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Abstrakt

Pohlavni dvojtvarnost velikosti (SSD) definovand rozdilnymi télesnymi rozméry samce a
samice stejného druhu je Siroce rozsifenym jevem v zivociSné {iSi a kopytnici patii mezi
nejdimorfnéjsi savce. U naprosté vétSiny druhd jsou samci vEtSim pohlavim, coz se Casto
vysvétluje pomoci rozdilnych reprodukénich roli obou pohlavi. Rodicovska investice je zcela
pienechdna samicim, které jsou proto selektivnéjSim pohlavim, zatimco samci museji o
piistup k receptivnim samicim bojovat ve vzajemnych soubojich, kde télesna velikost, sila a
kondice jsou rozhodujici. Vztah mezi télesnou velikosti a reprodukénim uspéchem samce je
navic ovlivnén typem reprodukéniho systému a souvisejici mirou polygynie, kdy nejvétsiho
SSD dosahuji harémové a promiskuitni druhy.

Ackoliv existuji souhrnné studie SSD na kopytnicich, systematicky vyzkum zamétfeny na
homogenni, specializovanou skupinu s detailni znalosti life-history znak byl spise ojedinély.
Ja jsem se vénoval podceledi koz a ovci (Caprinae) a turti (Bovinae) s cilem detailni analyzy
SSD a jeho evoluénich pochodii. Pomoci fylogenetickych metod se mi podafilo
zrekonstruovat ancestralni stav u divokych koz a ovci, jejichZz ptedek byl charakteristicky
stfedni urovni SSD, ten se dale plasticky vyvijel v zavislosti na typu habitatu a reprodukénim
systétmu daného potomka. Nejvice dimorfni je homogenni vétev divokych koz a ovci,
podobnych hodnot dosahli 1 divoci tufi, nejmensi SSD byl naopak zaznamenan u skupiny
goralli a serauti (Capricornis a Naemorhedus spp.), kteti se od zbytku pod¢eledi lisi socialni
organizaci, nizkou mirou polygynie i prostfedim. Dale jsme potvrdili vyrazny pokles SSD
souvisejici s domestikaénim procesem, coz podporuje hypotézu o vzniku SSD plisobenim
sexualni selekce. Na vnitrodruhové trovni se ndm navic podaftilo potvrdit platnost Renschova
pravidla o alometrii SSD, tedy s rostouci velikosti domaciho plemene se zvétSoval 1 SSD.
Jelikoz vznik pohlavnich rozdila v télesné velikosti klade velké naroky na rychly rist samct
Jiz v ranych stadiich ontogeneze, jsou selektivni matefské investice a adaptivni sekundarni
pomér pohlavi (SSR) zajimavou souvislosti SSD. Podle Trivers-Willardovy hypotézy by
samice v dobré kondici mely produkovat vice synd nez dcer a naopak, protoze tim zvysi svou
inklusivni fitness. Na zdklad¢ analyzy velkého souboru o pomérech pohlavi mlad’at kozy
domadci jsme sice objevili vyrazny posun SSR ve prospéch samcti, jeho distribuce v ramci
jednotlivych kategorii vrhii v§ak byla binomialni. Zaroven se nam nepodafilo najit vyraznou
podporu pro Trivers-Willardovu hypotézu, jediny signifikantni vliv v marginalnim GEE
modelu mél vék matky a sezona zabteznuti, ovSem jejich kumulativni efekt na SSR byl velmi

maly. Alternativni pfi¢iny variace SSR jsou proto dale diskutovany.



Abstract

Sexual size dimorphism (SSD) defined by differences in body size of a conspecific male and
female are widespread phenomenon in the animal kingdom and ungulates belong among the
most dimorphic mammals. In most species males are the larger sex which is often explained
by differing sex-specific reproductive roles. While parental investment is predominantly left
to females which are the selective sex, males have to fight for access to receptive mates in
intensive combats where body size, strength, and condition are often critical. The relationship
between male body size and reproductive success varies according to a mating system with
the highest SSD being achieved by harem and promiscuous species.

Even though several compilation studies of SSD have been done on ungulates it is rare that
systematic research is closely concentrated on a well-defined specialised homogenous group
where detailed knowledge on its life-history traits is also available. 1 have focused on
subfamily Caprinae and Bovinae with the objective to conduct a detailed analysis of their
SSD and its evolutionary traits. Using advanced phylogenetic methods | could reconstruct the
ancestral state in wild goats and sheep that was characterised by medium SSD which then
took two different routes of evolution depending on a type of habitat and mating system the
specific taxon adopted. The highest SSD has been recorded for a homogenous clade of wild
goats and sheep, a similar value to the one of wild bovines, while the lowest SSD has been
found among gorals and serows (Capricornis and Naemorhedus spp.). These species are
known to deviate from the typical social organisation, polygynous reproductive system, and
habitat type. Furthermore, we found significant decline in SSD following the domestication
process which suggests the role of sexual selection in origins of SSD. We could also provide
support for allometric Rensch’s rule on the intraspecific level, i.e., SSD was positively
correlated with a breed body size.

