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Abstract

A virtual reconstruction of the mastication cycletloe Late Jurassic docodoHaldanodon
exspectatushows that the power stroke has two phases. Rhiasesteep upward motion from
buccal to lingual of the lower molars into centizclusion where the upper molar occludes in
between two lower molars. The second phase isreatli®wnward palinal motion following
centric occlusion (phase 2) or a separate upwaral protion (phase 1b). In phase 1 the lingual
flanks of the upper molar main cusps and the butanaks of the lower molar main cusps pass
each other in a shear-cutting motion. At the same,tcusp b of the distal lower molar performs
crushing within the “pseudotrigon basin“ of the apmolar. At the very end of phase 1, cusp
Y slides into the “pseudotalonid basin® to condadrinding function. As soon as the mesial
border of the basin is worn down it slides overring causing cusp b to actually contact the
“pseudotrigon basin® and perform grinding as wéthnsequently, the majority of crushing and
probably also grinding iklaldanodontakes place within the large “pseudotrigon basinthe
upper molar. During the palinal downward movemépthase 2 the distal crests of the mesially
situated lower molar pass the mesial flank of cisp a “shear-grinding” motion. In the proal
upward movement of phase 1b true shear-cuttingi®pned and cusp b of the distal molar
simultaneously also conducts crushing within theetplotrigon basin®. A similar chewing
stroke is also very likely for the other docodaaa. Nevertheless, slight differences in molar
morphology indicate that some of them were muchenspiecialized in crushing and grinding.
They either focused it on the lower molar by addimistal basin, sometimes even accompanied
by an additional cusp on the upper molar, or eguhfitributed it to upper and lower molar by
developing relatively low cusps that allow simuBans crushing and grinding within
“pseudotalonid” and “pseudotrigon basin“. All in,atrushing and even grinding was much
more prominent in docodont molars than postulatgatévious studies.

A comparison of molar functions of the presumabigeictivorousHaldanodonwith the
tribosphenic taxaDidelphis (omnivorous) andVionodelphis(insectivorous) shows that in
Didelphisgrinding lasts much longer than onodelphis but Haldanodonspends even less
time on this functionTherefore, grinding is obviously more distinct ioth tribosphenic taxa
than inHaldanodon This is not necessarily true for crushing, whats throughout the entire
phase 1 in all taxa. In case of a separate upwaneipstroke Haldanodonalso spends the
entire phase 1b on this function. Then the amotiotushing would not differ that much from
Didelphisalthough its basins are better enclosed and margei than those dfaldanodon
are. In comparison tdlonodelphiscrushing probably was at least equally distincicsi

compared tdDidelphisits basins of are much smaller, shallower and tgsed. In other

-1 -



docodont taxa with better enclosed “pseudotaloaitti “pseudotrigon basins” and additional
distal basins on the lower molars crushing ceryawds more distinct than Monodelphisand
maybe even equally distinct as idelphis However, although docodont molars were
functionally similar to early tribosphenic molatiseir thin enamel layer made them much more

prone to abrasion and the concomitant loss of fanct

Kurzfassung

Eine virtuelle Rekonstruktion des Mastikationszy@ds des oberjurassischen Docodonten
Haldanodon exspectatuzeigt einen zweiphasigen Kauschlag. Phase 1 m& sieile, von
bukkal nach lingual verlaufende Aufwartsbewegung deteren Molaren in die zentrale
Okklusion, wobei der obere Molar zwischen zwei vetieMolaren okkludiert. Die zweite
Phase ist entweder eine direkt auf die zentrald3kin folgende palinale Abwértsbewegung
(Phase 2) oder eine eigenstandige proale Aufwarstpeng (Phase 1b). In Phase 1 bewegen
sich die lingualen Flanken der oberen Haupthdckeerschneidend entlang der bukkalen
Flanken der unteren Haupthdcker. Zur gleichen gedift Hocker b des distalen unteren
Molaren quetschend ins ,Pseudotrigonbecken” deseob®lolaren. Erst ganz am Ende der
ersten Phase fahrt Hocker Y reibend ins ,Pseudaotibecken”. Sobald dessen mesiale
Begrenzung abradiert ist, rutscht der Hocker jeddmdr den Beckenrand hinaus, wodurch die
Licke zwischen Hocker b und dem ,Pseudotrigonbetgeschlossen wird. Dieser Kontakt
fuhrt zu einer zusatzlichen reibenden Komponentaisfindet ein Groliteil des Quetschens
und wahrscheinlich auch des Reibens im ,Pseudatbgoken” des oberen Molaren statt.
Wahrend der palinalen Abwartsbewegung von PhasseRer-reiben” die distalen Grate des
mesial gelegenen unteren Molaren an der mesiatmk€ldes Hocker X entlang. Wéahrend der
proalen Aufwartsbewegung von Phase 1b findet e@®tberschneiden statt und Hocker b des
distalen Molaren greift zeitgleich ein weiteres Mpletschend ins ,Pseudotrigonbecken®.
Andere Docodontenarten hatten sehr wahrscheinir@gneihnlicher Kauschlag. Unterschiede
in der Zahnmorphologie zeigen jedoch an, dass eiAigen viel starker auf Quetschen und
Reiben spezialisiert waren. Sie fokussierten diesektionen vor allem auf die unteren
Molaren, indem sie zusatzlich ein distales Quetsckén und manchmal sogar einen dort
hineingreifenden Zahnhdcker im oberen Molaren ddstan. Andere Arten nutzten sowohl die
oberen als auch die unteren Molaren, da ihre vetagdrigen Zahnhétcker das gleichzeitige

Stattfinden von Quetschen und Reiben in ,Pseudoiddo und ,Pseudotrigonbecken”



erlaubten. Somit waren die Molaren der Docodontesentlich besser fur Quetschen und sogar
Reiben geeignet als allgemein angenommen.

Ein Vergleich der molaren Funktionen veilaldanodon(wahrscheinlich insektivor) mit denen
der tribosphenischen Taxaidelphis (omnivor) undMonodelphis(insektivor) zeigt, dass bei
DidelphisReiben wesentlich mehr Zeit in Anspruch nimmttesMonodelphisHaldanodon
jedoch noch weniger Zeit auf diese Funktion verveenDaher ist bei beiden tribosphenischen
Taxa Reiben offensichtlich starker ausgepragt aidHaldanodon Quetschen wird bei allen
drei Taxa die komplette Phase 1 hindurch ausgefiattsHaldanodoneinen eigensténdigen
aufwarts gerichteten Kauschlag genutzt haben salitede auch die gesamte Phase 1b fur
Quetschen verwendet. In diesem Fall wirde die @b&isktion sich nicht wesentlich von der
von Didelphisunterscheiden, obwohl dessen Becken besser athggsamund viel gré3er sind
als diejenigen vomaldanodon Im Vergleich zuMonodelphiswar die Quetschfunktion von
Haldanodondann wahrscheinlich sogar mindestens gleich staggepragt, weil die Becken
vonMonodelphisvesentlich kleiner, flacher und weniger gut abgéssen sind als diejenigen
von Didelphis Bei Docodontenarten mit besser abgeschlossenseug®talonid-“ und
~Pseudotrigonbecken” und zusatzlichen distalen Bedkn unteren Molaren war Quetschen
mit Sicherheit ausgepragter als Bdonodelphisund vielleicht sogar &hnlich ausgepragt wie
bei Didelphis Obwohl die Molaren der Docodonten den frihenosfihenischen Molaren
funktionell sehr &hnlich waren, machte ihre diunmdnelzschicht sie viel anfalliger fur

Abrasion und den damit einhergehenden Funktionssterl



1 Aim of study

In the stem line of the Theria, which include extalacentals and marsupials, the development
of the tribosphenic tooth morphology is regardeckeyg to the success of this mammalian
subclass: in addition to the shear-cutting functibe dentition also gained a crushing and
grinding function by evolving a crushing basin ¢tatl) on the lower and an interlocking cusp
(protocone) on the upper molar. This enabled thaahs to process their food more efficiently
due to the decreased particle size generated lwirpé¢Crompton 1971, Prothero 1981, Luo
et al. 2001, Evans and Sanson 2003, Woodburne 20@8, Kielan-Jaworowska et al. 2004,
Lopatin and Averianov 2006, Luo 2007, Luo et al020Davis 2011). The smaller the food
particles entering the digestive system, the latigersurface area digestive acids can affect.
This does not only allow faster absorption of rerits but also is an important premise to
efficiently process plant materials (Gingerich 19R8nsberger 1973, Moore and Sanson 1995).
However, in mammalian history three other lineabad independently developed such a
crushing basin on the lower and an interlockingooms the upper molars. Their dentitions are
regarded as functional analogs to the tribosphéentition. The earliest representatives with
such a “pseudotribosphenic* tooth morphology aeedticodonts (Simpson 1929, Crompton &
Jenkins 1968, Hopson and Crompton 1969, Jenkin®,1Gngerich 1973, Krusat 1980,
Kermack et al. 1987, Butler 1988, Butler 1997, Wahgl. 1998, Pfretzschner et al. 2005, Luo
2007, Luo and Martin 2007, Luo et al. 2007, Dawi4 P, Schultz et al. 2017).

The aim of this study is to compare the docodowttitanorphology to that of the tribosphenids,
which are considered functionally similar (Simps®®29, Patterson 1956, Sigogneau-Russell
2003, Averianov and Lopatin 2008, Wang and Li 20T®)accomplish this, first the docodont
chewing cycle has to be reconstructed in deti@ldanodons the most suitable docodont taxon
for this task since dozens of very well-presenasd$pecimens and hundreds of isolated molars
are available. This is favorable to get reliableuits including proportions of matching upper
and lower teeth, location and size of facets, amit®n patterns. The high number of
specimens is also suited for a review of previdudiss on the occlusion and possible ways of
mastication movements iRlaldanodonand other docodonts conducted with much less
material. In this study, for the first time an at{g is made to virtually reconstruct the chewing
movement oHaldanodonin an objectively testable manner exceeding mgpothesis. This

is done using 3D-models and the Occlusal Fingerpmalyser (OFA), a software developed
by the DFG research unit 771. This software is ased to quantify the amount of crushing
and grinding taking place within the “pseudotalobakin” for the first time. The results are

compared to an OFA-analysis of the dentitions ad #xtant marsupial®idelphis and
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Monodelphisas representatives of a tribosphenic tooth moggyolThe classical comparative
taxonDidelphisis omnivorous (Gardner 1982, Schwermann 2015)edidnodelphisprefers

a more insectivorous diet (Casella and Caceres,286Bwermann 2015), similar to that
postulated foHaldanodon(Martin 2000, Martin and Nowotny 2000). With thisinctional
similarities and differences, particularly concegicrushing and grinding, of the tribosphenic

dentition compared to that of the docodonts caallffrbe objectively tested.



2 Introduction

2.1 Systematical position of the Docodonta

The docodonts are mammaliaforms currently knowry drodm Laurasia (Lillegraven and
Krusat 1991, Kielan-Jaworowska et al. 2004, Jile2@06, Luo 2007, Luo and Martin 2007,
Averianov et al. 2010, Davis 2011, Rougier et @lLl2 Luo et al. 2015). The order Docodonta
is named after the lingually expanded upper maleosn the Greek wordslokos— “beam,
rafter” andodon— “tooth”) (Simpson 1929, Patterson 1956, Hopsah@mmpton 1969, Krebs
1975, Kron 1979, Martin and Nowotny 2000, Averiaramd Lopatin 2006, Hu et al. 2007).
Docodont mandibles still show the Meckelian groane a mandibular trough, indicating the
presence of small, mechanically dysfunctional bivagments. Therefore, docodonts indeed
possessed fully functional secondary jaw jointda@pg the primary ones but did not yet
establish the mammalian middle ear, which is wieythre placed just outside the Mammalia
sensu stricto (Krebs 1975, Kron 1979, Henkel anasKr 1980, Krusat 1980, Lillegraven and
Krusat 1991, Martin and Nowotny 2000, Ruf et alL2p Their fossil record starts in the Middle
Jurassic with six undisputed taxa and continuesutiit the Late Jurassic with four taxa into
the late Early Cretaceous with only one undisputedn (Maschenko et al. 2002, Kielan-
Jaworowska et al. 2004, Martin and Averianov 20Qépatin and Averianov 2005,
Pfretzschner et al. 2005, Ji et al. 2006, Luo arditi 2007, Davis 2011). Most docodont taxa
are known from mandibles and isolated teeth onignfSon 1928, 1929, Kron 1979, Kielan-
Jaworowska et al. 2004, Luo and Martin 2007, Raugfi@l. 2014). Until recently more or less
well-preserved skulls were only known froidaldanodon (Henkel and Krusat 1980,
Lillegraven and Krusat 1991, Ruf et al. 2013), gustcranial only fromHaldanodonand
CastorocaudgHenkel and Krusat 1980, Krusat 1991, Martin 2QD%t al. 2006). However,
in 2015 two additional taxaBocofossoandAgilodocodon- have been described from partial
skeletons with partially preserved skulls and cateolpper and lower dentitions (Luo et al.
2015, Meng et al. 2015).

The first description of a docodont was thatDafcodon(= Diplocynodon by Marsh (1880,
1881), who referred this taxon to the “Pantothef{a’paraphyletic group believed to be
ancestral to Metatheria and Eutheria). Within tiider he established a new family with the
presently invalid, since preoccupied, name “Diploayontidae” (Marsh 1887). Simpson
(1925) finally erected a distinct family Docodorated which he regarded as part of the
“Pantotheria” as well (Simpson 1925, 1929). Thestfione to question the “pantothere”
reference of the docodonts had been Gidley (1906hé did not pursue the idea any further.
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-' E
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Kretzoi (1946) then considered them to be an indeéeet order but his arguments for the
separation from the “Pantotheria” were proven tormerrect by Simpson (1961). However,
meanwhile a new definition and diagnosis of thethenan order Docodonta had been given
by Patterson (1956), which is presently still valid

Formerly docodonts were regarded as sister taxamtganucodontids because the main cusp
row of the lower molars oMorganucodonwas considered to be homologous to the buccal
cusps of docodont lower molars (Kihne 1950, Patted®956, Crompton and Jenkins 1968,
Hopson and Crompton 1969, Jenkins 1969, Ginge®a3,1Kermack et al. 1973, Krebs 1975,
Krusat 1980, Pascual et al. 2000, Averianov andatio@®?006). This was rebutted by Kemp
(1983) who revealed that a straight arrangemetitemmain cusps is already present in many
premammaliaform cynodonts. Later studies also sHothat while most basicranial and
postcranial characters are more derived in the dlmadHaldanodonthan inMorganucodon
some of them actually are more derived in morgadootds. This makes it extremely
improbable that they were the ancestors of docaduitegraven and Krusat 1991, Wible and
Hopson 1993, Luo 1994, Rougier et al. 1996, Ruélet2013). A new hypothesis places
docodonts next to Late Triassic “symmetrodont” mahaforms like Woutersia Delsatia

Tikitherium and Kuehneotheriungfig. 1). The reason is a strikingly similar cusprphology
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in both upper and lower molars assuming that te@adbroadening of the docodont molars was
acquired by developing an additional disto-lingoasp (Sigogneau-Russell and Hahn 1995,
Butler 1997, Sigogneau-Russell and Godefroit 198attin and Averianov 2004, Pfretzschner
et al. 2005, Averianov et al. 2010). Sigogneau-Blissd Godefroit (1997) even suggested
including Delsatiainto Docodonta, as the oldest known docodont taktwst other studies,
however, do not consider this taxon to be a docbdonclosely related to them (e.g. Ji et al.
2006, Luo and Martin 2007, Meng et al. 2015).Tikitherium from India the “talon-like
platform” of the upper molar (the only specimeria) already is so advanced that Datta (2005)
considered it to be the earliest presumably “pstimsphenic dentition. A phylogenetic
analysis of the tooth morphology by Luo and MaB007) confirmsTikitheriumas sister taxon
to the docodonts. It places both taxa netmutersiaandDelsatig thus greatly supporting the
“symmetrodont” hypothesis (see also Ji et al. 200éng et al. 2015).

So far there are eleven taxa placed within docadwithout doubt: the Middle Jurassic taxa
Borealestesfrom Great Britain (Waldman and Savage 1972, Sigag-Russell 2003),
Castorocauddrom China (Ji et al. 2006l utegotheriunfrom Siberia (Averianov et al. 2010),
Krusatodonfrom Great Britain (Sigogneau-Russell 2008)mpsonodor(= Cyrtlatheriumn)
from Great Britain, Siberia and Kyrgyzstan (Freent8v9, Kermack et al. 1987), and
Tashkumyrodonfrom Kyrgyzstan (Martin and Averianov 2004), theaté Jurassic taxa
Docodon(= Diplocynodon/ Dicrocynodon Enneodory Ennacodoi from Great Britain and
North America (Marsh 1881, Simpson 192Bsungarodon(= Acuodulodoi from China
(Pfretzschner et al. 2005, Hu et al. 200#3|danodonfrom Portugal (Kiihne and Krusat 1972,
Krusat 1980, Lillegraven and Krusat 1991, MartirD2)) andTegotheriumfrom China and
Mongolia (Tatarinov 1994), and the Early Cretacetason Sibirotherium from Siberia
(Maschenko et al. 2002).

Simpsonodomctually is a junior synonym dyrtlatherium(Freeman 1979). Unfortunately,
the lower molars described by Freeman are milkhtéSigogneau-Russell 2001, Averianov
2004, Kielan-Jaworowska et al. 2004, Martin and rhareov 2004) and therefore their
characters are not sufficient to define a taxons Twhy the younger name is preferred (Luo
and Martin 2007, Averianov et al. 2010).

Until very recently]tatodon(Lopatin and Averianov 2005, Averianov and Lop&Q96) from
the Middle Jurassic of Siberia was also commonkigaed to the docodonts (Lopatin and
Averianov 2005, Averianov and Lopatin 2006, Hu le807, Luo and Martin 2007, Lopatin
et al. 2009, Averianov et al. 2010, Martin and Aaeov 2010, Meng et al. 2015). Martin and
Averianov (2010) also added a new geRastatodonfrom the Middle Jurassic of Kyrgyzstan.

Although the holotype a left lower molar, was formerly described as aosheriid by
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Sigogneau-Russell (1998), Martin and Averianov (®0foticed its striking similarity to
Itatodonand placed it within the docodonts instead. Wamgyla (2016), though, pointed out
that the molar morphology of boltatodonandParitatodonis much more similar to that of the
Middle and Late Jurassthuotherium(Chow and Rich 1982) from China and Great Britain
than to that of the other docodont taxa. Thereftirey reassign both taxa to the shuotheriids.
There have been a few attempts to incl8deaotheriumnto Docodonta as well, because it also
possesses a mesially situated “pseudotalonid” (ldekmet al. 1987, Tatarinov 1994). However,
it is nowadays widely accepted that this was a eogent development and it is usually
regarded as the sister taxon to australosphenias€t.al. 2001, Luo et al. 2002, Rauhut et al.
2002, Martin and Rauhut 2005, Ji et al. 2006, LOO7) (see also 2.3.1).

There is one clade that separates from the otheoddmt taxa in almost all phylogenetic
analyses: the endemic Asian family TegotheriidaeyrisingTegotheriumandSibirotherium
(Martin and Averianov 2004, Averianov and LopatB08, Ji et al. 2006, Hu et al. 2007, Luo
and Martin 2007, Averianov et al. 2010, Meng et26115). According to the most recent
analyses by Averianov et al. (2010) and Meng et (a015) the recently described
Hutegotheriums most certainly also part of this family (fig. For some timelashkumyrodon
was included as well (Martin and Averianov 2004etlal. 2006), sometimes together with
Itatodon (Lopatin and Averianov 2005, Averianov and Lopa2@06), but both taxa were
excluded by later studies (Hu et al. 2007, Luo kiagtin 2007, Lopatin et al. 2009, Averianov
et al. 2010, Meng et al. 2015). The only exceptamsMartin and Averianov (2010) who also
added their newly erected taxBaritatodonto the tegotheriids as sister taxortatodon In
place ofTashkumyrodomandlitatodon Lopatin et al. (2009) as well as Averianov ef(2010)
considerKrusatodonto be part of this family. Sigogneau-Russell (20@8en suggested
Krusatodonas direct ancestor dfegotheriumwhile Ji et al. (2006) and Meng et al. (2015)
regard this taxon as closer relatedsimpsonodonCastorocaudaandDsungarodonLuo and
Martin (2007) as sister taxon ttatodon (which is not part of the tegotheriids in their
phylogeny). Opposing opinions also exist for theifpon of the tegotheriids within Docodonta:
some authors regard them as the most derived drotgrianov and Lopatin 2006, Hu et al.
2007, Averianov et al. 2010), others place the isejoan of tegotheriids at the very base of the
docodont tree (Ji et al. 2006, Luo and Martin 200&ng et al. 2015).

Most phylogenetic analyses show another distinotilfa the Docodontidae. It comprises
Docodonand Haldanodon(Pfretzschner et al. 2005, Ji et al. 2006, Luo Btaitin 2007,
Averianov et al. 2010, Meng et al. 2015). Some ansthlso plac8orealestesvithin this clade
(Pfretzschner et al 2005, Ji et al. 2006, Averiaebwal. 2010). Sigogneau-Russell (2003)

separatetialdanodonand Docodonbut seedBorealestesas direct ancestor tdaldanodon

-9-



Luo and Martin (2007) consid&orealestes$o be closer related ftashkumyrodoand instead
includeDsungarodonnto docodontids.

However, most other phylogenetic analyses pRsengarodonn a clade withSimpsonodon
(Pfretzschner et al. 2005, Averianov and Lopati@&Qi et al. 2006, Averianov et al. 2010).
Averianov and Lopatin (2006) addé&hstorocaudaPfretzschner et al. (2008yusatodonto
the same clade, Ji et al. (2006) both taxa.

Two recently described taxa from China were al$erred to the docodonts by the respective
authors: the Middle JurassgilodocodonMeng et al. 2015) and the Late Juragxcofossor
(Luo et al. 2015). According to the phylogenetialgeis by Meng et al. (2015, see also
Supplementary Material#)gilodocodonis the sister taxon ¢frusatodonandDocofossoithat

of Docodon(including it into Docodontidae and restrictinggHiamily to these two taxa plus
Haldanodon (fig. 1).

Sigogneau-Russell (2003) also included the Middledte JurassiPeraiocynodor(Simpson
1928) from Great Britain as sister taxortocodon However, this taxon was excluded again
by Averianov (2004) because he argued that botbiepef this genus are based on deciduous
teeth — the larger one probably belongingtasatodon the smaller one t®ocodon That
Peraiocynodonactually might be a milk dentition ddocodonhad also been remarked by
previous authors (Butler 1939, Patterson 1956, leeknet al. 1987). Therefor@eraiocynodon

is not regarded as a valid taxon by most authoitk, thve exception of Hu et al. (2007) who
recognize it as the most basal docodont. The restady by Schultz et al. (2017), who among
other things examined the deciduous lower premasi®ocodonin great detail, strongly
supports the assumption tliRgraiocynodorandDocodonare indeed different taxa. A similar
case is that of the Late Jurasa&muodulodorHu et al. 2007) from China, which is regarded as
a juvenile specimen ddsungarodorby Martin et al. (2010) but recognized as valxbta by
Averianov et al. (2010). There are also two quesiide docodonts reported from Gondwana.
The first one isGondtherium(Prasad and Manhas 2001, 2007) from the Middlasditc of
India which was included into Docodonta by the diéstg authors and by Luo and Martin
(2007) who placed it at the base of non-tegotheriid/erianov et al. (2010), however, pointed
out that this taxon is only known from a single eppremolar and thus should be excluded
from further consideration. (Originally, also a lewmolar had been described by Prasad and
Manhas (2001) which was included into the studyloyp and Martin (2007) who also
reinterpreted the upper premolar as upper molagndviet al. (2015) nevertheless included
Gondtheriuminto their phylogeny but placed it outside of thecodonta as a closely related
taxon in betweenWoutersia and Tikitherium The other disputed Gondwanan taxon is

Reigitherium(Bonaparte 1990) from the Late Cretaceous of Séatlerica. It would also be
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the youngest known docodont taxon by far. Originplaced within Dryolestoidea (Bonaparte
1990),Reigitheriumwas placed within docodonts by Pascual et al.@2@0d then reassigned
to Dryolestoidea by Rougier and Apesteguia (200d3pectively announced to have an
unknown position within Mammalia by Kielan-Jawordwset al. (2004). A recent study by
Harper and Rougier (2017) strongly supports itsiaibn with the dryolestids.

Until their extinction in the Early Cretaceous ddoats were a quite diverse, widespread, and
abundant order with taxa occupying very diverseéaggoal niches, as suggested by taxa known
not only from dental but also from skeletal remaiAgilodocodon possessed arboreal
adaptations (Meng et al. 2019pocofossormost certainly had a subterranean lifestyle
comparable to that of extant golden moles (Lud.€@l5),Haldanodorhad subterranean and
possibly semiaquatic adaptations comparable todhaixtant desmans and the monotreme
OrnithorhynchugKrusat 1991Martin and Nowotny 2000, Martin 2005, Ruf et al13) and

Castorocaudavas certainly semiaquatic (Ji et al. 2006).

2.2 Definition of terms

2.2.1 Abrasion and Attrition

There are two types of wear affecting the teethngumastication — abrasion and attrition
(Hunter 1778, Stones 1948). The terms are originaken from dental medicine and were first
applied to fossil teeth by Butler (1972). A thirgpbeé of wear commonly distinguished by
dentists, erosion or corrosion, is caused by adidids (like fruit juice, cola type beverages,
and gastric acid) and therefore mostly effectivemiaodern human dentitions (Eccles 1982,
Grippo et al. 2004, Barbour and Rees 2006). Thighig it can be neglected for fossil teeth.
“Abrasion” refers totooth wear resulting from contact of the tooth surbce with food
particles and grit or sand during the mastication procegfood-tooth contact) This
eventually makes the cusps become dull (Butler 1®&hsberger 1973, Kay and Hiieméae
1974, Krusat 1980). Abrasion is not restrictedhi® dcclusal surface but can also occur on the
buccal and lingual sides as the food particled@eed against them by the cheeks, lips, and
tongue (Grippo et al. 2004). Abrasion usually osauarthe early stages of mastication when
the food is compressed between the teeth, buetth arre not yet in contact with each other
(Crompton and Hiiemée 1970, Butler 1972, Krusat0)98

“Attrition” on the other hand refersttmth wear resulting from repetitious occlusal cordict

of the tooth with its antagonist (tooth-tooth contat). This causes the development of wear
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facets with a distinctly smooth, flat surface (Butl972, Greaves 1973, Rensberger 1973, Kay
and Hiiemae 1974, Krusat 1980, Eccles 1982, Moatk $anson 1995, Grippo et al. 2004).
They are usually crossed by more or less parallahing striae caused by microscopic food
particles and grit that are caught between thehteetring mastication. Therefore, these
striations are an indicator for the orientatiorhedf jaw movement (Butler 1972, Greaves 1973,
Gingerich 1973, Krusat 1980, Costa and Greaves)18&iwever, they are not indicating the
direction of movement because it could be eithey parallel to them (Greaves 1973, Costa
and Greaves 1981). Striations observed on the wmaflace that do not run parallel are most
likely caused by abrasion (Rensberger 1978, MondeSanson 1995).

The direction of the jaw movement can be deducaa #xposed dentine. During mastication,
it is worn down faster than enamel because it ishmepfter (Rensberger 1973, Costa and
Greaves 1981, Eccles 1982, Barbour and Rees 20@®ntine is exposed, this leads to the
formation of indentations, where the scoured denisnencompassed by enamel. This is why
the wear of dentine even on attritional surfacassisally dominated by abrasion — it does not
get in contact with the antagonistic tooth surfacy more (Rensberger 1973, Costa and
Greaves 1981). However, the dentine at the leaddge of these indentations, where the
occluding surface of the antagonist and therefbeeabrasive food particles arrive first, is
protected by the preceding enamel and connectsthiyioath it. At the trailing side in contrast
there is a characteristic step in between the tddvanamel and the dentine, where the food
particles are pressed against the more resistbowiog enamel border and abrade the dentine
to form a step. Therefore, the movement of the amgstroke can be deduced from the leading

edge towards the trailing edge (Greaves 1973, Regeb1973, Costa and Greaves 1981).

2.2.2 Wear facets

In this study, any surface formed by tooth-tootiMect, that is attrition, is referred to as (wear)
facet. Therefore, wear facets can also be preset¢atine provided that the attrition outweighs
the abrasion and the dentine surface is worn sméé¢lar caused by abrasion is not considered

to be a facet in this study.
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2.2.3 Mastication functions

2.2.3.1 Shear-cutting

Traditionally, shear-cutting is said to require tvetatively flat surfaces which move across one
another in a plane oblique or perpendicular toat@usal plane which results in the building
of two sharp edges (Rensberger 1973). Referregetb this means that parts of the occluding
upper and lower tooth slide across each otherdiextion nearly parallel to their planes of
contact (Kay and Hiiemae 1974). According to Moanel Sanson (1995) only shear produces
wear facets since it is dominated by attrition.

This study defines shear-cutting’ as “two surfaces moving past each other with close

contact of antagonistic structures in a lateral mogment relative to the surface’s

2.2.3.2 Crushing

The traditional definition describes crushing a® fwanar surfaces being brought together,
which creates stresses in a direction nearly pelipalar to the approaching or actual plane of
contact between them (Rensberger 1973, Kay ananideel974). In this kind of definition, it
does not matter whether the antagonistic structactsally contact each other (actual plane of
contact) or do not do that (approaching plane otact). However, if the stresses need to be
perpendicular to the plane of contact, this contantonly occur at the very end of the crushing
motion. This fact is emphasized by Butler (1972&$l as Moore and Sanson (1995) who
state that the crushing function involves only vkitye tooth-to-tooth contact and therefore
does not produce any wear facets. The cusps ind@keeworn solely by abrasion.

This study combines these uses of the tammshing” and defines it ascompression between
two surfaces without contact of antagonistic struatres and without lateral movement
relative to the surfaces. According to this definition the antagonistiasttures do not
necessarily have to be planar.Didelphis for example, the hypoconid conducts a crushing
function within the trigon basin. Neither do thegvk to be horizontal to the occlusal surface
of the tooth as demanded by Moore and Sanson (198&yefore, also flanks of cusps can
become crushing surfaces if the jaw movement edat- the flanks then are moving straight
towards each other, so relative to them the movémerot lateral.
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2.2.3.3 Grinding

Grinding is usually seen as a combination of slee#ting and crushing (Kay and Hiiemée
1974, Moore and Sanson 1995, Spears and Cromp$8#) @Binterpreted as (nearly) horizontal
shear-cutting (Butler 1972). Consequently, Speaid @rompton (1996) even wanted to
abandon the term “grinding”, although this view st widely accepted throughout the
literature.

Traditionally grinding is defined as a motion ddtflor irregular surfaces across one another in
a plane more or less parallel to the occlusal plémee resulting stresses having components
both perpendicular and parallel to the plane ofaaghing or actual contact between the teeth
(Rensberger 1973, Kay and Hiiemée 1974). Accordan@utler (1972) in contrast to the
crushing function the grinding function does inwlglose tooth-to-tooth contact producing
clearly distinguishable wear facets.

This study closely follows the use of the tergrifiding” as crushing with a shear-cutting
component, that iscompression between two surfaces with close contamft antagonistic
structures and with a certain amount of lateral moement relative to the surfaces The
protocone for example conducts a grinding funcuothin the talonid in basal tribosphenic
teeth.

2.3 Morphology of “pseudotribosphenic* molars

2.3.1 Convergent development of crushing basinfhemower molars in mammalian history

The term “tribosphenic” (from the Greek wortttbein — to rub (for grinding) andphen—
wedge (for shear-cutting)) was first introduced Signpson (1936) to describe the ancestral
dentitions of crown therians: they developed adadgusp on the upper molar (the protocone)
occluding into a distal basin on the lower molae(talonid basin). This protocone of the upper
molar acts like a pestle, the talonid basin ofdeer molar like a mortar; both together perform
a crushing and grinding function. From this typenadlar evolved all the various types of
molars found in modern mammals (Simpson 1936, Rattel956, Mills 1966, Crompton and
Hiiemae 1970, Butler 1972, Prothero 1981, Luo @01, Datta 2005, Lopatin and Averianov
2006, Luo 2007, Luo et al. 2007, Davis 2011).
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In tribosphenids, the talonid was developed eatiem the protocone (Crompton 1971,
Sigogneau-Russell 1998, Averianov and Lopatin 2@8/is 2011). At first, it was formed
rather like an additional crest than a basin anslwged to increase the functional area for shear-
cutting in the dentition (Davis 2011, Schultz 201Mhis increase was mainly achieved by the
overlapping of the molars in occlusion. Previousiy shear-cutting had been restricted to the
mesial and distal margins of the crown by interlogk more or less triangular molars (Davis
2011). With the development of a basined talonid #re protocone and the addition of a
transverse jaw movement during mastication thentdl@lso gained a grinding function

(Crompton and Hiiemé&e 1970, Davis 2011). This talgmmotocone interaction which combines
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shear-cutting, crushing, and grinding thereforeassidered to be a key dental innovation for
more effective herbivory and omnivory, a vital factfor the basal diversification of the
Tribosphenida, comprising marsupials, placentald #meir ancestors (Crompton 1971,
Prothero 1981, Luo et al. 2001, Rauhut et al. 2892ns and Sanson 2003, Woodbourne et al.
2003, Kielan-Jaworowska et al. 2004, Datta 200pdtio and Averianov 2006, Luo 2007, Luo
et al. 2007, Davis 2011).

However, by now there is evidence that in mammatistory a crushing basin in the lower
molar similar to the talonid basin developed astdhree times independently before the
occurrence of the tribosphenids in the Late Jutagsidocodonts (Middle Jurassic to Early
Cretaceous), shuotheriids (Middle to Late Jurassac)d australosphenids (since Middle
Jurassic, including the extant monotremes) (figTh)s was accompanied by the development
of an additional cusp in the upper molar, the “gkguwotocone”, which fits into this
“pseudotalonid basin®, conducting a crushing anddjng function like a pestle in a mortar
(Hopson and Crompton 1969, Chow and Rich 1982, lkekmet al. 1987, Butler 1988,
Sigogneau-Russell 1998, Wang et al. 1998, Luo.e2G01, Sigogneau-Russell et al. 2001,
Datta 2005, Luo 2007, Luo et al. 2007, Lopatin et 2009, Davis 2011). Thus, the
“pseudotribosphenic” tooth morphology just like tindosphenic molars allowed to combine
shear-cutting, crushing and grinding in a singlevaing stroke (Evans and Sanson 2003, Luo
and Martin 2007, Davis 2011). This enabled thega ta process food much more efficiently
due to the reduction of particle size during maditon and the resulting increased surface area
of the particles entering the digestive system,wdnch digestive fluids act more rapidly
(Gingerich 1973, Rensberger 1973, Krusat 1980, Elamd Sanson 1995).

In contrast to the distally situated talonid of thikosphenids, the “pseudotalonid” of docodonts
and shuotheriids is situated mesially (Kermacklel @87, Datta 2005, Luo 2007, Luo et al.
2007, Davis 2011). Australosphenids (including #reestors of the nowadays toothless
monotremes) have a distally situated “pseudotalpnritiich is why it was considered to be
homologous to the tribosphenic talonid for a lomget However, Kielan-Jaworowska et al.
(1998)and Rich et al. (1998) showed that there actualysame differences. This finally led
to the formulation of the dual origin hypothesis loyo et al. (2001), who implied that the
“talonid” of the australosphenids rather developel@pendently from that of the tribosphenids.
This view is supported by recent studies and pleiietic analyses (Sigogneau-Russell et al.
2001, Luo et al. 2002, Rauhut et al. 2002, Mantid Rauhut 2005, Rougier et al. 2004vis
2011). Martin and Rauhut (2005) as well as Davisl(9d are of the opinion that despite the
morphological resemblance the “pseudotalonid” ef dlustralosphenids is also not functional

homologous to the tribosphenic talonid. Accordimghiem it lacks a grinding function, because
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even on strongly worn lower molars facets do nanfaithin the basin but only on the shear-
cutting surfaces of the teeth. An upper molar of anstralosphenid has yet to be found; until
then the presence or absence of a “pseudoprotocbaetight have had occluded into the
basin will remain obscure.

A similar problem is the relationship of the “psetalonid basins” of docodonts and
shuotheriids, which are both mesially situated. 8anthors like Martin and Averianov (2004),
Pfretzschner et al. (2005), Luo and Martin (20@Ad Wang and Li (2016) do not consider
them homologous while others like Kermack et a®8(@) and Sigogneau-Russell (2003) do.
This depends on the view of cusp homology the aathase their statements on: Sigogneau-
Russell (2003) sees cusp g as cusp b. In this loabe the docodont and the shuotheriid
“pseudotalonid basin“ would be situated mesiah® &-b crest. Otherwise the “pseudotalonid
basin“ of the docodonts would be situated linguafiyhe a-b crest and therefore would not be
homologous to the shuotheriid one.

