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ABSTRACT

Understanding the evolutionary trajectory and phylogenetic relationships of the Mul-
tituberculata order, an extinct group of nontherian mammals with a fossil record spanning
from the Middle Jurassic to the Late Eocene, remains a significant challenge due to substantial
gaps in the fossil record. Recent excavations at the Ulsa quarry, within the Freixial Formation,
dating from Tithonian (Upper Jurassic), in Torres Vedras Municipality (Portugal), have
yielded a notable discovery: the partial jaw of an odontologically immature multituberculate
exhibiting distinct morphology and a rare alternate posteroanterior tooth replacement pattern,
a trait previously identified in only two other species. Detailed morphological and phyloge-
netic analyses have confirmed this specimen as a new species of Pinheirodontidae, providing
the first detailed insights into the jaw anatomy and tooth replacement pattern of this family.
The origin from a fossiliferous multi-taxonomic bonebed is particularly significant, as it in-
cludes rare articulated post-cranial bones of Mesozoic multituberculates, offering a unique
view of these ancient mammals. The taphonomic study of both macro- and microfossils, com-
bined with palynological and geological analyses of the Ulsa quarry strata, has provided sig-
nificant insights into the paleoenvironment and paleoclimate, depicting a semiarid to arid cli-
mates, with excessive evaporation and water scarcity. In the low-energy depositional settings
of the Ulsa quarry, the limited availability of water in the form of springs and seeps likely
turned that environment into deadly traps. Animals already weakened by extended dry sea-
sons, probably became entrapped and perished in the mud. The entombed remains, now ex-
posed in the layers on the coasts of western Portugal, reveal the richness of the Lusitanian
Basin and its significant paleontological potential. This discovery not only enriches the under-

standing of the phylogenetic relationships of this obscure family of multituberculates but also
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underscores the importance of the Portuguese fossil record. The findings extend beyond tax-
onomy, offering a deeper comprehension of the evolutionary and ecological dynamics that

shaped the ancient environments of the Iberian Peninsula.

Keywords: Multituberculata, Pinheirodontidae, Teeth Replacement, Lusitanian Basin, Titho-

nian, Paleoenvironment, Paleoclimate
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RESUMO

A compreensdo da trajetéria evolutiva e das relagdes filogenéticas da ordem
Multituberculata, um grupo extinto de mamiferos nao-Theria com um registo fossil que
abrange desde o Jurassico Médio até ao Eocénico Final, continua a ser um desafio significativo
devido a lacunas substanciais em seu registo fdssil. Escavagdes recentes na jazida da Ulsa,
Formacao de Freixial, datada do Titoniano (Jurassico Superior), em Torres Vedras (Portugal),
resultaram numa descoberta notavel: a mandibula parcial de um multituberculado
odontologicamente imaturo, exibindo uma morfologia distinta e um raro padrdo
posteroanterior alternado de substituicio de dentes, uma carateristica previamente
identificada em apenas duas outras espécies. Analises morfoldgicas e filogenéticas detalhadas
confirmaram este espécime como uma nova espécie de Pinheirodontidae, fornecendo os
primeiros detalhes sobre a anatomia da mandibula e os padrao de substituicao de dentes desta
familia. A sua origem de um leito 6sseo fossilifero multi-taxonémico é particularmente
significativa, uma vez que inclui raros ossos pos-cranianos articulados de multituberculados
mesozdicos, oferecendo uma visdo unica destes antigos mamiferos. O estudo tafonémico dos
macro e microfdsseis, combinado com analises palinoldgicas e geoldgicas dos estratos da
jazida da Ulsa, forneceu informacdes significativas sobre o paleoambiente e o paleoclima,
descrevendo um clima semidrido a drido, com evaporacdo excessiva e escassez de dgua. Nos
ambientes de deposicdo de baixa energia da jazida da Ulsa, a disponibilidade limitada de agua
sob a forma de nascentes e pocos provavelmente transformava aquele ambiente numa
armadilha mortal. Os animais, ja enfraquecidos pelas longas estacdes secas, provavelemente
ficaram presos e pereceram na lama. Os restos sepultados, agora expostos nas camadas da
costa ocidental de Portugal, revelam novamente a riqueza da Bacia Lusitdnica e o seu

importante potencial paleontoldgico. Esta descoberta ndo s6 enriquece a compreensao das
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relagcoes filogenéticas desta obscura familia de multituberculados, como também denota a
importancia do registo fossil portugués. Os resultados vdo para além da taxonomia,
oferecendo uma compreensdo mais profunda das dinamicas evolutivas e ecoldgicas que

moldaram os ambientes antigos da Peninsula Ibérica.

Palavas chave: Multituberculata, Pinheirodontidae, Troca Dentaria, Bacia Lusitaniana,

Titoniano, Paleoambiente, Paleoclima
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INTRODUCTION

1.1 Microfossils and their Relevance for Palaeontology

The evidence of the existence of any deceased organism, its remains or its activity, which
is susceptible to integrating the geological record due to natural processes, is referred to as a
fossil (Behrensmeyer ef al, 2000; Milsom & Rigby, 2009). Among the different forms of rela-
tionship classifications, fossils are frequently divided into two groups according to their size:
microfossils (including calcareous nannofossils) and macrofossils (Armstrong & Brasier, 2005;
Kanungo et al,, 2017). Following this premise, microfossils are any fossils that require a binoc-
ular magnifier, microscopes (optical or electron) or computed tomography scans to be effec-
tively studied due to their size and distinctive features (Armstrong & Brasier, 2005; Saraswati
& Srinivasan, 2016). Since this classification is based solely on size criteria and all the six living
kingdoms (Archaebacteria, Eubacteria, Protista, Fungi, Plantae and Animalia) have micro-
scopic life forms, it makes microfossils extremely heterogeneous. Besides the remains of uni-
cellular and multicellular microorganisms (microbiota), microfossils also include dissociated
elements and skeletal fragments of larger organisms (macrobiota) of unrelated distant fossil
groups (mammal teeth, fish teeth and scales, pollen, etc.) (Bignot, 1985; Milsom & Rigby, 2009).
From a geological point of view, the most useful microfossil groups are those that provide the
most information when utilised in palaeoenvironment interpretations. For this reason, they

are best studied. This utilitarian view of microfossils has already been criticised (Lipps, 1981),



since most of the time these fossils are conveniently used as biostratigraphic markers in ap-
plied Geology, with little concern for the Palaeobiology and Evolution of these microfossils as
living organisms. In addition, most of the research carried out is done by companies and in-
dustries with an economic focus, rather than by researchers linked to laboratories and univer-
sities (Lipps, 1981; Bignot, 1985).

The main groups of microfossils (Fig. 1.1) are, among others: Foraminifera, Ostracoda,
Pteropods, Radiolaria, Diatoms, Chitinozoa, Conodonts, Spores and Pollen (Saraswati & Srini-
vasan, 2016). The chemical nature of the fossilisable parts of these ancient life forms can vary
from silica to carbonate or phosphate, and sometimes even non-mineralized organic com-
pounds like chitin, sporopollenin and pseudochitin (De Wever, 2020). Considering this chem-
ical composition, the methodology used for the treatment and laboratory preparation of mi-
crofossils may vary depending on the study. Generally, these particles of organic origin are
found in deposits in which the sedimentary structure is composed of very thin grain size,
mainly silt and clay (Carvalho, 2004). However, the measurements that define a microfossil
are somewhat arbitrary and may vary depending on the author. For example, according to
Drewes (2006), the size of microfossils can range from 0.001 mm (= 1 micron) up to 1-2 mm.
For Carvalho (2004), the microfossils size would not exceed 5 mm, except for some foraminif-
era. Their microscopic dimensions also demand different techniques for collecting, prepara-
tion, processing and analysis, culminating in their method of study — Micropalaeontology
(Armstrong & Brasier, 2005). However, some authors may argue that the principles of Micro-
palaeontology are nothing more than the principles of Palaeontology itself (Kleinpell, 1971;
Lipps, 1981). The employment of the term “Micropalaeontology” for the study of tiny ancient
organisms was used for the first time in 1883 by Arthur H. Foord in an article called "Contri-
butions to the micropaleontology of the Cambro-Silurian rocks of Canada" (Croneis, 1941).
Nevertheless, an arbitrary tendency has emerged over the years to limit the use of the term
“Micropalaeontology” to the study of microfossils with mineral walls, like foraminifera and
ostracods, whereas the study of microfossils with organic walls, such as pollen grains and
spores, dinoflagellate cysts, and acritarch cysts is often called Palynology or Palaeopalynology

(Armstrong & Brasier, 2005).



Tmm

Figure 1.1 — An example of the heterogeneity found within the various groups of microfossils and their different
chemical compositions: a) organic-walled microfossil: dinoflagellate cyst FProfoperidinium sp. (Wever, 2020); b)
photosynthetic siliceous algae: diatom Entogonia cf. formosa (Wever, 2020); c) calcareous ostracod microfossil Bosa-
sella elongate (Wever, 2020); d) siliceous plankton, radiolarian Spongatractus sp. (Wever, 2020); e) phosphatic mi-

crofossils: incisor of the multituberculate Meniscoessus sp. in lingual view (De and Brand ef al, 2022); f) calcareous

foraminifera Cibicidoides kullenbergi (Holbourn & Henderson, 2002).

Micropaleontology is arguably the area of Palaeontology that offers the most information
about defining and comprehending the age and depositional conditions of a sedimentary ba-
sin when it comes to Geology (Carvalho, 2004). That is because microfossils occur in almost
every type of sediment, covering different environments, from marine, brackish water, fresh
water and terrestrial, from different ages and in more quantity than macrofossils, making them
a better representation of the overall biological diversity of that ecosystem. Besides that, their
durability through fossil diagenesis and worldwide distribution makes microfossils an essen-
tial agent of biostratigraphy (Milsom & Rigby, 2009). This subject relies on the taxonomy of
microfossils and their temporal and spatial distribution to delineate geological periods and
establish standardised biostratigraphical units. These biozones are defined by the occurrence

of specific fossil taxa or narrow stratigraphic intervals characterised by taxa with overlapping



ranges, which are used in dating, correlating stratigraphic sequences and determining the en-
vironment of the deposits (Saraswati & Srinivasan, 2016). The use of microfossils in strati-
graphic analysis was mainly initiated in the 1920s by workers from American and Russian oil
companies (Lipps, 1981). Later, in the 1960s, with the improvement of radiometric techniques,
the inference of absolute ages began, giving rise to biochronology (Carvalho, 2004). This made
it possible to correlate biozones with numerical age information via radiometric dating, con-
tributing to the refinement of the Geological Time Scale (https://www.iugs.org/ics).

Beyond Biostratigraphy, Micropaleontology plays a crucial role at various stages of ba-
sin analysis and palaeoenvironmental reconstructions. The understanding of past climates has
been greatly enhanced by microfossils as their sensitivity to environmental conditions pro-
vides crucial insights. The tiny size of microfossils allows a small sample to contain a complete
ecosystem of microorganisms, thus enabling the reconstruction of factors such as climate, wa-
ter depth and salinity, among others (Bercovici & Vellekoop, 2017). In the meantime, basin
analysis establishes the stratigraphic framework and provides essential data for reconstructing
the palaeogeography and subsidence history of these basins through microfossils for an effec-

tive exploration of their mineral and fuel resources (Saraswati & Srinivasan, 2016).

1.2 Palynology and Palynomorphs

The term "Palynology" was coined by Hyde and Williams (1944) to replace the designa-
tions "pollen science" or "pollen analysis", branches of botanical science that studied pollen
(Traverse, 2007; Bercovici & Vellekoop, 2017). However, over time, Palynology came to refer
to the study of palynomorphs, a term introduced by Tschudy (1961), which groups all the
organic-walled microfossils (dinoflagellate cysts, acritarchs, pollen and spores) (Halbritter ef
al., 2018), according to their shared preparation technique: maceration (Sorkhabi, 2020). It is
important to emphasise that this designation is given within Palaeontology, in which this area
of study is often referred to as “Palaeopalynology”, since the term "Palynology" is also used

for the study of present-day pollen and spores, for example in Forensic Palynology (Milne ef



al., 2004; Bryant & Jones, 2006; Mildenhall ef al, 2006). Although geological interest in fossil-
ised pollen developed in the 20" century, the study of these organisms predates it. The first
description of pollen grains and spores was done by Goppert (1837), who also made their first

depiction by pencil illustrations (Fig. 1.2).

Fig. 20

gt

Figure 1.2 — The first depiction of fossilised seeds of a certain pine species and fossil pollen grains (amplified 270x)
(Goppert, 1837: P1. 2, Figs. 20 to 25).

Palynomorphs include pollen, spores, fungi, and planktonic microorganisms with non-
mineralized cellular walls, such as dinoflagellates cysts, colonial algae, acritarchs, and chi-
tinozoa (Castro, 2006). They have a typical size range of 5 to 500 pm and are found in the
residue of palynological samples after the maceration processes of sedimentary rocks by
strong inorganic acids, generally HCI and HF (Sorkhabi, 2020). Once the mineral matrix has
dissolved, it is possible to observe these microfossils composed, at least in part, of very re-
sistant organic molecules like chitin, or “pseudochitin” or sporopollenin (Bercovici & Vellek-
oop, 2017). The latter is probably the most resistant, durable and inert organic material of bio-

logical origin found in nature and geological samples (Feagri & Iverson, 1964).



1.2.1 Morphology and Biology

Unlike most microfossils, pollen and spores are not individual organisms but rather re-
productive structures that plants produce as part of their life cycle (Armstrong & Brasier,
2005). Although they are the most significant group of microfossils in terrestrial environments,
predominantly originating from continental vegetation, they play significant roles as biostrat-
igraphic indicators in terrestrial and marginal marine environments. Since terrestrial plants
are attached to their substratum, they rely on pollen and spores for reproduction and disper-
sal. For that reason, pollen and spores are produced in large quantities and released into the
environment, where they travel great distances quickly through wind dispersal or the outflow
from deltaic regions (Sorkhabi, 2020). The size of these microscopic structures, which do not
exceed 200 pm, helps their transportation until they are deposited on land surfaces and in
bodies of water, including places where preservation is more likely to occur, such as the bot-
toms of ponds, lakes, rivers and oceans (Bercovici & Vellekoop, 2017). Nevertheless, it is rele-
vant to stress that their usefulness in marine sediment is limited precisely due to this alloch-
thonous nature (Saraswati & Srinivasan, 2016). On the other hand, the vast and complex mor-
phological variety of pollen and spores helps in the identification of different organisms
which, combined with their production in large numbers, facilitates the development of sta-
tistical research (Castro, 2006). In addition, the resilient nature of sporopollenin, besides being
resistant to microbial attack (Jain, 2020), allows spores and pollen to remain preserved unal-
terably in sediments that have endured numerous changes for hundreds of millions of years,
which makes them a useful fossil group for environmental reconstruction, palaeoecology and

as biostratigraphic markers (De Wever, 2020).

1.2.1.1 Spores

Spores are the reproductive cells of asexually reproducing cryptogam organisms
(Sorkhabi, 2020). At specific periods of the year, or under specific stresses, haploid spores are

generated through meiosis by a structure called sporangium (pl. sporangia) (Rost et a/, 1998),



which is found in non-vascular plants like bryophytes, pteridophytic vascular plants, such as
ferns and horsetails, fungi and algae (Bercovici & Vellekoop, 2017; Jain, 2020).

The presence of spores in the fossil record is associated with the profound ecological
shift of the land incursion by terrestrial vegetation. However, it predates the first widespread
forest ecosystems that became established between the Devonian and Carboniferous periods
(416-299 Ma), dating from the Middle Cambrian (ca. 500 Ma) (DiMichele et a/, 2007 in Gar-
wood & Edgecombe, 2011; Bercovici & Vellekoop, 2017).

Since spores have a wide morphological variety, they can be classified based on different
characteristics, such as their size, which varies between 1 pm and 2 mm, the average being 50-
100 um. (Castro, 2006). Other distinctive traits are their apertures, wall structure and shape,
the latter being inherently connected to the nature of the meiotic divisions that occur inside
the sporangium (Armstrong & Brasier, 2005). Spores are encountered individually or in ag-
gregations known as tetrads, comprising four spores derived from a single parent cell. The
configuration of spores or pollen grains within tetrads can assume two distinct geometries: a
tetrahedral arrangement, forming a tetrahedron tetrad, and a planar arrangement, termed a
tetragonal tetrad. Towards the centre, in the proximal portion of the spore, there is a slit-like
suture called /aesura (pl. laesurae). This aperture marks the contact area between it and the
other three spores of the tetrad and defines the proximal and distal poles. According to the
laesura configuration, which can be absent, single or triradiate the spores are divided into al-
ete, monolete or trilete, respectively (Saraswati & Srinivasan, 2016).