As the evolution of intersexual differences in body size put a lot of pressure on fast male
body growth since birth, selective maternal investment and adaptive adjustment of secondary
sex ratio (SSR) appears to be an interesting consequence of ungulate SSD. According to the
Trivers-Willard hypothesis mothers in good body condition should produce higher proportion
of sons because this would lead to inclusive fitness increase. Having analysed a large dataset
on offspring sex ratio in domestic goats we found that SSR deviated significantly from the
balanced ratio in favour of males. However, it fitted the binomial distribution. Moreover,
based on GEE models we failed to find support for the Trivers-Willard hypothesis with only

the maternal age and season of oestrus displaying significant but small-sized effect.



Uvod

Piedkladana dizertacni prace se vénuje sexualnimu dimorfismu velikosti (SSD) u kopytnik,
ruznorodé a druhové velmi pocetné skupiny savcl. Pohlavni dvojtvarnost vSak neni
izolovanym morfologickym fenoménem, ale je Sni spojena i fada dalSich vyznamnych
aspektti biologie daného druhu. Rozdily ve velikosti téla samcii a samic totiz nasledné vedou
k celé fad¢ pohlavné specifickych ekologickych naroku i life-history charakteristik (Isaac,
2005), tedy ovliviluji zptsob zivota obou pohlavi od narozeni az do smrti. Samci sexualné
dimorfnich druht jsou matkou cast&ji a po delsi dobu kojeni (Alley et al., 1995; Cassinello,
1996), maji odlisné naroky na kvalitu a mnozstvi potravy (Ruckstuhl a Neuhaus, 2002),
velikost arealu (O’Brien, 1984), typ habitatu (Villaret et al., 1997) a klimatické podminky
(Bon et al., 2001), jsou obecné¢ nachyln&jsi k predaci i parazitarnim onemocnénim
(Blanckenhorn, 2005) a trpi vyssi mortalitou (Toigo et al., 1997; Loison et al., 1999; Toigo a
Gaillard, 2003). Kone¢né jednim z mnoha jevt souvisejicich s pohlavni dvojtvarnosti jsou i
rozdilné matei'ské investice do potomstva a poméry pohlavi mlad’at, na které jsem se zaméfil
Vv zaverecné ¢asti dizertaniho projektu.

Kopytnici se jevi jako idealni model pro vyzkum zminénych jevi. Jednd se o skupinu
svelmi vyraznym SSD, jednim z nejvétSsich mezi savci, na druhou stranu zde najdeme
i monomorfni druhy (Glucksmann, 1974; Weckerly, 1998; Lindenfors et al., 2007). Mnozstvi
tvarové i velikostné diverzifikovanych forem obyva v soucasné dobé téméf vsSechny
suchozemské biotopy od pousti aZ po velehory véetné arktické tundry. Naprostd vétSina
soucasnych velkych herbivorl na Zemi patii pravé mezi kopytniky (Nowak, 1999).

Ackoliv se kopytnici stali Castym objektem studii vénovanych SSD, malokdy byla
systematickd pozornost v€novéna taxonomicky uzce vymezené skupiné fylogeneticky i
ekologicky blizce piibuznych forem. Ja jsem se zaméfil na dvé specializované, evolucné
uspésné podceledi turovitych kopytnikd, a to kozy a ovce (Caprinae) a tury (Bovinae).
Podceled’ koz a ovci je monofyleticky taxon (Groves a Shields, 1996; Matthee a Davis, 2001;
Bininda-Emonds et al., 2007), ktery prosel rychlou evoluci na pfelomu tfetihor a ¢tvrtohor
(Ropiquet a Hassanin, 2005). Jedna se 0 pocetnou skupinu stiedné velky forem piezvykavych
kopytnikii dobte adaptovanych na zivot v horském biotopu od Asie pies Afriku az po Severni
prekracujicich hranici 200 kg (Nowak, 1999).

V obou podceledich najdeme druhy, které byly jako jedny z prvnich zvifat Gspés$né

domestikovany ¢lovékem, v piipadé koz k tomu doSlo pied vice nez 10 000 lety (Zeder a



Hesse, 2000). V soucasné dobé existuji po celém svéte stovky riznorodych plemen, u kterych
existuje navzdory blizké genetické piibuznosti jesté vEétsi velikostni variabilita nez u jejich
divokych predkt. Skutecnost, ze domestikanti ziji po nékolik tisic let v podminkach
vytvotenych ¢lovékem, nam davé jedineCnou moznost testovat validitu evoluénich hypotéz o
vzniku a alometrii SSD, stejné tak jako adaptivni schopnosti samice manipulovat pomérem
pohlavi. Da se totiz predpokladat, ze selekéni tlaky piirodniho i sexualniho vybéru jsou
Vv ptipadé domacich druhii oslabené, a proto domestikanti piedstavuji vhodnou kontrolni

skupinu.

Cile prace

e stanovit troven SSD u divokych i domestikovanych druhd podéeledi Caprinae a
Bovinae a interpretovat rozdily mezi jednotlivymi monofyletickymi taxony koz a ovci
pomoci rozdild v typu habitatu, socialité a reprodukénim systému

e zrekonstruovat evoluci SSD u podéeledi Caprinae a otestovat hypotézu o vlivu
sexualni selekce na vznik SSD popsanim jeho zmén spojenych s domestikaci

e otestovat platnost Renschova pravidla u divokych i domestikovanych druhti obou
podceledi

e stanovit prumérny sekundarni pomér pohlavi u kozy domaci (Capra hircus) a
otestovat Trivers-Willardovu hypotézu pomoci analyzy vybranych nezavislych
promé&nnych souvisejicich s kvalitou matky jako je vek, sezona zabieznuti, velikost