Martin and Averianov (2004) as well as Averianowd dmopatin (2006) suggest that the
“pseudotalonid” was also independently acquiredcéwiwithin Docodonta: Since the
tegotheriids — in their definition includingegotherium Sibirotherium and Tashkumyrodon
(and the questionable docoddtd#todonin Averianov and Lopatin 2006) — unlike the other
docodonts did not reduce cusp e, itis includealtingé “pseudotalonid” in these taxa. Therefore,
the mesial border of the “pseudotalonid basin“asformed by crest b-g but by crests b-e and
e-g. However, in more recent phylogenetic analyseshkumyrodoas well as other docodonts
formerly regarded as tegotheriids liKeusatodonare closer related to the other docodonts than
to the tegotheriids (Luo and Martin 2007, Lopatirale 2009; Meng et al. 2015). According to
Meng et al. (2015: Supplementary Materials) a “pis¢alonid” mesially bordered by crest b-e
is present not only in the tegotheriidegotheriumHutegotheriumandSibirotheriumin their
definition) but also at the very base of the nayetheriid docodontd{rusatodorand the newly
discoveredAgilodocodo and in the middle of the non-tegotheriid bran€aghkumyrodon
andBorealestep

2.3.2 “Pseudotalonid basin, “pseudoprotocone”, ‘@seudotrigon basin“ on docodont molars
As mentioned above, the “pseudotalonid basin“basin structure similar to the talonid basin

on the lower molars of non-tribosphenids. In docddat is situated mesially. IHaldanodon

itis placed in between cusps a, b, and g and dpanssio-lingual and distal direction, because
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the a-g crest and the b-g crest are not very dister in some of the other docodont taxa cusp
e is also included into the “pseudotalonid” (figf@& a detailed discussion see 6.1.1).

The lingually situated cusp X of the upper molaalso called the “pseudoprotocone”. Due to
the common use of this term it is also employeithis study, although it is highly controversial
(fig. 3, for a detailed discussion see 6.1.2).

The “pseudotrigon basin“ of docodont upper molarsiiuated distally in between the buccal
cusps A and C and the lingual cusps X and YH&ldanodonit opens in distal direction,
because it lacks crest C-Y (fig. 3).
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3 Material

3.1 Docodonta

Docodonts were chosen as representatives of a dps#wosphenic” molar morphology,
because they are the most primitive taxon in thenmalian lineage to have evidently
developed a crushing basin on the lower molarsaandterlocking conus on the upper molars
(Sigogneau-Russell and Hahn 1995, Butler 1997, dhigau-Russell and Godefroit 1997,
Martin and Averianov 2004, Pfretzschner et al. 200%t al. 2006, Luo and Martin 2007,
Averianov et al. 2010, Davis 2011, Rougier et &142 Meng et al. 2015). This makes a
comparison with the “true” tribosphenic tooth masfgy most interesting. A second reason
is the quantity of the available material. Howevtris mostly belongs to one genus,
Haldanodon with a single specie$jaldanodon exspectatiigiihne 1968, Kihne and Krusat
1972). Comprising hundreds of isolated teeth, aé agemany mandibles with more or less
complete tooth rows, a few skulls, an almost cotepd&eleton, and some additional isolated
postcranial remaingjaldanodonis the best known docodont taxon by far (Kiihne kingat
1972, Henkel and Krusat 1980, Krusat 1980, Lillegraand Krusat 1991, Martin and Novotny
2000, Martin 2005, Luo et al. 2007, Ruf et al. 20T3)e other taxa are mostly known from few
isolated teeth or jaw fragments. The only excestiare two recently described specimens of
two different docodont taxa represented by pasdialetons, including partially preserved
skulls and complete upper and lower dentitions (eti@l. 2015, Meng et al. 2015). These
dentitions, however, are still partially embeddad therefore not suited for a detailed study of
the docodont mastication movement. Comparisonsiatlanodon exspectatusith other
docodont taxa mostly depend on information derivenh literature. A few isolated molars of
Dsungarodornand Tegotheriumfrom the Sino-German Project collection (SGP)angently
housed in the Steinmann-Institut fir Geologie, Mahegie und Paldontologie, Rheinische
Friedrich-Wilhelms-Universitat Bonn, Germany. Thespecimens were also used for
comparisons, as well as a cast of the holotyp&ashkumyrodor{ZIN 85279; Zoological

Institute of the Russian Academy of Sciences iP8tersburg, Russia).

3.1.1Haldanodorexspectatu UHNE AND KRUSAT 1972

The genuddaldanodoncomprises a single speciétaldanodon exspectatuk was chosen as

representative for docodonts because of the hightgy and quality of available material. All
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specimens derive from a single locality: the Guiotarcoal mine in the vicinity of Leiria,
Portugal. It is dated as Kimmeridgian (Middle Lateassic, 151 — 154 Ma) (Helmdach 1971,
Schudack 2000). Animal and plant fossils indicaselatropical forest-swamp on the coast of a
brackish lagoon as original habitat (HelImdach 1%tisat 1980, Martin 2000). This marshy
environment in combination with some adaptatiorth@skull and postcranium — most obvious
in the humerus — suggests a fossorial and possiatyiaquatic lifestyle foHaldanodon
comparable to that of extant desmans and the meme®®rnithorhynchug(Lillegraven and
Krusat 1991, Martin and Nowotny 2000, Martin 206%f et al. 2013). Its diet probably
consisted mainly of insect larvae and worms (Ma2000, Martin and Nowotny 2000).

The first fossils were collected from 1959 untiéttiosure of the mine in 1961. From 1973 to
1982 it was reopened for paleontological excavatigrebs 1988, Krebs 2000, Martin 2000,
Martin 2005). During more than ten years of sciashing and picking the coal a vast number
of Mesozoic fossils could be recovered, thereofdneds of jaw fragments and isolated teeth
of Haldanodon 52 mandible fragments, 16 maxilla fragments ab@li%olated teeth (67 lower
and 35 upper molars) were included in this study éfdetailed list of specimens see appendix
tab. 1-5). Most of the specimens dildanodonand other Mesozoic mammals from the
Guimarota coal mine are currently housed in théectbn of the Steinmann-Institut fir
Geologie, Mineralogie und Paldontologie, Rheinis€niedrich-Wilhelms-Universitat Bonn
(Gui Mam; specimens figured in Krusat 1980: VJ).

A complete upper tooth row dflaldanodonis composed of six incisors, a canine, three
premolars, and five molars. M4 sometimes is vealtidi5 always is. The lower tooth row
consists of four incisors, a canine, three prensokand four to six molars. Of those m5 and m6
are vestigial without exception (Martin and Nowot2§00, Nowotny et al. 2001, Luo and
Martin 2007). This study focuses exclusively on thelars since they perform the main

function during mastication.

3.2 Marsupialia

3.2.1DidelphisLINNAEUS 1758

The marsupial taxorDidelphis was chosen as representative for a tribospheroth to
morphology, because it is one of the very few Rete@ which still show a largely unmodified
tribosphenic pattern. Furthermore, its dentitiod arastication movement are well-studied (i.a.

Hiiemé&e and Jenkins 1969, Crompton and Hiiemae ,119ii@mae and Crompton 1971, Stern
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et al. 1989, Thomason et al. 1990, Cornay and N2€4@, Schwermann 2015). This is why it
also has been frequently used as tribosphenic aatigataxon in many previous studies (e.g.
Clemens 1966, Hiiemae and Jenkins 1969, Cromptah Hiremé&e 1970, Butler 1972,
Crompton 1995, Schwermann 2015).

The genudidelphis comprises six species with partially overlappingtributions in South,
Central, and North America (Wilson and Reeder 2005grefore, it is one of the very few
marsupial taxa living outside Australia. Aldelphisspecies are solitary, nocturnal, terrestrial
to arboreal animals that preferably live in humidodlands (Gardner 1973, McManus 1974,
Gardner 1982). The size of the best-studied sp&st=phis virginianaamounts to averagely
42 cm (74 cm including the tail) and its weightajoproximately 2.5 kg (Gardner 1982). All
species are omnivorous and their diet compriseslgpnaisects, carrion, fruits, and grass or
leaves (Hamilton 1958, Gardner 1973, McManus 197a&rdner 1982)Didelphis possesses
five upper and four lower incisors, as well as oanine, three premolars, and four molars in
the upper as well as the lower tooth row (Then&9).

The tooth-tooth-contact diagram for the tribosphanblars ofDidelphisis based on an OFA
project kindly provided by Dr. Achim H. SchwermafbWL-Museum fir Naturkunde,
Munster, Germany). In his doctoral thesis, amorgeiotaxa, he analyzed the mastication
movement oDidelphisin detail (Schwermann 2015). The provided projesgs scans of the
right m1-m2 and M1 of the same specimerDidelphisvirginiana (SMF 77266) from the

collection of the Senckenberg Forschungsinstitdframkfurt am Main, Germany.

3.2.2MonodelphisBURNETT 1829

The didelphidMonodelphiswas chosen as an additional comparative taxore staamainly
insectivorous diet is more similar to that postethforHaldanodorthan that of the omnivorous
Didelphis Its dentition and masticatory movement has béasiiexd in detail by Schwermann
(2015).

The genud/onodelphiscomprises 18 species. Their distribution is rettd to South America
and the southernmost Central America (Wilson anddee 2005). Just like thBidelphis
species they are solitary animals that are maictiye during night time and prefer a more or
less heavily vegetated habitat (Streilein 1982, Mtac2004). The best-known species
Monodelphis domestida also often kept as laboratory animal. With achand body length of
averagely 14 cm (21 cm including the tail) and agieof about 70 g it is much smaller than
Didelphisvirginiana (Redford and Eisenberg 1992, Macrini 2004). In parison tdDidelphis
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Monodelphigprefers a much more insectivorous to carnivoroets(&treilein 1982, Busch and
Kravetz 1991, Macrini 2004, Casella and Cacere$200

Complete upper and lower dentitionshddnodelphishave the same tooth formula as those of
Didelphis that is five upper and four lower incisors, oramioe, three premolars, and four
molars (Macrini 2004).

The contact diagram fdvionodelphistoo, is based on an OFA project kindly providgdio.
Achim H. Schwermann (LWL-Museum fir Naturkunde, Mter, Germany). The OFA project
uses scans of the left m1-m2 and M1 dfl@nodelphis sorespecimen (ZMB MAM 35496)

from the collection of the Museum fir NaturkundeBierlin, Germany.
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4 Methods

4.1 Terminology

4.1.1 Cusps and crests

4.1.1.1 Docodonta

The nomenclature of docodont tooth morphology lamesvhat varied over time. Simpson
(1961)was the first one to name the cusps, using romarerals (cusps | to IV on the upper,
cusps X to XVI on the lower molars). However, tApproach was not followed in later studies.
Instead, Crompton and Jenkins (1968) introducestraihology using single letters to refer to
cusps based on morganucodontid molar terminologllowing the hypothesis of
morganucodontids as sister taxon to docodonts. tUppéar cusps are referred to with capital
letters (e.g. A, B), lower molar cusps with lowese letters (e.g. a, b).

Sigogneau-Russell (2003) developed yet another nolaieire based on Kermack et al. (1987),
naming the cusps and crests according to theitiposion the molars (e.g. main cusp, mesio-
labial cusp, antero-main crest, lingual cinguluRgr upper molars, the names are capitalized
(e.g. Mesio-Labial Cusp, Anterior Crest). This dgso/e approach is a lot more independent
from phylogenetic relationships. However, it istguinconvenient to use in written text and
figure labels and most other authors prefer to keegapital and lower-case letters, which is
why this terminology is not used in this study.

This study follows the most recent nomenclatureé.ws and Martin (2007), based on Butler
(1997). He maintained the use of single lettersalteted the name of some cusps to match the
hypothesis ofWoutersiaas sister taxon to docodonts. Luo and Martin (2Q@titionally
renamed cusp f as cusp df (for “docodont cusp &)distinguish it from cusp f of
morganucodonts, kuehneotheriids, and crown thenahih is not homologous.

On upper molars dflaldanodonthe cusps of the buccal row from mesial to digtalnamed B

(= E in Crompton and Jenkins 1968), A, C, and DChwitbeing the main cusp. The lingual
cusps are X and Y, the latter much smaller tham&X ore distally situated. Cusps A, C, X,
and Y enclose the “pseudotrigon basin” (for a detldiscussion see 6.1.2). On lower molars
of Haldanodonthe cusps of the buccal row from mesial to diatalnamed b, a, and d, with a
being the main cusp. The cusps of the lingual rmmfmesial to distal are named e, g (= h in
Crompton and Jenkins 1968), c (= g), and df (€f)sps a, b, and g enclose the “pseudotalonid
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“pseudoprotocone” a “pseudotalonid
o basin”

D “pseudotrigon
basin” Y

Fig. 3: Terminology of docodont molar cusps andrsmss shown bidaldanodon(based on Luo ai
Martin 2007). Left: Upper molar terminology (mod&ui Mam 3113dP dex.; dPs usually shov
much better developed cusp Y than permanent m. Right: Lower molar terminology (model: C
Mam 3142, m sin.).

basin” (for a detailed discussion see 6.1.1). Grast referred to by the names of the connected

cusps, e.g. A-B, d-df, etc. (fig. 3).

4.1.1.2DidelphisandMonodelphis

The commonly used nomenclature for tribospheniamaisps has been established by Osborn
(1888a, 1888b, 1907). SinBadelphisandMonodelphignostly retained the basic tribosphenic

pattern, it is also applicable for these taxa. @peun molars the mesio-buccal cusp is named

paracone, the disto-buccal cusp metacone, andniipngal cusp protocone. These three cusps

enclose the trigon basin. On lower molars the mbaaxal cusp is the protoconid, the disto-

buccal cusp the hypoconid, and the lingual cusps fmesial to distal are named paraconid,

metaconid, entoconid, and hypoconulid. Paracomapponid and metaconid form the trigonid

triangle. Hypoconid, hypoconulid, and entoconidlese the talonid basin (fig. 5).
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4.1.2 Wear facets

4.1.2.1 Docodonta

The only terminology of wear facets available aldanodonis that of Crompton and Jenkins
(1968). They show the hypothetical developmentooftht morphology and correlated wear
facets fromEozostrodona morganucodontid, tbocodonwith a hypothetical intermediate
stage partially based dthaldanodon The figure illustrating this development was tatused

by Hopson and Crompton (1969) who directly assighedhypothetical stage tdaldanodon
However, the terminology applied by Crompton anukiles (1968) is easily confused with that
of wear facets on tribosphenic teeth introduce@kympton (1971), because both are based on
Arabic numerals. Crompton’s facet terminology idl sommonly used for basal mammals.
However, Crompton and Jenkins’ docodont facetsnatemeant to be homologous to the
tribosphenic facets. Instead, they reflect the mesl ancestry of morganucodontids to
docodonts and therefore are phylogenetically piegdd That is why the numbering of facets
on the upper molar oHaldanodonbegins with facet 2 due to the assumed loss of the
morganucodontid cusp B in docodonts which carhesntorganucodontid facet 1. On the lower
molar ofHaldanodon facet 3 and 4 are assumed to be lost due to @letsreduction of the
morganucodontid cusp c. This is why Haldanodonaccording to Crompton and Jenkins
(1968) and Hopson and Crompton (1969) facet 1efdwer molar contacts the merged facets
3 and 4 of the upper molar. Facet 2 and the addilip developed docodont facets 5 to 8 all
have an equivalent on lower and upper molar. Smoveadays docodonts are not regarded as
sister taxon to morganucodontids but rather to ‘fegtmodonts” (see 2.1), this terminology is
not used in this study.

The only other docodont wear facet terminology imé®duced by Jenkins (1969) and is based
on Docodon However, it is rather confusing with facets 11®on the lower and facets 14 to
21 on the upper molar. Therefore, matching facetsupper and lower molars are not
recognizable in the text. Some of them with cohielen differently orientated surfaces are
even further divided with additional letters (elq, 1b, 1c). Furthermore, Jenkins did not
distinguish between abrasion and attrition surfactets 1a, 9a, 14, and 19a for example are
situated at the tip of cusps and are formed bysafmanot attrition. These facts are the cause
why this terminology is not used in this study aslw

All other studies on docodont occlusion and waa&fer not to name the facets but rather
depict and paraphrase them (e.g. Hopson and Cronij9@0, Kron 1979, Krusat 1980, Butler
1997, Sigogneau-Russell and Godefroit 1997) orthheeerminology postulated by Jenkins
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Fig. 4 Terminology of wear facets
Haldanodol molars, occlusal view.
a) Upper molar (model: M2 of Gui Mz
30/79).

b) Lower molar (model: m3 of Gidarr
6/82).

Wear facets were given roman nume
to distinguish them from tribosphe
wear facets after Crompton (1971).

(1969) (e.g. Gingerich 1973, Butler 1988, Maschegtkal. 2002, Pfretzschner et al. 2005). The
only ones to follow Crompton and Jenkins’ (196&efaterminology are Schultz et al. (2017).
Regarding the described difficulties with the erigtwear facet terminologies, in this study a
self-compiled terminology is used: The facets anupper molar are named | to VI, from mesial
to distal and from buccal to lingual. Roman nunmerk used to emphasize the difference to
Crompton’s tribosphenic facets, which, as mentioa&dve, are not homologous to the
docodont facets. Corresponding facets on the lona@ar have the same number. In cases
where two or more facets of the lower molar conthet same facet on the upper molar an
Arabic numeral is added (e.g. II-1 and II-2) fronestal to distal to distinguish between the
partial facets, if necessary. Additionally, corresging facets on upper and lower molars have
the same color in all figures (facet I: light viglécet II: grey blue, facet Ill: turquoise, facet
IV: orange, facet V: olive, facet VI: light red)df 4).
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B facet 1 Fig. 5: Terminology of tribospher
O facet?2 molar morgology and wear face
H facet3 occlusal view. Facet position ¢
terminology are based on Cromg
W facet4 (1971) and amendments made
@ facet5 Kay and Hiiemée (1974). Facet cc
W facet6 scheme according to Schwerm
facet 9 (2015).
L. Paracone
] metacone
m protocone
m dex. trigon basin

hypoconid

talonid
basin

hypoconulid

paraconid
metaconid  entoconid

4.1.2.2DidelphisandMonodelphis

A still commonly used wear facet terminology fabtisphenic teeth and their predecessors
based on Arabic numerals was established by Cran(@®71). It originally included only six
facets but was later expanded by Kay and Hiiem@@4)L This terminology is easily applicable
for DidelphisandMonodelphiswith their almost unaltered tribosphenic tooth niipgy and
has also been used in the most recent study ardiition by Schwermann (2015). The facets
on the molars obidelphisandMonodelphisare colored according to his color scheme (facet
1: dark blue, facet 2: yellow, facet 3: green, fatered, facet 5: light orange, facet 6: violet,
facet 9: light blue) (fig. 5).

4.2 Measurements

Images taken with a digital camera (model Axio-Caiikc) mounted on a Zeiss
Stereomicroscope (model Axio Zoom.V16) served a= lfar the measurements. Tooth rows
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Fig. 6: Measuring poin
for measurements
molar length and wid
in Haldanodon (left:
lower molar, right: upp
molar).

yipim

Yipim

were positioned in occlusal view with mesial faclaff. Of each tooth row an image focused
on the basal outline of the molars was taken viighZeiss software ZEN pro 2011. The length
of the molar row was then measured three timesesgoeely with the virtual caliper of ZEN;
the scale had been imbedded into the image infeawsmakhe software converted pixel-size into
micrometer with an accuracy of more than 0.001 aach molar of the tooth row was also
measured separately. For this, it was arrangeddctusal view parallel to its buccal side and
with mesial to the left. The image was focusedrantiasal outline of the molar and was taken
in the highest possible magnification. Then lengiidl width were measured in micrometers
with the virtual caliper three times successivelthe molar’s longest and widest position (fig.
6). Finally, the measurements of tooth rows andamnsolvere converted into millimeter and
recorded with Microsoft Excel 2010 for further aysss.

4.3 Recording of striations with scanning electnuioroscope (SEM)

Some molars with well-preserved facets were reabwdéh the scanning electron microscope
(SEM) CamScan MV 2300. Previously, the isolatethtéad each been mounted separately in
occlusal view on a plug using conductive carbonemnas adhesive. The chosen specimens
were coated with gold in the Cressington Sputteat@ol08auto for three minutes at a voltage
of 30 to 40 mA and a pressure of about 0.05 mbitern&ards, several SEM images were taken
with the BSE detector of the CamScan and V&gacan in the Resolution Scan Mode with
qguintuple speed at a voltage of 18.7 kV or 19.8 Kilese images included shots taken from
occlusal view as well as shots from the molarediin an angle of 70° to 80° into buccal view
and rotated around the z-axis. At intervals of abhf several shots of the same view in

different focusing distances were taken. Striatigisgble in the images were then marked in
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red with the image editing program GIMP 2.6.12. Tgeneral directions of the observed
striations were transferred onto the 3D-printsavtdr and upper molars, which were used to
manually test possible ways of occlusion (see 4 /Ag most likely movement indicated by

these striations was used as base for an OFA anébee 4.5).

4.4 CT scans, reconstruction, and printing of 3Ddeis

Fifty-four specimens of isolated teeth were scanmitll synchrotron-microtomography at the
European Synchrotron Radiation Facility (ESRF) meri®ble (France) as part of the project
EC-440 (,Analysis of the chewing cycle in Mesozblammals®). The scans were run with the
Beamline ID19, a monochromatic X-ray, a moderatasphcontrast, and an energy of 25 keV
(kiloelectronvolt). The resulting voxel size wa®2um.

CT scans of the jaw fragments were done at then@sn-Institut (University of Bonn) with

a Phoenixx-ray vtomax s 240. Most specimens were scanned with the ¥80anotube55

to 80 kV, and 100 to 170A. The resulting voxel size was 8.21 to 14.99 [Ihis is also the
case for specimen Gui Mam 6/82, from which the low®lar models for the virtual
reconstruction of the mastication movement with@#&A were taken (see 4.5). It was scanned
with a voltage of 60 kV and a current of 170 pA &ad a voxel size of 13.22 um. Upper and
lower jaw of specimen Gui Mam 30/79 were scanndt thie 240 kV microtube, 100 kV, and
100 pA. The resulting voxel size was 18.50 um lierupper jaw, from which the upper molar
model for the OFA reconstruction was taken, respelgt 11.05 pum for the lower jaw. In all
cases the image-stacks were generated with thenRirceay software datos|x.

Avizo 7.1 was used to convert these image stadks3D-models. If necessary, the raw 3D-
models were then further processed with Polywor@$42IR 11, for example to remove
remaining artefacts, to reduce the size of the tispdeto scale them. Polyworks was also used
to color facets observed on the original molarsctonparison with the contact areas displayed
by the Occlusal Fingerprint Analyser (see 4.6).

A few selected 3D-models were printed with the @Bjgen 260V using FullCure 720 as body
matrix and FullCure 705 as supporting matrix. Theskn-sized models can be colored with
water soluble aquarelle pencils as needed. Therefoiwas possible to mark facets and
striations on the models, which then could be cargdo each other or manually tested for

best fit in occlusion.
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Fig. 7: Screenshot of the user interface for thclusal Fingerprint Analyser (OFA) software, ver:
1.7. The path which sets the movement of the lam@ars during mastication is shown as orange dots.

4.5 Occlusal Fingerprint Analyser (OFA)

The Occlusal Fingerprint Analyser (OFA) is an ogenrce software developed by ZiLoX IT
(based in Wallhausen, Germany) on behalf of the B#8arch unit 771. It detects the collision
of two 3D-objects moving along a specified path adgusts this path to avoid one model
permeating the other. It also displays the caledl@bllision area on each object and performs
various analyses (fig. 7). Therefore, it is weitad to simulate and verify possible mastication
cycles and to provide data on tooth-tooth contidett(is forming of facets).

In this study OFA version 1.7 was used to test irethe assumed mastication path of
Haldanodoncreates collision areas similar to the observegtiaon the model of an upper
molar (based on the M2 of Gui Mam 30/79) and a rhotléevo lower molars (based on m2
and m3 of Gui Mam 6/82). The 3D-models of the n®laere isolated from an upper and a
lower tooth row with reliably determinable toothsitons. This also guaranteed the correct
alignment of m2 and m3 in relation to each oth@rc&matching upper and lower molar rows
from one individual were not available, two rowddmging to different individuals with a
comparable abrasion stage had to be used for thea@&lysis. The upper molar model had to
be scaled with Polyworks 2014 IR 11 to match tlze sif the model of the lower molars (see
also 6.2). To obtain the correct alignment of upgead lower molars towards each other the
models were first aligned separately with PolywdR44 IR 11. For this, they were imbedded

into a model of the entire tooth row, also incluglthe jaw bones as far as they are preserved.
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This model was then aligned with the occlusal pdaofehe lower molars pointing upwards and
those of the upper molars pointing downwards. Afeeds, the models of M2 and m2+m3 were
isolated again and reloaded into the OFA with #spective coordinates. For fine tuning the
lower molars were then brought into centric ocdasiand the upper molar was slightly rotated
to allow maximum contact of the teeth. Startingriroentric occlusion, the lower molars were
then moved along the anticipated mastication paplastely for each phase. Both movements
were connected before running the OFA analysis.

The OFA analysis does not only simulate the spetihewing motion, but also detects and
colors the collision area in between the molar nwof@a as long as they are in contact. The
colors for the contact areas are randomly choseadoh time step by the program. However,
they can be manually recolored to match the coloosen for the represented facet.
Furthermore, two or more detached contact areamlacbelonging to the same facet can be
merged manually. They are still visualized as ddtparts, but the sizes of the areas are added
together. This is necessary for the creation obéttooth-contact diagram, which displays the
size of the contact areas in mm? at a given tirap as a bar diagram. The height of the bars
correlates with the size of the contact area, teravith the respective facet. Since the bars
correlated with the facets are not displayed irsecntive order, in this study the diagram was
rearranged with the image editing program GIMP126With the contact diagram, a statement
regarding the development of the amount of contacta distinct facet throughout the
mastication movement is possible (see 5.5, 6.48,685.1 - 6.5.2). Since each facet can be
associated with a certain function, it is also agirect approach to quantify the amount of

crushing and shear-cutting (see 6.4.6 and 6.5.3.2)%6
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5 Results

5.1Haldanodonmolars

5.1.1 Determination of position for isolated molars

TheHaldanodormolar rows included into this study — if fully perved — consist of four upper
respectively four to five, seldom six lower molafs. be able to create a virtual simulation of
the chewing stroke daldanodonas realistic as possible, matching tooth positafriee molar
models had to be ensured. To enable the includigheoisolated molar specimens into the
material from which to choose the most suitable egcan attempt was made to refer isolated
molars to their former tooth position in the demtak. For this, ten upper and 42 lower molar
rows with known tooth positions and well-presermsalars were measured as described in 4.2.
Length measurements of seven upper molar rowsdadill to M3 and range from 3.8 mm to
5.71 mm with a mean length of 4.85 mm (see appetatix 6). M4 was excluded from the
length measurements of the molar rows, becausevatieethe sample size would have been
further reduced to three out of the ten specim&hs.M2 of the right maxilla Gui Mam 30/79
was entirely excluded from the study, because witbngth of 1.44 mm and a width of 1.71
mm it is significantly smaller than any of the atihd2 (see below).

The mean lengths of the upper molar positions daiifer much (see appendix tab. 8): M2
(2.90 mm) is only slightly longer than M3 (1.81 mmy4 (1.75 mm), and M1 (1.73 mm).
However, they differ more significantly in mean widM2 (2.21 mm) is wider than M3 (1.98
mm), M1 (1.84 mm), and M4 (1.46 mm). For comparisbrthe overall size of the different
molar positions, for every specimen the valuesofth and width were added up. The mean
values reflect the size distribution of molar pasis within the same tooth row: M2 is always
the largest molar followed by M3, M1 and M4 (fig. ®nly in one specimen (Gui Mam 18/80)
M3 is slightly longer than M2. In three specimen$ M slightly larger than M3 — in two (Gui
Mam 41/45, Gui Mam 16/78) both in length and widthone (Gui Mam 60/76) only in length
but not in width. In one specimen (Gui Mam 25/82} i longer than both M3 and M1; their
widths are not comparable, since that of M3 andddldld not be measured (see appendix fig.
1+2).
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Size of molar positions in an upper tooth row
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Fig. 8: Size distribution of the molar positionghun upperHaldanodortooth rows. For each positi
molar lengths and widths were added up to detel the overall size of the molars (for a sepat
illustration of lengths and widths see appendix fig2). Measurements only include wefkeserve
molars with certainly determinable positic

a) lengths of upper molars b) widths of upper molars
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Fig. 9: Ranges of lengths and widths within uppefampositions irHaldanodon Measurements or
include well-preserved molars with certaimlgterminable positions. a) Ranges of lengths. ppel
molar positions show considerably overlapping vs with similar means. b) Ranges of wid
Although the mean values are well distinguisher ranges considerably overlap with at least oner
molar position.
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_VS_

a) upper molars — best suited specimens b) upper molars — best suited specimens
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Fig. 10: a) + c) Plot of length against width of upp®lar positions irHaldanodon b) + d) Plot of width against length/width of upmpeolar positions. It further
emphasizes the size differences in between the mokitigns. a) and b) only include well-preserved molaith certainly determinable positions. M4, the sasill
M1s and the largest M2s separate from the otherrnpolsitions. c) and d) additionally include estingat@lues of less well-preserved molars and molatis w
uncertain position. Only the smallest M4s and largest M2arigleseparate from the other molar positions.



The size of an upper molar correlates with the sizéhe other molars in the tooth row —
specimens with a relatively large M1 also have damgolars in the following positions,
specimens with a small M1 also have relatively $mmallars in the following positions. The
only molar position not following this trend is thaf M4 which can be smaller in an otherwise
rather large row than in a row with comparativelw lvalues.

Although the mean widths of upper molar positionsvs some significant disparities and the
size distribution within the molar rows is veryldtg there is a great overlap in values of the
same tooth positions among different molar rows fidnge of width of M1 (1.65 — 2.00 mm)
lies well within that of M2 (1.94 — 2.36 mm), M3.81L — 2.14 mm), and M4 (1.19 — 1.77 mm).
The range of width of M2 additionally lies withih&t of M3. The ranges of length show an
even greater overlap: The values of all molar pwsst that is M1 (1.54 — 2.03 mm), M2 (1.73
—2.13 mm), M3 (1.65 — 1.96 mm), and M4 (1.58 -21r8m), greatly overlap with those of the
other molar positions (fig. 9).

Therefore, it is almost impossible to distinguigiper molar positions by a simple plot of length
against width, with the exception of M4, the smstllél1s and largest M2s (fig. 10a). An index
of length/width plotted against width emphasizesgize differences but does not give a better
resolution (fig. 10b). If measurements of seven enopper molar rows with not as well-
preserved molars and / or uncertain tooth positemesincluded into the plot, the resolution
even lessens, so that only the smallest M4s agddaM2s can be certainly distinguished from
the other molar positions (fig. 10c + d).

Length measurements of the lower molar row includgo m4. In 21 out of the 42 lower molar
rows all of these molar positions are preserveeirfimeasurements range from 5.62 mm to
7.43 mm with a mean length of 6.38 mm (see appetatix07). The last molar positions m5
and m6 were not included into these measuremeatguse they erupt at a relatively late
ontogenetic stage. Therefore, they are not yeeptes younger adult specimens.

Lower molar positions differ significantly in bothean length and mean width (see appendix
tab. 9): m2 (1.80 mm) is the longest molar of tbe,rfollowed by m3 (1.76 mm), m1 (1.58
mm), m4 (1.43 mm), m5 (1.12 mm), and m6 (0.92 nirhg differences in mean width are less
distinct but still noticeable with m3 (1.22 mm)tas widest molar followed by m2 (1.14 mm),
m4 (1.03 mm), m1 (0.95 mm), m5 (0.85 mm) and m8Q@nm).

Like with the upper molars, for every specimenyhkies of length and width were added up
to determine the overall size of the different lowwlar positions. The mean values reflect the
size distribution of molar positions within the sanooth row: in most rows, m3 is slightly
larger than m2, followed by m1, m4, m5, and mé6.(fi). In 16 out of 28 comparable molar

rows m2 is slightly larger than m3, thereof twelmely in length. In five of these rows
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additionally m1 is wider than m3. Only in one oésie specimens (VJ 1001) ml is also longer
than m3, but not wider. In 14 out of 23 molar raw4 is larger than m1, thereof ten only in
width. These ten molars are also wider than maefsame molar rows, in two of which (Gui
Mam 34/74, Gui Mam 1/80) m5 is also significantlider than m1 (see appendix fig. 3 + 4).
The sizes of m1-m3 correspond well within the tawtiv — if m1 is relatively large, so are the
following molar positions, if m1 is relatively snhalhe following positions tend to be small as
well. The last molar positions do not follow thiat{ern and can be distinctly larger (mostly in
length) in small molar rows than in larger onesisTiend is most obvious in m5. There are
only three m6 included into the study, but thisthoposition seems to correspond well to that
of m5.

Like in the upper molar positions, the overlaphaf tanges of length and width in lower molar
positions is great, although the means of thesesmmements show significant differences and
the size distribution within the molar rows is telaly stable. The range of length of m1 (1.37
— 1.70 mm) lies well within that of m2 (1.64 — 1.88n), m3 (1.29 — 2.04 mm), and m4 (1.05
— 1.68 mm). The range of length of m2 additionag within that of m3 and m4, that of m3
also within that of m4 and m5 (0.82 — 1.37 mm). Tdrege of length of m4 additionally overlaps
with that of m5 and m6 (0.72 — 1.11 mm), and tHianb also lies within the range of length of
m6. The ranges of width show an even greater qventéd (0.83 — 1.08 mm) overlaps with all
following molar positions, that is m2 (0.99 — 11/26n), m3 (1.04 — 1.45 mm), m4 (0.72 — 1.29
mm), m5 (0.63 — 1.06 mm), and m6 (0.65 — 0.96 niing positions of m2 and m3 also overlap
with all following molar positions but m6, the rangf width of m4 additionally with both m5
and m6, and m5 with that of m6 (fig. 12).

Therefore, like with the upper molars it is diffitto distinguish lower molar positions by a
simple plot of length against width, with the extiep of the smallest m1ls and m2s and the
largest m3s (fig. 13a). However, it is at leastgilale to estimate whether a molar is more likely
to belong to the first molar positions m1-m3 or mbkely to belong to the last molar positions
m4-m6. An index of length / width against lengthvadth only slightly emphasizes the size
differences (fig. 13b). Although these differenbesome more indistinct if measurements for
not as well-preserved molars and eight more lonaanrows with uncertain molar positions

are included, they are still present (fig. 13c + d)
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Size of molar positions in a lower tooth row
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Fig. 11: Size distribution of the molar positions within lower Haldanodon tooth rows. For each position
molar lengths and widths were added up to determine the overall size of the molars (for a separated
illustration of lengths and widths see appendix fig. 3+4). Measurements only include well-preserved
molars with certainly determinable positions.

a) lengths of upper molars b) widths of upper molars
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Fig. 12: Ranges of lengths and widths within lowelar positions irHaldanodon Measurements or
include wellpreserved molars with certainly determinable pons. a) Ranges of lengths. Although
mean values are more or less well distinguishedathges considerably overlap with most of the «
molar positions. b) Ranges of widths. Mean valure less well distinguished and the rar
considerably overlap with each other.
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a) upper molars — best suited specimens b) upper molars — best suited specimens
oM1 BM2 ¢ M3 AM4 oeM1 EM2 ©M3 AM4
25 m 15
A A
2.0 % ) A
£ A £ 10 A
€15 ® A, gt ®
£ A Z o ﬂ
£ A S
T 10 o
e 805
0.5
0.0 0.0
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 2.5
length in mm width in mm
c) upper molars — all specimens d) upper molars — all specimens
oM1 BM2 ¢M3 AM4 oM1 BM2 ©¢M3 AM4
25 1.5
+ % Ny
2.0 =
E [ 5 1.0 A
g " £ & 2 e
r X 4 £
S 1.0 2
2 2 0.5
0.5
0.0 0.0
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 25
length in mm width in mm

Fig. 13: a) + c) Plot of length against width of laweolar positions irHaldanodon b) + d) Plot of length against length/width of lEmmolar positions. It slightly
emphasizes the size differences in between the rpokitions. a) and b) only include well-preservedarswith certainly determinable positions. The deslmls
and m2s as well as the largest m3s separate from the othear pogitions. The first molar positions m1-m3 separate quell from the last molar positions m4-m6.
¢) and d) additionally include estimated valuesestlwell-preserved molars and molars with uncepagition. The smallest m1s and m2s as well akatigest m3s
still separate from the other molar positions. Also, th& finolar positions m1-m3 still separate quite well ftben last molar positions m4-m6.



5.1.2 Abrasion patterns of molar rows

During the process of taking measurements fronouarmolar positions in a molar row to be
able to refer isolated molars to their former toptsition (see also 4.2 and 5.1), a peculiar
abrasion pattern of the studied molar rows becapparant. In some molar rows the wear
increases in mesial direction — that is, the finglar of the row is worn more heavily than the
second one, which in turn is more heavily worn ttienthird one. However, other molar rows
show the reversed pattern with wear increasingstaddirection. In this case, the first molar
of the row is less heavily worn than the secondwhieh in turn is less heavily worn than the
third one (fig. 14 + 15). It therefore seemed tonmethwhile to study the abrasion pattern of

the molar row in more detail.

5.1.2.1 Definition of wear stages

Only molar rows with three or more mostly intactlare were included into the study to enable
the determination of the direction of increasingameithin the row. On the lower molar row
m5 and m6 were excluded from consideration bectuesealways are vestigial.

Molar rows were roughly classified by three differdegrees of wear: low, medium, and high
(fig. 16 + 17). In rows with a low degree of welae teast strongly worn molar only shows first
signs of wear on cusps and crests with very iposure of dentine, if any at all. In rows with
a medium degree of wear on the least worn molacubps and crests are connected by exposed
dentine but are still clearly distinguishable. davs with a high degree of wear on the least worn
molar the boundaries between cusps and crests leedodistinct, because they fuse.
Ultimately, the tooth morphology completely brakisvn and dentine is exposed all over the
occlusal surface.

