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Abstrakt

Predchozi studieisoudily neandertatan o tetinu vyssi naklady na lokomoci oproti
anatomicky modernim lidem. UvaZuje se, Ze vyS3no&ni naklady mohly neandertalce
znevyhodnit v kompetici s anatomicky modernimi lidrpiispet tudiz Kk jejich zaniku. Za
zdroj vysokych lokoménich naklad neandertali byla ozngena kombinace jejich kratké
dolni kortetiny a vysoké hmotnostila. Neandertalci se nicmé&ond anatomicky modernich
lidi lisili i v dalSich morfologickych parametrecjez nebyly zahrnuty vipdchozich
odhadech lokommich naklad. V této praci modelujeme lokorioi naklady neandertala
anatomicky modernich lidi vyuzitintidge popsaného vztahu mezi produkci svalové sily a
energetickou nakladnosti pohybu. &ivé lokoma@ni parametry odhadujeme nami vyvinutym
modelem z osteometrickych dat ziskanych z liteyafnr= 50) a vlastnim stenim (n = 21) a
z kinematickych dat ziskanych analyzouizd 26 jeding. Dale analyzujeme vliv relativni
délky dolni koretiny vzhledem k hmotnosti a kruralniho indexu nargetickou nakladnost
lokomoce. NaSe vysledky nazwgi, Ze ctize neandertalskych miubyla 0 9-14%
energeticky nakladijsi nez clize anatomicky modernich muANaklady na ctizi
neandertalskych Zen byly nicmésrovnatelné s naklady anatomicky modernich Zehcrdai
proporci dolni kodetiny do modelu naziaje, Ze dolni ko&etina neandertaicbyla
z hlediska energetické nakladnostizé efektivigjSi nez koketina anatomicky modernich
lidi a celko¥ vysSi ndklady neandertalskych mygou disledkem jejich vys$Si hmotnosiid.
Analyza vlivu proporci dolni kafetiny na lokomeoni naklady ukazuje, Ze relativni délka
dolni kortetiny vzhledem k hmotnostla i kruralni index maji minimalni vliv na
energetickou nakladnosticte. V dalSich fedkladanych studiich vztahujicich se k proporcim
dolni kortetiny a/nebo lokomoci jsme 1) identifikovali vliviotnosti Ela na flexi
v kolennim kloubu p chizi; 2) doloZili spojeni mezi poklesem mobility viboénu a
pocatkem a intenzifikaci zegdélstvi v Evro; 3) vyvinuli rovnice k odhadu vysSky postavy a
hmotnosti &la z dlouhych kosti karetin pro evropské holocenni populace; a 4) vyvinuli
rovnice k odhadu vy3ky postavy z dlouhych kostidatim pro rag stedowké populace

stredni Evropy.



Abstract

Previous studies proposed that Neandertals hathodehigher energetic cost of
locomotion than anatomically modern humans. Greadst of locomotion could disadvantage
Neandertals in competition with anatomically modeamans and could be a factor in their
extinction. Greater cost of Neandertal locomoti@aswascribed to their shorter lower limb and
greater body mass. However, Neandertals differsal ial other morphological parameters that
were not considered in estimation of their locomatust. In this dissertation we model
locomotor cost of Neandertals and anatomically modemans using previously described
relation between muscle force production and erniergest of movement. We estimate the
key locomotor parameters using a model developeassbyom osteometric data from
literature (n =50) and from our measurement (n }; 2dd from kinematic data of 26
individuals. Further, we analyze the effect of tigkalower limb length (in relation to body
mass) and crural index on energetic cost of locanoOur results suggest that walking of
Neandertal males was 9-14% energetically more demguthan walking of anatomically
modern males. Nevertheless, walking cost of Nedaldemales was similar to that of
anatomically modern females. Inclusion of lowerldiproportions into the model suggests
that Neandertal lower limb was more energeticdligative than limb of anatomically
modern humans and that the greater walking costeahdertal males is a consequence of
their greater body mass. Analysis of the effedbwfer limb proportions reveals that relative
length of lower limb (in relation to body mass) amrdral index have minimal effect on
energetic cost of locomotion. In other presentadist related to lower limb proportions
and/or locomotion we 1) identified the effect ofdlganass on knee flexion during walking;

2) gave evidence about relationship between dezr@asobility in Holocene and onset and
intensification of agriculture in Europe; 3) devyabal equations for stature and body mass
estimation from long bones for European Holocergufations; and 4) developed equations

for stature estimation from long bones for Cenratopean Early Medieval populations.



