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OOntogenetische und makroevolutionäre Entwicklungsmuster von Ammonoideen 

aus dem Anisium (Mittlere Trias) aus Nevada, USA 

 

Zusammenfassung 

Die meisten Evolutions- und Entwicklungsstudien in der Paläontologie haben mit einer großen 

Herausforderung zu kämpfen: Die überwiegende Mehrheit aller Fossilien gehören Tier- und Pflanzen-

arten an, die schon, lange bevor es die ersten Menschen auf der Erde gab, ausgestorben sind. Aussagen 

über viele biologische Eigenschaften wie phylogenetische Verwandschaftsbeziehungen, Wachstums-

raten oder Verhaltensmuster sind daher oft spekulativ. Das soll aber nicht die Bedeutung von paläon-

tologischen Evolutions- und Entwicklungsstudien schmälern; ganz im Gegenteil. Es gibt viele, leicht un-

terschiedliche Zitate aus den verschiedensten Forschungsbereichen, die alle mehr oder weniger das 

Folgende aussagen: Man muss die Vergangenheit verstehen, um die Zukunft vorhersagen zu können. 

Eine Möglichkeit, die Tatsache zu überwinden, dass in der Paläontologie keine direkten Beobachtun-

gen gemacht werden können, besteht darin, so viele verschiedene Parameter wie möglich einzubezie-

hen. Um ontogenetische und makroevolutionäre Muster von Ammonoideen aus dem Anisium (Mitt-

lere Trias) zu erforschen, haben wir daher einen integrierten Ansatz verwendet, der eine Vielzahl ver-

schiedener Methoden und Proxys einschließt. 

Das Ziel dieser Dissertation ist es, unser Verständnis von Prozessen zu erweitern, die morphologi-

sche Veränderungen von Ammonoideen beeinflussen. Die ausgestorbenen, marinen Kopffüßer lebten 

in einem Gehäuse aus Aragonit und sind mit modernen Tintenfischen, Kraken und Sepien verwandt. 

Um morphologische Entwicklungsmuster zu entschlüsseln, wurden ontogenetische und makroevoluti-

onäre Prozesse von Ammonoideen des anisischen Fossil Hill Member in NW Nevada, USA analysiert. 

Dazu wurden Gesteine und Fossilien von drei Hauptlokalitäten aus zwei verschiedenen Regionen un-

tersucht: (1) der Fossil Hill in der Humboldt Range, (2) der Muller Canyon und (3) der Favret Canyon in 

den Augusta Mountains. Die untersuchten Sequenzen gehören zu den weltweit bekanntesten Lokali-

täten für anisische Ammonoideen. Für die paläoökologische Rekonstruktion haben wir hochauflösende 

lithostratigraphische Profile (cm-Skala) aufgenommen und an allen Lokalitäten Gesteinsproben gesam-

melt, die nach der Präparation 186 Dünnschliffe ergaben. Insgesamt sammelten wir zudem mehr als 

8000 Fossilien, von denen mehr als 7800 Ammonoideen sind. Um ein besseres Verständnis für die 

morphologischen Veränderungen der gefundenen Arten zu bekommen, haben wir die morphometri-

sche Analyse der Ammonoideen mit paläoökologischen Beobachtungen gepaart. Das übergeordnete 

Forschungsziel kann daher in drei Hauptthemen unterteilt werden: (1) Rekonstruktion der 
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Paläoumwelt der Lokalitäten, (2) Ammonoideen-Vergesellschaftungen, und (3) die Morphologie der 

Ammonoideen. Diese drei Hauptthemen wurden in vier verschiedenen Publikationen abgehandelt. 

Das erste Hauptthema dieser Arbeit ist die Paläoumweltrekonstruktion einschließlich einer Ana-

lyse der Mikrofazies und der Bio- und Lithostratigraphie der untersuchten Profile. Bereits schon wäh-

rend der Feldarbeit zeigte sich, dass die einzelnen untersuchten Sequenzen relativ einheitlich sind. Sie 

bestehen alle aus abwechselnden Schichten von kalkhaltigem Silt- und Tonsteinen, die immer wieder 

mit linsenförmigem Kalkstein versetzt sind. Die Uniformität der Fazies wurde bei den Laborarbeiten 

bestätigt. Weder die Analyse der Dünnschliffe noch die Geochemie ergaben größere Faziesverände-

rungen innerhalb der untersuchten Abfolgen. Die Laminierung der meisten Schichten deutet auf eine 

zumindest kurzzeitige Sauerstoffanreicherung der untersten Wassersäule und damit auf kleinere palä-

oökologische Veränderungen hin. Aufgrund seiner allgemein stabilen und eher ruhigen Umweltbedin-

gungen hat sich das Fossil Hill Member von Nevada als optimales Intervall erwiesen, um intrinsische 

Faktoren zu untersuchen, die Diversitäts- und Disparitätsmuster von Ammonoideen beeinflussen. 

Das zweite Hauptthema dieser Arbeit ist die Analyse der Ammonoideen-Vergesellschaftung. Dies 

beinhaltete die Untersuchung möglicher Verschiebungen in der Alphataxonomie der Fauna während 

des untersuchen Zeitintervalles. Insgesamt wurden mehr als 50 verschiedenen Ammonoideenarten 

bestimmt, die zu 32 Gattungen aus 15 Familien gehören. Der Fossilbestand des untersuchten Zeitin-

tervalls (Nevadisculites taylori bis Frechites occidentalis Zone) wird eindeutig von der Familie Cerati-

tidae Mojsisovics, 1879 (insbesondere der Unterfamilie Beyrichitinae Spath, 1934) dominiert. Es gibt 

mehrere besonders häufige Beyrichitinae wie Frechites occidentalis (Smith, 1914) und Gymnotoceras 

rotelliformis (Meek, 1877). Innerhalb dieses Intervalls konnten keine abrupten Veränderungen in Be-

zug auf die Artenvielfalt festgestellt werden, was eine Periode besonderer paläoökologischer Instabi-

lität widerspiegelt hätte. 

Das letzte und sogleich bedeutendste Hauptthema dieser Studie sind morphologische Verände-

rungen der Ammonoideen während ihrer ontogenetischen Entwicklung. Die evolutionären Entwick-

lungsmuster der untersuchen Arten wurden mit Methoden aus den Bereichen der Traditional Morpho-

metrics und Geometric Morphometrics analysiert. Dabei erwies sich der geometrisch-morphometri-

sche Ansatz als besonders wertvoll. Mit der R-Software wurde eine neue Methode zur Analyse der 

morphologischen Entwicklung von Ammonoideen entwickelt. Dieser neu entwickelte Ansatz basiert 

hauptsächlich auf einer Reihe verschiedener Funktionen aus den R-Paketen geomorph, RRPP und Mor-

pho. Die geometrisch-morphometrische Analyse erlaubte es, die Heterochronie der untersuchten Ar-

ten zu quantifizieren und ontogenetische Schwankungen der intra- und interspezifischen Variabilität 

zu verfolgen. Bei Ammonoideen der Unterfamilie Beyrichitinae sind die ontogenetische Allometrie und 
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die intra- und interspezifische Variabilität eng miteinander verbunden. Die morphologische Variation 

scheint das Ergebnis von Verschiebungen des allometrischen Wachstumsmusters (d.h. Heterochronie) 

zu sein. Dies unterstützt die allgemeine Meinung, dass in stabilen Habitaten generell die pädomorphe 

Entwicklung gegenüber der Peramorphose begünstigt ist. Es konnten keine dominante Evolutionspro-

zesse nachgewiesen werden. Dies wird als Folge der allgemein stabilen Paläoumwelt und des damit 

verbundenen geringen paläoökologischen Drucks interpretiert.  

Eines der wichtigsten Ergebnisse dieser Dissertation ist es, dass die morphologischen Verände-

rungen der untersuchten Arten vor allem von intrinsischen Faktoren beeinflusst wird. Die dokumen-

tierten evolutionären Trends der Ceratitiden wurden höchstwahrscheinlich nicht oder nur schwach 

durch paläoökologische Veränderungen getriggert. Die in dieser Arbeit vorgestellten Methoden stellen 

ein wertvolles Werkzeug für zukünftige biogeographische und phylogenetische Untersuchungen und 

Diversitätsanalysen dar. 

Zukünftige Studien sollten daher versuchen, die hier vorgestellten Methoden auf ein breiteres 

Spektrum verschiedener Morphologien auszuweiten. In diesem Zusammenhang wäre ein globaler Ver-

gleich der morphologischen Muster besonders interessant. Um ein umfängliches Bild des Morphos-

paces von Ammonoideen zu erhalten, muss der hier vorgestellte methodische Ansatz auf die morpho-

logische Analyse verschiedener Gehäuseformen erweitert werden. Dies wird es uns ermöglichen, mor-

phologische Veränderungen verschiedener Taxa während ihrer Ontogenese zu vergleichen und damit 

auch ihre komplexe Entwicklungsbiologie und Evolution zu verstehen. 
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OOntogenetic and macroevolutionary patterns of Anisian (Middle Triassic) ammo-

noids from Nevada, USA 

 

Summary  

Most evolutionary and developmental studies in palaeontology have to cope with one major chal-

lenge: the vast majority of fossil species went extinct long before the first humans arose on earth. 

Statements about many biological properties such as phylogenetic relationships, growth rate or be-

havioural patterns are therefore often somewhat speculative. Yet, this should not diminish the im-

portance of studying evolutionary und developmental patterns of past life; on the contrary. There are 

many slightly different quotes from different fields of research that all say more or less the following: 

You have to know the past to predict the future. One way to overcome the fact that no direct observa-

tions can be made in palaeontology is to include as many different parameters as possible. To untangle 

ontogenetic and macroevolutionary patterns of Anisian (Middle Triassic) ammonoids we therefore 

used an integrated approach that includes a variety of different methods and proxies. 

The aim of the present PhD thesis is to increase our understanding of processes influencing mor-

phologic changes of ammonoids, which are marine, shelled organisms related to modern squids, octo-

puses, and cuttlefish. To untangle morphologic relationships, ontogenetic and macroevolutionary pat-

terns of Anisian ammonoids of the Fossil Hill Member in NW Nevada, USA were investigated. There-

fore, three main localities in two different regions were studied: (1) The Fossil Hill in the Humboldt 

Range, (2) the Muller Canyon and (3) the Favret Canyon in the Augusta Mountains. The studied se-

quences are amongst the world’s most famous bearing Anisian ammonoids assemblages. For the pal-

aeoenvironmental reconstruction we measured lithostratigraphic sections in high-resolution (cm-

scale) and collected rock samples at all localities. The rock samples provided 186 thin sections. In total 

we collected more than 8000 fossils, of which more than 7800 are ammonoids. In order to get a better 

understanding of the morphologic changes of those species, morphometric analyses on ammonoids 

were paired with palaeoenvironmental observations. The major research aim can therefore be broken 

down to three objectives: (1) palaeoenvironmental reconstruction of localities, (2) ammonoid associ-

ations, (3) ammonoid morphology. These objectives were addressed in four different paper. 

The first objective of this thesis is the palaeoenvironmental reconstruction including an analysis 

of the microfacies and the bio- and lithostratigraphy of the analysed stratigraphic sequences. During 

the fieldwork, it was apparent that the individual sequences studied are relatively uniform. They all 

consist of alternating layers of calcareous siltstone and mudstone, partly with lenticular limestone. The 
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uniformity of the facies was confirmed during the laboratory work. Neither the analysis of the thin 

sections nor the geochemistry revealed major facies changes within the studied successions. Never-

theless, the lamination of most beds indicates at least short-term oxygenation of the bottom waters 

and thus small-scale palaeoenvironmental perturbations. Due to its generally stable and calm environ-

mental conditions, the Anisian Fossil Hill Member of Nevada has emerged to be an optimal interval to 

study intrinsic factors influencing diversity and disparity patterns of ammonoids. 

The second objective was addressed by studying ammonoid associations. This involved an analysis 

of possible shifts in the alpha taxonomy of the fauna over time. The taxonomic determination involved 

the discrimination of more than 50 species belonging to 32 genera and 15 families. The fossil record of 

the investigated time interval (Nevadisculites taylori to Frechites occidentalis zones) is clearly domi-

nated by the family Ceratitidae Mojsisovics, 1879 (particularly the subfamily Beyrichitinae Spath, 

1934). There are several extremely common Beyrichitinae such as Frechites occidentalis (Smith, 1914) 

and Gymnotoceras rotelliformis (Meek, 1877). Within this interval no significant changes in terms of 

biodiversity, reflecting a period of particular palaeoenvironmental instability, could be detected. 

Lastly, this study investigated morphologic changes of ammonoids through their ontogenetic de-

velopment. These evolutionary trends of Anisian ammonoids are investigated by using Traditional and 

Geometric Morphometric Methods. Thereby, particularly the latter proved to be of great value. Using 

R software, a new method was developed to analyse morphologic development of ammonoids. This 

newly developed approach is mainly based on a set of different functions from the R packages geo-

morph, RRPP and Morpho. The Geometric Morphometric analysis in R allowed the quantification of 

heterochronic processes and to trace fluctuations of intra- and interspecific variability through ontog-

eny. In beyrichitine ammonoids, the observed ontogenetic allometry pattern and the intra- and inter-

specific variability are closely linked to one another. Morphologic variation seems to be the result of 

perturbations of the allometric growth pattern (i.e. heterochrony). This supports the common view 

that paedomorphic development is favoured over peramorphosis in more stable environments. Om-

nipresent directional evolutionary processes could not be detected. This is interpreted to be the result 

of the generally stable palaeoenvironment and therefore only a limited amount of palaeoenvironmen-

tal pressure.  

In summary, one of the most significant result of this dissertation is the significant role of intrinsic 

factors influencing the morphologic changes of the investigated species. The documented evolutionary 

trends within ceratitid ammonoids were most likely not caused by small scale palaeoenvironmental 

changes and may therefore only partly reflect adaption. The methods introduced in this thesis repre-

sent a highly valuable tool for comprehensive biogeographical and phylogenetic investigations in fu-

ture studies. In addition, they yield important potential for forthcoming broad-scale diversity analyses. 



Summary   

VIII 

Future research should therefore attempt to extend the herein introduced methods to a broader 

scope. In this regard, the global comparison of morphologic patterns would be of particular interest. 

To obtain a compound picture of ammonoid morphospace, the methodological approach introduced 

herein needs to be extended to the morphologic analysis of various conch shapes. This will enable us 

to compare the morphologic changes of different taxa of ammonoids throughout their ontogeny and 

thus also to understand their complex developmental biology and evolution. 
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OOntogenetischi und makroevolutionäri Entwickligsmuster vo Ammonoideen  

usem Anisium (Mittleri Trias) vo Nevada, USA 

 

(Bärndütsch, Bernese dialect) 

Zämäfassig 

Di meistä Evolutions- und Entwickligsstudiä ir Paläontologie hei mit eirä grossä Challenge ds 

kämpfä: Di überwiegendi Mehrheit vo aunä Fossiliä ghört zu Tier- und Pflanzäartä, wo scho lang bevors 

überhoupt di erstä Mönschä het gäh usgstorbä sy. Darum sy viu Ussagä über biologischi Eigäschaftä wi 

zum Bispiu phylogenetischi Verwandschaftsbeziigä, Wachstumsratä oder Verhautensmuster rächt 

spekulativ. Das söu aber uf ke Fau d Bedütig vo paläontologische Evolutions- und Entwickligsstudiä 

schmelerä; ganz im Gägäteil! Äs git viu, liächt ungerschidlächi Zitat wo meh oder minger ds folgende 

sägä: Mä muess d Vergangäheit verstah um Ussagä über d Zuekunft chönne ds machä. Ei Müglächkeit, 

wiemer dä Paläontologie-Gap cha übrwindä, besteit darin, dasmer so viu verschidnägi Parameter 

analüsiert, wiä numä mügläch. Für ontogenetischi und makroevolutionäre Muster vo Ammonoideen 

us em Anisium (Mittleri Trias) ds erforschä, hei mir darum ä integrierte Asatz brucht. Das heisst, dasi 

möglechscht viu verschidnägi Methodä und Proxies mitänäng ha kombiniert.  