Furthermore, the wear gradient of each molar row éetermined. If least and strongest worn
molar are less than one degree of wear apart, tlarnmow is considered to have a small
gradient (fig. 16c, 17b + c). The rows in which teast and strongest worn molar are one or

more degrees of wear apart are considered to hiwgeagradient (fig. 16a + b, 17a).
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wear

buccal
IR

Fig. 14: Directia of wear in lower molar rows of Haldanodon, buccal view. a) Mesially increasir
wear gradient wh the preceding molar more heavily worn than the following one (¢ (Gui Mam 14/¢
b) Mesially incriasing wear gradient in a juvenile specimen (Gui Mam 33/77); rered arrow indic.
erupting p3. ¢) listally increasing wear gradient with the preceding molar less heaveavily worn thar
following one (CGui Mam 23/80, inverted).

wear

Fig. 15: Direction of wear in upper molar rowskéldanodon buccal view. a) Mesially increasi
wear gradient with the preceding molar more heawiyn than the following one (Gui Mam 58/78).
Distally increasing wear gradient with the precg molar less heavily worn than the following
(Gui Mam 42/78, inverted).
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buccal
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Fig. 16: Degree of wear in lower molar rowsHdldanodon a) Low degree of wear with only v
little exposure of dentine on cusps and cresthe least worn molar (m4). The molar row also sha
large, mesially increasing wegradient (m1: medium to high degree of wear, mw degree of wea
(Gui Mam 14/80). b) Medium degree of wear with (s and crests connected by exposed denti
the least worn molar (m1). The molar row also shawarge, distally increasing wear grewli (m1
medium degree of wear, m4: high degree of weari Mam 23/80, inverted). c) High degree of w
with indistinct boundaries in between cusps ansts of the least worn molar (m1). The molar rovo
shows a small, distally increasing wear geatli(m1: high degree of wear, m4: high degree car)
(Gui Mam 182/75, inverted).
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0.5 mm

Fig. 17: Degree of wear in upper molar rowsHafldanodon a) Low degree of wear with only v
little exposure of dentine on cusps and cresti@idast worn molaiM4). The molar row also sho
a large, mesially increasing wear gradient (M2h degree of wear, M4: low degree of wear) |
Mam 58/79). b) Medium degree of wear with cusps crests connected by exposed dentine o
least worn molar (M1). The molaow also shows a small, distally increasing we:adient (M1
medium degree of wear, M3: medium to high degre wear) (Gui Mam 42/78, inverted). ¢) H
degree of wear with indistinct boundaries in betwesps and crests of the least worn molar (WI34.
molar row also shows a small, mesially increasiiear gradient (M1: high degree of wear, M3: |
degree of wear) (Gui Mam 18/80).
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Direction of wear in relation to degree of wear
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Fig. 18: Diagram showing the correlation of theection of wear within a molar row (mesially (bl
or distally (orange) stronger worn) and the deof wear of the molar row (low, medium or high
Haldanodou. It also shows the distribution of smdight blue / light yellow) and large (dark blueark
orange) wear gradients among the molar rows irelation to both direction and degree of wear.
majority of mesially stronger worn molar rows sh' a low degree of wear in both upper and Ic
jaws. Distally stronger worn molar rows show a medto high degree of wear. Large wear gradi
are mostly present in mesially stronger worn mrows and only in specimens with a low to mec
degree of wear.

5.1.2.2 Wear pattern

To examine the abrasion patterns of the molar rd@$ywer and 16 upper jawsldéldanodon
were studied. As mentioned above only molar rovik #iree or more mostly intact teeth were
included into the study to get a reliable assessmietine direction of increasing wear within
the molar row.

Two distinctly different abrasion patterns wereeaed for the lower jaws. In 18 lower molar
rows the wear increases in mesial direction. Howeue22 lower molar rows wear increases
in the opposite direction, that is towards distdtogether, 45% of the lower molar rows are
mesially stronger and 55% distally stronger worhe Tirection of wear is strongly correlated
to the degree of wear within the molar row. Ten aiugéleven rows with a low degree show a

mesially increasing wear gradient. In contrasttat,tnine out of ten rows with a high degree
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Fig. 19: Abrasion patterns of crest¥X-
in upperHaldanodonmolars. a) Wor
only on the buccal side, forming a st
crest (M2 of Gui Mam 13/82). b) Wc
flat, forming a broad crest (M2 of C
Mam 42/78).

of wear show a distally increasing wear gradiemmwR with a medium degree are more often
stronger worn in distal direction (twelve) thannnesial direction (seven). The majority of the
lower molar rows (29 specimens = >70%) show a swedlr gradient. The large wear gradients
are restricted to rows with a low (3) or mediumd8yree of wear. Thereof, all of the rows with
a low and five of the rows with a medium degreemaesially stronger worn (fig. 18).

Two juvenile lower jaw specimens (VJ 1005-155, Glam 33/77) added to the study have a
mesially stronger worn molar row with a low degoéevear. However, one of them (Gui Mam
33/77) shows an especially large wear gradient thigHirst molar already heavily abraded (fig.
14b). The other one (VJ 1005-155) has a small weatient.

The 16 upper molar rows included into this studsoahow the same two opposing abrasion
patterns as the lower molar rows. Twelve upper maas have a mesially increasing wear
gradient and four a distally increasing one. Whiils,t75% of the upper molar rows are mesially
stronger worn and 25% distally stronger worn. Taealation with the degree of wear is less
distinct but still present. In all of the nine motaws with a low degree, wear is increasing in
mesial direction. Out of the two rows with a higdtgdee, one shows a mesially increasing wear
gradient and one a distally increasing one. Rovih wimedium degree also are more often
stronger worn in distal direction (three) than ieswl direction (two). Here, too, most of the
rows (11 specimens = ~70%) show a small wear gnadM five rows showing a large gradient
have a low degree of wear increasing in mesiattoe (fig. 18).

The upper molar rows additionally show anotheraeatble abrasion pattern, independent from
degree or direction of wear or wear gradient. la specimens crest X-Y is clearly worn flat in
a horizontal plane on all molars, forming a broegstat the lingual side of the “pseudotrigon
basin” (Gui Mam 85/75, Gui Mam 42/78). On the othand, in two specimens this crest is
worn only on the buccal side on all molars, formagharp edge at the lingual side of the
“pseudotrigon basin” (Gui Mam 20/76, Gui Mam 13/8#&). 19). The other specimens show a
less distinct disparity but either tend towardia#yf worn crest X-Y (seven) or a buccally worn

one (four).
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5.1.3 Position of facets

To determine the most probable way of occlusiontiier virtual simulation of the chewing
stroke ofHaldanodonwith the OFA, facet positions had to be investgatThis was also
necessary to verify whether the collision areapldiged by the OFA match the facets actually
observed on the original specimens.

The upper molar has six facets (fig. 4a, fig. Ejcet | is the largest one and is situated on the
lingual flank of cusp A. In its full extent it enély covers the mesio-lingual part of the buccal
half of the upper molar from crest A-B and cresKAlown to the base of the mesial cingulum
as well as the upper half of the disto-lingual Kiari cusp A. Facet Il is situated on the lingual
flank of cusp C and the lower half of the distoglsal flank of cusp A. Fully developed, it
covers most of the disto-lingual part of the budwalf of the upper molar (and with this the
buccal part of the “pseudotrigon basin”) includihg distal cingulum. Facet | and Il are often
fused without showing any sign of where one endksthe other begins. Facet Il is situated on
the mesial flank of cusp X, which is also called thseudoprotocone”. In its maximum extent,
it covers all of the lingual half of the upper nrotaesially of crest A-X down to the base of the
mesial cingulum and also circles around the mesmuhl flank of cusp X. Facet IV is situated
on the buccal flank of cusp Y. It covers most @& limgual half of the upper molar in between
crests X-Y and A-X (and with this the lingual part the “pseudotrigon basin”) with the
exception of the upper third of the disto-buccahi of cusp X. In its full extend, it is adjacent
to facet V, which completely covers the lingualtpafrthe distal cingulum, from the apex of
cusp Y downward. Facet VI is a small facet situatadhe lingual flank of cusp Y directly
below its apex. The described facets are not alyweggent on all of the upper molar specimens
and sometimes the facets on either the buccakdirtjual half are much more developed than
those on the other half are.

The lower molar has six facets matching the onethempper molar (fig. 4b, fig. 20). Facet |
is situated on the disto-buccal flank of main cagmd extends towards the mesio-buccal flank
of cusp d. It completely covers the flanks of thusgs from the apices throughout the deep
groove in between them down to the disto-buccahtae. Facet Il is usually divided into two
separated parts. Facet lI-1 is a small facet gitbah the mesial flank of cusp b directly below
its apex. Facet II-2 is situated on the mesio-blutaak of cusp a and the disto-buccal flank of
cusp b; it mainly covers the steep, shallow groovbetween those cusps and in contrast to
facet | ends well above the buccal tooth rim. Faites not continuously developed as well.
Facet IlI-1 is situated directly above facet | twe disto-buccal flank of cusp a; the two are

separated by the faint crest in between auapd the deep distal groove. Facet IlI-2 covers
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Fig. 20: Position of wear facets éfaldanodonmolars as seen from different views (for occlusiew
see fig. 4). Left: lower molar (model: m3 of Gui m 6/82). Right: upper molar (model: M2 of (
Mam 30/79). Corresponding wear facets have the saioe.
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crest a-c, facet 111-3 crest c-d, and facet lllrdst d-df. Facet IV is located on the crests bek an
b-g, joining directly below the apex of cusp b. &a¢ covers the entire mesio-lingual flank of
cusp a beginning directly below its apex and rugraltong crest a-b but does not quite reach
the bottom of the “pseudotalonid basin”. Facet &the smallest facet and is situated on the
lingual side of the “pseudotalonid basin” whichmade up of the buccal flank of cusp g. On

the lower molar, too, not all of the specimens glsvshow all of the facets.

5.1.4 Striation patterns and trailing edges

To determine the most probable way of movementheflower molar models in the virtual
simulation of the chewing stroke, striation patteamd trailing edges had to be examined on
original molar specimens.

Three distinctly different directions of striae wabserved on SEM-images of upper and lower
molars (fig. 21). The first striation pattern catsiof striae that run vertical. These are present
on facets | and Il. On upper facet | they are cionecerest A-X and the distal flank of cusp A
(e.g. Gui Mam 3125, Gui Mam 3231, Gui Mam 32619.(82). On lower facet | vertical striae
can only be found on the upper part above the-dlistewal groove, but they are usually not very
distinct (e.g. Gui Mam 3176, Gui Mam 3203, Gui M8206, Gui Mam 3213) (fig. 23). On
upper facet Il vertical striae are only presenttm upper part covering the flanks of cusps A
and C (e.g. Gui Mam 3231, Gui Mam 3242, Gui Mam323ui Mam 3261) (fig. 24). As
mentioned in 5.3, on many upper molar specimeretddcand Il are fused. Striations continue
smoothly from one facet onto the other without eaetight change in direction (e.g. Gui Mam
3125, Gui Mam 3231, Gui Mam 3243). On lower fadefertical striae are always present on
the lower part of facet II-2 covering the mesio-talayroove (e.g. Gui Mam 3168, Gui Mam
3170, Gui Mam 3172, Gui Mam 3174, Gui Mam 3176, @am 3178, Gui Mam 3203, Gui
Mam 3208) (fig. 25).

The second striation pattern consists of striaénimg in mesial direction. These are present
on facet IV as well as upper facet Ill and lowerdis |, II, V, and maybe VI. As mentioned
above, striations on the upper part of lower fdadiove the disto-buccal groove usually run
vertical. However, on the lower part below the g®dhe striae always distinctly incline
towards mesial (e.g. Gui Mam 3170, Gui Mam 3172,Mam 3203, Gui Mam 3213) (fig. 22).
On lower facet Il mesially inclining striae are ppresent on the upper part of facet 11-2 above
the mesio-buccal groove (e.g. Gui Mam 3168, Gui MdmM0, Gui Mam 3172, Gui Mam 3176,
Gui Mam 3178, Gui Mam 3203). If striae are rabdgiinclined, they show a distinctly lower
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B facetl B facetll @ facet Il
O facetIv B facetv B facet VI

Fig. 21: Striations as observed on upper and lddadanodonmolars, occlusal view. Correspond
upper and lower facets have the same color. Tlre three distinct striation patterns. Verticallnninc
striae are present on upper and lower facets llaktésially inclining striae are present on upper fa
Il and IV as well as lower facets |, Il, IV, anc. On upper facet lll and IV they are parallel, re the
on lower facets IV and V. On lower facet | they amech more inclined than on lower facet Il. Diktal
inclining striae are present on upper facets 1V, V, and VI as well as lower facet Ill. On up facet:

[, I, and VI they are parallel as well as on ug facets IV and V on which they run almost horiz.
(upper molar model: M2 of Gui Mam 30/79, lower miataodel: m3 of Gui Mam 6/82)
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degree of inclination than those on the lower patbwer facet I. On the level of the mesio-
buccal groove they turn abruptly vertical, whichugially accompanied by the formation of a
sharp edge in between the two parts of lower fde2t(fig. 25). On one of the examined
specimens (Gui Mam 3188) the striae on the lowetrmad of facet [I-2 abruptly turn towards
mesial again. They are also divided by a faint ddga the rest of the facet. On upper facet Il
mesially inclining striae always cover all of itchare rather steep (e.g. Gui Mam 3123, Gui
Mam 3191, Gui Mam 3228, Gui Mam 3231, Gui Mam 3238j Mam 3245, Gui Mam 3252,
Gui Mam 3262, Gui Mam 3265) (fig. 26). Striae orpapfacet 1V only incline towards mesial
on the distal part below cusp Y. They usually rimast vertical and only slightly incline
towards mesial (e.g. Gui Mam 3228, Gui Mam 3242,Nkam 3245, Gui Mam 3262, Gui Mam
3265) (fig. 28). Thus, they run more or less patab the striae on upper facet Il (e.g. Gui
Mam 3228, Gui Mam 3245). On lower facet IV mesiatiglining striae can only be observed
right below the tip of cusp b and on crest b-e.(&gi Mam 3168, Gui Mam 3170, Gui Mam
3176, Gui Mam 3203). Crest b-g often shows a disolished surface but no striations at all
(fig. 29). On lower facet V mesially inclining g are present all over it (e.g. Gui Mam 3168,
Gui Mam 3172, Gui Mam 3174, Gui Mam 3176, Gui MahY3, Gui Mam 3188, Gui Mam
3203, Gui Mam 3206) (fig. 31). They usually rungibal to facet IV (e.g. Gui Mam 3168, Gui
Mam 3176, Gui Mam 3203). On lower facet VI striae eery faint but seem to incline in mesial
direction (e.g. Gui Mam 3176) (fig. 33).

The third striation pattern consists of striaeimalg in distal direction. These are present on
upper facets I, II, IV, V, and VI as well as lowcet Ill. On upper facet I, the part on the
mesial flank of cusp A often shows a distinct godid surface right below the tip of the cusp.
Striations on this part are usually heavily overd by abrasion but in contrast to the distal
part of the facet seem to incline in distal direct{e.g. Gui Mam 3125, Gui Mam 3191, Gui
Mam 3221, Gui Mam 3231, Gui Mam 3261) (fig. 22). Qoper facet Il, striae usually are
vertical on the flanks of the cusps but then tuoreror less abruptly towards distal at their base
within the “pseudotrigon basin” (e.g. Gui Mam 31Z&i Mam 3231, Gui Mam 3242, Gui
Mam 3243, Gui Mam 3261, Gui Mam 3262) (fig. 24).eylrun more or less parallel to the
distally inclining striae on upper facet I. On lawacet Ill, distally inclining striae are present
on all parts of the facet (e.g. Gui Mam 3172, G@irvi3174, Gui Mam 3176, Gui Mam 3203,
Gui Mam 3208, Gui Mam 3213) (fig. 27). On many spems the striae are additionally more
or less slightly oriented towards lingual (e.g. ®am 3172, Gui Mam 3174, Gui Mam 3203,
Gui Mam 3213). Striations on upper facet IV incliesvards distal on its mesial part below
cusp X. In contrast to the steep mesially inclingigae on its distal part they almost run
horizontal (e.g. Gui Mam 3228, Gui Mam 3242, GuirM&245, Gui Mam 3251, Gui Mam
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3252, Gui Mam 3262, Gui Mam 3265) (fig. 28). Straaeupper facet V are almost horizontal
as well and only show a very slight inclination avas distal (fig. 30). Thus, they run more or
less parallel to the striae on the mesial partppfeu facet IV (e.g. Gui Mam 3228, Gui Mam
3262, Gui Mam 3265). On upper facet VI striae séeishow about the same degree of distal
inclination than those on upper facet Il (e.g. Glaim 3130, Gui Mam 3191, Gui Mam 3242,
Gui Mam 3252, Gui Mam 3265) (fig. 32).

Striations cannot only be observed on facets Isat faéquently cover other parts of the molars.
However, these striae do not show any clearlymistishable orientation but rather cross each
other in more or less diverse angles. Especiathgritine is exposed, undirected striae can also
be present on the facets, partially interferinghwiite oriented striations.

Exposed dentine usually either connects very sniputith the enclosing enamel or is deeply
scoured at all sides. Therefore, smooth leadingstemaped trailing edges at the enamel-dentine
junction usually cannot be distinguished on neitbeer nor upper molars. The only exceptions
that show clearly visible leading and trailing eslggn many lower molar specimens are the
mesio-lingual border of the “pseudotalonid basind #ghe buccal extension of the disto-buccal
groove in between cusps a and d. If present, Hing edge within the “pseudotalonid basin”
always lies on the distal side of crest b-g andrhiéng edge on the mesial one (e.g. Gui Mam
3172, Gui Mam 3174, Gui Mam 3178, Gui Mam 3188, @am 3203, Gui Mam 3206) (fig.
34). This is always accompanied by a considerabtevard downslope of the dentine field,
which therefore breaks through crest b-g (e.g.Nkaun 3104, Gui Mam 3142, Gui Mam 3168,
Gui Mam 3170, Gui Mam 3172, Gui Mam 3174, Gui MahY@, Gui Mam 3177, Gui Mam
3178, Gui Mam 3188, Gui Mam 3203, Gui Mam 3208)i Mam 3172 additionally seems to
show a vague leading edge on the basal part of bresand a vague trailing edge above. If
present, the leading edge of the disto-buccal grdies on the lingual side of the dentin field
exposed within and below the groove. The accompaiyailing edge is situated on the buccal
side (e.g. Gui Mam 3170, Gui Mam 3203, Gui Mam 32(ii§. 35). On some lower molar
specimens vague leading edges might also be presethie distal side of some of the distal
crests accompanied by vague trailing edges on #sgatside of the same crests (e.g. Gui Mam
3172, Gui Mam 3174, Gui Mam 3188) (fig. 36). On tigper molar, a slight leading edge
might be present on the mesial side of the mesigltum with the accompanying trailing edge
on the distal side of the same cingulum (e.g. GainivB242, Gui Mam 3245) (fig. 37).
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Fig. 22: Striations on facet | oftdaldanodonupper molar specimen (Gui Mam 3125, M sin.). Pel
striae incline in distal direction on the mesiagliral flank of cusp A and run vertical on cresXA-
a) Magnified facet. b) Magnified facet with markstdae.

0.2 mm

buccal

Fig. 23: Striations on facet | oftéaldanodonower molar specimen (Gui Mam 3213, m dex. inve).
Parallel striae run vertical on the upper part abruptly change direction towards mesial on theel
part. a) Magnified facet. b) Magnified facet witlarked striae.
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Fig. 24: Striations on facet Il oftdaldanodonupper molar specimen (Gui Mam 3125, M sin.). Pel
striae incline in distal direction. a) Magnifiecc&. b) Magnified facet with marked striae.

Fig. 25: Striations on facet 1l-2 of ldaldanodonlower molar specimen (Gui Mam 3203, m
inverted). Parallel striae slightly incline towantiesial on the upper part and abruptly turrtigal or
the lower part. Both parts are separated by a edge. a) Magnified facet. b) Magnified facet \
marked stria
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lingual

Fig. 26: Striations on facet Il oftdaldanodorupper molar specimen (Gui Mam 3262, M dex. inve).

Parallel striae slightly incline in mesial diren. a) Magnified facet. b) Magnified facet with mec
striae

o

&

\

o ] o e

Fig. 27: Striations on facet Il oftdaldanodorower molar specimen (Gui Mam 3213, m dex. invate
Parallel striae incline in distal direction. a) Mafged facet. b) Magnified facet with marked striae
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Fig. 28: Striations on facet IV oftdaldanodonupper molar specimen (Gui Mar@4b, M sin.). Parall
striae slightly incline in mesial direction belousp Y and run almost horizontal with a slight inatior
towards distal below cusp X. a) Magnified facetMggnified facet with marked striae.

Fig. 29: Striations on facet IV ofidaldanodorower molar specimen (Gui Mam 3203, m dex. inve).
Parallel striae incline in mesial direction on ¢ites. a) Magnified facet. b) Magnified facet with mec
striae.
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Fig. 30: Striations on facet V oftéaldanodonupper molar specimen (Gui Mam 3228, M dex. invel.
Parallel striae slightly incline in distal direcn. a) Magnified facet. b) Magnified facet with mec
striae.

Fig. 31: Striations on facet V oftdaldanodoriower molar specimen (Gui Mam 3174, m dex. inve).
Parallel striae incline in mesial direction. a) Médigd facet. b) Magnified facet with marked striae
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0.2 mm

Fig. 32: Striations on facet VI oftdaldanodorupper molaspecimen (Gui Mam 3265, M sin.). Par:
striae incline in distal direction. a) Magnifiecc&. b) Magnified facet with marked striae.

Fig. 33: Potential striations on facet VI offaldanodorower molar specimen (Gui Mam 3176, m ¢
inclining in mesial direction. a) Magnified face). Magnified facet with marked striae.
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Fig. 34: Leading and trailing edge within the “pdetalonid basin” of aHaldanodonlower mola
specimen (Gui Mam 3203, m dex. inverted). The ng edge (nharrow arrows) is situated on the b
side of crest b-g, the trailing edge (wide arroarsjhe lingual one. Crestdbuilds up the mesial bor¢
of the “pseudotalonid basin” amlcompletely worn down. The exposed dentine ishows an outwa
downslope.

Fig. 35: Leading and trailing edge within the dibtaccal groove of aHaldanodonlower mola
specimen (Gui Mam 3203, m dex. inverted). The ng edge (narrow arrows) is situated on the lir
side of cusp d, the accompanying trailing edge éveitows) on the buccal side.
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Fig. 36: Leading and trailing edges on the distabts of aHaldanodonlower molar specimen (C
Mam 3174, m dex. inverted). The leading edge (maeows) is situated on the distal side of crests
d and d-df, the trailing edge (wide arrows) onrtiesial side.

mesial

Fig. 37: Vague leading and trailing edge on thguad part of the mesial cingulum of-mldanodo
upper molar specimen (Gui Mam 3242, M sin.). Tradieg edge (harrowarrows) is situated on
cervical side, the accompanying trailing edge (vddews) on its apical side.
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5.2 Tooth-tooth-contact diagrams

5.2.1Haldanodon

The Occlusal Fingerprint Analyser (OFA) was usedcteate a bar diagram showing the
development of the sizes of the contact areas twdmn upper and lower molars over the
duration of the chewing stroke (see also 4.5).tRemprogram to be able to detect these areas,
first the postulated mastication movemenHafldanodonhad to be simulated. According to
the facet positions and striations on the molarsenked in this study, it definitely had two
phases (see 6.4). Phase 1 consisted of a latasardpnovement of the lower molars from
buccal to lingual and ended in centric occlusiothwie lower molars resting in between the
upper molars. For the second phase there are fieoatit possible scenarios: either it had been
a palinal downward movement directly following pbds(phase 2) or a separate proal upward
movement ending in centric occlusion as well (pHese

The contact diagram of phase 1/1a is divided intdithe steps. For the scenario with the
downward resumption of the mastication movementctinnt of time steps continues to 46,
with centric occlusion separating phase 1 from pHags between time steps 17 and 18 (fig.
38). The scenario with two separate upward movesnalso requires two separate contact
diagrams. That for phase 1a terminates after tHdidie step, that for phase 1b starts over with
29 time steps (fig. 39). In both diagrams centdclosion takes place at the very end and also
marks the end of the respective power stroke.&i&ts are represented in the contact diagrams:
facet | (light violet), facet Il (grey blue), facil (turquoise), facet IV (orange), facet V (olive
and facet VI (light red). Facet | with up to 0./88n2 has the largest contact area, followed by
facet Il with up to 0.33 mmz, and facet Il with tg0.24 mmz2. The smallest facets are facet VI
with a contact area of up to 0.14 mm?2, facet IMweitcontact area of up to 0.07 mmz2, and facet
V with a contact area of up to 0.02 mm2.

The first facet coming into contact with its antag on the upper molar in phase 1/1a is facet
II, immediately followed by facet | in time step Bhe contact area of both facets more or less
steadily increases until time step 10, and themoite or less steadily decreases again until the
respective facet loses contact. For facet |, thtbe case at time step 15, shortly before centric
occlusion. Facet Il loses contact right at the beigig of phase 2 at time step 18, if the chewing
movement continues. Otherwise it loses contact with opening of the jaw after centric
occlusion. Facets Il to VI almost simultaneousty o contact at the very end of phase 1/1a —
facets Ill, IV, and VI at time step 16 and faceawtime step 17. Facets IV, V, and VI show

their largest contact area at the very beginninghafse 2 at time step 18, respectively the very
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end of phase 1b at time step 29 and only staymtact for a very short time. In phase 2, they
lose contact at its beginning: facet V at time st8pfacet VI at time step 19, and facet IV at
time step 20. The contact area of facet Il rapidigreases until time step 20, but then only
slowly decreases again with some fluctuations. [bks of contact of facet Il at time step 46
marks the end of phase 2. In the scenario withseymrate upward movements, facets Il to VI
lose contact immediately after centric occlusiomplrase 1la at time step 17. The first facet to
get into contact in phase 1b is facet Ill, followeglfacet IV at time step 27, facet VI at time
step 28, and facet V at time step 29. All of thizeets steadily increase in contact until they
abruptly lose it after centric occlusion at timepsR9. All in all, the facet with the longest time
of contact is facet Il with 31 (2+29) time stefsl|owed by facet Il with 18 (17+1) time steps,
facet | with 14 (14+0) time steps, facet IV witkditime steps (2+3), facet VI with four time
steps (2+2), and finally facet V with only two (Jtime steps.

5.2.2Didelphis

The power stroke dDidelphiscomprises of two phases, separated by centricisiocl. Phase

1 is a more or less lateral movement of the lowelans from disto-buccal to mesio-lingual
into centric occlusion. The lateral movement istoared in phase 2 in lingual direction.

All in all, the chewing motion oDidelphis consists of 44 time steps with centric occlusion
separating the phases in between time steps 38%ar@hase 1 is divided into 34 time steps,
phase 2 into ten (fig. 40). Five facets are showthé contact diagram: facet 1 (dark blue), facet
2 (yellow), facet 3 (green), facet 6 (violet), dadet 9 (light blue)Facets 2 and 9 with a contact
area of up to 0.7 mmz2 each are the largest fadéth.up to 0.49 mm? facet 6 is the third largest
facet, followed by facet 3 with a contact area pft@ 0.35 mm2. Facet 1 with a contact area of
up to 0.24 mmz is the smallest one.

Facet 2 is the first facet to get into contact, mamtely followed by facet 1 at time step 2. Facet
2 steadily increases its contact area until tinep st6; afterwards its contact area rapidly
decreases again until it loses contact at timeaiefracet 1 steadily increases its contact area
until time step ten, and then it slowly decreaggsrawith a second small peak at time step 18.
It loses contact simultaneously with facet 2 attistep 21. At the same time as facets 1 and 2
lose contact, facet 6 establishes contact witlntsgonist. It steadily increases contact until
time step 27. At time step 28 the size of the atrdeea of facet 6 abruptly drops to almost
zero. Then it rapidly recovers until time step 81l atays almost level until centric occlusion.

Facet 6 abruptly loses contact at the very begmpinphase 2 at time step 35. At the end of
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phase 1 the last two facets come into contactt faeétime step 32 and facet 9 at time step 33.
Facet 3 rapidly increases in size until centriclegion after which it abruptly loses contact.
Except for the one time step of facet 6, facettBasonly facet to continue its contact into phase
2. It increases in size only slowly until time st&pand then very rapidly until its peak at time
step 43. The loss of contact of facet 9 at timp 4t also marks the end of phase 2 and the
power stroke. All in all, facet 2 has the longeshtact with 21 (21+0) time steps, closely
followed by facet 1 with 20 (20+0) time steps. Ra@enaintains contact for 15 (14+1) time
steps and facet 9 for twelve (2+10). Facet 3 haslhiortest contact by far with only three (3+0)

time steps.

5.2.3Monodelphis

The power stroke dflonodelphisis very similar to that oDidelphis It also has two phases,
separated by centric occlusion. LikeDidelphis phase 1 is a more or less lateral movement of
the lower molars from disto-buccal to mesio-lingulal phase 2, the lateral movement is
continued in lingual direction as well.

The power stroke dflonodelphisconsists of 42 time steps with centric occlusioousring in
between time steps 27 and 28. Thereof, phase b®scR7 time steps and phase 2 has 15 time
steps (fig. 41). There are three facets shownardihgram: facet 1 (dark blue), facet 2 (yellow),
and facet 9 (light blue). Facet 2 with up to 0.2hmsrby far the largest facet, followed by facet
1 with up to 0.07 mm?, and facet 9 with up to 0h@%2. Facet 2 is also the first facet to get into
contact, directly followed by facet 1 at time s&plhe contact area of facet 2 first increases
slowly until time step 8 and then rapidly untilrgaches its peak at time step 17. Then it
decreases slowly until the facet abruptly losedaxirat time step 21. The contact area of facet
1 slowly increases until time step 8. Afterwardsldwly decreases again with a second small
peak at time step 17. Facet 1 does not lose cdmgfate centric occlusion at time step 27. Just
before centric occlusion, facet 9 gets into conttctime step 26. It is the only facet that
continues the contact into phase 2, slowly increpgs contact area until time step 34 and then
decreasing it just as slowly until its loss of amitat time step 42 marks the end of the phase
and the power stroke. Facet 1 is the facet withldhgest contact, lasting for 25 time steps
(25+0), followed by facet 2 with a contact lastidgy time steps (21+0), and facet 9 with a
contact lasting 17 time steps (2+15).

-61 -



Fig. 38 (next page): Tooth-tooth-contact diagramHaldanodonshowing the size of the contact ¢
for each lower molar facet during a certain tinep throughout the chewing stroke from first to
contact of the molars. This contact diagramasdal on the reconstruction of the masticatory men
as a biphased power stroke, with a lateral upward move of the lower molars into centric occlus
(phase 1) followed by a palinal downward movemphase 2). (lower molar model: m3 of Gui M
6/82)

Fig. 39 (next page): Tooth-tooth-contact diagramHaldanodonshowing the size of the contact ¢
for each lower molar facet during a certain tinep throughout the chewing stroke from first to
contact of the molars. This contact diagram is tasethe reconstruction of the masticatory movel
as two independent power strokes, one consisti a lateral upward movement of the lower mc
into centric occlusion (phase 1a), and anotheristing of a proal upward movement of the lo
molars ino centric occlusion (phase 1b). Centric occlusds followed by a vertical opening of the j
which results in an immediate loss of contact e antagonistic molars. Both power strokes can ec
alternatively. (lower molar model: m3 of Gui Man88)

Fig. 40 (page after next): Tooth-tooth-contact ckagforDidelphisshowing the size of the contact ¢
for each lower molar facet during a certain tinep throughout the chewing stroke from first to
contact of the molar®idelphishas a bi-phased power stroke, with a méagual upward moveme
of the lower molars into centric occlusion (pha) followed by a lingual downward movement (pt
2). (lower molar model: m2 of SMF 77266; red fag¢és not in contact in this OFA simulation)

Fig. 41 (page after next): Tooth-tooth-contact daag forMonodelphisshowing the size of the cont
area for each lower molar facet during a certime step throughout the chewing stroke from fir
last contact of the molarslonodelphishas a bi-phased power stroke very similar to éh&tidelphis
with a mesio-ligual upward movement of the lower molars into <c occlusion (phase 1) follow
by a lingual downward movement (phase 2). (lowelammodel: m2 of ZMB MAM 35496green face
3, red facet 4, and violet facet 6 are not in contathis OFA simulation)
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6 Discussion

6.1 Location of basins and “pseudoprotocone” orodoat molars

6.1.1 Location of basins on the lower molars

The location of the docodont “pseudotalonid basias been the subject of discussion for a
long time. Most authors locate it in between cusds, and g. In this case, its margin is formed
by crest a-b at the buccal, crest a-g at the distal crest b-g at the mesial side (Kermack et al.
1987, Sigogneau-Russell 2003, Martin and Averiar®®04, Pfretzschner et al. 2005,
Averianov et al. 2010). However, other authors llkakins (1969), Krusat (1980) and Meng
et al. (2015: Supplementary Materials) locate {peetidotalonid basin” in between cusps a, b,
and c (= g in Krusat 1980!) with crests a-b, ang b-c building the boundary.

On various isolated lower molars Haldanodonincluded in this study, striations were only
observed in between cusps a, b, and g, as sugdsstied majority of authors. Cusp c is clearly
not part of the boundary of the “pseudotalonid basi this taxon. The basin is not closed but
opens in mesio-lingual and distal direction, beeawrgsts a-g and b-g are not very distinctive.
This is why some authors do not consider it a bagirall and therefore postulate that
Haldanodondid not possess a “pseudotalonid basin” (Kermaek.e1987, Pfretzschner et al.
2005, Averianov and Lopatin 2006). However, thiglgtdoes not follow this opinion, because
a small depression can be observed in betweerups ©f unworn and slightly worn molars.
Furthermore, a small amount of grinding does td&egowithin this region as long as cusp g is
not completely worn down (see 6.4.6).

In some of the other docodont taxa, additionallypce is included into the “pseudotalonid”. In
that case crest b-g is not developed and the nresigjin is bordered by crest b-e, the lingual
margin by crest g-e (Maschenko et al. 2002, Maatid Averianov 2004, Pfretzschner et al.
2005, Hu et al. 2007, Luo and Martin 2007, Lopatiral. 2009, Averianov et al. 2010, Meng
et al. 2015: Supplementary Materials). This is wWie/“pseudotalonid” of these taxa sometimes
is considered to be convergent to that of the adlbendonts (see also 2.3.1).

There are many authors who assume that docoddotlgdhad two basins on the lower molars
—a mesial and a distal one, the latter often refeto as “talonid” (Jenkins 1969, Krusat 1980,
Pascual et al. 2000, Sigogneau-Russell 2003, dl. 2006, Hu et al. 2007, Luo and Martin
2007, Averianov et al. 2010, Meng et al. 2015: Saimentary Materials, Wang and Li 2016).
Some of these authors see both basins as halfshagiich combined between two adjacent

molars function as a large “intermolar” crushingibaJenkins 1969, Krusat 1980, Pascual et
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al. 2000). There are also some authors like Taiar{h994) and Pfretzschner et al. (2005) who
consider the tegotheriids to be the only taxa with basins on the lower molars. In all cases
the distal basin is placed in between cusps ayadaJenkins 1969, Averianov et al. 2010), a
few authors also add cusp df to the borderline $&ti980, Hu et al. 2007, Luo and Martin
2007).

In this study, at leasialdanodonis not considered to possess a distal basin asededbove.
The structure in between cusps a, ¢, and d isagatrded as a basin, because it is continuously
sloping down towards the disto-buccal rim of thdanand therefore closer resembles a groove.
A basin in between cusps a, ¢, d, and df as pastulay Krusat (1980) explicitly for
Haldanodonwould be disrupted by crest c-d. The only distalure that might resemble a
very small basin is that in between cusps c, d, é¢ingith crests c-d and d-df building the
margin. Since it is rather small and clearly offisetn the following lower molar, it should not
be seen as part of an intermolar basin.

However, this does not exclude the existence ataldoasin in between cusps a, ¢, d, and df
in other docodont taxa (see also 6.4.7DétodonandSimpsonodorfor example, crest c-d is
much weaker and crest a-d slightly better develdpad inHaldanodon Therefore, the distal
part of their lower molars might be consideredainf a broad, shallow, distally opening basin.
In tegotheriids TegotheriumHutegotheriumandSibirotheriun) crest c-d is absent and crest
a-d is very well-developed. In their case, crestsad, c-df, and d-df enclose an undoubtedly

well-build distal basin.

6.1.2 Location of “pseudotrigon basin” and “pseuddpcone” on the upper molars

The “pseudotrigon basin” is also referred to agmotalon basin” by some authors (Averianov
et al. 2010, Martin and Averianov 2010, Martin &t 2010a). The arrangement of cusps
enclosing the basin in the docodonts closer resesrthiat of the tribosphenic trigon (build by
protocone, paracone and metacone) than the heetdlan (build by the hypocone). This is
why the term “pseudotrigon basin” is preferredhis tstudy, although it is made up of four and
not of three cusps.

In contrast to the location of the “pseudotalonakib” on the lower molars, that of the

“pseudotrigon basin” on the upper molars is nohs&e very controversial. For all docodont
taxa, the “pseudotrigon basin” is consistently #pt throughout the literature as being
situated in between cusps A and C at the buccatasps X and Y at the lingual border. The
mesial border is built by crest A-X, the distal obg crest C-Y (Kermack et al. 1987,
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Pfretzschner et al. 2005, Hu et al. 2007, Lopatiale2009, Martin et al. 2010a). The only
major point of discussion is whethgaldanodonpossesses a “real” “pseudotrigon basin” since
in this taxon it lacks a distinct crest C-Y andré#fere opens in distal direction. This is why
Pfretzschner et al. (2005) postulate tHaldanodondoes not have a “pseudotrigon basin”.
However, in this studidaldanodonis considered to have a real basin, although ratiedlow,
since the lowest point is located somewhat mesitiieodistal tooth rim and the slope of crest
A-X does not just level off at the distal margintb& molar.