1 Uvod

Proporce dolni kafetiny na mezidruhové arovni souvisi séigpbem lokomoce
(Strasser 1992) a energetickou nakladnosti lokor(iéoetzer 2007). Zegmy proporci dolni
koncetiny v evoluci hominif jsou vys¥étlovany gredevsim jako @iksledek selekcetgobici na
zvySovani efektivity bipedni lokomoce, obzviapak skrze snizovani energetické nakladnosti
lokomoce (Bramble a Lieberman 2004; Steudel-Numadrskens 2004; Steudel-Numbers et
al. 2007). Proporce dolni koéetiny vSak nejsou pthadjustovany na efektivni lokomaoci,
jelikoz jsou citlivé také na faktory ¥jsiho prostedi, jimz je jedinec vystavergélhem 6stu a
vyvoje, gipadre jimz byli vystavovany generace jehtepki. Za klicové faktory ovlivaujici
proporce dolni kotetiny jsou povazovany klima, strava a zdravotni §tainkaus 1981; Ruff
1994; Bogin et al. 2002). Viildledku fisobeni &chto faktofi miZzeme u sotasnych lidskych
populaci pozorovat variabilitu v proporcich doloinketiny, jeZ ma prawipodobrg minimalni
souvislost s odliSnymi lokontdaimi pozadavky (Holliday a Falsetti 1995). Obdobogsah
variability v proporcich dolni katetiny je nicmén pozorovatelny uz ve svrchnim pleistocénu
a projevuje seifedevSim odliSnostmi mezi modernimi lidmiestniho atasného svrchniho
paleolitu a neandertalci (Trinkaus 1981; Ruff 19d4|liday 1997b, 1997a, 1999). Jakkoli
mohly byt odliSnosti v proporcich dolni kétiny mezi zmitinymi taxony zgisobeny spise
klimatem nez odliSnymi lokontmimi poZzadavky, Izefedpokladat, Ze iy energetické
konsekvence v lokomoci s moznym dopademieapokladanou kompetici mezi neandertalci
a modernimi lidmi a tudiz i na evahi Usgch anatomicky modernich lidi (Weaver a
Steudel-Numbers 2005; Verpoorte 2006; Anwar e2@0.7; MacDonald et al. 2009). V této
praci se pokusime analyzovat vyznam proporci danéetiny v energetické nakladnosti
lokomoce lidi svrchniho pleistocénu a zhodnotitatbypmoZnych odliSnosti v energetickeé
néakladnosti lokomoce na kompetici mezi anatomiclogernimi lidmi a neandertalci.

Z proporci dolni kotetiny se zarrime gedevsim na relativni délku dolni kegtiny
vzhledem kdlesné hmotnosti a na kruralni index, tj. gordélky holenni kosti k délce

stehenni kosti.



2 Cile prace

Hlavnimi cili této prace je 1) analyzovat vliv rlai délky dolni kogetiny vzhledem
k t¢lesné hmotnosti a kruralniho indexu na energetickakladnost clize lidi pozdniho
pleistocénu; a 2) odhadnout naklady nazetidi pozdniho pleistocénu zahrnutim proporci
dolni kortetiny do odhadu. Ke spini &chto cifi jsme modelovali energetické naklady na
chazi téi pleistocennich a jedné holocenni skupiny rbldung jez se liSi v proporcich dolni
korcetiny. Dale jsme manipulovali s proporcemi dolnhé&tiny a sledovali jejich vliv na
energetickou nakladnosticte. Na zaklag predchozich vyzkurin predpokladame, Ze relativni
délka dolni kogetiny bude mit negativni vliv na nakladnostizh skrze pozitivni vliv na
délku kroku, a Ze kruralni index bude mit pozitiviv na nakladnost alze skrze pozitivni
vliv na délku ramene reaki sily v kolennim kloubu. Dalefedpokladame, Ze diky zahrnuti
proporci dolni kodetiny do odhadu nékladcha chizi bude rozdil v ndkladech naiah mezi
neandertalci a anatomicky modernimi lidmi nizZSi wg#edchozich odhadech.

Pridatné cile prace souvisi s podilem autora tétertdize na dalSich projektech
tykajicich se proporci dolni kéetiny a/nebo lokomoc#&oveka. Ve studiu lokomocéoveka
jsme se zagfili na testovani vlivu velikostigta na kinematiku kolenniho kloubu. V ramci
studia proporci dolni kaetiny jsme zjiSovali vyznam interpoputani a intrapopuléni
variability proporci dolni kotetiny v odhadu vysSky postavy z dlouhych kosti detm.

V rdmci SirSiho mezinarodniho projektu, sz se skloubila abtémata pedklddané prace
proporce dolni koketiny s lokomoci, jsme pak studovali vyvoj robuisyikostry a miry

mobility v obdobi holocénu.

3 Shrnuti predkladanych publikaci

Hora M, Sladek V. 2014. Influence of lower limb cofiguration on walking cost in Late
Pleistocene humans. Journal of Human Evolution 673%-32.