The trilete spores have three /aesurae (Fig. 1.3) forming a Y-mark on the proximal pole
(Armstrong & Brasier, 2005), resulting from their position within the tetrad. They represent
the basic spore morphology, originating during the Late Ordovician period (458—443 Ma). The
monolete spores have only one proximal /aesura, deriving it from the trilete spores in the Si-
lurian (Saraswati & Srinivasan, 2016). This spore morphotype is generally less common than
the trilete spores, being more abundant in Palaeogene-Quaternary assemblages. The alete
spores lack a /aesura, a condition that probably was derived from monolete or trilete spores

(Traverse, 2007).



Figure 1.3 — The morphological diversity of trilete Mesozoic spores: a) Ischyosporites crateris, ornamented by

heavy ridges; b) the smooth Cyathidites australis; c) Carnisporites spiniger showing a circular outline.

In addition to morphological structure, the arrangement of ornamental elements on the
superficial sculpture of the exine layer (Fig. 1.6) plays a crucial role in the description and
classification of both spores and pollen (Armstrong & Brasier, 2005; Castro, 2006). According
to Traverse (2007), the exine, or shell, of palynomorphs is composed of sporopollenin, includ-
ing other compounds present in the interstices and on the surface that are typically lost during
fossilisation.

Spores have proven to be significant in determining the age and correlation of coal seams
in terrestrial sedimentary strata. In hydrocarbon exploration, the colour shift observed in spore
walls serves as a reliable indicator of the thermal maturity of source rocks (Saraswati & Srini-

vasan, 2016), responsible for the generation of hydrocarbons (Ferriday & Montenari, 2016).

1.2.1.2 Pollen

Pollen is the male gametophytes developed from microspores of spermatophytes (seed
plants), such as Pteridospermatophyta (extinct seed-producing ferns), gymnosperms and an-
giosperms (Jain, 2020). The spermatophytes first appeared in the Late Devonian (382-372 Ma)
(Milsom & Rigby, 2009), as a response to their progression towards the terrestrial environ-
ment, they had to adapt to the scarcity of water, developing what Farjon (2017) calls the "seed
habit", i.e., an integument to protect the gametophyte. Angiosperms, also known as flowering
plants, are characterised by bearing seeds within a fruit. In contrast, gymnosperms, which in-
clude conifers, cycads and ginkgo, produce exposed seeds without an enclosing fruit. In the
sexual reproduction of seed plants, the two primary stages are pollination, which involves the
transport of pollen grains from the anther or microsporangia to the ovule or stigma, and ferti-

lisation, the fusion of sperm with egg (Simpson, 2010). The evolution and optimisation of these



processes in response to biotic and abiotic factors of transport, lead to a vast diversity in pollen
morphology and a more efficient pollen transfer among different seed plant species.

The pollen morphology (Fig. 1.4) is incredibly intricate and extensive (Jain, 2020), espe-
cially in angiosperm pollen (Castro, 2006). Their morphology varies from small, simple, spher-
ical organisms with no opening to larger ornate grains that have a wing-like structure called a
saccus (pl. sacci), which can be present alone (monossacate), in pairs (bissacate) or groups of

three (trissacate) (Armstrong & Brasier, 2005; Saraswati & Srinivasan, 2016).

Figure 1.4 — The morphological diversity of pollen: a) Alisporites grandis; bissacate pollen; b) Callialasporites tri-

lobatus, trissacate pollen; c) Plicatipollenites densus, monossacate pollen.

Before fertilisation, during the meiotic division, the produced pollen grain units can be
classified as individual grains called monads, pairs known as dyads, groups of four like the
spores, termed tetrads, sets of eight named octads, or multiple grains in a formation called
polyads, which can have up to 64 cells that stay connected post-maturation. The monads and
dyads are already separate grains from tetrads after they mature. According to the disposition
of the grains in the units, they can be classified as tetrahedral, tetragonal, rhomboidal, decus-
sate, T-shaped, linear, cryptotetrad, and either a pseudomonad or pollinia (Fig. 1.5). The latter
involves releasing the entire content of an anther as a single entity or even the anther locule

being expelled by once as one united mass of pollen (Traverse, 2007; Jain, 2020).



Figure 1.5 — Pollen units: a) Monad; b) Dyad; c) Tetrahedral tetrad; d) Tetragonal tetrad; e) Rhombohedral tetrad;
f) Polyad; g) Decussate tetrad; h) T-shaped tetrad; i) Linear tetrad; j) Cryptotetrad; k) (modified from Jain,
(2020)).

As previously mentioned, the pore and pollen exine ornamentation (Fig. 1.6) are diag-
nostic phylogenetically. Exine ornamentation comes in two distinct forms: sculpturing and
structure (also called texture). Sculpturing includes every geometric element on the outside
without considering its internal structure, whereas the structure, as the name says, comprises

all the internal structural characters (Jain, 2020).
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Figure 1.6 — The sporoderm and exine ornamentation: a) The sporoderm is the outer layer surrounding spores and
pollen. Consisting of two layers, the intine and the exine, it plays a crucial role in protecting the genetic material;
b) The spores of bryophytes and pteridophytes may present perine, which is the outermost layer of the sporoderm;
c) The exine is known for its toughness and resistance to chemical degradation. It is often highly ornamented with

patterns that can be species-specific, being extremely relevant for phylogeny (modified from Jain, (2020)).

1.3 Microvertebrates

In the fossil record, small-sized vertebrate organisms are characterised by microverte-
brate fossils, usually requiring magnification for detailed study due to their tiny size, which
does not exceed 12.5 mm. According to Rogers ef al. (2008), vertebrate microfossils are speci-
mens with a size limit smaller than 5 cm in maximum dimension. In most cases, these fossils
are isolated material like scales, bones and teeth (Heckert, 2004). Within the geological record,
teeth stand out as some of the most abundant and resilient forms of fossils, especially the
mammalian teeth (Ungar, 2010). The reason behind this is largely due to their composition;
mammalian teeth enamel consists predominantly of minerals (98%), mostly in the form of hy-
droxyapatite. Consequently, teeth have a greater resistance to chemical and physical wear, as
well as to various diagenetic processes, compared to bones (Smith, 2021).

The microvertebrate fossils are found in deposits called microfossil bonebeds, also
known as vertebrate microfossil (microvertebrate) assemblages or microsites (Rogers & Brady,
2010). A microfossil bonebed is defined as an accumulation of vertebrate skeletal remains,
originating from multiple individuals, where at least 75% of these elements do not exceed a
maximum size of 5 cm, whether this bone concentration is of a single species (monotaxic) or
multiple species (multitaxic). Disarticulated and completely dissociated skeletal parts along
with fragments of bones and fully articulated skeletons will be categorised as microfossil
bonebeds under this size-based classification (Eberth ef al, 2007). Typically, terrestrial mi-
crovertebrate fossils accumulate in a variety of settings, such as channel lags and bars, a prev-
alent occurrence among mesozoic specimens, as well as in small, oxygen-rich lakes, springs
and seeps, caves, beneath layers of volcanic ash, and originating from predatory activity (scat-
ological deposits) (Fraser & Sues, 2018; Rogers & Brady, 2010; Jurigan ef al., 2023). Addition-
ally, these remains are also found within middens and similar structures, and preserved in

pedogenic carbonate nodules (Behrensmeyer, 1992; Heckert, 2004). While the small bodies of
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microvertebrates provide a great opportunity to study the most profound evolutionary
changes, those that lead to the establishment of new clades, the microsites are essential for
reconstructing the community-level of terrestrial vertebrate paleofaunas, providing tapho-
nomic and environmental data, and estimates regarding the relative abundance and diversity

of species (Clark, 1992; Carroll, 1997; Heckert, 2004; Vullo, 2009).

14 Mammals: a Brief History and Definitions

The exact definition of Mammalia is substantially influenced by the phylogenetic tree
topology (Benton, 2014). Authors such as Luo ef al. (2002), Kielan-Jaworowska ef al. (2004),
Benton (2014), and Brusatte (2022) opt for the definition of mammals as any descendants of
the earliest cynodont (therapsid) that evolved a strong dentary-squamosal jaw articulation,
i.e., a clade united by the shared common ancestor of Sinoconodon, morganucodontans, do-
codontans, Monotremata, Marsupialia, and Placentalia, as well as any extinct faxa included
within this group. Another definition (Rowe, 1988) proposes that stem-mammals that devel-
oped a squamosal-dentary jaw articulation, which diverges from the common ancestor of
monotremes and therians (placental mammals and marsupials) before these two groups split
(ca. 166 Ma), are classified as Mammaliaformes. i.e., Mammaliaformes comprises the last com-
mon ancestor of morganucodontans and Mammalia and all its descendants. In its turn, the
crown-group Mammalia would be smaller, defined only by the most recent common ancestor
of all currently existing mammals (monotremes, marsupials, and placentals) and all its de-
scendants. Nevertheless, mammaliaforms and mammals belong to a broader clade known as
Synapsida, which includes mostly permian forms such as biarmosuchians, eothyrids, dinoce-
phalians, sphenacodontians or dicynodonts (Zachos & Asher, 2018).

At the end of the Carboniferous period (ca. 315 Ma), synapsids, the forerunners of mam-
mals, are thought to have originated (Smith, 2021). They diverged morphologically from their
sister clade, the sauropsid lineage, around 318 to 332 Ma (Benton ef a/, 2015). Dating from the
Middle Permian, the oldest undisputed evidence of a more advanced synapsid clade called
Therapsida emerged, displaying a high diversity of faxa already in their earliest occurrence in
the fossil record (Kemp, 2005). Featuring a mammal-like bauplan with a more upright posture,

the potential presence of hair and a remarkable morphological variety in their teeth, tailored
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for ecological specialisation, the therapsids dominated the terrestrial ecosystems during the
Permian. Subsequently, this immense diversity was drastically reduced by the extinction event
at the end of the same period. The surviving therapsid lineage paved the way for the emer-
gence of mammaliaforms around 225 Ma, setting the stage for the rise of mammals (Smith,
2021).

As previously mentioned, mammaliaforms are distinguished by an apomorphy: a sec-
ondary jaw articulation. In addition to the primary jaw joint between the quadrate and articu-
lar bones, mammaliaforms possess a squamosal-dentary articulation. Following this defini-
tion, Morganucodon from the Late Triassic and Sinoconodon from the Early Jurassic period
represent the most basal mammaliaforms (Zachos & Asher, 2018). Although the earliest ap-
pearance of basal mammaliaforms dates back to the Upper Triassic, their fossil record is very
fragmentary, making the morganucodonts from the Early Jurassic period the earliest mamma-
liaforms to be reasonably well-preserved. The divergence of morganucodonts from the cyno-
dont lineage occurred when a more robust secondary jaw joint was developed between the
dentary and squamosal bones. Through this conventional perspective, palaeontologists place
the origin of the Mammaliaformes clade at this point (Benton, 2014). However, determining
the boundaries of clades often generates considerable discussion, primarily because, although
grounded in morphological evidence, the extant delineation remains arbitrary. It's no different
with the node point of mammaliaforms since the jaw of Morganucodon, although reduced,
still displays traits of its non-mammalian ancestors (Sdnchez, 2012). These plesiomorphic, or
"reptilian", characteristics consist of a more complex jaw composed of more bones, such as the
angular, prearticular, surangular, coronoid and articular bones. Over time, the dentary became
larger and deeper, whereas the quadrate and articular bones diminished in size to the point
where they had no function in mouth opening. As a result, they continued to shrink until they
finally became disconnected from the mandible and the rest of the skull. These postdentary
bones transitioned completely into a separate auditory passage, originating two of the three
mammalian ear ossicles: the malleus (former articular) and incus (former quadrate), with the
third ossicle being the stapes (Fig. 1.7). This new hearing mechanism gave mammaliaforms
and mammals the ability to hear a wide range of sounds, compared to birds, reptiles, and
amphibians (Benton, 2014; Brusatte, 2022).

Endothermy, or warm-bloodedness, is another fundamental characteristic of mammals,

closely linked to other defining traits such as the presence of sweat glands and fur (Benton,
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2021). According to Lovegrove (2019), endothermy in mammals is the ability of these organ-
isms to generate internal heat on demand, allowing them to maintain a stable body tempera-
ture despite external conditions and stay warm during cold periods. This ability evolved ab-
ruptly in the Mammaliamorpha clade, around 233 Ma, during The Late Triassic Carnian Plu-
vial Episode (Aratjo ef al., 2022). It allowed mammals to maintain high levels of activity over
longer periods, improve their muscle efficiency and reaction times, adapt to a wider range of
environments, have constant metabolic rates and improve their cognitive function (Lovegrove,
2019). All these factors were significant in the evolutionary success of mammals, providing

them with the ability to thrive in a wide array of ecological settings.
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1.4.1 The Mezosoic Radiation

The Mesozoic era was a period of major evolutionary innovation and ecomorphological
variation among mammaliaforms, substantially increasing their taxonomic diversity, espe-
cially during the Middle to Late Jurassic. Nevertheless, the majority of Mesozoic mamma-
liaform clades had a brief evolutionary history, grouping into short branches, most of which
are phylogenetic dead ends with no ancestor-descendant connection to analogous dead-end
branches in previous or subsequent episodes (Luo, 2007). This pattern was not exclusive to the
Middle to Late Jurassic. The same was true for most orders and families from the Late Triassic
and Early Jurassic, including the sinoconodontids and morganucodontans. Generally, these
orders and families are remotely connected to extant mammals and did not directly contribute
to the evolution of the Middle and Late Jurassic mammaliaforms (Kielan-Jaworowska et al.,
2004).

The Jurassic radiation led to the rapid emergence of several morphologically distinct
lineages, such as eutriconodontans, docodontans, multituberculates, dryolestids, metatherians
or eutherians. This period of diversification was not characterised only by a significant in-
crease in morphological diversity but also by the development of key mammalian traits in
teeth, middle ear and endothermic physiology. The burst pattern of Mesozoic mammaliaform
evolution closely resembles trends linked to the origin of other main vertebrate groups, for
instance, lungfishes, tetrapods, amniotes, archosaurs and birds (Close et al, 2015). These
trends are compatible with the occurrence of large-scale adaptive radiation, normally pro-
pelled by ecological opportunity, which impacts lineage diversification, once different envi-
ronmental conditions can drive or hinder the evolutionary processes leading to diversity. Eco-
logical opportunity arises from fundamental elements, such as when a species enters new en-
vironments, the extinction of existing populations, or the development of significant new traits
(Wellborn & Langerhans, 2014).

A few decades ago, the prevailing scientific consensus was that the major Mesozoic
mammaliaform groups were characterised by a lack of ecological specialisation, exhibiting in-

stead generalised habits. However, new findings and new analysis technologies have proved
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these assumptions wrong. Although most of the mammaliaforms were probably generalists,

strong evidence for ecological specialisations (Fig. 1.8) in different clades is now available,

featuring anatomical adaptations for swimming, feeding on colonial insects, climbing, scav-

enging and scratch digging (fossorial behaviour), this one is the predominant specialisation

among multituberculates (Luo, 2007). Even though some mammalian species could reach a

considerably large size, i.e., Repenomamus giganticus, whose estimated body mass could

reach 12-14 kg (Hu ef al, 2005), from the Triassic until the mass extinction at the end of the

Cretaceous, the synapsids, outnumbered by the ancestors of the dinosaurs, remained a diverse

group in faxabut conservative in small body size and form. Generally, these mammaliaforms

did not exceed the size of shrews (Kemp, 2005; Milsom & Rigby, 2009).
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1.4.2 Multituberculata

Multituberculata Cope, 1884, is classified under the subclass Allotheria, established by
Marsh in 1880 (Kielan-Jaworowska et al, 2004). This order of extinct, usually holartic mam-
mals, belongs to the Theriimorpha, i.e., the clade of mammals more closely related to therians
than monotremes (Rowe, 1993). In geological terms, their presence in the fossil record is one
of the most extensive among mammals, spanning around 130 Ma from the Middle Jurassic to
the Late Eocene, this longevity surpasses that of any other mammalian order, including pla-
cental mammals (Zachos & Asher, 2018). Besides this impressive span range, multitubercu-
lates form the largest and the most well-known group of Mesozoic mammals despite having
significant gaps in their fossil record (Kielan-Jaworowska ef al, 2004; Benton, 2014). In the
context of ancient biotas, they typically comprised the predominant mammalian group, par-
ticularly during the Cretaceous and Palaeocene, where they represented around 75% of spe-
cies found in those mammalian communities (Kemp, 2005). Situated in Leiria, Portugal, the
Guimarota coal mine, the most significant Late Jurassic mammal site in Western Europe, also
displays the same trend. Dated to the Kimmeridgian stage (Martin & Krebs, 2000), the
Guimarota Beds display a higher diversity of multituberculates, composed of 21 faxa and an-
other 12 left in open nomenclature, that exceeds the variety of other mammalian species found
there. However, although this number of faxais inflated due to unidentified faxa, which likely
correspond to known species, and upper and lower dentitions belonging to the same faxon
but categorised under separate names, the Guimarota Beds bears a remarkably diverse assem-
blage of multituberculates (Kielan-Jaworowska ef al, 2004). A notable aspect of the faxa dis-
covered in the Guimarota Beds is that the specimens predominantly consist of older individ-
uals, identifiable by their significantly worn teeth. Hahn (1978a) suggests that carnivorous
mammals were either absent or scarce in the Guimarota biota, whilst the contemporary rep-
tiles likely struggled to prey on these agile mammals, which possessed large eyes, better hear-
ing, and a highly developed sense of smell.