Much more controversial is the term “pseudoprot@obsually, it is referred to the lingually
situated cusp X, because its position on the upp®ar is similar to that of the tribosphenic
protocone. This is also why it sometimes is regatdenterlock with the “pseudotalonid basin”
and therefore to have the same grinding function @t al. 2007, Luo 2007, Davis 2011,
Rougier et al. 2014). However, the majority of aughdo not consider it as functionally
homologous to the protocone of the tribosphenidsofding to them in centric occlusion cusp
X actually rests mesio-lingually of the “pseudotatb basin” and cusp Y is the one that
occludes within the basin (Crompton and Jenkins818®pson and Crompton 1969, Jenkins
1969, Gingerich 1973, Kron 1979, Krusat 1980, Kearknet al. 1987, Butler 1988, Pfretzschner
et al. 2005, Luo and Martin 2007). Kermack et 4887) therefore consider cusp Y and not
cusp X as equivalent to the protocone. Neverthelessthis study cusp X is labeled
“pseudoprotocone” to prevent misunderstandingstduke much more common use of the
term for this cusp. However, part of this study s to reexamine whether the function this
term implies is actually performed by this cusps time by virtually reconstructing the actual

mastication movement (see 6.4).

6.2 Determination of position for isolatéthldanodonmolars

According to other studies, the upper molar roHafdanodonconsists of up to five molars,
whereof M5 is vestigial and lacks the distal halflavith it the “pseudotrigon basin” (Kron
1979, Krusat 1980, Martin and Nowotny 2000, Luo amttin 2007). However, none of the
16 upper jaw specimens included in this study msesemore than four molars, all of them
fully developed. This indicates that M5 most likelypted at a relatively late ontogenetic stage
just as m5 and m6 of the lower molar row. This geteetic stage probably is not represented
within the studied specimens because even in tlelmanger sample of 52 mandibles only half
of the specimens possess m5 and only three specim@&nHowever, in some of the upper jaw

specimens the maxillary bone distal of M4 is nasgrved, so it cannot be excluded that it
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might have shown at least the alveoli of M5. In aage, since M5 is not present in the studied
specimens, it has been excluded from further censin.

The order of molar size in the upper molar roviHatfdanodondetermined in this study differs
from that provided by Krusat (1980). According kiststudy M2 is always the largest molar
followed by M3, M1 and M4, whereas according to it# should be larger than M1. The few
specimens available for Krusat (1980) apparentlyewet preserved well enough to allow
width measurements; therefore, he only measuretétigehs of the molars. Considering only
the means of the length measurements, M4 indesdjigly longer than M1 (see appendix tab.
8). However, in this case the mean values are ausig since they derive from nine M1 but
only five M4. In four upper molar row specimensib®dl and M4 are preserved — in two of
them M4 actually is shorter. In one specimen M1 lelddare equally long. Only in one of these
four specimens M4 is actually longer than M1. Hoerein this last specimen M4 is also longer
than M3, so it seems to be unusually large (unfately, the width of M1 and M3 of this
specimen could not be measured for comparisongeSit¥ is always considerably less wide
than M1, in overall size M1 is always larger thad [fig. 8).

The order of molar size in lower molar rows reportey Krusat (1980) differs from that
determined in this study as well. In this studyis®e largest molar, followed by m2, m1, m4,
m5, and m6 (fig. 11). According to Krusat (1980) sti®duld be larger than m3. Most probably,
he evaluated the order of size by the lengths efntiolars. This would match the fact that
although m3 is the largest molar in overall sinanore than half of the specimens’ m2 is longer
than m3. In most of these specimens this is congtedsy the much greater width of m3
compared to m2. A similar case is the order of md ra4 since ml is larger in overall size but
in more than half of the specimens m4 is widersToicompensated by the much greater length
of m1 in comparison to m4.

Since teeth stop growing once they have eruptextreme size differences of the molar rows
of almost two millimeters in between the smallest dargest row most probably reflects
relatively high size differences in adulaldanodonindividuals. Most certainly, these
differences are much too great to be explained bpsion of the occlusal surface during
ontogeny. Furthermore, some of the smallest tamifs rare only slightly worn and some of the
larger ones heavily worn. This size variability vadso observed by Krusat (1980) who found
it particularly noticeable that some of the jawb®aad teeth are up to one third larger in one
specimen than in the other. Averianov and Lop&t06) as well as Lopatin et al. (2009) made
the same observation in other docodont taxa arslipre that possibly the range of individual

and sex variation in docodonts was much greater itha in extant mammals.
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High individual size variability is also indicatéy the observation that within the same molar
row the order of size with very few exceptionslisays the same (fig. 8 + 11) — while on the
other hand the great range of length and width oreasents within one molar position leads
to a remarkable overlap of values in between difiemolar positions (fig. 9 + 12). Inclusion
of measurements derived from less well-preservetamrows indicate that a larger sample
might further obliterate the differences betweeranpositions. Nevertheless, this also might
be an effect of the more precarious measuremesetsodestimated molar contours or uncertain
molar positions. Since it is impossible to deternivhether an isolated molar originally comes
from a large or a small tooth row, it is also imgibte to confidently refer isolated molars to
their former position in the dental row by simpadth and width measurements (fig. 10 + 13).
A distinction between buccal and lingual lengthwaedl as mesial and distal width might get
better results. This probably better conveys viguabserved shape differences, at least in
lower molars: m1 and especially m2-m3 are broadestially at the “pseudotalonid” region,
m4-m6 are mesially and distally more or less equaltle. However, this approach was not
further pursued in this study.

The high independence of the size of the last mpaitions (M4 and m5-m6) from the size of
the preceding molars indicates that these positwasn the state of being reduced. This is
further indicated by the tooth morphology of thesaars. That of M4 and m4 can vary from
fully developed cusps and basins to a reduced usyer and almost nonexistent basins; m5
always shows a simpler tooth morphology, and m@tiser knob-like (see also Krusat 1980,
Luo and Martin 2007).

The original purpose to try to refer isolated msltar their former tooth positions had been to
be able to also consider isolated material as nsddelthe OFA analysis. For the lower molar
model, the positions m2 and m3 were chosen, bedhageare the largest molars in the lower
row with the best developed “pseudotalonid basiriey both occlude with M2 (see 6.4.3),
which is also the largest molar of the upper rowhvhe largest “pseudotrigon basin”. Since it
Is not possible to confidently determine the fornwath position of isolated molars, models
were chosen only from jaw specimens with relialdyedminable tooth positions. The molar
rows also were required to show a very low degfegear so that the tooth morphology had
not been altered by abrasion. Unfortunately, thessof the most suitable m2, m3 (Gui Mam
6/82) and the only suitable M2 (Gui Mam 30/79) d match. The chosen m2 and m3 fall
right within the average size of their respectio®eth position, while the chosen M2 is
significantly smaller than the average size. Traefthe upper molar 3D-model had to be
scaled to match that of the lower molar modelsc&ithe average length of M2 more or less

equals the average length of m2, even if compdowgst and highest values, the length of the
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M2 model of Gui Mam 30/79 was scaled to the samgtleas that of the m2 model of Gui
Mam 6/82. Length and width ratios of upper and lomelar models then matched the observed
ratios in between the respective molar positiors @verage width M2 average length m2 or

m3, average length M2 ~ average length m2 or n8appendix tab. 10).

6.3 Wear patterns ¢daldanodonmolar rows

Haldanodonhas a diphyodont tooth replacement with m1 ergpifiirst, followed one by one
by the more distal molars (Henkel and Krusat 19%80sat 1980, Martin and Nowotny 2000,
Nowotny et al. 2001, Martin et al. 2010b). Since thoth erupting first is exposed to wear from
abrasion and attrition longer than the followingtte molar rows should be mesially stronger
worn. This is always the case in modern brachydonaimmals: ml is always slightly to
considerably stronger worn than m2, which in twratronger worn than m3. The reversed case
in which later erupted molars are stronger wormtearlier erupted ones is not known from
any extant taxon. This is why the existence ofaligistronger worn molar rows as observed
for Haldanodonis unique, as was also noted by Krusat (1980).

Even more exceptional is the existence of both atigsand distally stronger worn molar rows
within the same species (fig. 14 + 15), which is yet described for any other extant or fossil
mammalian taxon. Krusat (1980) did not mention tieaalso observed mesially stronger worn
molar rows within the few specimens available feg &tudy. Nevertheless, in this study
including much more specimens this observationwedonly made for the lower but also for
the upper molar rows and therefore is certainly arotartifact of some kind. However, the
difference in the ratio of mesially to distally@tiger worn molar rows is great, with 75% of the
upper but only 45% of the lower molar rows beingsially stronger worn. This is probably
attributed to the smaller number of upper molargewmore than twice as much lower molar
rows were included in the study. Furthermore, nobshe distally stronger worn molar rows
are more or less heavily abraded and there are waiy few strongly worn upper jaw
specimens.

The degree of wear of the molar row is determingdhle degree of wear of the least worn
molar in this study, because this takes best immunt the two opposing directions of
increasing wear observed in this study. A spedificeby the degree of wear of a predetermined
molar position, e.g. m2 / M2, is not suitable imstbase since the results might be biased by
whether the row has a mesially or distally incregswear gradient. Additionally, a

classification by the degree of wear of the leastrwmolar is more likely to reflect the
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ontogenetic age of the specimen, which otherwigghtrie obscured by a high abrasion rate
leading to a large wear gradient. A very good eXangpone of the juvenile specimens (Gui
Mam 33/77) in which m1 is almost completely wormaidout m4 has just erupted and therefore
shows almost no signs of wear. Despite its undalfpigung ontogenetic age, this specimen
certainly would not be assigned to a low degreeedr, if evaluated by the wear of any of the
preceding molars.

There is a remarkable correlation between direatiomear (mesially or distally stronger) and
degree of wear (low, medium, high) (fig. 18). Malaws with a low degree of wear are almost
always mesially stronger worn (10/11 lower and @er molar rows) whereas molar rows
with a high degree of wear are almost always dystttonger worn (9/10 lower and 1/2 upper
molar rows). Molar rows with a medium degree of me@ more often distally stronger worn
(12/19 lower and 3/5 upper molar rows), but alemdiently include mesially stronger worn
specimens (7/19 lower and 2/5 upper molar rows)ce&ias explained above, the degree of
wear is an indicator for the ontogenetic age ofihecimens, this implies a change of direction
of wear during ontogeny from mesially stronger woriyoung individuals to distally stronger
worn in old individuals. Therefore, a molar rowtiaily would be mesially stronger worn but
with increasing age of the individual would becomere and more distally stronger worn.
Krusat (1980) might have come to a similar condadiecause the only specimen in his study
that clearly is not distally stronger worn is agaie (VJ 1005-155). If this did not exceed his
expectations, he might not have considered itetime of wear deviating from his observations
made on the other specimens worth mentioning. incase, the hypothesis of a change of
direction of wear during ontogeny is supportedh®yfact that the other juvenile specimen (Gui
Mam 33/77) added in this study also is mesiallgrager worn regardless of the high degree of
its overall wear. Additionally, the only exceptiai a lower jaw specimen being distally
stronger worn despite its low degree of wear (G@nM7/74) possesses five molars and
therefore must have been older than suggested tedr (since m5 and m6 erupt at a relatively
late ontogenetic stage). All other lower molar romish five or six molars have at least a
medium degree of wear.

This change in the direction of wear might be exyad by a distal shift of the chewing focus
in interaction with a relatively thin enamel lay@rd highly abrasive food. A distally situated
chewing focus (as also postulated by Krusat (198@xplain his observations) would cause
the last molar at a time to be subject of the gfeshabrasion. Since the enamel of docodont
teeth is relatively thin, this molar would “paskétdegree of wear of the previous one over time
if the abrasion rate was high enough. This is alkg a large gradient is only found within

molar rows with a low or sometimes also medium degof wear. The majority of these
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specimens is mesially stronger worn. Since it taies for the distal molars to “pass” the wear
of the mesial ones, which are also further abreatetie same time, the wear gradient in a
distally stronger worn molar row cannot easily lgege. A distally situated chewing focus is
also indicated by the fact that the premolars atevary heavily worn even in specimens with
strongly worn molars as also noted by Krusat (1980)

Abrasion rates indeed must have been very higHaldanodondentitions. This is not only
shown by many teeth and tooth rows worn down tdlsthanps but also by traces of beginning
abrasion on molars that are not fully erupted amerefore have not yet contacted their
antagonists (Krusat 1980). Sinemldanodonpresumably was a semiaquatic borrower that
searched for worms and insect larvae, the sedipagtitles taken in together with its prey most
likely caused this high abrasion (Martin 2000, Mand Nowotny 2000). The degree of
overall wear and therefore the time in which thetiievere worn down seems to vary highly
between different individuals. In the juvenile sipeen mentioned above (Gui Mam 33/77), for
example, m1 and m2 are already more heavily woam tim most of the adult specimens
although p3 is just beginning to erupt. In conttaghat, one of the lower jaw specimens with
five molars is only slightly worn (Gui Mam 7/74).dvk generally said, a large gradient in the
molar row also indicates an exceptionally high alma rate and a small gradient indicates a
comparatively low abrasion rate. In upper molar spwnother indicator for significantly
varying abrasion rates in between individuals heettvo different abrasion patterns of crest X-
Y (fig. 19). A flatly worn crest suggests that aboem dominated over attrition, a sharp crest
that in contrast attrition dominated over abrasldowever, this contradicting abrasion pattern
might also be attributed to individual differen@@mcerning the occlusion of upper and lower
molars. Anyway, the highly varying abrasion rateghh be caused by the preference of
different food sources or a different substratevinch the individual searched for food. That
could represent either individual preferences tiedint populations.

A change of the direction of wear from mesiallyosger worn to distally stronger worn molar
rows during ontogeny might have been uniqueHaldanodoneven among docodonts. Other
docodont taxa do not seem to show this patterteast, for none of the docodonts other than
Haldanodonunusual wear patterns were reported. Accordingigogneau-Russell (2003), in
Borealesteshe molar row of the type jaw (m1-m4) shows thgutar abrasion pattern, that is
wear increases in mesial direction. Since the modar seems to be only slightly worn
(Waldman and Savage 1972: fig. 2), a mesially iasirgy wear gradient indeed is to be
expected in any cagdowever, Kermack et al. (1987) also observed thelex abrasion pattern
in Simpsonodonalthough the molars of the at that time only presd lower jaw fragment

(m1-m2) are rather heavily worn (see also Kermagek €987: fig. 11). According to Hu et al.
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(2007), in all docodont taxa the degree of weathef molar rows decreases from mesial to
distal. They postulate a mesially situated chewiogus, which they believe is why mesial
molars are worn down faster. This clearly contredibe observations ddaldanodonmolar
rows made in this study. Since it is probable Hatdanodonwas not the only docodont taxon
having a distally situated chewing focus, it is mbkely that the front molars just had been in
use longer than the following molars due to tharlier eruption. This would furthermore
indicate that molars covered by a relatively thiamel layer indeed are not the only factor
necessary to cause a change of the direction of weamolar row during ontogeny. It also
requires exceptionally high abrasion rates likeséhimund irHaldanodon which are very high

even compared to other docodont molars.

6.4 Reconstruction of the mastication cyclédadldanodon

6.4.1 Previous studies on various docodont taxa

Concerning the occlusion and function of docodoalars, some studies have been conducted
throughout the last century. Simpson (1929, 19936 was the first one to note the “peculiar
and highly modified morphology” of docodont molase was also the first to illustrate upper
and lower docodont molars in occlusion, based am different specimens dbdocodon the
only known taxon at that time (Simpson 1929: fi@).2n his model of occlusion both the
“pseudoprotocone” as well as the accessory cusré wccluding within the distal “talonid”
basin of the lower molar. The broad mesial cingubamtacted the “pseudotalonid” of the same
lower molar. Therefore, cusp d was the cusp ocotuavithin the “pseudotrigon basin”, and
cusp b pounded into the gap in between the uppé&rsad-rom Simpson’s point of view, the
molars of Docodonwere not capable of efficient shear-cutting dugh® lack of obvious
shearing crests. He suggested they primarily pmddra crushing function, because of their
more or less well-developed basins. Nevertheleskleled it “a premature and ill-fated effort
toward the production of broad-crowned crushinggonding teeth from the more ancient
piercing insectivorous type” (Simpson 1929: p. 85).

Crompton and Jenkins (1968) were the first one®tmluct a more detailed study of occlusion
in docodonts oocodonandHaldanodonincluding the matching of facets on upper anddow
molars. They strictly opposed this hypothesis oflistinct crushing function as well as
Simpson’s model of occlusion of one upper with @iegle lower molar. Instead, they

postulated that the upper molars of docodonts Hgtsi@owed an alternating occlusion pattern

-73 -



with the upper molars occluding in between the lowelars (Crompton and Jenkins 1968: fig.
7). In this model of occlusion, the mesial paraafupper molar contacts the distal part of a
lower molar and the distal part of an upper motantacts the mesial part of the following lower
molar. To make this possible, according to Cromptod Jenkins (1968) iDocodononly the
“pseudoprotocone” occluded within the distal basSimce Haldanodondoes not possess a
distal basin, they probably actually meant the (olegprotocone” of this taxon to occlude in
between the lower molars instead. However, thisi\didoecome quite clear, because in contrast
to the extent of the facets they did neither fignoe describe the occlusion in detail. In any
case, according to the facets, in both taxa cusp¥the cusp that contacted the “pseudotalonid
basin” of the following lower molar. Furthermoreisp b of this lower molar occluded within
the “pseudotrigon basin” and not in between twoeuppolars (Crompton and Jenkins 1968:
fig. 7). In contrast to Simpson (1929), Cromptod dankins (1968) regarded the complex tooth
morphology of the docodonts as an attempt to isereshear-cutting surfaces with the
development of additional crests. They did not noentrushing or grinding, but Jenkins (1969)
later admitted a minor crushing function takinggalaon the interiors of the lower molars.
Crompton and Jenkins (1968) also noted that at ie@&®0codonthe mesial facets of the lower
molars could not have been in contact with thetagonists on the upper molars at the same
time as the distal facets. They regarded this aeage of a mesio-distal motion component
during jaw closure and therefore postulated a cerplasticatory movement, which they did
not specify any further.

This was taken up by Jenkins (1969) in his detatedy on the occlusion @focodonmolars.

He was the first to illustrate the postulated mogetrof the lower molars during mastication.
For this, he did not only figure the stage of cendcclusion from different views but also the
stage when the lower molars are just getting imtatact (Jenkins 1969: fig. 4). He described
the masticatory movement as a primarily orthal ahgwtroke with a small amount of mesio-
distal movement, ending in centric occlusion. Ia itiustration, he depicted the mesio-distal
component as a proal motion (Jenkins 1969: fig.D)A-

Additionally to this upward and proal shear-cuttmgvement, a second phase was proposed
by Gingerich (1973) in his review of Jenkins stutie based this on the observation of
opposing orientations of striae on thecodonlower molars. In his opinion, these indicated an
independent upward and palinal movement into cemtcclusion (Gingerich 1973: fig. 2).
According to him, a downward proal movement woubd Imave made sense from a functional
point of view. An upward movement in distal direction the other hand could have been used

to puncture and separate large pieces of food.dzicty(1973) shared the view of the previous
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authors that shear-cutting was the main functiothefdocodont dentition. Nevertheless, he
also admitted a very limited amount of grindindreg end of the shear-cutting stroke.

The statement that docodonts mainly relied on sbetting to break up their food was
relativized by Kron (1979) and Krusat (1980). Thmnted out that even though that might
have been the case in younger individuals, dubitaseéon and the resulting lack of cusps and
crests older individuals only were able to perf@imple crushing and grinding. Krusat (1980)
in his detailed study about the dentition and skfilHaldanodonalso emphasized that the
crushing function in docodont molars was genenallich more important than suggested by
previous studies. He even postulated a more onlesieveloped grinding function performed
by cusp b within the “pseudotrigon basin” and by within the “pseudotalonid basin”. This
conclusion was supported by Kermack et al. (1987%heir description of a new docodont
taxon,Simpsonodanwhich shows extensive wear in its very well-depeld “pseudotalonid”
and “pseudotrigon basins”. Both studies placed “ffeeudoprotocone” within the gap in
between two lower molars in centric occlusion (Ktus980: fig. 29, Kermack et al. 1987: fig.
45), therefore not considering it to play a sigrafit role in molar functions. Concerning the
mastication movement, Krusat (1980) was convinbeddcet positions irlaldanodonrather
suggested that the mesio-distal movement postulatelinkins (1969) and Gingerich (1973)
was only a minor component of a mainly linguallyedied, lateral movement.

Butler (1988) came to the same conclusion by rgaima) the positions of the facets found on
Docodonmolars by Jenkins (1969). In his opinion, the mabstal motion component had
been a palinal one. He furthermore postulatedttiedfateral movement had not ended in centric
occlusion but had continued in a second phasedBuLf88: fig. 2). He did not believe in the
possibility of two distinct upward movements asgegjed by Gingerich (1973). Instead, he
assumed that the downward movement was mainly tasealry the food towards the tongue.
Additionally, at its beginning, the distally sitedlt crests of the lower molar might have ground
against the mesial surface of cusp X. This wouldlynthat there actually were two crushing
areas on the lower molar, one on the distal endcaredwithin the “pseudotalonid basin”.
Therefore, according to Butler (1988) in docodamitsshing had been at least as important as
shear-cutting, particularly since he regarded tieets as not sharp enough for effective shear-
cutting.

Pfretzschner et al. (2005) were the first to atyuadconstruct the masticatory movement of
docodont molars in a biomechanical experiment. thi®, they mounted an epoxy cast of a
lower molar on a micromanipulator and manuallyitiecclude with the cast of an upper molar
fixed on a metal axis. The resulting movement waslied under a stereomicroscope.

Pfretzschner et al. (2005) had assigned both mokad for this study tbsungarodonbut the
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upper molar was later reassignedragotheriumby Martin et al. (2010a). Pfretzschner et al.
(2005) did not only describe their concept of osiu in detail but also figured several distinct
stages of the power stroke (Pfretzschner et ab2if) 5). A video of the resulting movement
is also available upon request (T. Martin, persammmhment 2018). In any case, the authors
proceeded from the assumption of a two-phased clgestroke, similar to that postulated by
Butler (1988). The first phase was a lateral movanne which the buccal sides of the lower
molars moved along the buccal cusps of the uppéarmrma shear-cutting motion. At the same
time cusp b conducted a crushing function withie ‘fhseudotrigon basin”. It also might have
been a grinding function, if cusp a indeed had lmeeach lower than ialdanodon This cusp

is broken off in the at that time only availablever molar specimen ddsungarodonUnlike
Krusat (1980), Pfretzschner et al. (2005) did reteve that a grinding function could have
been conducted within the “pseudotrigon basinHafdanodon because cusp b was actually
not large enough to reach it. In any case, accgrirPfretzschner et al. (2005), crushing also
took place in between the lingual flank of cuspnld ¢he buccal flanks of cusps X and Y. As
postulated in previous studies, in centric occlasiosp Y occluded within the “pseudotalonid
basin” and cusp b within the “pseudotrigon basiftie “pseudoprotocone” cusp X, however,
according to them did neither occlude right in kestw the lower molars nor did it contact the
distal half of the more mesially situated molastéad, Pfretzschner et al. (2005) assumed that
at least inDsungarodont occluded at the lower end of a deep and wellettgped groove in
between crests b-g and b-e mesial of the “pseumtthlbasin”. In the second phase, a
continuation of the lateral movement in downwartedion, cusp X was guided along the
groove, conducting a grinding function. This moveinaf cusp X along the groove prevented
any proal or palinal motion component. At the samme, grinding also occurred when cusp b
slid along the buccal flanks of cusps X and Y all asswhen crest A-X moved along the distal
end of the mesial lower molar.

The most recent study was conducted by Schultz €2@l7). They re-examined the various
postulated mastication movements Baycodonfrom previous studies, mainly Jenkins (1969)
and Gingerich (1973). They virtually simulated tksulting chewing cycles using 3D-models
derived from uCT scans and an updated versioredDtA, which is also capable of simulating
the rotation of the lower molars during masticatawaund the long axis of the mandible. The
applied lower molar models derive from m3-m5 of tdifferent specimens and had to be
slightly matched in size to each fit the upper mateodel derived from M3-M4 of a third
specimen. Additionally to the detailed descriptionthe text they also provided several
illustrations and a video of the reconstructed magsbn movements (Schultz et al. 2017: figs.

12-14, Supplementary Information Video S2). Schettal. (2017) actually interpreted Jenkins
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(1969) hypothesis as bi-phased. The resulting aingwiroke began with a steep proal upward
movement into centric occlusion followed by a Istep lateral downward movement towards
lingual with a distinct palinal motion componenta€Tl lateral component of the downward
motion had to be much more distinct than origingibgtulated by Jenkins (1969) in order for
the molars to stay in contact during the downwaoyementHowever, a mere orthal opening
of the jaw like it might have been originally inteed by Jenkins (1969) would not have
produced any lingual contacts at all. The bi-phasashario, on the other hand, required a
change of direction of the lower molar movemenaimunrealistic sharp angle compared to
recent mammals (Schultz et al. 2017: fig. Rrthermore, the contact areas displayed by the
OFA were much smaller than the actually observedssof the facets they represented. As
opposing hypothesis, Schultz et al. (2017) chosag@&ich’'s (1973) proposal for an
independent steep palinal and slightly lateral upWwaovement into centric occlusion. They
interpreted this chewing cycle as bi-phased as amdl added a continuation as a shallower
lateral downward movement with a distinct palinemponent. The change of direction in
between the first and the second phase was rathéenaitely angled and therefore much more
probable than that required for Jenkins’ hypothéSchultz et al. 2017: fig. 12). Furthermore,
according to the OFA analysis the total contachavas distinctly larger than for the Jenkins
scenario. This is why Schultz et al. (2017) strgrgyipported Gingerich’s (1973) hypothesis
for a palinal orientation of the chewing strokebacodon However, they also postulated that
a disto-lingual mastication movement probably wasleaived functional feature for the

DocodonHaldanodonclade and not necessarily applicable to other dacbtaxa.

6.4.2 Position of facets on molars

There are two previous studies, which explicitlgldeith the position of facets d#aldanodon
molars: Hopson and Crompton (1969) and Krusat (L98Bereof, Hopson and Crompton
(1969) adopt the facets from Crompton and Jenki8&&). They showed the hypothetical
development of tooth morphology and correlated wéacets from Eozostrodon a
morganucodontid and at that time postulated ancestodocodonts, toDocodon To
demonstrate this progress, they introduced a hwpioti intermediate stage, which they
claimed to be partially based btaldanodon Hopson and Crompton (1969) directly assign this
hypothetical stage tblaldanodonand adopt the figure, only simplifying the patterinthe

facets.
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according to according to according to
Hopson & Crompton 1969 Krusat 1980 Brinkkotter 2018

buc

L

B facetl © facetll @ facetIll B facetIv B facetv H facet VI

Fig. 42: Comparison of facet positions ldaldanodonmolars as postulated by Hopson and Cron
(1969) (left), Krusat (1980) (middle), and the gnetstudy (right). For better comparison facet poss
were conferred from the original figures to a ted molar draft (occlusal view). According to
present study upper facet | also includes the diistiual flank of cusp A and stretches onto thedalic
part of the mesial cingulum, upper facet Il alsretches onto the buccal part of the distal cingt, anc
upper facet V is restricted to the lingual parthe distal cingulum. Lower facets | and Il alsolude
the buccal grooves, lower facet lll is restrictedrte distal crests and lower facet IV to the niesias.

Hopson and Crompton (1969) as well as Krusat (188&te facet | (= facet 2 in Crompton
and Jenkins 1968) of the upper molar on the mésguél flank of cusp A. According to them,
it does not include the mesial cingulum. Howevarthis study the buccal part of the mesial
cingulum of many upper molar specimens shows andibt polished enamel surface.
Therefore, facet | does not only cover the mesigtlal flank of cusp A but certainly also
extends onto the cingulum. Unlike depicted in thdier studies, it also passes crest A-X to
include the disto-lingual flank of cusp A as wédlhat this part actually belongs to facet | and
not facet Il situated immediately next to it is migiindicated by the occlusion pattern inferred
from the positions of the other facets and theltmobrphology (see 6.4.3Jhe matching facet

| on the lower molar is differently located by Hopsand Crompton (1969) and Krusat (1980).
According to Krusat (1980) it only covers the dibtaccal flank of main cusp a down to the
buccal tooth rim. According to Hopson and Cromptb®69), it also covers a large part of the
mesio-buccal flank of cusp d, although it does neaich the apex of the cusp. This is much
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closer to the location of facet | observed in ttisdy, the only difference being that it does
reach the apex of cusp d. In any case, facetnitielfy extends throughout the groove in between
cusps a and d as indicated by corresponding palishdaces and striations on all but the least
worn lower molar specimens.

According to Hopson and Crompton (1969) and Kr$8a80), facet Il of the upper molar (=
facet 3, 4) also is situated on the lingual flahkwsp C but additionally covers the disto-lingual
flank of cusp A. However, as mentioned above, is $kudy the facet on the disto-lingual flank
of cusp A is mostly part of facet In both earlier studies facet Il does not reachrity the
“pseudotrigon basin” and does not cover the digtajulum. Nevertheless, parallel striations
within the “pseudotrigon basin” and on the distalgalum clearly indicate the presence of a
facet on these parts of the molar. Additionallyem\slightly worn molars show a distinct
polishing of the distal cingulum. Facet Il on tlekr molar (= facet 1) is not divided into two
separate parts in both other studies. Hopson aoch@on (1969) locate it only on the mesio-
buccal flank of cusp a and extend it down to thechuitooth rim. Krusat (1980) additionally
includes the buccal flank of cusp b, but explicglycludes the groove in between the cusps.
Instead, he joins the two parts of the facet hatf@awn to the buccal tooth rim. However,
within the groove most of the striations belongiadacet Il could be observed in this study.
Both other studies, too, locate facet Il (= faseof the upper molar on the mesio-buccal flank
of cusp X (also called the “pseudoprotocone”). Adang to Krusat (1980), it passes around
the mesio-lingual flank of cusp X, which is exadtiyw it could be observed in this study. The
location of the matching facet Il on the lower mglhowever, is entirely differently specified
in the earlier studies. Both studies do not divtlde facet into four separate parts, which only
cover the distal crests. According to Hopson anoh@iton (1969), facet Il covers the entire
area in between cusps a and d at the buccal apd cusd df at the lingual side. The apices of
cusps ¢ and df are also included into the facetenthbse of cusps a and d are not. Only the
lingual part of crest d-df is included into the éacAccording to Krusat (1980), by contrast,
facet Il only covers all of crest d-df includinkyet apices of the cusps as well as the distal half
of crest c-d. Striations and abrasion marks, howelearly show that attrition is limited to the
crests and does not include the areas in betwesn th the tips of the cusps. Otherwise the
distal half of the lower molar would have had toAman flat, which was only observed for very
heavily worn lower molar specimens.

Facet IV (= facet 6) of the upper molar is locatedthe disto-buccal flank of cusp X in the
previous studies as well. The only difference iat tih does not reach as far down into the
“pseudotrigon basin”; in Hopson and Crompton (19693 a relatively small facet directly

below the buccal part of crest A-X. On the loweranohe differences for the location of facet
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IV are much greater. Hopson and Crompton (196%téod on the lingual flank of cusp b,
extending from the apex to the bottom of the “pstaldnid basin”; with this, it is covering the
mesio-buccal side of the basin. Krusat (1980),anti@ast, locates facet IV mesio-lingually of
the “pseudotalonid basin” in between crests b-elagdThis is closer to the position of facet
IV observed in this study, which clearly is redeit to the crests b-e and b-g: Striations are
only present on these crests and not in the arbatimeen them or within the “pseudotalonid
basin”.

Hopson and Crompton (1969) locate facet V (= faeatf the upper molar on the buccal flank
of cusp Y, extending it into the “pseudotrigon Ipédiut not onto the distal cingulum. Krusat
(1980) at least additionally includes the linguattpf the distal cingulum, although unlike this
study he does not restrict the facet to it. Howgeséarations found within the “pseudotrigon
basin” can all be referred to facet IV. Additioalfacet V on the cingulum has a distinctly
different angle than facet IV and therefore both @iways separated by a sharp edge. On the
lower molar, Hopson and Crompton (1969) locatetf&cen the mesio-lingual flank of cusp a
as well. Krusat (1980), in contrast, locates fAten the lingual flank of cusp b, covering most
of the “pseudotalonid basin”. However, in this stustriations referable to facet V were
observed neither on the lingual flank of cusp bwinin the “pseudotalonid basin”.

Facet VI (= facet 8) of the upper molar is situatedhe buccal flank of cusp Y directly below
its apex in both previous studies as well. On tlweek molar, both other studies like the present
one locate facet VI on the buccal flank of cuspvighin the “pseudotalonid basin”. According
to Krusat (1980), it crosses the b-g crest and isotlee mesio-lingual flank of cusp g as well.
However, no striations or enamel polishing couldbserved in this area of the lower molar.
A seventh facet like it apparently is presenDmtodonmolars on the lingual flank of cusp X,
respectively the buccal flank of cusp ¢ (Cromptad denkins 1968, Hopson and Crompton
1969) is not developed dtaldanodonmolars.

Crompton and Jenkins (1968) as well as Hopson andh@ton (1969) additionally depict a
facet located directly on top the apex of cuspron@ton and Jenkins (1968) originally intend
it to contact the distal flank of cusp C of the apmolar (part of facet 1l). However, they do
not explain the lower jaw movement required to émahch a contact. Hopson and Crompton
(1969) instead match the facet on top of cusp b thig facet on the mesio-lingual flank of cusp
A (facet I). However, this disagrees with the asgtiom that the mesial half of the upper molar
contacts the distal half of the lower molar. Krud#t80) regards this facet as an abrasion facet
and discards it from further consideration. Sirtetip of cusp b is not worn smooth and does
not show any oriented striations, this study fokoMrusat’s opinion and does not regard the

abrasion mark as a real facet.
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In general, the present study observes the fazbsinuch more restricted to crests and grooves
than it is the case in both earlier studies. Nénadelss, positions of the upper facets are quite
similar in all of the studies (fig. 42). The momd@ss minor differences probably can be referred
to individual variations on the respective specismmand the varying quantity of the studied
material. The differences in facet position on ker molar, however, are much greater,
particularly concerning the “pseudotalonid basin'the previous studies the positions of facets
seem to be much more influenced by assumptionst dtwau the lower molar might occlude
with the upper molar than by actual observationgth\ihe exception of facet IV and the
abrasion facet on cusp b, this study generallyesgmgore with the positions given by Crompton
and Jenkins (1968), respectively, Hopson and Crom(#969). Facet IV is the only facet that
better fits the facet scheme of Krusat (1980).

6.4.3 Occlusion of molar dentition

The observed facets on upper and lower molars sgmecelly their tooth morphology can only
be matched assuming that the upper molars occlidediween the lower molars (fig. 20 +
43). This is in accordance with previous studievamous docodont taxa, which all postulate
an alternating occlusion pattern (Crompton and idsnk968, Hopson and Crompton 1969,
Jenkins 1969, Gingerich 1973, Krusat 1980, Kermetckl. 1987, Butler 1988, Sigogneau-
Russell 2003, Pfretzschner et al. 2005, Schultd.e2017). Therefore, the mesial part of the
upper molar contacted the distal part of a lowetamand the distal part of the upper molar
contacted the mesial part of the following lowerlanoAs consequence, HaldanodonM1
contacted the distal part of m1 and the mesial glrh2, M2 the distal part of m2 and the
mesial part of m3, M3 the distal part of m3 andrttesial part of m4, M4 the distal part of m4
and the mesial part of m5, and M5 the distal pam® and the mesial part of m6, if any of the
latter were present. In centric occlusion crest AfXhe upper molar rested more or less in
between the lower molars. Haldanodon according to observations made in the presedystu
the only distal lower cusp that did not lie mesithis crest is cusp d. This is the only differenc
to previous studies on the dentitionHdldanodonby Crompton and Jenkins (1968), Hopson
and Crompton (1969) and Krusat (1980). These ealiglies place cusp d mesially of crest
A-Xin centric occlusion, which therefore restsqsely in between the lower molars. However,
the contact between one lower molar and the follgwower molar is not a straight line but
slightly angled. Therefore, the distalmost cuspghanlingual side (df) is situated farther mesial

than the distalmost cusp on the buccal side (ahcescrest A-X is straight, cusp d must have
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Fig. 43: Molars in centric occlusion.
protocone Didelphis (molar models: M1 and m1+m2
' SMF 77266). The upper molar occlude
between two lower molars with 1
27 protocone resting within the talonid basir
Haldanodoi (upper molar model: M2 of G
Mam 30/79, lower molar models: m2+m?
Gui Mam 6/82). The upgr molar occlude
in between two lower molars with 1
“pseudoprotocone” resting mediagually
of the “pseudotalonid basin”. Therefore,
“pseudoprotocone” of Haldanodon anc
other docodonts is not a functional hom
to the protocone oDidelphis and othel
tribosphenic taxa since it does not occ
within the “pseudotalonid basin”. The ci
actually resting within this basin in cen
occlusion is the more distally situated si
cuspy.

“pseudoprotocone”

“pseudotalonid
basin”

occluded distally of it. In any case, the upperan@ much broader distally of crest A-X than
it is mesially of it. This is why the distal part @ lower molar was less overlapped than the
mesial part of the following lower molar. Therelmetlingual flanks of the main cusps on the
buccal half of the upper molar occluded the busaigs of the lower molars. The lingual half
of the upper molar contacted the interior of th@do molars. In this position, cusps a of the
lower molars fitted exactly into the notch dividitige buccal and the lingual half of the upper
molar on their respective sides.