Dle predchozich studii sti neandertalci o 30% vysSi celkové naklady nazcimez
anatomicky moderni lidé (AMH) a tento rozdil bglma nasledek vysSi denni energeticky
vydej a omezeny lovecky radius neandettaMént ekonomicka ctize neandertaictudiz

mohla byt jednim z faktdr které gispely k prohre neandertaicv kompetici s jejich



anatomicky modernimi nastupci. Yeaichozi studii byly naklady naih neandertakc
odhadovany pouze ze dvou parametiodhady byly zaloZeny na souboru s jedinci obou
pohlavi. V této studii odhadujeme pohl&wspecifické naklady na éai neandertalc

pouzitim modelu zahrnujicirtlesnou hmotnost, délku dolni kietiny, proporce dolni
koncetiny a dalSi charakteristiky konfigurace dolni &etmy. NaSe vysledky nazégi, Ze
neandertalci sptgbovali vice energie nagkonani dané vzdalenosti nez AMH, ale rozdil je u
muZi méreé nez polovini oproti fredchozimu odhadu a u Zen feg§razré mensi. Srovnani
nakladi na chizi adjustovanych na&lesnou hmotnost nicménndikuje, Ze v pepaitu na
kilogram €lesné hmotnosti spibovali neandertalci diky konfiguraci své dolni &etiny
meére energie nez AMH. Muzi #i o 1-5% nizSi a Zeny 0 1-3% nizSi hmotnéstpecifické
naklady na ctizi nez AMH stejného pohlavi. Primarni@nou vysokych naklaidna clizi
neandertalskych miZje tudiz jejich vysokastesna hmotnost, pragdodobré disledek
adaptace na chlad, jez nebylagphyvazena jejich naklady snizujici konfiguraci doln
koncetiny. Rozdily v celkové energii vydané na lokommgzi neandertalskymi a AMH muzi
piedstavuji piblizné jedno procentoidve odhadnutého denniho energetického vydeje

neandertalskych a AMH muz

Hora M, Sladek V, Soumar L, Stranikova K, MichalekT. 2012. Influence of body mass
and lower limb length on knee flexion angle duringvalking in humans. Folia Zoologica
61:330-339.

Navzdory bohatym znalostem o vztahu mezi velikigdi (tj. t€lesnou hmotnosti a
délkou dolni koretiny) a kinematikou dolni k@etiny kthem lokomoce na Urovni
interspecifické variability, mnoho nevime o vari@bina intraspecifické arovni. Vyuzili jsme
experimentalni Pstup ke zhodnoceni vztahu mezi velikost & kinematikou kolenniho
kloubu v chizi lidi ve specifickych udalostech kroku a v kaZzdgmcentu normalizované
oporové faze kroku. Detekovali jsme signifikantegativni korelaci mezi uhlem v kolennim
kloubu a hmotnostita ve druhém maximu vertikalni reak sily, ale v kontrastu kipdchozi
studii jsme nenasli zadny signifikantni vztah m@zdiem v kolennim kloubu a délkou dolni

korcetiny. Jakkoli nesignifikantni, zvySené korelacezimilem v kolennim kloubu a délkou



dolni kortetiny byla detekovana v pozdni oporové fazi a titioie koinciduje se zvySenou
korelaci mezi thlem v kolennim kloubu&esnou hmotnosti. NaSe zjiat podporuji pohled,
Ze velikost ¢la ovliviiuje kinematiku dolni kotetinu i na intraspecifické arovni. U lidi maji
vétSi jedinci tendenci vice extenzovat kolenni kleytozdni oporové fazi ¢lze nez mensi

jedinci.

Ruff CB, Holt BM, Niskanen M, Sladek V, Berner M, Garofalo E, Garvin HM, Hora M,
Maijanen H, Niiniméki S, Salo K, Schuplerova E, Tonpkins D. 2012. Stature and body
mass estimation from skeletal remains in the Euromn Holocene. American Journal of
Physical Anthropology 148:601-617.

Techniky, dostupné v séasnosti pro odhad vysky postavyekesné hmotnosti
z evropskych kosternich pistatki, jsou vSechny vystavenyanym omezenim. Zde
vyvijime nové predi&ni rovnice zaloZzené na velkych kosternich souboreptezentujicich
velkoucast kontinentu dasova obdobi v rozmezi od mezolitu po 20. stofetatomicka
rekonstrukce vySky postavy byla provedena u 50ih¢ada €lesnd hmotnost vygitana
z odhadnuté vySky postavy @l§i panve u 1145 jediric Tato data jsou pouZzita k odvozeni
rovnic k odhadu vysky postavy zalozenych na délldlobhych kosti a rovnice k odhadu
télesné hmotnosti zalozené naperu hlavice stehenni kosti. Spolehlivost odhaduyf&sy
nez u dive dostupnych metod. Neni patrna Zzadna systendagiekgraficka neb&asova
variabilita v chylg odhadu s vyjimkou odhadu vysky postavy z délkyehal kosti, kde bylo
nezbytné vyvinout severoevropskou a jihoevropskemici, kvili ptitomnosti relativa delSi
holenni kosti v jiznich souborech. Tyto rovnicetbgiz n€ly byt Siroce pouzitelné na

kosterni soubory evropského holocénu.