vrhu, t€lesnd hmotnost ¢i socialni dominance

Material a metodika

Pti studiu SSD u podceledi Caprinae a Bovinae jsme vyuzili udaji o télesné vaze samce a
samice jednotlivych divokych druhti a poddruhit (N = 37, resp. 18) i doméacich plemen koz (N
=169), ovci (N = 303) a skotu (N = 329) shromazdénych z celkem 64 literarnich zdrojt. Pro
detailnéj$i analyzu jsme u divokych koz a ovci jest¢ zaznamenali velikost rohtt obou pohlavi,
U domacich i divokych turd jsme se vedle hmotnosti zajimali i o vySku v kohoutku. Pro
vSechna domaci plemena jsme navic znali jejich geografickou distribuci a primarni ucel
chovu (maso, mléko, kozeSina nebo jako tazna zvirata). SSD jsme pak vyjadiili v podobé

Lovich-Gibbonsova poméru (i.e., M/F pokud jsou samci vétsim pohlavim, ptipadné 2 - F/IM,



pokud jsou vétsi samice; M, F — primérna vaha samce a samice; Lovich a Gibbons,1992).
Pro testovani rozdili mezi jednotlivymi skupinami druhti a domacich plemen a stanoveni
vlivu kategorialnich proménnych spolu s télesnou velikosti na SSD jsme podrobili ziskané
hodnoty analyze variance (ANOVA) a kovariance (ANCOVA). Tyto vypocty byly
provedeny v programu STATISTICA 6.0 (StatSoft Inc., 2001).

V dalsim kroku jsme kompilaci z fady molekularnich studii sestrojili fylogeneticky strom
obou podc¢eledi. Chybé&jici informace ¢i rozpory ve fylogenetice jsme vyftesili v souladu
s konvenéni taxonomii a geografickymi vztahy jednotlivych populaci. Vzhledem k vétsi
druhové diverzité Caprinae jsme rovnéz mohli porovnavat rozdily mezi jednotlivymi vétvemi
a nasledné zrekonstruovat evoluéni zmény SSD a ancestrdlni stav vyuzitim metody
zobecnénych nejmensich ¢tverci (PGLS) (Martins a Hansen, 1997) spocitanych v programu
COMPARE 4.6b (Martins, 2004).

Vzhledem k chybam v méfeni télesné hmotnosti jsme pii testovani platnosti Renschova
pravidla o alometrickém vztahu mezi velikosti samce a samice z logaritmovanych hodnot
spocitali regresni koeficient pomoci metody Reduced Major Axis (McArdle, 1988)
v programu RMA 1.21 (Bohonak a van der Linde, 2004). Odchylky od isometrie jsme
povazovali za signifikantni v pfipadé, ze 95% konfiden¢ni interval odhadovaného sklonu
regresni piimky se nepiekryval s hodnotou 1. Protoze spolu jednotlivé druhy v ramci kazdé
podceledi sdileji spole¢nou fylogenezi, neni mozné povazovat mezidruhova data o télesné
vaze za nezavisla, a je proto mozné, ze piipadny alometricky trend je pouhym disledkem
evoluéni pfibuznosti (Harvey a Pagel, 1991). Z tohoto diivodu jsme rovnéz provedli regresni
analyzu zohledniujici fylogenezi vyuzitim metody nezavislych kontrasti (Felsenstein, 1995).
Ty byly spocitany z logaritmované vahy samce a samice v programu COMPARE 4.6b.

V praci vénujici se sekundarnim pomériim pohlavi (SSR) jsme diky spolupraci se Svazem
chovatelli ovci a koz méli prilezitost analyzovat soubor udaji o 59 335 kuizlatech z celkem
30 633 vrhi. Kromé pohlavi mlad’at jsme méli k dispozici data o staii a identité¢ obou rodict,
velikosti vrhu, délce biezosti, sezoné zabieznuti, na mensim vzorku i 0 vaze matky, plemeni,
rohatosti, hodnoceni jeji genetické a fenotypové kvality a farmy, ze které pochazi. Pro
stanoveni pfipadné deviace SSR (vyjadieného jako pomér samct ve vrhu) od vyrovnaného
poméru 1:1 jsme vyuzili g-testu (Sokal a Rohlf, 2012). Vliv stafi rodi¢t, velikosti vrhu, délky
biezosti a sezony zabfeznuti jsme nasledné v celkovém souboru 1 separatné pro jednotlivé
velikostni kategorie vrhui spocitali metodou zobecnénych odhadovacich rovnic (GEE),
pfiemz jsme do analyzy zahrnuli i identitu matky, abychom tak oSetfili riziko

pseudoreplikaci vzniklych existenci nékolika vrhli od stejné samice. Zbylé nezavislé
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proménné jsme pak pocitali metodou zobecnénych nejmensich ¢tverci (GLM). VSechny

vypocty byly provedeny v statistickém programu R (R development core team 2005).