An occlusion of the upper molar in between two low&olars implies that the
“pseudoprotocone” (large cusp X) actually occludeesio-lingually of the “pseudotalonid”
and not within its basin (see also Krusat 1980nkaak et al. 1987, Butler 1988, Sigogneau-
Russell 2003, Pfretzschner et al. 2005) (fig. 43iis is also implied by the position of facet
IV, which covers the disto-buccal flank of cusp Xthe upper molar and crests b-g and b-e on
the lower molar. These crests are situated meoéllige “pseudotalonid basin”. Facet VI on
the lingual flank of cusp Y and the lingual sidetloé¢ “pseudotalonid basin” clearly indicates
that the cusp actually occluding into the “pseulbotal basin” was the more distally situated
small cusp Y. This matches well with many of theyous studies on other docodont taxa
(Crompton and Jenkins 1968, Hopson and Crompto®,13%nkins 1969, Gingerich 1973,
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M2 sin. M2 sin. Fig. 44: Contact areas on the upper mol;
occlusal ) Haldanodor asdisplayed by the OFA (left)
V comparison to observed wear facet posi
(right). Contact area size includes all t
steps. In occlusal view contact areas
circled in the same color as the correspor
facets. Overlapping areas of different fa
are not in contact simultaneously during
chewing stroke. (molar model: M2 of (
Mam 30/79)

| facet] @ facetll @ facetlll @ facetlv m facetv M facet VI
mesial

— buc

y. r/

distal

buc «—

Kermack et al. 1987, Pfretzschner et al. 2005).Haddanodon the placement of facet VI is
more or less the same in the earlier studies, hgami the same implication. However, neither
Crompton and Jenkins (1968) nor Hopson and Crom{it®69) actually show the molars of
Haldanodonin occlusion or give a detailed explanation in te&t. Therefore, it remains
uncertain whether they intend the “pseudoprotoconasp X to occlude within the
“pseudotalonid basin” at any time of the chewirrglgt. The corresponding placement of facet
VI suggests that in centric occlusion cusp Y resttin the basin. However, the placement
of facet IV on the disto-lingual flank of cusp bhieh makes up one side of the “pseudotalonid
basin”, implies that they mean cusp X at leastasspby during occlusion. Contrary to that,
Krusat (1980) clearly intends this cusp to havdumtad in between two lower molars without
passing through the “pseudotalonid basin”: he @daeet IV much more mesially on the lower
molars than both previous studies. Therefore, thegnt study agrees more with his conclusion
for the occlusion. That cusp X did not occlude witthe “pseudotalonid basin” at any time of
the chewing cycle is also indirectly suggested &gef Il. It strongly indicates that cusp C
occluded buccally in between cusps a and b. Sihee“pseudotalonid basin” is situated

lingually in between these cusps, it is unlikelgttbusp X — which is situated more mesially in
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m3 sin. m2 sin.
occlusal

Fig. 45: Contact areas on

lower molars oHaldanodoras
displayed by the OFA (left)
comparison to observed w
facet positions (right). Contz
area size includes all tir
steps. In occlusal view cont
W facet] M facetll M facetlll M facetIv M facetv M facet VI areas are circled in the se
color as the correspondi
facets. Overlapping areas
different facets are not

contact simultaneously duri
the chewing stroke. (mol
models: m2+m3 of Gui Ma
6/82)

lingual

buccal

relation to cusp C — occluded within this basinsg, however, is situated directly opposite
to cusp C.

Such an alternating occlusional pattern of an uppelar occluding in between two lower
molars with cusp Y resting within the “pseudotatbhasin” is confirmed by the OFA analysis:
The collisions detected between 3D-models of aneugmd two lower molars mostly
correspond to the observed facets (fig. 44 + 45).

The OFA analysis also revealed that main cusptheofower molar occluded well beyond the
dental crown-root-boundary of the upper molar, tbresating a considerable “overbite” (fig.
43). This simulated over-occlusion most probablypas an artifact of inaccurate scaling that
makes the upper molar model too small for the motighe lower molars, because according
to the measurements the proportions of the modelsnatching (see 6.2). An over-occlusion
also is a good explanation for the expansion okupacet | onto the mesial cingulum and of
upper facet Il onto the distal cingulum. Since ¢hregula are situated not far above the crown-
root-boundary of the upper molar, this would otheeabe impossible to such a great extent.
Moreover, the presumption of an over-occlusionupp®rted by the presence of pits in the
maxilla in between the upper molars (fig. 46). Tinegst probably formed to compensate the

overbite. Krusat (1980) only notes a deep pit mnaxilla in between the last precanine and
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Fig. 46: Pits in the maxilla between adjacent u molars (indicated by arrows). They compensat
“overbite” of the lower molars during centric ocsion inHaldanodon(depicted specimen: Gui M
18/80).

the canine, which received the lower canine. Howewre their study about the cranio-
mandibular anatomy dfialdanodonLillegraven and Krusat (1991) also describe thesence

of deep, rounded pits in the maxilla between adypapper molars and assume they served to
take in the tall lower molar cuspggoreover, similar pits in between the molars armemwnly
known from other early Mesozoic mammals, which mld yet develop a centric occlusion to
stop the molars from over-occlusion (Hopson andn@ton 1969, Crompton 1974, Kermack
et al. 1981, Gow 1986, Crompton 1995, Butler 199¢hwermann 2015, Bi et al. 2016:
Supplementary Information).

According to the OFA analysis, main cusp A of tipper molar likewise protruded beyond the
dental crown-root-boundary of the lower molar. ledgfacet | of the lower molar is developed
right down to this boundary in many specimens. #iddally, the lower molars distinctly
protrude beyond the buccal rim of the mandible oa lbwer jaw specimens. Therefore, an
overbite of the upper molars on the buccal sidtheflower molars should not have posed a

problem, even though the mandible rim was covett gums in the living animal.

6.4.4 Striation patterns on molars

Parallel running striae are an indicator for theéemation of the jaw movement during
mastication (see 2.2.1). Therefore, the threemiffestriation patterns observedidaldanodon
molars signal a change of direction in the mandibb¥ement at least twice during the chewing
stroke. This contradicts previous studies on otteodont taxa that assumed either a mere
proal respectively palinal motion (Jenkins 196Jdeirich 1973) or a mere lateral one (Krusat
1980, Butler 1988, Pfretzschner et al. 2005). Angleeof direction during the chewing motion
furthermore makes a bi-phased power stroke verygiie. This contrasts with many previous

-85 -



studies as well, because they postulated a sifgdeing stroke ending in centric occlusion
(Crompton and Jenkins 1968, Hopson and Cromptof,18fhkins 1969, Krusat 1980).

The presence of striae inclining in opposite dicet towards either mesial or distal implies
two phases for the power stroke (fig. 21). Whiléhogtriation patterns were formed by either a
proal movement (towards mesial) or a palinal movanf@wards distal), they could not have
formed at the same time. This leaves two possijdaeations. On the one hand two separate
upward power strokes ending in centric occlusiame of them palinal and the other proal. On
the other hand, a bi-phased power stroke with amawb movement towards either palinal or
proal into centric occlusion followed by a downwardvement in the same direction. The
vertical striae suggest another change of direatdm a lateral movement from buccal to
lingual or the other way around. Since they areagbvassociated with the distally inclining
striae on the upper and the mesially incliningagtion the lower molar, they must have formed
during the same phase as them (fig. 21). This mé#aatsonly one of the proal or palinal
movements was related to the lateral movementusecstriations on matching facets of upper
and lower molar incline in opposite directionsthié lower molar moves towards distal during
jaw closure, striations on the upper molar deviatdistal direction while on the lower molar
they deviate in mesial direction.

Facets | and Il formed during the same movemermaulse they are the only facets on which
vertical striae are present. This is also impligdHzir frequent fusion on the upper molar with
striations continuing smoothly from one facet ottte other without even a slight change of
orientation. That the movement of the lower jaw migave started out in a proal or palinal
direction is suggested by the mesially incliningiagt on the upper part of the usually
dichotomous lower facet 1I-2. A predominantly palinupward movement into centric
occlusion also has been proposed by Schultz €@il.7) for the entir®ocodorHaldanodon
clade. However, irHaldanodonstriations on lower facet | on the same heightaliguun
vertical and rather imply a lateral movement withany proal or palinal motion component.
This also matches the presence of vertical stnmathe upper parts of upper facets | and Il. A
strictly lateral movement is also indicated by likewise vertical striae on the lower part of
lower facet 11-2. Additionally, it is better supped by the tooth morphology since the mesio-
buccal groove of the lower molar is straight andsdoot allow a considerable deviation from
the lateral movement once it establishes contdtt eusp C. An explanation for the presence
of mesially inclining striae on the upper part@iver facet II-2 might be that this part does not
contact the flank of cusp C but rather the disitagjalum. Its curvation and the very localized
contact might lead to the formation of slightlylined striae even though the movement was

merely lateral. This would also explain the absesfamatching distally inclining striae on the
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upper part of upper facet Il. The mesially incligistriae on lower facet | on the part situated
beneath the disto-buccal groove, by contrast, madiably do indicate a rather abrupt change
of direction into a more proal or palinal orientedvement. This is not only because their
inclination is much more significant than that ¢rizee on the upper part of lower facet 1I-2.
Additionally, they seem to have distally incliniegunterparts on upper facet | on the mesial
flank of cusp A. A change of direction towards proapalinal is also indicated by the distally
inclining striae on upper facet Il at the basethefcusps. Only a very small area of lower facet
II, probably at the very tip of cusp b, must hagmained in contact to create these striae. All
of this strongly suggests that a proal or palination component was only added at the very
end (or the very beginning) of a mainly lateral rmment.

Facet Il formed during a different proal or palimaovement since it shows the opposing
striation pattern with mesially inclining striae tre upper and distally inclining striae on the
lower molar. It probably also had a minor lateraition component. This is indicated by the
slight lingual orientation of striae on lower fatkt Furthermore, if it had been a mere proal or
palinal movement, striae on upper facet Il shawid vertical in a 90° angle to the vertical
striae on facets | and IlI.

Facet IV seems to have been in contact during tmatfrements — the more lateral one indicated
by facets | and Il as well as the more proal oinadlone indicated by facet Ill. The almost
horizontal, distally inclining striae on the mespart of upper facet IV more or less match the
mesially inclining striae on the mesial part of Eawfacet V. Their orientation associates them
with the proal or palinal phase of the lateral nmoeat, although the inclination is not as steep
as on facets | and Il. The mesially inclining r@an the distal part of upper facet 1V, however,
must have formed at the same time as those on tgqerlll since they run parallel. Matching
distally inclining striae would be expected on tHistal part of lower facet IV, which

unfortunately does not show any strimm the examined lower molar specimens.

Fig. 47 (next page): Two possible ways of recorsiing the masticatory movementhfaldanodon a
Reconstruction as a single povetroke with two phases separated by centric own, lingual view
Phase 1 is a lingually directed upward movemetthe lower molars into centric occlusion. Phase
a distally and slightly lingually directed downwartvement of the lower molars ildbss of contac
This would be the first time in mammalian histonatt a biphased power stroke had been develc
b) Reconstruction as two separated, alternativsed power strokes ending in centric occlusionual
view. Phase la is a lingualtlirected upward movement of the lower molars irentric occlusior
Phase 1b is a mesially and slightly buccally ded upward movement of the lower molars into ce
occlusion. Centric occlusion is followed by a simplownward jaw opening, resultimg immediat
loss of contact. Two alternatively used power ses are not yet known from any other extant or |
mammalian taxon, which would make such a mastiy movement unique. (upper molar model:
of Gui Mam 30/79, lower molar models: m2+m3 of Glam 6/82)

1: first contact, 2: halfway through the upward iement, 3: centric occlusion, 4: halfway througt downwart
movement, 5: last contact
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Fig. 48 (previous page): Masticatory movementiafdanodonin a biphased scenario as seen frol
occlusal, b) buccal, and c¢) mesial view. Phase¢ a lingually directed upward movement of the Ic
molars into centric occlusion. Phase 2 is a dy and slightly lingually directed downward moven

of the lower molars until loss of contact. Holeglie upper molar model in occlusal view represeit ¢
off roots. (upper molar model: M2 of Gui Mam 30/T@yer molar models: m2+m3 of Gui Mam 6/82)
1: first contact, 2: halfway through the upward mment, 3: cemic occlusion, 4: halfway through the downw
movement, 5: last cont:

This is probably because crest b-g confines theugstalonid basin” and therefore is much
more prone to interference by abrasion than crest b

Facet V formed during the proal or palinal phas¢heflateral movement because it does not
only show the same striation pattern with distailglining striae on upper facet V and mesially
inclining ones on lower facet V. Moreover, on bafiper and lower facet striae also clearly run
parallel to those on the mesial part of facet iWorsgly suggesting that they all formed at the
same time.

Facet VI formed during the proal or palinal phasd¢he lateral movement as well. This is
indicated by the distal inclination of striae onpep facet VI which furthermore seems to be
parallel to that of striae on the lower part of epfacet Il. Lower facet VI probably does not
show any striations at all because of its locatiathin the “pseudotalonid basin” where
abrasion is especially high. The undirected strilareh are present all over the molars and often
also interfere with the parallel striations on theets are caused by abrasion (see 2.2.1). As
explained in chapter 6.3, abrasion was very higlHtmdanodonteeth. Therefore, it can even
equal or surpass the attrition leading to the pres®f many undirected striae unrelated to the
direction of the mastication movement on the facBtmt exposed dentine seldom shows any
leading and trailing edges but usually is deepbused at all sides might also be the result of a
high abrasion rate in combination with relativelyntenamel that is easily demolished. When
attrition is more dominant, thin enamel probablyalso the reason why dentin connects
smoothly with it on all sides.

All in all, the striations observed on facets | dhthdicate a mostly lateral movement of the
lower jaw with a distinct proal or palinal motionraponent only at the beginning or the end of
this movement. This proal or palinal motion compune also indicated by facets IV, V, and
VI. Facet Il and upper facet IV on the other hamdicate a mostly proal or palinal movement
in an opposing direction with a slight lateral nooticomponent.

Leading and trailing edges on many lower molar spens with dentine exposed within the
disto-buccal groove in between cusps a and d shatlte lateral movement must have been
directed upwards. This is because the leading ablggys is situated above the trailing edge
(fig. 35). Therefore, the upper part of the groawast have gotten into contact earlier than the

lower part, which is only possible in an upward mment. In consequence, the additional proal
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or palinal motion component must have been a patina: In an upward movement only a
distally directed motion creates a striation pattehere striae incline towards distal on the
upper and mesial on the lower molar. Thus, thealhytlateral movement abruptly changed its
course towards distal at the very end of the pastreke just before centric occlusion. Such a
late change of direction is probably enabled byltlss of contact of the straight mesio-buccal
groove on the lower molar, which previously preeeht deviation from the lateral course.
Since facets 1V, V, and VI do not show any vertstaiae, they only were in contact during this
last phase. Indeed, all of these facets are sduatehe interior of the lower molar. Due to the
greater width of the upper molar they only could igecontact at the very end of the lateral
movement. In fact, facet IV should not show anyastrrelated to this palinal upwards
movement at all because the lingual flank of cuspudd only contact the buccal flank of cusp
Y when this cusp came to rest within the “pseudwtial basin” in centric occlusion. However,
the change of direction into a palinal movementaapptly allowed cusp Y to slip out of the
mesially opening “pseudotalonid basin”, creating thesially inclined striae on lower and the
distally inclined striae on upper facet IV. Thaspuy did indeed not necessarily rest within the
“pseudotalonid basin” during centric occlusion isoaindicated by the mesial downslope of
dentine exposed within the basin. It is often agoammed by a distinct leading edge on the
buccal side of crest b-g and a trailing edge onlitigual one (fig. 34). Both edges probably
would not be as distinct if they were solely caubgdabrasion induced by escaping food
particles. Moreover, food particles were most d¢elyaalso pressed through the small gap at
the distal end of the basin in between cusp g laadirigual flank of cusp a, which usually does
not show any signs of abrasion at all.

The opposing proal or palinal movement indicateddrgt |1l and upper facet IV might have
been directed downwards. This is suggested by viegukng edges on the distal crests of the
lower molar (facet Ill) that seem to be situatetbivevague trailing edges (fig. 36). There also
seems to be a vague leading edge below a vagliegraidge on crest b-e (facet IV). A
downward movement would also match the patterremresial cingulum of the upper molar
with vague leading edges above vague trailing efiges37). However, leading and trailing
edges in these cases are not nearly as distiticdses within the “pseudotalonid basin” and the
disto-buccal groove. Therefore, they are much itekable. This is why this proal or palinal
movement also might have been directed upwardsedls although a downward movement
seems to be more probable. In any case, if the merntwas downwards it must have been a
palinal one since then only a movement in distadaion can produce mesially inclined striae
on the upper and distally inclined striae on thvedomolar. In case of an upward movement, it

would have been a proal one. Both scenarios styamgily two phases for the power stroke of
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the mastication movement. The first and more prigbabenario would be a lateral upward
movement into centric occlusion followed by a palidownward movement. The second, less
probable scenario would be a lateral upward movénmén centric occlusion followed by a
simple orthal jaw opening and an independent pupalard movement ending in centric

occlusion as well and also followed by an orthal @ening (fig. 47 + 48).

6.4.5 Mastication movement

According to Krusat (1980}jaldanodonpossesses a power stroke with one single phase tha
ends in centric occlusion. This is also what Commad Jenkins (1968) and Jenkins (1969)
postulate to be the case for all docodont taxa. él@w as discussed in detail in 6.4.4, the
striations observed on the facets rather indicatephases for the power stroke. Krusat (1980)
furthermore assumes that during the upward moveuofahe lower jaw contact is established
first in between the buccal half of the upper maad the buccal side of the lower molars
(facets |, 1l). Towards the end of the power strtie lingual half of the upper molar contacts
the interior of the lower molars (all other facets)r him, the positions and forms of the facets
indicate that the movement of the lower jaw wasrkdtwith a distinct lingual component. The
striae found on the facets would imply an additlpreighter, mesio-distally directed
movement. However, the striations observed in tlesgnt study rather imply that the lateral
movement had a proal or palinal component onlhatvery end and a second proal or palinal
movement was either separated by centric occlusi@mtirely independent (see also 6.4.4).
For this study, the information derived from thesipion of the facets about the occlusion of the
molars and from the orientation of the striatiobew the orientation of the jaw movement was
synthesized into a virtual simulation of the cheyvaycle with the OFA. Using this computer
program, it was possible to objectively test thelasional model to verify whether the assumed
movement is indeed capable of producing the obdefaeets. The total area of detected
collisions during the theoretical cycle compilednr the data collected in the present study
matches the position of the facets observed osgheimens with only minor divergences (fig.
44 + 45). Therefore, the theoretical masticatiothpa assumed to be generally correct. Of
course, this does not tell anything about the tivacof the movement: the reversed motion
would produce the same collision pattern. Neveesgl the ancient chewing motion of
Haldanodoncould be narrowed down to two possible scenarios.

Both scenarios begin with a steep upward, latemalament from buccal to lingual of the lower

molars into centric occlusion (phase 1). The samd & movement also has been suggested
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by Krusat (1980), Butler (1988), and Pfretzschrieal. &(2005). During this lateral movement,
the buccal grooves of the lower molars are guidedgathe lingual flanks of the upper molar
main cusps. That it must have been directed upwarohglicated by the leading and trailing
edges observed on many lower molar specimens ittiree exposed within the disto-buccal
groove in between cusps a and d (see also 6.4¥keTare caused by cusp A, which slides
through the disto-buccal groove of the mesiallyatied lower molar, forming facet | during the
process. Since cusp d runs along the disto-linflaak of cusp A, part of upper facet | also
forms on the distal side of crest A-X. Cusp C ditteough the mesio-buccal groove in between
cusps a and b of the distally situated lower mdtaming lower facet II-2 and the distal part
of upper facet Il. At the same time, cusp b of dn&tal molar is guided along a groove in
between cusp A and C, contributing to the formabbthe mesial part of upper facet Il and
lower facet II-1. Towards the end of the laterameroent the lingual flanks of the upper molar
main cusps mainly lose contact with the lower n®ldihis is also indicated by the striae on
these cusps (for a detailed discussion see 64mi).the lower molars contact the lingual half
of the upper molar, cusp a of the mesial lower mslguided mainly by the mesial cingulum
of the upper molar. Cusp d running along the disid¢ of crest A-X also prevents the lower
molar from deviating in mesial direction. At thexeatime, cusp a of the distal lower molar is
guided mainly by the distal cingulum of the uppexan.

In the contact diagram created with the OFA, wliidplays the area of contact for each virtual
facet in a specific time step (see also 4.5, %g538), the steady decrease in contact during this
process is clearly shown for facet I. Since cusp Rrger than cusp C, the area of contact for
facet | is also larger than that for facet Il. Hoee the area of contact for facet Il does not
decline as fast as that of facet | and even becdangsr than it towards the end of phase 1.
This is because cusp b remains in contact withotieeal slope of the “pseudotrigon basin”
longer than cusps A and C remain in contact with blaccal grooves of the lower molar.
Additionally, the contact of cusp a with the mesialgulum is not established in the OFA
simulation. The markedly polished surface of thesiaecingulum on many upper molar
specimens, however, clearly indicates such a cbntac

As soon as the mesio-buccal groove of the distaétanolar loses contact with cusp C, the
initially lateral mastication movement deflects avas distal. At least this is strongly suggested
by all of the striae found on the facets involveghase 1 (for a detailed discussion see 6.4.4).
It is furthermore implied by the straight progressof the groove that most probably had been
acting as a guiding structure and up until then@néed such a deviation from the lateral course.
Unfortunately, this additional motion componenticot be reconstructed with the OFA since

it only comprises the last two (out of 17) timepst®f phase 1. The fine adjustments required
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to simulate this late change of direction towardbnal were not possible to achieve with the
settings used for the present project. This is iedhe upper molar model derives from a
different specimen than the lower molar modelsaditionally had to be scaled to match their
size (see 4.5 and 6.2). This only allows a ratbegh fitting. However, the differences in size
and timespan of the contacts in between a latergalration of the power stroke and a palinal
diversion are probably almost insignificant for sicsmall amount of time. Nevertheless, the
palinal movement was manually re-enacted with 3iDtprof an upper and two lower molars

to complete the observations made with the OFAdassarylmmediately after their change

of course the lower molars establish contact vighlingual half of the upper molar. The mesio-
lingual flank of cusp a of the distal molar theredmntinues to run along the distal cingulum,
forming facet V. At the same time, the buccal flarilcusp g contacts the lingual flank of cusp
Y. This cusp slides into the “pseudotalonid basan&ating facet VI in the process. That in the
contact diagram the contact representing facetly isrpresent for one single time step at the
very end of phase 1 most likely is the result ef ithaccuracies in the fitting of the 3D-models.
Additionally, the rotation of the lower jaw arouitd long axis could not be simulated with the
OFA. Nevertheless, it is an important part of thastication movement in Recent mammals
(Oron and Crompton 1985, Hylander et al. 2005, il et al. 2011, Menegaz et al. 2015)
and has been proven to increase contact areasheil{z et al. 2017). Both, the inaccuracies
in fitting as well as the lack of rotation, mosbpablymake the contact area for this facet much
too small in comparison to the observed facet Siherefore, the contact probably also is too
short in relation to the rest of the chewing sttaRely at the very end of the lateral chewing
stroke, cusp Y establishes contact with facet Ithanlingual flank of cusp b. Therefore, unless
cusp Y slips out of the basin before centric odolusthis contact does not produce any
striations at all. In the case cusp Y does slider tive mesial rim of the “pseudotalonid basin”,
this not only causes a short prolongation of plladéore importantly, it also causes the closure
of the gap in between cusp b and the “pseudotrizamin”. Otherwise, cusp b is too short to

reach its bottom (fig. 49). But in this case, thesio-buccal flank of cusp b is able to slide along
the mesial side of the “pseudotrigon basin”, creathe distally inclining striae on upper facet
Il. Towards the end of the power stroke, most pbbpthe disto-buccal flank gets into contact
as well, due to the slight slope of the ratherlsiatpseudotrigon basin” in the direction of the

distal cingulum. Just before cusp b slides oveldhedistal basin margin, the palinal motion

is stopped by cusp X pressing against the precddimgr molar. According to the striations,

the mesio-lingual side of the tip of cusp A mosth@ably remains in contact with the area below
the disto-buccal groove until the very end of pHass well. However, the contact representing

facet | in the OFA diagram does not even overlah wie contacts representing facets 1V, V,
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Fig. 49: Position of cusp Y i
centric occlusion.

a) Cusp Y rests within tl
“pseudotalonid basin” as long
its mesial border is still intact.
b) Cusp Y slides out of t
“pseudotalord basin” as soon
its mesial border is fully abrad
and rests mesially of it in cent
occlusion. This enables cusj
of the lower molar to contact
“pseudotrigon basin” of the
upper molar (dotted line)
,pseudotrigon enhance its crushing functi
basin* and perform ashort grindin
motion.

~pseudotalonid
b) basin®

and VI. This is probably also a result of the laékower molar rotation in the simulatiom
contrast to the striations, the OFA analysis dbesvsa contact for facet Ill in phase 1. Such a
contact of the distal crests of the mesial lowetamwith the mesial flank of cusp X indeed is
very likely. However, any striae created by thisitect are most probably overprinted during
the following proal or palinal movement, which tbis facet lasts much longer.

As discussed in 6.4.4, the independent proal dnglaimnovement could either have been a
palinal downward movement directly following thédeal upward movement or an independent
proal upward movement (fig. 47). Both would cause same facet pattern. Based on Recent
taxa the palinal downward movement is much moréaginte (see also Schultz et al. 2017).
This is also suggested by vague leading and tgaddges observed on tHaldanodonmolars.
Two connected movements are also what Butler (1888)Pfretzschner et al. (2005) postulate
for the docodont chewing motion, although they tsatbgest a lateral continuation of the power
stroke. In this first scenario with a palinal dowardd movement the masticatory movement of
Haldanodonis made up of one power stroke with two phaseaqgeli and phase 2), separated
by centric occlusion. Phase 1 is the steep upvededdl movement into centric occlusion, phase
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2 a distally directed downward motion with onlyliglst lateral component continuing in lingual
direction. At the beginning of this palinal motiamest b-g of the distally situated lower molar
slides along the buccal flank of cusp Y, forming thistal part of facet IV. Again, due to the
unprecise fitting of the molar models, the contarta representing facet IV in the OFA
simulation probably is much too small. Therefotg contact with five time steps in total most
likely is also depicted too short in the contaetgilam. As indicated by the OFA analysis, facets
V and VI might still have been in contact at theywbeginning of the palinal movement.
However, in contrast to facet IV they most certainlmost immediately lose contact and
therefore do not show any striae related to thenglamovement. The vast majority of the
palinal movement, however, is occupied by the mam@nof the distal crests of the mesially
situated lower molars against the mesial flankusfcX, forming facet Ill. If this scenario with

a palinal downward motion were correct, this wdnddthe first time in mammalian history that
a bi-phased power stroke had been developed, lefogebthe tribosphenids developed theirs.
Nevertheless, it is also possible that there acedwstinct movements if the vague differences
in height at the enamel-dentine junctions appedarige leading and trailing edges are actually
misinterpreted and do not indicate the directiothefmovement. A similar occlusional model
with two independent upward movements is also pegdy Gingerich (1973), although he
assumes a proal and a palinal motion. From a fomaki point of view, the mesio-distal
movement has much more meaning if performed upwéetsause then the distal crests and
the mesial flank of cusp X can pass each othersinear-cutting motion. Such a shear-cutting
motion is not possible or only realizable with sfgrant effort in a downward movement. This
is why Gingerich (1973) prefers the idea of twodpdndent upward movements to explain the
opposing striation pattern of mesially and distatiglining striae he also observed Docodon
molars.Two alternatively used power strokes are not yeikmfrom any other extant or fossil
mammalian taxon, which would make such a mastigabbovement unique. This second
scenario comprises two separated power strokesépbha and phase 1b), which are used
alternatively in the same individual. Phase laéssame lateral upward movement into centric
occlusion as in the first scenario. Phase 1b, hewes the reversed movement of the lower
jaw compared to phase 2 - an independent upwardl pnovement with a slight lateral
component from lingual to buccal, which ends intdgerocclusion as well. Both phases are
followed by an orthal opening of the jawhis means that centric occlusion with cusp Y resti
within the “pseudotalonid basin” is achieved in tdifferent ways. A proal motion also was
proposed foDocodonby Jenkins (1969), although in contrast to Gingde(L973) he did not
consider an alternative upward movement. Two inddgeet motions also could be another

explanation besides highly varying abrasion ratbg some of the upper molar rows have a
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flatly and others a steeply worn crest X-Y. A flatborn crest might indicate an emphasis on
the lateral movement, a steeply worn crest an esiplomn the proal movement. In the first
scenario with a palinal motion connected to thertone an emphasis on only one of the

phases would be rather unlikely.

6.4.6 Functions performed by molars

Since the tooth morphology éfaldanodonmolars is dominated by high cusps with steep
flanks, shear-cutting obviously seems to be theidan part of their function. This is why
Crompton and Jenkins (1968) as well as Hopson aachfton (1969) believe that the function
of Haldanodonmolars is actually completely restricted to shaatting. They assume that the
only advantage of the relatively complex docodowatht morphology is an increase of shear-
cutting surfaces, including the broadening of thpar molar. This is opposed by Krusat (1980)
and Butler (1988) who are convinced that the dguaknt of a “pseudotalonid basin” and the
remarkable broadening of the upper molaHaldanodonand other docodonts rather indicate
a more or less derived crushing and probably gnipdiinction. However, the importance of
these crushing and grinding functions in docodowitans is commonly questioned (e.g. Jenkins
1969, Gingerich 1973, Kron 1979). Concernidgldanodon due to the small size of its
“pseudotalonid basin”, most authors are especsidbptical (Kermack et al. 1987, Pfretzschner
et al. 2005, Averianov and Lopatin 2006). Thanksh® OFA analysis, it is now possible to
estimate the relative amount of shear-cutting, lings and grinding occurring during the
chewing stroke oHaldanodon

First of all, the animation of the power strokeoals observations on how and when the molar
cusps, crests and basins are getting into coridaet to the coloring of the contact areas on the
molars and the division of the movement in sevérale steps of equal length, these
observations are relatively precise (fig. 50 + J1)e lateral upwards movement of the lower
molars in phase 1 (respectively 1a) mostly consists shear-cutting motion when the buccal
sides of the lower molar pass the lingual flankshef upper molar main cusps. At the same
time cusp b of the distal lower molar conducts @skimg function within the “pseudotrigon
basin” of the upper molar. Like assumed by Pfrdimsc et al. (2005), it indeed is too short to
actually establish contact with the bottom of tlasib. That is why, other than suggested by
Krusat (1980), it does not conduct a grinding fiorct Crushing also takes place while the
lingual flank of cusp b approaches the buccal faokcusp X and Y. Grinding only occurs at

the very end of phase 1 immediately before cewirdusion by the time the lingual flank of
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cusp Y contacts the buccal flank of cusp g andioags to slide along this flank until it reaches
the base of the “pseudotalonid basin”. Since irtresh to cusp b, cusp Y actually does contact
its antagonistic basin, this really is a grindingdtion as assumed by Krusat (1980). In the case
of the first scenario with a palinal downward mowfollowing centric occlusion, for a very
short time at the beginning of phase 2 cusp Y ool grinding until cusp g loses contact with
it. At the same time and continuing until the msldisengage crest b-g of the distal lower molar
is passing the buccal flank of cusp Y in a kind‘sliear-grinding” motion. The downward
movement prevents a true shear-cutting motion.h&t game time, the distal crests of the
mesially situated lower molar slide across the aldtank of cusp X, performing a “shear-
grinding” function as well (fig. 50). This would bde functional scenario Butler (1988)
proposed for the distal part of the lower molargrduthe downward movement. However, that
kind of grinding is not very efficient. This is kagse the amount of compression, which is an
important part of grinding, taking place duringashward motion is much smaller than during
an upward motion — at least if the food particlasrot be efficiently trapped in between two
more or less flat surfaces. In the second occlssahario with a separated power stroke 1Db,
however, due to the upward movement of the lowsrgaear-cutting is performed throughout
the entire phase. First, when the distal cresteefnesial lower molar pass the mesial flank of
cusp X, and additionally as soon as crest b-gefilibtal molar passes the buccal flank of cusp
Y. Furthermore, in a proal upward motion, cusp thefdistal molar again conducts a crushing
function as it approaches the “pseudotrigon bagwthe very end of the proal movement,
right before it ends in centric occlusion, cuspl¥ogerforms the grinding function within the
“pseudotalonid basin” (fig. 51). Therefore, frorfuactional point of view the second scenario
with an independent proal upward movement makedhymare sense. However, comparisons
with Recent taxa and the potential presence oesponding leading and trailing edges rather
indicate the first scenario with a palinal downwardvement following centric occlusion for
Haldanodon(for a detailed discussion see 6.4.4).

A further advantage of the OFA analysis is thataheunt of shear-cutting and grinding can
be quantified with the generation of a contact hag It also makes these functions comparable
with other taxa processed with the OFA (see 6.8).cFushing, this is only indirectly possible,
since it produces no attrition facets and the adrdeagram created with the OFA shows the
area of contact for each facet in a certain tirap.shlthough a time step is not equivalent with
a determinable period of time, the contact diagshows the relative amount of time a specific
function is performed during the power stroke. Awddially, the height of the bars shows how
much of the respective facet is in contact at aifipdime step. Since in phase 1 and 1la the

shear-cutting contact of facets | and Il ugmes at least 15 of 17 time steps and the grinding
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contact of facet VI only takes up the last two steq least 88% of this phase are used for shear-
cutting and only 12% account for grinding. A smathount of shear-cutting obviously also
takes place during the grinding contact of phadsetause facets Ill, IV and V, which are in
contact at the same time as facet VI, are formeshiear-cutting. This shows that the different
functions are not separated very well but rath@rlap to a great extent. Observations on the
animation of the chewing cycle show that througtadubf phase 1 and 1a crushing takes place
within the “pseudotrigon basin”. Phase 2 is cleaidyninated by the “shear-grinding” contact
of facet Ill. Although it lasts throughout the eatphase, its contact area is steadily decreasing.
Only two of the 29 time steps attributed to pha$é%) show the grinding contact of facet VI.
Due to the downward movement of the lower jaw is #tenario, crushing does not take place
at all in phase 2. In phase 1b with an independpward movement, however, crushing is as
important as shear-cutting which both persist dytive entire phase. Thereby, the shear-cutting
area of facet lll is steadily increasing towards ¢éimd of the phase. The grinding function at the
end of the phase 1b probably does not increasemparison to phase 2.

All'in all, the crushing function ialdanodommolars is much more prominent than suggested
so far, even in the first scenario with a downwpatinal movement and all the more in the
second one with an upward proal movement. Compgarsklear-cutting and crushing, grinding
really is a minor issue and is not even clearlyasgied from the shear-cutting function.
Nevertheless, it is a well determinable part of thewing process and therefore cannot be
declared completely insignificant. In any casés ibbvious that although shear-cutting indeed
is a very prominent function iklaldanodonmolars, they are not at all restricted to it as
suggested by Crompton and Jenkins (1968) and HagsdCrompton (1969).

The amount of crushing and grinding occurring witthe “pseudotalonid basin” is actually
quite small. Not only does the basin provide ordpMimited space for this function due to its
small size — it also quickly loses the requiremdatsan efficient grinding function. This is
because its mesial border made up of crest b-gra down very fast, even before dentine is
exposed on any of the other crests, enabling ¥u® slip out of the basin during the palinal
motion of phase 1. For a brief time, this losshaf inesial border actually prolongs the grinding
function, since the distance cusp Y travels aldm lhuccal flank of cusp g is longer. The
“pseudotalonid basin” becomes a narrow groove duttiis process. However, the steeper its
slope is worn, the more grinding changes into skaimg, at least in phase 1 and 1a. In phase
2, the grinding function is completely lost as s@sncusp Y starts sliding out of the basin. In
an independent phase 1b, however, the directidgheolpplied force presses the lingual flank
of cusp Y against the buccal flank of cusp g. Timevents cusp Y to slip out of the basin even

if the mesial basin border is fully abraded. Theref in phase 1b the grinding function of the
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“pseudotalonid basin” is maintained as long as @ugpnot completely worn down and cusp
Y is not too heavily abraded. At the latest whespcg is fully abraded, the grinding and even
the crushing function within the basin cease tstexi both phase 1a and 1b. Since cusp g is
very small, it is one of the first cusps to be watawn completely. Considering the
exceptionally high abrasion rates of the molar exlamHaldanodon this must have happened
in a very early ontogenetic stage. In the frontamglit may well have been the case before the
eruption of the fourth lower molar, that is in juve individuals. Cusp Y is almost equally fast
worn down and additionally is not always well-depd in the first place. This is why, as
mentioned above, the grinding function of the “mhk&alonid basin” is almost negligible.
However, this lack of significant crushing and gdiimg within the “pseudotalonid basin” is
compensated by the much greater amount of crushaking place within the large
“pseudotrigon basin” of the upper molar. Moreowr soon as cusp Y begins to slide over the
mesial edge of “pseudotalonid basin”, this allowsgb to close the gap to the “pseudotrigon
basin” (fig. 49). In this case, it becomes abledaduct the grinding function suggested by
Krusat (1980) and furthermore indicated by the gmes of the distally oriented striae within
the “pseudotrigon basin”, which are far too pataitemerely be the result of food particles
escaping the basin during the crushing motion.@lgh this grinding contact most certainly is
at least as short as that of cusp Y had been wtitleifipseudotalonid basin”, it persists until the
tooth morphology is leveled out by abrasion. Thamefthe majority of the crushing and very
likely even the grinding function irHaldanodonmolars actually took place within the
“pseudotrigon basin” of the upper molar.

Crushing most probably is also the last operatingction in very strongly worn molars on
which the tooth morphology is more or less levelat Since striae imply that the two distinctly
different power strokes are still performed in ahdlividuals, there probably still is some
rudimentary shear-cutting, respectively “shear-djng” taking place on the flatly worn distal
ends of the lower molars as long as they are motdonded. According to Krusat (1980), the
premolars take over the preparation of the foasdnndividuals, because they are less strongly

worn than the molars. He also postulates a chahfgmd preference with old age.

