {bd} -1317.81 4  2643.75 322.33 0.00
m {L} -1317.97 4  2644.08 322.66 0.00
m {.} -1320.62 3 2647.32 325.90 0.00
m {S} -1320.31 4  2648.75 327.33 0.00

Table S4Model selection summary féinear mixedmodels explaining effects of maternal characteristics, age and sex of pouch
young, year and birthdate dipid concentrationn eastern grey kangaroo milk. LL, kiggelihood; K, number of estimated
parameters; Alc= Ak ai ke ds lenoh aomrestedtfor simall s&@nple $ige; difference between model At@nd the

lowest AIC: in the model setwi, Akaike model weight. Models are ranked in descending support, and models with substantial

support(wO 0. 05) are in bold.

Model LL K AIC, q Wi
m {all + Sx C} -142351 11 2869.92 0.00 0.36
m {all + Sx C + Sx yr} -1422.73 12 2870.53 0.61 0.26
m {all + Sx C + Cx yr} -1423.22 12 2871.50 1.58 0.16
m {all + SxC + Cx yr + Sx yr} -1422.18 13 2871.61 1.69 0.15
m {all + Sx C x yr} -1422.17 14 2873.80 3.88 0.05
m {all + yr x C + Sx yr} -1426.55 12 2878.18 8.26 0.01
m {all} -1433.64 10 2888.03 18.11 0.00
m{all + S x L} -1432.86 11 2888.63 18.71 0.00
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m {all + Sx L + Sx yr}
m {yr + bd}
m {yr}

m {Sx L}
m {S x C}
m {S}

m {bd}

M {a + a?%}
m {L}
m{C}

m {.}

-1433.73
-1450.46
-1476.29
-1476.03
-1479.67
-1495.28
-1500.70
-1503.44
-1507.44
-1507.62
-1510.95

=
=

W s~ O~ A 0O 00O M N

2890.35
2915.29
2960.71
2968.54
2975.83
2998.68
3009.53
3017.09
3023.01
3023.38
3027.98

20.44
45.37
90.79
98.62
105.92
128.76
139.61
147.17
153.09
153.46
158.06

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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Table S5. Modehveraged parameter estimateish unconditional 95% confidence interval

explaining variation irprotein concentration in eastern grey kangaroo milk, using standardized
variables (reduced and centered to the mean).

Terms Parameter value 95% confidence interval
Protein concentration

Year (reference=2014) -32.63 -36.55, -28.71
Sex of offspring (reference=female) -0.66 -5.0, 3.68
Maternal relative condition -0.34 -3.95, 3.27
Maternal leg length 2.42 -1.23, 6.08
Offpspring birthdate 2.10 -1.95, 6.15
Year*Sex -10.69 -24.81, 3.43
Maternal condition*Sex 7.7 1.75, 13.64
Maternal condition*Year 8.88 2.84, 14.92

Table S6. Modehveraged parameter estimateish unconditional 95% confidence interval

explaining variation idipid concentration in eastern grey kangaroo milk, using standardized
variables (reduced and centered to the mean).

Terms Parameter value 95% confidence interval
Lipid concentration

Year (reference=2014) -45.65 -54.09, -37.21
Sex of offspring (reference=female) 31.90 20.99, 42.82
Maternal relative condition -0.47 -12.90, 11.95
Maternal leg length 0.16 -9.06, 9.38
Offpspring birthdate -21.36 -30.85, -11.86
Year*Sex 21.01 -10.32, 52.35
Maternal condition*Sex -25.84 -40.15, -11.53
Maternal condition*Year 6.88 -7.79, 21.54
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APPENDIX 3: DETAILED MULTIMODEL INFERENCE SUMMARIES FOR LIPID -
TO-PROTEIN RATIO (TABLES S7-S14)

Table S7. Detailed modelveraging foestimate of birthdate of youngexplaining variation in
lipid-to-protein ratio in eastern grey kangaroo milk, using standardized variables (reduced and
centered to the meankK, number of estimated paramete®ICc = Ak ai keds I nforn
Criterion corrected for small sample sizp, difference between model Ai@Gnd the lowest

AIC.in the model setw;, Akaike model weightSE,unconditional standard error.