Vysledky a diskuze

Mapovanim SSD na fylogeneticky strom podceledi Caprinae se nam podatfilo zrekonstruovat
ancestralni stav a zmény béhem evolu¢niho vyvoje. Piedek dnesSnich koz a ovci byl
charakteristicky primérnou mirou sexudlniho dimorfismu a postupné se vyvinul v fadu
distinktnich linii, které se vzajemné lisi ekologii i chovanim. Soubé&zné s timto procesem
dochazelo ke zménam v SSD ve sméru zvétSovani i redukce. Pokles SSD az na hranici
monomorfismu nastal v evoluci Caprinae hned n¢kolikrat, a to pfedevsim u takina (Budorcas
taxicolor), spole¢ného piedka soucasnych gorald a seraut (rod Capricornis a Naemorhedus)
a ¢asteCné i u kamzika (Rupicapra spp.). Je pravdépodobné, Ze tyto zmény nastaly po navratu
do uzavien¢jsiho typu habitatu s odlisnou distribuci potravnich zdrojt a rozdilnym spektrem
predatori, coz bylo nasledovano redukci ve velikosti socialni skupiny a piechodem
k odlisnému reprodukénimu systému s mensi mirou polygynie. Zminéné druhy totiz obyvaji
spiSe zalesnéné ¢i kiovinaté svahy hor, kde se Zivi okusovanim listi a mladymi vyhonky, ve
srovnani s kozami a ovcemi, které davaji ptrednost otevienému vysokohorském terému
s porostem raznych druht trav (Schaller, 1977; Nowak, 1999). Jediny znamy monogamni
lesich japonského ostrova Honsu (Kishimoto a Kawamichi, 1996; Kishimoto, 2003), u néhoz
ob¢ pohlavi dosahuji pfiblizné€ stejné velikosti. Na druhou stranu doslo oproti ancestralnimu
stavu k narustu SSD u skupiny divokych koz a ovci, coz mohlo byt zptisobeno vétsi agregaci
do stad a intenzivni sam¢i kompetici. Podobné hodnoty SSD pak najdeme i u divokych turt,
kde reprodukcni uspech samcil rovnéz zavisi na vysledku vzajemnych soubojii. Nase zavéry
tak zapadaji do hypotézy o vlivu prostredi, sociality a reprodukéniho systému v evoluci SSD
u kopytnikl (Jarman, 1974; Pérez-Barberia et al., 2002).

Jednim z neptimych dikazii podporujicich hypotézu o klicové roli sexualni selekce pfi
vzniku a udrzeni SSD miize byt sledovani jeho zmén spojenych s domestikacnim procesem.
reprodukce je totiz ¢asto plné pod kontrolou ¢loveéka. Pokud jsou samci v piirodé vystaveni
evoluénim tlakiim na zvétSujici se velikost téla vice nez samice, protoze vétsi velikost jim

zajisti pristup k receptivnim samicim (Andersson, 1994; McElligot et al., 2001),



V podminkéach umélého vybéru by tyto tlaky mély vyrazné polevit. Vzhledem k tomu, Ze proti
sexualni selekci neustale plisobi tendence k navratu k télesné velikosti optimalni pro dany
druh, ktera je méné naro¢na na piisun energie (Fairbairn, 1997), mélo by domestikaci dojit
k poklesu SSD. Piesné to se potvrdilo v piipadé domacich koz, ovci i skotu, které jsou podle
nasSich zjisténi v priméru signifikantné méné dimorfni, nez jejich divoci predci.

Je pfitom zajimavé, ze SSD je do urCité miry plastické, jeho miru ovliviiuje vedle
genetickych determinant i mnozstvi zdroji dostupnych jedinci béhem ontogeneze. Zvlaste
samci jsou citlivi na nedostatek potravy a pokud dojde v prubéhu jejich rané¢ho vyvoje ke
zhorSeni podminek, coz mlize mit klimatické ¢i demografické pficiny, narozdil od samic
nejsou schopni tyto ztraty kompenzovat (Toigo et al., 1999; LeBlanc et al., 2001). Prostiedim
chudym na ziviny by se dalo vysvétlit nase zjisténi, ze nejméné pohlavné dimorfni jsou
Severni Americe. Alternativni vysvétleni pozorovanych trendi mulZe poskytnout
Bergmanovo pravidlo, podle néjz by populace z teplejSich oblasti mély dosahovat mensich
rozméry, nez jejich ptibuzni zijici v chladnéj$im podnebi. Pokud zaroven plati, ze SSD roste
s télesnou velikosti (Rensch, 1950, 1959; Fairbairn, 1997), dal by se pozorovany efekt
regionalni distribuce na SSD ocekavat.

Ve své dizertacni praci jsem se zaméfil i na Renschovo pravidlo popisujici vztah mezi
velikosti téla a SSD, které je nékdy povazovano za nejrozsitenéjsi alometricky trend a bylo
jiz potvrzeno u fady savctu véetné kopytnikd (Weckerly, 1998; Lindenfors et al., 2007).
Ackoliv na mezidruhové trovni byl sklon regresni pifimky popisujici vztah mezi velikosti
samce a samice u divokych koz a ovci ndpadné vzdaleny od isometrického sklonu B = 1,
tento vysledek nebyl statisticky vyznamny, pravdépodobné kviili nizké velikosti souboru. Na
zéklad¢ nezavislych kontrasti se ndm vSak podafilo prokazat, Zze variance SSD se da Iépe
vysvétlit zménami v télesné velikosti samct nez samic, coz je v souladu s Renschovym
pravidlem, které predpoklada existenci vice evoluc¢nich omezeni rustu téla samic (Fairbairn,
1997), k podobnym zavéram dospéli i Davis a Roth (2008). Vyznamnou statistickou podporu
jsme pak ziskali u intraspecifickych dat, ktera jsou s Renschovym pravidlem konzistentni
Vv piipadé¢ domadcich plemen koz, ovci i skotu. Tyto vysledky mohou byt piekvapujici
vzhledem K hypotetickym mikroevolu¢nim procesiim vedoucim k alometrii télesné velikosti.
Sexualni selekce je totiz nejvice akceptovanym vysvétlenim pro trend popisovany
Renschovym pravidlem (Lindenfors a Tullberg, 1998; Dale et al., 2007; Lindenfors et al.,

2007), a proto by u domacich plemen bylo mozné o¢ekavat slabsi vztah mezi SSD a velikosti.