6.4.7 Relevance of the results for thaldanodonmolar dentition for other docodont taxa

The molar tooth morphology of other docodonts is)ggally quite similar to that of
Haldanodon with the same cusps in a more or less similargement. The cusps can differ

in proportion: for example, cusp g usually is altresstall as cusp ¢, and cusp Y is much better
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developed than italdanodonin almost all other taxa. A very few taxa also whemall
additional cusps on lower or upper molaksusatodona small conulid buccal of cusp d
(Sigogneau-Russell 2003: fig. J)egotheriumandHutegotheriuma small conulid lingual of
cusp e (Martin et al. 2010a: fig. 10, Averianovatt 2010: fig. 5);Hutegotheriumand
Sibirotheriuma small accessory cusp Z on the mesial flank s ¢t(Sigogneau-Russel 2003:
fig. 5, Averianov et al. 2010: fig. 4, Lopatin &t 2009: fig. 2). The main difference in between
the docodont molar dentitions, however, is how ¢hsps are connected to each other. The
“pseudotalonid”, for example, opens in mesial diget not only inHaldanodonbut also in
BorealestegSigogneau-Russell 2003: fig. Bpcodon(Jenkins 1969: figs. 7, 8, Rougier et al.
2014: figs. 3, 4), and most probaldlgshkumyrodoiiMartin and Averianov 2004: figs. 2, 3).
It can also be well-enclosed like Dsungarodon(Pfretzschner et al. 2005: fig. 3, Martin and
Averianov 2010: fig. 7),Hutegotherium (Averianov et al. 2010: fig. 5)Krusatodon
(Sigogneau-Russell 2003: fig. Jjbirotherium(Maschenko 2002: figs. 1-3, Lopatin et al.
2009: pl. 12) SimpsonodofKermack et al. 1987: figs. 3-29, Averianov et210: fig. 3), and
Tegotherium(Tatarinov 1994: fig. 1, Martin and Averianov 201f)g. 10-12). In the
tegotheriids TegotheriumHutegotherium Sibirotheriun), in contrast to the other docodonts
cusp e is included into the border of the “pseudoid basin”. The tegotheriids are also the
only docodonts with a well-enclosed distal basirttenlower molar, whereas the distal lower
cusps in all other docodont taxa are connected drg ror less well-developed crests in a zig-
zag-pattern. The upper molars differ mostly in Widind the height of the cusps. Another
character unique to the tegotheriids &rdsatodonis the reduction or complete absence of
crest A-X (Martin and Averianov 2010: figs. 8, 9y&ianov et al. 2010: fig.4, Lopatin et al.
2009: pl. 12, Sigogneau-Russell 2003: fig. 5).

Despite these differences the most important ggidiructures are still present in all docodont
molars. For one, those are the buccal grooveseloter molars in combination with the row
of buccal cusps on the upper molars. Although xa taith a well-developed crest a-d like the
tegotheriids the disto-buccal groove might be \&rgllow and steep, it is still present in these
taxa. Almost all docodont taxa show at least a velj-developed facet | and most also facet
Il on the lower molars (Jenkins et al. 1969: figk@rmack et al. 1987: figs. 16, 29, Maschenko
et al. 2002: fig. 4, Sigogneau-Russell 2003: figMartin and Averianov 2004 fig. 2, Averianov
et al. 2010: fig. 5, Martin et al. 2010a: figs. 1@, Rougier et al. 2014: fig. 4), implying that
the buccal grooves really have had a guiding fonctlso in the other docodonts. This
hypothesis is further supported by the fact thatoWer facet Il is present, just like in
Haldanodonit always also covers the interior of the mesicdal groove, best seen in
Sibirotherium(Maschenko et al. 2002: figs. 1, &mpsonodoKermack et al. 1987: figs. 16,
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29), andTegotheriumMartin et al. 2010a: figs. 10, 12). The only dé& exception seems to
be Docodon At least the m6 of the holotype mandible YPM-VE826 from the collection of
the Yale University Peabody Museum of Natural Higtdepicted by Jenkins (1969: fig. 6)
shows a dichotomous lower facet Il on the mesicehuftank of cusp a and the disto-buccal
flank of cusp b that clearly omits the groove. Thiandible was also used for the virtual
reconstruction of the chewing motion in the stuflysohultz et al (2017). Since it also shows
alveoli for two more molars, unlike Haldanodorthe m6 inDocodonis not the ultimate molar
and therefore unlikely to have been reduced mushc@nsequence to the location of lower
facet Il as well as the mesially inclining strideserved on this facet (see also Gingerich 1973:
fig. 1), Schultz et al (2017) reconstructed the tmason movement oDocodonas a mainly
palinal motion with only a small lateral componelnt.this kind of movement, the buccal
grooves just pass by the lingual flanks of the ugqecal cusps without any guiding function
whatsoever (see also Schultz et al. 2017: Supplemeimformation Video S2). However,
there are also a feWaldanodonlower molar specimens on which facet Il omits thesio-
buccal groove (e.g. Gui Mam 3174), although inuthst majority of specimens it covers this
groove as well. Therefore, tH2ocodonholotype might not be representative of the genus
concerning the extent of lower facet Il. In thisseahe grooves might actually have had a
guiding function inDocodonas well. On the other hand, according to a pefsmmmament of J.

A. Schultz (2018), in the OFA simulation it was ioggible to let the lower molar models
occlude with both upper molar models without a veistinctive palinal motion component.
Therefore Docodonalso might be an exception and the lower bucaa\ggs did not have any
guiding function in this genus.

The distal crests of the lower molars are the othgoortant guiding structure. In the
tegotheriids with their small distal basin thisnsinly crest a-d, in the other docodonts crests
a-c and c-d. The only taxa in which these are roy distinctive DocodonandSimpsonodan
the almost basin-like distal part is covered byvyearenulations (Jenkins 1969: figs. 9, 15,
Kermack et al. 1987: figs. 4, 5). Since both guydstructures are present in all docodont
dentitions, it is not surprising that observatioms isolated upper and lower molars of
Dsungarodonas well as lower molars dtashkumyrodoandTegotheriumshow that with the
exception of facet V all facets observedHaeddanodommolars can also be found on these taxa
at the same positions. OnlyTregotheriumdue to the inclusion of cusp e into the bordahef
“pseudotalonid basin”, facet IV aberrantly covemsst e-g and the crest running from cusp e to
the small conulid mesial of the basin. Howeversthorests have the same relative position as

crests b-g and b-e iHaldanodon
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Therefore, it is very likely that docodonts shareeay similar chewing stroke. The common
presence of facets | and Il and their coveringimiterior of the grooves show that at least the
lateral movement of phase 1/1a determinedHfaidanodonis more than likely to occur in the
other docodonts as well. The only exception mighDlbcodon which as mentioned above
seems to lack the guiding function of the lowerdalgrooves and therefore might have had a
much more distally directed first phase. A veryiamchewing stroke throughout docodonts is
further indicated by the study of Pfretzschnel g2905) who accidently used upper and lower
molars of two different taxale€gotheriumandDsungarodoifor their analysis of the docodont
mastication movement. Nevertheless, they still iobth a viable result for their postulated
chewing stroke with phase 1 being almost identicgbhase 1 determined in this study for
Haldanodon A similar chewing stroke is also further suppdrtey the presence of vertical
striae on facet II-2 of a lower molar specimenTagotherium(SGP 2004/3), which also
strongly suggest a strictly lateral movement (Muargt al. 2010a: fig. 10e, personal
observation).

As for the second phase, a continuation of thedatmovement in downward direction as
suggested by Butler (1988) and Pfretzschner €2@05) is rather unlikely also for the other
docodonts. According to Pfretzschner et al. (2086)ing the lateral continuation cusp b slid
along the buccal side of crest X-Y in a grindingtimo without producing distinct wear facets.
This, however, is not possible without abrasiondpreinating attrition. This is very
improbable, because that is not even always the @asipper molars dilaldanodon which
were subjected to extraordinarily high abrasioresataused by its subterranean lifestyle.
Furthermore, the presence of the second phasesfdtand IV even on lowefegotherium
molars with their enlarged “pseudotalonid basingi amall distal basins strongly implicates a
second phase similar to that Haldanodon Certainly, these facets most probably were in
contact during both phases as well and therefan&ldmave been formed solely by the lateral
movement. However, the additional presence of ggidrests on the distal part of the lower
molar in all of the other docodont taxa makes albpoo palinal movement during the second
phase similar to that oHaldanodon much more probable. All this rather supports the
interpretation that all docodonts shared a sinmiastication movement and that thecodon
Haldanodonclade is not functionally derived from the oth@cddont taxa as assumed by
Schultz et al. (2017). At the very least, the prilggpalinal chewing stroke postulated for
Docodonis not applicable foHaldanodon

While the tooth morphology of docodonts in genesaimilar enough to assume a very similar
chewing stroke, it also differs enough to assunieadt a diverging focus on specific chewing

functions. Pfretzschner et al. (2005) postulateddlidifferent trends of molar function within
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docodonts. According to theBorealestesHaldanodon andDocodonare mainly piercing and
cutting their food. These functions are best suitepgrocess a diet comprising arthropods and
other invertebratesTashkumyrodonSibirotherium and Tegotheriumadditionally developed
two large crushing basins in the lower molars. Tn@bably allowed them to prey on armored
insects such as beetles or might also be indicativee more omnivorous diegimpsonodon
Dsungarodon and to a lesser extertrusatodonfinally developed an extensive grinding
function. This probably enabled them to distinatigrease the amount of plant material in their
diet, which might also have included soft-bodiedeirtiebrates. A grinding function for
Simpsonodorlso has been suggested by Kermack et al. (19®@7).ao et al. (2002).

Indeed BorealestesandDocodonare the only other docodont taxa besidatdlanodonwhose
“pseudotalonid” and “pseudotrigon basins” are Hosed. This is why their molar functions
most probably are mainly focused on shear-cuttgwgell. However, their molar morphology
just like that ofHaldanodonmight have allowed for much more crushing and eyemding
than Pfretzschner et al. (2005) anticipate: if cdgso started to slip out of the “pseudotalonid
basin” at the end of phase 1 as soon as its alleadynesial border was completely abraded,
this probably would enable cusp b to contact theeljlotrigon basin” for a short grinding
movement (for a detailed discussion see 6.4.6)hik1 caseBorealestesand Docodon too,
would have executed the main part of crushing aimdlispng within the “pseudotrigon basin” of
the upper molar. A reexamination of a cast of thl &nown specimen ofashkumyrodon
showed that in contrast to the assumptions of Efcbner et al. (2005) its “pseudotalonid
basin” is also rather open. Additionally, its digiart is covered by crests that do not enclose a
distal basin. Therefore, its molars most probaldyaxcloser in function telaldanodonand the
other docodonts with open “pseudotalonid basing’laterally running distal crests than to the
tegotheriids. In this groufocodonis the only taxon that does not have well-devedogistal
crests. Especially crest c-d does not run straaghih the other taxa but shows a considerable
indentation in between the cusps (Jenkins 1968: fig15). Therefore, the distal part is rather
formed like a broad, shallow, distally opening ba@®ougier et al. 2014: fig. 3). Since cusp d
is set slightly more distal than cusp df (Jenkif6<: figs. 2-3, 8, Rougier et al. 2014: figs. 2-
4), like in Haldanodonit most probably occluded distally of crest A-Xhérefore, the mesio-
lingual flank of cusp A and the mesio-buccal flasfkcusp X probably conducted a crushing
function within this basin. Crompton and Jenkindg8) as well Jenkins (1969) suggest that in
Docodonthe “pseudoprotocone” cusp X actually occludechinitthis distal basin structure
rather than in between the lower molars. This v&s @adopted by Schultz et al. (2017) for their
reconstruction of the mastication cycledcodonand the resulting OFA analysis. However,

since cusp X is much larger than cusp Y, that weoelchinate the movement long before the
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latter could contact the “pseudotalonid basin”.sTikialso clearly visible in the illustrations of
the respective postulated chewing strokes (Jerk@®: fig. 4, Schultz et al. 2017: figs. 13,
14). Cusp X terminating the chewing motion earlywdonot only cancel the crushing and
grinding function of the “pseudotalonid basin"wibuld also shorten the mastication movement
and with this considerably reduce the shear-cuthimg) crushing taking place on other molar
parts as well. It is rather unlikely that the grmgl function gained within the “talonid” basin
would really compensate for this. Thus, it is muobre probable that also Pocodoncusp X
did not occlude within the distal basin structuae in between the lower molars. In contrast to
the other docodonts with mesially opening “pseuldaoid basins”, irDocodonthe lingual flank

of cusp a and the mesio-lingual flank of cusp A@reered by vertically running crenulations
that reach down into the basins (Jenkins 1969: #ig9-10, 13, 15). They probably functioned
as additional shearing crests. Due to the toottphwogy these crenulations on the lower molar
were probably most effective during phase 1/1a@xdistal basin region, and during phase 2/1b
in the “pseudotalonid basin” region. With thidpcodonhad significantly increased the shear-
cutting and crushing functions of its molars in @amson toHaldanodon Borealestesand
TashkumyrodanThe majority of crushing (and grinding) most likestill took place in the
“pseudotrigon basin”, but the importance of the downolar for crushing was considerably
enhanced with the addition of the distal basin. Etenulations presumably compensated the
decrease in shear-cutting function of the weakeldl| crests. The only other docodont taxon
with a very similar basin-like structure coveredhmavy crenulations on the distal part of the
lower molar isSimpsonodoiiKermack et al. 1987: figs. 4-5, 11-29). This taxbowever, did
not only enhance the crushing function of the lowemlar by adding a distal basin. It also
increased crushing and grinding taking place withen“pseudotalonid basin”, since its mesial
border is well-developed and therefore it is weltlesed on all sides (Kermack et al. 1987:
figs. 4-5, 11-29). Thus, isimpsonodoras well as in all the other docodonts with a well-
enclosed “pseudotalonid basin”, it is very unlikéiat cusp Y could have slipped out of the
basin in any but the most heavily worn lower mal&isis is also suggested by the vertically
running striae observed on lower facet II-2 of Tregjotheriunspecimen SGP 2004/3. On this
specimen the facet actually reaches all the wayndowards the tooth rim. The striae continue
to run vertical and do not show any inclinationtbe lower part of the facet (Martin et al.
2010a: fig. 10e, personal observation). This stipigplies that unlike irHaldanodonthere
had not been a sudden change of direction immeyliagdore centric occlusion. This further
indicates that a palinal motion component was pregeby cusp Y pressing against the mesial

border of the “pseudotalonid basin”.
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Usually, this would mean that at least the maindjrig function is shifted to the lower molar,
since cusp b can no longer get close enough t¢pdeidotrigon basin” to perform more than
a crushing functiorSimpsonodarhowever, has considerably decreased the heigheafpper
molar cusps (Kermack et al. 1987: figs. 30-44) sTihneans cusp b most probably was able to
get very close to the “pseudotrigon basin” despitsp Y resting within the “pseudotalonid
basin” in centric occlusion. It even might havdl stonducted a grinding function. Together
with the compact appearance of upper and lowermsnolah the rather blunt cusps this implies
that Simpsonodonas suggested by Pfretzschner et al. (2005), thtieel one of the most
extensive crushing and grinding functions withircadonts. To a lesser extent, this might also
be true forDsungarodonThis taxon has a very well-developed “pseudoiditasin” as well
but lacks the distal basin structure on the lowetam(Pfretzschner et al. 2005: fig. 3, Martin
et al. 2010a: fig. 7). Nevertheless, the lingugderomolar fragments referred Bsungarodon
show that cusps X and Y are also not very highomgarison to other docodonts (Matrtin et al.
2010a: fig. 5). A similar trend is shown by the appolars oKrusatodonas well, although
the cusps are not as low as thosBiofpsonodonr Dsungarodorare (Sigogneau-Russell 2003:
fig. 5). Compared to the other docodonts, thoughdeveloped a relatively tall cusp b
(Sigogneau-Russell 2003: fig. 3). Therefore, thispestill might have established contact with
the “pseudotrigon basin” without cusp Y slippingt aaf the “pseudotalonid basin”. In
comparison t@impsonodorDsungarodonandKrusatodonthe “pseudotalonid basin” of the
tegotheriids is even larger due to the inclusiocusp e into its border. Additionally, they all
developed a small but well-enclosed distal basithenlower molar Tegotherium Tatarinov
1994: fig. 1, Martin et al. 2010a: fig. 1@utegotherium Averianov et al. 2010: fig. 5,
Sibirotherium Maschenko et al. 2002: figs. 1-4, Lopatin et28l09: pl. 12). As postulated by
Pfretzschner et al. (2005), ifegotheriumthis distal basin could only have been used as a
crushing basin since the upper molar lacks an antstijic cusp (Martin et al. 2010a: figs. 8-9).
Furthermore, due to the well-developed crests smgjothe basin neither the lingual flank of
cusp A nor the buccal flank of cusp X could haviegoeven close to the bottom of the basin.
The other tegotheriids, however, developed an madit accessory cusp Z on the mesial flank
of cusp X Hutegotherium Averianov et al. 2010: fig. &ibirotherium Lopatin et al. 2009:
fig. 2, pl. 12). It obviously pounded into the disbasin of the lower molar and most probably
did not only perform crushing but also grindingillSthe majority of crushing and certainly
also grinding was conducted by cusp Y within thecmlarger “pseudotalonid basin”. Since
the lingual upper cusps are distinctly higher thlanse ofSimpsonodorare, cusp b most
probably did not come into contact with the “psetigon basin”. Therefore, in the tegotheriids

it was only used for crushing.
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Considering all this, docodonts indeed show sewiff@rent functional trends as postulated by
Pfretzschner et al. (2005). These are mostly définethe differing focus on certain crushing
and grinding areas. The first group consists ofodoat taxa with a mesially opening
“pseudotalonid”, like Borealestes Docodon and Haldanodon and probably also
Tashkumyrodanlin these taxa the crushing and grinding functi®rconcentrated on the
“pseudotrigon basin” of the upper molar. It is coakd by cusp b, which is able to close the
gap to the upper basin only if cusp Y slips outhd “pseudotalonid basin” before centric
occlusion due to the abrasion of the mesial “pstaldoid border”. Nevertheless, sharp crests
and high cusps indicate their molars were maingduler shear-cutting and piercing. Only
Docodonhas a slightly higher emphasis on crushing, sindeveloped an additional crushing
basin on the distal part of the lower molar. Whist it is also functionally close to the group
comprisingDsungarodonKrusatodon andSimpsonodonwhich more or less equally divide
the crushing and grinding functions in between upme lower molar. However, in contrast to
Docodonthey all possess a large, well-enclosed “pseudoihbasin” and relatively low upper
molar cusps. The low lingual cusps of the upperamobmpensate for the inability of cusp Y
to get over the well-build mesial border of theé¢pdotalonid basin”: even though cusp Y rests
within the basin, cusp b can get close to the “getrigon basin”. With this, crushing and
probably even grinding can occur simultaneousthe“pseudotalonid” and the “pseudotrigon
basin”. Simpsonodomdditionally developed a crushing basin on théatisart of the lower
molars. This undoubtedly makes it the taxon with thost extensive crushing and grinding
function out of all docodonts. In contrast to thbey docodonts, the tegotheriids completely
focused their crushing and grinding on the lowetandSince cusp b is not large enough to
reach the bottom of the “pseudotrigon basin” intéerocclusion, it is very likely that the two
well-enclosed lower basins are more important fasé functions. Fadutegotheriumand
Sibirotheriumwith their additionally accessory cusps Z as amté]j for the distal basin this is
even more probable than foegotherium Tegotheriids all still possess relatively higlsgs
and very sharp crests on the lower molars. Thighg, despite their increased crushing and
grinding ability, shear-cutting was also an impottdunction. In Hutegotheriumand
Sibirotheriumit seems to be slightly less important, becaugg tioth lack crest A-X that
functions as a shearing crest.

Since there were no detailed drawings or high-tgsm photographs available for the
dentitions ofAgilodocodon CastorocaudaandDocofossoy no reliable statement about their
molar functions can be given in the present sthityvever, according to the descriptions given
by the authors, they all show some unique pectiBari The incisors oAgilodocodonare

spatulate indicating a diet containing gum or sajh¢ugh this interpretation has been
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questioned by Wible and Burrows (2016) who do eetany remarkable resemblance with the
incisors of Recent exudativorous taxa). The madaesvery similar to those afrusatodon
with a well-developed “pseudotalonid basin” andatiekly high upper and lower molar cusps
(Meng et al. 2015). Therefor@gilodocodoncan probably be assigned to the same functional
group aKrusatodon DsungarodonandSimpsonodann Castorocaudaon the first two of its
six molars all cusps are aligned in a row with tips curving in distal direction. This was
interpreted as adaptation to piscivory similar todern seals (Ji et al. 2006). While this is
unique among docodonts, a phylogenetic analysigyubie dental characters of the following
molars place€astorocaudawithin the same distinct group Esusatodon Dsungarodonand
SimpsonodoriJi et al. 2006). Therefore, it is highly probabitat it also belongs to the same
functional group as these taxa. The molarsDocofossorare most similar to those of
Haldanodon(Luo et al. 2015). Nevertheless, they might hawkmach less shearing potential
since many crests in both upper and lower molamdge be weak or absent (Luo et al. 2015:
fig. 2, Supplementary Materials).

All in all, docodont molars show a wide variety sifiear-cutting, crushing, and grinding
functions. None of the docodont taxa is more os lesited to either only shear-cutting as
suggested by Crompton and Jenkins (1968), Jenki®89], and Gingerich (1973) or only
crushing as postulated by Butler (1988). Even tleodonts with a mesially opening
“pseudotalonid basin” and laterally running lowestdl crests likeBorealestesDocodon
Haldanodon Tashkumyrodorand to a lesser extent maybe dswofossoywhich are indeed
relying mostly on shear-cutting, also conduct & &mount of crushing and even grinding.
Shear-cutting plays a significant role Hutegotherium Sibirotherium and Tegotheriumas
well, although with their well-enclosed “pseudotatb basin” and the additional lower distal
basin they are much more specialized in crushidggainding. And finally, the docodonts most
adapted to crushing and grinding due to their wetilosed “pseudotalonid basin” and
relatively low cusps, Dsungarodon Krusatodon Simpsonodon and probably also
AgilodocodormandCastorocaudastill retain some shear-cutting function tharkshe laterally
running lower distal crests, respectively the higasnenulated surface of the distal lower basin
in Simpsonodann any case, docodont molars certainly were ffartefrom being “a premature
and ill-fated effort toward the production of breawwned crushing or grinding teeth from the
more ancient piercing insectivorous type” as stdtgdimpson (1929: p. 85). Instead, they
quickly became functionally divers since represewvea of all three functional groups are
present as early as the Middle Jurassic.
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6.5 Comparison of tribosphenic and docodont “pstilsphenic” tooth morphology

6.5.1 Comparison of molar functionsindelphisandHaldanodon

The reconstruction of the chewing movement with @A allows the comparison of tooth
functions of different taxa. With the resulting tbd@ooth-contact diagrams it is possible to
compare the relative amount of time spent on aispewolar function during the power stroke.
It is also possible to compare the developmenibotact area size for specific facets and the
functions they represent. This is essential torese the efficiency of a molar function because
it depends on a combination of tooth morphology.(esharp or blunt crests), length of
execution, and facet size. Since crushing prodmce$acets, facet size cannot be used to
evaluate the efficiency of this function.

TheDidelphismolars from the OFA project provided by A. H. S@mmann are slightly worn
(wear stage Il out of five stages, see also fi§sardd 36 in Schwermann 2015). Therefore, their
functions are well comparable to those oftta@danodonmolars that also only show first signs
of wear.

Didelphishas a power stroke with two phases, separatedityic occlusion. Phase 1 consists
of a mesio-lingual movement, which is continuegirase 2 in lingual direction. About two
thirds of phase 1 are occupied by the shear-cuttingact of facets 1 and 2. It takes place when
the distal flanks of proto- and metaconid glidengléhe mesial flanks of para- and protocone
and the mesial flanks of proto- and paraconid atbeglistal flanks of metacone and metacrista.
Simultaneously also crushing occurs within the ieloand trigon basins conducted by the
approaching protocone and hypoconid. The sheasaoet$ lose contact as soon as the buccal
flank of the entoconid contacts the disto-lingl@hk of the protocone. From this point onward,
the protocone moves through the talonid basingnraling motion that results in the formation
of facet 6. This grinding contact continues unghtric occlusion. At the same time, the
hypoconid continues its crushing function withie tinigon basin. Immediately before centric
occlusion its lingual flank contacts the buccalnRaof the protocone. The movement of
hypoconid against protocone causes the formatiofaadt 9. At the same time, the mesio-
buccal flank of the hypoconid also contacts theéodisigual flank of the paracone in a short
shear-cutting motion producing facet 3. After centrcclusion, the protocone continues its
grinding function within the talonid basin untiffibally loses contact with the hypoconid. This
also marks the end of the power stroke. Crushires dwt take place in phase 2, due to the
downward motion of the lower molars. Other thaklaiddanodonthe efficiency of the grinding

in phase 2 is not as much affected by the downwaogement, because the antagonistic
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surfaces involved both are flanks of cusps. Theyhbatter suited to prevent the trapped food
particles from escaping than the distal crestherldwer molars ofaldanodon

Facets 4 and 5 of tHaidelphismolars do not occur in the contact diagram. Incthee of facet

4, usually situated on the distal flank of the hygid, this facet is not developed on the original
specimen. According to Schwermann (2015) the alesefidacet 4 is not uncommon for
Didelphismolars.Didelphisshows highly varying occlusal patterns and oniy fedividuals
actually possess all facets. Schwermann (2015)nassuhe omnivorous diet could be
responsible for the varieties, since different feadirces with differing textures might affect
the chewing pattern. Facet 5, though, is actualgent on the original specimen. It is situated
on the distal flank of the metaconid. However, he wirtual reconstruction of the chewing
stroke it is fused with facet 1 on the distal flasfkthe protoconid. Therefore, the OFA is not
able to distinguish between their contact areadlaaidof facet 5 is integrated into that of facet
1. Since both, facet 1 and facet 5, are formedchkbysame shear-cutting motion, it actually is
not necessary to differentiate between them ferghidy. Furthermore, a fusion of these facets
Is also very common on more heavily worn molarer @emore detailed analysis of the chewing
motion and molar functions @idelphissee Schwermann 2015.)

In Didelphis the main shear-cutting contacts of facet 1 (+&) 2take up 62 % of phase 1 (21
out of 34 time steps) (fig. 52). This means 38 %lwdse 1 (13 out of 34 time steps) are used
primarily for grinding. Phase 2 is completely doated by grinding (10 out of 10 time steps)
without a single shear-cutting contact.Haldanodonshear-cutting makes up at least 88 % of
phase 1/1a (15 out of 17 time steps). Only 12 @ugdf 17 time steps) is spent on the grinding
contact of facet VI. Additionally, these 12 % atdl sominated by the shear-cutting contacts
of facets Ill to V that occur at the same time.sTaliso does not change significantly if cusp Y
slips out of the “pseudotalonid basin” immediategfore centric occlusion, allowing cusp b to
contact the “pseudotrigon basin” for a short gngdmotion. Phase 1b is clearly dominated by
the shear-cutting contact of facet Ill, which lagioughout the entire phase. Only 7 % (2 out
of 29 time steps) of phase 1b account for the grondontact of facet VI. The same is true for
the phase 2 scenario, the only difference being shaar-cutting is replaced by “shear-
grinding”. Referred to the entire power strdbielelphisspents 48 % (21 out of 44 time steps)
on shear-cutting and 52 % (23 out of 44 time stepgrinding.Haldanodonon the other hand
spents 91 % (42 out of 46 time steps) of its postkrke solely on shear-cutting and only 9 %
(4 out of 46 time steps) on grinding. Therefore, telative amount of time spent on grinding
is undoubtedly much higher Didelphisthan inHaldanodon Even if in the phase 2 scenario
for Haldanodon“shear-grinding” is counted as grinding and theoant of time spent on this

function significantly rises to 67 % (31 oditd® time steps), it is much more comparable to
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stroke from first to last contact of the molars aallvas the duration of shear-cutting, grinding, angking functions. Since crushing produces no weeet§, the
duration of this function is inferred from the aninmatiof the chewing cycle with the OFBidelphishas a bi-phased power stroke, with a mesio-lingpalard

movement of the lower molars into centric occlugjphase 1) followed by a lingual downward movemehise 2). Most of phase 1 is taken up by the shetng

contacts of facets 1+5 (dark blue), 2 (yellow), and 8€gj as well as the crushing conducted by the protoadthin the talonid basin (before it establishegacin
with the bottom of the basin) and by the hypoconiithiw the trigon basin. Grinding facet 6 (violet)in contact during the last third of phase 1. Bl2ais completel

taken up by the grinding contact of facet 9 (lighig}). Crushing cannot take place in phase 2 dugetdéwnward movement of the lower molars. Facetd) (s not
developed on the original specimen and therefore doesceat in the contact diagram. (lower molar model: m2 of SME6B)
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Fig 53: Tooth-tooth-contact diagram fidionodelphisshowing the size of the contact area for eachrdomadar facet during a certain time step throughbetchewing
stroke from first to last contact of the molars aallvas the duration of shear-cutting, grinding, angking functions. Since crushing produces no waeets, the
duration of this function is inferred from the aninmatiof the chewing cycle with the OFRonodelphishas a bi-phased power stroke very similar toahBidelphis
with a mesio-lingual upward movement of the lowedar®into centric occlusion (phase 1) followed byngual downward movement (phase 2). Phase kenta
up by the shear-cutting contacts of facets 1+5 (ddwle), and 2 (yellow) as well as the crushing cotellidy the protocone within the talonid basin (befi
establishes contact with the bottom of the basiul) lanthe hypoconid within the trigon basin. Phase @mpletely taken up by the grinding contadiaakt 9 (light
blue). Crushing cannot take place in phase 2 duestddtvnward movement of the lower molars. The heasgrwf the specimen used for the analysis doesinoh
interfere with the functions since it mainly concatés on the basins. Facet 3 (green) and facebfvare not present on the original specimenthatefore do

not occur in the contact diagram. Facet 4 (red) isguresn the original specimen but could not be répced with the OFA. (lower molar model: m2 of ZMB MA
3549¢)



grinding with a grater than grinding with a mort&hear-cutting and grinding are also not as
well separated irHaldanodonas inDidelphis As mentioned above, iHaldanodonshear-
cutting also takes place at the same time as gignhereas iDidelphisthis is only the case
for a very short time when facet 3 establishesaxinh addition to facet 6 and 9 immediately
before centric occlusio.he importance of shear-cutting fdaldanodonis also shown by the
fact that the main shearing facets |, I, and td by far the largest facets (up to 0.36 mm?, 0.24
mm?2, and 0.33 mm?). The grinding facet VI in conigan is rather small (up to 0.14 mm?). In
Didelphis on the contrary, shearing facets 1 and 2 (up2é thm?, and 0.7 mm?) are distinctly
smaller or the same size as grinding facets 6 afuph 90 0.49 mmz2, and 0.7 mm?2). This also
emphasizes that the grinding function is much maistinct in Didelphis than it is in
Haldanodon

Nevertheless, according to Schwermann (2019)igelphis the crushing conducted by the
protocone within the talonid basin and at the same by the hypoconid within the trigon basin
IS more important than the grinding functions afg cusps. This is certainly true for phase 1,
since crushing is performed also during the shattirg contacts of facets 1(+5) and 2 within
both the talonid and the trigon basin. As mentioabdve, the hypoconid also continues its
crushing function within the trigon basin in thené the protocone moves through the talonid
basin in a grinding motion. The crushing persistgiluboth cusps contact each other
immediately before centric occlusion. ThereforeDidelphisa total of 94 % of phase 1 (32 out
of 34 time steps) is used for crushing.Haldanodon crushing takes place during the entire
first phase. Since the amount of time spent onftinstion is more or less the same in both
taxa, in this case the size and seclusion of tlsnbaand other crushing surfaces is more
important to determine functional differences. Theshing basins ddidelphisare more closed
than those oHaldanodonare. Additionally, while trigon basin and “pseudigdn basin” are
more or less the same size, the talonid basin dpgotionally much larger than the
“pseudotalonid basin”. Therefore, it appears thatelphis molars are more specialized in
crushing thamaldanodonmolars. This difference would be somewhat reduiceidldanodon
indeed used a separate upward mandible movemesgddb). Then, in contrast@adelphis
crushing was also taking place during the secorggland would have overall persisted over
a considerably longer time span tharDidelphis In any case, the amount of lateral crushing
(in between the lingual flank of cusp b and thedaliflanks of cusps X and Y) is also much
more distinct ifHaldanodon All in all, while the grinding function comparéd Haldanodon

is clearly more distinct iDidelphismolars, both taxa do not differ that much in theoant of
molar crushing function, at least in the case ofirafependent upward jaw movement in

docodonts.
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However, thatDidelphis molars are more specialized in grinding and magise crushing
might not necessarily be true in comparison tortimars of other docodont taxa. It is to be
expected that isimpsonodonfor instance, crushing and grinding will dominath phases
(see also 6.4.7). Its basins are also much bettdoged than those éfaldanodonare. In fact,
the “pseudotalonid basin” @impsonodoriis even better enclosed than the buccally opening
talonid basin oDidelphis Of course, it still is proportionally much smalkan the talonid
basin but this is compensated to a certain degrékeopresence of a second (albeit relatively
open) distal basin on the lower molar. The “pseugoh basin” of Simpsonodonis
proportionally at least as large and well-encloasdhe trigon basin ddidelphis Therefore,
compared tdidelphis Simpsonodomolars might have been at least equally or everemo
specialized in crushing. This is especially theeddsndeed the second phase of the docodont
chewing stroke was a separate upward movemeneahtiars into centric occlusion.
Therefore, the difference in importance of the dirig and crushing functions of molars
belonging toHaldanodon SimpsonodorandDidelphismight rather reflect the different diets
consumed by these taxa. To process the probablylyminsectivorous diet oHaldanodon
(Martin 2000, Martin and Nowotny 2000) shear-cgtend crushing are the most important
functions. The diet oBimpsonodomprobably contained a fair amount of plant matesadich

Is processed best by grinding and crushing (Pfthtes et al. 2005). The omnivorous diet of
Didelphis(Gardner 1982, Schwermann 2015) requires a bymeatrsim of functions to process.
This is why, althougibidelphisbetter embodies the original tribosphenic toothphology, a
second comparison taxdipnodelphiswas chosen for this study. Its mainly insectivsrdiet

(Macrini 2004, Schwermann 2015) much closer resesitie one postulated fdaldanodon

6.5.2 Comparison of molar functionsMonodelphisandHaldanodon

Monodelphisbelongs to the Didelphimorphia as well and itghaoorphology does not differ
very much from that obidelphis For oneMonodelphishas slightly higher cusps with steeper
flanks. More importantly, in comparison Ridelphisits talonid basin less resembles that of
Cretaceous marsupials suchfdghadonandProtolambda It is much smaller, shallower, and
less well-enclosed (see fig. 120 in Schwermann RMH&wever, this certainly is an adaptation
to its insectivorous diet. To a lesser extent, tileisd also can be seen within two distinct species
of Alphadon According to Schwermann (2015), the insectivorAusvilsonihas a distinctly
smaller talonid basin than the frugivoroishalleyi(see also fig. 120 in Schwermann 2015).

The molar morphology dflaldanodonwith its high cusps, steep flanks, and more & $arp
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Mfacet 1+5 M1 m2
[Ifacet 2
[Efacet 3
Mfacet 4
Mlfacet 6
Mfacet 9

trigon basin

talonid

distolingual

Monodelphis

distolingual

Fig. 54: Facet positions on tribosphenic molarBifelphis(above) andMonodelphigbelow) (molal
modelsDidelphis SMF 77266, molar modeMonodelphis ZMB MAM 35496). The talonid basin
Monodelphi is much smaller, shallower and less well-encldbed that oDidelphis most probabl
as adaptation to its more insectivorous dielditionally, the very small entoconid seldom elishes
contact with the protocone, resulting in a much lendacet 6. ManyMonodelphisspecimensver
lack this grinding facet. Note that the wear of Mh@nodelphignolars is concentrated on the basins
does not yet affect the crests. Therefore, itaigrfte on the size of the facatsd the functions of tl
molar is still minor.

ME — metacone, PA — paracone, PR — protocone; enteconid, hl — hypoconulid, hy — hypoconid, me
metaconid, pa — paraconid, pr — protoconid

-117 -



crests also seems to be rather adapted to aniumsects diet. Nevertheless, bd#onodelphis
and Haldanodonstill clearly show the basic molar morphology béitr respective orders.
Therefore, precisely because of their slight desst in morphology (presumably) as
adaptation to insectivory their molar functions arebably better comparable than those of
DidelphisandHaldanodonare.

The Monodelphismolars from the OFA project provided by A. H. S&mmann are already
quite heavily worn (wear stage IVb out of five westages, see also figs. 56 and 57 in
Schwermann 2015). However, cusps and crests ayevent moderately affected by wear. On
the lower molars it is mostly concentrated on titerior of the trigonid and the talonid basin,
on the upper molar on the buccal shelf and therrlgasin (fig. 54). Therefore, the surface area
of the shearing facets is still more or less uraéfeé by the progressive wear (see also 6.5.3).
The grinding facets are not affected as well stheedentine exposure within the basins does
not prevent contact with the antagonistic cuspw&ehann (2015) even equates the dentine
field within the talonid basin with facet 9, a vighat is confirmed by the OFA reconstruction.
This is why the contact diagram of thenodelphismolars is still well comparable with those
of the less heavily worklaldanodonandDidelphismolars.