Ruff CB, Holt B, Niskanen M, Sladek V, Berner M, Gaofalo E, Garvin HM, Hora M,
Junno J-A, Schuplerova E, Vilkama R, Whittey E. 20%. Gradual decline in mobility
with the adoption of food production in Europe. Praceedings of the National Academy of
Sciences 112:7147-7152.

Zvyseny sedentismus v holocénu byl prohlasen aanhjaicinu snizené kosterni

robusticity (pevnost kosti vzhledemdtasné velikosti) modernich lidi. Kdy a @rdoslo ke



snizeni mobility ma silné implikace pro rekonstriukistorie a zdravi minulych populaci, ale
ukazalo se byt obtizné toto charakterizovat aradwdky. V této studii hodnotiméasové
trendy v relativni pevnosti kosti horni a dolni &etiny v souboru 1842 jedifz celé Evropy
z obdobi od svrchniho paleolitu [11000-33000 kalfanych let ped sodasnosti (Cal y
B.P.)] aZ po 20. stoleti. Vyrazny pokles anteropistni pevnosti v ohybu stehenni a holenni
kosti z&ina v neolitu £4,000-7,000 Cal y B.P.) a pokrge az do doby Zelezne 2,000 Cal
y B.P.) bez dalSich naslednych&mPokles v mediolateralni pevnosti v ohybu kosthd
korcetiny a pevnosti pazni kosti je vyrazmizSi a mé# konzistentni. Jako celek tyto
vysledky silr¢ implikuji pokles mobility jako specificky behavini faktor podmiujici tyto
zmeény. Mobilita poprvé poklesla s nastupem produkcegwy, ale pechod k usedlejSimu
Zivotnimu stylu byl postupny a pokiaval az do pozgsi intenzifikace zewdélstvi. Toto
zZjisténi pouzetasté&ne podporuje modely spojujici ndst sedentismu s relatiymahlou
neolitickou demografickou transici v EviopAbsence naslednych Zmv relativni pevnosti
kosti naznauje, Ze rostouci mechanizace a urbanizaglepouze relativi maly vliv na
kosterni robusticitu, coZz nazhge, Ze mirné zémy v aktivitt nejsou dostateym stimulem

pro depozicki resorpci kosti.

Slddek V, Mach&ek J, Ruff CB, Schuplerova E, PRichystalova R, Hora M. 2015.
Population-Specific Stature Estimation from Long Bmes in the Early Medieval Human
Population at Pohansko (Czech Republic). Americanalirnal of Physical Anthropology
158:312-324.

Testovali jsme vliv populmé specifickych linearnichetesnych proporci na odhad vysky
postavy. Pouzili jsme kosterni soubor 31 haZ220 Zen z ransttedovkého nalezi&t na
Pohansku (Beclav, stedni Evropa) a srovnavactetioevropsky rahstedowky soubor 45
muZi a 28 Zen. Vyvinuli jsme noveé poptt& specifické rovnice pro soubor z Pohanska
pouzitim anatomické rekonstrukce vySky postavyoarsali jsme procentualni chybu odhadu
(%PE) anatomické vySky postavy z délek kostidetim pouZzitim Pohanskych rovnic a rovnic
diive odvozenych z evropskych a &stedowkych soubail. Z obecnych evropskych rovnic

e

al. (2012). Nicmét neaekavan je vybir mezi latitudinalnimi variantami rovnic z holenni



kosti Ruffa et al. (2012) pohlagrspecificky: severni varianta vykazuje nizsi %P& puze a
jizni varianta pro zeny. Rovnice Breitingera (1938acha (1965) a Sjgvolda (1990) poskytuji
nizkou shodu s anatomickou vySkou postawypBuZziti na srovnavacimistdoevropském

rarg sttedowkém souboru maji nase nové rovnice nizsi %PE rg2 slyvinuté rovnice
zaloZzené na jinych evropskych &stredowkych souborech (Maijanen a Niskanen 2010;
Vercellotti et al. 2009). NejlepSi shody s anatddicvyskou postavy z naSich rov
vyvinutych rovnic bylo dosazeno pouzitim gaudélek stehenni a holenni kosti,
nasledovaného délkou stehenni kosti. Délky kostiihmntetiny vedou k vySSim %PE.
Variabilita v holenni kosti prawghodobré nejvice fispiva k potencionalnim odchylkam

v odhadu vySky postavy.

