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Abstract 

The accelerated impoverishment of Earth's ecosystems is a current reality. We are 
losing species at rates never seen in the history of life. Uncontrolled human 
development is affecting all aspects of ecosystems' interactions and processes 
(ecosystem functioning), including those that are, and will be, beneficial to people 
(ecosystem services). We define ecosystem structure through the interactions of a 
system’s constituent species. In turn, interactions are based on the ecological role 
(function) that each species performs in their ecosystems. By studying the ecosystem 
structure dynamics we will be able to untangle the factors behind the deterioration 
of ecosystem functioning. The study of this dynamic requires tracking the evolution 
of ecosystems over evolutionary time. The fossil record allows us to track the 
evolution of ecosystems over millions of years. Mass extinctions and drastic abiotic 
events (e.g. climate change), are all documented in the paleontological record. 
Information that gives us a fundamental key to investigate the behavior of ancient 
ecosystems under crucial perturbances. By doing so, we will be able to inform 
conservation policies in order to find effective and long-lasting measures.  

One of the most studied groups of terrestrial animals are the large herbivores. They 
have a well-known record of fossil remains around the world during the entire 
Cenozoic. Moreover, since the a:ermath of K-Pg they are the main ecosystem 
engineers. They perform key functions in ecosystems from seed dispersal to nutrient 
cycling. Large mammals are, among vertebrates, the primary consumers of biomass 
in Earth ecosystems. Thus, large herbivores have a close relationship with the 
ecosystem functioning, which along with their high-resolution fossil record, makes 
them the ideal group to investigate ecosystem structure dynamics over evolutionary 
time. 

In this thesis I developed a new analytical approach based on network analysis to 
study deep time ecosystem structure dynamics. In Chapter 1, I validated this 
approach using the well studied large mammal fossil record of the Iberian Peninsula 
during the last 21 Ma. I found that the functional structure of ecosystems lasts more 
than their taxonomic composition. The functional system underwent long periods of 
stability punctuated by a rapid reorganization finding a new stable state. Only major 
abiotic changes forced the system out of their stability causing a reorganization. 
High functional diversity and richness fuelled the time increasing resilience of the 
functional structure, yielding a long time version of the insurance effect. In Chapter 2 
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I used the validated novel network analysis approach over large herbivores 
communities during the Cenozoic worldwide. I built an expansive database 
including global large herbivores (Artiodactyla, Perissodactyla and Proboscidea) 
expanding the last 64 Myrs. More than 22,000 records belonging to more than 3,000 
species were recorded, including functional information of 14 ecomorphological 
traits for each species. Similar to what I found in Chapter 1, functional structure 
seems to be more resilient than taxonomic structure. Large herbivore ecosystems 
underwent long periods of stability altered by two major abiotic changes, the 
Gomphotheirum land bridge and the spread of C4-dominated grasslands. The 
former, around 20 Ma, entailed the formation of a natural corridor between two 
continents (Eurasia and Africa) separated until that moment. The large herbivores 
found new ecological opportunities allowing them to diversify, bringing about the 
reassembly of the functional structure of these communities.  Later, around 10 Ma, 
following a trend of aridity increase, which ended in the spread of C4-dominated 
grasslands, the second major abiotic event occurred. This event drove the 
reorganization of the large herbivore functional structure. A:er that moment, the 
system found a stability that will remain unaltered, overcoming several major abiotic 
changes, until our current days. In Chapter 3 I explore how the functional diversity 
dynamics was related to the changes in functional structure. Using the new database 
built in Chapter 2 I applied several functional diversity indexes over the large 
herbivores communities in the last 65 Myrs. I found that there was a tendency to 
increase functional diversity since the beginning of the Cenozoic. This tendency 
found its major peak around 20 Ma coinciding with the formation of 
Gomphotherium land bridge. Similar to what occurred to the functional structure in 
Chapter 2, the newly connected landmasses of Eurasia and Africa allow the animals 
to explore new functionalities yielding a net increase in functional richness (variety 
of ecological roles of the species). A:er that, the system started to accumulate species 
with similar ecological roles (functional saturation), until the system collapsed 
around 10 Ma. The trend of aridity increase, which also caused the spread of C4-
dominated grasslands, affected the functional diversity provoking a functional 
collapse. This trend of decay never recovered. Functional diversity of large 
herbivores followed a continuous decline from 10 Ma to current days. Interestingly, 
this depletion does not seem to affect the functional structure over the last 10 Ma. In 
sum, this thesis shows that large herbivores' functional structures underwent long 
periods of stability. Only drastic abiotic changes forced the system into a 
geologically-rapid reorganization and an eventual new stable state. Overall, 
functional structure tends to endure more than taxonomic composition. Thus, 
conservation actions oriented to preserve the functional structure of ecosystems will 

8



have a long-lasting effect, ensuring that ecosystems will be more resilient under 
current and future perturbances.  

Zusammenfassung 

Die zunehmende Verarmung der Ökosysteme der Erde ist eine aktuelle Realität. Wir 
verlieren Arten in nie dagewesener Geschwindigkeit in der Geschichte des Lebens. 
Die unkontrollierte menschliche Entwicklung wirkt sich auf alle Aspekte der 
Interaktionen und Prozesse von Ökosystemen (Ökosystemfunktion) aus, 
einschließlich jener, die für Menschen von Nutzen sind und sein werden 
(Ökosystemdienstleistungen). Wir definieren die Ökosystemstruktur durch die 
Wechselwirkungen der konstituierenden Arten eines Systems. Wechselwirkungen 
wiederum basieren auf der ökologischen Rolle (Funktion), die jede Art in ihren 
Ökosystemen ausübt. Durch die Untersuchung der Ökosystemstrukturdynamik 
werden wir in der Lage sein, die Faktoren, die hinter der Verschlechterung der 
Ökosystemfunktion stecken aufzudecken. Die Untersuchung dieser Dynamik 
erfordert die Nachverfolgung der Entwicklung von Ökosystemen im Verlauf der 
Evolution. Fossile Aufzeichnungen ermöglichen es uns, die Entwicklung von 
Ökosystemen über Millionen von Jahren nachzuverfolgen. Massenaussterben und 
drastische abiotische Ereignisse (z. B. Klimawandel) sind allesamt in 
paläontologischen Aufzeichnungen dokumentiert. Informationen, die uns einen 
grundlegenden Schlüssel zur Untersuchung des Verhaltens alter Ökosysteme unter 
entscheidenden Störungen liefern. Auf diese Weise können wir die 
Naturschutzpolitik informieren, um wirksame und dauerha:e Maßnahmen zu 
finden. 
  
Eine der am besten untersuchten Gruppen von Landtieren sind die großen 
Pflanzenfresser. Sie verzeichnen eine wohlbekannte Dokumentation fossiler 
Überreste auf der ganzen Welt, die das gesamte Känozoikum umfassen. Darüber 
hinaus sind sie in Folge der Kreide-Paläogen Grenze die wichtigsten Ingenieure des 
Ökosystems. Sie erfüllen Schlüsselfunktionen in Ökosystemen, die sich von der 
Samenverbreitung bis zum Nährstopreislauf erstrecken. Unter den Wirbeltieren 
sind große Säugetiere die Hauptverbraucher von Biomasse in den Ökosystemen der 
Erde. Daher haben große Pflanzenfresser eine enge Beziehung zur Funktionsweise 
des Ökosystems, was sie zusammen mit ihrem hochauflösenden Fossilienbestand 
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zur idealen Gruppe macht, um die Dynamik der Ökosystemstruktur im Laufe der 
Evolution zu untersuchen. 
  