Model K AlCc o] W Estimate SE
m {bd} 4 686.69 159.45 0.00 -0.51 0.07
m {all} 10 641.47 114.24 0.00 -0.77 0.10
m {yr + bd} 7 654.93 127.69 0.00 -0.70 0.09
m {all + S x C} 11 585.27 58.03 0.00 -0.89 0.10
m {all + S x C + Sx yr} 12 578.22 50.98 0.00 -0.69 0.10
m {all+S x L} 11 630.82 103.58 0.00 -0.85 0.10
m {all + yr x C + S x yr} 12 578.97 51.73 0.00 -0.33 0.11
m{all+ Sx C+C xyr} 12 527.24 0.00 0.52 -0.41 0.11
m{all+ SxC+ Cxyr+Sxyr} 13 528.11 0.87 0.34 -0.36 0.11
m {all + S x C x yr} 14 529.79 2.55 0.15 -0.34 0.12
Model-averaged estimate -0.38
Unconditional SE 0.11
95% confidence interval -0.61, 0.1¢
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Table S8. Detailed modelveraging oestimate ofmaternal sizeexplaining variation in lipid

to-protein ratio in eastern grey kangaroo milk, using standardized variables (reduced and
centered to the meank, number of estimated parametelICc = Ak ai keds I nforn
Criterion corrected for small sampdeze o, difference between model Ai@Gnd the lowest

AIC.in the model setw;, Akaike model weightSE,unconditional standard error.

Model K AlCc o W, Estimate SE
m{L} 4 734.07 206.83 0.00 -0.16 0.10
m {all} 10 641.47 114.24 0.00 -0.31 0.10
m{all + S x C} 11 585.27 58.03 0.00 -0.48 0.12
m{all + S x C + Sx yr} 12 578.22 50.98 0.00 -0.42 0.10
m{all +yrx C + S x yr} 12 578.97 51.73 0.00 -0.26 0.10
m{all+ S x C+C x yr} 12 527.24 0.00 0.52 -0.31 0.11
m{all+SxC+Cxyr+Sxyr} 13 528.11 0.87 0.34 -0.31 0.11
m{all + S x C x yr} 14 529.79 2.55 0.15 -0.30 0.11
Model-averaged estimate -0.31
Unconditional SE 0.11
95% confidence interval -0.52, -0.1(

Table S9. Detailed modelveraging ofestimate of maternal relative conditionexplaining
variation in lipidto-protein ratio in eastern grey kangaroo milk, using standardized variables
(reduced and centered to the medf))number of estimated paramete dC. = Ak ai ke 6's
Information Criterion corrected for small sample sige difference between model At@nd

the lowest AIG in the model setwi, Akaike model weightSE,unconditional standard error.

Model K AlCc o1] W Estimate SE
m {C} 4 736.76 111.12 0.00 0.01 0.09
m {all} 10 641.47 15.83 0.00 0.21 0.09
m {all+ S x L} 11 630.82 5.18 0.07 0.36 0.10
mi{all+ SxL+S xyr} 11 578.64 0.00 0.93 -0.09 0.10
Model-averaged estimate -0.06
Unconditional SE 0.15
95% confidence interval -0.35, 0.2¢
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Table S10. Detailed modaleraging oestimate of offspring sexexplaining variation in lipiel

to-protein ratio in eastern grey kangaroo milk, using standardized variables (reduced and
centered to the meank, number of estimated parametelICc = Ak ai keds I nforn
Criterion corrected for small sample sizp, difference between model Ai@Gnd the lowest

AIC.in the model setw;, Akaike model weightSE,unconditional standard error.