4 Zavéry

V této praci jsme analyzovali fusiki vyznam relativni délky dolni kéetiny
vzhledem k hmotnosti a kruralniho indexu v eneajétinakladnosti alze lidi pozdniho
pleistocénu. NaSe vysledky naZop, Ze relativni délka dolni k@éetiny ma sama o seélslake
pozitivni vliv nacisté lokoma@ni naklady: desetiprocentni prodlouzeni égtiny vede
k naristucistych naklad na chizi o 2,3%. Diky pozitivnimu vlivu délky dolni kéatiny na
rychlost lokomoce, je vSak vliv relativni délky dokortetiny na celkové lokomimi naklady
zanedbateknegativni, tj. vede k 0,6% snizeni celkovych ndklaa chizi. Efekt délky dolni
korcetiny na délku kroku, jez méa k lokogrdm nékladm negativni vztah, byliblizné
vyvazen efektem dolni kéetiny na délku ramene reak sily v kolennim kloubu a na délku
svalovych snopg jez maji k lokomoénim nakladm pozitivni vztah. Délka dolni k@etiny
nicméreé v ramci sodasnych lidi koreluje s dalSimi morfologickymi partny ovliviiujicimi
nakladnost lokomoce, jako je velikost ramene exighkolenniho a hlezenniho kloubu, a
diky této kovarianci bude v ramci anatomicky modehmridi relativreé delSi dolni koetina
spojena s nizSimi naklady natzih NaSe analyza vSak ukazuje, Ze délka dolné&tmy neni
vhodna jako ukazatel nakladnosti lokomogespovnavani hominiins odliSnymi proporcemi
dolni kortetiny, nap. neandertélic a anatomicky modernich lidi. Kruralni index ma na
zaklad naSich vysledk minimalni vliv nacisté i celkové naklady na ghi po rovirg. Jeho

manipulaci v rozmezi 79,3—-83,8egdstavujicim podstatnd@st moderni lidské variability



jsme dosahli ménnez 0,5% zrény v lokomanich nakladech. &kavany vliv kruralniho
indexu na rameno reéhki sily v kolennim kloubu se nepotvrdil. VySSi kalni index, tj.
relativné delSi bérec oproti stehnu, vede k nepatrnému isinfigtych i celkovych nakladna
chazi.

NaSe odhady lokontaich naklad lidi pozdniho pleistocénu nepodporuji vSeoléecn
prijimané vyrazné energetické znevyhdédhneandertalcoproti anatomicky modernim
lidem. Zahrnutim proporci dolni kéetiny do analyz energetické nakladnostizdnjsme
charakterizovali dolni kafetinu neandertaicjako energeticky ekonowtijSi nez je kotetina
anatomicky modernich lidi. 8i €lesnd hmotnost neandertalskych rinugak ekonongnost
jejich kortetiny grevazuje a ve vysledku vede k vySSim lokénmion ndkladam ve srovnani
anatomicky modernimi muzi. Nami odhadovany 9-14%adilos celkovych ndkladech na
chazi mezi neandertalci a anatomicky modernimi lidenv§ak térs tietinovy oproti
piredchozimuiicetiprocentnimu odhadu. Lokor naklady neandertalskych Zen se zdaji byt
srovnatelné s naklady anatomicky modernich Zene MdBady dale nazéai, ze nami
odhadovany rozdil v ndkladnostiid® mezi neandertalskymi a anatomicky modernimi muzi
piedstavuje fiblizn¢ jedno procento denniho vydeje energie neandeyidisk anatomicky
modernich mu& Energetické znevyhodni lokomoce neanderta@an¢lo tudiz zejme
omezeny vyznam v kompetici s anatomicky modernidmi v Evrog pozdniho pleistocénu.

NaSe analyza vztahu mezi velikostata kinematikou dee naznéuji, Ze tlesna
hmotnost, spiSe nez délka dolni ketiny, ovliviiuje miru flexe v kolennim kloubu. Analyza
robusticity dlouhych kosti ka@etin velkého souboru kosterniho materialu holoc&wnopy
vyjevila postupny pokles mobility od neolitu po dobeleznou souvisejici s nastupem a
intenzifikaci zemidélstvi. Vyvinuli jsme rovnice k odhadu vysky postaxgélky dlouhych
kosti kortetin pro holocenni populace Evropy s vysSi spolelti odhadu, nez poskytuji
predchozi rovnice. Dale jsme vyvinuli rovnice pro adlvysky postavy z délky dlouhych
kosti kortetin pro rag sttedowké populace gedni Evropy, jeZz maji vysSi spolehlivost
odhadu nezidvéjSi obecné i poputamé specifické rovnice pouzivané wesioevropském

archeologickém kontextu.