Ds Ziu vo dere Diss isches, äs bessers Verständnis vodä Prozässe, wo morphologischi Veränderigä 

vo Ammonoidee bewürke, ds becho. Di usgstorbnige, marine Chopffüässer hei immne Ghüüs us 

Aragonit ghuuset u si mit modernä Tintäfisch, Krakä und Sepiä verwandt. Für morphologischi 

Entwickligsmuster ds entschlüsslä, heimer ontogenetischi und makroevolutionäri Prozässä vo 

Ammonoidee vom anisische Fossil Hill Member vo NW Nevada, USA analüsiert. Daderzuä hani Gstei 

und Fossiliä vo drüü Houptlokalitätä us zwo verschidnigä Regione ungersuecht: (1) dr Fossil Hill ir 

Humboldt Range, (2) dr Muller Canyon und (3) dr Favret Canyon idä Augusta Mountains. Di 

ungersuechtä Sequänzä ghörä zudä wäutwyt bekannteste Lokalitäte womer anisischi Ammonoidee 

cha fingä. Für di paläoökologischi Rekonstruktion hei mir hochuflösendi lithostratigraphischi Profil (cm-

Skala) ufgno. Währenddesse hei mer aui wichtigä Schichtä gsampled und Gsteisprobä gsammlet, us 

dene insgesammt 186 Dünnschliff präpariert si wordä. Insgesamt heimer zudem meh aus 8000 Fossiliä, 

vo drvo meh aus 7800 Ammonoidee si, gsammlet. Umnes bessers Verständnis vodä morphologische 

Veränderige vode gfungnigä Artä ds becho, heimer di morphometrisch Analyse vode Ammonoidee mit 

paläoökologischä Beobachtigä ergänzt. Ds übergeordnete Forschigsziu cha i drü Houptthemene 

ungerteilt wärdä: (1) Rekonstruktion vor Paläoumwäut vodä Lokalitätä, (2) Ammonoideen-
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Vergseuschaftigä, und (3) Morphologie vo Ammonoideen. Diä drü Houptthemene sy i vier verschidnigä 

Paper abghandlet wordä.  

Ds erstä Houptthema vo dere Arbeit ischd Paläoumweltrekonstruktion inklusive ere Analyse vor 

Mikrofazies und dr Bio- und Lithostratigraphie vode ungersuechtä Profiu. Bereits scho während der 

Fäudarbeit hetsech zeigt, dass di einzelnä ungersuechtä Sequenzä intern relativ iiheitläch si. Si bestöh 

aui usere Wächsulagerig vo chauchhautigä Silt- und Tonsteinä, wo immer widr mit linsäförmigä 

Chauchsteinä versetzt sy. D Uniformität vodä Fazies isch idä Laborarbeit bestätigt wordä. Weder d 

Analüsä vodä Dünnschliffe, no d Geochemie hei irgendwelchi grösserä Faziesveränderigä innerhaub 

vodä ungersuechtä Abfougä zeigt. D Laminierig vodä meistä Schichtä dütet auerdings of churzzytigi 

Suurstoffariicherigä vor ungerstä Wassersüülä und somit uf chlinneri paläoökologischi Veränderigä hy. 

Wägä dä augemein stabilä und ender ruigä Umwäutbedingigä hetsech ds Fossil Hill Member z Nevada 

aus es optimaus Intervau usägsteut um intrinischi Faktorä ds ungersuechä, wo Diversitäts- und 

Disparitätsmuster vo Ammonoidee beiflussä.  

Ds zwöitä Houptthema vo dere Arbeit isch d Analüsä vodä Ammonoidee-Vergesellschaftigä. Das 

beeinhautet vorauem d Ungersuechig vo müglächä Verschiebigä ir Alphataxonomie vor Fauna 

während em ungersuechät Zytintervau. Insgesamt si meh aus 50 verschydnegi Ammonoideeartä 

bestimmt wordä, wo zu 32 Gattigä us 15 Familiä ghörä. Dr Fossiubestang vom ungersuechtä 

Zytintervau (Nevadisculites taylori bis Frechites occidentalis Zone) wird ganz klar vor Familiä Ceratitidae 

Mojsisovics, 1879 (insbesondere d Ungrfamiliä Beyrichitinae Spath, 1934) dominiert. Äs git mehreri 

extrem hüüfigi Beyrichitinae wi zum bispiu Frechites occidentalis (Smith, 1914) und Gymnotoceras 

rotelliformis (Meek, 1877). Innerhaub vo dämm Intervau hei keiner abruptä Änderigä in Bezug ufd 

Arteviufaut chönnä festgsteut wärdä, was ä Periodä vo bsungriger Paläoökologischer Instabilität 

bedütet hetti.  

Ds letzte und glichzytig ou ds bedüütenstä Houptthema vo dere Arbeit si morphologischi 

Veränderigä vo Ammonoidee währen ihrer ontogenetisch Entwicklig. Di evolutionäre 

Entwickligsmuster vode ungersuechtä Artä si mit Methodene usem Beriich vo Traditional 

Morphometrics und Geometric Morphometrics analüsiert wordä. Daderbi hetsech der geometrisch-

morphometrisch Asatz aus bsungers wärtvou erwisä. Mit der R-Software isch e neui Methode zur 

Analüsä vo morphologischä Entwickligä vo Ammonoidee entwicklet wordä. Dä neu Asatz basiert 

houptsächlech uf ennere Reihä vo verschidnigä Funktionä vodä R-Paket geomorph, RRPP und Morpho. 

Di geometrisch-morphometrisch Analüsä hets mügläch gmacht, dass d Heterochrony vodä 

ungersuechtä Artä ds quantifizerä und ontogenetischi Schwankigä vor intra- und interspezifischä 

Variabilität ds verfougä. Bi Ammonoidee vor Ungerfamiliä Beyrichitinae sy di ontogenetisch Allometrie 



Zämäfassig   

XI 

und d intra- und interspezifisch Variabilität äng mitenang vrbungä. Di morphologischi Variation schiint 

ds Ergäbnis vodä Verschiebigä vom allometrischä Wachstumsmuster (d.h. Heterochronie) ds sy. Das 

ungerstützt di augemein Meinig, dass i stabilä Habitat generell di pädomorphi Entwicklig gägänüber dr 

Peramorphosä begünstigt isch. Es hei kener dominantä Entwickligsprozässe chönnä nachägwisä wärdä. 

Das isch auä d Foug vor allgemein stabilä Paläoumwäut und vom dermit verbundnigä gringä 

paläoökologische Druck.  

Eis vodä wichtigstä Ergäbnis vo dere Diss isch es, dass di morphologischä Veränderigä vodä 

ungersuechtä Artä vorauem vo intrinsischä Faktorä beeiflust wärdä. Di gfungnigä evolutionäre Trends 

vodä Ceratitidä si höchstwahrschinläch nid oder numä schwach dür paläoökologischi Veränderigä 

triggered wordä. Die i derä Arbeit vorgstöutä Methodene stöuä äs wärtvous Wärchzüg für zuekünftigi 

biogeographischi und phylogenetischi Ungersuechigä und Diversitätsanalüsä dar.  

Zuekünftigi Studie söttä drum versuechä, diä hiä vorstöutä Methodene ufnes breiters Spektrum a 

verschidnigä Morphologiä usdswiitä. I dämm Zämähang wär ä globale Vergliich vo morphologischä 

Muster bsungers interessant. Um es umfänglechs Biud vodä Morphospaces vo Ammonoidee ds becho, 

muäss der hiä vorstöut Asatz ufne morphologischi Analüsä vo verschidnigä Ghüüsformä erwiiteret 

wärde. Das wirds üs ermüglächä, morphologischi Veränderigä vo verschidnigä Taxa während ihrer 

Ontogenese ds vergliichä und dadermit ou ihri komplexi Entwickligsbiologie und Evolution ds verstaa.  
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AAbbreviations 
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11 Introduction 

1.1 Palaeogeography 

Nothing in the world is given, everything is in constant change. Even the ground we are standing 

on—the continents—are constantly transforming. Slowly, but continuously they drift on the surface 

of the earth. It is assumed that there have been at least three times in earth history when all of the 

continents were fused into one large supercontinent (Rogers & Santosh 2003): Columbia (~1800–1500 

Ma); Rodinia (~1100–700 Ma); and Pangaea (~250 Ma). 

Due to its shorter geological history of the youngest supercontinent, comparatively much is 

known about Pangaea. During the Triassic stage, the landmass was mainly surrounded by the Pan-

thalassic Ocean (Fig. 1.1-1). 

To the west, Panthalassa was 

connected to the Tethys, 

which was a deep oceanic 

gulf, cutting into the super-

continent (Preto et al. 2010). 

Due to the tropical-subtropi-

cal location and the shielding 

by Pangea, the palaeocli-

matic conditions in the 

Tethyan realm were different 

from the Panthalassic Ocean 

(Arias 2008). Tethys was a 

warm seaway (Totman 

Parrish 1999), that was signif-

icantly affected by the Pan-

gaean mega-monsoon belt 

(e.g. Parrish 1993; Arias 

2008). Even though Pan-

thalassa and the Tethyan 

realm were connected, they 

represented separate habitats with characteristic fauna assemblages (Hyatt & Smith 1905; Ogg et al. 

2020). 

 

 

Fig. 1.1-1: Middle Triassic (~245 Ma) palaeogeographic setting. Nevada 

as well as other important localities where Triassic ammonoids assem-

blages can be found are marked. Palaeoposition after Brosse et al. 

(2013) and palaeogeographic map of the Middle Triassic modified after 

Péron et al. (2005), Skrzycki et al. (2018). 
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11.2 The rocks of Nevada 

The study area of this thesis is located in 

the desert of NW Nevada, which is situated in 

the Great Basin of the Western USA (Fig. 1.2-

1). The rocks of the Triassic of Nevada were de-

posited in an epicontinental part of the Pan-

thalassic Ocean (Fig. 1.1-1). Whereas the dep-

ositional history of the investigated sequences 

is not characterised by major disturbances, the 

geological history, on the other hand, is very 

complex. In their book about the geology of 

Nevada Decourten & Biggar (2017) aptly de-

scribe the situation: “Exploring the geology of 

Nevada's roadsides is rather like twisting a ge-

ological kaleidoscope: every bend in the road 

brings new rocks into view.” 

 

 

1.2.1 Geologic and tectonic history 

The main reason for the stratigraphic complexity of Nevada is the region's eventful geological 

past. The following paragraph represents a very brief summary of the several billion years long devel-

opmental history of rocks the rocks of Nevada.  

The oldest rocks in Nevada can be found in the East Humboldt Range in the north-eastern part of 

the state and have an age of about 2500 Ma (Price 2002). The Proterozoic and Archean basement rocks 

of Nevada were part of the ancient supercontinent Rodinia (Decourten & Biggar 2017). About 700 Ma 

ago, Rodinia—and the area of today’s Nevada—was affected by continental rifting, tearing the land-

mass apart (Rogers & Santosh 2003). Thereafter, an ocean basin with a passive continental margin with 

no earthquakes or intense volcanic activity was formed (Decourten & Biggar 2017). 

In the Late Devonian to Early Mississippian time (~360 Ma) the extension reached its maximum 

and a subduction zone (Antler Orogeny) began to form on the future west coast of Pangaea (Price 

2002). All throughout the late Palaeozoic until the end of the Mesozoic, many crustal blocks/terranes 

(i.e. volcanic islands, carbonate reefs, and microcontinents) were accreted on the continental margin 

(Ingersoll 2008).  

 

Fig. 1.2-1: Large scale map with geographic loca-

tions of the Humboldt Range and the Augusta 

Mountains in NW Nevada, USA. 
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A complex mosaic of rocks of accreted terranes, crumpled layers of deep-ocean sediment, and 

volcanic and intruded igneous rocks started to extend the coastline westward (Decourten & Biggar 

2017). By the end of Mesozoic time, all of Nevada was exposed as dry land above sea level (Decourten 

& Biggar 2017). 

The Triassic strata in NW Nevada can be divided into two main lithologic successions Wyld (2000): 

a shallow marine succession that was deposited carbonate platform system (shelf terrane) and a deep-

marine basinal succession dominated by fine-grained siliciclastic rocks (basinal terrane). The rocks in 

focus of this study are part of the shelf terrane, which is separated from the adjacent fine-grained 

siliciclastic rocks of the basinal terrane by the Fencemaker Thrust (Wyld 2000) (Fig. 1.2-2).  

The Basin and Range extension began about 30 to 40 million years ago (Price 2002). The collision 

of the oceanic Farallon Plate with the North American continental plate caused the development of a 

magmatic arc and an orogenetic belt along the subduction zone (Fiero 2009). The subduction also 

caused an extension of the North American plate and therefore the formation of the Great Basin 

(Decourten & Biggar 2017). The displacement through the Jurassic/Cretaceous strike-slip faults system 

adds an additional complication to the complex stratigraphy of Nevada (Wyld 2000). The thinning and 

the extension of the Great Basin area of up to 100 % lead to a general uplift of the region (Fiero 2009; 

Decourten & Biggar 2017). The complex interplay between tectonic processes, orogenesis and volcanic 

 

Fig. 1.2-2: Location of the study area in NW Nevada, USA. Location of Fencemaker Thrust after Wyld (2000). 

Grey dotted line: Approximate course of the cross-section in Fig. 1.2-3. Map modified from Bischof & Lehmann 

(2020). 
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activity continued until about 7 Ma ago (Ingersoll 2019). While the volcanic activity of the region has 

almost come to a standstill, the San Andreas Fault is still a continuing threat (Fiero 2009). 

 

11.2.2 Stratigraphy 

From a stratigraphic point of view, the Anisian (early Middle Triassic) sediments of Nevada are 

associated to the Fossil Hill Member of the Prida (NW) and the Favret Formation (SE) that belong to 

the Star Peak Group (Tab. 1.2-1; Fig. 1.2-3). The Group is a succession of mostly carbonate rocks of a 

carbonate platform complex that covers an area of more than 5000 km2 (Nichols & Silberling 1977). 