Model K AlCc o W Estimate SE
m {S} 4 729.82 88.34 0.00 0.38 0.14
m {all} 10 641.47 0.00 1.00 0.21 0.13
Model-averaged estimate 0.21
Unconditional SE 0.13
95% confidence interval -0.05, 0.4

Table S11. Detailed modaleraging oestimate of year of samplingexplaining variation in
lipid-to-protein ratio in eastern grey kangaroo milk, using standardized variables (reduced and
centered to the meank, number of estimated parameters; AIE Ak ai keds I nfor
Criterion corrected for small sample sizp; difference between model Ai@Gnd the lowest

AIC.in the model setwi, Akaike model weight; SE, unconditional standard error.

Model K AlCc o4 W Estimate SE
m {yr} 4 733.11 147.84 0.00 0.23 0.12
m {all} 10 641.47 56.21 0.00 0.12 0.11
m {yr + bd} 7 654.93 69.66 0.00 -0.04 0.11
m {all + S x C} 11 585.27 0.00 1.00 -0.06 0.10
m {all + S x L} 11 630.82 45.55 0.00 0.18 0.11
Model-averaged estimate -0.06
Unconditional SE 0.1
95% confidence interval -0.26, 0.1°
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Table S12. Detailed modaleraging oestimate of relative maternal condition as a function
of offspring sexexplaining variation in lipieto-protein ratio in eastern grey kangaroo milk,
using standardized variables (reduced and centered to the fean)mber of estimated
parametersAICc = Akai keds I nformation Criter;igan
difference between model Al@nd the lowest Algin the model setw;, Akaike model weight

SE,unconditional standard error.

Model K AlCc o1] W Estimate SE
m {S x C} 8 666.89 139.65 0.00 -1.10 0.16
m {all + S x C} 11 585.27 58.03 0.00 -1.36 0.15
m {all + S x C + Sx yr} 12 578.22 50.98 0.00 -0.94 0.16
m{all+ Sx C+ C x yr} 12 527.24 0.00 0.52 -1.52 0.14
m{all+ SxC+Cxyr+S xyr} 13 528.11 0.87 0.34 -1.37 0.16
m {all + S x C x yr} 14 529.79 2.55 0.15 -1.39 0.16
Model-averaged estimate -1.45
Unconditional SE 0.17
95% confidence interval -1.77,-1,12

Table S13. Detailed modaleraging of estimate oélative maternal condition as a function

of year of samplingexplaining variation in lipieto-protein ratio in eastern grey kangaroo milk,
using standardized variables (reduced and centered to the rfean)mber of estimated
parametersAICc = Ak ai keds |l nformati on Criter;ignn
difference between model Al@nd the lowest Algin the model setw;, Akaike model weight
SE,unconditional standard error.

Model K AlCc o W Estimate SE
m{all+yrx C+S x yr} 12 578.97 51.73 0.00 -0.84 0.16
m{all+ Sx C+ C xyr} 12 527.24 0.00 0.52 -1.25 0.15
m{all+SxC+Cxyr+Sxyr} 13 528.11 0.87 0.34 -1.20 0.16
m {all + S x C x yr} 14 529.79 2.55 0.15 -1.16 0.17
Model-averaged estimate -1.22
Unconditional SE 0.16
95% confidence interval -1.53, -0.91
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Table S14. Detailed modaleraging ofestimate of year of sampling as a function of
offspring sex explaining variation itipid-to-protein ratio in eastern grey kangaroo milk, using
standardized variables (reduced and centered to the mean)nber of estimated parameters
AlICc=Akai keds I nformation Cr it eadm,idifference betweemct e d
modelAIC. and the lowest AlIEin the model setw;, Akaike model weightSE,unconditional

standard error.