1 Introduction

Lower limb proportions are related to the modeogbimotion (Strasser 1992) and
energetic cost of locomotion (Pontzer 2007) atderspecific level. Changes in lower limb
proportions during the hominin evolution are vievethnarily as a consequence of selection
for greater effectivity of bipedal locomotion (Braha a Lieberman 2004; Steudel-Numbers a
Tilkens 2004; Steudel-Numbers et al. 2007). Howether lower limb proportions are not
fully adjusted to effective locomotion because they also sensitive to environmental factors
acting during the ontogenesis of an individual igrdncestors. Among the key factors
affecting lower limb proportions are the climatatnition and health (Trinkaus 1981; Ruff
1994; Bogin et al. 2002). Due to these factorsetli®a considerable variability in lower limb
proportions among recent human populations witle lielation to their different locomotor
demands (Holliday a Falsetti 1995). Similar levievariability in lower limb proportions can
be seen at least since late Pleistocene whemiainsfested mainly as the differences between
anatomically modern humans of the Middle Paledaditmd Early Upper Paleolithic and
Neandertals (Trinkaus 1981; Ruff 1994; Holliday 7891997a, 1999). Although such
differences in lower limb proportions could be asequence of climate rather than
locomotor demands, it can be presumed that difee®m lower limb proportions had
energetic consequences in locomotion with possilect on presumed competition of
Neandertals with anatomically modern humans ansl éimuevolutionary success of the
anatomically modern humans (Weaver a Steudel-Nusr2@05; Verpoorte 2006; Anwar et
al. 2007; MacDonald et al. 2009). In this study,amalyze the significance of the lower limb
proportions in energetic cost of locomotion in LBteistocene humans and evaluate the
consequences of possible differences in energesicat locomotion on competition between
Neandertals and anatomically modern humans. Frertothker limb proportions, we focus on
relative lower limb length in relation to body mas® crural index, i.e., the ratio of tibial

length to femoral length.



2 Aims of the study

The main aims of this study are 1) to analyze ffects of relative lower limb length
and crural index on energetic cost of walking ineLBleistocene humans; and 2) to estimate
the energetic cost of walking in late Pleistocenmans accounting for their lower limb
proportions. To fulfill these aims, we modeled g@ic cost of walking in three Pleistocene
and one Holocene groupsilddmodiffering in lower limb proportions. In additiome
manipulated lower limb proportions and watchedrtbéect on energetic cost of walking.
Based on previous studies, we expect that thevelkngth of lower limb will have a
negative effect on walking cost through its positaffect on step length and that crural index
will have a positive effect on walking cost throutgpositive effect on moment arm of the
ground reaction force at the knee. Further, we edgp@t due to the inclusion of lower limb
proportions in estimation of walking cost, the drfnce in walking cost between Neandertals
and anatomically modern humans will be lower thraprevious prediction.

The additional aims of this study are related ®dhthor’s participation in other
projects regarding lower limb proportions and/omiam locomotion. In the study of human
locomotion, we focused on testing the effect ofypside on knee kinematics during walking.
In the study of lower limb proportions, we investigd the significance of inter-population
and intra-population variability of lower limb progions in stature estimation. As part of a
greater international project that brought intocasd both the lower limb proportions and
locomotion, we studied temporal changes in skefetalisticity and mobility levels during the

Holocene.

3 Summary of the presented publications

Hora M, Sladek V. 2014. Influence of lower limb cofiguration on walking cost in Late
Pleistocene humans. Journal of Human Evolution 67%-32.

It has been proposed that Neandertals had abouth8§#ér gross cost of transport
than anatomically modern humans (AMH) and that gifference implies higher daily
energy demands and reduced foraging ranges in Meafsd Thus, reduced walking economy

could be among the factors contributing to the Neatals’ loss in competition with their



anatomically modern successors. Previously, Negaldealking cost had been estimated
from just two parameters and based upon a poobedasaple. In the present study, we
estimate sex-specific walking cost of Neandertalagia model accounting for body mass,
lower limb length, lower limb proportions, and atlieatures of lower limb configuration.
Our results suggest that Neandertals needed mergyeto walk a given distance than did
AMH but the difference was less than half of thaviously estimated in males and even far
less pronounced in females. In contrast, compa$dine estimated walking cost adjusted to
body mass indicates that Neandertals spent lesgyeper kilogram of body mass than AMH
thanks to their lower limb configuration, males imav1-5% lower and females 1-3% lower
mass-specific net cost of transport than AMH ofghme sex. The primary cause of high cost
of transport in Neandertal males is thus their tgoealy mass, possibly a consequence of
adaptation to cold, which was not fully offset bir cost-moderating lower limb
configuration. The estimated differences in absokriergy spent for locomotion between
Neandertal and AMH males would account for aboutaf%reviously estimated daily energy

expenditure of Neandertal or AMH males.