The name "Star Peak" was first mentioned in literature by King (1878; p. 269) and was applied to a 

“body of 10000 feet of strata” that overlies the volcanic and sedimentary clastic rocks Koipato Group 

in the western Humboldt Region. The original definition of the Star Peak Group was later refined by 

Smith (1914); Cameron (1939), Ferguson et al. (1951) and Silberling & Wallace (1967). To my 

knowledge the most recent and comprehensive stratigraphic treatise on the group was done by 

Silberling & Wallace (1969) and Nichols & Silberling (1977). The latter estimates an average thickness 

of the group of about 1000 m (~3300 feet). In Nevada there is no other marine stratigraphic unit known 

of same or even older age (Nichols & Silberling 1977), which makes the observed successions even 

more valuable. A more general discussion on the geology and stratigraphy of the western USA can be 

found in Wyld (2000). 

All stratigraphic successions of the Star Peak Group were deposited during the Triassic period 

(King 1878). During this time, Pangaea was on the verge of breaking apart, carbonate platform systems 

developed between the landmasses and the Sierra Nevada magmatic arc became established (Wyld 

2000; Fiero 2009). Therefore, the sedimentary sequences of the Star Peak Group were deposited in 

the context of contemporaneous tectonics, volcanic activity and the associated regional uplift and sub-

sidence of the carbonate platform complex (Tab. 1.2-1). Carbonate platform deposits are especially 

sensitive to relative changes in sea level. Therefore, especially the episodes of tectonism resulted in 

striking facies changes (Nichols & Silberling 1977). In the vicinity of the China Mountain (Stillwater 

range, central region) the Fossil Hill Member is unusually thin and locally absent because of erosion 

and secondary dolomitisation beneath the overlying Panther Canyon member (Nichols & Silberling 

1977). Because all other stratigraphic successions of Anisian or Ladinian Ages are missing, the corre-

sponding deposits are called Fossil Hill Formation instead of Fossil Hill Member. 

In accordance with its name, the type locality of the Fossil Hill Member is on the southern flank of 

Fossil Hill in the south-eastern Humboldt Range (Silberling & Nichols 1982), where the member attains 

a thickness of about 60 m. However, due to local relative uplift and erosion during early Anisian time 

and the associate facies transition, the member is much thicker (~120 m) in the northern part of the 
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range (Silberling & Nichols 1982). In the Augusta Mountains the base of the member is not eroded and 

it therefore attains its greatest thickness of about 200 m (Nichols & Silberling 1977). In order to high-

light lateral differences and to take the tectonic displacement into account, the NW and SE parts of 

the Fossil Hill Member (see Fig. 1.2-3) are attributed to different formations (Nichols & Silberling 1977). 

Overall, we could not observe any fundamental stratigraphic differences between the Fossil Hill Mem-

ber in the Humboldt Range (NW) and the Augusta Mountain (SE). The microfacies of the observed 

successions herein are described in chapter 1.2.3 of this thesis.  

While the topography in the Humboldt Mountains is characterised by gently sloping hills, the Au-

gusta Mountains feature impressive rock formations with deeply incised canyons. Therefore, the pre-

dominant geomorphologic process in the Humboldt Range is in situ weathering, while in the Augusta 

Mountains mostly active erosion is taking place. As a result, much more coherent stratigraphic profiles 

can be measured in the vicinity of the Augusta Mountains. However, probably because the sections 

are much less accessible in this area, they are by far not as famous as the corresponding one in the 

Humboldt Range. The Anisian and lower Ladinian succession in the Humboldt Range is, in fact, one of 

the world's most famous sequences of Anisian ammonoid assemblages. 

 

Fig. 1.2-3:
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11.2.3 Microfacies and palaeoenvironment 

Considering how eventful the geological past of this area is, it is remarkable how tectonically un-

disturbed the Fossil Hill Member is. In total we measured seven stratigraphic sections (Fig. 1.2-4). No 

major syn- or post-sedimentary disturbances have been detected. Apart from some rare drainage 

Tab. 1.2-1.

Name Approx. 

age 
Depositional environment and rock type 

Auld Lang Syne Group Upper Triassic Terrestrial: Calcareous and argillaceous (rich in clay) sandstone 

St
ar

 P
ea

k 
G

ro
up

 

Cane Spring 
Fm. 

Carnian to No-
rian 

Intertidal and lagoonal, inner-platform, occasionally subaerial: Car-
bonates (Mud- to pelleted wackestone, rare grainstone with ooids). 
Base: volcaniclastics and sandstone  

Smelser Pass 
Mb. (SE) 

early Carnian Open-platform intertidal to shallow subtidal: Cliff-forming, biotur-
bated limestone, overlain by mafic volcanic rocks 

Panther Can-
yon Mb. (SE) 

late Ladinian Sabkha to terrestrial: Fine-grained, laminated, stromatolitic and sac-
charoidal dolomite. Conglomeratic, coarse- and fine-grained red-
beds 

Congress Can-
yon Fm. (NW) 

Ladinian to 
early Carnian 

Platform margin: Cliff-forming massive, mostly dark-grey, limestone, 
Packstone. Hydrothermally recrystallised, secondary dolomitisation 

Upper Mb. 
(NW) 

early Carnian Platform Margin: Massive, dark-grey, mostly recrystalised car-
bonates, Wackestone, quartz-silty, dark chert layers 

Home Station 
Mb. (SE) 

late Anisian to 
upper Ladinian 

Platform: Interstratified calcareous or dolomitic limestone, algal-
laminate fine-grained dolomite, siliceous siltstone and sandstone. 
Massive, cliff-forming saccharoidal secondary dolomite containing 
chert blebs. 

Fossil Hill Mb. middle to late 
Anisian 

Deep marine, below storm wave base: Alternating layers of lenticu-
lar limestone and calcareous siltstone. Very fossiliferous  

Lower Mb. (SE) late Spathian Shallow-water: High-energy deposits. Thick-bedded to massive, 
light-grey limestone. Forms benchlike outcrops. Fossiliferous  

Lower Mb. 
(NW) 

late Spathian Terrestrial: Sandstone, secondary dolomite, limestone of various 
kinds, and mafic volcanic rocks 

Dixie Valley 
Fm. (SE) 

late Spathian 
to middle Ani-
sian 

Alluvial to marine-influenced supratidal: Unfossiliferous alternating 
layers of yellow and brown conglomerate, sandstone, dolomites 
and maroon siltstone beds.  

Tobin Fm. (SE) Spathian Terrestrial: Mostly dark, unfossiliferous, laminated, irregularly frac-
tured, silty mudstone. Probably deposited under euxinic conditions. 

Koipato Group Triassic Terrestrial: Volcanic and clastic sedimentary rocks, partially eroded 

Havallah Sequence 

(Golconda alloch-
thon) 

Latest 
Devonian to 
Permian 

Deep marine: Various lithologies, but mostly radiolarian ribbon chert 
and argillite associated with siliciclastic, calcarenitic, and volcaniclas-
tic turbidites and slump deposits. Partially hydrothermally altered.  
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structures, hardly any synsedimentary disturbances were found. Detailed stratigraphic sections (cm 

resolution) can be found in in Appendix 1.  

The herein studied successions all consist of alternating layers of lenticular limestone and calcar-

eous siltstone. Following the classification of Folk (1962) and Dunham (1962) most lenticular limestone 

beds are classified as micritic to biomicritic mud- to wackestone and sometimes even packstone. There 

are some rare oil inclusions in ammonoid shells and other traps. The lenticular limestone beds are all 

thinly layered. Apart from some very rare burrows that can be observed under the microscope, there 

is no evidence of biological reworking of the sediment. Therefore, major benthic biological activity can 

be excluded. Towards the top of the member the individual carbonate beds are getting slightly thicker 

and more competent. The bottom water (or at least the sediment-water interface) was dysoxic to an-

oxic with oxygenated water above (Schatz 2000, 2005). The rather hostile environment allowed only 

little to no benthic fauna. Small-scale environmental changes most likely occurred in relation to short-

term oxygenation of the bottom waters (chapter 4.5). The results of the microfacies analysis indicate 

a rather calm depositional environment below the storm wave base. Since the whole member consists 

of more or less regular sequences, relatively stable depositional conditions can be assumed.  
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Fig. 1.2-4: Biostratigraphic correlation of measured sections in the Humboldt Range and in the Augusta Moun-

tains in NV Nevada, USA. For sampling areas see Fig. 3.1-1. Biostratigraphic framework of Nevada after Jenks et 

al. (2015).  
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11.2.4 Triassic biostratigraphy  

The foundation of Triassic biostratigraphy was laid by Mojsisovics et al. (1895). Although being 

limited to Europe and Asia, this study represented an important cornerstone for the worldwide corre-

lation of Triassic marine strata. Depending on the time interval analysed, there are many different 

micro- and macrofossils that can be used as index fossils. For biostratigraphic purposes the fossil oc-

currences must meet certain requirements: (1) They must be abundant; (2) they must be well pre-

served; (3) they must occur continuously in the stratigraphic record; (4) they must be short lived as a 

species; (5) they must be geographically widespread. For the Triassic Conodonts and ammonoids are 

the main correlation tools for marine deposits (Monnet et al. 2015; Ogg et al. 2020). These two bio-

stratigraphic frameworks should not be seen as competing theories but rather two different systems 

that complement each other (Balini et al. 2010). 

The rich fauna of the succession of the Fossil Hill Member primarily consists of halobiid bivalves 

and ammonoids but also vertebrates, conodonts, gastropods, brachiopods, ostracods and foraminif-

era. In the case of the Fossil Hill Member, ammonoids and conodonts are most suitable for a biostrat-

igraphic classification. Whereas ammonoids are the taxonomic group with the highest temporal reso-

lution within Triassic marine environments, (Balini et al. 2010), conodonts provide a more widespread 

method of correlation (Ogg et al. 2020). The general advantage of micro- over macrofossils is the ubiq-

uity in some strata (Lucas 2010). However, the down side of the small size is the invisibility of cono-

donts in the outcrop so they cannot be used to determine the age of strata during fieldwork (Lucas 

2010). Furthermore, the analysis of large bulk samples is needed for conodont biostratigraphy. This 

represents a logistical problem at both locations investigated for this work. Whereas Triassic conodont 

biostratigraphy is a comparably young field (Balini et al. 2010), there are more than 120 years of am-

monoid research in this discipline. In fact, most of the traditional stages (Anisian, Ladinian, Carnian, 

Norian, Rhaetian) were named from ammonoid-rich successions of the Northern Calcareous Alps of 

Austria (Ogg et al. 2020). 

In the late 19th century Mojsisovics et al. (1895) published his work on a first attempt to establish 

a standardised biostratigraphic scheme of the Triassic Period in the Tethyan region. In 1897, Alpheus 

Hyatt spent three weeks in the museum of the Geological Survey of Austria in Vienna (kaiserlich-kö-

nigliche Geologische Reichsanstalt), under the guidance of Dr. Edmund von Mojsisovics (Hyatt & Smith 

1905; p. 11). His research stay enabled Hyatt & Smith (1905) to make “a careful comparison” of the 

American and European faunas in that were available at that time. The work on the Triassic cephalopod 

genera of America also represented the starting point for the era of more thorough ammonoid collect-

ing in the Anisian rocks of NW Nevada. More than a century later, ammonoids have now become one 

of the most important biostratigraphic tools (Monnet et al. 2015; Ogg et al. 2020). 
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The Anisian and lower Ladinian ammonoid assemblages in NW Nevada are among the world’s 

most famous of this age (Silberling & Nichols 1982; Monnet & Bucher 2005b). In their pioneering work 

of Silberling & Tozer (1968) on the biostratigraphy of Northern America, they correlated the biostra-

tigraphy of Lower and Middle Triassic successions in Idaho, Nevada, California, Oregon, British Colum-

bia, Alaska, and the Arctic Islands of Canada. Subsequently, improvements of the biostratigraphic 

framework were mainly achieved by revisions of the local stratigraphy (e.g. Silberling & Wallace 1969; 

Nichols & Silberling 1977) and the ammonoid alphataxonomy (e.g. Silberling & Nichols 1982; Bucher 

1988, 1989, 1992a, b, 1994; Monnet & Bucher 2005b; Monnet et al. 2010). The state-of-the-art con-

sensus on Anisian ammonoid biostratigraphic zones and subzones of Nevada after Jenks et al. (2015) 

and the observed biostratigraphic distribution of Anisian ammonoid species are illustrated in Fig. 3.4-

1 and discussed in chapter 1.3.1 herein.  

In the context of the very complicated depositional history of the Great Basin, it is extremely val-

uable to have such a reliable proxy as ammonoids. What holds true on a regional scale, applies to the 

large picture as well. Anisian ammonoid assemblages are also of great significance for biochronological 

correlation across the low palaeolatitude belt from the eastern Pacific to the western end of the Tethys 

(Monnet & Bucher 2005b). For a review of Middle Triassic ammonoid biostratigraphy including a 

worldwide correlation see Jenks et al. (2015; figs. 13.13 and 13.14). 

 

11.3 AAmmonoids 

Ammonoids are a group of extinct cephalopods that were an important part of the marine biota 

from the Early Devonian until the Cretaceous period (Klug et al. 2015c). Even though their external 

shell strongly reminds of nautiloids and gastropods, they are in fact more closely related to coleoids 

(Engeser 1996; Kröger et al. 2011; Klug et al. 2015c). They major difference of ammonoids to nautiloids 

is the ventral position and the diameter of the siphuncle, the mode of mineralisation and the shape of 

the embryonic conch of the former (Engeser 1996; Klug et al. 2015c). Maybe the most important stand-

ard literature about ammonoids are the somewhat older “Red Books” of Lehmann, U. (1990) and 

Landman et al. (1996a) and the even more comprehensive two-volume work of Klug et al. (2015a, 

2015b). 

Particularly due to their rapid evolution and extinction (Yacobucci 2015) ammonoids are acknowl-

edged as powerful index fossil (Landman et al. 1996a; Gradstein 2020) and are considered to be the 

most  
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Fig. 1.3-1. Total generic richness of ammonoids through time. Composite image with data from following 

sources: Korn et al. (2015) from Devonian to Permian, Brayard & Bucher (2015) from the late Carboniferous 

until the end of the Triassic, and Yacobucci (2015) for the late Upper Triassic to the Upper Cretaceous. The 

three publications used slightly different approaches to measure diversity. Therefore, this illustration serves 

as a general guideline only.  

 

important group for the dating and correlation of Triassic marine strata (Monnet & Bucher 2005b; 

Monnet et al. 2015). In fact, all Triassic substages are currently defined by ammonoid bioevents 

(Monnet et al. 2015). This mainly because they are abundant fossil occurrences that can be found in 

most Mesozoic marine rocks of the world. Their most important and complete records of Triassic am-

monoid assemblages can be found in eastern Siberia, Spitsbergen (Svalbard), the Canadian Arctic 

(Sverdrup Basin), British Columbia, the western USA Basin (mainly Nevada, Utah, Idaho), South Cauca-

sus (Iran), the Germanic Basin, Alpine Region (Austria, Italy, Hungary and Bosnia), Oman, Salt Range 

(Pakistan), Himalayas (Spiti), Southern Tibet, South China (Guangxi and Guizhou provinces) and Timor 

(Balini et al. 2010; see also Fig. 1.2-1 herein). 