In dieser Arbeit habe ich einen neuen analytischen Ansatz entwickelt, der es 
ermöglicht, basierend auf Netzwerkanalysen, die Strukturdynamik von 
Ökosystemen zu untersuchen. In Kapitel 1 habe ich diesen Ansatz validiert, indem 
ich den gut untersuchten Fossilienbestand großer Säugetiere der Iberischen 
Halbinsel während der letzten 21 mya verwendet habe. Ich fand heraus, dass die 
funktionale Struktur von Ökosystemen länger Bestand hat als ihre taxonomische 
Zusammensetzung. Das funktionelle System durchlief lange Perioden der Stabilität, 
unterbrochen von einer schnellen Reorganisation, die einen neuen stabilen Zustand 
fand. Erst größere abiotische Veränderungen zwangen das System aus seiner 
Stabilität und führten zu einer Reorganisation. Hohe funktionelle Diversität und 
Reichhaltigkeit förderten die mit der Zeit zunehmende Widerstandsfähigkeit der 
funktionellen Struktur, was zu einer Langzeitversion des Versicherungseffekts 
führte. In Kapitel 2 habe ich den validierten neuartigen Netzwerkanalyseansatz auf 
große Pflanzenfresser Gemeinscha:en des Känozoikums weltweit angewendet. Ich 
habe eine umfangreiche Datenbank mit globalen großen Pflanzenfressern 
(Artiodactyla, Perissodactyla und Proboscidea) aufgebaut, welche die letzten 64 
Millionen Jahre umfasst. Es wurden mehr als 22.000 Aufzeichnungen zu mehr als 
3.000 Arten aufgezeichnet, einschließlich funktioneller Informationen zu 14 
ökomorphologischen Merkmalen für jede der Arten. Ähnlich meiner Feststellung in 
Kapitel 1, scheint die funktionale Struktur widerstandsfähiger zu sein als die 
taxonomische Struktur. Große Pflanzenfresser-Ökosysteme durchliefen lange 
Perioden der Stabilität, die durch zwei große abiotische Veränderungen verändert 
wurden, die Gomphotherium-Landbrücke und die Ausbreitung von C4-
dominiertem Grasland. Ersteres, etwa 20 mya, brachte die Bildung eines natürlichen 
Korridors zwischen zwei Kontinenten (Eurasien und Afrika) mit sich, welche bis zu 
diesem Zeitpunkt voneinander getrennt waren. Die großen Pflanzenfresser fanden 
neue ökologische Möglichkeiten, die es ihnen ermöglichten, sich zu diversifizieren 
und die funktionale Struktur dieser Gemeinscha:en wieder aufzubauen. Später, um 
10 mya, folgte ein Trend zunehmender Trockenheit, welcher in der Ausbreitung von 
C4-dominiertem Grasland endete, das zweite große abiotische Ereignis. Dieses 
Ereignis trieb die Reorganisation der Funktionsstruktur der großen Pflanzenfresser 
voran. Nach diesem Moment fand das System eine Stabilität, welche mehrere große 
abiotische Veränderungen überwand und bis in unsere heutigen Tage unverändert 
blieb. In Kapitel 3 untersuche ich, wie die Dynamik der funktionalen Diversität mit 
den Veränderungen in der funktionalen Struktur zusammenhängt. Unter 
Verwendung der neuen Datenbank, die in Kapitel 2 erstellt wurde, habe ich mehrere 
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funktionale Diversitätsindizes auf die großen Pflanzenfresser Gemeinscha:en der 
letzten 65 Millionen Jahren angewendet. Ich fand heraus, dass es seit Beginn des 
Känozoikums die Tendenz zur Erhöhung der funktionellen Diversität gab. Diese 
Tendenz fand ihren größten Höhepunkt um 20 mya, zeitgleich mit der Bildung der 
Gomphotherium-Landbrücke. Ähnlich wie bei der funktionalen Struktur in Kapitel 2 
ermöglichen die neu verbundenen Landmassen Eurasiens und Afrikas den Tieren, 
neue Funktionalitäten zu erforschen, was zu einer Nesozunahme des funktionalen 
Reichtums (Vielfalt der ökologischen Rollen der Art) führte. Danach begann das 
System, Arten mit ähnlichen ökologischen Rollen anzusammeln (funktionelle 
Säsigung), bis das System vor etwa 10 mya zusammenbrach. Zusammenfassend 
zeigt diese Arbeit, dass die funktionellen Strukturen großer Pflanzenfresser lange 
Zeit stabil waren. Nur drastische abiotische Veränderungen zwangen das System in 
eine geologisch schnelle Reorganisation und schließlich in einen neuen stabilen 
Zustand. Insgesamt tendiert die funktionale Struktur dazu, mehr Bestand zu haben 
als die taxonomische Zusammensetzung. Daher werden Erhaltungsmaßnahmen, die 
darauf ausgerichtet sind, die funktionale Struktur von Ökosystemen zu erhalten, 
eine langanhaltende Wirkung haben und sicherstellen, dass Ökosysteme gegenüber 
aktuellen und zukün:igen Störungen widerstandsfähiger sind. 
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Introduction 

“One way to open your eyes is to ask yourself, “What if I had never seen this before? What if 
I knew I would never see it again?” 

― Rachel Carson 

A glimpse to the history of conservation 
The present and future of nature has deep roots in human beings' minds. The close 
relationship with the environment, and especially our capability to transform it, are 
a keystone part of hominin’s evolutionary history. Since the first hunter-gatherer 
societies, natural resources have been a maser of our concern (Price and Brown 
1985). The different seasons brought about different opportunities in terms of food 
resources for these nomad societies. In order to exploit this, they had to gain 
knowledge about vegetation cycles and animal migrations. This becomes even more 
important with the development of agriculture and the establishment of sedentarism 

10,000 years ago (Reed 2011). Seasonal changes cannot be solved by migration to 
new areas following the favorable natural resources to exploit anymore. Here started 
the transformation of the environment by our species that will be only the beginning. 
This allowed our ancestors to be less worried about food-finding and expend more 
time to increase our cultural evolution (Reed 2011). We developed new forms of 
natural resource exploitation from there, without concern about the limitation of 
these resources or the impact on the future of nature. Long a:er that, the nineteenth 
century brought a dramatic change in our relationship with the environment, the 
industrial revolution (Ashton 1997). A:er this moment, we transform Earth 's 
environments without apparent limits that last to our current days. From this 
moment, we no longer depend on seasons, biogeography or even soil suitability, we 
can transform it. Mediated by the use of industrial machinery, we exploit nature to 
levels unknown for an animal species until that moment. We did not give time to the 
environment to follow its natural cycles renewing the available resources. From here, 
we started to consume natural resources.  

As a consequence, the nineteenth century also brought another key moment in our 

history, the beginning of conservation biology (Van Dyke 2008). During this time the 
study of nature became more relevant. There were several grand natural expeditions 
like Darwin’s Beagle in 1831, big advances in biogeography like the ones made by 
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Alexander von Humboldt, all with the aim to gather knowledge about nature. We 
started to realize the consequences of the industrial revolution to our planet's life. 
Thanks to this knowledge, we were aware of the volatility of nature and the negative 
effects from human activities. The conservation movement became a reality, and in 
1872 Yellowstone national park was opened as the world's first national park 
(Cramton 1932). This concern continues and in 1889 the first conservation society, the 
Royal Society for the Protection of Birds, was founded. In the twentieth century the 
movement continued growing thanks to works like A Sand County Almanac by Aldo 
Leopold or Rachel Carson’s Silent Spring (Leopold 1949; Carson 1962). They warned 
us about the situation of our planet's biodiversity, the role of human activities on it 
and the necessity to develop conservation measures to revert the situation. This 
concern about nature favored the growth of a new discipline, conservation biology. 
The aim of this discipline is to protect species, their habitats and ecosystems from the 
accelerated decline fueled by human development. Conservation biology studies 
Earth’ biodiversity and ecosystems to have a picture of their current status and the 
consequences of human activities on them. Their results are the basis for the 
conservation policies developed by governments to fight accelerated climate change.  

Today, conservation is a central affair in our society. In the last decade we saw how 
the growing concern about accelerated climate change and its effects on worldwide 
ecosystems percolates through political narratives and social discourse (Masson-

Delmose 2021). This ends in recent events like Fridays for Future or the Paris 
agreement, in an asempt to find solutions to our climatic emergency. We were 
always concerned about nature since the first days of our species, but now we have 
the knowledge and tools to slow down the deterioration that our society's 
development is causing to our planet's ecosystems. Now we know that the only 
affordable solution comes from long term measures, where we restore life on earth 

for the generations to come (Masson-Delmose 2021). 

New solutions to old problems: the emergence of Conservation Paleobiology 
Accordingly, to develop beser and long-term conservation measures we require to 
include a temporal dimension. We have the necessity to study the evolution of 
ecosystems beyond a human time scale. Only by looking to the past can we track the 
evolution of ecosystems and untangle the factors behind their changes (Barnosky et 

al. 2017). The fossil record opens a unique window to the past from which we can 
observe how life changed for millions of years. Change is not a new phenomenon to 
our world ecosystems. Change is part of life, part of evolution. The problem is that 
we are accelerating natural change. Paleontological data allow us to study past 
ecosystems, how they were composed, how they changed under different climatic 
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regimes and how they collapsed during moments of biotic crisis (Dietl and Flessa 

2011; Dietl et al. 2015). 