Multituberculates were first documented in the European fossil record during the Mid-
dle Jurassic period, specifically in the late Bathonian (ca. 165-168 Ma), a time marked by the
flourishing of docodonts and haramiyidans. The earliest and known multituberculates speci-
mens were found in the Forest Marble of Oxfordshire and Dorset, England, and in the Bere-

zovsk coal mine, in Western Siberia, Russia (Butler & Hooker, 2005; Averianov et al, 2020).
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Subsequently, from the Middle Jurassic, multituberculates radiated to different parts of Laur-
asia, being reported in various parts of Europe, North America, and Asia (Zachos & Asher,
2018), undergoing a significant diversification 20 Ma before the K-Pg mass extinction (Benton,
2014). However, no fossils definitively attributed to multituberculates have been discovered
in the southern regions of Pangea. This lack of fossils is probably due to the separation of the
northern and southern sectors of the supercontinent by the Tethys Sea during the multituber-
culate taxonomic diversification in the Cretaceous (Brusatte, 2022).

In their revision of Multituberculata systematics, Kielan-Jaworowska and Hurum (2001)
categorised the order into two main suborders: the paraphyletic unit "Plagiaulacida”
Ameghino, 1889, (Plagiaulacoidea, refined by McKenna in 1971) and the monophyletic subor-
der Cimolodonta, McKenna, 1975. Additionally, they identified the family Arginbaataridae,
which they placed in a suborder of uncertain placement (incertae sedis). Plagiaulacida (or
“plagiaulacoidans”) is distinguished by several plesiomorphic dental traits, spanning from the
earliest known multituberculates (Bathonian stage) to the late Cretaceous faxa. This group in-
cludes three informal, and partially paraphyletic, lineages: the alodontid, paulchoffatiid, and
the "plagiaulacid" lineages (Zachos & Asher, 2018).

The origins of multituberculates remain a subject of ongoing debate. Haramiyida may
have given origin to multituberculates (Zheng et al, 2013; Brusatte, 2022), but even the place-
ment of haramiyidans on the mammal family tree is also under debate. Due to the similarity
of dental and mandibular characteristics, some authors place Multituberculata together with
the haramiyidans in Allotheria, within the crown group of mammals (Bi ef al, 2014; Krause et
al, 2014; Meng et al., 2014). On the other hand, other authors suggested that Haramiyida, con-
sidered stem-mammals, are not closely related to multituberculates, which are part of the
crown Mammalia group (Zhou et al, 2013; Luo et al., 2015; Puttick ef al, 2017).

When considering some anatomical aspects of multituberculates, it is possible to draw
parallels with more modern rodents. Their incisors were large and protruding, enabling them
to gnaw effectively, their movements mirrored those of contemporary mice and rats, being
able to run quickly across the ground, dig, jump and hop, and climb up and down trees. De-
spite the similarities, such rodent-like specialisations resulted from convergent evolution, once
they likely occupied the same niches (Brusatte, 2022).

The most notable trait of multituberculates is their distinctive dentition, which repre-

sents a unique dental adaptation among mammals of the Mesozoic (Zachos & Asher, 2018).
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The dental formula of the early multituberculates consists of, in the lower dentition, a single,
prominent incisor, three or four premolars and two molars. The upper dentition formula com-
prises three pairs of incisors, five or four premolars and two molars (Kielan-Jaworowska ef al,
2004). Among the upper incisors, the second is noticeably pronounced and primarily engages
with the lower incisor, during mastication. Advanced multituberculates lack the presence of a
canine, whereas it is commonly found in the majority of Late Jurassic faxa. The lower premo-
lars, equipped with a serrated crest formed by the lingual cups (Fig. 1.9), align to form a blade-
like structure, while the buccal cusps (basal cusps) are reduced or lost (Kemp, 2005). These
distinctive, sharp lower premolars occlude against the multicusped upper premolars, another

unique specialisation of these primitive mammals (Benton, 2014).

Figure 1.9 — The anatomy of multituberculates: a) The skull of the Portuguese taxon Paulchoffatia delgadoi, shown
in ventral view, highlights the least derived dental arrangement of this group. b) The same skull in lateral view
alongside a detailed close-up of the morphology of the fourth premolar (p4). c) Postcranial reconstruction of the
Chinese paulchoffatiid Rugosodon eurasiaticus, providing the sole skeletal character information available for the
Paulchoffatiidae family (Yuan et aZ, (2013); Carvalho, in this work, adapted from Hahn, (1969); Kielan-Jaworowska
and Nessov, (1992)).
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The numerous cusps on their premolars and molars are so characteristic that they in-
spired the name of the group; in Latin, "mu/ti' means many and "tuberculum" refers to a small
cusp. On the molars, these cusps are arranged in longitudinal rows, whose numbers may vary
between the less derived and more advanced multituberculate faxa. (Zachos & Asher, 2018).
Their specialised jaw joint permits these mammals to have a fully propalinal (back-to-front)
occlusal movement (Butler, 2000). The cusps arrangement of the lower premolars combined
with their nearly horizontal chewing strokes were very effective for shearing or chopping the
food against the multicusped upper premolars. Multituberculates exhibited ear ossicles com-
pletely detached from the mandible (Kemp, 2005). This anatomical trait, along with the ab-
sence of both the postdentary trough and Meckel’s groove, aligns them more closely with
crown Mammalia (Zachos & Asher, 2018). Notably, the articular process is not present in Mul-
tituberculata (Kielan-Jaworowska et al, 2004), and the only postdentary jawbone identified
within this group is the coronoid, found in the paulchoffatiid species Kuehneodon from the
Late Jurassic of Portugal (Hahn, 1969).

As stated by Hahn (1978b), in "Plagiaulacida"”, the less-derived Kimmeridgian multitu-
berculates (paulchoffatiids), the dentition is preadaptive, in the sense that it is not yet used for
cutting, which is why many specimens present chewed-off teeth. Posteriorly, in the Early Cre-
taceous, the dentition of the Purbeckian Plagiaulacidae is fully developed, with the incisors
surrounded by enamel and the premolars being used for cutting purposes. As the multituber-
culates evolved, the cutting function was maintained, but there was a reduction in the number
of premolars, while the lower jaw diastema became longer. During the Late Cretaceous to
Early Paleogene period, the 'advanced' multituberculates known as Cimolodonta developed
highly derived teeth, marking a significant phase in the evolution of this group (Kielan-Jawor-
owska & Hurum, 2001). This swift expansion in taxonomic diversity and the evolution of com-
plex dental specialisations occurred alongside the ecological rise of angiosperms since many
of these changes in dentition were probably adaptations to a diet based on these generally
more nutritious new plants (Williamson et a/, 2015; Brusatte, 2022). The defining dental char-
acteristics of Cimolodonta include the absence of the first upper incisor and a reduction in the
number of premolars to four in the upper jaw and two in the lower (Fig. 1.10). Additionally,

the shearing action was focused only on the most posterior premolars (Kemp, 2005).
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as the reduction in the number of premolars and teeth specialisation from Late Jurassic to Paleocene (modified from
Kielan-Jaworowska et al, (2004)).

At the end of the Eocene, around 34 Ma, the multituberculates disappeared from the
fossil record. Over the past few decades, several suggestions have been proposed regarding
the causes of the extinction of multituberculates. However, the most widely accepted theory
attributes their extinction to the competition with more advanced therian mammals, particu-
larly rodents, once both shared similar overall biology and occupied equivalent niches (Kemp,
2005). According to Brusatte (2022), the superior eating adaptations of rodents, particularly
their ever-growing massive incisors, which enable them to exploit resources more efficiently,
may have given them an advantage over the once-diverse multituberculates.

Until this study, within the Multituberculata, the Pinheirodontidae was known only by
isolated teeth and their dental formula was unknown. This family was established based on
250 isolated teeth found in Portugal (Kielan-Jaworowska & Hurum, 2001). Hahn and Hahn
(1999) affirmed that this material was recovered in the Cretaceous layers of Porto Dinheiro.
However, in Porto Dinheiro crops out the Amoreira — Porto Novo Members (Upper Kim-
meridgian) and the Praia Azul Member (Upper Kimmeridgian to Lower Tithonian), which
belong to the Lourinhd Formation (sensu Hill, 1988). More recent biostratigraphical evidence
supports the indications that the Lourinha Formation is Upper Kimmeridgian to Lower Titho-
nian in age (Taylor ef al, 2013). Additionally, these authors misspelled the name of the locality
as Porto Pinheiro, leading to the designation of the Pinheirodontidae family and the genus
Pinheirodon. Despite the error, this nomenclature persisted following the publication.

Pinheirodontidae was initially published based on four Portuguese species: Pinheirodon

pygmaeus, P. vastus, Bernardodon atlanticus and Iberodon quadrituberculatus (Hahn &
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Hahn, 1999). Outside of Portugal, another poorly known species is Gerhardodon purbecken-
sis, initially assigned to the Paulchoffatiidae (Kielan-Jaworowska & Ensom, 1992). This pinhei-
rodontids is documented through isolated premolars discovered in Dorset, Southern England.
These remains date back to the Early Cretaceous (Berriasian). Three more species of pinheiro-
dontid are also known from isolated teeth recovered from Early Cretaceous strata: Bructero-
don alatus (Martin et al, 2021), found in Balve-Beckum, North Rhine-Westphalia, Germany
(Aptian—-Albian), Lavocatia alfambrensis, initially assigned as a paulchoffatiid (Canudo &
Cuenca-Bescos, 1996), found in Teruel Province, Galve, Spain, dating from the Early
Barremian (Kielan-Jaworowska et al, 2004), and Cantalera abadi, also from Teruel, Spain, da-

ting from the Hauterivian-Barremian transition (Badiola et a/., 2008).
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PALAEOGEOGRAPHICAL CONTEXT

The Jurassic period of Portugal is represented onshore by three basins, resulting from
the fragmentation of Pangea and the formation of the North Atlantic, namely: the Lusitanian
Basin, located in the central west, the Alentejo/Santiago do Cacém Basin in the southwest and
the Algarve Basin found in the south of the Portuguese territory (Brilha ef al, 2005; Vergés et
al,, 2019). The Lusitanian Basin was named after the Swiss geologist Paul Choffat in 1885, who
pioneered its stratigraphy (Rocha & Kullberg, 2017). The basin that emerges west of the Iberian
plate measures up to 100 km in width and 200 km in length (north to south) (Kullberg et al.,
2013). Its depositional layers compose a 6 km thick sedimentary pile that extends over approx-
imately 22,000 km? (Fig. 2.1.a), covering both the offshore and onshore of Portugal (Taylor et
al.,, 2013). The onshore portion is the largest part of the basin (Kullberg et al., 2013). The tectonic
development of the Lusitanian Basin followed the existing faults formed during the Paleozoic
Variscan orogeny (ca. 300-280 Ma). These lineaments defined and controlled the structural
boundaries of the basin together with diapiric activities, during the nonvolcanic rifting epi-
sodes triggered by the North Atlantic opening in the Mesozoic (Pinheiro ef a/, 1996; Kullberg
et al., 2013). According to many authors, since the start of its formation, from the Late Triassic
to the Early Cretaceous, there were four rifting phases in the Lusitanian Basin (e.g., Rasmussen
et al.,, 1998; Kullberg, 2000; Alves et al, 2002, 2006; Kullberg et al, 2013, Taylor et al, 2013).
However, other authors consider three rifting episodes (e.g., Jolivet ef al, 1984; Montenat ef

al., 1988; Wilson, 1988; Stapel et al, 1996; Pinheiro et al,, 1996; Pena dos Reis et al, 2000). Re-
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cently, Barbarand et al. (2021) proposed that two rifting stages started and ended in the Mes-
ozoic, while a third one started in the Albian (ca. 110 Ma) and is still undergoing in the present
day.
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Considering the four rifting episodes scenario, the third rift phase that happened in the
Kimmeridgian—Berriasian is linked to the Central Lusitanian Basin’s development. It also
caused the main subsidence of the basin that progressed between the Late Oxfordian and Ti-
thonian, and the subsequent formation of its three depocentres (the Arruda, Bombarral-Alco-
baca, and Turcifal Subbasins) (Leinfelder, 1993). In agreement with Mocho et al (2017), the

Upper Jurassic strata are marked by their extensive lateral variation that contributes to their
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complexity. This fact resulted in several stratigraphic interpretations of these depositional se-
quences (e.g., Hill, 1988; Leinfelder, 1993; Manuppella et al, 1999; Kullberg et al., 2006; Schnei-
der et al, 2009; Martinius and Gowland, 2011; Taylor ef al, 2013). In this transitional rifting
context, different basin regions started to be infilled with mixed siliciclastic (due to an uplift
episode) and carbonate deposits. More than 2 km of this new influx accumulated in the depo-
centres of the basin (Pena dos Reis et al,, 2000). This sedimentation demonstrates an alteration
in the depositional environment, from the calcareous shelf marine deposition to the predomi-
nant terrigenous clasts formed by fluvial and deltaic habitats or transitional environments
(Leinfelder & Wilson, 1999).

The Freixial Formation is the youngest Jurassic lithostratigraphic unit in the region.
Based on foraminifera and dasycladaceae green algae, it is believed that these strata date from
the Upper Tithonian (Schneider et al, 2009). The Freixial Formation extends from south of the
Sizandro River overlapping the Arranh¢ Formation limestone and marl sequences to the south
(Fig. 2.2). Subsequently, its dominant red mudstone layers are replaced by the fluvial sand-
stone levels of the Upper Jurassic-Lower Cretaceous Porto da Calada Formation, marking the

upper border of the Freixial Formation (sensu Hill, 1988; Kullberg ef al., 2013).
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The studied area of the Freixial Formation is the Ulsa quarry located in Cambelas, a small
village of Sdo Pedro da Cadeira, municipality of Torres Vedras. The quarry is named after a
regional designation given to a small projection on the cliffs which protrude towards the sea,
separating two beaches. The strata of the Freixial Formation that emerge at the top of the cliffs
of Cambelas are mainly composed of reddish mudstone/siltstone layers with a significant
amount of carbonate concretions (caliche). Eventually, sandstone interbedding gets more reg-
ular and uniform within these strata as the layers go toward the underlying levels. On the top
layers of the quarry, this reddish structureless silty mudstone level gradually changes into a
dark brown mudstone. Both layers are rich in fossiliferous material and mica. In the first unit,
from top to bottom, there are fossil assemblages of macrovertebrates (i.e., non-dryosaurid dry-
omorphans dinosaurs) followed by a progressive microvertebrate deposition. Although these
macrofossils are not as well-preserved as the ones in the following layer, some show a certain
level of articulation, as, the microfossils are more fragmentary and scarcer. In the subsequent
unit, there is a reversal in the fossilisation process. While the microfossils are more abundant
and better preserved, presenting even some articulated bones, the macrovertebrate fossils are
fewer and all disarticulated or dissociated (Fig. 2.3). It is thought that the deposits of the Freix-
ial Formation in the Cambelas region correspond to mostly continental fluviatile sediments
with sporadic marine intrusions, displaying an alternation of carbonate and siliciclastic mate-
rial (Hill, 1988; Kullberg et al, 2013). In the Ulsa quarry, below these fossiliferous levels, there
are a few lenticular palaeochannel bodies of sandstone, which tend to fine-upward into red-
dish silty mudstones where profiles of caliche soil are formed. According to Hill (1988), this
lithology characterises the upper layers of this region’s geology. Furthermore, a progressive
change occurs towards the bottom of the Freixial Formation with the outcropping of finely
laminated silts and thin sands, interpreted as lacustrine deposition.