 

11.3.1 Ammonoid diversity through time 

Ammonoid extinction rates are interpreted to be vulnerable to palaeoenvironmental changes 

(Yacobucci 2015). In Earth’s history, life struggled with five major mass extinctions (Raup & Sepkoski 

1986). During these events, more than three-quarters of all species went extinct in a geologically short 

time interval (Barnosky et al. 2011). The most severe biodiversity crisis of the Phanerozoic took place 

about 252 Ma ago at the Permian/Triassic boundary (e.g. Sepkoski 1984; Erwin 1994; Benton 1995), 

with 80–96 % of all marine species becoming extinct (Sahney & Benton 2008). The Permian/Triassic 

erathem boundary correlates with the disappearance of many organisms, which were typical for the 

Palaeozoic (e.g. trilobites, rugose- and tabular corals). This opened up ecological niches that were 
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subsequently filled by taxa typical for modern faunas (e.g. bivalves, gastropods, osteichthyan fishes, 

echinoids; Sepkoski 1984). 

As most other groups, ammonoids were strongly decimated at the Permian/Triassic boundary as 

well (Brayard & Bucher 2015). Only a few species crossed the Permian/Triassic mass extinction leading 

to a quasi-monophyletic group during the Triassic (Monnet et al. 2015; Fig. 1.3-1). However, ammo-

noids were amongst the organisms with the fastest recovery rates in the aftermath of the mass extinc-

tion (Brayard et al. 2009a; Zakharov & Popov 2014; Close et al. 2020). The Triassic was characterised 

by the flourishing and dominance of the suborder Ceratitina (Monnet et al. 2015; Gradstein 2020). 

Ammonoid recovery during the Early Triassic is interpreted as the combined outcome of (1) the rapid 

refilling of a vacated ecological niches after the mass extinction, and (2) the successive extinction 

events and recurrent stressful environmental conditions that may have enhanced their high turnover 

rates (Brayard & Bucher 2015). Already in the Smithian (middle Lower Triassic) ammonoids reached 

diversity levels much higher than during the Permian (Brayard et al. 2009b; Zakharov & Mousavi Abnavi 

2013; Brayard et al. 2015; Fig. 1.3-1). Therefore, the Triassic is a key interval in the evolutionary history 

of ammonoids (Monnet et al. 2015). However, despite this long history of biostratigraphic research 

and key evolutionary steps, the evolution of Triassic ammonoids still remains poorly studied (Monnet 

et al. 2015). Due to its stable environmental conditions, the Anisian Fossil Hill Member of Nevada 

(chapter 4.5) is a suitable interval to study intrinsic factor influencing diversity and disparity patterns 

(chapter 4.4). 

 

11.3.2 Anisian ammonoids of Nevada 

Modern mining in Nevada – and the Humboldt Range – began in the middle of the 19th century 

(Decourten & Biggar 2017). Fortunately, the most fossiliferous beds in the Humboldt Range are asso-

ciated with a silver deposit that was found in 1860 (Silberling & Nichols 1982). Some of the fossils found 

by the mining men were acquired by the Geological Survey of California and subsequently described 

by William More Gabb (1864; Palæontology: Volume 1). These fossils were among the first American 

Triassic marine invertebrates that were scientifically described and examined (Silberling & Nichols 

1982). More than a decade later, Fielding Bradford Meek (1877; Part 1: Palæontology) in collaboration 

with Alpheus Hyatt, described additional fossil material that was collected by members of Clarence 

King's U.S. Geological Exploration of the Fortieth Parallel. 

The first extensive palaeontological field campaign in the Humboldt Range (“Saurian Expedition”) 

was financed and coordinated by Annie Montague Alexander in 1905 and officially lead by Professor 

John Campbell Merriam (UCMP History (n.d.)). Even though the focus of this expedition was on verte-

brate fossils, it enabled James Perrin Smith to collect some more fossil material for his comprehensive 
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monographic treatment of the Triassic invertebrate faunas of America (Smith 1914). Smith’s publica-

tion of 1914 was preceded by the publication of Hyatt & Smith (1905) on Triassic cephalopod genera 

of America in which the Humboldt Range featured less prominently.  

In keeping accordance to the scientific practice of his time, Smith (1914) described and listed a 

total of 110 ammonoid species from Fossil Hill in the Humboldt Range. The original alphataxonomy 

was then mainly refined using contemporaneous methods by Silberling & Nichols (1982) and Monnet 

& Bucher (2005b) that reduced number to 81 valid species (Brosse et al. 2013). However, there is also 

a number of studies that contributed significantly to the description of Anisian ammonoids assem-

blages from NV Nevada: i.e. Bucher (1988, 1989, 1991, 1992a, 1992b, 1994); Monnet & Bucher 

(2005a); Jenks et al. (2007); Monnet et al. (2010); Ji & Bucher (2018). 

The area around the Fossil Hill-Saurian Hill (Humboldt Range) is considered to be the world's most 

complete sequence of low-palaeolatitude Anisian ammonoid assemblages (Monnet & Bucher 2005b) 

and has become a standard for the collection of Anisian ammonoids (Silberling & Nichols 1982). How-

ever, it must be noted, that the Humboldt Range is not the only area where the carbonates of the 

Anisian shelf terrane (i.e. Fossil Hill Member) are exposed in Nevada (Fig. 3.1-1). Due to the flat topog-

raphy at many sites, it is often not possible to measure continuous stratigraphic sections and the fossil 

material has to be collected loosely. Even at Fossil Hill, excavations are required to obtain continuous 

sections. In the Augusta Mountains, however, the deeply incised canyons with a lot of active erosion 

offer perfect conditions for a thorough geological and stratigraphic documentation of the collected 

fossil material. However, the sites in the area of the Augusta Mountains are far less well documented. 

This is most likely because the mountainous topography of the wilderness study area is not as easily 

accessible as the vicinity of Fossil Hill. In conclusion, both localities investigated herein, have their ad-

vantages and disadvantages. In the end, however, they both offer a unique opportunity to analyse 

morphologic change and species associations of ammonoids through time and therefore provide new 

insights into the interrelation evolutionary processes and taxonomic concepts of the species. 

 

11.3.3 Ontogeny of ammonoids 

Ontogeny is the study of the sum of all developmental stages of an individual from the earliest to 

the most adult stages. The observation and especially the quantification of ontogenetic development 

can yield important information on the evolution of the observed individuals and groups. In morpho-

metric studies, ontogenetic pathways are often visualised using ontogenetic trajectories. These vectors 

represent a series of measurement values of different ontogenetic stages of an individual or a group, 

called longitudinal data (Klingenberg 1998). Therefore, either several individuals of different ages, or 
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several “snapshots” in the course of an individual’s life are necessary for the analysis of the ontogeny 

of most living beings.  

For the analysis of the ontogeny of ammonoids, however, a single (adult) individual is sufficient. 

This, because ammonoids retain a record of growth in their shells (Landman et al. 1996b). At the be-

ginning of their life (embryonic stage, i.e. ammonitella), most ammonoid species look very similar 

(Lehmann 1990). They consist of an initial chamber (i.e. protoconch) and about one planispiral whorl. 

The average diameter of the protoconch of ceratitine ammonoids is 0.30–0.65 mm (Landman et al. 

1996b). The majority of ammonoid species develop perfectly planispiral conches. The growth of the 

conches occurs through adding additional chambers to the existing conch (Korn 2012; Fig. 1.3-2 

herein). The actual ammonoid body occupied only the last chamber which is therefore called living 

chamber (Lehmann, U. 1990). All preceding chambers and coils (phragmocone) are overgrown and 

conserved (Korn 2012). This allows the investigation of complete ontogenetic transformations of a set 

of traits, such as the conch geometry and septal characters (Korn 2012). Particularly the analysis of 

ontogenetic trajectories of ammonoids provides useful information about diversity and disparity at 

higher but also at the species level (Hoffmann et al. 2019). Therefore, ontogenetic analyses are an ideal 

tool to unravel phylogenetic and taxonomic relationships between ammonoid groups (Rieber 1962). 

This makes them ideal for the study of evolutionary change in ontogeny through time (Naglik et al. 

2015). However, especially the field of Geometric Morphometric Methods and the associated statisti-

cal quantification of ontogenetic stages is far from being fully exploited.  

Modified rate/timing of shape change in relation to any ancestor, descendent respectively, within 

an evolutionary framework is called heterochrony (Zelditch et al. 2012, p. 317). There are two main 

heterochronic developments: Peramorphosis and paedomorphosis (Fig. 1.3-3). Whereas peramorphic 

descendants develop morphologic features that are “beyond” those of their ancestors (i.e. overmatu-

ration, 
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 paedomorphic descendants retain juvenile ancestral features (i.e. juvenilisation) (McNamara 2012). 

For more detailed and graphic explanations see Figure 1.3-3. 

Even though the study of heterochrony in ammonoids extends back decades, it is still an active 

area of research (i.e. Alberch et al. 1979; Gould 1988; Klingenberg 1998; Gerber et al. 2007; Gerber 

2011; McNamara 2012; Yacobucci 2015). The question–what drives evolutionary and ontogenetic 

change–is not yet and will probably never be fully resolved. However, there is evidence that certain 

heterochronic changes are adaptively favoured in particular environments (Yacobucci 2015). More sta-

ble environments can rather be associated with slowed down growth of the paedomorphic develop-

ment (Gould 1977, chap. 8; McKinney & McNamara 1991, chap. 4). In the context of this thesis, the 

analysis of heterochronic processes yielded important insights into the speciation of Anisian ceratitid 

ammonoids of Nevada, USA (chapter 4.3 and 4.4 herein).  

 

Fig. 1.3-2: Simplified sketches of shell bauplan and cross-sections of ammonoids. Photograph: Specimen num-

ber GSUB C9854. 
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Fig. 1.3-3: 
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22 Objectives and relevance of this thesis 

The main objective of the DFG project “AmMorphology” and this dissertation is to investigate 

drivers of morphologic changes in ammonoids. Thereby a key issue is the interrelation of morphologic 

change and total morphologic variation. To untangle evolutionary processes of ammonoids, a multi-

approach including taxonomy, morphometry, lithostratigraphy, and microfacies analyses was needed 

(Fig. 2.1-1). All analyses were based on fossil and rock material from the Anisian of NW Nevada. As 

summarised in Figure 2.1-1, this thesis can be divided into three main research topics each with differ-

ent goals: 

 

2.1 Palaeoenvironmental reconstruction 

How stable was the palaeoenvironment during the deposition of the Fossil Hill Member? 

Palaeoenvironmental changes are generally considered as a key driving force for evolutionary and 

morphologic change (Yacobucci 2015). A particular emphasis was put on the question whether there 

are any recurring shifts or patterns in the palaeoenvironment.  

 Measuring of detailed lithostratigraphic sections: The analysed stratigraphic sequences are 

characterised by very alternating layers of lenticular limestone and calcareous siltstone with 

an average thickness of 2–30 cm. In order to sufficiently investigate the sedimentary struc-

tures, lithostratigraphic sections had to be measured at centimetre resolution. 

 Analysis of thin sections: Carbonate microfacies analysis enables carbonate classification via 

the analysis of individual components and sedimentary structures. It furthermore allows a de-

tailed interpretation of fossil carbonate habitats and depositional environments including their 

evolution through time. 

 Geochemistry: Analyses of total organic carbon (TOC) and δ13C can be used as a proxy to de-

termine the source of organic carbon in the sediment. Of particular interest was the amount 

of biologic productivity in the depositional area. 
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22.2 Ammonoid associations 

Are there any taxonomic patterns or major shifts in biostratigraphic distribution of ammonoid asso-

ciations?  

In general, the mostly complete sections allow us to trace changes in the assemblage of ammo-

noids through time. Some Anisian ammonoid species of Nevada (especially representatives of the fam-

ily Ceratitidae) are described based on a stratophenetic view. This means that species are distinguished 

by their stratigraphic occurrence, with anatomical features then identified as diagnostic for those 

groupings (Yacobucci 2015). In this context, arguments over biostratigraphy often reduce to arguments 

over taxonomy (Lucas 2010). 

 Alphataxonomy. The first step for the evaluation of Anisian ammonoids associations was to 

evaluate and verify the alphataxonomy of the fossil material in a comprehensive literature 

search. This revealed the need for quantification and objectification of the taxonomic concept. 

 Biostratigraphic distribution. Possible fluctuations in species distribution patterns provide in-

sights to the stability of ecosystem. Furthermore, ammonoid biostratigraphy is an excellent 

tool to reliably correlate individual stratigraphic sequences in the complex geologic framework 

of Middle Triassic rocks in NW Nevada.  

 Taxonomic diversity. The severity of mass extinction events is often measured as “per-

cent/number of biologic groups that disappeared”. In this context, it is also directly related to 

 

Fig. 2.1-1. Graphical representation of research topics and objectives of this thesis. 



2. Objectives and relevance of this thesis 2.3. Ammonoid morphology 

19 

the prevailing diversity during balanced phases. Understanding diversity pattern in times of 

stable palaeoenvironmental conditions is therefore crucial for biodiversity studies. 

 

22.3 Ammonoid morphology 

What are the main factors influencing morphologic changes in Anisian ceratitid ammonoids of Ne-

vada, USA? 

As defined by Mayr (1949; Chapter VII, p. 119), the biological species definition is “If two animals 

produce fertile offspring, they usually belong to the same species”. In palaeontology – dealing with 

mostly extinct organisms – this is, however, more intricate. Therefore, in most cases individual species 

are defined through their morphologies, following the philosophy of “what looks alike, must be the 

same”. Intraspecific variation can therefore tremendously complicate species definition in palaeontol-

ogy. The complex alphataxonomy of Anisian ammonoids in NW Nevada, clearly demonstrated the need 

for a more quantifiable and objective morphologic methodology. Which approach should be used, al-

ways depends on the specific research question.  

 Morphospace occupation: For the evaluation and quantification of morphologic changes in 

ammonoids three different morphologic approaches were used:  

1. Linear measurements of ammonoid conches (Traditional Morphometrics). Measurements 

of the external shell are a basic and very comprehensible tool for species descriptions. How-

ever, especially in the case of the complex morphologic relationship of Anisian ammonoids 

revealing high amounts of intraspecific variability, this method lacks flexibility and quanti-

fiability. 

2. Raupian parameters on ontogenetic cross-sections (Traditional Morphometrics). The Rau-

pian parameters (Raup 1966) were introduced to describe the coiled conch morphospace 

and are calculated with the relationship of two or more linear measurements. Applied to 

ontogenetic cross-sections, Raupian parameters are an easy tool to track morphologic 

changes through ontogeny.  

3. Geometric Morphometric Methods (GMM) on ontogenetic cross-sections. The field of Ge-

ometric Morphometrics is based on very similar principles as Traditional Morphometrics. 

However, the use of methods such as Fourier analysis, and landmarks and semi-landmarks, 

allows a more flexible description of outlines. In addition, GMM are easier to quantify and 

are more suitable for statistical testing.  

 Ontogenetic allometry. Evolutionary differences from ancestors to descendants are usually ex-

pressed by a positive or negative allometric coefficient. Therefore, the quantification of the 
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size-shape relationship during ontogeny can yield important information on the taxonomic 

context of individual species. 

 Morphologic disparity. Animal as well as plant species are naturally influenced by a certain 

amount of morphologic variation. Thereby the question “how much variation is needed for the 

discrimination of a new species” might never be completely and universally clarified. However, 

the quantification of intra- and interspecific variability allows the description of the status quo 

and enables the comparison of different assemblages. Tracing morphologic disparity through 

time provides important insights to evolutionary processes affecting speciation.  