Hora M, Sladek V, Soumar L, Stranikova K, MichalekT. 2012. Influence of body mass
and lower limb length on knee flexion angle duringvalking in humans. Folia Zoologica
61:330—-339.

Despite abundant knowledge about the relationséiywéden body size (i.e., body
mass, lower limb length) and limb posture duringpimotion on the level of interspecies
variability, little is known about variation on theraspecific level. We used an experimental
approach to evaluate the relationship between bayand knee posture during walking in
humans at specific gait events and at each pegept@nt of normalized stance phase. We
detected significant negative correlation betweesekflexion angle and body mass at the
second peak of the vertical ground reaction fdocg, in contrast to a previous study, we
found no significant relationship between kneeitl@xangle and lower limb length. Although
not significant, strengthened correlations betwiasge flexion angle and lower limb length
were detected at late stance phase and thesedminell with the strengthened correlations

between knee flexion angle and body mass. Ourrfgedsupport the view that body size
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influences limb posture during locomotion even loa intraspecific level. In humans, larger
individuals tend to use more extended knee postarase stance of walking than do smaller

individuals.

Ruff CB, Holt BM, Niskanen M, Sladek V, Berner M, Garofalo E, Garvin HM, Hora M,
Maijanen H, Niinimaki S, Salo K, Schuplerova E, Tonpkins D. 2012. Stature and body
mass estimation from skeletal remains in the Euron Holocene. American Journal of
Physical Anthropology 148:601-617.

Techniques that are currently available for estingastature and body mass from
European skeletal remains are all subject to variouitations. Here, we develop new
prediction equations based on large skeletal saampf@esenting much of the continent and
temporal periods ranging from the Mesolithic to f¢h century. Anatomical reconstruction
of stature is carried out for 501 individuals, dadly mass is calculated from estimated
stature and biiliac breadth in 1,145 individualke3e data are used to derive stature
estimation formulae based on long bone lengthsbadg mass estimation formulae based on
femoral head breadth. Prediction accuracy is sap#rithat of previously available methods.
No systematic geographic or temporal variationrgdption errors is apparent, except in
tibial estimation of stature, where northern angtlsern European formulae are necessary
because of the presence of relatively longer timamuthern samples. Thus, these equations

should be broadly applicable to European Holocé&eéetal samples.

Ruff CB, Holt B, Niskanen M, Sladek V, Berner M, Gaofalo E, Garvin HM, Hora M,
Junno J-A, Schuplerova E, Vilkama R, Whittey E. 20%. Gradual decline in mobility

with the adoption of food production in Europe. Praceedings of the National Academy of
Sciences 112:7147-7152.

Increased sedentism during the Holocene has bepoged as a major cause of
decreased skeletal robusticity (bone strengthivel&b body size) in modern humans. When
and why declining mobility occurred has profoungilimations for reconstructing past
population history and health, but it has provdfiailt to characterize archaeologically. In

this study we evaluate temporal trends in relagtvength of the upper and lower limb bones
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in a sample of 1,842 individuals from across Eurextending from the Upper Paleolithic
[11,000-33,000 calibrated years (Cal y) B.P.] tgitothe 20th century. A large decline in
anteroposterior bending strength of the femur @nd bccurs beginning in the Neolithic
(~4,000-7,000 Cal y B.P.) and continues through rihe/Roman period~2,000 Cal y B.P.),
with no subsequent directional change. Declineaeédiolateral bending strength of the lower
limb bones and strength of the humerus are muchiesnaad less consistent. Together these
results strongly implicate declining mobility agtipecific behavioral factor underlying these
changes. Mobility levels first declined at the drsfefood production, but the transition to a
more sedentary lifestyle was gradual, extendinguiin later agricultural intensification. This
finding only partially supports models that tier@ased sedentism to a relatively abrupt
Neolithic Demographic Transition in Europe. Theklat subsequent change in relative bone
strength indicates that increasing mechanizatiahubanization had only relatively small
effects on skeletal robusticity, suggesting thatlerate changes in activity level are not

sufficient stimuli for bone deposition or resorptio

Sladek V, Mach&ek J, Ruff CB, Schuplerova E, Richystalova R, Hora M. 2015.
Population-Specific Stature Estimation from Long Bmes in the Early Medieval Human
Population at Pohansko (Czech Republic). Americanalrnal of Physical Anthropology
158:312-324.