The Ulsa quarry was discovered in 2021 during the summer excavation by Graca Ramal-
heiro, one of the members of the Sociedade de Histéria Natural (SHN) organisation. That same
year, a block measuring = 120 x 100 x 50 cm was removed from the quarry with the help of a
tractor and taken to the laboratory (Fig. 2.4). In this way, the fossils could be extracted more
carefully, since their fragmentary nature made the process more challenging. Since then, the
digging has taken place every summer in the quarry in search of new, unique palaeontological

tindings along with laboratory work.
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Figure 2.3 — Stratigraphic logs of the Ulsa quarry and a second section done for correlation and palynology pur-
poses. Both locations are 1, 58 km apart. The blue lines mark out the position of the block in the stratigraphic col-
umn.
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Figure 2.4 — Preserving history: A plaster jacket encases a block loaded with micro and macrofossils from the Ulsa
quarry for safe removal, in summer 2021 (Picture: Verena Fuchs).
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MATERIALS AND METHODS

3.1 Microvertebrates

3.1.1 Samples Collection

Following 2021, after the block extraction, it was possible to access the underlying com-
pact, laminated mudstone layers after reopening the quarry in 2022 (Fig. 3.1). After every sum-
mer excavation, the quarry is always carefully sealed with geotextile fabric to prevent erosion
of materials down the cliffs during the rainfall season. Remarkably, during the same year, the
palaeontological analysis of the samples taken from the laminated mudstone layers, initially
collected for testing, revealed a rich presence of microfossils. Such a finding led to a more

systematic search for microfossils, which began in 2022. (Fig. 3.2).
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Figure 3.1 — Fieldwork and the geological information surveys of the quarry carried out in 2022: a) SHN members
working around the quarry looking for its limits; b) Aerial drone photograph captures the quarry location near the
border of the cliff; c) Members of SHN working in the quarry following its reopening, in front of them, lays the
microfossil-rich layer where the samples were collected; d) 3D model captured by drone of the Ulsa quarry, utilised
for geological studies of the area and to identify the optimal layers for palynological sampling (Pictures: Darja
Dankina).

The new samples from the digging site were collected during the summer campaigns of
2022 and 2023. Generally, the fieldwork in the Ulsa quarry lasted around seven to ten days
every year with the help of several members of SHN and volunteers. Alongside the fieldwork
material, additional samples were obtained from the sediment discarded during the labora-
tory preparation of the extracted block. Once collected, the samples from both sources were
transported to the palaeontological laboratory at SHN for further work. There, all samples
were labelled with a number, a brief description, the location, and the weight. The total weight
of the samples collected from the Cambelas outcrop reached approximately 350 kg before un-

dergoing chemical treatment and screen washing.
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Figure 3.2 — Lateral view of Ulsa quarry highlighting the lithological profile of the block extracted in 2021, which
revealed the layers rich in microfossils excavated in 2022 and 2023. The black star marks the location of the studied
material of this work.

3.1.2 Samples Chemical Preparation

Since the sediment from the Ulsa quarry contains significant amounts of caliche and car-
bonate concretions, hydrogen peroxide (H:0,) 30% was necessary to help disintegrate the car-
bonated muddy sediment before the screen washing (Green, 2001). Therefore, the samples
were soaked for = 24 hours in a mixed solution of water and H,0,. Once the chemical reaction
stopped and the muddy cement had dissolved, the contents of the buckets were carefully de-
canted into a large sieve. Bulkier, undissolved fragments were cautiously crumbled between
fingers. Subsequently, the materials were gently screen-washed under a stream of low-pres-
sure water to ensure the cleaning processes did not damage any paleontological materials. The
residues were dried at room temperature and sifted through sieves ranging from 0.075 to 2
mm. In total, the dried unsolved residue weight reached around 87 kg. Finally, the picked
microremains were meticulously separated from the residues, placed into specially labelled
microslides, and stored in sample containers for further examination under a binocular micro-
scope. This part of the process was also divided according to the reopening of the quarry and
access to the fossiliferous layers. Thus, the microfossil-picking process took approximately five

months to complete, spanning two months in 2022 and three months in 2023. This effort

31



yielded a diverse array of microfossils, ranging from macrofossil fragments to articulated mi-

crovertebrate bones (Fig. 3.3).

Figure 3.3 — Microfossil collection techniques: a) Samples soaked in water with hydrogen peroxide (H.0,); b)
Picked micro remains separated from the residues, placed into specially labelled micro slides and stored in sample
containers; c) Picking the microfossils under a binocular microscope in the SHN laboratory (Pictures a and c: Darja
Dankina).

3.1.3 Samples Visual Processing

After isolating the most diagnostic microfossils from the sediment, it was necessary to
classify them by their morphological characteristics. Several visits were made to the
Guimarota microfossil collection housed at the Geological Museum in Lisbon to assist in this
process. Furthermore, the selected specimens were photographed twice using a scanning elec-
tron microscope (SEM). At the HERCULES Laboratory of the University of Evora, the model
used was an EDS Hitachi S3700N, while additional images were captured with a Hirox micro-
scope model HXR-01. The second set of SEM images was taken at the NOVA School of Science
and Technology /NOVA FCT using a Hitachi SU3800 to clarify uncertainties regarding the

morphology of the fossil subject of this study. Due to the size and complexity of the specimens
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studied, nano-computed tomography (nano-CT) was performed for further systematic analy-
sis at Instituto Superior Técnico in Lisbon with a Multiscale Skyscan 2214 X-ray nanotomo-
graph (Fig. 3.4). In total, seven unique fossils were segmented for detailed analyses of their
outer and inner morphological features. As a result of the segmentation process, 3D models
were reconstructed using DragonFly software, Version 2022.2 Build 1409, based on the meth-
odology described by Piché et al. (2017) at the SHN laboratory. Subsequently, the model was
rendered utilising Zbrush Version 2020.1 and Adobe Photoshop Version 21.0.2. Meanwhile,
the 2D figures representing the fossil models were created using Adobe Photoshop Version

21.0.2, Adobe llustrator Version 24.1.2 and Procreate Version 5.3.9 software.

Figure 3.4 — Visual Processing: a) The Multiscale Skyscan 2214 X-ray nanotomography at Instituto Superior Téc-
nico in Lisbon; b) Detail of three samples positioned inside the nanotomography; c) Capturing images with the
Hirox microscope at the HERCULES Laboratory of the University of Evora; d) A sample positioned inside the
Hitachi SU3800 is ready to be photographed at the laboratory of NOVA School of Science and Technology /NOVA
FCT (Picture c: Darja Dankina).
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3.1.4 Vertebrate Fossils Findings in the Collected Samples

While the samples from the block preparation yielded fragments, as previously men-
tioned, the laminated mudstone layers beneath the block proved to be extremely rich in ver-
tebrate microfossils. However, no invertebrate microfossils were detected in either the lower
or upper sediment samples. Notably, the presence of microbioturbations resembling small
burrows or galleries was observed in the laminated mudstone. All samples extracted from the
digging site layers revealed the presence of microvertebrates, predominantly comprising post-
cranial bones and teeth fragments from different taxonomical groups.

Through detailed anatomical analyses and comparative studies conducted both at the
Geological Museum and within the collections of the SHN, it was possible to confirm the pres-
ence of at least three distinctive groups: crocodylomorphs, lepidosauromorphs, and mammals
(Table 3.1; Fig. 3.5). Among these, mammals were the most abundant, displaying identified
specimens from Dryolestidae and Multituberculata. The preliminary studies suggest the pres-
ence of at least two different species of multituberculates, including one that is presented in
detail in this study. The taxonomic classification of dozens of specimens remains the subject
of active research, as many are still partially covered by the matrix and require further analysis
through nanotomography. Likely, after these future analyses, it will be possible to confirm the

existence of additional vertebrate groups in the Ulsa quarry.

Table 3.1 — Palaeontological Findings from the Ulsa quarry: Comparative weights of samples before and after
chemical treatment and collection dates.

Sa(l:llol))le Year Origilzlilg;’veight p‘::;e:r;ltliil:i(cl?;) Palaeontological findings
CAMB4 | 2022 17 40 Multituberculate Maxilla
Fragment
Right Multituberculate Dentary
Ornithopod Small Tooth
CAMB6 | 2022 15 37 Multituberculate Premolar
Left Multituberculate Maxilla
CAMB9 | 2003 15.7 39 Mammalian Isolated (?) Caudal
Vertebra
Mammalian Articulated Vertebrae
CAMBI10 | 2023 18 45 Mammalian Articulated Vertebrae
Mammalian Articulated Vertebrae
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CAMBI11

CAMBI12

CAMB13

CAMB15

CAMB16

CAMB17

CAMB20
CAMB21

2023

2023

2023

2023

2023

2023

2023
2023

17.1

17.3

15.7

16.5

17.3

174

16.7
15.8

42

4.3

3.9

4,1

4.3

4.3

4.7
3.9

Mammalian Articulated Vertebrae
Mammalian Articulated Vertebrae
Mammalian Articulated Vertebrae
Mammalian Articulated Vertebrae
Mammalian Isolated Vertebra
Mammalian Isolated Vertebra
Mammalian Isolated Vertebra
Mammalian Isolated Vertebra
Multituberculate Incisive
Dryolestid Isolated Tooth

Dorsetisaurid Articulated Maxilla
and Dentary
Dryolestid Jaw Fragment

Mammalian Femoral Head
(?) Mammalian Axis
(?) Mammalian Occipital Bone
Atoposauridae Femoral Head
Atoposauridae Femoral Head
Atoposauridae Femoral Head
(?) Atoposauridae Pubis Fragment

Atoposauridae Tibia Distal
Fragment
Atoposauridae Tibia Distal
Fragment
(?) Procoelous Vertebra

(?) Avialan Tooth
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Figure 3.5 — Microfossil collection techniques: a) Samples soaked in water with hydrogen peroxide (H.0,); b)
Picked microremains separated from the residues, placed into specially labelled microslides and stored in sample
containers; c) Picking the microfossils under a binocular microscope in the SHN laboratory (Pictures a and c: Darja
Dankina).

3.2 Palynology

3.2.1 Samples Collection

Eight samples (CBL1-8) were collected from two distinct outcrops. Half of it (CBL1-4)
was gathered in the Ulsa quarry, while the other half (CBL 5-8) was in the following upper
corresponding deposits to the quarry. The sampled layers were selected based on their litho-
logical characteristics favourable to palynological preservation since palynomorphs are gen-
erally preserved in unoxidised, finely-grained, usually dark-coloured (grey to black) silty or
fine-grained mudstone, suggesting deposition in a tranquil aqueous environment (Askin &

Jacobson, 2003) (Fig. 3.6).
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Figure 3.6 — Sampling for palynological analysis in the greyish layers of the Ulsa quarry.

Before gathering the sediment, the exposed surface was removed, thus eliminating the
altered or weathered outer layer. Cross-contamination from dirty instruments or the sur-
rounding matrix was avoided at all costs. Modern soil, rock fissures, surface weathering and
recent erosion are all common sources of contamination in outcrops (Bercovici & Vellekoop,
2017). Subsequently, around 300 to 400g of sediment was collected using a geologist pick rock
hammer, appropriately packaged, sealed, and labelled in individual plastic bags. The code
used to label the sample bags is composed of the abbreviation of the geographical location of

the quarry followed by a numerical sequence (Fig. 3.7).
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Figure 3.7 — Sampling for palynological analysis in the greyish layers of the Ulsa quarry.

3.2.2 Laboratory Treatment

The sampling was followed by the palynological treatment processes conducted at the
Laboratory of Palaeontology of the Department of Earth Sciences at the NOVA School of Sci-
ence and Technology /NOVA FCT. According to Castro (2006), these processes have as their
objective the disaggregation of the sample and elimination of inorganic substances, thus con-
centrating only the organic components, including palynomorphs and undifferentiated or-
ganic matter, which, after being cleaned, are examined under a microscope. The concentration
of palynomorphs resulting from these processes may exhibit considerable variation from the
original content to losses incurred throughout the sample preparation processes.

In the lab, the first step in the preparation was the elimination of mineral fractions
through chemical treatments. From each sample collected in the outcrop, one portion of 30g
of sediment was separated, resulting in eight samples. Next, hydrochloric acid (HC1 37%) was
added to remove carbonates. After one hour of HCl action, the samples were diluted with
distilled water to eliminate formed chlorides. All washing carried out through the laboratory
procedure was done with distilled water to avoid contamination since modern pollen tends to
be carried in the surrounding air and tap water (Bercovici & Vellekoop, 2017). Following that,
the samples were left to decant in distilled water, which was replaced after four hours and

placed to decant again, allowing the palynomorphs to settle in the bottom of the receptacle.
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The residue was then transferred to a Teflon container to begin the second acid treatment,
which was done with hydrofluoric acid (HF 48%) to remove silicates. Subsequently, the con-
tainers were placed in an orbital shaker at 50°C and 90 rpm for approximately four hours,
followed by almost twenty-four hours of HF decantation (Fig. 3.8). At the end of the reaction,
the organic residue was cleaned of the acid by a series of washings until its neutralisation and
subsequent elimination of fluorides and sulfides through HCl. Once more, several washes
were carried out alternating with decantations every four hours until the elimination of HF
and the water became clear. Thereupon, the samples were placed back into the regular plastic
receptacles. To complete the cleaning process, a non-acidic preparation technique using so-
dium hexametaphosphate [(NaPOs)s], the active ingredient in the dispersant Calgon® (Hodg-
kinson, 1991) was applied as a clay deflocculant. This substance is adsorbed by the clay parti-
cles, which start repelling each other and causing them to break apart or disperse (Riding,
2021). After four hours, distilled water was added to Calgon® for decantation, followed by a

few washes until it became transparent.

Figure 3.8 — Palynological treatment processes: a-b) The fractioned outcrop samples, 30 g per container, before the
hydrochloric acid (HCl 37%) treatment; c¢) Samples in Teflon containers following the second acid treatment with
hydrofluoric acid (HF 48%) to dissolve silicates, agitating on an orbital shaker.
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3.2.3 Microscopic Slides Assemblage and Examination

Once the organic palynological residue was completely clean, it was sieved to remove
the largest fragments (i.e., megaspores) and the smallest amorphous organic particles, leaving
only the components retained between the 15 and 125 um sieves. From this point on, slides for
microscopic observation could be prepared from the obtained palynological residue. Co-
verslips and thin sections were cleaned with alcohol-moistened toilet paper and placed on a
heating plate (= 50°C) (Fig. 3.9). From the mixed and dispersed palynological sample, a few
drops were placed in the centre of the slide, carefully spread, and left to dry. After the paly-
nological residue was dry, melted glycerinated gelatine was used to seal the coverslip, provid-
ing a defence against fungi due to the antibiotic in its composition. To conclude, two slides per
sample were produced and labelled, thus making them ready for observation under the mi-
croscope. Nevertheless, of the 8 samples collected in the field, only samples CBL5, CBL6 and
CBL7 produced palynomorphs. A Nikon Eclipse E-600 optical microscope was used to analyse
the slides from top to bottom in horizontal lines with a 40x objective lens. All the specimens

found were photographed, and their coordinates in the slides were documented.

Figure 3.9 — The slides preparation for microscopic observation: a) Coverslips and thin sections placed on the
heating plate along with melted glycerinated gelatine suppositories used to seal them; b) Slides drying post-place-
ment of palynological residues and coverslips; ¢) Photographic documentation of an analysed slide revealing pal-
ynomorphs.
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3.2.4 Palynomorphs Findings in the Collected Samples

After photographing all specimens present on each of the slides containing palynologi-
cal material, morphological analysis facilitated the identification of various palynomorphs
taxa of continental origin. However, before any identification could be made, it was necessary
to survey all the palynomorphs already found and identified from the outcrops of the Lusita-
nian Basin. When characterising the spores and pollens, the palynomorphs present were iden-
tified only at the genus level, as this is not the main objective of this work. Their systematic
classification followed the taxonomy outlined by Ash (1978), Santos et al. (2022) and Santos et
al. (2024).

Posteriorly, the identification process yielded a total of three pollen genera and eight
spore genera, resulting in eleven distinct genera (Table 3.2). Additionally, five other palyno-
morphs displaying distinct morphologies were observed, including bissacate pollen grains,
although their precise taxonomic identification remains unresolved.

Although the number of spore genera identified in the samples is higher than the num-
ber of pollen genera, the number of pollen and spore specimens, present in the samples does
not follow the same proportion. On the contrary, pollen is the dominant palynomorph in all
samples, representing almost three-quarters of the total palynomorphs. It is possible to verify

that even among pollen, some genera are more abundant than others (Fig. 3.10).

Table 3.2 — List of palynomorphs identified in samples CBL5, CBL6 and CBL?7.

Sample (n°) Identified Genus Palynomorphs
CBL5, CBL6, CBL7 Classopollis sp. pollen
CBLS5, CBL6, CBL7 Spheripollenites sp. pollen
CBL5, CBL6, CBL7 Exesipollenites sp. pollen

CBL5 Cicatricosisporites Sp spore
CBL6 Matonisporites sp spore

CBL5, CBL6 Ischyosporites sp. spore

CBLS, CBL6, CBL7 Deltoidospora sp. spore
CBLS5 Staplinisporites sp. spore
CBL6, CBL7 Striatella sp. spore
CBL5 Verrucosisporites sp. spore
CBL5 Trilobosporites sp. spore
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Figure 3.10 — Distribution of the number of specimens by genera considering all the collected samples. a) Distri-
bution between pollen and spores considering all the samples that produced palynological material; b) The differ-
ent percentages of pollen show the dominance of the genus Classopollis sp.
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SYSTEMATIC PALAEONTOLOGY

4.1 Mammalian Mandible

Class Mammalia Linnaeus, 1758

Infraclass Allotheria Marsh, 1880

Order Multituberculata Cope, 1884

Suborder “Plagiaulacida” Ameghino, 1889

Family Pinheirodontidae Hahn and Hahn, 1999

Genus New genus whose name will be determined upon publications

Material: Right hemimandible with i-ps.