Model K AlCc o] W Estimate SE
m{all+ S x C + Sx yr} 12 578.22 50.11 0.00 1.14 0.34
m{all+ SxL+Sxyr} 11 625.64 97.53 0.00 2.65 0.29
m {all + yr x C + S x yr} 12 578.97 50.86 0.00 1.77 0.29
m{all+SxC+Cxyr+Sxyr} 13 528.11 0.00 0.70 0.41 0.33
m {all + S x C x yr} 14 529.79 1.68 0.30 0.17 0.45
Model-averaged estimate 0.34
Unconditional SE 0.39
95% confidence interval -0.43, 1.1

APPENDIX 4: DETAILED MULTIMODEL INFERENCE SUMMARIES FOR
SURVIVAL TO WEANING (TABLES S15 -S22)

Table S15. Detailed modaleraging okestimate of maternalcondition explaining offspring
survival to weaning (i.e. 550 days) in eastern grey kangaroos, using standardized variables
(reduced and centered to the medf))number of estimated paramete dC. = Ak ai ke 6's
Information Criterion corrected for small salmgize g, difference between model Ai@nd
the lowest AIG in the model setwi, Akaike model weightSE,unconditional standard error.

Model K AlCc (o4 W Estimate SE
Y {C} 4 2813.07 344.09 0.00 42.33 4.46
Y {yr x bd} 10 2483.84 14.87 0.00 40.47 2.89
Y {all} 11 2484.14 15.17 0.00 42.78 3.31
Y {S x lip} 11 2470.14 1.17 0.36 50.78 3.68
Y {S x prot} 12 2468.97 0.00 0.64 54.22 4.04
Model-averaged estimate 52.98
Unconditional SE 4.26
95% confidence interval 44,63, 61.3.
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Table S16. Detailed modaleraging okestimate of birthdate of youngexplaining offspring
survival to weaning (i.e. 550 days) in eastern grey kangaroos, using standardized variables
(reduced and centered to the medf))number of estimated paramete C. = Ak ai ke 6's
Information Criterion corrected for small sample sige difference between model At{@nd

the lowest AIG in the model setwi, Akaike model weightSE,unconditional standard error.

Model K AlCc o] W Estimate SE
Y {all} 10 2483.84 14.87 0.00 -18.07 2.89
Y {S x lip} 11 2484.14 15.17 0.00 -17.12 2.95
Y {S x prot} 11 2470.14 1.17 0.36 -23.77 3.06
Y {S x lip + Sx prot} 12 2468.97 0.00 0.64 -22.81 3.08
Model-averaged estimate -23.15
Unconditional SE 3.11
95% confidence interval -29.24, -17.0¢

Table S17. Detailed modaleraging ofestimate of protein concentration explaining

offspring survival to weaning (i.e. 550 days) in eastern grey kangaroos, using standardized
variables (reduced and centered to the medanhumber of estimated parametedCc =

Akai keds I nformation Cr it e mpjdioference batweenenodeld f or

AIC.and the lowest Algin the model sew;, Akaike model weightSE,unconditional standard

error.

Model K AlCc o4] W, Estimate SE
Y {prot} 4 2780.61 296.77 0.00 58.86 5.00
Y {yr x bd} 10 2483.84 0.00 0.54 47.38 7.37
Y {all} 11 2484.14 0.30 0.46 45.37 7.47
Model-averaged estimate 46.45
Unconditional SE 7.49
95% confidence interval 31.78, 61.1:
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Table S18. Detailed modaleraging ofstimate of lipid concentrationexplaining offspring
survival to weaning (i.e. 550 days) in eastern grey kangaroos, using standardized variables

(reduced and centered to the medf))number of estimated paramete C. = Ak ai ke 6's

Information Criterion corrected for small sample sige difference between model At{@nd

the lowest AIG in the model setwi, Akaike model weightSE,unconditional standard error.