The study of past ecosystems has a long tradition in Paleontology (Pickford and 
Morales 1994; Vrba 1995; Bambach and Bennington 1996; Fortelius et al. 2006; 
Figueirido et al. 2012; Roopnarine and Angielczyk 2015). Fossils can be used to infer 

past climatic conditions (Hernández Fernández and Peláez-Campomanes 2005), to 
study the effect of big abiotic crises (van der Made et al. 2006) or track community 
structure evolution (Chen et al. 2019). Recently, conservation biology is approaching 
the fossil record. Ecologists and Paleontologists are starting to work together to 
combine both disciplines. We are starting to be aware of the key value of fossil data 
to inform current and future conservation policies. This brought the birth of a new 
discipline during the last decade. Conservation Paleobiology was born with the aim 
of crossing the gap between current conservation biology and geohistorical data 
(Dietl and Flessa 2011; Dietl et al. 2015; Barnosky et al. 2017). By combining both 
approaches we can understand why the ecosystems changed in the past, to 
understand why and how they are changing now, and even model how they are 
going to respond under future perturbances (Fig.1). The study of the ecosystem 
dynamics demands a taxon-free approach, which reflects the ecosystem function 
rather than their taxonomic structure. Moreover, the use of taxon-free approaches 
allow us to compare functional properties of present, past and future ecosystems 
regardless of the species involved. Using this approach we will be able to 
characterize ecosystem ecological structure, how it responded to environmental 
change over deep time and compare between different ecosystems (Barnosky et al. 

2017).  
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Fig. 1 Schematic view of Conservation Paleobiology role on current conservation strategies. 
Modified from Dietl and Flessa 2011. 

Functional structure of ecosystems 
In order to characterize the structure of an ecosystem, a valid taxon-free approach is 
to use the ecological roles of the species that inhabit the ecosystem. The role of a 
given species in an ecosystem can be interpreted as its function inside the ecosystem. 
One way to define this function is to use characteristics of species that condense its 
ecological properties, also known as functional traits (Mazel et al. 2018). Body size, 
tooth morphology or limb morphology are examples of ecomorphological asributes 
(functional traits) that are particular of the species and have an influence in the 
ecosystem function (i.e. soil compaction, seed dispersal or nutrient cycle). Ecosystem 
functional structure represents a complex system, which we need to simplify for it to 
be modeled. By using functional traits we are able to identify species with similar 
ecological roles, which is key to characterize the functional structure of the entire 
ecosystem that they are part of.  

Once we have characterized the ecosystem functional structure we are able to study 
its behavior and how it responded during moments of environmental change 
(Barnosky et al. 2017; Blanco et al. 2021). This knowledge is critical for 
understanding whether ecosystems experienced moments where they transcend 

ecological thresholds, so-called tipping points (Barnosky et al. 2017). These moments 
of ecosystem collapse may cause an ecological transition that lead to the reassembly 
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of the functional structure of the ecosystems (Blanco et al. 2021). Studying these 
events is key to informing current conservation decisions. Recognizing when an 
ecosystem is approaching a tipping point is crucial in order to develop measures to 
prevent it. The fossil record allows us to study these ecological transitions over 

millions of years (Barnosky et al. 2017). With this knowledge we can investigate the 
factors that drove these transitions: different climatic changes, biotic interactions or 
continental dri: are examples of factors that we can track and have an effect on the 
ecosystem functional structure. Along with the information coming from current 
conservation biology, we will be able to address the status of earth ecosystems and 
model to predict how ongoing biotic and abiotic changes will affect them (Dietl and 
Flessa 2011; Dietl et al. 2015). By using this information a beser and more effective 
conservation measures design will be possible.  

However, to carry on these types of studies we require a high-resolution fossil 
record. There are epochs and groups beser represented than others in the fossil 

record (Foote and Sepkoski 1999; Žliobaitė and Fortelius 2021). The study of ecosystem 
functional structure demands to find high-resolution fossil records, which will help 
current conservation in our fight against ecosystem deterioration. One of the groups 
that gather all these qualities are the well-known large terrestrial herbivores. 

Large herbivores as a key of ecosystem evolution 
Since the a:ermath of the K-Pg mass extinction, large herbivores have been the main 
ecosystem engineers in all Earth's terrestrial ecosystems. Thus, large herbivores have 
a very close relationship with the dynamics of ecosystems, and, thereby, the study of 
their community structure evolution represents a crucial approach to explore deep 
time ecosystem dynamics. They perform key functions in ecosystems, from soil 
compaction to control fire activity or maintaining the patch heterogeneity that would 
otherwise support continuous woody vegetation (Brits et al. 2002; van der Waal et al. 
2011; Smith et al. 2016; Karp et al. 2018; van Klink et al. 2020), functions that are 
missing today in a huge number of ecosystems due to the decline of these groups in 
the most recent part of the Cenozoic (Ripple et al. 2015; Smith et al. 2016; Smith et al. 
2018). The causes for this decay have been a maser of debate during the last decade, 
and especially about the role of Homo sapiens on it (Saltré et al. 2016; Broughton and 
Weitzel 2018; Smith et al. 2018; Saltré et al. 2019; Cantalapiedra et al. 2021; Stewart et 
al. 2021). Large herbivores that were widespread and diverse during the Cenozoic, 
are now restricted to smaller areas with a continuous diversity loss in most of their 

groups (Ripple et al. 2015). 
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For all that, large herbivore paleontology has a long research tradition (Andrews et 
al. 1979; Vrba 1987; Janis 1993; Alroy et al. 2000; Barnosky 2001; Cantalapiedra et al. 
2021). They are among the most studied terrestrial vertebrate groups, especially 
because they have a huge number of fossil sites and they are well recorded in online 
databases (i.e. NOW and PBDB). There are several reasons for that: almost half of 
their evolutionary history took place during the Cenozoic which potentially 
increased the probability of having fossil remains (Sahney and Benton 2017); their 
existence and evolution is linked to ours; and their fossil sites are normally accessible 
and suitable for their study. Therefore, through the study of this group we can shed 
light on the factors shaping major dynamics in the history of Cenozoic terrestrial 
ecosystems. 

The study of ecosystem dynamics requires developing methods that help us to 
understand the mechanisms behind the interaction and processes within ecosystems 
(ecosystem functioning). This will allow us to investigate the ecosystem functional 
transitions that mediated the coming and going of large herbivore faunas during the 
Cenozoic. Through their study we will be able to understand the changes in 
ecosystem functional structure, and inform current conservation studies, in order to 
develop beser and long-term conservation strategies.  

Network analysis and its role in evolutionary ecology 
In order to understand complex interaction systems (e.g. ecosystems) we need to 
model them. Through the use of networks we can simplify complex systems based 
on their individual components, nodes, and their interactions, edges (Fig. 2). In this 
way, we can capture the pasern of interactions between the parts of the system and 

study their behavior (Newman 2018). In order to investigate this pasern we are 
required to study the structure of the network, known as topology. Over the years, 
network scientists have developed a large number of measures to study this 
topology (Newman 2018). Among these features, we can find centrality (how 
important is a node in a network), similarity (how similar are the nodes to one 
another), and one of the most relevant ones, the community structure (how the nodes 
are grouped through their shared connections).  
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Fig. 2 Simplified version of a Network. Dots represent the nodes and the connections between them 
are the edges.   

Network analysis has been used for a long time (Newman 2018). We can find 
examples of the application of networks studies about the internet, social or 
transport networks, and one of the most recent disciplines to start using it, the 
biological sciences (Bell and Iida 1997; Wheeler and O'Kelly 1999; Choi et al. 2006; 
Kepes 2007; Borgasi et al. 2009). Network analysis arrived in paleontological studies 
recently, from works using food-webs to co-occurrence networks (Dunne et al. 2002; 
Muscente et al. 2018; Roopnarine et al. 2019). Most of them use community structure 
measures in order to explore the paserns behind the structure of paleo-networks. 
Especially, through the use of community detection algorithms, we can study ancient 
ecosystems structure and how it evolved in deep time.  Once we detect these 
communities we will be capable of tracking their dynamics and especially their 
responses to big abiotic changes. However, most of these previous works studying 
the faunas that composed these past ecosystems were based on taxonomy-defined 
chronofaunas, but we need to asses their temporal dynamics based on their function 
(ecological role) independently from taxonomy (Barnosky et al. 2017). Only by using 
these functional defined faunas can we study the ecosystem structure dynamics and 
how it is related with changes in the environment.  