 

The above stated research topics are addressed in this thesis and in four different publications that 

represent chapter 4.2–4.5 herein: 

(1) Ontogenetic analysis of Anisian (Middle Triassic) ptychitid ammonoids from Nevada, USA 

(2) Ontogeny of highly variable ceratitid ammonoids from the Anisian (Middle Triassic)  

(3) Morphologic disparity and ontogenetic allometry of beyrichitine ammonoids 

(4) Palaeoenvironment of the Fossil Hill Member (Middle Triassic) in Nevada, USA  

 

The conclusions and a summary of the results are discussed in chapter 5. These investigations will 

lead to a better understanding of in- and extrinsic factors influencing morphologic changes in ammo-

noids. In addition, the methods introduced in this thesis will particularly promote the applicability of 

Geometric Morphometric methods using landmarks and sliding semi landmarks on ontogenetic cross-

sections of ammonoids.  

 

 

33 Material and Methods 

3.1 Study sites 

In summer 2017 and 2018, we – the members of the Geosciences Collection of the University of 

Bremen, Germany; GSUB – undertook each one field expedition in the desert of NW Nevada, USA. 

During a total of 11 weeks in the field, we collected the bulk of the fossil and rock material of this study. 

Due to the large geographical distance between the Humboldt Range and the Augusta Mountains, we 

set up two different base camps during both expeditions: (1) North side of Fossil Hill in the Humboldt 

Range, and (2) at the base of Favret Canyon in the Augusta Mountains (for geographic locations see 

Fig. 3.1-1).  
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As explained in chapter 1.2., the Fossil Hill Member is exposed at various locations (Fig. 3.1-1). 

However, stratigraphically coherent sections could only be measured at Fossil Hill (Fig. 3.1-2 A) and in 

the Augusta Mountains (Fig. 3.1-2 B and C). Which is why we put a clear focus on these localities in our 

fieldwork and subsequent analyses.  

 

  

 

Fig. 3.1-1: Location of the study area in NW Nevada, USA. The most important localities of Fossil Hill Member 

outcrops are marked. Map modified from Bischof & Lehmann (2020). 
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Fig. 3.1-2. A) Southern Flank of Fossil Hill at the Humboldt Range. B) Base of measured section in the Muller 

Canyon. C) Aerial view of Muller Canyon. Dotted rectangle marks the measured section. D) Fossil and rock 

material (and a frying pan) were stored in steel drums for shipping. All pictures taken by members of the GSUB.  

 

33.2 Rock and fossil material 

In total, we collected material with a gross weight of over 4 tons (Fig. 3.1-2 D), which led to the 

preparation of over 8000 fossils and 186 thin sections. The fossil material collected by us is stored in 

the collection of the Geosciences collection of the University of Bremen (GSUB). In order to close 

smaller gaps, I have analysed additional fossil material from the following collections: 

 

 Paläontologisches Institut und Museum (PIMUZ), University of Zurich, Switzerland 

 Museum für Naturkunde (MfN), Berlin, Germany 

 P. Embree: Resource Exploration and Drilling, LLC, Orangevale, CA, USA 

 J. Jenks: private collector; West Jordan, UT, USA. The specimens used in this thesis are 

now housed in New Mexico Museum of Natural History & Science, Albuquerque, USA 

  

A B 

C D 
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33.3 Methods 

This project can be subdivided in three major areas of research (Fig. 2.1-1, chapter 2): (1) Bio- and 

lithostratigraphy; (2) ammonoid associations; (3) ammonoid morphology. This threefold subdivision 

can also be detected in the methods used in the course of this study. Figure 3.3-1 provides an overview 

of the different methods that were used in the course of this thesis. More detailed descriptions are 

provided for each manuscript individually in the corresponding chapters (chapter 4.2–4.4).  

The final Geometric Morphometric analysis was written in R language. The resulting R scripts are 

published in two publications of this thesis (chapter 4.3 and 4.4) and made available to third parties. 

 

 

Fig. 3.3-1: Flow diagram of methods used. Divided according to the three subject areas with a colour code. Green: 

Bio- and Lithostratigraphy, purple: ammonoid associations, orange: ammonoid morphology. More detailed descrip-

tions are provided for each manuscript individually in the corresponding chapters (chapter 4.2–4.4). 
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33.4 Biostratigraphic distribution 

A total of 7809 ammonoids, 131 coleoids, 10 nautiloids, 15 gastropods and 4 brachiopods were 

collected and prepared. Associated with the many ammonoid samples are countless daonellid bivalves. 

Figure 4.3-1 shows the biostratigraphic distribution of the sampled material. Over all, the observed 

biostratigraphic pattern of the 53 Anisian ammonoid species is in agreement with the biostratigraphic 

distributions published by Silberling & Nichols (1982) and Monnet & Bucher (2005b). Patterns in bio-

stratigraphic distribution are discussed in chapter 5.2 of this thesis.  
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44 Case studies 

This thesis is written in a cumulative form and is based on three case studies on the morphology 

and ontogeny of Anisian (Middle Triassic) ammonoids and one case study about the palaeoenviron-

ment of the Anisian of NW Nevada. All case studies are mainly using fossil and rock material retrieved 

from the Fossil Hill Member of Fossil Hill in the Humboldt Range and Muller Canyon of the Augusta 

Mountains (Pershing County), north-western Nevada, USA. The first case study, however, also contains 

some specimens that were collected by J. Jenks in the Rieber Gulch and Favret Canyon of the Augusta 

Mountains (Pershing County), and the Wildhorse-McCoy Mine area (Churchill County). The manu-

scripts are either published in or submitted to peer-reviewed scientific journals. Chapter 4.1 represents 

a short outline of my own and my co-authors’ contributions to each of the four manuscripts. 

 

 

4.1 Author’s contribution 

First case study: Ontogenetic analysis of Anisian (Middle Triassic) ptychitid ammonoids from Nevada, 

USA 

Eva A. Bischof, Jens Lehmann, Journal of Palaeontology, 94 (2020) 829–851.  

This study addresses scientific objective 3.3. Both authors collected the specimens and contributed in 

a discussion about the general idea of this paper. While I was in charge of the taxonomic and morpho-

logic description, as well as the traditional morphometric analysis (grinding and polishing samples, 

sketching in illustrator, analysis in Excel), J. Lehmann analysed and interpreted the suture lines of the 

ammonoids, which I drew in Adobe illustrator. The results were interpreted and discussed by J. Leh-

mann and myself. The manuscript was written and reviewed by both authors.  

 

 E. A. Bischof J. Lehmann 

Idea / Hypothesis 80 % 20 % 

Data acquisition 70 % 30 % 

Data evaluation 80 % 20 % 

Interpretation 70 % 30 % 

Writing of manuscript 80 % 20 % 
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Second case study: Ontogeny of highly variable ceratitid ammonoids from the Anisian (Middle Tri-

assic) 

Eva A. Bischof, Nils Schlüter, Dieter Korn, Jens Lehmann, PeerJ (2021) 

This study addresses scientific objectives 3.2 and 3.3. I had the underlying idea for this paper that was 

subsequently improved by a discussion between N. Schlüter and me. J. Lehmann and I collected the 

specimens. D. Korn provided some additional specimens which, however, were not considered in the 

analysis. I did the taxonomic inventory and interpretation of the material. I did the cross-sectioning 

and polishing of the ammonoids specimens with some help from D. Korn. The subsequent placing of 

the landmarks on digitised sketches of the specimens was done by myself. The multivariate statistics 

methods were chosen by N. Schlüter and myself. I wrote the R script for the computation the geometric 

morphometric analysis. The interpretation of the results was done by N. Schlüter, J. Lehmann and I, 

but all authors discussed the interpretation. I wrote the manuscript, which was reviewed by all other 

authors.  

 

 E. A. Bischof N. Schlüter D. Korn J. Lehmann 

Idea / Hypothesis 65 % 20 % 5 % 10 % 

Data acquisition 90 % / 10 % / 

Data evaluation 70 % 30 % / / 

Interpretation 70 % 20 % 5 % 5 % 

Writing of manuscript 80 % 10 % 5 % 5 % 

 

 

Third case study: Morphologic disparity and ontogenetic allometry of beyrichitine ammonoids 

Eva A. Bischof, Nils Schlüter, Jens Lehmann, to be submitted to PlosOne  

This study addresses mainly scientific objective 3.3. The paper was based on ideas of N. Schlüter and 

me, but J. Lehmann added details as well. The specimens were collected by J. Lehmann and myself. I 

did the taxonomic inventory and interpretation of the material. I did the cross-sectioning, polishing 

and scanning of the ammonoids specimens. The underlying Procrustes shape data were obtained by 

me. The multivariate statistics methods were chosen by N. Schlüter and me. I wrote the R script for 

the computation the geometric morphometric analysis. N. Schlüter used the R script for his part of the 

analysis. N. Schlüter and I wrote the manuscript, which was reviewed by J. Lehmann. 
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 E. A. Bischof N. Schlüter J. Lehmann 

Idea / Hypothesis 65 % 30 % 5 % 

Data acquisition 100 % / / 

Data evaluation 70 % 30 % / 

Interpretation 70 % 20 % 10 % 

Writing of manuscript 70 % 20 % 10 % 

 

 

Additional case study: Palaeoenvironment of the Fossil Hill Member (Middle Triassic) in Nevada, USA 

Jens Lehmann, Eva Bischof, Thomas Lis, Martin Sander, Patrick G. Embree (manuscript in progress)  

This study addresses scientific objective 3.1. The paper was based on ideas of J. Lehmann, T. Lis, M. 

Sander, P.G. Embree and me. The data used for the analysis was mainly part of the Master’s thesis of 

T. Lis. The stratigraphic sections were measured by J. Lehmann and me. Patrick G. Embree is the owner 

of the Fossil Hill Locality and was of tremendously help during conducting the field work. Most of the 

rock material was processed by T. Lis, but a smaller part was also prepared by me. I drew the strati-

graphic columns and synoptic sections in illustrator and provided the biostratigraphic framework. J. 

Lehmann, M. Sander and I wrote the manuscript, which was reviewed by T. Lis.  

 

 J. Lehmann E. A. Bischof T. Lis M. Sander P. G. Embree 

Idea / Hypothesis 50 % 20 % 20 % 5 % 5 % 

Data acquisition 30 % 30 % 20 % 10 % 10 % 

Data evaluation 40 % 20 % 30 % 10 % / 

Interpretation 40 % 20 % 20 % 10 % 10 % 

Writing of manuscript 70 % 15 % 5 % 5 % 5 % 
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44.2 First case study 

 

 

Ontogenetic analysis of Anisian (Middle Triassic) ptychitid ammonoids from Nevada, USA 

 

 

Eva A. Bischof, Jens Lehmann 

 

 

Published in Journal of Palaeontology, 94 (2020) 829–851. 

 

 

Reuse in agreement with the Creative Commons Attribution License 

 

 

 

Please cite the following publication as a journal article and not as a thesis chapter: Bischof EA, and 

Lehmann J. 2020. Ontogenetic analysis of Anisian (Middle Triassic) ptychitid ammonoids from Nevada, 

USA. Journal of Paleontology 94:829-851. 10.1017/jpa.2020.25.  

https://doi.org/10.1017/jpa.2020.25  
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44.3 Second case study 

 

 

Ontogeny of highly variable ceratitid ammonoids 

from the Anisian (Middle Triassic) 

 

 

Eva A. Bischof, Nils Schlüter, Dieter Korn, Jens Lehmann 

 

 

Published in PeerJ 

 

 

Reuse in agreement with the Creative Commons Attribution License 

 

 

 

Please cite the following publication as a journal article and not as a thesis chapter: 

Bischof EA, Schlüter N, Korn D, and Lehmann J. 2021. Ontogeny of highly variable ceratitid ammo-

noids from the Anisian (Middle Triassic). PeerJ 9:e10931. 0.7717/peerj.10931. https://peerj.com/arti-

cles/10931/ 
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4.4 Third case study 

 

 

Morphologic disparity and ontogenetic allometry of beyrichitine ammonoids 

(unpublished manuscript) 

 

 

Eva A. Bischof, Nils Schlüter, Jens Lehmann 

 

 

To be submitted to PlosOne 
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Morphologic disparity and ontogenetic allometry of beyrichitine ammonoids 

(unpublished manuscript) 

 

 

 

 

AAbstract  

The high taxonomic diversity of Anisian (Middle Triassic) beyrichitine ammonoids of NV Nevada is 

decoupled from their relatively low morphologic disparity. Depending on the exact definition, morpho-

logic disparity of a data set is a direct consequence of the sum of all ontogenetic changes. In the past, 

however, the interplay of both morphological processes has only rarely been addressed. 

Using geometric morphometric methods, this study aims at a quantification of allometric pro-

cesses and the morphologic disparity of beyrichitine ammonoids. The multivariate statistical analysis 

revealed that the morphologic disparity within and between the studied species seems to be the result 

of deviations in the ontogenetic allometric growth pattern (i.e. heterochrony). During deposition of 

the stratigraphic sequence, a general progressive pedomorphism (juvenilization) was observed. The 

intraspecific variability pattern coincides with the total interspecific morphologic disparity of the ana-

lyzed species. The comparison of ontogenetic allometric patterns and changes in morphologic disparity 

are likely to refine our understanding of the intrinsic factors influencing the speciation of this group. 

 

Keywords: Geometric morphometrics, heterochrony, allometry, ontogeny, morphologic dispar-

ity, morphospace, Beyrichitinae, Anisian, Nevada 
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44.4.1 Introduction 

Analysis of morphology and ontogeny are the source for evolutionary and developmental studies 

in deep time. Since the late 20th century, developmental concepts such as heterochrony (e.g., Gould 

1977; Alberch et al. 1979; McNamara 1990; McKinney & McNamara 1991; Klingenberg 1998; Zelditch 

et al. 2012) and morphological disparity or inter- and intraspecific variation (e.g., Gould 1991; Foote 

1997; Eble 2000; Ciampaglio et al. 2001) have proven to be an invaluable source of information com-

plementing taxonomic approaches (Eble 2000; Gerber et al. 2008; Bischof et al. 2021) and enriching 

our knowledge of evolutionary dynamics (Foote 1997; McNamara & McKinney 2005; Gerber et al. 

2008; Gerber 2011). If intraspecific variation is regarded as differences between ontogenetic end 

points, it can be argued that the total amount of disparity is a direct consequence of heterochrony 

sensu Alberch 1979 (McNamara & McKinney 2005). Knowledge of the ontogenetic trajectories is there-

fore a prerequisite for enlarging our understanding of macroevolutionary development (Gerber et al. 

2008). However, despite their close relationship, morphologic disparity patterns have been relatively 

rarely addressed in the context of heterochronic analyses (e.g., Eble 1998; Eble 2000, 2002, 2003; 

Zelditch et al. 2003; McNamara & McKinney 2005; Crônier 2013). 