Model K AlCc o Wi Estimate SE
Y {lip} 4 2846.60 376.46 0.00 31.75 4.96
Y {yr x bd} 10 2483.84 13.70 0.00 19.92 3.67
Y {all} 11 2470.14 0.00 1.00 18.99 35
Model-averaged estimate 19.00
Unconditional SE 3.5
95% confidence interval 12.14, 25.8t

Table S19. Detailed modakeraging ofestimate of year of samplingexplaining offspring

survival to weaning (i.e. 550 days) in eastern grey kangaroos, using standardized variables

(reduced and centered to the medf))number of estimated paramete C. = Ak ai ke 6's

Information Criterion corrected for small sample sige difference between model Ai@nd

the lowest AIG in the model setw;, Akaike model weightSE,unconditional standard error.

Model K AlCc o4] W Estimate SE
Y {all} 10 2483.84 14.87 0.00 1.37 5.67
Y {S x lip} 11 2484.14 15.17 0.00 1.46 5.63
Y {S x prot} 11 2470.14 1.17 0.36 -14.98 6.69
Y {S x lip + Sx prot} 12 2468.97 0.00 0.64 -15.61 6.62
Model-averaged estimate -15.37
Unconditional SE 6.67
95% confidence interval -28.44, -2.3(

Table S20. Detailed modaleraging oestimate of offspring sexexplaining offspring survival

to weaning (i.e. 550 days) in eastern grey kangaroos, using standardized variables (reduced and

Model K AlCc (o4 W Estimate SE
Y {S} 4 2866.90 385.15 0.00 -26.46 6.25
Y {all} 9 2481.75 0.00 1.00 -35.51 4.04
Model-averaged estimate -35.51
Unconditional SE 4.04
95% confidence interval -43.42, -27.5¢
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centered to the meankK, number of estimated paramete®ICc = Ak ai kebds I nforn
Criterion corrected for small sample sizp, difference between model Ai@Gnd the lowest

AIC.in the model setw;, Akaike model weightSE,unconditional standard error.

Table S21. Detailed modaleraging ofestimate of protein concentration as a function of

offspring sexexplaining offspring survival to weaning (i.e. 550 days) in eastern grey kangaroos,

using standardized variables (reduced and centered to the rfean)mber of estimated
parametersAICc = Akai keds I nformation Criter;iggn <cor |
difference between model Al@nd the lowest Algin the model setw;, Akaike model weight

SE,unconditional standard error.

Model K AlCc o W Estimate SE
Y {S x prot} 11 2470.14 1.17 0.36 35.99 8.70
Y {S x lip + Sx prot} 12 2468.97 0.00 0.64 37.51 8.63
Model-averaged estimate 36.97
Unconditional SE 8.68
95% confidence interval 19.95, 53.9¢

Table S22. Detailed modaleragingof estimate of lipid concentration as a function of

offspring sexexplaining offspring survival to weaning (i.e. 550 days) in eastern grey kangaroos,

using standardized variables (reduced and centered to the rfean)mber of estimated
parametersAICc = Ak ai keds |l nformation Criter;ighn <cor |
difference between model Al@nd the lowest Al€in the model setw;, Akaike model weight

SE,unconditional standard error.

Model K AlCc o W Estimate SE
Y {S x lip} 11 2484.14 15.17 0.00 12.22 8.88
Y {S x lip + Sx prot} 12 2468.97 0.00 1.00 15.67 8.44
Model-averaged estimate 15.66
Unconditional SE 8.44
95% confidence interval -0.87, 32.2
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APPENDIX 5: DISTRIBUTION OF THE MACRONUTRIENT CONCENTRATIONS

60
|

50
|

40

MNumber of triplicates
20
|

20
|

10

| | | | | | | |
20 40 60 80 100 120 140 160

Protein concentrations {mg/mlL)

Figure . Sample distribution for total protein concentrations (mg/mL), for both yeal
the study.
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Figure S2: Sample distribution fpid concentrations (mg/mL), for both years of the study.
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