Distribution: Ulsa quarry, Cambelas, Sdao Pedro da Cadeira, Torres Vedras, Portugal.
Description: The right hemimandible is a small non-compressed specimen of an odontologically
immature (juvenile/paedomorphic) individual (Fig. 4.1). Except for the base of the premolars
and some concavities, the specimen is almost clear from the matrix. The posterior portion of the
dentary bone is fragmentary, with both the coronoid and condylar processes missing. The tooth

row forms an angle of = 16° to the axis of the dentary.
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Figure 4.1 — This image, captured using the Hirox HXR-01 microscope at the HERCULES Laboratory of the Uni-
versity of Evora, presents a detailed view of the studied fossil. Although some mechanical cleaning has been car-
ried out, sediment can still be seen at the base of the teeth. This is due to the fragile nature of the fossil, which has
prevented further cleaning. a) labial view; b) medial view.

The deciduous incisor of the specimen is broken, leaving only a small portion of its crown
to be exposed out of its alveolus. Despite the fracture, its root is present in situ. It is inserted
steeply inside the mandible at an angle of ~ 45°, curving to a nearly horizontal position within.
The root of the deciduous incisor is long, passing ventrally along the incisor and the apical por-
tion of p1, dp», and p,, ending orthogonally at the level of the distal root of dp. (Fig. 4.2). The
incisor is positioned immediately distal and dorsal to the primary incisor inside the dentary. It
is a long conical tooth with only one cusp curved towards the apex. The mesial surface of its
crown is convex whereas its root has not yet evolved. The anterior portion of the diastema is
slightly damaged, revealing the tip of the erupting incisor. The posterior portion of the incisor
is horizontally oriented to the jawline, ending orthogonally at the level of the distal root of p..
A small portion of the mandibular symphysis is preserved on the anterior portion of the lingual
side of the dentary bone, marked posteriorly by a semi-circular shallow depression. The dia-
stema between the deciduous incisor and pi is long and straight in medial/lateral view, and its
level is subequal to the alveolar margin of the premolars. From the incisive alveolus until the
alveolar socket of m;, the upper edge of the jaw follows a straight line. The small mental foramen
is located ventral to the diastema, orthogonal to its mid-section, on the labial side dorsal to about
mid-height of the mandibular body.

Gradually, a perfectly preserved row of four premolars grows mesiodistally in size. Ex-

cept for the unicuspid pi1, which is nearly peg-like shaped, all the other premolars (dp», ps, and
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ps) are blade-like. In labial view, p»; are subtriangular and tall, whereas p; is rhomboidal and p4
quadrangular. The crowns of all four premolars are labiolingually compressed into flat oblique
surfaces, with the posterior three forming a shearing edge. Nonetheless, it is imperative to em-
phasise that the crowns of the premolars are not compressed as a whole. Coronally to the cervi-
cal margin, they are swollen and broader than their corresponding roots. Compared to the other
premolars, p: is smaller and shorter, not reaching the mesiodistal cutting edge formed by the
distal premolars. It attaches to the mandible at an oblique angle in lateral view, using two
straight roots of subequal length, while the other premolars are inserted more orthogonally.
However, the mesial root of p; is almost twice as thick as the distal one. The subtriangular lobe
advances far apically, making its crown higher than wide, although it is not as contrasting as in
the distal premolars. Above the cervical margin, the lobe bulges on both sides of the crow, but
it is significantly longer on the labial side. In occlusal view, p: shows a sub-quadrangular shape
while its tip touches the anterior surface of dp.. It is possible to observe a unique subtle ridge
which runs basally obliquely on the labial side, corresponding to the single projection of p:.
Except for the occlusal crest, dp. and ps are similar in size and shape, although ps is still
larger. Both have a bulky and deeply extended subtriangular lobe rounded near their cervix
that reaches next to the basal part of the mesial roots, with p; having the bulkiest lobe of all four
premolars. The shape of the lobes is distinct on each side of the crowns, being more elongated
on the labial side. This rule applies to all premolars in the fossil, including the bilobed ps, making
the labial surface of the crown always longer than the lingual surface. The second deciduous
premolar is biradiculate. The two roots project almost to the same depth, with the mesial root
being longer and substantially thicker than the distal root. The mesial root grows straight to the
ventral portion of the jaw, while the distal one grows quite distally convex in lateral view. It is
noticeable that the roots of dp, have the starkest size contrast among all premolars. Approxi-
mately in the middle of the mesial root of dp,on the lingual side, there is a concavity where the
developing p. attaches. The occlusal crest of dp. has the exact contour expected for a primary
tooth of a Kimmeridgian multituberculate: its serrated crest goes downward and forward, bear-
ing three angular projections and two notches, the first of which is noticeably lower than the
rear two. On both lingual and labial sides, two low ridges extend obliquely downward and
forward, corresponding to the second and third crest projections. Although both distal projec-
tions are almost equal in height (the third one is slightly higher), the second crest elevation has

the longest leading flank and a subtly lengthier ridge. As it is the last deciduous premolar in
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situ, dp. has more rounded projections due to its use when compared to other premolars, which
have sharper cutting edges.

The p. is inclined at an angle of 21° upward from the concavity of the mesial root of dp»,
touching gently the dp.distal root. It is also tilted 38° to the lingual side, causing its curved edge
to point in the same direction. No serration is visible on the crown of p», nor are traces of radial
structures in its apical portion. However, despite its sub-rounded morphology, a milder com-

pression on both oblique sides of the crown is conspicuous.

2 mm

Figure 4.2 — The nano-computed tomography (nano-CT) conducted at Instituto Superior Técnico revealed the on-
togenetic state of the specimen, with its deciduous teeth yet to erupt: a) labial view; b) lingual view; di) deciduous
incisor; i) incisor; p1) first premolar; p2) second premolar; dp2) deciduous second premolar; p3) third premolar;
p4) fourth premolar.

The ps has four notches and five angular projections, the second being the most promi-
nent, followed by the third. These two more pronounced projections have low ridges that ex-
tend obliquely downward and forward on both sides of the crown. The most mesial ridge of ps
is longer, curving mesially and downwards at the level of the first projection toward the mesial
root on both the labial and lingual surfaces of the crown. The most distal portion of the ps crest
is characterised by a short, rounded slope, which points distally and basally toward the most
mesial wall of ps. The fourth and the fifth projections grow over this inclined portion, with the
tifth being the smallest and also pointing backwards to pa. Despite that, the overall outline of
the crest is nearly horizontal, forming a chisel-like edge, being taller than long. On the labial
surface of the crown of ps, in the basal cusp area, there is a shallow oval cavity bordered by an
enamel ring that fades towards the distal root direction (Soc, Fig. 4.3 a, c). Hence, the enamel

ring does not encompass the entire fossa. The enamel ring is positioned almost in the centre of
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the labial surface, only slightly mesially displaced. SEM images revealed that the depression
was caused by abrasion, as the wear marks on the inside contrast with the smooth enamel out-
side the concavity (Fig. 4.3). A similar pattern is found in the basal cusps of some specimens of
Ctenacodon serratus (USNM V 2688; YPM 11832) and Paulchoffatia delgadoi, which would in-
dicate that the specimen must have had, at least one large basal cusp on its ps. Two slightly
inward curved roots attach p; to the dentary bone. The distal root is flat mesiodistally, making
it as wide as the mesial root in apical view, although this is the most voluminous. Because of
the aforementioned flattening, the distal root is half the width of the mesial root in the lateral

view.

1 1 (] ]
4 500um

Figure 4.3 — Abrasion and microwear mark: a) SEM image taken with the model Hitachi SU3800 at the NOVA
School of Science and Technology Laboratory, displaying shallow oval cavities caused by abrasion on the labial
view of ps and ps; b) Detail of the wear marks contrasting with the smooth enamel outside the concavity on the
labial surface of the crown of ps; c) Render of the nano-computed tomography (nano-CT) created with Zbrush
Version 2020.1 and Adobe Photoshop Version 21.0.2 software, showing clearly the abrasion marks on ps and pa; d)
Abrasion marks on the lingual surface of ps. SEM image taken with the model EDS Hitachi S3700N at the HERCU-
LES Laboratory of the University of Evora. Ffs, faint shallow fossae; Lp, lump; Sf, shallow fossa; Soc, shallow oval
cavity.
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The p4 is the only tooth that indicates the presence of a second lobe above the distal root,
which is easier to distinguish on the lingual side. Although it is 1.6 times longer in labial view
than ps;, making it the largest tooth of the specimen, compared to dp. and ps, it has the shortest
subtriangular lobe. Compared to the anterior lobe, its posterior lobe is distinctly less prominent,
both being separated by a thin, deep slot. The p4 has four notches and five angular projections
forming a shearing edge. The first and second projections are the highest and have nearly the
same height, whereas the second is the tallest and has the longest leading flank. In lateral view,
the cutting line of the p4 slopes distally and basally to the distal most portion of the tooth. The
low ridges on both lateral surfaces of the crown appear under the second projection, becoming
shorter and fading distally until disappearing entirely in the fifth projection. These ridges cor-
respond to the second, third and fourth projections. As for the p;, the mesial most ridge is the
longest, curving mesially and basally toward the mesial root. Distally to the fifth projection of
the crest, a small additional protuberance is conspicuous on the lingual side. This lump (Lp, Fig.
4.3 c) is part of a low ridge that grows around a superficial concavity on the labial side, which
fades mesially under the fifth projection. On the same side, approximately in the mid-body
height of the psgrows, a step-shaped facet that slopes basally, bearing three abrasion concavi-
ties. In the posterior view, the contact point between this facet and the labial surface of the crown
creates an obtuse angle. As found on ps, a shallow (Sf, Fig. 4.3 a-c) fossa bordered by an enamel
ring is the most mesial among other abrasion marks. However, this depression, rather than be-
ing oval, is more circular, and its ridge is less distally faded, making its shape more evident.
This discrete concavity has an angle of 69° tilted apically and towards the mesial portion, being
succeeded distally by two faint shallow abrasion fossae, almost indistinguishable (Fsf, Fig. 4.3,
c). The most distal abrasion depression, which is best preserved, would indicate the presence of
at least one worn basal cusp. Both roots of p, are subequal in height and thickness. They also
have the same shape, being flattened mesiodistally, which makes them mediolaterally wider.

The m; is missing, but in occlusal view, distal to psand mesial to the broken portion of the
dentary bone, its alveolar socket is partially preserved (Mlas, Fig. 4.4 a). The preserved portion
of the alveolar socket does not allow to deduce whether m; is two-rooted. Its concavity is slightly
smaller than the alveolus of p.. Situated in the posterior portion of the labial side of the mandi-
ble, a large masseteric fossa extends anteriorly to the level of the mesial root of ps, merging

gradually with the lateral side of the jaw (Fig. 4.4).
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c) d)

2 mm

Figure 4.4 — Render of the studied fossil created with DragonFly software, Version 2022.2 Build 1409. a) dorsal
view; b) anteroposteior virew; c) labial view; d) lingual view. M1as, alveolar socket of the missing, first lower molar.

(Comparative morphology with Portuguese Multituberculates). Given that the most diverse
multituberculate fossil record in Europe comes from the prolific Portuguese coal mine of
Guimarota, such a collection is the best starting point for comparing materials (Codrea et al,
2017). There are ten species of multituberculates known through their lower dentition, among
other parts, from the Guimarota lignites. However, some are based only on the lower molars
(Hahn & Hahn, 1998b). Because the specimen here presented has no molars preserved, the spe-
cies that can be used for comparison is restricted to six: Paulchoffatia delgadoi, Kuehneodon
dietrichi, Kuehneodon guimarotensis, Guimarotodon leiriensis (Hahn, 1969), Kuehneodon uni-
radiculatus and Meketibolodon robustus (Hahn, 1978a). Although all these species belong to
Paulchoffatiidae (Hahn, 1969), a more detailed examination is necessary due to its high dental
morphological variability. Regardless of not coming from the Guimarota strata, two more paul-
choffatiids from Kuehneodontinae are known from their lower dentition: Kuehneodon hahni

and Kuehneodon barcasensis (Antunes, 1998; Hahn & Hahn, 2001).
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According to Hahn (1978a), among the different genera of Kimmeridgian multitubercu-
lates, the incisor of the lower jaw presents notable variations, especially its overall structure and
the size of its root, which are relevant for diagnostic purposes. Although the deciduous incisor
of the specimen is broken, it is possible to conclude that it is steeply inserted in the mandible at
the same plesiomorphic angle of 45° as Paulchoffatia. This trait resembles the angle of the incisor
of Guimarotodon, which is also steeply implanted and short-rooted but differs from Kuehneo-
dontinae and Meketibolodon, whose incisors are longer and more horizontally inserted in the
jaw (Hahn, 1969; 1978a). Comparing the completely preserved deciduous incisor of the paul-
choffatiid (V.J. 466-155) with the deciduous incisor of the studied fossil, it is possible to verify
that their roots differ in size and shape, being the latter slender, longer, and more curved (Hahn,
1987: Table 2, Fig 1). The diastema of the new fossil is proportionally longer than any diastema
found in the Guimarota species. Even so, the root of the deciduous incisor extends posteriorly
to below the distal root of dp,, demonstrating that it is a long tooth despite not reaching the
most posterior premolars like in Kuehneodontinae. Although there are some deciduous incisors
from Guimarota (Hahn, 1978c: Figs. 1 a-c, 2 a-b, 3 a-b, 5), it is not feasible to use the length of
the di from the specimen for comparative purposes. This impossibility happens because most
of the complete jaws found were attributed to adult individuals. The same problem occurs with
the incisor, which is still inside the jaw and does not yet have a developed root. However, it can
be observed that, regardless of its ontogenetic stage, the incisor has a more advanced upturned
crown, which structurally reminds more of the species from the Kuehneodontinae than Paul-
choffatiinae.

The angle of ~16° between the premolar row and the dentary axis of the specimen is the
same as the one found in Meketibolodon (diverging between 12°-16°) and Guimarotodon (15°)
(Hahn, 1978a; 1987). It also differs from Kuehneodontinae, which has an angle of 20°, and from
Paulchoffatia, whose premolars run almost parallel to the longitudinal axis of the jaw, having
the lowest angle, ranging between 7°-10° (Hahn, 1969; 1978a).

According to Lazzari ef al (2010), among multituberculates, Kimmeridgian paulchoffati-
ids are believed to have unique morphology of the lower premolars, in which the ps and ps are
subequal in length. In this regard, the p, of the specimen is longer (1.6 times) than its ps, differing

it from the usual paulchoffatiid proportion and bringing it closer to more derived taxa (Kielan-
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Jaworowska & Ensom, 1992). The pis of the new fossil differs from the premolars of Paul-
choffatiidae for having elongated subtriangular lobes, conferring them a triangular outline in-

stead of sub-rectangular premolars (Fig. 4.5).

Subtriangular
Lobe

Figure 4.5 — Comparison between the a) elongated subtriangular lobe of the ps of the specimen and b) the sub-
rectangular premolars of the paulchoffatiids (top to bottom) Paulshoffatia delgadoi, Kuehneodon dietrichi and
Kuehneodon guimarotensis (Carvalho, in this work, modified from Hahn, (1969)). Scale bar: a) 0,5 mm; b) 1 mm.

Among the Kimmeridgian multituberculates, the p: is the tooth with the greatest morpho-
logical variability within the lower premolars. Based on Hahn (1978a), this wide variance in p:
suggests that the tooth was becoming evolutionarily atrophied and had a reduced masticatory
purpose. Its shape can vary even within the same genus, depending on which specimen is being
analysed. This fact makes the use of p: crown morphology for diagnostic purposes impractical.
However, the roots of p; are more informative. The bi-rooted p: of the specimen is a more ple-
siomorphic trait, which again brings it closer to Paulchoffatiinae. Although some kuehneodon-
tines share this same characteristic (e.g., Kuehneodon hahni and K. dietrichi), the trend in Ku-
ehneodontinae was already the reduction in the number of roots, from two to one, or the total
loss of the p1, K. uniradiculatus and K. guimarotensis, respectively. Bi-rooted pis can also be
found in other faxa (e.g., Pinheirodontidae) (Hahn & Hahn, 1999).