In general, heterochrony is defined as change in timing (age) or rate (size) of development relative 

to the ancestor (McNamara 2012). However, changes in rate and timing of ontogenetic events can, by 

definition, only be determined where the age of compared individuals is known (McKinney & 

McNamara 1991; chap. 2). Particularly in paleontology, exact growth rates are often not known 

(Lécuyer & Bucher 2006; Knauss & Yacobucci 2014). In ammonoids the accretionary growth with 

preservation of previous chambers, adds a relative time component to the analysis (i.e. the more 

whorls an individual has, the older it must be). Here it was assumed that the analyzed species have 

similar coiling rates (i.e., the individual species develop the same number of whorls in the course of 

their life). Where growth rate is similar between two groups, allometric relationships may reflect true 

heterochronies (McKinney & McNamara 1991; chap. 2). In general, ammonoids are ideal model 

organisms to study ontogenetic change, intraspecific variability, and macroevolutionary patterns 

(Seilacher 1988; Bucher et al. 1996; Landman et al. 1996; Monnet et al. 2011). That is reasoned in their 

wide paleogeographic distribution, high preservation potential and high taxonomic diversity and 

morphological disparity (Korn 2012). 

Previous research has shown that late Anisian (Middle Triassic) ammonoid assemblages of the 

Fossil Hill Member in NV Nevada are well suited as morphological case studies (Bischof et al. 2021). 

The ammonoids are very abundant and well preserved almost throughout the member. In addition, 

the continuous thin-layered calcareous successions were deposited in a rather stable and calm pale-

oenvironment (Lehmann et al. in prep.). During the depositional period of the Fossil Hill Member no 
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major paleoenvironmental shifts were detected. Therefore, the sequences allow to trace morphologi-

cal change of the species on a high-resolution stratigraphical scale. 

Previous geometric morphometric analyses on the Anisian family Ceratitidae Mojsisovics, 1879 of 

Nevada revealed that members of this group cover a wide range of taxonomic diversity, which, how-

ever, is associated with rather low levels of morphologic disparity (Bischof et al. 2021). Quantification 

of morphological disparity and ontogenetic allometry would provide further insight into the evolution-

ary history of these species. However, by defitinition, phylogenetic information is crucial in 

determining heterochronic changes among taxa (McKinney & McNamara 1991; chap. 2). To our 

knowledge, for ceratitid ammonoids there is no phylogenetic framework available. For the analyses 

herein, we therefore focused on more closely related species of the subfamily Beyrichitinae Spath, 

1934. The continuous successive stratigraphic sections of the Fossil Hill Member of NV Nevada allow 

to trace the development of individual species of this subfamily.  

In this study, we used a landmark-based geometric morphometric approach including a suite of 

multivariate statistical tests to study morphological change through ontogeny of beyrichitine ammo-

noids. This is done in order to analyze heterochronic processes and compare the intra- and interspecific 

developmental patterns of these species. First, we analyzed ontogenetic allometric trajectories and 

compared the individual pattern to each other at the species level. Furthermore, we investigated 

whether intra- and interspecific variability patterns of whorl shape can be noticed among all studied 

species. The analysis of such patterns might reveal important evolutionary mechanisms in the diversi-

fication of this clade. In a second step, we contrasted the concept of heterochrony and morphologic 

disparity in order to assess their interlinkage.  

 

44.4.2 Material & methods 

Fossil material 

For this study 46 specimens representing a total of eight species of the genera Gymnotoceras 

Hyatt 1877, Frechites Smith 1932 and Parafrechites Silberling & Nichols 1982 were analyzed. These 

three genera all belong to the subfamily Beyrichitinae Spath, 1934. The selected species are the most 

characteristic ammonoids of the late Anisian Fossil Hill Member of NW Nevada, USA. All specimens 

were collected at the Fossil Hill of the Humboldt Range and in the Muller Canyon of the Augusta Moun-

tains (Pershing County), north-western Nevada, USA. The material is stored in the Geosciences Collec-

tion of the University of Bremen (GSUB), Germany. More information on the meta data of the fossil 

material (i.e. geological framework, biostratigraphy, morphologic comparison, data acquisition) can be 

found in Bischof et al. (2021). 
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Members of the three genera in focus are morphologically similar (Bischof et al. 2021; figs. 3–5 ). 

The studied species belong to the discoidal morphospace and mainly differ through characteristic ways 

of ventral arching and some gradual differences in ribbing (Fig. 1). Bischof et al. (2021) have shown 

that all species follow the same ontogenetic pathway from very depressed to compressed whorls. 

However, while some species complete the entire path, some stop their development at an earlier 

ontogenetic stage. This study therefore examines the closely related species in more detail and quan-

tifies the allometric differences between them.  

Fig. 1
Frechites nevadanus Frechites nevadanus Gymnotoc-

eras weitschati Gymnotoceras blakei Gymnotoceras mimetus
Gymnotoceras rotelliformis Parafrechites dunni Parafrechites 

meeki
 

DData acquisition 

The underlying shape data of this study represents an excerpt of the data of Bischof et al. (2021). 

The landmarks were retrieved using tpsDig2 v.2.31 (Rohlf 2010). Every half whorl is a separate config-

uration, which is represented by 16 landmarks (Fig. 2). The set of landmarks consists of two unpaired 

(1, 2) and seven pairs of landmarks (3–16), of which eight are sliding semi-landmarks. To omit missing 

values in subsequent analyses, the data set was limited to 11 half volutions (i.e., half whorl or growth 

stage number 5.5). Therefore, every specimen is represented by a total of 176 landmarks (16 land-

marks on 11 half whorls). 
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GGeometric morphometric analysis 

The exact appearance of any mor-

phospace depends on the shapes which 

are being analyzed. Therefore, only the 

raw data of Bischof et al. (2021) were 

used and the basic geometric morpho-

metric analysis was repeated as briefly 

summarized below in this sub-section. 

All geometric morphometric analyses 

were done using the R software v 3.6.3. 

(R CoreTeam 2020) including the R pack-

ages Morpho v2.8 (Schlager 2017), geo-

morph v3.3.1. (Adams et al. 2020) and 

RRPP v0.6.0 (Collyer & Adams 2018; 

Collyer et al. 2020).  

In a first step the 2D landmark co-

ordinates were subjected to a full gen-

eralized Procrustes alignment (GPA) us-

ing the Morpho::procSym function. The 

full Procrustes fit standardizes size, ori-

entation and position, leaving only the Procrustes shape coordinates (Hammer & Harper 2005). Sub-

sequently, the R function geomorph::combine.subsets was used to standardize all configurations of all 

growth stages to unit centroid size (log10CS; un-weighted Procrustes shapes) Centroid size is regarded 

as a proxy for the size of the whorls and equals the square root of the summed squared distances of 

each landmark from the centroid of the landmark configuration before the GPA (Zelditch et al. 2012). 

For the calculation of the two-dimensional morphospace we then ran a principal component analysis 

(PCA) on the aligned un-weighted Procrustes shape coordinates. 

To illustrate morphologic variation an ontogenetic trajectory space and a developmental mor-

phospace were calculated. In an ontogenetic trajectory space, the ontogenetic trajectory of every in-

dividual is reduced to a single data point (Bischof & Lehmann 2020; Bischof et al. 2021, formerly called 

ontogenetic morphospaces). The difference of allometric spaces sensu Gerber et al. (2008) to trajec-

tory spaces is that the first use allometric trajectories of the size-shape space instead of ontogenetic 

trajectories. Whereas ontogenetic trajectory spaces are a tool to examine if the ontogenetic pathways 

of individuals differ, developmental morphospaces sensu Eble (2003, p. 40) describe how trajectories 

 

Figure 2. Digitized sketch of high-precision cross-section of an 

ammonoid whorl with position of landmarks. Filled crosses: 

fixed landmarks; empty crosses: sliding landmarks; black num-

bers: number of landmark. Definition of fixed landmarks: 1) 

venter of preceding whorl; 2) venter of whorl; 3 and 4) ventral 

shoulder or point of highest curvature; 5 and 6) maximum 

width; 7 and 8) Umbilical seam. 
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vary. In the context of this study this means that every individual dot in the developmental mor-

phospace is represented by a specific ontogenetic stage (i.e. half whorl) of an individual (Bischof et al. 

2021). The extreme shapes of the developmental morphospace, were calculated with the R function 

GeometricMorphometricsMix::reversePCA (Fruciano 2019) and for the computation of the thin-plate 

spline deformation grids the R function geomorph::plotRefToTarget was used. All scatterplots were 

drawn with the R package ggplot2 (Wickham 2016). 

OOntogenetic allometry 

Depending on the scientific context, there are various, closely related biological and evolutionary 

developmental (evo-devo) terms that can be associated to studies of the size-shape space: Allometry 

(e.g. Klingenberg 1996; Gerber et al. 2008; Mitteroecker et al. 2013), allometric space (e.g. Gerber et 

al. 2008; Gerber 2011) or simply heterochrony (e.g. Alberch et al. 1979; McKinney & McNamara 1991; 

McNamara 2012). To unravel patterns in the ontogenetic development of individuals and the phyloge-

netic variation between taxa, the size-shape relationship was analyzed here. In this study the allome-

tric space was calculated with a regression analysis of the log-transformed size on the values of the 

first primary component (PC1) of each species (PCshape ~ log10CS*Group) using the R function geo-

morph::procD.lm with 999 iterations and Sum of Squares type I. To quantify the relationship between 

Procrustes shape variables and a predictor (here log-transformed centroid size) the function fits a lin-

ear model to the Procrustes data and creates a size-shape space. A significant association between size 

and shape for particular species rejects the null hypothesis of isometry (no change in shape during 

growth) and reveals the influence of allometry.  

Quantification of allometric trajectories 

To quantify interspecific and intergeneric allometric relationships, we performed a homogeneity 

of slopes (HOS; R function RRPP::pairwise) test and a phenotypic trajectory analysis (R function 

RRPP::trajectory.analysis with 999 iterations). Both functions test for differences in the slope angle and 

length of the shape-size relationship to quantify the amount of shape variation, which is explained by 

size. More details on these procedures can be found in Esquerré et al. (2017, p. 2832). 

Allometry is associated with changes during growth with age by definition. Since the age of fossil 

specimens can only hardly be determined, size and whorl number are used here as a proxy for age. 

Whereas the HOS test regards size as a continuous variable (i.e. log10size), the trajectory.analysis func-

tion depends on at least one categorical interaction variable (i.e. number of whorl) as a proxy for size. 

Therefore, the above computed allometric model (PCshape ~ log10CS*Group) was used in the HOS test 

and in the trajectory analysis a linear model including the whorl number (PCshape ~ Group * 

WhorlStage) was used. In general, differences in slope angles and maximum centroid size can be the 
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result of heterochronic processes. For the terminology for heterochrony we follow the concept of 

Alberch et al. (1979) which is nicely illustrated in McNamara (2012). 

MMorphologic disparity 

To examine whether intraspecific variability differs amongst growth stages, we used the R func-

tion geomorph::morphol.disparity. Intraspecific variance is calculated in an analogous manner to mor-

phological disparity (Zelditch et al. 2012). The function calculates absolute differences in Procrustes 

variances of specified groups and tests for pairwise differences in Procrustes variances between these 

groups while accounting for group size. The statistical significance of the calculated Procrustes vari-

ances between the different growth stages was assessed using a randomized residual permutation test 

with 999 iterations.  

It is very important to note that only discontinuous predictors (i.e. whorls) can be used here. In 

case a continuous predictor such as log10CS is used, the function morphol.disparity uses the overall 

mean of all configurations. It is also essential to make the distinction between intraspecific (range of 

variation of a within a species) and interspecific variability (difference of a characteristic between spe-

cies). 

 

4.4.3 Results 

Ontogenetic and developmental morphospaces 

The ontogenetic (Fig. 3) and developmental (Fig. 4) morphospace of beyrichitine ammonoids do 

not substantially differ from the ceratitid morphospaces that were described in Bischof et al. (2021). 

The first three components (PCs) of the Principal Component Analysis (PCA) on the data set with joint 

configurations (i.e. ontogenetic trajectory spaces, Fig. 3) account for 63.5 % (PC1 = 43.7 %, PC2 = 15.6 

%, PC3 = 4.2 %) of the total variation. Since most of the variation is explained by the first component, 

the placement of the species along PC1 is the most important characteristic. Whereas the genus Fre-

chites occupies the left side (low PC 1-values), in the central and right part of the diagram Gymnotoc-

eras and Parafrechites intermingle to some extent. This distribution is a first indication that the onto-

genetic trajectories have taxonomic significance. 

The developmental morphospace (Fig. 4) shows the same three basic ontogenetic phases as de-

scribed in Bischof et al. (2021): (1) Earliest whorls are flattened and occupy the lower left quadrant 

(negative PC1 and PC2 values; Fig. 5 A); (2) the depressed whorls of juveniles cover the central area of 

plot (PC1 = 0; PC2 slightly positive; Fig. 5 B); (3) adults have more compressed and stout whorls, right 

side of the diagram (positive PC1 and negative PC2 values; Fig. 5 C). The first three components of the 
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PCA of all growth stages of the specimens as separate configurations (i.e. developmental mor-

phospace) account for 93.8 % (PC1 = 80.1 %, PC2 = 10.7 %, PC3 = 3.0 %) of the total variation.  

 

 

Fig. 4. Developmental morphospace with PCA of un-weighted Procrustes shape variables. Point size refers to 

growth stage. Deformation grids show the transformation of the mean shape to the modeled shapes of the ex-

treme values for PC1 and PC2. 

 

 

Fig. 3. PCA plots of ontogenetic trajectory space of all species of A) Principal Component 1 and 2; B) Principal compo-

nent 1 and 3. 
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Fig. 5. Mean shapes of growth stages A) 0.5, B) 3.0 and C) 5.5. 

 
 

 

Fig. 6. TPS spline of mean shape of whorl 5.5 of all species in this study (grey) plotted against the mean shape of whorl 

5.5 of the respective species (black). 

 

 

Since the herein studied species show Type A and Type B ontogenetic trajectories (for a discussion 

on types see Bischof et al. 2021), there are two extreme adult shapes (Fig. 6): Type A) rather depressed, 

stout conches that do not overlap much the preceding whorl and are associated with much shorter 

ontogenetic trajectories (F. nevadanus, F. occidentalis, P. meeki), and Type B) compressed conches 

with a more pronounced venter and a higher degree of overlap with the preceding whorl (G. blakei, G. 

mimetus, G. rotelliformis, G. weitschati, P. dunni). 

 

EExamining ontogenetic allometry: Regression model 

Whorl shape is influenced by the centroid size, the group (species and/or genus) and the interac-

tion of the two (R function geomorph::procD.lm; Table 1). This indicates that there is an ontogenetic 

allometric (and not isometric) pattern present and the allometric slopes differ amongst species and 

genus. The full model (PCshape ~ log10CS * species; Table 1) describes the shape significantly better 
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than the reduced model (PCshape ~ log10CS; additional file 1). Therefore, the full model was used for 

further analysis.  

Table 1. Analysis of variance table obtained from the Procrustes ANOVA (R function RRPP::lm.rrpp) of the full 

model (PCshape~ log10CS *group) on the species and genus level: Df: Degrees of freedom; SS: Sum of squares; 

MS: mean squares; R2: coefficient of determination; Z: Effect sizes (Z) based on F distributions; Pr(>F): p-value of 

F statistics.   