The power stroke ofMonodelphisis almost identical to that didelphis the mesio-lingual
movement of phase 1 is directed slightly more laiyy the lingual movement of phase 2
slightly more distally. Just like iDidelphis at the beginning of the power stroke the distal
flanks of proto- and metaconid glide along the mlefsanks of para- and protocone in a shear-
cutting motion that produces facet 1. At the same tfacet 2 is formed by shear-cutting of the
mesial flanks of proto- and paraconid against tis¢ablflanks of metacone and metacrista.
Protocone and hypoconid simultaneously also contlushing within the talonid respectively
trigon basin. In contrast Didelphis however, the entoconid usually does not conkectlisto-
lingual flank of the protocone. Therefore, the gy contact of facet 6 often does not take
place inMonodelphis The protocone only commences its grinding fumctaathin the talonid
basin when the lingual flank of the hypoconid cotgats buccal flank directly before centric
occlusion. This grinding contact, which create®fd&; then again is similar to thatidelphis

it continues in phase 2 until protocone and hypedose contact, which marks the end of the
power stroke. IfMonodelphistoo, because of the downward motion no crushakgd place

in this phase.

The contact diagram of thdonodelphismolars does not show any contacts for facets B, 4,
and 6. Facets 3 and 6 are also not present onrigiaad specimen. The absence of facet 3,
usually situated on the buccal flank of the hypadpis not a result of the progressive wear,

since this flank is still intact. Likewise, the &nse of facet 6 is unlikely to result from the
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relatively progressive wear within the talonid lmaghccording to Schwermann (2015), even
less wornMonodelphismolars often lack those facets. If a specimenadigtuoes show facet
6, it is always very small. This is attributed teetrelatively small size of the entoconid — it
seldom establishes contact with the protocone.tFachowever, is actually present on the
original Monodelphislower molar specimens but could not be reprodweil the OFA (see
also Schwermann 2015). Facet 5 is present on tgmalrspecimen as well but is fused with
facet 1. Therefore, it does not appear as a sepfaeet in the OFA analysis. (For a more
detailed analysis of the chewing motion and malaction inMonodelphissee Schwermann
2015.)

In Monodelphisthe shear-cutting contacts of facets 1 (+5) atak@ up all of phase 1 (27 out
of 27 time steps) (fig. 53). Only 7 % of phase & also used for grinding (2 out of 27 time
steps). This is much closerltaldanodonwith 12 % accounting for grinding in the first [Hea
than toDidelphiswith 38 %. Phase 2 dflonodelphis however, very much resembles that of
Didelphisbecause all of it is spent on the continuatiothef grinding contact (15 out of 15
time steps). This is much more thanHaldanodonwith 7 % accounting for grinding in the
second phase. Referred to the entire power sivlikedelphisspents 60 % (25 out of 42 time
steps) solely on shear-cutting — more tBégtelphiswith 48 % and less thafialdanodonwith

91 %. Grinding takes up 40 % (17 out of 42 timg@s}ef the power stroke ionodelphis-
less than irDidelphiswith 52 % and much more than Haldanodonwith 9%. Therefore, in
Monodelphisgrinding still takes up more time and additionaiybetter separated from the
shear-cutting function than idaldanodon Nevertheless, the difference in the length of the
grinding contact is smaller than that éfaldanodon compared toDidelphis That in
Monodelphisgrinding is obviously much less distinct thanDidelphisis also shown by the
maximum facet sizes: Shearing facet 2 (up to 0.2)nsmuch larger and facet 1 (up to 0.07
mm?2) at least slightly larger than grinding fac€up to 0.05 mm2). This is opposeddmelphis
molars on which grinding facets tend to be larpantshearing facets (see 6.5.1). Additionally,
Didelphismolars possess not only one but two grinding tad#tis further emphasizes that the
grinding function is much less distinctiMonodelphighan it is inDidelphis Nevertheless, the
difference in size of shearing and grinding facetsot as distinct as idaldanodon Therefore,
Monodelphismolars are still more specialized in grinding tik&aidanodonmolars are.

Unlike grinding, crushing indeed seems to be aroit@mt part of phase 1 MonodelphisJust
like in Didelphismolars, it is conducted simultaneously to the sloe&ting by the protocone
within the talonid basin and by the hypoconid witthe trigon basin. Both cusps continue their
crushing function until they contact each other iedimtely before centric occlusion. Therefore,

93 % of phase 1 (25 out of 27 time steps) are t@ectushing. This is more or less the same
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amount as the 94 % @fidelphis However, both talonid and trigon basinMdnodelphisare
proportionally distinctly smaller and shallower thinose ofDidelphisare. Additionally, the
talonid basin is opening widely towards lingual d@hd trigon towards distal. In comparison,
they are not much better enclosed than the “psalaiot” and “pseudotrigon basins” of
Haldanodon Nevertheless, the talonid basinMdnodelphisis still proportionally distinctly
larger than the “pseudotalonid basin” le&ldanodon On the other hand, the “pseudotrigon
basin” ofHaldanodonis distinctly larger than the trigon basinMbnodelphis Therefore, the
crushing function probably was at least as distindialdanodonmolars as irMonodelphis
molars. If Haldanodonindeed had developed a separate upwards diredtageplb, the
importance of the crushing function in this taxatually is higher than iMonodelphisdue to
the additional crushing taking place in the secoinase.

All in all, althoughMonodelphismolars are still more specialized in grinding ththose of
Haldanodonare,Haldanodonmolars most probably had a crushing function astias well or
even more distinct. Molars dflutegotheriumand Sibirotherium might even have had a
similarly distinct grinding function aMonodelphismolars, although in comparison to other
docodonts they have relatively high and steep cusihsvery sharp crests and therefore most
probably also had been insectivorous. This is bexdike all tegotheriidslutegotheriumand
Sibirotheriumpossess a comparatively large and very well-eedl6pseudotalonid basin” as
well as a well-enclosed distal basin on the lowelars. They furthermore developed an
accessory cusp Z on the upper molars to fit ineodistal basin. With this, they gained an
additional grinding structure. This not only sigoéintly increased the surface area for the
grinding function but also might have prolonged démeount of time spent on grinding during
the second phase of the chewing stroke becaushkstiat basin is comparatively deep. Even if
the second phase in docodonts consisted of a dowirdir@cted chewing stroke, in contrast to
Haldanodonmolars the grinding function ¢tutegotheriunor Sibirotheriummolars probably
would not have lost much of its efficiency. Thidmscause the well-enclosed distal basin much
better prevents food from escaping than the diséslts oHaldanodon Therefore, the presence
of two well-enclosed basins on the lower molardHategotheriumand Sibirotheriummight
well have compensated for the (probably not thathlhhgmaller amount of time spent on the
grinding function compared tdvlonodelphis However, whether this is actually the case will
remain speculative until it can be tested with &RA&nalysis of the mastication movement of

Hutegotheriunor Sibirotherium

-120 -



6.5.3 Disparities of molar functions in betweebasphenids and docodonts

Comparisons of “pseudotribosphenic” and tribosphémdth morphologies are usually related
to the crushing and grinding functions. This iséhese the development of the talonid basin on
the lower molar and the protocone occluding witthis basin on the upper molar is widely
accepted as the key innovation for tribosphenidss. believed that this allowed them to very
efficiently process a wide range of food, includipignt material, which led to their high
evolutionary success (Krebs 1988, Luo et al. 26Gyhut et al. 2002, Kielan-Jaworowska et
al. 2004, Datta 2005, Luo 2007, Luo et al. 2007g&2010, Schultz and Martin 2014, Wang
and Li 2016). Consequently, the tribosphenic m@dhe basal tooth morphology from which
evolved all molar morphologies of the modern mansn{ahve the monotremes) (Luo et al.
2001, Kielan-Jaworowska et al. 2004, Ungar 2010ytHermore, even after more than 160
million years of evolution, the tribosphenic pattes still present in Recent insectivorous
mammalian taxa (e.g. talpids, soricids, erinacemgisilden moles, tenrecs, chiropterans,
scandentians, and many marsupials). This is evelémat it still is the most efficient tooth
morphology for processing insectivorous diets (B&011, Schultz 2011).

However, this combination of a crushing basin anltiwer molar and a cusp occluding within
this basin on the upper molar had been independeesieloped up to three times in mammalian
history before the development of the tribosphetdoth morphology (see also 2.3.1)
(Sigogneau-Russell et al. 2001, Luo et al. 2002y 2007, Davis 2011). According to many
authors, the crushing and grinding functions okéhgpseudotribosphenic” molars probably
were less well developed than those of the eaitbpgphenic molars were (Simpson 1929,
Patterson 1956, Rauhut et al. 2002, Sigogneau-R&¥¥8, Averianov and Lopatin 2008,
Wang and Li 2016). Concerning the “pseudoprotocpties is definitely correct at least for
docodonts because cusp X does not occlude witkirigbeudotalonid basin” but in between
two lower molars. This is why it is not a functibiomolog to the protocone (see 6.4). The
most important “function” of the docodont “pseudofmcone” is to provide a shear-cutting
plane (its mesial flank) and to contribute to thieriing of the “pseudotrigon basin”. The tip of
cusp X only served to puncture food during jaw afes Nevertheless, the occlusion of the
“pseudoprotocone” within the “pseudotalonid bastll seems to be a widespread assumption
(Hu et al. 2007, Luo 2007, Davis 2011, RougierleR@14), even though this has never been
suggested by any study concerning docodont occlusinstead, docodonts developed
accessory cusp Y to pound into the “pseudotaloasiiti (Crompton and Jenkins 1968, Hopson
and Crompton 1969, Jenkins 1969, Gingerich 1978nKI979, Krusat 1980, Kermack et al.
1987, Butler 1988, Pfretzschner et al. 2005, Lud afartin 2007). Additionally, most
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docodonts shifted their main crushing and probaldg grinding function to the “pseudotrigon
basin” of the upper molar, conducted by cusp b lef tower molar. Other docodonts
(HutegotheriumandSibirotheriun) instead developed an additional distal basinhenldower
molar and another accessory cusp (Z) on the upmdarnthat pounds into it (see 6.4.7).
Therefore, at least in slightly worn docodont mslidae crushing and even the grinding function
might well have been equally distinct as in eanlydsphenic molars (see 6.5.1 and 6.5.2).
Concerning the shear-cutting function of docodoatars, some authors such as Butler (1988)
and Wang and Li (2016) believe it to be not as @welleloped as that of tribosphenic molars as
well. They postulate that docodonts did neithereherally sharp crests nor the very precise
occlusion necessary for efficient shear-cuttings Icertainly true that crests ¢faldanodon
molars appear rather blunt and their enamel surfaqaickly abraded. Additionally, the high
individual variability of occlusion within the spies and even within the individual suggests
that indeed occlusion ikaldanodonmight not have been very precise (see 6.3). Tis i
furthermore indicated by the fact that striatiomstbe facets are not always strictly parallel,
even if they are caused by the same direction ofement. Facets often have quite blurred
outlines as well, although this might also be deatfof the exceptionally high abrasion rates
in Haldanodon However, highly variable occlusional patternsoatsuld be verified for the
tribosphenic comparison taxddidelphis by Schwermann (2015). Moreover, crests on the
molars of some other docodont taxa, e.g. the tegadls, are much sharper even in moderately
worn molars. Therefore, some docodonts probablyshpst as well-developed molar shear-
cutting function as early tribosphenids.

However, there is another very important factoluencing the overall efficiency of a molar:
the preservation of its functions over the lifespérthe animal. This is because the animal’s
fithess and reproduction success very much deperldecoptimal exploitation of the nutrients
in its food. Since abrasion ultimately leads to kbes of any function but simple crushing,
enamel thickness has a profound impact on the dilyabf the molars. The enamel of
docodonts is generally much thinner than that ibbsphenids. Therefore, docodont molars
probably wore down much faster than those of ibesphenids did, even though most certainly
not all docodont taxa had as exceptionally higtasion rates as the fossotitdldanodon The
faster abrasion of the molar morphology in docodonéans that they could not maintain their
molar functions for as long throughout life as thieosphenids could. The profound influence
of enamel thickness on wear patterns and molatifumehas been studied in detail by Schultz
(2011) (see also Schultz and Martin 2011). A tieckmel layer does not only wear down more
slowly and also better supports the dentine, ifosed, slowing down abrasion even more.

Some tribosphenids additionally adapted the thisgnef their enamel to ensure a long
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maintenance of sharp shear-cutting edges. Thishieweed with a combination of thick enamel
on one side of the crest and thin enamel on ther otline thin enamel edge as well as the dentine
exposed on its side are abraded faster and theraffgays are towered over by the thick enamel
edge, preventing the crest from getting blunt. Tinischanism is used for example in the
trigonid of Monodelphisand some extant eulipotyphlans (Schultz 2011, Bcland Martin
2011, Schwermann 2015). Therefore, although thesldpment of the tribosphenic tooth
morphology indeed was a very important innovation the therians, the simultaneous
strengthening of the enamel layer might have besings crucial.

On the other hand, this also shows that the dodddoth morphology was most certainly able
to successfully compete with pretribosphenic molikes that of the dryolestids, which also
have comparatively thin enamel (Schultz 2011, Sehahd Martin 2011). Additionally, the
power stroke of these pretribosphenic mammals lackscond phase (Schultz 2011, Schultz
and Martin 2014, Schwermann 2015). In any case,Eim®pean localities Forest Marble
(Middle Jurassic, Great Britain), and GuimarotatéLaurassic, Portugal), as well as the Asian
localities Berezovsk (Middle Jurassic, Russia),hkasnyr 1 (Middle Jurassic, Kyrgyzstan),
and Liuhuanggou (Late Jurassic, China) yieldedondt docodonts but also representatives of
amphitheriids, and except Liuhuanggou also drymess (Kihne 1968, Freeman 1979, Krebs
1991, 1998, Martin 1999, 2000, Lopatin and Averia009, Averianov et al. 2010, Martin
and Averianov 2010, Martin et al. 2010a). In vasidocalities of the Late Jurassic Morrison
Formation (USA) Docodon was found together with several dryolestid taxael@h-
Jaworowska et al. 2004). Both, dryolestids as wasllamphitheriids, possess an unicuspid
talonid to prevent over-occlusion, but did not getvelop a talonid basin or a protocone
(Crompton 1971, Martin 1999, Davis 2011, Schultd ®rartin 2011). The only known locality
of Early Cretaceous age that yielded a docodordng$hestakovo, Russia) also contained a
“peramuran” (Maschenko et al. 2002, Lopatin andrfareov 2009). “Peramurans” developed
a bicuspid talonid that confined an incipient bassnwell as a lingual cingulum on the upper
molar as precursor to the protocone (Crompton 1B@tjs 2011). Interestingly, in the Middle
Jurassic locality Daohugou docodonts also coexisiddanother “pseudotribosphenic” taxon,
the shuotheriids (Luo et al. 2007).lttodon and Paritatodonindeed are not docodonts but
shuotheriids as recently postulated by Wang an@@16), this is also the case in the Middle
Jurassic localities Forest Marble, Berezovsk, aashKumyr 1 (Martin and Averianov 2010).
Of course, non-dental characters also play a vappitant role in interspecific competition.
Chow and Rich (1982) as well as Sigogneau (1998)gxXample, assume that the shuotheriids
could not fully exploit the benefits of their “psatribosphenic” tooth morphology because the

primary jaw joint was still in function, restrictinthe mandible movement. In docodonts, the
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primary jaw joint was already replaced by the seél@oy ones as the only functional articulation
(Henkel and Krusat 1980, Lillegraven and Krusat1l9®verianov et al. 2005). Furthermore,
Krusat (1980) suggested that the flattened and foval of the secondary jaw joint allowed a
great deal of freedom of movement. This is alsolitaped by the relatively complex
masticatory movement dflaldanodondetermined in the present study (see 6.4). However
docodonts do show other rather plesiomorphic chargce.g. the presence of a large
interclavicle and an unfused coracoid in the sheudgirdle, indicating a sprawling posture like
in monotremes (Henkel and Krusat 1980, Krebs 1B88sat 1991, Martin 2005, Ji et al. 2006,
Kielan-Jaworowska and Hurum 2006, Luo et al. 20Fb)ythermore, the wide size range of
humeri and femora indicates a lifelong growth (Mag005). Therefore, it is very likely that
characters influencing for example locomotion, rhetsm or reproduction rate also played a
significant role in the decline of the docodontgrikack et al. (1987) even speculated that the
docodonts did only last as long as they did alatg#he therians because they at least had the
advantage of a more efficient tooth morphology. Wiiee therians finally developed the
tribosphenic tooth morphology, the docodonts werdomger able to compete with them and
became extinct. That indeed, besides the less ldunablar structure, non-dental characters
also played a significant role in their declinationgly suggested by the fact that although the
docodonts had no trouble living side-by-side whle pretribosphenic dryolestids, the latter
coexisted much longer with the tribosphenids thendocodonts did. Some South American
dryolestid taxa even survived the great extinctiotil the beginning of the Neogene (Chimento
et al. 2012) (fig. 2). Docodonts most probably taelr highest diversity in the Middle Jurassic
with seven known genera (Maschenko et al. 2002aKi@aworowska et al. 2004, Martin and
Averianov 2004, Lopatin and Averianov 2005, Pfrelager et al. 2005, Ji et al. 2006, Luo and
Martin 2007, Davis 2011, Luo et al. 2015, MengleR@15; see also 2.1). As far as is known
yet, the first true tribosphenic taxon with a prmpe on the upper molars and a fully basined,
tricuspid talonid on the lower molars was the LateassicJuramaia(Luo et al. 2011). In the
Early Cretaceous a first radiation took place watthe tribosphenids, leading to the occurrence
of the earliest known metatherians and eutherislgn-Jaworowska et al. 2004, Ungar
2010). Docodonts, on the other hand, with five kn@enera had been still quite abundant in
the Late Jurassic but are only known from a singgeus $ibirotheriun) in the Early
Cretaceous (Maschenko et al. 2002, Kielan-Jaworavetkal. 2004, Martin and Averianov
2004, Lopatin and Averianov 2005, Pfretzschnerl.eR@05, Ji et al. 2006, Luo and Martin
2007, Davis 2011, Luo et al. 2015, Meng et al. 2@®®8 also 2.1). It was moreover found in a
Siberian locality that totally lacks any tribosphetaxa (Lopatin et al. 2009, Averianov et al.

2015). Docodont taxa from localities younger thamlfCretaceous are not known so far. In
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the tribosphenids, on the other hand, another tiadiaccurred in the Late Cretaceous during
which they gradually began to modify the basalasihenic tooth morphology towards the first
more specialized dentitions (Ungar 2010). The miggdiation of tribosphenids, however, took
place not until after the great extinction eventhat Cretaceous/Paleogene boundary. During
this time most modern mammalian orders appeareditamdribosphenic tooth morphology
developed into the various much more specializétbpes known today (Kielan-Jaworowska
et al. 2004, Ungar 2010).
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7 Summary

The development of the tribosphenic tooth morphplagh a crushing basin (talonid basin)
on the lower and an interlocking cusp (protocone)ttte upper molar is regarded as a key
innovation within the therian stem line that allalva very efficient processing of food by
crushing and grinding during mastication. All extamammals save the monotremes descend
from a tribosphenic ancestor (Simpson 1936, Patted956, Mills 1966, Crompton and
Hiiemé&e 1970, Crompton 1971, Butler 1972, ProtlH&®1, Luo et al. 2001, Woodburne et al.
2003, Kielan-Jaworowska et al. 2004, Datta 200%pdtiom and Averianov 2006, Luo 2007, Luo
et al. 2007, Davis 2011). The first fully tribospinetaxon is known from the Upper Jurassic
(Luo et al. 2011). However, the first taxon in maatian history to develop a very similar tooth
morphology with a mesially situated crushing basinthe lower and an interlocking cusp on
the upper molar were the mammaliaform docodontd@i Jurassic to Early Cretaceous)
(Simpson 1929, Crompton & Jenkins 1968, Hopson @naimpton 1969, Jenkins 1969,
Gingerich 1973, Krusat 1980, Kermack et al. 1981t/d3 1988, Butler 1997, Wang et al. 1998,
Pfretzschner et al. 2005, Luo 2007, Luo and M&ti7, Luo et al. 2007, Davis 2011, Schultz
et al. 2017). To examine whether their “pseudosib@nic” molar morphology is actually
similar to the tribosphenic one, several upperlamgr molar rows as well as numerous isolated
molars of the Late Jurassic docodét@idanodon exspectatdisom the Guimarota coal mine
(Leiria, Portugal) were studied in detail.

To quantify the amount of time spend on differerstication functions, a virtual simulation
of the chewing stroke oflaldanodonwas created with the open source software Occlusal
Fingerprint Analyser (OFA), using 3D-models of upper and two lower molars compiled
from p-CT scans. To enable the inclusion of théaisd molar specimens into the material
from which to choose the most suitable models,timgt was made to refer isolated molars
to their former tooth position in the dental rowlthdugh mean values of molar length and
width of different upper and lower molar positiovery significantly, their range of values
overlap to a great extent, probably reflectingtreddy high size differences in adult individuals.
Therefore, it is almost impossible to distinguisblan positions by a simple plot of length
against width.

During the process of taking measurements undesté#éreomicroscope, an unusual abrasion
pattern could be observed in upper as well as lom@ar rows. Rows with a low degree of
wear are usually mesially stronger worn, rows vatinigh degree of wear usually distally
stronger. This implies a correlation of the direstof increasing wear with ontogenetic age -

an initially mesially stronger worn molar row beaamore and more distally stronger worn in
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time. That two juvenile lower jaw specimens arehbtesially stronger worn, although one
shows a high degree of overall wear, supportdypsthesis. A change of the direction of wear
during ontogeny could be explained with a distaltyated chewing focus in combination with
thin enamel and highly abrasive food. This mightehbeen unique fddaldanodon since such
an abrasion pattern could not be observed in atbepdont taxa.

The positions of the matching facets on upper amckt molar suggest that the upper molar
occludes in between two lower molars. The mesidl giathe upper molar contacts the distal
half of one lower molar and the distal part of timger molar the mesial half of the following
lower molar. In this position the “pseudoprotocorasp X rests in between the lower molars
and the more distally situated accessory cusp Yudes within the “pseudotalonid basin” of
the distally situated lower molar. Therefore, cd$ps not a functional homolog to the
tribosphenic protocone. This is in accordance pr#vious studies on various docodont taxa
(Crompton and Jenkins 1968, Jenkins 1969, Ging&8a13, Kron 1979, Krusat 1980, Kermack
et al. 1987, Butler 1988, Pfretzschner et al. 2@&hultz et al. 2017).

To determine the orientation of the movement ofltdveer molars during the chewing stroke
for the OFA simulation, striation patterns weredstd on SEM images of a few selected
isolatedHaldanodonmolars. Vertical striae that abruptly deflect todsadistal on the upper
and mesial on the lower molar imply a lateral mogamthat immediately before centric
occlusion gains a considerable proal or palinal poment. Striae oriented towards mesial on
the upper and distal on the lower molar indicatgee@ond proal or palinal movement in an
opposing direction. This was reconstructed as aep@iroke with two phases. Phase 1 is a
steep upward movement from buccal to lingual ofitlveer molars into centric occlusion with
an abrupt change towards distal at the very end.sEcond phase is either a downward palinal
movement following centric occlusion (phase 2) separate upward proal movement (phase
1b). In either case the movement also has a dis@beral motion component. While the
observed leading and trailing edges indicate thasp 1 must have been directed upwards, they
are ambiguous for the second phase. They rather seémply a downward continuation of
the power stroke, which is also more probable fesnactualistic point of view. However, they
are not distinct enough to clearly rule out anraliively used upward movement, although
this is not known yet from any extant or fossil nmatian taxon. An upward movement would
also make more sense form a functional point ofvyisince shear-cutting can only be
performed with significant effort in a downward neowent. In any case, the present
reconstruction of the power stroke corrects previstudies on various docodont taxa, which

either postulated a single chewing stroke endingeintric occlusion (Crompton and Jenkins
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1968, Hopson and Crompton 1969, Jenkins 1969, Krl@80) or a bi-phased one without
change of direction (Butler 1988, Pfretzschned.e2@05).

In phase 1 the lingual flanks of the upper molamneaisps and the buccal flanks of the lower
molar main cusps pass each other in a shear-cuttoigpn. At the same time, cusp b of the
distal lower molar performs extensive crushing witthe “pseudotrigon basin” of the upper
molar. As soon as the straight mesio-buccal gradbe lower molar loses contact with cusp
C of the upper molar, the initially lateral moverhdecomes palinal. Immediately before
centric occlusion, cusp Y slides into the “pseubtotial basin” to conduct a grinding function.
However, as soon as the mesial border of the lismwrn down cusp Y slips out, causing the
closure of the gap in between cusp b and the “adegdn basin”, which are then able to
perform grinding as well. This is indicated by @sponding leading and trailing edges on the
mesial border of the “pseudotalonid basin” andghesence of distally inclined striae within
the “pseudotrigon basin”. Consequently, the majasftcrushing and probably even grinding
is actually taking place within the large “pseudyn basin” of the upper molar. During the
palinal downward motion of phase 2, for a very slione cusp Y continues to grind through
the “pseudotalonid basin” (respectively cusp b tigtothe “pseudotrigon basin”). At the same
time and proceeding throughout the entire phaséditiial crests of the mesially situated lower
molar pass the mesial flank of cusp X in a “shea@reing” motion. True shear-cutting is only
possible in an upward motion like that of the pro@lvement in phase 1b. In this case, cusp b
of the distal molar simultaneously also conductskiing within the “pseudotrigon basin” and
the grinding of cusp Y trough the “pseudotalonidibatakes place at the very end of the phase.
The basic molar tooth morphology of other docodastgenerally quite similar to that of
Haldanodon Isolated molars oDsungarodon Tashkumyrodgnand Tegotheriumalso show
the same main facets. This makes a similar chestirtke very likely. Nevertheless, due to
comparatively minor differences in tooth morpholatpcodonts can be classified into three
different functional groups. Docodonts with megiatipening “pseudotalonid basins” and
laterally running lower distal crestsBdrealestes Docodon Docofossoy Haldanodon
Tashkumyrodgrmostly relied on shear-cutting and concentratadiing on the “pseudotrigon
basin” of the upper molar, conducted by cusp bs Thisp also was able to perform grinding if
cusp Y slipped out of the “pseudotalonid basin”cBaonts with well-enclosed “pseudotalonid
basins” and an additional lower distal basituiegotheriumSibirotherium Tegotheriurhwere
much more specialized in crushing and grinding,ciwhiney focused on the lower molar. Some
even developed an additional cusp on the upperrmwf@ound into the distal basin. Docodonts
with well-enclosed “pseudotalonid basins”, latgralinning lower distal crests or crenulations,

and relatively low cusps Agilodocodon Castorocauda Dsungarodon Krusatodon
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Simpsonodonwere best adapted to crushing and grinding, athahey were also capable of
shear-cutting. This is because cusp b was abletior crushing and grinding within the
“pseudotrigon basin” simultaneously to cusp Y witlhe “pseudotalonid basin”. All in all,
crushing and even grinding was much more promiimedbcodont molars than postulated in
previous studies.

The reconstruction of the chewing movements with @FA also allowed a comparison of
molar functions of the insectivorotialdanodonwith those of the tribosphenic takedelphis
(omnivorous) andMonodelphis (insectivorous). In both tribosphenic taxa the tpcone
conducts grinding within the talonid basin. Iidelphis grinding lasts much longer than in
Monodelphis butHaldanodonspends even less time on this functiblenodelphisalso lacks
one of the didelphid grinding facets, but the remmay one is still comparatively larger than the
grinding facet ofHaldanodon Therefore, grinding is obviously more distinct both
tribosphenic taxa than it is Haldanodon This is not necessarily true for crushingDikelphis
and Monodelphisit is performed by the protocone within the tatbtiasin as well as the
hypoconid within the trigon basin and just likeHaldanodonasts almost throughout the entire
phase 1. In phase 2 crushing cannot take placéodihe downward motion of the lower jaw.
However, ifHaldanodonactually used two separate upward movements offother molars
into occlusion, additionally the entire second ghasuld have been spent on crushing.
Although the basins ddidelphisare better enclosed and much larger than thadaldnodon

in this case the amount of crushing performed leyr tmolars does not differ that much. Since
the basins oMonodelphisare much smaller, shallower and less well-encldbad those of
Didelphisare, crushing iHaldanodonprobably was at least as distinct aMionodelphiseven

if the second phase of its power stroke was dicedtavnward as well. Other docodont taxa
with better enclosed “pseudotalonid” and “pseudoini basins” and additional distal basins on
the lower molars certainly had a more distinct kg ability thanMonodelphisand maybe
even an equally distinct one Bglelphis even though some of them most probably also rathe
were insectivorous.

Although docodont molars might well have been ablempete with early tribosphenic molars
in terms of crushing and even grinding functiomitihin enamel layer made them much more
prone to abrasion and the concomitant loss of fanciAdditionally, docodonts show some
rather basal postcranial characters. Both factoghtihave played a significant role in their

extinction in the Early Cretaceous — at the same the tribosphenids began to prosper.
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Appendix tab. 01: List of upper postcanidaldanodonspecimens used for the present study. All listed
specimens are presently housed in the collectiahefSteinmann-Institut fir Geologie, Mineralogie
und Paldontologie, Rheinische Friedrich-Wilhelmsudnsitéat Bonn.

) 3D
taxon specimen REMuU-CT orint
Haldanodol |Gui Mam 310 |fr. dP sir
Haldanodol |Gui Mam 310 |fr. M dex
Haldanodol |Gui Mam 310 |dP de:

Haldanodol |Gui Mam 311 |fr. dP sit

Haldanodol |Gui Mam 311 |fr. dP de: X
Haldanodol |Gui Mam 311 |dP sir X X
Haldanodol |Gui Mam 311 |fr. dP de: X
Haldanodol |Gui Mam 311 |fr. dP de: X
Haldanodol |Gui Mam 311 |fr. dP sit X
Haldanodol |Gui Mam 311 |fr. dP de: X X
Haldanodol |Gui Mam 311 |fr. dP de: X
Haldanodol |Gui Mam 311 |fr. 2dP si X
Haldanodol |Gui Mam 312" |M dex X
Haldanodol |Gui Mam 312 |fr. dP sir X
Haldanodol |Gui Mam 312 |fr. dP de: X
Haldanodol |Gui Mam 312 |?M4 de: X X X
Haldanodol |Gui Mam 312, |fr. M sin X
Haldanodol |Gui Mam 312 |fr. M sin X

Haldanodol |Gui Mam 312 |?dP de X
Haldanodol |Gui Mam 312 |fr. ?M de» X
Haldanodol |Gui Mam 312 |fr. M sin X
Haldanodol |Gui Mam 312 |dP sir X X
Haldanodol |Gui Mam 313 |fr. M sin X
Haldanodol |Gui Mam 313 |?M sir X
Haldanodol |Gui Mam 313 |M sin

Haldanodol |Gui Mam 313 |fr. dP de: X
Haldanodol |Gui Mam 313 |dP sir X X
Haldanodol |Gui Mam 313 |fr. dP de: X
Haldanodol |Gui Mam 313 |fr. dP sir X
Haldanodol |Gui Mam 313 |fr. dP sit X
Haldanodol |Gui Mam 319 |?M4 de: X

Haldanodol |Gui Mam 319. |dP sir

Haldanodol |Gui Mam 319 |fr. dP de:

Haldanodol |Gui Mam 319 |?dP sil

Haldanodol |Gui Mam 319 |M sin

Haldanodol |Gui Mam 319 |fr. dP sit

Haldanodol |Gui Mam 322 |fr. M sin X

Haldanodol |Gui Mam 322 |fr. ?2dP de

Haldanodol |Gui Mam 322 |fr. M sin

Haldanodol |Gui Mam 322. |fr. M sin

Haldanodol |Gui Mam 322 |fr. M sin

Haldanodol |Gui Mam 322 |fr. M dex

Haldanodol |Gui Mam 322 |fr. dP de:

Haldanodol |Gui Mam 322 |fr. M dex

Haldanodol |Gui Mam 322 |fr. M dex

Haldanodol |Gui Mam 323 |fr. dP de:

Haldanodol |Gui Mam 323 |fr. M sin X

Haldanodol |Gui Mam 323 |fr. M dex

Haldanodol |Gui Mam 323 |fr. M sin




. 3D
taxon specimen REMu-CT print
Haldanodol |Gui Mam 323 |fr. M dex
Haldanodol |Gui Mam 323 |fr. M dex
Haldanodol |Gui Mam 323 |fr. dP de:
Haldanodor |Gui Mam 323 |fr. ?dP si
Haldanodol |Gui Mam 323 |fr. M sin
Haldanodol |Gui Mam 324 |fr. M sin
Haldanodol |Gui Mam 324 |fr. M dex
Haldanodol |Gui Mam 324 |fr. M sin X
Haldanodol |Gui Mam 324 |fr. M dex X
Haldanodol |Gui Mam 324 |fr. M dex
Haldanodol |Gui Mam 324 |fr. M sin X
Haldanodol |Gui Mam 324 |fr. M dex
Haldanodol |Gui Mam 324 |fr. M sin
Haldanodol |Gui Mam 324 |fr. M dex
Haldanodol |Gui Mam 324 |fr. M dex
Haldanodol |Gui Mam 325 |fr. M dex
Haldanodol |Gui Mam 325 |fr. M sin X
Haldanodol |Gui Mam 325 |fr. M sin X
Haldanodol |Gui Mam 325 |fr. M dex
Haldanodol |Gui Mam 325 |fr. M dex
Haldanodol |Gui Mam 325 |fr. ?M de»
Haldanodol |Gui Mam 325 |fr. M sin
Haldanodol |Gui Mam 325 |fr. dP de:
Haldanodol |Gui Mam 325 |fr. dP sir
Haldanodol |Gui Mam 325 |fr. M ?de» X
Haldanodol |Gui Mam 326 |fr. M dex
Haldanodol |Gui Mam 326 |fr. M sin X
Haldanodol |Gui Mam 326 |fr. M dex X
Haldanodol |Gui Mam 326 |fr. M sin
Haldanodol |Gui Mam 326. |dP sir
Haldanodol |Gui Mam 326 |fr. M sin X

Appendix tab. 02: List of lower postcanir@ldanodonspecimens used for the present study. All listed
specimens are presently housed in the collectiahefSteinmann-Institut fir Geologie, Mineralogie
und Palédontologie, Rheinische Friedrich-Wilhelmsvdnsitéat Bonn.

. 3D
taxon specimen REMu-CT print
Haldanodol |Gui Mam 310 |ml de;

Haldanodol |Gui Mam 310 |m1 sir

Haldanodol |Gui Mam 310 |ml de:

Haldanodol |Gui Mam 310 |ml de:

Haldanodol |Gui Mam 310 |m de) X

Haldanodol |Gui Mam 310 |ml de:

Haldanodol |Gui Mam 311 |m1ldex

Haldanodol |Gui Mam 313 |?m1 si X
Haldanodol |Gui Mam 313 |m1 sir X
Haldanodol |Gui Mam 314 |?ml de X
Haldanodol |Gui Mam 314 |m1l sir X X
Haldanodol |Gui Mam 314 |?ml de X X
Haldanodo! |Gui Mam 314 |dp sir X




taxon

specimen

REI

u-CT

3D

print
Haldanodol |Gui Mam 314 |fr. ?m1 sil X
Haldanodol |Gui Mam 314 |ml sir X
Haldanodo! |Gui Mam 314 [dp de X
Haldanodol |Gui Mam 314 |dp sir X
Haldanodol |Gui Mam 314 |dp de X
Haldanodol | Gui Mam 314 |dpdex X
Haldanodol |Gui Mam 315 | dp de: X
Haldanodo! |Gui Mam 315 |dp sir X
Haldanodol |Gui Mam 315 |dp de X
Haldanodol |Gui Mam 315 |dp de X X
Haldanodol |Gui Mam 315 |dp sir X X
Haldanodor |Gui Mam 315 |dp sir X X
Haldanodo! |Gui Mam 315 [dp de X
Haldanodol |Gui Mam 315 |dp de X
Haldanodol |Gui Mam 315 |dp de X
Haldanodol |Gui Mam 315 |dp de; X
Haldanodo! |Gui Mam 316 |[dp de X
Haldanodol |Gui Mam 316 |fr. ?m1 de X
Haldanodol |Gui Marr 3162 |dp de X
Haldanodol |Gui Mam 316 |dp sir X
Haldanodol |Gui Mam 316 |dp sir X
Haldanodol |Gui Mam 316 |fr. dp sir X
Haldanodol |Gui Mam 316 |?ml de X
Haldanodol |Gui Mam 316 |m de) X X
Haldanodol |Gui Mam 316 |m de> X
Haldanodol |Gui Mam 316 |fr. m de»
Haldanodol |Gui Mam 317 |m de> X
Haldanodol |Gui Mam 317 |?m4 de
Haldanodol |Gui Mam 317 |mde) X
Haldanodol |Gui Mam 317 |m sir
Haldanodol |Gui Mam 317 |fr. m de» X
Haldanodol |Gui Manr 317% |fr. ?m1 sil
Haldanodol |Gui Mam 317 |m sir X
Haldanodol |Gui Mam 317 |m sir X
Haldanodol |Gui Mam 317 |m sir X
Haldanodol |Gui Mam 317 |fr. m sir X
Haldanodol |Gui Mam 318 |m de)
Haldanodol |Gui Mam 318 |m sir
Haldanodol |Gui Mam 318 |?m4 si
Haldanodol |Gui Mam 318 |mb5 sir
Haldanodol |Gui Mam 318 |mb5 sir
Haldanodol |Gui Mam 318 |mb5 de;
Haldanodol |Gui Mam 318 |fr. m5 sir
Haldanodol |Gui Mam 318 |fr. m5 de»
Haldanodol |Gui Mam 318 |fr. m de» X
Haldanodol |Gui Mam 318 |?m1 sii
Haldanodol |Gui Mam 320 |fr. ?m1 de
Haldanodol |Gui Mam 320 |mb5 sir
Haldanodol |Gui Mam 320 |?m5 de
Haldanodol |Gui Mam 320 |mde) X
Haldanodol |Gui Mam 320 |mb5 de;
Haldanodol |Gui Mam 320 |m de»> X
Haldanodo! |Gui Mam 320 |dp sir




. 3D
taxon specimen REM1-CT print
Haldanodol |Gui Mam 320 |fr. mde) X
Haldanodol |Gui Mam 320 |fr. m de»
Haldanodol |Gui Mamr 321( |fr. m5 de»
Haldanodol |Gui Mam 321 |mb sir
Haldanodol |Gui Mam 321 |m4 de:

Haldanodol |Gui Mam 321 |fr. mde) X
Haldanodol |Gui Mam 321 |?m1 si

Haldanodol |Gui Mam 321 |fr. m de»
Haldanodol |Gui Mam 321 |fr. ?m1sin
Haldanodol |Gui Mam 321 |fr. ?m1 de
Haldanodol |Gui Mam 321 |fr.m "

Haldanodol |Gui Mam 321 |fr. ?m1 sii
Haldanodol |Gui Mam 322 |fr. dp de;
Haldanodol |Gui Mam 326 |m de)

Haldanodol |Gui Mam 326 |fr. m sir
Haldanodol |Gui Mam 327 |ml sir

Haldanodol |Gui Mam 327 |fr. m2 / m3 si
Haldanodol |Gui Mam 327 |fr. m1 sir
Haldanodol |Gui Mam 327 |m1 sir X
Haldanodol |Gui Mam 327 |?m2 de X
Haldanodol |Gui Mam 327 |?m3 sil X
Haldanodol |Gui Mam 327 |?m4 de
Haldanodol |Gui Mam 327 |?mb5 sil

Haldanodol |Gui Mam 327 |?m2/?m3 de X
Haldanodol |Gui Mam 328 |m2/ m3 de X
Haldanodol |Gui Mam 328 |m2/ m3 de X

Appendix tab. 03: List of docodont taxa and speaisnesed for comparison withaldanodon SGP -
Sino-German Project; ZIN Zoological Institute of the Russian Academy of &cis.All listed
specimens are presently housed in the collectiahefSteinmann-Institut fir Geologie, Mineralogie

und Paldontologie, Rheinische Friedrich-Wilhelmsvdnsitéat Bonn.