Aims of this thesis 
During this thesis I am going to develop a new approach to study the ecosystem 
functioning evolution of terrestrial large herbivore faunas during the Cenozoic. I will 
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untangle the factors behind the change in the functional structure of large herbivores 
communities and how they were related to abiotic crises. From the results of this 
thesis, I will be able to inform current conservation studies about the dynamics of 
past ecosystems, which will help to develop conservation strategies that will have an 
impact on the evolutionary future. 

In Chapter 1, I developed the new analytical framework based on network analysis. I 
built a new database from the high-resolution fossil record of the Iberian mammals 
during the last 21 Ma. By applying network analyses, I found a decoupled trend in 
the succession of taxonomic and functional faunas, further strengthening the 
rationale of using taxon-free approaches. Besides, we observed moments of 
functional stasis in the Iberian faunas, followed by moments of rapid change caused 
by key abiotic changes. However, not all major abiotic changes drove the 
reorganization of the functional structure. The system was resilient enough to 
overcome several moments of abiotic changes at the end of the Neogene.  

For chapter 2, I used the analytical framework developed in Chapter 1, in this case 
over the world wide large herbivore communities during the whole Cenozoic. 
During Chapter 2 I studied how the functional structure of these communities evolve. 
For that, I built the most complete and updated database for large herbivores 
expanding the last 65 Myr. I found two moments of profound continental 
reconfiguration of the functional structure related to big abiotic changes. Around 20 
and 10 Ma, abiotic events allow these groups to explore new functionalities in the 
new environments that appeared. This caused a reassembly of the ecosystem's 
functional structure finding a new stable state. Similar to what I found in Chapter 1, 
there were moments at the end of the Cenozoic, where the functional system is 
resilient enough to overcome several abiotic crises. 

Finally, through Chapter 3, I investigated the effect of functional diversity dynamics 
on the changes in structure of large herbivore communities. Using functional 
diversity indexes over the new database of large herbivores we could answer this 
question. We observe a relationship between changes in functional diversity and the 
reorganization of large herbivore community structure. The two major abiotic events 
that drove the reorganization of the functional structure seem to also affect the 
functional diversity of these groups. Around 20 Ma, large herbivore ecosystems 
reached their functional diversity peak during the Cenozoic. The connection of 
Eurasia and Africa, separated until this moment, allowed this group to explore new 
environments and change, gaining functional richness. This tendency continued 
until 10 Ma, where the maintained increase in functional richness drove the 
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accumulation of species with similar ecological roles, which ended in a functional 
saturation that provoked the collapse of the large herbivores ecosystem. A:er that 
moment, the system never recovered and followed a continued trend of functional 
diversity decay that lasted until current days.  
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Chapter 1:  Ecosystem functional 
structure transitions in deep-

time mammal communities  

“The history of life is a story of massive removal followed by differentiation within a few 
surviving stocks, not the conventional tale of steadily increasing excellence, complexity, and 

diversity”  

―Stephen Jay Gould 

Abstract 

The study of deep-time ecological dynamics has the ability to inform conservation 
decisions by anticipating the behavior of ecosystems millions of years into the future. 
Using network analysis and an exceptional fossil dataset spanning the last 21 myr, I 
show that mammalian ecological assemblages undergo long periods of functional 
stasis, notwithstanding high taxonomic volatility due to dispersal, speciation and 
extinction. Higher functional richness and diversity promoted the persistence of 
functional faunas, despite species extinction risk being indistinguishable among 
these different faunas. These findings, and the large mismatch between functional 
and taxonomic successions, indicate that while safeguarding functional diversity 
may or may not minimize species losses, it would certainly enhance the persistence 
of ecosystem functioning in the face of future disturbances. 
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Introduction 

In the context of the current biodiversity crisis, conservation efforts can be directed 
to safeguarding interactions and processes within ecosystems (ecosystem 
functioning) including those which are —and will be— beneficial to people 
(ecosystem services (Barnosky et al. 2017; Tucker et al. 2019). This notion departs 
from taxon-based approaches and rather focuses on phenotypic features of species, 
with an emphasis on functional traits, i.e. those traits that condense multiple aspects 
of a species ecological role (Mazel et al. 2018). The conviction is that conserving a 
higher phenotypic diversity should help to stabilize ecosystems in the face of 
disturbances (the ‘insurance effect’)(Loreau and De Mazancourt 2013), increasing the 
persistence of ecosystem functioning, and ensuring yet-unknown future benefits to 
humanity (Díaz et al. 2018). Even so, current conservation decisions will have 
consequences on the evolutionary future of life that we cannot fully understand by 
investigating ongoing habitat perturbations (Cantalapiedra et al. 2019; Aubree et al. 
2020). Moreover, we need to find long-lasting conservation measures that would 
have an impact in the environment for the generations to come. In order to know the 
potential effect of these measures we need to add a temporal dimension to the 
conservation studies. The fossil record allows us to study the evolution of 
ecosystems over millions of years and look for the factors that drove their changes. 
Only by looking into the past, we can ask fundamental questions regarding the 
persistence of ecosystem functioning over evolutionary time and guide these long-
term future conservation actions (Barnosky et al. 2017). How long does ecosystem 
functional structure typically endure and how much of this functioning is tied to the 
wax and wane of taxonomic faunas over millions of years? Ecological assessments of 
faunas have a long tradition in paleobiology (Bambach and Bennington 1996; Dunne 
et al. 2014; Figueirido et al. 2019). However, to answer such questions, rather than 
conducting a functional assessment of chronofaunas (taxonomy-defined temporal 
faunas), we need to assess the duration of functional faunas (FF) independently from 
taxonomy (Barnosky et al. 2017), based exclusively on functional coherence of 
communities. If temporal associations of ecosystems with similar functional 
structure (FF) are found to weather the succession of taxonomic faunas, this would 
further endorse prioritizing the conservation of ecosystem functioning. 

Here, I turn to the fossil record, adopting a taxon-free perspective that enables us to 
evaluate ecological dynamics over evolutionary time (Barnosky et al. 2017). 
Investigating deep-time paserns in ecological assembly at the community level 
demands a high-resolution fossil record (Close et al. 2019). Iberian Peninsula 
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mammals have one the most complete and studied records of Neogene vertebrates 
(Pickford and Morales 1994; Agustí et al. 2001; Morales et al. 2015; Cantalapiedra et 
al. 2018). We have information for all the large mammals’ groups present in south 
western Europe for the last 21 Myrs, making them the ideal group to conduct this 
work. Our study draws on a new dataset of the exceptional and well-resolved fossil 
record of large Iberian mammals spanning the last 21 Myrs, including 167 fossil and 
2 extant communities with an average resolution of around 0.1 Myrs, and an 
estimated 0.8 probability that a 1-Myr-duration taxon is sampled (Blanco et al. 2021a, 
b). I use a community detection algorithm (CDA), borrowed from network theory, to 
reveal both the functional and taxonomic structure of mammalian communities. I 
found that functional faunas tend to endure more than taxonomic composition. 
There were large periods of stability followed by rapid reassembly in the Iberian 
mammal faunas. The functional system gains stability through time, which is related 
with the increase in functional diversity.  

Materials and Methods 

Database 
I collected data for all large mammal species (Proboscidea, Hyracoidea, Primates, 
Pholidota, Creodonta, Carnivora, Perissodactyla, Artiodactyla) present in the Iberian 
Peninsula in the last 21 Myrs. The Neogene-Quaternary mammalian fossil record of 
the Iberian Peninsula is one of the most continuous vertebrate sequences in the 
world, with a median temporal gap between localities of 0.1025 Myrs (calculated 
with unique age values in order to remove zero age differences). This temporal 
resolution allowed us to study the assembly processes of deep-time communities 
with high temporal resolution. 

Our dataset includes 167 fossil localities and 2 modern mammalian assemblages, 
which are representative of the current biogeographic differentiation in the Iberian 
Peninsula. These 167 fossil localities have been precisely dated using different 
methods, including, among others, Maximum Likelihood Appearance Event 
Ordination (ML-AEO), paleomagnetism, electron spin resonance and 
thermoluminescence (Domingo et al. 2014) (see Blanco et al. 2021b). When such age 
estimates were not available (30% of the cases), fossil localities were assigned to local 
mammal age units (MN units) or local zones (subdivisions of MN units). Yet, in 
these cases mean temporal precision of occurrences is high (0.8 myr). Our 169 
localities provide presence/absence information for 396 mammalian taxa identified at 
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the species level. This 396 x 169 presence/absence matrix represents the starting point 
for subsequent analyses (Blanco et al. 2021b). 