Both ps and ps of the studied fossil have five angular projections that differ from the Paul-
choffatiidae ps;, which has three or four points on the cutting edge, and ps, whose average num-

ber of projections is four (Hahn, 1978a). Some paulchoffatiids can develop a fifth projection on
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ps. However, this trend is not substantially represented in this family. Whenever this fifth ele-
vation is conspicuous, it tends to be the smallest. Sometimes, it is so tiny that it is difficult to
distinguish it from a small protrusion (Hahn, 1971). Another visible characteristic is that in Paul-
choffatiidae, the second elevation tends to be the highest point of the crown, contrasting with
the smaller first one (Hahn, 1969: Fig. 29 a; Hahn & Hahn, 1998a: Figs. 14 - 23). Both these traits
are not present in the p4 of the specimen. All its five projections on the shearing edge are dis-
tinctly developed, being the fifth strongly defined and having the same size as the previous two,
while the first and the second projections have almost the same height.

In Paulchoffatiidae, the number, arrangement, and distribution of basal cusps on the
lower premolars may vary considerably. The most common morphology is the pshaving one
row of basal cusps consisting of two to three humps, whereas the p, has one row of four to five
cusps (Hahn, 1978a). Nonetheless, some species developed a second row of ornamental
cuspules below the main row of cusps (Hahn & Hahn, 1998a), whereas others can grow them
on their dp, (Hahn, 1978b: Fig. 12 a-c). Due to the wear found in the basal cusps area of the
studied fossil, it is difficult to compare the basal cusps distribution with Paulchoffatiidae pre-
cisely.

Outside the context of the Guimarota faxa but still within the Paulchoffatioidea of the
Portuguese Late Jurassic, the Pinheirodontidae family is better represented by the isolated teeth
found in Porto Dinheiro, Portugal. Although the author claims that 250 teeth have been found,
only a few specimens have been published. Furthermore, some tooth correlations have been
made arbitrarily, basing them on the state of preservation as if they were relevant morphological
characters. The known lower dentition of pinheirodontids supposedly belongs to four species:
Pinheirodon pygmaeus, P. vastus, Bernardodon atlanticus and Iberodon quadrituberculatus
(Hahn & Hahn, 1999). Despite this, only three morphological types can be distinguished in Pin-
heirodontidae instead of four.

Typically, the Portuguese, pinheirodontid genera have four projections on their ps and six
on their p,, differing from both the ps; and p. of the specimen. As in the studied material, the
ridge that descends from the second projection of the premolars of pinheirodontids is always
the longest.

It is important to note that Pinheirodon pygmaeus and P. vastus are identical in every
aspect except size. Some specimens of P. vastus can be twice the size of P. pygmaeus. Because

no ps found was assigned to P. vastus, only its ps can be used for comparison. The premolars
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belonging to Pinheirodon have bulges above the cervical margin that may indicate traces of
basal cusps (Kielan-Jaworowska et al, 2004). However, due to its state of preservation, it is not
possible to make any comparisons with the new fossil. In distal view, the p. of P. pygmaeus is
similarly structured, having both lingual and labial sides of its crown sloping almost symmet-
rically, forming a triangle. Still, in distal view, the p4 of the new fossil has a different outline due
to its distinctive sides. The occlusal facet of the labial surface makes the crown bulkier. The p23
of P. vastusis bilobed, a trait that differs from the studied material that has only one subtrian-
gular lobe above the mesial root (Fig. 4.6). Although the mesial lobe of P. vastus is large and
prominent, reaching the proximal portion of the mesial root, the single subtriangular lobe of the
specimen is bulkier and longer (Hahn & Hahn, 1999).

As in Pinheirodon vastus, the p.s of Bernardodon is bilobed, thus also differing from the
new fossil. In posterior view, both lingual and labial sides of p»s of Bernardodon bulge out con-
vexly, giving it a rounded shape, which contrasts with the triangular shape of the p»; of the new
fossil. Another noticeable difference is that on the labial surface, the p.s of Bernardodon devel-
ops a prominent facet where its basal cusps project (Hahn & Hahn, 1999). In the specimen, the
crown also widens basally until the proximal portion of the roots, but they are flat. The surface
of the lingual side is completely straight, while the labial surface is also straight with an almost
imperceptible bulge. Although the basal cusps of the sample p..; are worn, it is possible to infer

that Bernardodon had a superior number of basal cusps.

Subtriangular Lobe

Figure 4.6 — Comparison between the p3 of the a) specimen and the b) p3 of the pinheirodontid Pinheirodon vastus
(mirrored). Although the premolar of P. vastushas a more developed subtriangular lobe than the paulchoffatiids,
it is still smaller than that of the specimen, a pattern that occurs in all species of pinheirodontids, and it also displays
a second lobe over the distal root; c) the cavities (Cav) on the labial side of the ps in /berodon, mirrored illustration
(Carvalho, in this work, modified from Hahn and Hahn, (1999)). Scale bar: 0, 5 mm.
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According to Kielan-Jaworowska and Ensom (1992), Hahn and Hahn (1999), and Kielan-
Jaworowska et al. (2004), Iberodon quadrituberculatus is the only species which developed an
autapomorphy among pinheirodontids: the replacement of the cusps of both ps and p, with pits.
Nevertheless, in agreement with Martin ef a/. (2019), these pits are merely preservation artefacts
caused by intense wear. Since enamel is generally significantly harder, these cavities are left
after the dentine of the basal cusps is worn away (Cav, Fig. 4.6 c). In addition, /berodon presents
the most intense worn among the pinheirodontid species. This thesis also agrees with Martin ef
al. (2019) in that this phenomenon is also present in some paulchoffatiids housed at the Geolog-
ical Museum in Lisbon. Thus, the premolars in /berodon seem to have originally had five small
basal cusps. Although, in both specimens, the basal cusps are worn, it can be inferred that the
studied fossil had a much larger first basal cusp than /berodon (Fig. 4.6 a-c). The p. of Iberodon
shares with the new fossil no development of a posterior lobe on the crown. However, its sub-
triangular lobe is smaller and less robust when compared to the new fossil (Hahn & Hahn, 1999).
Aside from this difference, the lower crown border distal to the subtriangular lobe goes up in a
steep ascending line towards the posterior edge of the crown in a very similar curvature to the
specimen. Apart from the basal cusps, the p. of /berodon differs from the new fossil due to a
less pronounced anterior lobe compared to the posterior lobe. In posterior view, the ps of
Iberodon shows a less marked and more rounded facet, probably caused by wear (Fig. 4.7). This
feature, together with a slightly concave labial surface, makes its posterior portion almost sym-
metrical, in what Hahn and Hahn (1999) called “bottleneck shape”. Due to the state of preser-
vation of ps, it is not possible to make a more accurate comparison from this point of view.
Within pinheirodontids, /berodon and P. pygmaeus have the closest p4:p3 ratio to the studied

sample, where psis 1.7 and 1.5 times greater than ps, respectively.
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h) i)

Figure 4.7 — Comparison between ps and p; of the specimen with the p3 and p4 of pinheirodontids in posterior
view: a) ps of the specimen; b) ps of Pinheirodon pygmaeus; c) ps of P. vastus; d) ps of Bernardodon atlanticus; e) ps
of Iberodon quadrituberculatus; f) p. of the specimen; g) ps of P. pygmaeus (mirrored); h) ps of B. atlanticus (mir-
rored); i) ps of . quadrituberculatus (modified from Hahn and Hahn, (1999)). Scale bar: 0, 5 mm.

(Comparative anatomy with Plagiaulacidae and Allodontidae). For many decades, the only un-
contested plagiaulacids were found in England, Bolodon and Plagiaulax (Falconer, 1857; Owen,
1871; Kielan-Jaworowska ef al., 2004). In recent years, a new species from North America was
described as belonging to Bolodon (Cifelli ef al., 2012), which now has six species (four with
known lower dentition), despite the still present uncertainty that "B. "elongatusto belong to this
genus (Hahn & Hahn, 1983; Kielan-Jaworowska & Hurum, 2001). These multituberculates show
characteristics present in Early Cretaceous specimens. In the lower dentition, they have a reduc-
tion they have a reduction in the number of premolars, whereas their size, number of projections
and level of morphological complexity increased (Kielan-Jaworowska & Ensom, 1992). Alt-
hough Plagiaulaxloses pi, consequently remaining with only three premolars, Bolodonhas four
lower premolars. In that sense, the new fossil is closer to Bolodon than Plagiaulax. Despite the
differences in jaw size, the sample is more massive and bulkier, especially in its anteroventral

portion, compared to Bolodon. Its diastema is also distinct, being flatter and longer. The studied
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fossil does not have one of the most distinguishable apomorphies of plagiaulacids: the elon-
gated ps4, about twice as long as ps, bearing five to seven ridged projections on the serrated crest
(Kielan-Jaworowska & Ensom, 1992). Even though the p4 of the specimen also has five projec-
tions on its crest and is longer (1.6 times) than its ps, it does not reach the measurements found
in Plagiaulacidae. In this family, the ps has four projections forming the shearing edge, one less
than in the new fossil (Owen, 1871; Simpson, 1928). This one shares with Bolodon the high,
subtriangular aspect of the crowns of ps. The prolongation of the triangular lobe, its shape and
proportion about the crown height of p; within Bolodon specimens and species vary immensely.
For that reason, it is not possible to make a precise morphological comparison with the new
fossil (e.g., Kielan-Jaworowska & Ensom, 1992: P1. 2, Figs. 4 and 7; p3, DORCM GS 201, p3 of
BMNH 48399). Plagiaulacids have no basal cusps on the labial side of ps, whereas it has a row
of basal cusps on p4 (Kielan-Jaworowska & Hurum, 2001).

The Allodontidae family is known from two genera, Ctenacodon and Psalodon, from the
Late Jurassic Morrison Formation in the United States (Marsh, 1879; Simpson, 1926; Kielan-Ja-
worowska et al., 2004). Yet, Psalodon is known only from the upper jaws. Compared to Psalo-
don? marshi (USNM V 2684), the jaw of the new fossil has a more robust gestalt, mainly in its
anteroventral portion, joining to the alveolar socket margin of the incisor via a more pronounced
curvature. The diastema of both multituberculates appears to be similar in size. A more precise
comparison is not possible due to the state of preservation of the allondontid dentary, which
also hinders the identification of morphological characters on the teeth. Nevertheless, it is pos-
sible to discern two lobes on its p; and more pronounced lobes on its ps, which are incompatible
traits with the teeth morphology of the specimen. The growth of p, concerning p; is also present
in this family. In Allodontidae, p. tends to be 1.5 times longer than p;, a ratio close to that found
in the studied material (1.6).

According to Kielan-Jaworowska and Hurum (2001), allodontids, and paulchoffatiids,
have the distal lower premolars quadrangular in labial view instead of the sub-triangular shape
found in the sample and plagiaulacids. This characteristic is present in Psalodon? marshi
(USNM V 2684) and Ctenacodon serratus (USNM V 2688). However, some specimens diag-
nosed as Ctenacodon can show different traits. One example is Ctenacodon sp. (USNM PAL
619515), which displays massive subtriangular lobes on the labial side of its premolars that,
although basally longer, resemble those of the new fossil. The length of the diastema is also

similar in both specimens, but it is more angled in the allodontid jaw, contrasting with the new
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fossil diastema. Posteriorly, the diastema of Ctenacodon sp. (USNM PAL 619515) maintains its
angle until it reaches the alveolar line of the premolars, forming an arch that descends basally
along the distal root line of the p4, which contrasts to the flat alveolar line observed in the new
fossil. Ctenacodon sp. also differs from the new fossil by having three (possibly four) projections
on the crest of ps;; the mesial lobe of ps more prominent, making the gap between it and the
distal lobe more carved; the masseteric fossa less anteriorly extended, orthogonal to m;. Com-
pared to the sample, C. serratus (USNM V 2688) differs in having shorter and more squared
premolars with smaller subtriangular lobes on the labial side, bearing a small lobe over the dis-
tal root of ps; three projections on ps; the distal lobe of p4 rounder and more conspicuous; a more
compact and delicate overall shape of the jaw; a more posterior extended masseteric fossa. The
diastema of C. serratusis shorter. However, it is as flat as in the specimen, as is the alveolar line
of the premolars.

Based on Kielan-Jaworowska et al. (2004), allodontids share with plagiaulacids the loss of
labial cusps on ps, thus differing from the new fossil. However, it is necessary to point out that
although the descriptions of the holotypes do not mention any basal cusps on ps, some speci-
mens analysed through this research appear to have had them already, but apparently, they are
worn (e.g., USNM PAL 619515; YPM 11832). In ps4, both allondontid genera share six projections
on their crests and a row of basal cusps, which are usually almost entirely abraded by wear
despite the tooth being unworn. This feature, mentioned by Simpson (1929), is similar to the
one found in the new fossil, i.e., the crest projections are better preserved while the basal cusps
are worn. In Psalodon? marshi, the row of basal cusps, mesial to a single bulky protuberance,
grows in size progressively in a line oblique to the crown. According to Simpson (1929),
Ctenacodon has a similar structure of small accessory basal cusps on ps. Unfortunately, this

characteristic cannot be compared with the new fossil.

Comparative anatomy with (other multituberculate #axa). Zofiabaatar pulcher was discovered
in the latest Morrison fauna, making it the youngest specimen of multituberculate known from
that Formation (Bakker ef al, 1990; Carpenter, 1998). This species is placed in a monotypic fam-
ily called Zofiabaataridae (Bakker, 1992; but see Carpenter, 1998). Zofiabaatar differs from the
new fossil for having a shorter and slopped diastema, forming a small step distal to p1, and an
inclined alveolar line of premolars. Zofiabaatar also differs from the new fossil in having possi-

bly four projections on ps, which is bilobed and, for that reason, also lacks the curvature on the
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posterior edge of the crown; and a ps with seven serrations on its crest, almost as long as p, and
ps together. Zofiabaatar p4 also contrasts with the new fossil for having an arched occlusal sur-
face, whose highest point is above the posterior part of its anterior root (Carpenter, 1998).
Glirodon grandis has been considered an incertae sedis multituberculate (but see phy-
logenetics section) also found in the Late Jurassic Morrison Formation known from upper and
lower dentition (Gillette, 1999; Kielan-Jaworowska et al., 2004). Glirodon differs from the new
fossil for having a pronounced shorter and concave diastema; a less anteriorly extended, but
laterally prominent well-developed masseteric fossa; the alveolar line of the premolars forming
an angle, reaching the highest point under the p; three projections on the crest of ps, which lacks
any basal cusp. G. grandis shares with the specimen a lengthy triangular lobe on the labial sur-
face of ps, which is also not bilobed, and five projections on the occlusal crest of p4 (Gillette,
1999).
Following the aforementioned morphological comparisons, it is evident that the examined spec-

imen does not correspond to any known species (Fig. 4.8).
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Figure 4.8 — Comparison between the right mandible (mirrored lateral view) of the new specimen a) and the fol-
lowing multituberculates: b) Ctenacodon serratus (USNM V 2688), mirrored lateral view; ¢) Ctenacodon sp. (USNM
PAL 619515), lateral view; d) Psalodon? marshi (USNM V 2684), lateral view; e) Bolodon falconeri NHMUK PV
OR 47730), mirrored lateral view; f) Plagiaulax becklesii NHMUK PV OR 47731), mirrored lateral view; g) Zofi-
abaatar pulcher (UCM 42329), mirrored medial view; h) Glirodon grandis (LACM 120452), mirrored lateral view;
i) Kuehneodon dietrichi (V.]. 4 -155), mirrored lateral view; j) Paulchoffatia delgadoi (V.]. 1 -155), lateral view; k)
Meketibolodon robustus (IPFUB Gui Mam 89/76), lateral view.

4.2 Palynological Taxonomy

4.2.1 Pollen

Family Cheirolepidiaceae Turutanova-Ketova, 1963

Genus Classopollis Pflug, 1953

Species Classopollis sp.

Remarks: The genus Classopollis (Fig. 4.9) is the most dominant faxon. On average, Clas-
sopollis represents 41% of the palynomorphs found in every sample from the Ulsa quarry. This
spherical pollen, which generally occurs isolated (monad) or in tetrads, was produced by the
extinct conifer family Cheirolepidiaceae, one of the most diverse conifer groups throughout the
Mesozoic (Srivastava, 1976; Kiirschner ef al, 2013). Fossil evidence of this family first emerged
in the Late Triassic period in western North America (Tosolini et aZ, 2015), while the latest rec-
ords are dated to the Paleocene (Barreda ef al, 2012), The genus Classopollis, considered cos-
mopolitan pollen (Traverse, 2007), is characterised by a thickened equatorial band, a distal cir-
cular aperture through which the pollen can interact with its environment (cryptopore) and a

proximal tetrad scar (Srivastava, 1976).
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Figure 4.9 — Classopollis sp., the predominant palynomorph in all samples (CBL5, CBL6 and CBL7), appears as
isolated grains and as in tetrads. Scale bar: 25 um.

Family Cheirolepidiaceae Turutanova-Ketova, 1963

Genus Spheripollenites Couper, 1958

Species Spheripollenites sp.