Species Df SS MS R2 F Z Pr(>F) 

log.size 1 0.98264 0.98264 0.70889 1463.5398 7.2528 0.001 

species 7 0.02765 0.00395 0.01995 5.8834 6.1831 0.001 

log.size:species 7 0.04689 0.00670 0.03383 9.9769 7.7669 0.001 

Residuals 490 0.32899 0.00067 0.23734 
   

Total 505 1.38617 
     

 

       

Genus Df SS MS R2 F Z Pr(>F) 

log.size 1 0.98264 0.98264 0.70889 1401.3677 7.2141 0.001 

genus 2 0.01675 0.00837 0.01208 11.9416 4.9199 0.001 

log.size:genus 2 0.03619 0.01809 0.02611 25.8034 6.4041 0.001 

Residuals 500 0.3506 0.0007 0.25293    

Total 505 1.38617      

 

The fitted values of the linear regression model were plotted against the log10CS (Fig. 7). Differ-

ences in slopes of the ontogenetic allometric trajectories are caused by changes in ontogenetic allome-

tric patterns. There is not much variation in shape of whorl 0.5 between the individual species (Figs. 5, 

7), but the range of different shapes of whorl 5.5 is more complex (Figs. 6, 7). The species G. weitschati 

displays a much smaller y-intercept (Fig. Reg) than all other species. However, with three specimens 

this species had the smallest sample size (Fig. 4) and therefore also less statistical power.  

 

EEvaluation and quantification of allometric slopes 

Allometric slopes differ among species (Fig. 7) and genera as well. For the statistical quantification 

of the allometric trajectories an allometric trajectory analysis (R function RRPP::trajectory.analysis) 

and a homogeneity of slopes test (HOS; R function RRPP::pairwise) were performed. Pairwise compar-

ison of allometric trajectories revealed that all genera and most species have significantly different 

pairwise slopes (direction of shape change) in at least one of the two test procedures (see additional 
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file 2). Three species pairs did not reveal statistically significant slopes in either of the two tests (G. 

blakei-P. dunni, G. weitschati-G. mimetus and G. weitschati-G. rotelliformis). The members of the non-

significant pairs all belong to type B. 

Whereas the minimal centroid size does not vary much between the individual species, there is 

more variability in later ontogenetic stages. In general type A species attain smaller maximum (cen-

troid) sizes than type B species. Accordingly, the prevailing heterochronic process from type B to type 

A can be regarded as a neoteny (pedomorphosis). 

 

 

Fig. 7. Ontogenetic allometric trajectories with fitted values of the linear regression model plotted against log10CS. 

Point size refers to growth stage. TPS splines of Procrustes shapes for extreme regression values against the mean 

shapes of respective growth stage. The values of the y-intercept and the slopes of all species can be found in Table 

2. 

 

IIntraspecific variability and morphological disparity during ontogeny 

A general pattern in the levels of intraspecific Procrustes variance (Fig. 8 A) among the whorls can 

be observed in all investigated species: a faint decrease of relative variability occurs after the first whorl 

(0.5), with a general slight increase after whorl stage 1.5 or 2.0. The taxa F. nevadanus, F. occidentalis 

and P. meeki, have a relatively homogenous pattern with no significant differences among the whorls 

in the levels of Procrustes variance. In G. weitschati, G. mimetus, G. blakei, G. rotelliformis and P. dunni, 

in contrast, the Procrustes variance of whorl 5.5 is approximately doubled to tripled compared to pre-

vious whorls (see. Fig. 8 A for visual comparison, additional file 3 for data). Whereas the Procrustes 

variance of whorls 0 to 5.0 of G. blakei, G. rotelliformis and P. dunni, are again relatively homogenous, 
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as in above mentioned species, G. mimetus and G. weitschati are the only species that have a second 

significant minima of variance between the whorl stage 3.0 and 5.5. 

 

Table 2. Intercept and slopes of linear model of fitted shape values on centroid size. 

Stratigraphic order from 1=old to 8=young.  

Species Ontog. 

Type 

Stratigraphic 

order 

y-Intercept Regression 

slope 

G. weitschati B 1 -0.2914 0.05211 

G. mimetus B 2 -0.2852 0.04963 

G. rotelliformis B 3 -0.2626 0.04529 

G. blakei B 4 -0.2374 0.04107 

P. dunni B 7 -0.2247 0.039 

P. meeki A 6 -0.2119 0.03603 

F. occidentalis A 8 -0.2042 0.03372 

F. nevadanus A 5 -0.1867 0.03175 

 

The total variance of the respective whorls (Fig. 8 B) of the investigated species is relatively ho-

mogenous among whorls 0.5–5, with a relatively small drop from whorl 0.5 to whorl 1.5. The variance 

of following whorls is generally increased again, though, admittedly, no significant differences among 

whorls 0.5 – whorl 5 can be reported; only whorl 5.5 with the most elevated level of Procrustes vari-

ance differs significantly to previous whorls. 

The total intraspecific morphologic disparity (Fig. 8 C) in stratigraphic order shows a downward 

trend from old to young. Especially within the evolutionary line of the genus Gymnotoceras the mor-

phologic disparity is constantly decreasing.  

 

44.4.4 Discussion 

In this study, ontogenetic allometric trajectories and intraspecific variability patterns of ammo-

noids were quantified for the first time using geometric morphometric methods. The methods used 

represents an extension of the methods previously introduced by Bischof et al. (2021). The analysis of 

the evolutionary patterns revealed that the analyzed species do not really differ through morphological 

shapes that are developed per se, but rather through their individual developmental rates, i.e. heter-

ochrony (Figs. 4, 8). This is confirmed by differences in ontogenetic (Fig. 3) and allometric ontogenetic 
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trajectories (Fig. 7) among species. The ontogenetic development of the species in focus are charac-

terized by several changes in morphologic disparity (Fig. 8) and developmental rate or “timing” of 

whorl outline (Fig. 7; Table 1). These findings go in line with previous research on ceratitid ammonoids 

by Bischof et al. (2021). 

 

 

Fig. 8. A) Intraspecific variability patterns. Contribution of individual whorls of species to intraspecific mor-

phologic disparity. The x axis shows the growth stages from 0.5 to 5.5. B) Total Procrustes variance of all 

species at specific growth stages. The x axis shows the growth stages from 0.5 to 5.5. C) Contribution of species 

to overall morphologic disparity. Species are ordered in stratigraphic order from left-old to right-young.  
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PPatterns in ontogenetic allometry 

The ontogenetic development of the species and genera in focus are characterized by changes in 

developmental rate or “timing” of whorl shape (Fig. 7; Table 1), which manifests itself in an almost 

constant decrease of the allometric slope in stratigraphic order (Table 2). In general, adult represent-

atives of stratigraphically younger species resemble juveniles of stratigraphically older individuals, i.e. 

pedomorphosis or juvenilization (Gould 1977, p. 209; Alberch et al. 1979; McKinney & McNamara 

1991, p. 14). 

Due to their small size (+/- 0.4 mm) the earliest whorls are more difficult to measure than later 

and larger ontogenetic stages. However, more importantly, this large difference implies also that the 

relative measurement error associated with the earliest (smaller) ontogenetic stages is much larger 

(Bischof et al. 2021). Such measurement inaccuracies have a greater influence on the y-intercept (more 

strongly influenced by shape at origin) than on the slope of the allometric trajectories (reflects inter-

play of all shapes during ontogeny). Therefore, it is suggested that pre- and/or post-replacement of 

the allometric trajectories was induced by measurement inaccuracies. The full ontogenetic sequence 

of the studied specimens, as already described by Bischof et al. (2021), includes the transition from flat 

to depressed to compressed whorls. Thereby the studied species can be divided in two main ontoge-

netic groups: B) longer trajectories that refer to an elongated adult whorl shape (G. blakei, G. mimetus, 

G. rotelliformis, G. weitschati, P. dunni), and A) truncated trajectories that are caused by “juvenilized” 

(pedomorphic), rather rounded and stout adult whorls (F. nevadanus, F. occidentalis, P. meeki). Re-

garding the quantification of allometric heterochrony the following three main statements can be 

made: (1) The pairwise difference in slope of the individual species and genera are statistically signifi-

cant. (2) The evolutionary lineage of Gymnotoceras lineage is characterized by a progressive decrease 

in allometric slope, i.e. neoteny (pedomorphosis). (3) The smaller allometric slope of Type A species 

compared to Type B species is indicative for neoteny (resulting in pedomorphosis). 

Paleobiologists argue that certain heterochronic changes would be adaptively favored in particu-

lar environments (Yacobucci 2015). Thereby, more stable environments can rather be associated with 

slowed down growth of the pedomorphic development (Neoteny) (Gould 1977, chap. 8; McKinney & 

McNamara 1991, chap. 4). The relatively calm and stable paleoenvironment under which the succes-

sions of the Fossil Hill Member were deposited (Lehmann et al. in prep.) do not challenge this picture.  

Intraspecific variability and morphological disparity 

Two unequivocal patterns of intraspecific variability during ontogeny can be recognized among 

the studied species (Fig. 8). The first pattern is characterized by homogeneous levels of Procrustes 

variance among the whorls and can be detected in F. nevadanus, F. occidentalis and P. meeki 
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(ontogenetic type A). The ontogenetic trajectories of these species are shorter (Fig. PCA), i.e. reflect 

pedomorphic development. The second pattern shows a significantly increased level of Procrustes var-

iance in the last whorl (whorl 5.5). The latter pattern is particularly seen in ontogenetic type B species: 

G. weitschati, G. blakei, G. rotelliformis, G. mimetus and P. dunni. Similar developmental patterns were 

detected by Gerber et al. (2007; tab. 2; fig. 6) that described significant higher levels of variance of 

adult hildoceratid ammonoids than their corresponding juveniles. By applying a traditional morpho-

metric approach, Hoffmann et al. (2019) studied intraspecific variation during the ontogeny in 

ammonoids, resulting in no clear patterns in variation. The differences in study design hinder a close 

comparison of their study with ours. 

In general, there is no clear-cut pattern in the variability during ontogeny in ammonoids. Studies 

report ontogenies for instance with a decrease in variability from oldest to youngest stages and vice 

versa (McNamara & McKinney 2005; De Baets et al. 2015). The intraspecific variability patterns of the 

studied species can be explained by their ontogenetic developmental grouping rather than by their 

taxonomic assignment. Particularly within the evolutionary line of the genus Gymnotoceras the total 

Procrustes variance (Fig. 8 C) is characterized by a progressive decrease in stratigraphic order (from 

old to young). 

In case of the studied material elevated levels of morphologic disparity coincide with the occur-

rence of the three “extreme” shapes (flat – depressed – compressed; Fig. 5). When transitions between 

developmental stages are accompanied by abrupt changes (critical points or ‘‘Knickpunkte’’; Kullmann 

& Scheuch 1970; Kant & Kullmann 1973), developmental disparity patterns are likely to be polyphasic 

as well (Gerber et al. 2007). 

It is remarkable that in the intraspecific variability of particularly the ontogenetic type B group 

group (Fig. 8A; G. weitschati, G. blakei, G. rotelliformis, G. mimetus and P. dunni) a pattern is revealed 

which coincides with the total interspecific morphologic disparity of the analyzed species (Fig 8B). The 

variance of the latest whorl (5.5) is significantly elevated, in comparison to the remaining whorls, in 

either both, morphologic disparity and intraspecific variability, patterns. Accordingly, the shape of 

whorl 5.5, which yields the highest disparity in the analyzed species, has also the highest level of intra-

specific variability. This might indicate weakened developmental constraints that promote disparity in 

the shape of the latest whorl among the analyzed beyrichitine ammonoids. Similar observations were 

made in species of the Late Cretaceous echinoid Micraster (Schlüter & Wiese 2018). 
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44.4.5 Conclusion 

Even though heterochronic processes are possible factors responsible for morphologic disparity, 

the interplay of heterochrony and morphological disparity has only rarely been addressed (McNamara 

& McKinney 2005). In this study heterochronic relationships and morphologic disparity of ammonoids 

were quantified using geometric morphometric methods on ontogenetic cross-sections for the first 

time. Comparisons of disparity, when combined with multivariate statistical analyses of ontogenetic 

allometric trajectories, help to quantitatively assess the role of development in shaping morphospace 

occupation and adult disparity (Gerber et al. 2008). 

The geometric morphometric analysis of this study revealed that intraspecific variability patterns 

of the studied species are only roughly linked to their taxonomic classification; rather it is explained by 

their individual ontogenetic developmental grouping. Therefore, intra- and interspecific morphologic 

disparity in beyrichitines seems to be the result of perturbations of the allometric growth pattern (i.e. 

heterochrony). There is evidence that more stable environments can generally rather be associated 

with slowed down growth of pedomorphic development, i.e. neoteny (Gould 1977, chap. 8; McKinney 

& McNamara 1991, chap. 4). This suggests that the rather calm and stable environment of the Fossil 

Hill Member (Lehmann et al. in prep.) favored pedomorphic processes, which is reflected by the con-

tinuously decreasing allometric slopes (Fig. 7) of the species studied here. 

The comparison of ontogenetic allometry patterns and changes in morphologic disparity are likely 

to refine our understanding of the intrinsic factors influencing the speciation of this group. Even if the 

methods introduced herein might not supply the full causal explanation on the diversity and disparity 

patterns observed, they offer additional insights into the macroevolutionary processes in ammonoids. 

This study therefore underlines the importance of using quantitative multivariate analyses to properly 

assess the role of ontogenetic processes in shaping morphologic disparity across species.  
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Fig. 3. (A)
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Fig. 5.
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4.5.2 Localities, methods and conventions 

Fossil Hill. 

Augusta Mountains. 
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Fig. 6. (A)

(B) (C)

Microfacies. 
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4.5.3 Sections 

Fossil Hill 

FHD section. 
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Fig. 7: (A)
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Fig. 8:

Mixosaurus nordenskioeldii
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FHE-F section. 

 Dixieceras lawsoni

Gymnotoceras mimetus Longobardites zsigmondyi

FHR section. 

 

FHS section. 
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Augusta Mountains 

FCE section. 

MUC section. 
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Liostrea
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Fig. 9: (A)

(B)

(C)

(D)

(E)

(F)

(G-H)

(G) (H)

Mixosaurus nordenskioeldii

in situ

Microfacies. incomplete paragraph, work in progress
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Fig. 10:

Liostrea

4.5.4 Discussion 

(incomplete paragraph, work in progress) 
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Liostrea

in vivo

Dieneroceras
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Omphalosaurus

4.5.5 Conclusions 

(incomplete paragraph, work in progress) 
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Hoploscaphites constrictus
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Acrochordiceras 
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Aetostreon latissimum
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55 Final conclusions 

As outlined in chapter 2, this thesis can be subdivided into three main research topics: (1) Palae-

oenvironmental reconstruction, (2) ammonoid species associations, and (3) ammonoid morphology. 

The following discussion examines how the specific research goals were addressed in this thesis (chap-

ters 5.1–5.3) and how these three aspects influence each other (chapter 5.4). 

 

5.1 Palaeoenvironmental reconstruction 

How stable was the palaeoenvironment during the deposition of the Fossil Hill Member? 