Our aim was to track the tempo and mode of shi:s in the ecological assembly of 
Iberian mammalian communities over the last 21 Myrs. To do so, I condensed the 
functional role of Iberian mammal species by focusing on three ecomorphological 
traits (functional traits) that are extensively used in paleobiological research due 
their ecological relevance: body size, diet and locomotion (Table App. 1). These traits 
reflect several facets of the functional role of species in ecosystems, such as habitat 
use, trophic level, range size, energetic requirements, and resource use (Figueirido et 
al. 2012; Chen et al. 2019). I compiled information for these three traits through a 
review of the primary literature along with surveys of ecomorphological data 
available in the NOW database (Community 2019) and the Paleobiology Database 
(PBDB) (The Paleobiology database, PBDB 2019). I classified species in eight body 
size categories modified from (Andrews et al. 1979; Hernández Fernández 2006): B 
(<1kg), C (1-10kg), D (10-45kg), E (45-90kg), F (90-180kg), G (180-360kg), H 
(360-1000kg) and I (>1000kg). I excluded the original category A (0-0.1kg), because I 
did not have species in this body size range in the database. Dietary strategies were 
grouped as follows: grazer, mixed feeder, browser, frugivore, omnivore, carnivore 
invertebrates, carnivore, meat bone, and hypercarnivore. Locomotion strategies were 
organized into 5 categories: aquatic, cursorial, ambulatory, scansorial and arboreal 
(Table App. 1). 

Based on their body size, diet and locomotion, I assigned species to functional 
entities (FE), which are unique combinations of these traits (Mouillot et al. 2014). A 
total of 84 FE were found in our dataset. The assignment of species to functional 
entities allowed us to tackle the study of the functional structure of past ecosystems 
using a taxon-free method (Barnosky et al. 2017) (Table App. 1and Blanco et al. 
2021b). Note that a certain functional entity may be represented by more than one 
species in a given site. See the sensibility analyses section below for an assessment of 
the impact of classification error on our analyses. 

Since the focus is on community structure, I need to select fossil communities with a 
biological signal that represents their original faunal composition. In order to select 
such localities, I first applied a filter that discarded localities with less than 5 species. 
Then I applied a ‘minimum presence of orders’ (MPO) selection criterium, which 
only keeps sites with at least one species in the order Carnivora, and at least 2 
species among the orders Perissodactyla, Proboscidea and Artiodactyla in such a 
way that at least two of these herbivore orders are represented. The philosophy 
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behind the MPO filter is that well-preserved fossil sites need to have representatives 
of these groups in order to truly reflect the biodiversity and structure of the original 
ecosystem. Localities in the last 0.005 myr are not expected to fulfill the MPO 
condition, despite being well-sampled (they lack proboscideans due to the 
megafauna extinctions of the late Pleistocene; an absence of wild perissodactyls since 
the Pleistocene in current Iberian Peninsula ecosystems). A:er the MPO filter, our 
database includes 83 functional entities in 106 localities, with a resolution of one 
fossil site every 0.2 Myrs. Alternative data treatments provide very consistent results 
(see Sensitivity analysis to localities selection). 

Functional assembly vs. taxonomical assembly 
In order to compare the tempo of community assembly processes at functional and 
taxonomic levels, I built the taxonomical version of the described dataset for 
functional entities. By doing so, I obtained the same fossil sites as for the functional 
datasets. These datasets included 382 species in 106 localities for the MPO filter. 

Network analysis 
Input data. To explore the temporal organization of functional and taxonomical 
assemblages, I applied a community detection procedure borrowed from network 
theory (Nenzen et al. 2014; Muscente et al. 2018; Muscente et al. 2019). This analysis 
finds groups of localities sharing similar functional entities (or taxa) regardless of the 
temporal sequence, allowing us to delve into the functional evolution of 
communities. I first transformed the fossil occurrence data into bipartite networks. 
Bipartite networks consist of two different sets of nodes that are not mutually 
connected. In our case, these two sets of nodes are localities and functional entities 
(or taxa). A link depicts the presence of a functional entity (or taxa) in a locality. 
Moreover, for the functional network I weighted the links as the number of species 
belonging to a functional entity and present in a fossil site. By doing so, I quantified 
the relative importance of each functional entity in a locality. I did not weight the 
links in the taxonomic network as I do not have information about the number of 
specimens per species (Appendices 1 to 3). 

Community detection algorithm. Once I generated the networks, I ran the Infomap 
community detection algorithm (Rosvall and Bergstrom 2008; Edler and Rosvall 
2015), to find network communities or modules. As explained above, these modules 
represent groups of localities sharing functional entities (or taxa), which are, in turn, 
mostly distributed within the localities. That is to say, Infomap provides a 
simultaneous classification of localities and functional entities (or taxa) (Bernardo-
Madrid et al. 2019). Infomap capitalizes on the minimum description length 
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principle of information theory, which equates finding regularities and compression: 
The model that finds most regularities in a given set of data can compress the data 
the most (Rissanen 1978). In our case, modules of highly interconnected localities 
and functional entities (or taxa) form the regularities, and describing the network 
with an optimal set of communities corresponds to minimizing the description 
length (Rosvall and Bergstrom 2008; Bernardo-Madrid et al. 2019). Infomap 
minimizes the description length using a heuristic algorithm where nodes are 
stochastically placed into modules and movements are accepted if the description 
length reduces. I used this algorithm because it performs beser than other 
community detection methods (Lancichinesi and Fortunato 2009; Bernardo-Madrid 
et al. 2019). I ran Infomap 10,000 times, selecting the best partition as measured by 
the description or code length (Rosvall and Bergstrom 2008). This number of runs 
provided a complete solution landscape. Moreover, modules were consistent across 
runs and alternative community detection algorithms (see Sensitivity analysis to 
community detection). 

Node characterization. I also characterized the importance of the nodes (i.e. 
functional entities/taxa and localities) in the definition of particular modules. To do 
so, I used the IndVal index (Dufrêne and Legendre 1997; Bernardo-Madrid et al. 
2019) that considers the affinity and fidelity of a node to the module where it was 

classified (Blanco et al. 2021b). The affinity of a node, Ai, is calculated as the number 
of links to nodes classified in its same module, Xi, relative to the total number of 

nodes in the module, Z, 

Ai = Xi/Z (Eq. 1) 

For instance, a functional entity (or taxa) occurring in a large proportion of localities 
within the same module will show a high affinity for it. On the other hand, the 

fidelity, Fi, of a node is defined by the number of links inside its module, Ni, 

compared to its total number of links, L,  

Fi = Ni/L (Eq. 2) 

For instance, a species only occurring in localities of its own module will have a 
high-fidelity value to it. IndVal index is calculated as IndVal= Ai x Fi. Thus, a node 
that links to most of the nodes of its own module (high affinity) and is not connected 
to nodes in other modules (high fidelity) will show a high IndVal.  
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To visualize our results, I plosed each locality IndVal score against its age (Fig. 1).  

Sensitivity analysis  
Sensitivity analysis to localities selection. I selected fossil communities 
representative of their original faunal composition using the MPO criteria. To 
explore whether our results were robust to other selection criteria I used a more 
restrictive selection method. I kept localities with species richness above the 75th 
percentile of their respective Neogene-Quaternary geological stage (Close et al. 
2019). I used as time bins the Neogene-Quaternary geological stages and one for the 
Recent (15 in total). A:er applying the ‘75th percentile’ (75P) filter, I obtained 79 
functional entities in 53 localities, with a resolution of one fossil site every 0.4 Myrs 
on average. Moreover, to investigate whether assembly trends at the community 
level match paserns at the metacommunity level (regional scale), I constructed a 
new version of our data that resulted from aggregating the original presence absence 
matrix by 0.5 Myrs time bins instead of by localities. I obtained 84 FEs grouped in 38 
time bins.  

I repeated the above procedure for the taxonomic dataset obtaining 331 species in 52 
localities in the 75P filter, and 396 species in 38 time bins, respectively. Moreover, to 
explore the effects of taxonomic resolution on our results, I grouped species by 
genera, obtaining 229 genera in 106 localities for the MPO filter, 209 genera in 52 
localities in the 75P filter, and 234 genera in 38 time bins. 