Remarks: Spheripollenites (Fig. 4.10) are pollen grains originally spherical, possessing an
equidimensional germinal aperture that can sometimes be indistinct (Burger, 1965). This genus
was the second most frequently encountered palynomorph across the samples. The highest fre-
quency of this pollen was found in sample CBL7, which accounted for approximately 33% of it.
In sample CBL6, Spheripollenites represented 18% of the identified palynomorphs, and in CBL5
only 2%. According to Santos et al. (2022), this alete pollen is typically associated with conifers.
However, its biological affinity is ambiguous since distinct authors frequently assign them to
different families, such as Cheirolepidiaceae, Cupressaceae or Araucariaceae. However, in their

more recent work, Santos et al. (2024) associated this genus with Cheirolepidiaceae.

Figure 4.10 — Spheripollenites sp., the second most frequent palynomorph found in all samples (CBL5, CBL6 and
CBL7). Scale bar: 25 pm.

Genus Exesipollenites Balme, 1957

Species Exesipollenites sp.

Remarks: The Exesipollenites genus (Fig. 4.11) is present in all the samples collected, being
more abundant in CBL5, representing 20% of it. In CBL6 it composes 5% of this sample and
14.5% of CBL5. Exesipollenites is a monosporate pollen from a plant likely belonging to the
Bennettitales, a group of gymnosperms similar to cycads that existed from about 250 to 70 mil-
lion years ago (Penalver ef al, 2015). As Watson ef al. (1991) and Abbink (1998) noted, Bennet-

titales flourishes in dry, warm environments.
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Figure 4.11 — EXxesipollenites sp., a genus of pollen present in all the collected samples (CBL5, CBL6 and CBL?7).
Scale bar: 25 pm.

4.2.2 Spores

Family Schizaeaceae Kaulfuss, 1827

Genus Cicatricosisporites Potonié and Gelletich, 1933

Species Cicatricosisporites sp.

Remarks: The Cicatricosisporites (Fig. 4.13) is a trilete fern spore characterised by its radial
symmetry and triangular outline, with sides that are either straight or slightly convex (Back-
house, 1988). The slits in the outer layer, or /aesura, are elevated, exhibiting a gentle wave-like
pattern, and stretching up to three-quarters of the spore radius, from the centre of the pollen
grain to its outer edge. The Cicatricosisporites displays a cicatricose enxine ornamentation
(Legrand ef al, 2011). This spore was only found in sample CBL5, representing 2% of its paly-
nomorphs, following the pattern described by Duarte ef a/. (2021) that when in correlation with
markers of dry climate, their presence is typically not statistically significant. According to the
same authors, other researchers have attributed the association between Cicatricosisporites and
Classopollis to hot and arid paleoclimates. For instance, Choi (1985) suggested a dry and warm
paleoclimate based on the presence of Classopollis and Ephedripites and a limited occurrence
of Cicatricosisporites. Schrank (2010) reported similar climatic conditions, identifying Cicatri-
cosisporites and Classopollis in the Upper Jurassic and Lower Cretaceous sediments of Tanza-
nia. Nichols (2003) also associated Cicatricosisporites with arid climates, citing its presence

alongside Classopollis and Exesipollenites, among others, in the Cretaceous layers of China.
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Figure 4.12 — Cicatricosisporites sp., a trilete fern spore collected only in the sample CBL5. Scale bar: 25 um.

Family Matoniaceae Presl, 1847

Genus Matonisporites Couper, 1958

Species Matonisporites sp.

Remarks: Trilete spores (Fig. 4.14) featuring a biconvex shape with straight or concave
sides. The suturae nearly reach the radial thicker crassitudes, i.e., the thickened areas of the
exine, which is the outer layer of the spore or pollen grain (Backhouse, 1988; Legrand ef al,
2011). This spore was found only in the sample CBL6 representing 3% of its content. This genus
belongs to the Matoniaceae, a family of ferns that could live in drier areas of the lowlands, not
needing to stay in shady and humid regions such as freshwater bodies. However, this family of
ferns had a wider range of distribution and a greater variety of potential habitats during the

Mesozoic (Santos et al., 2022).

Figure 4.13 — Matonisporites sp., a trilete fern spore found only in the sample CBL6. Scale bar: 25 pm.

Family Schizaeaceae Kaulfuss, 1827
Genus Ischyosporites Balme, 1957

Species Ischyosporites sp.
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Remarks: Ischyosporites (synonym of the Klukisporites genus) (Fig. 4.15) is a strongly or-
namented subtriangular trilete spore (Backhouse, 1988). This genus was found in samples CBL5
and CBL6, being more numerous in the former, representing 3% of its palynomorphs. Accord-
ing to Waksmundzka (2014), Guy-Ohlson (1971), based on observation of modern spore mate-
rial of Schizaeaceae and Dicksoniaceae, suggested including the genus Ischyosporites into the
family Schizaeaceae. Cranwell and Srivastava (2009) recognise K/ukisporites as having botani-
cal affinities with Schizaeaceae, reaffirming the taxonomy proposed by Guy-Ohlson, since the

two are synonymaous.

Figure 4.14 — Ischyosporites sp., a highly ornamented, subtriangular trilete spore, found in both the samples CBL5
and CBL6. Scale bar: 25 pm.

Family Cyatheaceae Kaulfuss, 1827

Genus Deltoidospora Miner, 1935

Species Deltoidospora sp.

Remarks: Deltoidospora is a trilete (Fig. 4.16) fern spore that likely grew in humid envi-
ronments with moderate temperatures (Schrank, 2010). This genus is distinguished by its trian-
gular shape characterised by straight to gently, concave sides with rounded corners. The /aesu-
rae are straight and simple, frequently remaining open, and extend up to three-quarters of the
radius of the spore. (Baldoni, 1992). Deltoidospora was detected in all the samples, being more

common in CBL7, representing 6% of its palynomorphs.
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Figure 4.15 — Delfoidospora sp., a triangular trilete fern spore, was detected in all the samples. Scale bar: 25 yum.

Family Cyatheaceae Kaulfuss, 1827

Genus Staplinisporites Pocock, 1962

Species Staplinisporites sp.

Remarks: In conformity with Santos et al. (2022), Staplinisporites (Fig. 4.17) are among the
species related to river sporomorphs that would be found in freshwater fluvial channels, such
as Bryophytes and Lycopodiaceae-Selaginellaceae. These groups demonstrate significant water
demands that correspond with riverbank ecosystems, which offer constant humidity and are
likely subject to occasional flooding leading to submergence. Schrank (2010) also places this

trilete spore amid Bryophytes and Lycophytes. This spore was found only in the sample CBL5.

Figure 4.16 — Staplinisporitessp., a trilete spore linked to groups that exhibit substantial water requirements, found
only in the sample CBL5. Scale bar: 25 pm.

Family Pteridaceae Kirchner, 1831

Genus Striatella Miadler, 1964

Species Striatella sp.

Remarks: Striatella (Fig. 4.18) is a cingulate trilete spore belonging to the Pteridaceae fam-
ily of ferns. This genus would thrive in lowland habitats, composed of vegetation that grows
around ponds and freshwater marshes in floodplains (Santos et al, 2022). This spore was found
in samples CBL6 and CBL7, with a higher concentration in CBL7, constituting 3% of its palyno-

morphs.
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Figure 4.17 — Striatella sp., a cingulate, trilete spore belonging to ferns. This genus was found in both the samples
CBL6 and CBLY7. Scale bar: 25 pm.

Some spore genera are represented in the samples by a single specimen:

Family Zygopteridaceae Scott, 1912

Genus Verrucosisporites Ibrahim, 1933

Species Verrucosisporites sp.

Remarks: Verrucosisporites (Fig. 4.19 a) is recognised as a trilete spore, which displays
rugae and verrucae ornamentation and is associated with various fern faxa. It is also linked to
botryopterids and can be seen as pre-pollen of seed ferns such as the lyginopterid Schopfian-

gium (Traverse, 2007; Ingrams et al., 2020). This genus was present only in sample CBL5.

Family Schizaeaceae Kaulfuss, 1827

Genus Trilobosporites Potonié, 1956

Species Trilobosporites sp.

Remarks: Trilobosporites (Fig. 4.19 b) are verrucate spores, which can be distinguished
morphologically by their size, the proportional size of their verrucae, and the variance in ver-
rucae dimensions. This genus is believed to have been produced by ferns with significant affin-
ities to the extant Lygodium, a genus known for typically thriving in warm and humid environ-
ments (Polette ef al, 2018). It is plausible that they grew on the peripheries of swamps and sub-
sequently dispersed extensively across the developing floodplains (Néraudeau efal, 2012). San-
tos ef al (2022) also connect this genus to lowland ecosystems, composed of vegetation that
thrives near freshwater swamps and ponds within floodplains. Unfortunately, the specimen

found in sample CBL5 is not well preserved, making it difficult to identify.
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a)

Figure 4.18 — a) Verrucosisporites sp., a trilete spore featuring rugae and verrucae ornamentation. b) 7ri/obospor-
ifessp., a verrucate fern spore recognised for flourishing in warm and humid climates. Both genera were only found
in the sample CBL5. Scale bar: 25 pm.
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PHYLOGENETIC ANALYSIS

The phylogeny established by Smith ef al. (2021) was used as the backbone data matrix.
Smith et al. (2021) implemented 113 revisions to the phylogeny proposed by Weaver et al.
(2020). These revisions were necessary to correct scores that had arisen since the phylogeny
proposed by Kielan-Jaworowska and Hurum (2001), one of the first to suggest a detailed phy-
logeny for multituberculates. Only one modification in Character 35 was made to the matrix
provided by Smith ef al. (2021). Additionally, eight new characters and five faxa were intro-
duced, including the new fossil. As a result, the changes are described in detail and explained
here.

The five faxa added to the matrix were: the pinheirodontids Pinheirodon pygmaeus,
Bernardodon atlanticus and Iberodon quadrituberculatus, the paulchoffatiid Kielanodon hop-
soniand the new fossil. Although based on isolated materials, the species belonging to Pinhei-
rodontidae were included in the matrix due to their geographical and morphological proxim-
ity to the new specimen. Notably, K. hopsoni is a key species for understanding both its phy-
logenetic relationship with the studied fossil and tooth replacement patterns in Multitubercu-
lata. This inclusion is particularly significant because the new fossil, K. hopsoni and Rugoso-
don eurasiaticus are the only multituberculate genera known to share the alternate posteroan-
terior teeth replacement (Hahn and Hahn, 1998a; Yuan ef al, 2013; see discussion section be-

low).

The new characters are the following:
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Character 35 (Lower p;, or penultimate premolar, presence vs. absence) was changed
from 0 to [0 1] in the faxon Kuehneodon, as this genus can display either three or four p; (e.g.
Kuehneodon guimarotensis, does not display the p;, Hahn, 1978a; Hahn 1987).

Character 131 (Teeth replacement pattern: anteroposterior 0, alternate posteroanterior
replacement pattern 1, has been introduced to distinguish between species exhibiting an an-
teroposterior tooth replacement pattern and those with an alternate posteroanterior replace-
ment pattern (Fig. 5.1).

Character 132 (Diastema size difference: short diastema 0, diastema > p; and p2 1, dia-
stema > ps, when p, and ps are missing 2) compares the various diastema lengths in the jaws
of multituberculates. Diastemas as long as the p: and p» in multituberculates possessing four

premolars, and the ps in multituberculates lacking p: and p», were classified as long (Fig. 5.2).

- Deciduous teeth
- Permanent teeth

Stage 4

Stage §

Stage 3

Figure 5.1 — The two different tooth replacement patterns found in multituberculates: a) the alternate posteroan-
terior teeth replacement of the studied fossil (mirrored picture) and b) the most common anteroposterior diphyo-
dont replacement present in the majority of known faxa of multituberculates (modified from Greenwald, 1988).
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Diastema Diastema

Figure 5.2 — The diastema size difference between a) the new fossil and b) the paulchoffatiid Meketibolodon ro-
bustus.

Character 133 (Outline of the alveolar line of the jaw: flat outline 0, arched outline 1,
ladder-shaped outline 2) differentiates between the three distinct dorsal outlines of the mul-
tituberculate jaw: straight, arched, and ladder-shaped alveolar lines (Fig. 5.3).

Character 134 (Subtriangular lobe on p»: absent 0, present 1) has been introduced to dis-
tinguish the presence or absence of the subtriangular lobe on the labial side of p,, whilst char-
acter 135 (Subtriangular lobe on ps: absent 0, present 1) differentiates between the presence or

absence of the subtriangular lobe on the labial side of ps (Fig. 4.6).

Figure 5.3 — The three main different alveolar lines of the jaw: a) straight, Ctenacodon serratus (USNM V 2688),
mirrored lateral view; b) arched, Glirodon grandis (LACM 120452), mirrored lateral view; c) ladder-shaped, 7ae-
niolabis taoensis (AMNH 16310), lateral view.

Character 136 (Lobe over the distal root of p.: absent 0, present 1) compares the presence
or absence of a second lobe at the crown-root junction over the distal root of p,, meanwhile,
character 137 (Lobe over the distal root of ps: absent 0, present 1) compares the same trait over
the distal root of ps (Fig. 4.6).

Character 138 has been introduced to distinguish the angle between the premolar row
and the dentary axis of the jaw. Three ranges were established: angle smaller than 12° 0, angle

between 12° and 17° 1, and angle between 18° and 22° 2 (Fig. 5.4).
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The new matrix was analysed through a “New Technology search” in TnT version 1.5
software. After incorporating the new characters and Zaxa, and subsequent comparison of the
revised phylogenetic tree with the framework proposed by Smith et al. (2021), it is evident that
both phylogenies exhibit a similar picture of multituberculate evolutionary relationships (Fig.
5.6). Minor variations are observed in the branching order of several faxa within each major
group. Nonetheless, the branching pattern of higher-level groups is essentially the same. De-
spite differences in their internal relationships, both phylogenies consistently place these fam-
ilies (Kogaionidae, Taeniolabidoidea, Ptilodontoidea, and Djadochtatherioidea) in similar top-

ological positions.

2 mm

Figure 5.4 — The angle between the premolar row and the dentary axis of the jaw of the new fossil is approximately
16 degrees.

The revised phylogenetic tree presents a new hypothetical framework elucidating as-
pects of the evolutionary relationships within Pinheirodontidae (Fig. 5.5). The phylogeny of
this family has always been poorly known, mainly due to the scarce and isolated material, e.g.,
Gerhardodon purbeckensis (Kielan-Jaworowska & Ensom, 1992), Lavocatia alfambrensis
(Canudo & Cuenca-Bescds, 1996) the already mentioned pinheirodontids from Porto Dinheiro,

Portugal (Hahn & Hahn, 1999), Ecprepaulax anomala (Hahn & Hahn, 1999) and others. This
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factor resulted in the exclusion of this family from the most recent phylogenies, e.g., Xu et al.
(2015), Weaver et al. (2020), Smith et al. (2021), and Mao et al. (2023).

Through detailed comparative morphological analyses, the newly discovered fossil al-
ready exhibited a pronounced phylogenetic relationship with Pinheirodontidae, particularly
Iberodon. After the phylogenetic analysis, not only was this relationship supported, but there
was also a strengthening of the Pinheirodontidae family, showing that the Portuguese taxa
have taxonomic affinities, despite their relatively incomplete preservation. The classification
of the studied fossil within Pinheirodontidae, based on the new phylogenetic analysis, indi-
cates that this is the first instance of encountering more complete material from this family,

rather than isolated teeth.

71



Sinoconodon

— Kielanodon

— Pseudobolodon

—— Haramiyavia

—— Thomasia

—— Morganucodon —— Pinheirodontidae

Pinheirodon
Bernardodon

New Fossil
Iberodon “Plagiaulacida®
Kuehneodon
| Henkelodon b, jonoftatidae
— Guimarotodon
— Meketibolodon 2
Meketichoffatia ’ ’
— Paulchoffatia 7
— Rugosodon ; ’
Glirodon ’ /
2 Ctenacodon /
2 —— Zofiabaatar 4
2 Bolodon Y !
Plagiaulax ’
Allodontidae - 2
Bryceomys . e
2 Hakusanobaatar ’
Liaobaatar L7
Heishanobaatar 4
Plagiaulacidae 2 Jeholbaatar y /
Eobaatar . 4
Sinobaatar _ /
Arginbaatar
1 B.transylvanicus
2 - K.ungureanui
2 .
— B.oardaensis
2 K radulescui
H.pyrenaica
‘ H.belgica
Cimolodonta —— — Meniscoessus
1 Microcosmodon
Pentacosmodon
Yubaatar
Catopsalis
Taeniolabis
2 Prionessus
Sphenopsalis
Taeniolabidoidea — — Lambdopsalis
Filikomys
Mesodma
Cimolodon
Neoliotomus
Ptilodus
Ptilodontoidea — Ectypodus
Nemegtbaatar
Kamptobaatar
Chulsanbaatar
Kryptobaatar
Catopsbaatar
Boffius
Buginbaatar
Stygimys
Eucosmodon

Figure 5.5 — The strict consensus tree, annotated with absolute Bremer support values above the branches, was
generated by integrating newly acquired data into the matrix from Smith et al. (2021)
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Figure 5.6 — Phylogenetic tree proposed by Smith ef al. (2021).
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DISCUSSION

6.1 Teeth Replacement Patterns

The specimen clearly shows all the distinct dental specialisations of a multituberculate,
which are unique among Mesozoic mammals (Zachos & Asher, 2018). The most conspicuous
is the modified multicuspid lower premolars forming a blade-like structure (Szalay, 1981;
Kielan-Jaworowska et al, 2004). Over the last decades, some rare fossils of odontologically
immature multituberculates from different geological periods have been described (Clemens,
1963; Krause, 1980; Archibald, 1982). These specimens were in a more advanced ontogenetic
stage than the new fossil, having what Greenwald (1988) calls "alveolar gap". This character-
istic appears after the loss of di, mesial to i, which is in a recent state of eruption, leaving the
alveolus empty to be gradually filled by i.. Considering this information, it is possible to infer
the final insertion position of ix from di..