Vznik SSD a vétsi zavislost reprodukéni uspésnosti samct na télesné velikosti nasledné
vytvorily 1 vyS$i naroky na samice V podobé vétSich matetskych investic do synti, ktefi se
hodnotou samct a samic je tak mozné interpretovat jako jeden zjevi vyplyvajicich
z ptitomnosti SSD. U domacich koz jsme zjistili vyrazné vychyleni poméru pohlavi
z vyrovnaného poméru 1:1, ve vrzich pfevazuji samci nad samicemi. Vzhledem Kk vétsi
télesné vaze samcu jiz pii narozeni (Alley et al., 1995) jsou naSe vysledky v rozporu
s Fisherovou teorii vyrovnané alokaci zdroju (Fisher, 1930). Tento poznatek je zarazejici
predevsim s ohledem na styl chovu domacich koz. Mladi samci jsou vétSinou zabijeni ve
véku 3 mésicl, tedy az na konci obdobi mateiské péce, kdy veSkeré zdroje byly jiz
investovany. Pokud by samice byly schopné manipulovat pomérem pohlavi, méla by se
v téchto podminkach vyvinout spise tendence produkovat vice dcer, jejichz reprodukéni
hodnota ptevéazi na hodnotou syni.

Varianci SSR bylo mozné vysvétlit pomoci staifi matky a sezény zabieznuti, ackoliv
kumulovany efekt téchto proménnych byl jen nepatrny, okolo 10%. Ptitom nejvice samci se
nerodi matkam v nejlepsi télesné kondici, jak by se dalo predpokladat na zaklad¢ Trivers-
Willardovy hypotézy (Trivers a Willard, 1973), ale nejstar§Sim samicim pii poslednim
reprodukénim pokusu. Podobny jev, ktery byl jiz diive pozorovan napt. u vodusky abok
(Kobus megaceros) (Bercovitch et al., 2009), se casto vysvétluje pomoci hypotézy
,termindlni investice. Ta povazuje vychyleni SSR ve prospéch synt v poslednich letech
zivota za flexibilni life-history strategii. S vékem totiz postupné klesa jeji reprodukéni
hodnota, a tak by samice méla vyvinout zvySené reprodukéni Gsili vedouci k produkci
nakladnych samcti pti poslednim pokusu o rozmnoZzeni.

Kromé signifikantniho vlivu sezony zabfeznuti, kterd je Casto pokladana za ukazatel
kvality samice (Bailey, 1991; Alvarez et al., 2003), se nam nepodafilo prokazat efekt dalSich
proménnych Uzce souvisejicich s kondici matky, jako je té€lesnd hmotnost nebo pfitomnost
rohti ovlifiujici dominanci, jez byla diive u kozy domaci identifikovana jako dulezity faktor
vysvétlujici zmény v SSR (Goérecki a Koscinski, 2003; Toli et al., 2007). Takové vysledky
neodpovidaji predpokladiim Trivers-Willardovy hypotézy, a proto je pravdépobné tfeba
hledat alternativni vysvétleni interindividualni variance SSR (James, 1996; Blanchard et al.,
2005; Cameron et al., 2008).
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Zavéry

U obou podceledi se v evoluci pisobenim sexualni selekce vyvinul vyrazny SSD, kdy
samci nekterych druhti dosahuji dvojnasobné velikosti samice.

Nejveétsi SSD se vyvinul u monofyletické vétve koz a ovcei, kde je zaroven i nejvetsi
mira polygynie a o reprodukénim uspéchu samcl rozhoduji intenzivni souboje.
Domestikaci koz, ovcei a turti doslo k oslabeni sil sexualni selekce, coZz mélo za
nasledek signifikantni pokles SSD.

V ontogenezi SSD jsou samci vice zavisli na mnozstvi potravnich zdroja. Jejich
nedostatek nedokazi kompenzovat tak jako samice, a tim dochazi k poklesu SSD, jak
se projevilo na ptikladu domacich plemen z Afriky a jizni Asie.

U domacich plemen z obou podceledi byla prokézéna platnost Renschova pravidla,
tedy zvétSujici se SSD s rostouci velikosti plemene. Alometricky vztah mezi velikosti
téla samci a samic byl tak potvrzen i na vnitrodruhové urovni.

Ackoliv 1 SSD u divokych druhti koz a ovci vykazuje trend shodny s Renschovym
pravidlem, vlivem nizkého poctu druhti toto nelze spolehlivé prokézat.

Pomeér pohlavi mlad’at je u domacich koz vyrazné vychylen ve prospéch samcti,
ackoliv v ramci jednotlivych vrhli odpovida binomickému rozdéleni.