We tested the effect of population-specific lineaalyoproportions on stature
estimation. We used a skeletal sample of 31 malé@ females from the Early Medieval
site at Pohansko {Bclav, Central Europe) and a comparative Centredfggan Early
Medieval sample of 45 males and 28 females. Weldpgd new population specific
eqguations for the Pohansko sample using anatom@cahstructions of stature, then compared
percentage prediction errors (%PESs) of anatomtedliie from limb bone lengths using the
derived Pohansko equations with those previoudiiy e from more general European and
other Early Medieval samples. Among general Euroepiations, the lowest %PEs for the
Pohansko sample were obtained using the equatfdramicola and Franceschi (1996) and
Ruff et al. (2012). However, unexpectedly, the ckdietween tibial latitudinal variants

proposed by Ruff et al. (2012) appeared to be pekific, with northern and southern
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variants producing lower %PEs for males and femadspectively. Equations from
Breitinger (1937), Bach (1965), and Sjgvold (198@vided poor agreement with anatomical
stature. When applied to the comparative Centrabfgean Early Medieval sample, our new
formulae have generally lower %PE than previousigvéd formulae based on other
European Early Medieval samples (Maijanen and Miska2010; Vercellotti et al. 2009). The
best agreement with anatomical stature among oumlyrdeveloped equations was obtained
using femoralltibial length, followed by femorahtgh. Upper limb bone lengths resulted in
higher %PEs. Variation in the tibia is likely tontdbute most to potential bias in stature

estimation.

4 Conclusions

In this study, we analyzed functional aspects l@tinee lower limb length (in relation
to body mass) and crural index in energetic costailking in Late Pleistocene humans. Our
results suggest that the relative lower limb lerfiik a weak positive effect on net cost of
transport (i.e., the energy used exclusively foplootion): the ten percent prolongation of
the lower limb length increases the net cost aofgpart by 2.3%. However, due to the positive
effect of the lower limb length on walking spedtk, telative lower limb length has negligibly
negative effect (by 0.6%) on gross cost of transf@., the cost to travel a given distance
including the costs of keeping a vertical body posiand costs of general metabolism during
locomotion). The effect of the lower limb length step length, which has negative effect on
walking cost, was approximately offset by the effgfdower limb on the moment arm of the
ground reaction force at the knee and on the leofgthe muscle fascicles, which both have
positive effect on walking cost. However, the lowstb length correlates with other
morphological parameters affecting walking costhsas the moment arms of the knee
extensors and ankle plantar flexors in recent hemahus, it will be associated with lower
walking cost due to this covariation. However, aoalysis shows that the lower limb length
is not an appropriate indicator of locomotor cobew hominins of different lower limb
proportions are compared. The crural index hagyrdarg to our results, negligible effect on
both the net cost of transport and gross costoiport. By its manipulation in the range of

79.3-83.9, which represent much of the recent hwaaability, we obtained less than 0.5%
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change in walking cost. The expected effect ofalrindex on the moment arm of the ground
reaction force at the knee was not confirmed. Higheral index, i.e., the longer shank
relatively to thigh, results in negligible increasfenet and gross cost of transport.

Our estimates of walking cost of Late Pleistocemm#éins do not support the generally
accepted great energetic disadvantage of Nearslerteabmparison to anatomically modern
humans. By accounting for the lower limb proportiam locomotor cost estimation, we
characterize the Neandertal lower limb as moregateally efficient than that of the
anatomically modern humans. However, the greatdy boass of Neandertal males offsets
the efficiency of their lower limb and results iregter walking cost in comparison to
anatomically modern humans. The estimated 9-14férdifce in gross cost of transport is,
however, only one third of the previously estima3@&o difference. The walking cost of
Neandertal females are comparable to those of amedtly modern females. Our results
further suggest, that the estimated differenceatking cost between Neandertal and
anatomically modern males would account for abétitof previously estimated daily energy
expenditure of Neandertal or AMH males. Thus, thergetic disadvantage of Neandertal
locomotion had likely only a limited significanae their competition with anatomically
modern humans in Late Pleistocene Europe.

Our analysis of the relationship between body arm kinematics of walking suggests
that it is body mass rather than lower limb lerthiht affects the knee flexion. The analysis of
the robusticity of limb bones based on a large damfskeletal material representing
Holocene Europe showed gradual decline of moMfildgn Neolithic through the Iron/Roman
period associated with the onset of food produciiod later agricultural intensification. We
developed equations for stature estimation frong loones of limbs applicable to Holocene
European populations which are more accurate treanqus formulas. Further, we developed
equations for stature estimation from long bonegwfs applicable to Central European
Early Medieval populations, which are more accutiasés previous general and population-

specific formulas used in the archeological contéxentral Europe.
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