: 3D
taxon specimen REMu-CT orint
Dsungarodo SGP 2001/z |mde»

Dsungarodo SGP 2001/Z2 |%m5 de:
Dsungarodo SGP 2001/z |M dex
Dsungarodo SGP 2004/ |?mb5 sir
Dsungarodo SGP 2004/2 |fr. "m1 de;
Dsungarodo SGP 2004/2 |fr. M dex
Dsungarodo SGP 2005/  |fr. M dex
Tegotheriur SGP 2001/Z |fr. m sir
Tegotheriur SGP 2004/ | m dex (cas
Tegotheriur SGP 2004/ |"mb5 de:
Tegotheriur SGP 2004/1 |fr. "m2+7m3 sir
Tegotheriur SGP 2004/1 |7"m5 de:
Tegotheriur SGP 2004/2 |fr. “mz-?m4 de
Tashkumyrodc |ZIN 8527¢ m sin (cas




Appendix tab. 04: List of upper molar rdsaldanodonspecimens used for the present study with dethisit direction and degree of wear as well as wear
gradient. All listed specimens are presently housdtie collection of the Steinmann-Institut fir diegie, Mineralogie und Paldontologie, Rheinische

Friedrich-Wilhelms-Universitat Bonn.

. direction of lowest degree of| highest degree ofwear wear of

taxon specimen . - . REM | u-CT
increasing wear molar wear molar wear gradient |crest X-Y

Haldanodon |Gui Mam41/75 |P3-M3sin(cast) |mesial medium (- high) |(medium-) high |small rather steep

Haldanodon |Gui Mam85/75 |P2-M3sin digtal (medium -) high |high small flat X

Haldanodon |Gui Mam 112/75 |?M2-?M4 sin mesial low (medium -) high |large rather steep

Haldanodon |Gui Mam20/76 |?M1-?M3sin mesial low (- medium) |medium (- high) |large steep

Haldanodon |Gui Mam60/76 |C-M4 dex mesial low (- medium) |(low -) medium |small rather flat

Haldanodon |Gui Mam98/76 |?M1-?M3sin mesial low medium large rather flat

Haldanodon |Gui Mam 66/77 |C-M3 dex mesial low (medium -) high |large rather flat

Haldanodon |Gui Mam 16/78 |P1-M4sin (cast) |mesial low (- medium) | medium small rather flat

Haldanodon |Gui Mam42/78 |P3-M4 dex distal (except M4) | medium (medium -) high |small flat X

Haldanodon |Gui Mam 72/78 |P1-M4 sin (cast) |distal medium medium (- high) |small rather flat

Haldanodon |Gui Mam 30/79 g;\)ﬂ'\gfj:)'(n mesial low low small rather steep X

Haldanodon |Gui Mam58/79 |7?M2-7M4 dex mesial low high large rather flat

Haldanodon |Gui Mam 18/80 |P2-M3sin mesial high high small rather steep X

Haldanodon |Gui Mam29/80 |?M3-?M4 dex

Haldanodon |Gui Mam 13/82 |M1(-)M4 dex mesial medium medium (- high) |small steep X

Haldanodon |Gui Mam25/82 |?M1-?M4 dex distal medium (medium -) high |small rather flat




IA

Appendix tab. 05: List of lower molar roMaldanodonspecimens used for the present study with dethisit direction and degree of wear as well as wear
gradient. All listed specimens are presently housdtie collection of the Steinmann-Institut fir diegie, Mineralogie und Paldontologie, Rheinische

Friedrich-Wilhelms-Universitat Bonn.

taxon specimen direction of lowest degree of| highest degree ofwear REM | u-CT
increasing wear molar wear molar wear gradient

Haldanodon | Gui Mam 3282 p1l-m4 dex mesial low (- medium) |low (- medium) |small X

Haldanodon |VJ 1001 pl-m4 sin (cast) |mesial medium (- high) | medium (- high) |small

Haldanodon |V J1002-155 p3-m4 sin distal (low -) medium | high large

Haldanodon |VJ1003-155 m3-m4 sin

Haldanodon |VJ 1004-155 dp4-m1 dex [juv]

Haldanodon |VJ1005-155 dp4-m2 dex [juv] |mesial low (low -) medium | small

Haldanodon |VJ1007-155 m1-m4 dex distal high high small

Haldanodon |[Gui Mam 14/73  |p3-m4 sin mesial low (- medium) |(medium -) high |large

Haldanodon |Gui Mam 7/74 p2-m5 dex distal (except m1) |low (- medium) |(low -) medium |small

Haldanodon |Gui Mam 10/74 | pl-m4 dex mesial (low -) medium | medium (- high) |large

Haldanodon |Gui Mam 34/74 |i2-m6sin distal (medium -) high |high small

Haldanodon |Gui Mam93/74 [?c-?m3sin

Haldanodon |Gui Mam 106/74 | p3-m4 dex distal medium (- high) | high small

Haldanodon |Gui Mam 107/74 | m1-m5 dex distal (except m1) |medium (- high) |(medium -) high |small

Haldanodon |Gui Mam 4/75 ml-m4 sin distal (except ml) |high high small

Haldanodon |Gui Mam46/75 |i3(-)m5sin distal medium (- high) |high small

Haldanodon |Gui Mam47/75 |c-m4sin mesial (low -) medium | medium (- high) |large

Haldanodon |Gui Mam 63/75  |i3-m5 dex mesial high high small X

Haldanodon |Gui Mam79/75 | p3-m4 dex mesial low low (- medium) |small X

Haldanodon |Gui Mam 171/75 |m4-m5 dex

Haldanodon |Gui Mam 182/75 |c-m6 dex distal high high small X

Haldanodon |[Gui Mam 10/76 | c-m3 dex distal (low -) medium | (low -) medium |small

Haldanodon |Gui Mam 39/76  |c-7?m3 dex distal (low -) medium | medium small

Haldanodon |Gui Mam49/76 |p3-m4sin distal (low -) medium | (low -) medium  |small

Haldanodon |Gui Mam 103/76 |c-m6 sin distal medium (- high) |high small

Haldanodon |Gui Mam 122/76 | pl-m4 dex mesial low (- medium) |low (- medium) |small

Haldanodon |[Gui Mam 125/76 |m1-m5sin distal (except m4)  |high high small

Haldanodon |Gui Mam 141/76 |p3-m5sin mesial (except m2) |low low (- medium) |small




1A

direction of

lowest degree of

highest degree o

fwear

taxon specimen . . . REM | u-CT
increasing wear molar wear molar wear gradient

Haldanodon |Gui Mam 3/77 pl-m5sin mesial medium high large

Haldanodon [Gui Mam21/77 |m4-m5sin

Haldanodon |Gui Mam 33/77 | (p3)-m4 sin[juv] |mesial low high large X

Haldanodon |Gui Mam 82/77 | m4-mb5 dex

Haldanodon |Gui Mam 119/77 |m1-m4sin distal high high small

Haldanodon |Gui Mam54/78 |c-m3 dex distal medium medium (- high) |small

Haldanodon | Gui Mam 6/79 m2-(m5) dex

Haldanodon |Gui Mam 12/79 | p2-m5 dex distal (except m1) | medium high large

Haldanodon |Gui Mam 18/79 |c-m3sin mesial low low (- medium) |small

Haldanodon |Gui Mam29/79 | p3-m3 dex mesial low (low -) medium | small

Haldanodon |Gui Mam 30/79  [i2-m1 dex X

Haldanodon |Gui Mam50/79 |?m3-7m4 sin

Haldanodon |[Gui Mam54/79 |pl-m4sin distal (medium -) high | high small

Haldanodon |Gui Mam56/79 | p2-mb5 dex mesial (low -) medium | (medium-) high |large X

Haldanodon |Gui Mam 76/79 |p2-m4 sin mesial medium high large

Haldanodon |Gui Mam97/79 |c-m3sin mesial low medium (- high) |large X

Haldanodon | Gui Mam 1/80 i2-m5 sin distal medium medium (- high) | small

Haldanodon |Gui Mam 3/80 ml-m5sin distal high high small

Haldanodon | Gui Mam 4/80 m2-mb5 sin distal high high small

Haldanodon |Gui Mam 14/80 |ml-m4 sin mesial low medium (- high) |large X

Haldanodon |Gui Mam 23/80 | c-m4 dex distal medium high large X

Haldanodon [Gui Mam37/80 |i3-m4sin mesial medium (- high) | high small

Haldanodon |Gui Mam 11/81 |7?m3-?m4 sin

Haldanodon | Gui Mam 6/82 c-m4 sin mesial low (low -) medium | small X




Appendix tab. 06: List of length and width measurements in mm takem Gpper molar rows of
Haldanodon

specime M1-M3 M1 M2 M3 M4

L L | W]L|W]L|W]L|W
Gui Mam 85/7 1.68|1.77]1.73| 2.1C
Gui Mam 112/7 1.9012.14]1.5¢]1.78]1.37| 1.1¢
Gui Mam 20/7 447 |1.6(]1.82]11.7.]2.1: 1.9¢
Gui Mam 60/7 4.87 |1.7€¢/1.9(]1.8¢|2.2¢]1.6¢| 2.0€]1.62|1.1¢
Gui Mam 98/7 4.8( |1.5€|1.67]1.5¢|2.02]1.97]2.0¢
Gui Mam 66/7 3.9¢ |1.6¢|1.6€6]1.7%|2.2¢ 2.4¢€
Gui Mam 42/7 4.8¢ |11.7:11.9.11.9.]2.35]1.7¢| 1.9¢
Gui Mam 30/79 si 1.67|1.5¢ 1.65(1.7:]1.5€|1.7¢
Gui Mam 30/79 de 3.80 |1.54|1.72]11.44]1.7.] 1.4¢
Gui Mam 58/7 1.9511.9811.6€6]1.9:]1.32|1.3¢
Gui Mam 18/8 5.0 |1.7311.82]1.85]|2.28]11.94| 2.07
Gui Mam 29/8 1.7:11.8¢]|1.62| 1.47
Gui Mam 13/8 1.5¢|1.65]1.8¢{2.0(]1.75|1.85)1.5¢|1.3¢4
Gui Mam 25/8 4.7. |11.64|1.65])1.78|1.94]1.6¢ 1.7:] 1.5€
cast Gui Mam 41/ 5.0 11.9(|2.00]11.9(|2.1€]1.77|1.8:
cast Gui Mam 16/ 5.7. 12.03]1.9¢]2.13]2.32]1.94]|1.9€¢]1.9C| 1.7
cast Gui Mam 72/i 2.1.|2.3€]1.9€¢|2.14] 1.92| 1.4¢

uncertain molar position |:| reliable value |:| estimated value

Appendix tab. 07: List of length and width measurements in mm takem [bwer molar rows of
Haldanodon

specime ml-m4 m] mz me m4 mE< me
L jLiwj]lL|WwW]L|W]JL|W]JL|WI|]L|W

cast VJ 10C 6.0 |1.66/0.94]1.8:]1.17]1.5€|1.04]1.1€|0.8¢

VJ 100:-15¢ 6.1¢ |1.55/0.9(|1.6€[1.05)11.64|1.1(]1.3€¢|0.9¢

VJ 100:-15¢ 1.9011.34]1.4¢1.1%

VJ 100°-15¢ 1.5211.0.]11.6€/1.0¢11.63]1.00)1.14]0.8%

Gui Mam 14/7 747 11.3210.89]1.4€11.04)1.82]1.2£]1.62|1.1¢

Gui Mam 7/7- 1.5710.85]11.68|0.9¢11.5(|1.07}1.45/0.9¢]1.1%|0.8¢

Gui Mam 10/7. 6.2¢ |1.6:]1.0€]1.8¢]1.2€]1.75|1.1€]1.27/0.8¢4
Gui Mam 34/7. 6.3¢ |1.5€/0.97]1.52]1.1¢11.84]1.32]1.6¢|1.2¢]11.37|1.0€]1.07|0.8C
Gui Mam 93/7. 1.6411.02]1.67]1.17
Gui Mam 106/7 6.5¢ |1.6(/0.97]1.72/21.2211.7¢|1.1€]1.4€|1.04
Gui Mam 107/7 6.4z |1.5/1.04]1.87]1.2(]11.9(|1.2€¢]1.37/0.95]1.1¢|0.7¢

Gui Mam 4/7 5.8¢ 1.70/1.17]1.85)11.27]1.44/0.9¢

Gui Mam 46/7 6.4¢ 1.82]1.1C 1.3¢ 1.07]0.7¢

Gui Mam 47/7 1.67]0.9911.8¢|1.2211.9(|1.35]1.57|1.2C

Gui Mam 63/7 1.5¢/0.8:11.87|1.14]1.78 | 1.2 1.0¢|0.7¢

Gui Mam 79/7 6.47 |1.6¢/0.9¢]11.82/1.17)1.7%|1.17]1.5(| 1.0t

Gui Mam 171/7 1.4411.1210.9¢|0.7¢

Gui Mam 182/7 6.2C |1.6(/1.0CJ1.72/21.1%)1.72|1.2(]1.37/0.97]1.0.|0.82] 0.7z 0.6¢
Gui Mam 10/7 1.57]0.8511.9(]1.18]11.94|1.2¢

Gui Mam 39/7 1.7(/1.07]1.8¢/1.3(]1.87|1.2¢

Gui Mam 49/7 1.57/1.0C1.7€/21.2811.72)1.28]11.54|1.12

Gui Mam 103/7 1.5¢ | 0.8¢ 1.7211.2811.461.12]1.3€|1.05]1.12| 0.9¢

Gui Mam 122/7 6.4: ]1.5¢/0.92]1.8¢|1.1¢]1.2¢|1.24]1.3(| 0.9:

viii



specime m1-m4 m] mz me m4 mE me

L | LWL | W|J]L | | W|J]L | W]J]L | W]JL |W
Gui Mam 125/7 6.7 |1.5€/0.94]1.8:]1.14]1.9€|1.32]1.67|1.2C] 1.0 0.8¢
Gui Mam 141/7 6.2f |1.50]1.07]1.6€]/1.2¢])1.7€[1.32]1.5¢|1.1¢]1.35|0.9¢
Gui Mam 3/7 5.8 11.5€/0.92)1.7:11.07]1.54]1.04]1.25]0.7¢]0.82 | 0.6

Gui Mam 21/7 1.3210.9¢]1.0C| 0.7¢
Gui Mam 33/7 1.62/0.97]1.78 | 1.1t 1.4€1.0C

Gui Mam 82/7 1.54]1.1211.27|0.9C
Gui Mam 119/7 6.5¢ 11.5:/0.9411.7¢|1.1711.87|1.24]1.57|1.1:

Gui Mam 54/7 1.47]1.0C]1.87)1.2:11.8¢

Gui Mam 6/7! 1.8:]1.2(]1.82| 1.3: 1.0¢ | 0.82
Gui Mam 12/7 1.5]/0.9711.97]1.14]1.8(|1.2¢ 1.17)11.12/0.8¢
Gui Mam 18/7 1.6(/0.8¢11.85|1.07]1.65|1.14

Gui Mam 29/7 1.6€/0.9¢]1.9¢]1.1€]11.97|1.2¢

Gui Mam 30/7 1.5¢]0.9¢

Gui Mam 50/7 1.8€/1.28]11.5¢]1.1¢

Gui Mam 54/7 5.8¢ |1.5(]1.02]1.6¢ 1.7211.12]11.24|0.84

Gui Mam 56/7 6.2¢ |1.7(/1.06]1.8€|1.1¢)11.72/1.27]11.45/0.9¢]11.1(| 0.84
Gui Mam 76/7 6.0z ]1.5:/1.07]1.8C|1.1%)1.8¢|1.2¢]1.37|1.0¢]0.970.8¢

Gui Mam 97/7 1.57/0.8¢11.64|1.02]1.67|1.1:

Gui Mam 1/8i 6.3° |1.37/0.9(1.7:]1.17]1.8()1.28]1.57|1.13]1.2¢| 0.9¢
Gui Mam 3/8I 6.4¢ |1.4€/1.0011.73]21.17]11.7C|1.2C 0.8:]0.7¢
Gui Mam 4/8| 6.9C |1.6€]/1.0411.92|1.24]12.0¢4|1.4%11.62|1.2¢]1.1¢)|0.9C

Gui Mam 14/8 6.4¢ ]11.6:/0.97]1.6€/1.17]11.84|1.2€]1.5¢|1.0¢
Gui Mam 23/8 7.0¢ 11.7C/0.94]11.9¢]1.1811.97|1.2:]11.5%|1.0¢
Gui Mam 37/8 6.47 |1.6(/0.9]11.67]1.14]1.8¢|1.2¢]1.5%)1.1¢

Gui Mam 11/8 1.82)1.1¢]11.35)0.9¢
Gui Mam 6/8: 5.9¢ 11.6(/0.911.87/1.1%11.74|1.14]1.0%|0.72
Gui Mam 328 5.6 |1.2¢€/0.9(1.65[1.0C}1.6¢[1.17]1.13)0.9C

uncertain molar position |:| reliable value |:| estimated value

Appendix tab. 08: Highest, lowest, and mean values of length and weddunements taken from upper
molar positions inHaldanodon Measurements include only well-preserved molars withaireyt
determinable positions.

position| maximum| minimum | mean

length] m1 1.70 1.37 1.58
in mm m2 1.93 1.64 1.80
m3 2.04 1.29 1.76

m4 1.68 1.05 1.43

m5 1.37 0.82 1.12

m6 1.11 0.72 0.92

width ml 1.08 0.83 0.95
in mm m2 1.26 0.99 1.14
m3 1.45 1.04 1.22

m4 1.29 0.72 1.03

m5 1.06 0.63 0.85

m6 0.96 0.65 0.80




Appendix tab. 09: Highest, lowest, and mean values of length and wedgunements taken from lower
molar positions inHaldanodon Measurements include only well-preserved molars withaiceyt
determinable positions.

position| maximum| minimum | mean

length] M1 2.03 1.54 1.73
in mm M2 2.13 1.73 1.9(
M3 1.96 1.65 1.81

M4 1.92 1.58 1.75

width M1 2 1.65 1.84
in mm M2 2.36 1.94 2.21
M3 2.14 1.81 1.98

M4 1.77 1.19 1.46

Appendix tab. 10: Length and width ratios in between M2 and m2 assidR and m3 oHaldanodon
Measurements were taken in millimeters and include only-pmeserved molars with certainly
determinable positions. Note that the length of M2 more or less equatsititie bf m2 and m3.

maximun | minimun meat
LM2/Lmz 1.1(C 1.0t 1.0t
LM2/Lm: 1.0¢ 1.3¢ 1.0¢
W M2 /W mz 1.87 1.9¢ 1.9¢
W M2 /W mi 1.6¢ 1.87 1.8:
L M2/Wmz 1.6¢ 1.7¢ 1.67
LM2/W m: 1.4 1.6¢ 1.5¢
W M2 /L mz 1.22 1.1¢ 1.2¢
WM2/L m: 1.1¢ 1.5( 1.2t
Lengths of molars in an upper tooth row Widths of molars in an upper tooth row
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Lengths of molars in a lower tooth row
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Appendix fig. 03: Length distribution of the molar positions witlbwer Haldanodontooth rows

Measurements only include well-preserved molars with certainlyrdietable positions.

Widths of molars in a lower tooth row
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Appendix fig. 04: Width distribution of the molar positions within &waldanodontooth rows

Measurements only include well-preserved molars with certainlyrdietable positions.
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Zusammenfassung

Die Entwicklung des tribosphenischen Zahnbaus wird als eine Schlisselinnovation
innerhalb der Stammlinie der Theria angesehen. Sie erlaubt eine sehr effiziente
Aufarbeitung der Nahrung schon wéhrend des Kauvorgangs. Im Wesentlichen besteht
die tribosphenische Zahnmorphologie aus einem distal gelegenen Quetschbecken auf
dem unteren Molaren (dem Talonidbecken) und einem dort hineingreifenden Hocker
auf dem oberen Molaren (dem Protocon). Somit ist Scherschneiden nicht mehr die
einzige Zahnfunktion, sondern wird zuséatzlich durch Quetschen und Reiben erganzt.
Alle heute lebenden Saugetiere mit Ausnahme der Monotremen stammen von einem
tribosphenischen Vorfahren ab (Simpson 1936, Patterson 1956, Mills 1966, Crompton
and Hiiemae 1970, Crompton 1971, Butler 1972, Prothero 1981, Luo et al. 2001,
Woodburne et al. 2003, Kielan-Jaworowska et al. 2004, Datta 2005, Lopatin and
Averianov 2006, Luo 2007, Luo et al. 2007, Davis 2011). Das friheste bekannte voll
tribosphenische Taxon stammt aus dem Oberjura (Luo et al. 2011). Allerdings wurden
auch schon friher in der Stammesgeschichte der Saugetiere Molaren mit einer sehr
ahnlichen Zahnmorphologie und einer quetschenden und reibenden Funktion
entwickelt. Das erste bekannte Taxon mit solchen ,pseudotribosphenischen* Molaren
waren die mammaliaformen Docodonten (Mitteljura bis Unterkreide). Sie besal3en ein
mesial gelegenes Quetschbecken auf dem unteren und einen dort hineingreifenden
Hocker auf dem oberen Molaren (Simpson 1929, Crompton & Jenkins 1968, Hopson
and Crompton 1969, Jenkins 1969, Gingerich 1973, Krusat 1980, Kermack et al. 1987,
Butler 1988, Butler 1997, Wang et al. 1998, Pfretzschner et al. 2005, Luo 2007, Luo
and Martin 2007, Luo et al. 2007, Davis 2011, Schultz et al. 2017). Das wirft die Frage
auf, in wie weit die Funktionsweise dieser ,pseudotribosphenischen” Docodonten-
molaren tatsachlich der Funktionsweise tribosphenischer Bezahnungen &ahnelt. Um
dies zu ermitteln, wurden mehrere obere und untere Molarenreihen sowie zahlreiche
isolierte Molaren des Docodonten Haldanodon exspectatus aus dem Oberjura der
Kohlemine von Guimarota (Leiria, Portugal) detailliert untersucht.

Dabei fiel auf, dass die Molarenreihen ein ungewdhnliches Abnutzungsmuster zeigen.
Reihen mit einem niedrigen Abnutzungsgrad sind normalerweise mesial zunehmend
starker abgenutzt, Reihen mit einem hohen Abnutzungsgrad normalerweise distal
zunehmend starker. Das weist auf einen Zusammenhang zwischen Abnutzungs-
richtung und ontogenetischem Alter hin. Eine Molarenreihe wurde anfangs mesial
starker abgenutzt, weil die vorderen Molaren friher durchbrachen als die
nachfolgenden. Sobald jedoch alle Molaren durchgebrochen waren, wurden die
Reihen zunehmend starker distal abgenutzt. Dass die Unterkiefer zweier juveniler
Individuen beide mesial starker abgenutzt sind, obwohl eines einen insgesamt sehr
hohen Abnutzungsgrad der schon vorhandenen Molaren zeigt, unterstitzt diese
Hypothese. Eine mégliche Erklarung fur diesen Wechsel der Abkaurichtung im Laufe
des Lebens ware ein distal gelegener Kauschwerpunkt in Kombination mit dinnem
Schmelz und hochabrasiver Nahrung. Haldanodon kénnte in dieser Hinsicht einzigartig
gewesen sein, da solch ein Abnutzungsmuster bisher nicht bei anderen Docodonten-
taxa beobachtet wurde.



Die Kaubewegung von Haldanodon wurde mit der frei verfiigbaren Software Occlusal
Fingerprint Analyser (OFA) und den aus p-CT-Scans zusammengestellten 3D-
Modellen eines oberen und zweier unterer Molaren virtuell simuliert. Dies erméglichte
nicht nur detaillierte Beobachtungen zum Bewegungsablauf, sondern auch die
Quantifizierung der fur verschiedene Kaufunktionen aufgewandten Zeit.

Die Position der zusammengehorigen Facetten auf oberem und unterem Molaren zeigt
an, dass der obere Molar zwischen zwei unteren okkludiert. Der mesiale Teil des
oberen Molaren kontaktiert die distale Halfte eines unteren Molaren und der distale
Teil des oberen Molaren die mesiale Halfte des nachfolgenden unteren Molaren. In
dieser Position okkludiert der ,Pseudoprotocon” (Ho6cker X) zwischen den unteren
Molaren. Deshalb ist Hocker X nicht funktionell homolog zum tribosphenischen
Protocon. Stattdessen greift der viel kleinere Hocker Y in das ,Pseudotalonidbecken”
des distal gelegenen unteren Molaren. Dies entspricht friheren Studien an anderen
Docodontentaxa (Crompton and Jenkins 1968, Jenkins 1969, Gingerich 1973, Kron
1979, Krusat 1980, Kermack et al. 1987, Butler 1988, Pfretzschner et al. 2005, Schultz
et al. 2017).

Unter dem REM sichtbare Striationsmuster im Schmelz isolierter Haldanodon-Molaren
lassen auf die Bewegungsrichtung der unteren Molaren wéhrend des Kauvorgangs
schlieBen. Vertikale Striae weisen auf eine laterale Bewegung hin. Auf dem oberen
Molaren biegen sie abrupt nach distal und auf dem unteren Molaren nach mesial um.
Das deutet darauf hin, dass die Lateralbewegung eine merkliche proale oder palinale
Komponente erhalt. Striae, die auf dem oberen Molaren mesial und auf dem unteren
distal orientiert sind, implizieren eine weitere proale oder palinale Bewegung in die
entgegengesetzte Richtung. In der OFA-Simulation wurde der Kauschlag folglich als
zweiphasig rekonstruiert. Phase 1 ist eine steile, von bukkal nach lingual verlaufende
Aufwartsbewegung der unteren Molaren in die zentrale Okklusion. Unmittelbar vor der
zentralen Okklusion werden sie abrupt nach distal abgelenkt. Die zweite Phase ist
entweder eine direkt anschlieRende palinale Abwartsbewegung aus der zentralen
Okklusion heraus (Phase 2) oder eine separate proale Aufwartsbewegung (Phase 1b).
In beiden Fallen hat die Bewegung auch eine ausgepragte laterale Komponente.
Wahrend die im Dentin beobachteten Leading und Trailing Edges anzeigen, dass
Phase 1 aufwarts gerichtet gewesen sein muss, sind sie fir die zweite Phase nicht
eindeutig. Sie scheinen eher auf eine abwartsgerichtete Fortsetzung des Kauschlags
hinzuweisen, welche auch von einem aktualistischen Standpunkt wahrscheinlicher ist.
Allerdings sind sie nicht deutlich genug ausgepragt, um eine alternativ genutzte
Aufwartsbewegung sicher auszuschlie3en. Eine solche ist bisher noch von keinem
rezenten oder fossilen Saugertaxon bekannt. Sie wirde funktionell jedoch mehr Sinn
ergeben, weil Scherschneiden und Reiben nur mit einem viel grol3eren Energie-
aufwand in einer Abwartsbewegung ausgefuhrt werden kénnen und Quetschen gar
nicht moglich ist. Die in dieser Studie durchgeflihrte virtuelle Rekonstruktion des
Kauschlags verbessert frihere Studien an anderen Docodontentaxa. Diese gingen
entweder von einem einzigen Kauschlag aus, der in zentraler Okklusion endet
(Crompton and Jenkins 1968, Hopson and Crompton 1969, Jenkins 1969, Krusat
1980) oder von einem zweiphasigen Kauschlag ohne Richtungsanderung (Butler
1988, Pfretzschner et al. 2005).



In Phase 1 bewegen sich die lingualen Flanken der Haupthdcker des oberen Molaren
und die bukkalen Flanken der Haupthdcker der unteren Molaren scherschneidend
aneinander vorbei. Dabei wird die mesio-bukkale Grube des distalen unteren Molaren
an Hocker C des oberen Molaren entlanggefuhrt. Zeitgleich nahert sich Hocker b
desselben unteren Molaren dem ,Pseudotrigonbeckens” des oberen Molaren, in dem
folglich Quetschen stattfindet. Sobald die mesio-bukkale Grube den Kontakt zu H6cker
C verliert, wird die anfanglich laterale Bewegung der unteren Molaren palinal
abgelenkt. Unmittelbar vor der zentralen Okklusion stellt Hocker Y des oberen Molaren
Kontakt zum ,Pseudotalonidbecken“ des distalen unteren Molaren her, wodurch
Reiben ermdglicht wird. Sobald der mesiale Rand des Beckens jedoch véllig abradiert
ist, rutscht Hocker Y aus dem Becken heraus. Dies fuhrt zum Schlie3en der Liicke
zwischen Hoécker b und dem ,Pseudotrigonbecken®, in dem dann ebenfalls Reiben
stattfindet. Darauf deuten entsprechende Leading und Trailing Edges auf dem
mesialen Rand des ,Pseudotalonidbeckens” und die Anwesenheit von distal
orientierten Striae innerhalb des ,Pseudotrigonbeckens” hin. Somit wird Quetschen
und wahrscheinlich sogar Reiben zum Grol3teil innerhalb des ,Pseudotrigonbeckens*
des oberen Molaren ausgefuihrt. Wahrend der palinalen Abwartsbewegung von Phase
2 reibt Hocker Y fur sehr kurze Zeit weiter durch das ,Pseudotalonidbecken” (bzw.
Hocker b durch das ,Pseudotrigonbecken*). Zeitgleich und bis zum Ende der Phase
bewegen sich die distalen Grate des mesial gelegenen unteren Molaren und die
mesiale Flanke von Hocker X des oberen Molaren ,scherreibend” aneinander vorbei.
Echtes Scherschneiden ist nur wahrend einer Aufwéartsbewegung mdglich, wie es auch
wahrend der alternativen proalen Bewegung von Phase 1b der Fall ware. Hocker b
des distalen unteren Molaren wirde dann aul3erdem zeitgleich quetschend in das
~Pseudotrigonbecken” greifen und das Reiben von Hocker Y durch das ,Pseudo-
talonidbecken” fande ganz am Ende der Phase statt.

Der Grundbauplan der Molaren anderer Docodontenarten ist dem von Haldanodon-
Molaren sehr ahnlich. Isolierte Molaren von Dsungarodon, Tashkumyrodon und
Tegotherium zeigen aul3erdem die gleichen Hauptfacetten. Dies macht einen
ahnlichen Kauschlag wie den von Haldanodon sehr wahrscheinlich. Trotzdem kdnnen
Docodonten aufgrund von vergleichsweise kleinen Unterschieden in der
Zahnmorphologie in drei funktionelle Gruppen eingeteilt werden. Docodonten mit
mesial geoffnetem ,Pseudotalonidbecken” und lateral verlaufenden distalen Graten
auf den unteren Molaren (Borealestes, Docodon, Docofossor, Haldanodon,
Tashkumyrodon) verlieBen sich wohl hauptsachlich auf Scherschneiden. Sie
konzentrierten Quetschen auf das “Pseudotrigonbecken” der oberen Molaren, in das
Hocker b der unteren Molaren hineingriff. Auch Reiben konnte dort stattfinden, sobald
Hocker Y aus dem gedéffneten ,Pseudotalonidbecken” rutschte. Docodonten mit gut
abgeschlossenem ,Pseudotalonidbecken® und einem zuséatzlichen, distal gelegenen
Becken auf den unteren Molaren (Hutegotherium, Sibirotherium, Tegotherium) waren
sehr viel mehr auf Quetschen und Reiben spezialisiert. Dieses fokussierten sie jedoch
eher auf die unteren Molaren, da das geschlossene Becken ein Herausrutschen von
Hocker Y verhinderte und somit die Lucke zwischen Hocker b und dem
.Pseudotrigonbecken” nicht geschlossen werden konnte. Einige entwickelten sogar
einen zusatzlichen Hocker auf den oberen Molaren, der in das distale Becken des
unteren Molaren fasste. Docodonten mit gut abgeschlossenem ,Pseudotalonid-



becken®, lateral verlaufenden distalen Graten oder Krenulierungen und relativ
niedrigen Hockern (Agilodocodon, Castorocauda, Dsungarodon, Krusatodon,
Simpsonodon) waren am besten an Quetschen und Reiben angepasst. Das liegt
daran, dass aufgrund der niedrigen Hocker Quetschen und Reiben gleichzeitig
innerhalb des ,Pseudotalonidbeckens® und innerhalb des ,Pseudotrigonbeckens”
stattfinden konnte. Alles in allem waren Quetschen und sogar Reiben bei allen
Docodontenarten sehr viel ausgepréagter als in friheren Studien angenommen.

Die Rekonstruktion der Kaubewegungen mit dem OFA ermdglichte aul3erdem einen
Vergleich der Molarenfunktionen von Haldanodon (hdchstwahrscheinlich insektivor)
mit denen der rezenten tribosphenischen Taxa Didelphis (omnivor) und Monodelphis
(insektivor). In beiden tribosphenischen Taxa greift der Protocon in das Talonidbecken,
so dass darin zunachst Quetschen und nach Herstellung des direkten Kontakts auch
Reiben stattfindet. Bei Didelphis nimmt bezogen auf den gesamten Kauschlag Reiben
sehr viel mehr Zeit in Anspruch als bei Monodelphis. Haldanodon verwendet jedoch
noch weniger Zeit auf diese Funktion. Monodelphis fehlt eine der beiden didelphiden
Reibefacetten, aber die noch vorhandene ist relativ gesehen immer noch gréfi3er als
die Reibefacette von Haldanodon. Deshalb ist Reiben offensichtlich in beiden
tribosphenischen Taxa starker ausgepragt als in Haldanodon. Beim Quetschen ist das
jedoch nicht unbedingt der Fall. Bei Didelphis und Monodelphis wird es durch das
Ineinandergreifen von Protocon und Talonidbecken sowie von Hypoconid und
Trigonbecken ausgefiihrt. Wie auch bei Haldanodon nimmt es fast die gesamte Phase
1 in Anspruch. In Phase 2 kann wegen der Abwartsbewegung des Unterkiefers
Quetschen nicht stattfinden. Falls Haldanodon jedoch zwei separate Aufwarts-
bewegungen nutzte, wirde die gesamte zweite Phase ebenfalls auf Quetschen
verwendet worden sein. Obwohl die Becken von Didelphis besser geschlossen und
viel grol3er als die von Haldanodon sind, wirde sich in diesem Fall die Quetschfunktion
ihrer Molaren nicht allzu stark unterscheiden. Die Becken von Monodelphis sind im
Vergleich zu Didelphis sehr viel kleiner, flacher und weniger gut geschlossen. Deshalb
war Quetschen bei Haldanodon wahrscheinlich mindestens ebenso gut ausgepragt
wie bei Monodelphis, sogar falls die Bewegung des Unterkiefers wahrend der zweiten
Phase ebenfalls abwartsgerichtet war. Andere héchstwahrscheinlich insektivore
Docodontentaxa mit besser geschlossenen ,Pseudotalonidbecken* und ,Pseudo-
trigonbecken* sowie zuséatzlichen distalen Becken auf den unteren Molaren hatten
sicherlich eine stéarker ausgepragte Quetschfunktion als Monodelphis. Eventuell war
sie sogar ahnlich stark ausgepréagte wie bei Didelphis. Docodontenmolaren waren also
maoglicherweise sehr wohl in der Lage mit friihen tribosphenischen Molaren in Hinsicht
auf Quetschen und sogar Reiben zu konkurrieren. Allerdings machte sie ihre dinne
Schmelzschicht sehr viel anfélliger fir Abnutzung und den damit einhergehenden
Funktionsverlust. Aul3erdem besitzen Docodonten einige sehr basale postcraniale
Merkmale. Beide Faktoren konnten eine signifikante Rolle bei ihrem Aussterben in der
Frihen Kreide gespielt haben — zur gleichen Zeit, als die Tribospheniden sich
auszubreiten begannen.