Varianci SSR je mozné vysvétlit pomoci véku matky a sezony zabieznuti. Nejvice
investuji do syni matky pii svém poslednim reprodukénim pokusu. Vyrazné vétsi
zastoupeni samcti produkuji také samice, které jsou diky dobré télesné kondici
schopné zabteznout béhem hlavni rozmnozovaci sezony.

Nepodafilo se prokazat vliv véku otce, velikosti vrhu, délky bfezosti, vadhy matky, jeji
genetické kvality, plemene ¢i rohatosti na pomér pohlavi mlad’at, coz neni

konzistentni s Trivers-Willardovou hypotézou.
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Introduction

This Ph.D. thesis is focused on sexual size dimorphism (SSD) in ungulates, a large and
diverse group of mammals. However, SSD is not just an isolated morphological
phenomenon, but other important aspects of a given species biology are associated with it.
Differences in male and female body size result in a wide range of sex specific ecological
requirements and life-history characteristics (Isaac, 2005) that affect both sexes in many
different areas throughout their life span. Males of sexually dimorphic species suckle more
frequently and are weaned later than females (Alley et al., 1995; Cassinello, 1996), have
different demands on quality and abundance of food (Ruckstuhl a Neuhaus, 2002), home
range size (O’Brien, 1984), habitat type (Villaret et al., 1997), and climatic conditions (Bon
et al., 2001), they usually suffer more from parasitic infection and predation (Blanckenhorn,
2005) resulting in higher mortality rate (Toigo et al., 1997; Loison et al., 1999; Toigo and
Gaillard, 2003). Finally, one of the many factors associated with SSD is sex-specific maternal
investment and offspring sex ratio that were studied in the final part of my Ph.D. project.

Ungulates appear to be an ideal model for researching these phenomena. They often
exhibit a significant level of SSD, one of the biggest among mammals, although
monomorphic species can also be found (Weckerly, 1998; Lindenfors et al., 2007;
Glucksmann, 1974). Various forms diversified along the size and shape continuum inhabit
almost all types of biotopes from deserts to high mountains and arctic tundra. Moreover, most
of the modern herbivores living on Earth belong to ungulates (Nowak, 1999).

Although SSD in ungulates has been repeatedly studied over the last decades, systematic
focus was rarely concentrated on a well-defined group of phylogenetically and ecologically
related species. | decided to study two specialised and evolutionary successful subfamilies of
bovid ungulates, i.e., Caprinae and Bovinae. Wild goats and sheep form a monophyletic
group (Groves and Shields, 1996; Matthee and Davis, 2001; Bininda-Emonds et al., 2007)
that has rapidly evolved during the late Tertiary/Quaternary (Ropiquet and Hassanin, 2005).
The Caprinae is one of the most successful bovid subfamilies, with 35 currently recognized
midsized herbivorous species found in mountainous regions across Europe, Asia, Africa, and
North America. On the other size, the Bovinae are one of the largest species of modern
ungulates often exceeding body weight of 200 kg (Nowak, 1999).

Furthermore, various caprines and bovines were among the first animals that have been
successfully domesticated by human; in case of goats this happened as early as 10 000 years

ago (Zeder and Hesse, 2000). Recently, there are hundreds of different breeds all over the
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world that are despite close genetic relationships even more variable in size than their wild
ancestors. Having lived for last thousands of generations with men, domestic breeds provide
a unique opportunity to test general validity of evolutionary hypotheses explaining the origins
and allometry of SSD as well as adaptive adjustments of offspring sex ratio. It can be
suggested that due to domestication process they now live under relaxed pressures of sexual
and natural selection and thus, domestic breeds can be considered as an appropriate control

group in similar analyses.

Aims of the study

e to determine a level of SSD among the wild and domestic caprine and bovine species
and interpret potential differences between monophyletic clades of wild goats and
sheep in terms of habitat type, social organisation, and reproductive system

e to reconstruct evolution of SSD in Caprinae and test the hypothesis of sexual
selection leading to sex-specific differences in body size by identifying shifts in SSD
associated with domestication

e to test validity of Rensch’s rule among wild species and within domestic breeds of
both subfamilies

e to determine average offspring sex ratio in domestic goats (Capra hircus) and test
predictions of the Trivers-Willard hypotheses through analyses of various independent
variables reflecting maternal quality, such as maternal age, season of conception, litter

size, maternal body weight and social dominance

Material and methods

We have gathered data on male and female body weight in wild caprines and bovines (N = 37
and 18, respectively) as well as domestic breeds of goats (N = 169), sheep (N = 303), and
cattle (N = 329) from 64 literature sources. For detailed analysis we have also gathered data
on sex-specific horn length in wild goats and sheep and shoulder height in bovines.
Moreover, information on regional distribution and breed purpose was available for most of
domestic goats, sheep and cattle. SSD was expressed by Lovich & Gibbons ratio (i.e. M/F for
male larger species and 2-F/M for female larger species; where M and F are the mean male

and female body mass, respectively; Lovich & Gibbons, 1992) and further treated by analysis
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of variance (ANOVA)/analysis of covariance (ANCOVA) to test differences among groups
of species or breeds (categorical factor) and/or the effect of body size (female body mass as a
covariate). These calculations were performed with STATISTICA 6.0 (StatSoft Inc., 2001).