For each of these datasets, I derived a bipartite network and ran Infomap as explained 
above. The modules found were largely consistent across the different datasets both 
for the functional (Appendix 1) and taxonomic networks (Appendices 2 and 3). 
Figure 1 shows the results from the MPO criteria. 

Sensitivity analysis to trait assignment. The ecology of Iberian Neogene and 
Quaternary large mammals have been extensively studied applying a wide array of 
methodologies (isotopes, biomechanics, micro- and mesowear, etc) (Salesa et al. 2005; 
Domingo et al. 2009; DeMiguel et al. 2011; Domingo et al. 2013; Domingo et al. 2014). 
Yet, I assessed the impact of a reasonable degree of miscategorization on the 
assignation of species to functional entities and, therefore, of localities to modules 
(functional faunas). Our body size categories are broad and conservative, ensuring 
that our categorization accounts for a potential error in the size estimation (Table 
App. 1 and Blanco et al. 2021b). Thus, I focused on potential errors in the 
categorization of species’ diet and locomotion mode. To carry out such sensitivity 
analysis, I first defined the assignation errors of categories following biological rules 
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(Appendix 5A). For instance, a species identified as hypercarnivore could randomly 
change to a carnivore or meat-bone, but never to grazer (Appendix 5A). I randomly 
applied the predefined changes in categories according to different probability errors 
(from 0% to 5%, with increments of 1%), for diet and locomotion mode separately. 
This results in a total of 36 combinations that could yield an approximate maximum 
of 10% of the species (around 40 species) being affected (Appendix 5).  For each 
combination of error probability, I generated 100 new datasets, making a total of 
3600 new datasets. For each of them, I ran the Infomap 100 times. Then, I compared 
the assignation of localities into modules of the original network with the new 
network partitions using the similarity index proposed in (Calatayud et al. 2019a) 
(Appendix 5B). 

Similarity scores with the original MPO network are high (over 0.7) when 
categorization error affects 3% or less of the species (12 species or less). Given the 
broad dietary and locomotion categorization used here, and the large body of 
literature used to inform our trait scoring system, I consider it unlikely that the 
potential error would affect a higher proportion of species in our dataset. Still, even 
a:er introducing unrealistic changes in 10% of the species (around 40 species), 
similarity never drops below 0.5 (Appendix 5). 

Sensitivity analysis to the effect of aggregation. I tested whether the emerging 
pasern of long-lasting functional faunas could be just a byproduct of merging 
species into functional entities. To do so, I compared the modularity of observed 
functional networks against that of null networks where the species were randomly 
classified into functional entities, keeping constant the number of species belonging 
to each functional entity. To calculate the network’s modularity using the Infomap 
framework, I computed a relative code length by dividing the code length of the 
network with modules by the code length of the network without modules. When 
the network lacks a modular structure the index equals 1, whereas it approaches 0 
for highly modular networks. To make the index increase with network modularity, I 
computed the complement of the relative code length, 

M = 1 − CLm/CL (Eq. 3) 

where CLm represents the code length of the network with modules and CL the 
code length of the network without modules. Finally, I calculated the p-value of the 
observed network being more modular than random expectations as the proportion 
of 100 null networks plus the observed one being more modular than or equal to the 
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observed network (Appendix 4). I used R so:ware (R Development Core team 2013) 
for all the analyses, and the scripts are available at Blanco et al. 2021a. 

Sensitivity analysis to community detection. I identified two principal sources of 
uncertainty regarding the detection of network modules. Firstly, several community 
detection algorithms (Infomap included) use stochastic searches to find optimal 
network partitions. The most common procedure is to run the algorithm an elevated 
number of times and pick the best quality partition. This, however, brings questions 
on the number of runs needed to avoid local optima (i.e. obtaining a complete 
solution landscape) and the consistency of modules across runs of similar quality 
(Calatayud et al. 2019a). To approach the first issue, I used a 10-fold cross validation 
exploring the probability that a test partition has a similarity higher than 0.75 to one 
of the training partitions (Calatayud et al. 2019a, implemented in hsps://github.com/
mapequation/solution-landscape). I found that 10000 Infomap runs provided a 
complete solution landscape with ~1 probability for a test partition being more 
similar than 0.75 to training partitions, both for the functional and taxonomic 
networks. To handle the second issue, I explored whether the modules of the best 
network partition were consistent across the remaining 9999 partitions. For a given 
module, I computed the probability of finding a module with similarity higher than 
a given threshold in the remaining partitions (Calatayud et al. 2019a). I used a 
similarity threshold of 0.5 (which implies a one-to-one correspondence) and a more 
conservative threshold of 0.75. Regardless of the threshold, the modules observed in 
the best partitions were highly consistent across different solutions; in general, they 
showed probabilities > 0.85 of being observed in different solutions (Fig. 1, Tables 
App. 2 and 3).  

Finally, I explored whether our results were robust to the choice of alternative 
community detection algorithms. To do so, I compared Infomap results with those of 
modularity maximization.  For the MPO-based functional and taxonomic networks I 
optimized a modularity index for bipartite networks (Barber 2007) using the 
algorithm proposed by (Beckes 2016), as implemented in the bipartite R package 
(Dormann et al. 2009). For each network, I run the algorithm 100 times, selecting the 
partition with the highest modularity. I used the similarity index described in 
Calatayud et al. 2019a, which ranges between 0 and 1, to compare these partitions 
with the ones produced by Infomap. Our results revealed that both approaches yield 
similar network partitions with 0.79 and 0.75 similarities for the functional and 
taxonomic networks, respectively. 
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Diversification analysis 
In order to provide a context of taxonomic turnover to our network community 
model, I computed speciation and extinction rates through the analysis interval 
(Appendix 7). To do so, I used the so:ware PyRate (Silvestro et al. 2014; Silvestro et 
al. 2019), a Bayesian method that uses occurrence data to simultaneously estimate 
extinction and speciation rates, interval-specific sampling rate, and speciation and 
extinction times of species (Silvestro et al. 2019). When conducting diversification 
analyses at regional scale, speciation and extinction rates also include immigration 
and local, temporal extirpations. To account for this phenomenon, and prior to our 
analyses, I considered that species that were absent during at least 2 Myrs were 
temporally extirpated. The quality of the dataset is high enough to fulfill this 
assumption (see below). The 2 Myrs gap was assessed based on midpoint ages from 
occurrence temporal ranges. The implementation of this condition was achieved in 
PyRate by renaming the species occurrences. For example, if species A is recorded at 
16.0, 15.7 and 15.5, and later at 13.2, 13.0, 12.9 and 12.0 Ma, the first three occurrences 
were assigned to species A_1, and the laser four occurrences to species A_2. I ran 
PyRate for 23 million iterations, sampled every 2,500 iterations to obtain the posterior 
estimates, and discarded the first 400 iterations (equivalent to the first million) as 
burn-in. Shi:s in speciation and extinction rates were allowed to take place every 0.5 
Myrs (using the argument -min_dt 0.5). The sampling rate was allowed to change in 
18 temporal bins based on well-established Iberian geological stages defined by these 
ages (in Ma): 22.4, 20.0, 16.9, 13.7, 12.75, 11.1, 9.7, 8.7, 7.75, 7.0, 4.9, 4.2, 3.2, 2.5, 2.0, 
1.15, 0.5, and 0.01. In total, I ran 20 parallel PyRate runs on 20 resampled versions of 
the occurrence ages, retaining 1000 random samples from each run as final results. 
Estimates of sampling rates and probability supports our assumption that 2 Myrs 
gaps very likely represent true temporal extirpations. The average probability of 
sampling a species that lasts 1 Myr is 80%, emphasizing the exceptional quality of 
our fossil sites series. Also, and importantly, the probability of not sampling a species 
during 2 Myrs is 6% on average, which strongly suggests that 2 Myrs gaps in the 
species stratigraphic record in the Iberian Peninsula are actually due to transitory 
local extirpation rather than to imperfections of the fossil record. Every 1 Myr, 
average speciation and extinction rates translate into a cumulative probability of 
speciation or immigration (per species) of 0.74, and a probability of extirpation (per 
species) of 0.69. 