The pattern variations found in the dental ontogeny of different multituberculates fam-
ilies can be relevant for systematic purposes. Based on several North American Late Creta-
ceous-Early Paleogene multituberculates faxa, Greenwald (1988) suggested a sequential an-
teroposterior diphyodont replacement of the anterior dentition similar to the one found in
Theria. This replacement pattern is comparable to that found among paulchoffatiids, with only
one difference: the replacement of ps. While p, in Paulchoffatiidae is diphyodont (Hahn, 1978c:
Figs. 1-5), in the Late Cretaceous-Early Paleogene multituberculates, it is monophyodont
(Greenwald, 1988). The first exception to this pattern was proposed by Hahn and Hahn (1998a)
when they described a specimen of a young paulchoffatiid known only for its upper dentition,
Kielanodon hopsoni. According to these authors, in the right maxillary bone of K. hopsoni, the

p’ erupts between a dp” and a dp*. The dp” is preceded by a dp', upon which the p, still in its
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cavity, prepares to erupt (Fig. 6.1). This specimen of paulchoffatiid suggests that the tooth re-
placement took place alternately in two waves, with one tooth skipped individually at a time

instead of being replaced one after the other, and that the replacement was posteroanterior.

dpl dp? p3 apd

a)

b)

Figure 6.1 — The alternate posteroanterior teeth replacement found in the right maxilla of Kielanodon. hopsonti: a)
occlusal view; b) lingual view (modified from Hahn and Hahn, (1998a)). Scale bar: Imm.

The replacement pattern observed in K. hopsoni, which contradicts the usual anteropos-
terior pattern of mammals, is the same found in the more recently described Rugosodon eur-
asiaticus (Yuan et al,, 2013). The dentary presented in this research is the third specimen of
multituberculate in the fossil record to display an alternate posteroanterior teeth replacement.
Two of its three most anterior teeth are deciduous. The only exception is the already replaced
p1, which intercalates with them. In the meantime, ps and p. suggest they have already shed,
being the first to be replaced. The ps, ps and p4 are described as definitive teeth due to the lack
of evidence of erupting deciduous teeth apical to them and the level of wear on their projec-
tions, which, compared to dp,, are sharper. Furthermore, as mentioned in the description, from
all premolars, dp: has, on its occlusal crest, the most evident deciduous morphology similar
to the Kimmeridgian multituberculates. Among the deciduous teeth of the studied material,
the incisor is almost erupting in contrast to p», which is still deep into its cavity attached to the
shallow depression on the mesial root of dp». Due to the advanced developmental stage of the
incisor concerning p», it is deducible that di will probably be replaced before dp,. Based on the
presented evidence, it is possible to conclude that the studied fossil presents an alternate
posteroanterior teeth replacement (see Fig. 4.2 and Fig. 5.1).

According to Hahn and Hahn (1998a), this alternate pattern presented in Paulchoffati-
idae is a primitive feature similar to that of cynodonts, dryolestids and Mesozoic mamma-

liaforms such as Sinoconodon. This shared trait would, therefore, indicate the basal condition
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of all multituberculates. Thus, the transition of alternate posteroanterior to continuous antero-
posterior teeth replacement would have happened individually twice, i.e., in this order and in
modern mammals. Two specimens of paulchoffatiids are a good example of anteroposterior
sequential teeth replacement in this family: Kuehneodon dietrichi (MSG V J. 441-155) and Ku-
ehneodon guimarotensis (MSG V J. 440-155) (Hahn, 1978c). Therefore, following this hypoth-
esis proposed by Hahn and Hahn (1998a), these paulchoffatiid species would have already
transitioned to an anteroposterior sequential teeth replacement.

The authors Kielan-Jaworowska ef al. (2004) suggested three possible scenarios regard-
ing the evolutionary relationship of tooth replacement patterns in multituberculates: the alter-
nate posteroanterior teeth replacement is indeed a plesiomorphic condition among multitu-
berculates, indicating that multituberculates possibly inherited a cynodont-like replacement
pattern, therefore, the anteroposterior sequential replacement of the North American Late Cre-
taceous-Early Paleogene multituberculates would be a secondarily derived trait; the antero-
posterior sequential replacement is a plesiomorphic condition for multituberculates and the
pattern observed in K. hopsoni and R. eurasiaticus, and now as well as in the new specimen,
is convergent with that of distant cynodonts; the conditions were independently derived in
both paulchoffatiids and the Late Cretaceous-Early Paleogene multituberculates. In other
words, the third interpretation suggests that each group developed its tooth replacement pat-
tern independently, without one pattern being derived from the other.

The new analyses have revealed the alternate posteroanterior pattern in the Pinheiro-
dontidae family, previously identified only in the Paulchoffatiidae. Additionally, the temporal
range of this trait has been extended including now the Tithonian Multituberculata, whereas
it was previously only known among Oxfordian and Kimmeridgian multituberculates. Fur-
thermore, K. hopsoni was identified as the most basal multituberculate in the recently pro-
posed phylogeny, indicating that the pattern of alternating tooth replacement was present in
the basal faxa. However, any further hypotheses suggesting whether or not this feature is ple-
siomorphic for all multituberculates would be mere speculation. Future evidence and addi-
tional findings will be required to determine with certainty whether the alternating replace-
ment of posteroanterior teeth is a plesiomorphic trait among multituberculates or a result of

convergent evolution with cynodonts.
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6.2 Palaeoenvironmental Aspects

The initial paleoclimatic indicators were derived from the geological features of the Ulsa
quarry. As discussed in Chapter Two, the sedimentary composition of the area predominantly
consists of reddish mudstone and siltstone layers displaying substantial carbonate concretions
(caliche). According to Suguio (2003), caliche forms in soils in semiarid to arid climates, where
the primary direction of soil moisture movement is upward due to excessive evaporation,
which exceeds precipitation, and capillary action during dry periods. These carbonate concre-
tions are valuable palaeoclimatic indicators due to their formation processes, found in climates
with high evaporation rates and low annual precipitation, indicating seasonal variability.

Another indicator of an arid palaeoclimate was the presence of desert roses within the
deposit containing the articulated assemblage of macrofossils. In conformity with Hope ef al.
(2015), desert roses are evaporites whose formation resembles that of caliche, i.e., the crystal
formation results from the influx of water containing dissolved minerals (calcium sulfate), bal-
anced by the outflow of water driven by evaporation. These minerals serve as indicators of
arid climatic conditions during their formation.

Subsequent palynological analyses conducted near the Ulsa quarry have substantiated
the initial paleoclimatic indicators. The most dominant palynomorph belongs to the genus
Classopollis. This pollen is extensively distributed within Jurassic and Cretaceous strata,
reaching its distribution peak during the Upper Jurassic. Consequently, this period also marks
the maximum distribution of the Cheirolepidiaceae family (Vakhrameev, 1981). The Cheiro-
lepidiaceae conifers displayed xeromorphic epidermal features as part of their physiological
adaptations, which were particularly advantageous during times of water scarcity (Haworth
& McElwain, 2008). Based on Vakhrameev (1970), the xeromorphic vegetative morphology
present in the Cheirolepidiaceae family is an adaptational mechanism against excessive water
loss, indicating a hot and dry climate. Since Classopollis pollen deposits predominantly con-
centrate along the shorelines of Jurassic and Cretaceous seas, yet are also present in intracon-
tinental basins, it suggests that this family possesses halophytic adaptations. Such a trait
would enable this genus to thrive in environments with highly saline soils or waters
(Vakhrameev, 1981; Santos ef al., 2022). For this reason, this pollen is predominantly associated
with shallow-water, nearshore marine, and deltaic deposits (Vakhrameev, 1981). The presence

of unseparated tetrads of Classopollisin the Ulsa quarry, implies minimal transport from their
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origin plants, suggesting that they likely represent autochthonous vegetation. (Santos et al,
2022). This evidence could indicate a saline or highly stressed environment in the Ulsa quarry.

The second most abundant palynomorph was the pollen Spherinopollenites. Its frequent
occurrence alongside Classopollis in certain samples was often associated with a more pro-
nounced annual dry season Santos ef al. (2022). The third most common palynomorph was
also an additional marker of a dry palaeoclimate, the Exesipollenites pollen. This genus as
mentioned previously, belongs to Bennettitales, which according to Watson et a/. (1991) and
Abbink (1998) would flourish in dry, warm environments. Like cheirolepidids, Bennettitales
adapted well to dry conditions. They thrived in environments where other plant groups, par-
ticularly ferns and moisture-loving gymnosperms, could not cope with the arid climate and
eventually diminished. They were often found alongside cheirolepidid conifers in environ-
ments that were transitioning from humid to semiarid and arid conditions, forming part of the
low sparse forests that dominated these dry climates (Vakhrameev, 1981).

Although the number of spore specimens found in the sample is not statistically signifi-
cant, thus demonstrating the predominance of dry climate pollen, according to Santos ef al.
(2022), the association of Matonisporites with Cicatricosisporites, Deltoidosora, Striatella, Is-
chyosporites or Trilobosporites, among others, would consist in lowland communities. They
probably would be vegetation that thrived close to freshwater and ponds in flood plains, com-
bined with faxa adapted to drier and wetter environmental conditions, without the influence
of salt water.

In conclusion, the paleoenvironment represented by the evidence is characterised by a
terrestrial landscape with sporadic fluvial activity. The presence of reddish mudstone and silt-
stone sediments, along with caliche concretions and sparse micro desert roses, suggests a dep-
ositional environment with periodic episodes of soil formation under arid or semi-arid condi-
tions, where evaporation rates were high and water availability was limited. Furthermore, the
significant occurrence of Classopollis pollen, known for its halophytic adaptations, supports
the inference of a saline or highly stressed environment, likely with intermittent wet and dry
periods. Meanwhile, the presence of other dry climate pollen indicates a community which,

for the most part, was also adapted to similar environmental stresses.
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6.3 Microvertebrates Taphonomy

Following the criteria proposed by Rogers et al. (2008), the Ulsa quarry up to this point
can be referred to as a “mixed bonebed”, since the analysis of all its contents has not been
completed. This designation is used for sites containing significant mixtures of macrofossils
and microfossils. It remains uncertain whether the macrofossils found in the upper layers of
the block represent juvenile individuals. Nonetheless, these specimens are notably small in
size. As previously mentioned, both macro- and microfossils display some degree of articula-
tion. For Brett and Thomka (2013), certain taphonomic features, such as the articulation of
delicate skeletal elements, unequivocally indicate episodes of very rapid sedimentation. Since
disarticulation occurs only after scavenging or decomposition of the connective tissues that
hold the skeleton together, these individuals were likely buried before these biotic agents
could take effect (Benton & Harper, 2009).

According to Brett and Baird (1986), the extent of reorientation and transport of various
skeletal elements is influenced by the energy of the surrounding environment and the density
and shape of the skeletal elements. The degree of articulation observed in the individuals, in-
cluding the highly delicate microvertebrate fossils, suggests that the depositional environment
of the fossiliferous material was of low energy, probably a floodplain setting. This inference is
supported by lenticular sandstone layers near the quarry, which are interpreted as channel
deposits.

Environments characterised by wet and soft, muddy substrates, particularly those found
in floodplains, could frequently be transformed into mires or mud traps. These areas, subject
to periodic inundation and subsequent drying, became hazardous zones where animals, al-
ready debilitated by the extended dry seasons, as indicated by palynological evidence, were
prone to entrapment and death (Benton ef a/, 2012). In this fluvial context, the existence of a
spring or seep is highly plausible (Roger M.S. Smith personal communication 2024). Such a
water source would have served as a crucial attractant for both large and small animals during
dry periods. However, the sporadic and insufficient water supply would not have sustained
a permanent aquatic ecosystem, explaining the absence of exclusively aquatic fauna within the
sedimentary record.

Furthermore, the cyclic nature of wet and dry seasons would exacerbate the vulnerabil-

ity of these animals, particularly during the transition phases when weakened individuals
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were more likely to seek out these temporary water sources. The subsequent entrapment in
soft sediments would result in a higher likelihood of preservation within the fossil record

(Smith & Botha-Brink, 2014).
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CONCLUSION

The bone bed from the Ulsa quarry has proven to be a small yet rich and significant
fossiliferous deposit, distinguished by unique fossilization characteristics within the Portu-
guese fossil record, and it promises substantial material for future study. The specimen un-
earthed in a "mixed bonebed" of macro and microfossils exhibits remarkable features: high
premolars with sturdy subtriangular lobes, an elongated diastema, and a pronounced masse-
teric fossa projecting more anteriorly than any other analysed Mesozoic multituberculate. De-
tailed morphological and phylogenetic analysis has unequivocally established this specimen
from Cambelas, Portugal, as a new species of Pinheirodontidae. This juvenile multituberculate
reveals for the first time the jaw anatomy of this family, which was previously known only

from isolated teeth, and also elucidates the teeth replacement pattern of this family.

The alternate posteroanterior teeth replacement pattern, previously observed only in
Paulchoffatiidae, has now been identified in Pinheirodontidae, broadening the temporal range
of this trait to include Tithonian multituberculates. This pattern was previously known only
among Oxfordian and Kimmeridgian multituberculates faxa. The new phylogenetic analysis
strengthens the Pinheirodontidae family, demonstrating that the Portuguese faxahave a clear

taxonomic affinity.

Palynological analyses, combined with geological studies of the Ulsa quarry strata, have
yielded significant insights, facilitating the reconstruction of potential palaeoenvironments
and palaeoclimates. The predominance of xeromorphic conifer pollen and caliche concretions

in the reddish mudstone indicates a stressed depositional environment with periodic episodes
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of soil formation under arid or semi-arid conditions, marked by high evaporation rates and
limited water availability. The degree of articulation found in the fossils of the bonebed, in
both macro and micro remains, including delicate microvertebrate bones, suggests a low-en-

ergy depositional environment, likely a floodplain.

In this fluvial setting, spring or seep may have been one of the few water sources avail-
able during prolonged droughts, drawing diverse faxa to these moist, soft mud substrates.
These areas frequently transformed into mires or mud traps, becoming hazardous zones. The
exclusive presence of small animals, including non-dryosaurid dryomorph dinosaurs, implies
that these creatures, already weakened by the extended dry season, became entrapped and

perished in the mud.

While the new Pinheirodontidae species does not fully resolve the origins of the basal
teeth replacement pattern among multituberculates, it significantly contributes to filling gaps
in the multituberculate fossil record, which remains incomplete. This discovery enhances the
understanding of the phylogenetic relationships; however, it extends beyond taxonomy, of-
fering a deeper comprehension of the evolutionary and ecological dynamics that shaped the
ancient environments of the Iberian Peninsula, highlighting once again the significant role of

Portugal in paleontological research.
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Sinoconodon
Morganucodon
Thomasia
Haramiyavia
Rugosodon
Paulchoffatia
Meketichoffatia
Henkelodon
Meketibolodon
Guimarotodon
Kuehneodon
Pseudobolodon
Ctenacodon
Glirodon
Bolodon
Plagiaulax
Zofiabaatar
Sinobaatar
Eobaatar
Jeholbaatar
Heishanobaatar
Liaobaatar
Hakusanobaatar
Arginbaatar
Bryceomys
Boffius
Meniscoessus
Buginbaatar
Cimolodon
Ectypodus
Mesodma
Ptilodus
Neoliotomus
Filikomys
Pentacosmodon
Microcosmodon
Catopsbaatar
Kamptobaatar
Chulsanbaatar
Kryptobaatar
Nemegtbaatar
Eucosmodon
Stygimys
Taeniolabis
Lambdopsalis
Sphenopsalis
Prionessus
Catopsalis
Yubaatar
K.ungureanui
B.transylvanicus
B.oardaensis
K.radulescui
H.belgica
H.pyrenaica
Kielanodon
Iberodon
Pinheirodon
Bernardodon
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