Next, a phylogenetic tree was compiled from recent studies dealing with molecular
phylogenies of Caprinae and Bovinae. When phylogenetic information was missing or
equivocal, we resolved the tree in accordance with the conventional taxonomy and/or
geographic proximity of the populations. Thanks to higher species diversity of Caprinae we
were also able to reconstruct evolution of SSD in this group. To visualize evolutionary
changes in SSD, we estimated ancestral states from a set of interspecific data using the
generalized least squares approach (PGLS) (Martins & Hansen, 1997) calculated in
COMPARE, version 4.6b (Martins, 2004).

Natural log-transformed species/breed means were used in the estimation of
interspecific/interbreed allometries of male and female body mass. For the regression slope
estimations, we employed the reduced major axis (RMA) regression model because it
accounts for any error in the independent variable (McArdle, 1988). RMA regression
coefficients were computed using RMA 1.21 (Bohonak a van der Linde, 2004). Deviations
from the isometric relationship were considered significant if the expected isometric slope
(equal to 1 in our case) fell outside the 95% confidence interval of the estimated slope.
Because species data are not independent as a result of shared phylogeny among more
closely-related taxa (Harvey and Pagel, 1991), we carried out phylogenetically controlled
analysis using the independent contrast method (Felsenstein, 1985). The independent
contrasts of SSD and log-transformed male and female body mass were computed using
COMPARE, version 4.6b (Martins, 2004).

In the study of secondary sex ratio (SSR) that was conducted in cooperation with the
Union of Sheep and Goat Breeders, we have analysed data on 59 335 goatlings born in
30 633 litters. Apart from offspring sex we had information on maternal and paternal age,
litter size, gestation length and season of conception. On a smaller dataset we could
investigate main effects of mother’s body weight, breed, hornedness, arbitrary category of
maternal genetic and phenotypic quality, and a home farm. First, a g-test that is recently
being recommended over a y-test (Sokal and Rohlf, 2012) was performed to test deviations of
the observed SSR from the expected equality 1:1. The main effects of principle variables
(maternal and sire’s age, litter size, gestation length, and season of conception) in both pooled
data and each litter size category separately has been analysed using generalised estimating
equation model (GEE) performed in the R statistical package (geepack; R development core

14



team 2005). In order to avoid pseudo-replications resulting from inclusion of multiple litters
of the same female the mother’s identity has been incorporated into the model. Finally, we
incorporated all the remaining explanatory variables into main effects GLMs computed for
pooled litter size categories data.

Results and discussion

Mapping SSD onto phylogenetic tree of Caprinae revealed a trait of evolutionary changes
and helped to reconstruct the original state. The ancestor of modern goats and sheep
demonstrated medium SSD and progressively developed into distinct lineages differing in
ecology and behaviour. Following this process SSD shifted in both directions as we could
identify a few evolutionary events of its increase and decrease. During evolution of various
caprine species SSD declined on several instances to nearly a monomorphic state, especially
in the takin (Budorcas taxicolor), a common ancestor of non-European chamois (g.
Capricornis a Naemorhedus) and partly in the European chamois (Rupicapra spp.). These
changes might have resulted from a return to closer habitats with different food distribution
and predation risks. Subsequently, a decline in group size and a switch to a less polygynous
mating system was likely to follow. It is noteworthy that the less dimorphic species
mentioned above live on forested or shrubby mountain slopes where they forage on leafs and
young sprouts, compared to true wild goats and sheep that prefer a steep rocky terrain or open
grassland and meadows in high altitudes (Schaller, 1977; Nowak, 1999). The only known
monomorphic species of Caprinae is the Japanese serow (Capricornis crispus), a territorial
ungulate living in dense woodland of Honshu (Kishimoto and Kawamichi, 1996; Ochiai and
Susaki, 2002) in which both sexes attain similar body size.

On the other side, SSD has increased from the ancestral state in wild goats and sheep that
could be explained by forming bigger herds and demonstrating more intensive male-male
competition. Similar results have been obtained among wild bovines where male reproductive
success depends on the outcome of male intrasexual combats. Our findings support the
hypothesis that a type of habitat, sociality, and reproductive system has played a major role in
the evolution of ungulate SSD (Jarman, 1974; Pérez-Barberia et al., 2002).

Changes of SSD resulting from a domestication process could provide an indirect support
for the hypothesis of sexual selection as one of the main factors leading to SSD. Domestic

animals have lived for thousands of generations out of sexual selection pressures as their
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reproduction has been significantly under man’s control. If males in natural conditions
compared to females are subjected to stronger evolutionary forces favouring increasing body
size due to its association with reproductive success (Andersson, 1994; McElligot et al.,
2001), it can be suggested that these pressures should be relaxed due to herd management of
husbandry system. As natural selection constantly acts on body size in a direction that is
opposite to sexual selection trying to bring it back to optimal, less costly size (Fairbairn,
1997), it can be expected that domestication has led to decline in SSD. These predictions
were fully supported by our findings of SSD on intraspecific level among domestic goats,
sheep, and cattle breeds that are significantly less dimorphic than their wild relatives.

Interestingly, SSD shows a degree of plasticity not being determined by genetic factors
only, but its development depends on resources availability during ontogenesis. Males are
more sensitive to food shortage during early life stages, which can be caused by climatic
and/or demographic changes, and compared to females are not able to compensate for
previous slower growth once food becomes abundant again (Toigo et al., 1999; LeBlanc et
al., 2001). As we found out, domestic breeds living in Africa and South Asia have the lowest
SSD compared to European, Russian or North American breeds. It can be hypothesised that
in regions with food scarcity SSD cannot fully develop. An alternative explanation can be
found in Bergman’s rule which predicts smaller body size among populations living in hot
climates. As SSD tends to positively correlate with body size (Rensch, 1950, 1959; Fairbairn,
1997) (see below), it is probably not very surprising that smaller species living in hotter
regions exhibit lower SSD.