Trait-dependent Extinction 
A novel multiple trait-dependent extinction (MTE) model was used to test for 
potential associations between ecological traits and extinction (Pimiento et al. 2020). 
MTE uses a Bayesian framework to assess how extinction rates change across species 
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as a function of one or several traits (Pimiento et al. 2020). I analyzed the effect of the 
three ecological traits and their combinations as functional entities (FE) in 2-myr 
bins. I found that the probability of any of the traits —and their combinations— 

having an effect on extinction (P𝜇) is typically below 0.06 across all the 2-myr bins 

examined, with just one exception: locomotion shows P𝜇 = 0.19 in the bin 2-0 Ma, 

above the threshold of 0.125 which is equivalent to a Bayes factor of 2 given the 
default prior (0.05) (Pimiento et al. 2020). 

I also used this approach to test whether species in long-lasting functional faunas 
had lower extinction risk. I considered a species to belong to one of the three main 
functional faunas if it was recorded in more than one locality, and at least 60% of 
them were assigned to that FF by our network analyses. This assignment becomes a 
trait (with three categories, i.e. the three main functional faunas) that can be 
incorporated in the analysis. FF-dependent extinction analyses were conducted by 1 
Myr bins (since the trait has just three states and our statistical power increases as 
more species enter each category), irrespectively of which categories the species 
present in a given time bin show. In general, only transitional bins will have species 
belonging to more than one FF, but some exceptions may occur. For example, I found 
species in localities of the FF1 that were assigned to a functional entity belonging to 
FF3 (they had 60% of their records in FF3). 

Three bins showed significant P𝜇 values: 15-13 Ma (P𝜇 = 0.71), 10-8 Ma (P𝜇 = 0.99), 

and 9-7 Ma (P𝜇 = 0.72). Significance here is guaranteed, because in the three cases P𝜇 

is above the 0.514 threshold representing a Bayes factor of 6 given the default prior 
(0.05), suggesting a strong extinction selectivity (Appendix 9). A test conducted for 
the entire analysis interval did not show extinction selectivity (P = 0.01), suggesting 
that there is no association between the species extinction risk and the duration of 
functional faunas. 

Linear models of community functional structure 
The joint classification of functional entities and localities into modules allowed us to 
explore the influence of different local functional diversity measures on the duration 
of functional faunas. I did so by comparing diversity paserns produced by each 
specific functional fauna into the localities grouped in their same modules. The 
expectation is that longer-lasting functional faunas would generate localities with 
greater functional diversity (Holling 1973). As a measure of functional diversity, I 
first use the Shannon’s diversity index, which considers both the richness of 
functional entities and even distribution of species into functional entities: 
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𝐻 = − ∑ R i=1 𝑝𝑖 𝑙𝑛(𝑝𝑖) (Eq. 4)  

where R, is the functional entities richness, and pi is the proportion of species 
belonging to the i functional entity. Then, I also considered each constituent part (i.e. 
richness and evenness) independently, using the Pielou’s index to measure evenness. 
Calculated as, 

J = H / ln(R)  (Eq. 5) 

where H´ comes from Shannon's diversity index. 

As above explained, I computed these indices for each locality based only on the 
functional entities belonging to the same module as the locality. To compare 
diversity values between modules, I fised generalized linear models of each 
diversity index as a function of the module as a categorical variable. I also included 
the age of the localities, either as an independent explanatory variable or interacting 
with the module, to discover potential temporal trends beyond modules and 
changes in temporal trends between modules, respectively. Finally, I generated a 
model where only age was included and a null model without explanatory variables. 
I assumed a Gaussian error distribution in the case of Shannon’s and Pielou’s indices, 
and a Poisson error distribution with a log-link in the case of functional richness. I 
used the Akaike’s information criterion corrected for small sample size (AICc) to 
select for the best model. I assumed a difference of two AICc units to consider that 
two models are significantly different. If two models were equivalent based on AICc 
I chose the one with fewer parameters as a rule of parsimony. To avoid sampling 
effects on our assessments, linear models were fit to the richest communities in our 
dataset (sites above the 75th percentile of sites with similar age). I used R so:ware (R 
Development Core team 2013) for all the analyses (Blanco et al. 2021a). 

Punctuated vs Gradual functional transitions 
I explored whether the replacements of functional faunas were abrupt or, on the 
contrary, followed steady transitions. Under a gradual transition I should expect a 
steady decrease of the functional entities belonging to the declining functional fauna 
and a steady increase of the functional entities belonging to the incoming fauna 
(Appendix 10A). This should translate into transitional periods around the limit 
separating faunas with a low proportion of functional entities belonging to each 
fauna (herein, characteristic functional entities; see Calatayud et al. 2019a and 
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Appendix 10A). On the contrary, an abrupt change should be characterized by the 
sudden replacement of functional entities, without a detectable transitional period 
with a reduced proportion of characteristic functional entities (Appendix 10B). 
Following this rationale, for each of the localities classified in two consecutive 
functional faunas, I first measured the proportion of characteristic functional entities 
of each of the two faunas. Then, I explored whether transitional periods of 
predefined lengths have localities with a low proportion of characteristic functional 
entities. I generated a transitional categorical variable by classifying localities as 
transitional or non-transitional if they fall in or out, respectively, of a predefined 
period around the limit between two faunas (i.e. a transitional bin). Then, I 
conducted generalized linear models of the proportion of characteristic functional 
entities as a function of the transitional variable.  

If a gradual transition exists, transitional localities should show a lower proportion 
of characteristic entities and, thus, we expected the transitional variable to capture 
some variability of this proportion. Contrarily, if shi:s of functional faunas were 
abrupt, the transitional variable should capture lisle or no variability. Because a 
hypothetical gradual transitional period may vary in length, I generated 8 versions 
of the analysis with transitional bins of different duration (from 0.5 to 4 my, with 0.5 
my increases). I used these time windows to classify localities and generate the 
transitional variables, which were subsequently used as explanatory categorical 
variables in independent models. I repeated this procedure independently for the 
shi:s from FF1 to FF2 (sesing the center of the transitional periods at 14.5 Mya) and 
from FF2 to FF3 (with transitional periods centered at 9 Mya).  In all cases, I used a 
binomial family error and a logit link function, as the dependent variable was a 
proportion. I also included the module as a covariable to account for potential 
variations between modules. To assess the importance of the transitional variable, I 
compared corresponding models with and without this variable by means of Akaike 
Information Criterion corrected for sample size (AICc). Finally, I computed a delta 
AICc as AICc of the transitional model minus the AICc of the model without the 
transitional variable. In this way, delta AICc < 2 would indicate a significant effect of 
the transitional variable, whereas AICc > 2 would indicate otherwise. Supporting the 
“abrupt shi:s” idea, I found that, regardless of the shi: or the length of the 
transitional period, the models including the transitional period were always 
significantly worse than the model without this variable (Appendix 6). I used R 
so:ware (R Development Core team 2013) for all the analyses. 
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Results and discussion 

A common pasern emerges from all approaches: ecosystem functional composition 
shows longer persistence than taxonomic composition (Fig. 1). Both functional and 
taxonomic faunas follow a virtually irreversible temporal succession, but taxonomic 
modules are replaced every 0.9 myr on average, whereas functional modules have a 
mean span of 2.8 myr. A randomization analysis indicates that such organization 
reflects a genuine ecological signal (P = 0.01, Appendix 4), and does not simply arise 
because FEs are an aggregation of taxa. Furthermore, taxonomic modules at the 
generic level (a taxonomic aggregation of taxa; Simpson 1953) show a labile pasern 
similar to the species level network (Appendix 2 and 3). Sensitivity analyses show 
that our approach is robust towards reasonable error in functional categorizations 
(Appendix 5), stochasticity inherent to the detection of modules, and the choice of 
community detection algorithms (Table App. 2 to 3). 

We identify three periods with marked functional stability corresponding with three 
long-lasting and robust modules (FF): earlier Middle Miocene (FF1), later Middle 
Miocene to earlier Late Miocene (FF2), and later Late Miocene to present (FF3), with 
durations of 2.58, 4.66 and 9.37 Myrs respectively (summing 80% of the analyzed 
interval; Fig. 1). An exploration of the transitional intervals between FFs 
demonstrates that ecological reassembly was fast, lacking communities with 
intermediate functional configurations (Fig. 1A and Appendix 6). Altogether, our 
procedure reveals gradual changes in taxonomic assembly that contrast with the 
punctuated stasis shown by the functional faunas, revealing an emergent property of 
ecosystem functioning observable only over broad timescales (Fig. 1). 