The beginning and the end of the Triassic are each defined by major mass extinctions (Fig. 1.3-1 

herein; Brayard & Bucher 2015). While the ecosystem in the Lower Triassic was recovering, the Upper 

Triassic was already affected by further, but smaller extinctions. In the Middle Triassic, we can there-

fore observe less constrained ammonoid evolution beyond the scope of lethal conditions of a mass 

extinction. Despite the long history of biostratigraphic research, the evolution of Triassic ammonoids 

still remains poorly studied (Monnet et al. 2015). 

The very diverse Anisian and lower Ladinian ammonoid assemblages in NW Nevada are among 

the world’s most famous of Triassic age (Silberling & Nichols 1982; Monnet & Bucher 2005b). It is gen-

erally agreed upon that palaeoenvironmental changes are a key driving force for evolutionary and 

morphologic change (Yacobucci 2015). In order to find an explanation for the high Anisian diversity, 

the Fossil Hill Member was thoroughly investigated for palaeoenvironmental shifts. Therefore, the bio- 

and lithostratigraphy including geochemical proxies (δ13C, TOC) were analysed. 

The investigated sequences all consist of alternating layers of calcareous siltstone and mudstone 

with lenticular limestone (chapter 4.5, Appendix 1). The finely laminated and fine-grained sediment 

indicate deposition below the storm wave base and thus more than 200 m water depth. The few pieces 

of wood that were found in the sequences suggest some proximity and connection to the shoreline of 

Pangaea. The bottom water (or at least the sediment-water interface) was dysoxic to anoxic with oxy-

genated water above (Schatz 2000, 2005). The rather hostile environment allowed only little to no 

benthic fauna. Small-scale environmental changes most likely occurred in relation to short-term oxy-

genation of the bottom waters (chapter 4.5). This is supported by the occurrence of abundant and 

partially well-preserved mono- to paucispecific bivalve assemblages that prove the–at least tempo-

rary–dense occupation of the habitat. 

Our study found no evidence of major palaeoenvironmental shifts driving evolutionary change of 

ammonoids. In the absence of external forces such as palaeoenvironmental and predatory pressure, it 

can be concluded that the evolutionary changes must have been driven by intrinsic factors from within 
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the ammonoids population. This demonstrated the need for a more detailed morphologic analysis, 

which will be discussed in more detail in the following chapters. 

 

55.2 Ammonoid associations  

Are there any taxonomic patterns or major shifts in biostratigraphic distribution of ammonoid asso-

ciations?  

5.2.1 Biostratigraphic distribution 

The almost continuously fossiliferous Fossil Hill Member offers a unique opportunity for detailed 

studies of the changes within ammonoid populations through time; and gives considerable insights 

into the evolution and taxonomy of these fossils (Silberling & Nichols 1982). There are numerous stud-

ies on the Anisian ammonoid assemblages from NW Nevada, USA (i.e. Silberling & Nichols 1982; Bucher 

1988, 1989, 1991, 1992a, b, 1994; Monnet & Bucher 2005a, b; Jenks et al. 2007; Monnet et al. 2010; Ji 

& Bucher 2018). In the present thesis, observations of the upper and lower parts of the Fossil Hill 

Member were combined into one study for the first time. In the course of this study, a total of 53 

different species that are housed into 32 genera and 15 families were detected (Fig. 4.3-1). Overall, 

the observed biostratigraphic distribution pattern (Fig. 3.4-1) is in agreement with the biostratigraphy 

published by Silberling & Nichols (1982) and Monnet & Bucher (2005b). Within the Fossil Hill Member, 

no substantial shifts in ammonoid species association were detected (Fig. 3.4-1). Overall the investi-

gated sequence can be subdivided in three different main parts (Tab. 5.2-1).  

 

5.2.2 Alphataxonomy  

The basic work on the biostratigraphic species distribution has revealed the complexity of the 

alphataxonomy of the involved species. In many cases, arguments over biostratigraphy commonly re-

duce to arguments over taxonomy (Lucas 2010). As it is quite common, new ammonoid species in 

Nevada were frequently described based on a stratophenetic view (Yacobucci 2015). Thereby, the spe-

cies are initially distinguished by their stratigraphic occurrence, with a subsequent identification of 

diagnostic anatomical features for those groupings (Donovan 1994). The stratophenetic approach 

makes the alphataxonomy of these species particularly challenging (Yacobucci 2015). 
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Even though smaller shifts in species association occur, the member, which covers a depositional 

period of about 4 Ma (chapter 4.5), can be considered as one composite unit. As expected from the 

literature (Brayard et al. 2009b; supporting material fig. S2), the high ammonoid diversity in the Fossil 

Hill Member was mainly dominated by genera of the family Ceratitidae Mojsisovics, 1879. Particularly 

the evolutionary lineage of Beyrichitinae Spath 1934 is characterised by progressive shifts in morphol-

ogy rather than abrupt changes, as originally stated by Silberling (1962). Subsequently this was rejected 

by Silberling & Nichols (1980, 1982). In the context of this thesis, I would like to emphasize that strati-

graphically successive beyrichitine ammonoid assemblages do commonly show a progressive and grad-

ual shift in morphology confirming the initial assumption by Silberling (1962). Therefore, species sep-

aration of this group is necessarily arbitrary to some extent (Silberling 1962). It might, however, not be 

adequate to generalize this finding or to extend it to all Anisian ammonoids.  

In the study of ammonoids, the greatest difficulties often centre on the definition and delimitation 

of the species as the fundamental unit of classification (Donovan 1994). Considered superficially, the 

Anisian ammonoids of Nevada show a very high disparity with well-defined morphologies. Therefore, 

the taxonomy of the species does not seem to be very complex at first. However, a closer look reveals 

that many species exhibit high intraspecific variability hindering a clear distinction of individual species. 

These difficulties are particularly common among representatives of the family Ceratitidae Mojsisovics 

1879. This is mainly caused by the stratophenetic classification of the species in their original taxo-

nomic descriptions. Therefore, it is especially important to apply a more objective and quantitative 

approach to original species descriptions (Rouget et al. 2004; Neige et al. 2007; Yacobucci 2015). In 

chapter 5.3 of this thesis, this was addressed by complementing traditional descriptions with Tradi-

tional and Geometric Morphometric Methods. 

Tab. 5.2-1. Summary of three main groups of ammonoid associations of Fossil Hill Member in Nevada, USA. 
Figure 3.4-1 shows the biostratigraphic distributions of the ammonoid species in the member. 

Biostratigraphic zones Dominant species / groups Prevailing morphologies 

Frechites occidentalis 

Parafrechites meeki 

Almost balanced ratio between 
Beyrichitinae, Paraceratitinae, 
Longobartinae,  

Rather balanced ratio of discoidal to 
spherical and oxyconic morpholo-
gies. Particularly Paraceratitinae 
generally with tubercles and spines.  

Gymnotoceras rotelli-
formis 

Gymnotoceras mimetus 

Gymnotoceras weitschati 

Gymnotoceras (Beyrichitinae) Discoidal conches, mostly rather 
smooth shells or falcoid ribs 

Balatonites shoshonensis 

Nevadisculites taylori 

Acrochordiceras (Acro-
chordiceratidae) 

Rather balanced ratio of discoidal, 
spherical and oxyconic morpholo-
gies 
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55.3 Ammonoid morphology 

What are the main factors influencing morphologic change in Anisian ceratitid ammonoids of Ne-

vada, USA? 

The continuous stratigraphic sections of the Fossil Hill Member in NW Nevada allow to trace 

changes of morphologies through time. For the observation of many evolutionary processes - such as 

heterochrony - a close phylogenetic relationship between species is essential (McKinney & McNamara 

1991; chap. 2). Therefore, the abundant and diverse family Ceratitidae Mojsisovics 1879 and subfamily 

Beyrichitinae Spath 1934 were chosen for further morphologic analyses.  

For the evaluation and quantification of morphologic changes of ammonoids three different mor-

phologic approaches were used: (1) Linear measurements, (2) Raupian parameters of Traditional Mor-

phometrics methods, (3) Geometric Morphometric methods (GMM) using landmark data. Linear meas-

urements and the derived Raupian parameters are a very straightforward tool for a basic description 

of ammonoids. Ceratitid ammonoids, however, often differ through their characteristic ways of ventral 

arching and presence or absence of a keel, which can hardly be described with linear measurements 

(Neige 1999). In chapter 4.3 of this thesis a more detailed discussion on the advantages of GMM over 

the latter can be found. The main advantage lies within the much higher flexibility of landmark data.  

The observed patterns in ontogenetic allometry and intra- and interspecific variability of beyrichi-

tine species are closely linked to one another. Morphologic disparity, which is a measure of the latter, 

seems to be the result of perturbations of the allometric growth pattern (i.e. heterochrony). However, 

none of the morphometric approaches used in chapter 4.2–4.4. revealed the presence of dominant, 

directional evolutionary processes. This is interpreted to be the result of the generally stable palaeo-

environment and therefore only a limited amount of environmental pressure (Chap. 4.5). The geomet-

ric morphometric approach revealed that paedomorphic development seems to be more common 

within the evolutionary line of ceratitid ammonoids than peramorphic development. In fact, this ob-

servation supports the common view that paedomorphosis is the dominant evolutionary process in 

stable environments (Gould 1977, chap. 8; McKinney & McNamara 1991, chap. 4).  

Whereas the evolutionary lineage of Gymnotoceras is characterised by a progressive decrease in 

allometric slope (i.e. “juvenilisation”), the changes in the other, younger genera rather suggest a pro-

gressive peramorphosis (i.e. “overmaturation”). This would suggest a paradigm shift between the 

Gymnotoceras rotelliformis and Parafrechites meeki zones. However, based on the current data, this 

hypothesis is highly speculative. To underpin this assumption, additional fossil specimens would be 

needed to collect more data. 
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55.4 Overarching conclusions 

The overarching aim of this thesis is to broaden our understanding of evolutionary and develop-

mental processes of ammonoids. Ammonoid diversity but also disparity is controlled by both “internal” 

biological processes (e.g. developmental flexibility, intraspecific variability, heterochronic processes) 

and “external” environmental factors controlling habitat space and geographic distributions (e.g. sea 

level cycles, tectonic shifts, oceanographic conditions, and climate change) (Yacobucci 2015). There-

fore, a synthetic and quantitative approach to the macroevolution and palaeobiogeography of ammo-

noids is essential to understand the evolutionary dynamics of this highly remarkable group of animals 

(Yacobucci 2015). 

The Fossil Hill Member is characterised by drastic facies changes at the base and top. However, 

during its deposition, no major palaeoenvironmental shifts were detected. The investigated sequences 

proof of a generally stable, but nevertheless hostile palaeoenvironment of the Middle Triassic ecosys-

tem with dysoxic to anoxic bottom-waters. Small-scale environmental changes most likely occurred in 

relation to short-term oxygenation of the ocean floor (chapter 4.5). The occurrence of abundant and 

partially well-preserved bivalve assemblages prove the–at least temporary–dense occupation of the 

habitat. 

We could not identify a dominating environmental factor driving the evolution of the studied am-

monoids in one direction. The observed evolutionary trends within Ceratitidae seem to be driven by 

intrinsic factors rather than by adaptation to the few small-scale palaeoenvironmental changes. Within 

the family Ceratitidae, paedomorphosis seems to be more common than peramorphosis. The biologic 

meaning of the observed evolutionary pattern currently remains elusive. 
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66 Outlook  

This doctoral thesis represents an integrated approach to develop a better understanding of pro-

cesses influencing morphologic change in ammonoids. Particularly the Geometric Morphometric anal-

yses using R programming has proven to be a fruitful area of research. The Geometric Morphometric 

methods introduced here represent a major step towards more comprehensive and quantitative spe-

cies descriptions. However, despite the contributions of this study, the application of Geometric Mor-

phometric methods on ammonoids remains challenging and further methodological work is undoubt-

edly needed. The following three paragraphs summarise additional research questions and issues that 

deserve more attention.  

 

1) Acquisition of additional morphometric data 

I am confident that the heterochronic processes observed in the Geometric Morphometric Anal-

ysis of this work reflect true biological processes. Nevertheless, it cannot be denied that the statistical 

power is rather low in some cases. It is however very important to always keep in mind what is being 

analysed. For example, the R function geomorph::morphol.disparity accounts for group size. Therefore, 

overall morphologic variability is not strongly dependent on how many individuals of a single species 

are analysed. Individual outliers can potentially distort the amount of total variability in a dataset. Pro-

portionally, however, no significant deviations are to be expected. However, caution is required when 

statistical statements are made about individual whorl stages. Even though statistical functions usually 

take the sample size into account, random deviations may be overestimated.  

A completely different approach to improve Geometric Morphometric analyses is the use of CT 

scanning. The disadvantage of CT scanning is that this method is very expensive. On the other hand, as 

a non-destructive method, it can be obtained from any sample, e.g. also from historical specimens. 

Unfortunately, it was impossible to produce useful CT scanning images of the fossils of the Anisian 

Fossil Hill Member due to a lack of contrast (chapter 5.2 and 5.3). Had it been successful, the geometric 

analysis would have been possible at a much finer resolution. However, Tajika & Klug (2020) stated 

that a resolution of 180° is usually sufficient for capturing the main development steps.  

 

2) Geochemistry and absolute age model 

The geological and geochemical part of the thesis would benefit from a more targeted and de-

tailed geochemical analysis. Particularly the less competent calcareous mudstone could be sampled in 

greater detail. However, from a geochemical point of view, the rocks at the Fossil Hill locality are too 

heavily weathered for a reliable analysis (chapter 4.5). The thicker and less weathered sequences in 
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the Augusta Mountains, on the other hand, still yield a high potential. Especially the irregularly occur-

ring alleged tephra layers should be sampled and examined thoroughly. Zircon dating would open the 

gate to a much more precise age model. This is potentially very important for estimating the sedimen-

tation rate and evolutionary rates of organisms. 

 

3) Widen the scope of the geometric morphometric analysis 

It was always the intention to focus mainly on Anisian ammonoids from Nevada because of their 

good preservation and the opportunity to collect large sample series. Therefore, it was appropriate 

that the analytical tools of this thesis were tailored to a small-scale analysis with a rather narrow scope. 

Obviously, it would be particularly interesting to explore the applicability of these methods in the con-

text of a wider scope. Potential for future studies therefore lies in a universalisation of the Geometric 

Morphometric methods introduced here. Additionally, a standardised system to compare different 

morphotypes (i.e. discoidal, pachyconic, globular, spindle-shaped) would allow statements about the 

total morphologic disparity of larger and more diverse ammonoid assemblages. 

In this analysis, whorl cross sections were compared with one another only. It would be particu-

larly interesting to check whether these could be combined with other characteristics such as conch 

shape, conch size or umbilical width. From a methodological point of view, the R function geo-

morph::combine.subsets (Adams et al. 2020) would be particularly helpful in this respect. 

Anisian ammonoids from Nevada are associated with a rather calm and stable palaeoenvironment 

at a palaeodepth well below the stormwave base. The comparison of evolutionary and developmental 

characteristics of ammonoid assemblages from other sites – that have been exposed to more palaeo-

environmental perturbations, e.g. more shallow water conditions, but distinct third order sea level 

change – would reveal more insights on the role of palaeoenvironmental pressure on morphology.  
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AAppendix 1 Lithostratigraphic Sections 
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AAppendix 2 Fossil Material 

 

 

 


