In my Ph.D. thesis I have also focused on validity of Rensch’s rule that describes
allometric relationship between SSD and body size and is sometimes considered as one of the
most common allometric patterns (Fairbairn, 1997). It has been repeatedly supported by
studies on numerous mammal species including ungulates (Weckerly, 1998; Lindenfors et al.,
2007). Although the regression coefficient of relationship between male and female body size
of wild caprines was bigger than isometric slope B = 1, it was not statistically significant
likely due to small sample size. However, it is the correlation of independent contrasts in
SSD and body mass of males (and not females) that tends to reach statistical significance.
Therefore, it appears that variance in SSD could be explained by changes in body size of
males more than females, which would provide further support for Rensch’s rule which is
similar to results reported by Davis a Roth (2008). Moreover, intraspecific data clearly
support Rensch’s rule in domestic goat, sheep, and cattle. These findings are rather surprising
given the hypothetical microevolutionary processes leading to body size allometry. Similarly
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to SSD evolution, sexual selection forces are among the most accepted explanations of
allometric patterns described by Rensch’s rule (Lindenfors a Tullberg, 1998; Dale et al.,
2007; Lindenfors et al., 2007). Therefore, weaker relationship between SSD and body size
should be expected in domestic breeds.

The origin of SSD and male’s rather than female’s reproductive success being more
dependent on body size created higher demands on female ungulates in terms of bigger
maternal investment into sons that started to be more costly once a species became
dimorphic. Thus, adaptive secondary sex ratio (SSR) associated with different reproductive
value of both sexes can be interpreted as one of the phenomena resulting from emergence of
SSD. We found that domestic goats delivered litters with significantly higher proportion of
males that significantly deviated from the balanced ratio 1:1. Given higher birth weight of
male kids (Alley et al., 1995) our findings are in contradiction with assumptions of Fisher’s
equal allocation theory (Fisher, 1930). The higher SSR cannot be considered as a result of
artificial selection pressures as male kids are usually slaughtered at the age of 3 to 4 months
when all maternal resources have already been invested. If females could adaptively
manipulate SSR, we would rather expect higher production of daughters with higher
reproductive value than their brothers’ one.

Variation of SSR was explained by a mother’s age and season of conception, although
cumulative effect of these variables was only fractional, around 10%. Interestingly, the
highest proportion of males was not delivered by females in the best condition as Trivers-
Willard’s theory would expect (Trivers and Willard, 1973), but by mothers of the oldest age-
class during their final reproductive attempt. Such a result that has been previously reported
in other ungulates, e.g., the Nile lechwe (Kobus megaceros) (Bercovitch et al., 2009), can be
explained by the terminal investment hypothesis. According to that, deviations in SSR in
favour of sons among the oldest females are considered to be a flexible life-history strategy.
As females grow old, their reproductive value declines, and thus, reproductive effort should
increase. Mothers who reproduce for the last time in their life should invest maximum of
resources into costly sons because they will not get any other chance.

Apart from the significant effect of conception season that is often believed to be
associated with a female’s condition (Bailey, 1991; Alvarez et al., 2003) we failed to prove
that other variables linked to maternal quality such as body weight or presence of horns
would explain sex ratio variation, contrary to previous studies that have reported higher
proportion of sons in litters of horned dominant females (Gorecki a Koscinski, 2003; Toli et
al., 2007). Therefore, our results do not support the Trivers-Willard hypothesis and we
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suggest that alternative explanations of offspring sex ratio variance should be considered
(James, 1996; Blanchard et al., 2004; Cameron et al., 2008).

Conclusions

e Both Caprinae and Bovinae show marked SSD that has evolved through sexual
selection pressures. Males of some species can grow twice as large as females.

e The biggest SSD can be found in monophyletic clades of goats and sheep that at the
same time experience the highest degree of polygyny with male reproductive success
being decided in intensive male-male combats.

e Domestication process of the caprines and bovines resulted in relaxed sexual selection
pressures that in turn led to decrease in SSD.

e Males of sexually dimorphic species are more constrained by food availability during
their ontogenetic development. If resources are scarce males suffer from slower
growth and consequently, SSD declines. This was supported by our data from
domestic breeds living in Africa and South Asia region demonstrating the lowest
SSD.

e Allometric relationship between male and female body size has been found among
domestic caprines and bovines. Thus, Rensch’s rule has been validated on the
intraspecific level.

e Although SSD pattern in wild goats and sheep follows Rensch’s rule as well, these
results are not significant due to small sample size.

e Offspring sex ratio in domestic goats is skewed in favour of males, however, further
analyses revealed that SSR in any given litter size category fits binomial distribution.

e Sex ratio variation can be partly explained by the mother’s age and season of
conception. In their final reproductive attempt females invest the most of resources
into production of sons. Higher proportion of males in litters was also found among
females that were in a good body condition to ovulate during the main rutting season.

e We were unsuccessful when analysing main effects of sire’s age, litter size, gestation
length, mother’s body weight, her genetic quality category, breed, and hornedness.

Thus, the Trivers-Willard hypothesis has not been supported.
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