The contrasting timing of change in ecosystem functioning compared to taxonomic 
turnover becomes even more evident when we examine the regional diversification 
and dispersal paserns through time (Fig. 1C and Appendix 7). Overall, species-level 
volatility in Iberian Neogene-Quaternary faunas has been severe (average speciation 
and immigration rate = 1.40 myr-1; average regional extinction rate = 1.17 myr-1), 
ensuring a continuous replacement of the Iberian species pool over the last 21 Myrs, 
as captured by network analysis (Fig. 1B). Nevertheless, only major faunal events 
were able to push the system towards a new state, around 14 and 9 Ma, triggering 
fast reassembly of ecological guilds into novel functional faunas. 
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Fig. 1. Temporal trends of Iberian mammal communities over the last 21 Ma. In A and B localities 
colored by modules (M) are plosed against time (Ma = million years ago). Dots represent 
communities (localities), and its size is proportional to the species richness of each community. 
Modules derived from the functional network analysis show the succession of FFs (A). The height of 
the points reflects relevance within the module (IndVal index, see Methods). Numbers above the 
module lines indicate the module robustness as the probability of being found in different runs of the 
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community detection algorithm (only values above 0.8 are shown; see Methods). Color shaded areas 
bars indicate the three long-lasting FFs (A). Vertical gray bars show the transitions between FF1-FF2 
and FF2-FF3. The inset represents the proportion of functional entities belonging to the three main 
FFs in each locality (dots). Modules based on species composition (B) represent the taxonomic 
succession. Changes in taxonomic composition are represented by the net diversification rate over 
time (C). Shaded regions represent the 95% confidence interval. Plio.= Pliocene, Plei.= Pleistocene. 
Silhoueses are from PhyloPic (www.phylopic.org). 

The onset of the FF2 around 14 Ma seems related to profound reconfiguration of 
biogeographic and climatic sesings. There is evidence of a higher resemblance of 
Iberian taxonomic faunas with Eurasian faunas by this age (Cantalapiedra et al. 
2018). Regional isotopic data depict a sustained trend towards a prevalence of more 
forested, less arid habitats in the Iberian Peninsula (Cantalapiedra et al. 2018), which 
is consistent with the observed enrichment of communities with browsing 
herbivores of all sizes (Appendix 8). The FF2-FF3 transition (around 9 Ma) seems 
triggered by an intensification of hydric seasonality and the associated spread of 
grassland habitats (Cantalapiedra et al. 2018). In fact, this second major reassembly 
pulse replaced the browser-rich faunas of the later Middle Miocene and earlier Late 
Miocene with ecosystems packing a broad variety of mixed-feeders (i.e. feed on both 
browse and grass, Appendix 8) (Domingo et al. 2014).  

The context of both functional transitions suggests an important role of abiotic 
changes (climate and climate-driven biogeographic context) on the system shi:s. 
However, a trait-dependent extinction model (Pimiento et al. 2020) did not find an 
overall effect of particular traits or their combinations (FEs) on extinction across 
different time bins. The influence of such abiotic factors was not expressed through 
trait-mediated local extirpation. Instead, these analyses show that during functional 
transitions, characteristic species (those species with at least 60% of their occurrences 
in localities of one of the three FFs) of the outgoing functional fauna showed 
significantly higher extinction risk than the ones of the incoming fauna (Fig. 2A and 
Appendix 9). Thus, the extinction of species during severe ecological shi:s seems to 
be determined by their asachment to a collapsing functional system rather than their 
particular functional traits (Roopnarine and Angielczyk 2012). 
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Fig. 2. Differential extinction risk during functional transitions, and functional richness and 
diversity among the three main functional faunas. (A) Violin plots represent the differential 
extinction risk of species associated with the FFs during the two major transitions (15-14 Ma and 10-9 

Ma). P𝜇 is the probability of the trait affecting extinction risk. The horizontal dashed lines show the 

expected effect if the trait had no effect. (B) Functional richness and functional diversity of the FFs (see 
Methods). Colors as in Figure 1. 

Altogether, these findings portray a system where species gains and losses are 
governed by their restriction to functional scaffolds defined by ecological 
interactions. These interactions should limit the inclusion of novel functional 
strategies into established ecosystems (Hutchinson 1959), constraining both the 
evolution (Morris et al. 1995) and the immigration of species belonging to other FEs 
(Kennedy et al. 2002). Major disturbances forced the system into new ecological 
states, rendering the disassembly of the prevailing functional fauna and the 
assembly of a new functional scaffold (Fig. 1). 

Surprisingly, not all major faunal events caused a reorganization of ecosystem 
functioning. During the last 8 Myrs, the most recent functional fauna (FF3) survived 
three severe extinction events (Fig. 1C). The first one was Messinian salinity crisis 

42



                                                                                                               Chapter 1

(MSC) around 6-5 Ma. The MSC brings about a drastic increase in aridity in 
Southwester Europe that ends with the complete desiccation of the Mediterranean 
Sea (van der Made et al. 2006; Krĳgsman et al. 2010). This affected the climate that 
change the environment of the region, but did not affected over the functional 
structure of Iberian mammals (Fig. 1). Later, the Plio-Pleistocene glaciations around 
2.5 Ma entailed the ice cover of the most part of land mases in the northern 
hemisphere (Zachos et al. 2001; Ruddiman 2010; Westerhold et al. 2020). This event 
forced animals to adapt to cold environments or migrate to more equatorial areas 
where the climate was less severe (Hernández Fernández et al. 2007; Gómez Cano et 
al. 2013; Blanco et al. 2018; Calatayud et al. 2019b). Like what happened with the 
MSC, the FF3 remained unaltered to this event and did not change. The last event 
was the Early-Middle Pleistocene (EMPT) transition around 0.8 Ma. The EMPT is the 
marked prolongation and intensification of glacial-interglacial climate cycles (Head 
and Gibbard 2015; Maslin and Brierley 2015; Westerhold et al. 2020). These climatic 
changes had a profound effect on the biota and the environment, especially in the 
northern hemisphere (Head and Gibbard 2015). Once again, the system is resilient 
enough to overcome this biotic crisis event. Thus, FF3 is not only the most enduring, 
but also the most resistant functional fauna of the studied time interval. Overall, the 
Neogene-Quaternary Iberian functional systems have increased in duration and 
persistence. 

Why do functional faunas increase in persistence during the analysis interval? The 
above-mentioned trait-dependent extinction model, shows no evidence of lower 
extinction risk in species associated with more persistent FF, suggesting that 
persistence of each functional fauna draws from emergent properties of the system 
and not from the persistence of the constituent species. Linear models show that 
communities in successive functional faunas increased their functional diversity 
(Fdiv, as the Shannon index; Table App. 4 to 6), which is mostly driven by an increase 
in functional richness (Fric, Table App. 7 to 9) rather than by functional evenness 
(Table App. 10 to 12). FF2 and FF3 show increases in Fric and Fdiv with respect to 
FF1 (Fig. 2B and Table App. 4 to 9). A higher Fric associated with more persistent 
functional faunas agrees with the idea that biodiversity enhances ecosystem 
resilience (Yachi and Loreau 1999; Loreau and De Mazancourt 2013). Differential 
persistence in FF2 and FF3 may be further explained by environmental conditions 
that operated during their onset. Whereas FF2 originated during milder climatic 
conditions, the inception of FF3 took place during an episode of increased aridity in 
the region (Domingo et al. 2013). Such conditions brought an entourage of arid-
adapted immigrants from Eurasia and Africa (Fortelius et al. 2006; Cantalapiedra et 
al. 2018). Their ecological assemblage, forged by strong abiotic forces from FF3’s 
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inception, would have coped with the milder conditions of the latest Iberian Miocene 
first (Cantalapiedra et al. 2018), and, subsequently, with the increasing seasonality 
and glacial regimes in Pliocene and Pleistocene times. 

Our analyses of the fossil record set out key differences in the mode that taxonomic 
and functional assemblages wax and wane over evolutionary timescales. The 
marked decoupling between taxonomic and ecological turnover further 
demonstrates the value of functional and trait-based procedures when assessing the 
magnitude and consequences of environmental disturbances in paleobiological 
studies. Moreover, since the collapse of FFs seems to be the main force pulling 
species out of the system, investigation of preterit turnover episodes should look 
beyond trait selection in extinction events and also account for the integration of 
species into particular FFs during ecological dismantling.  

Our study provides a deep-time dimension to the functional perspective in 
conservation (Tucker et al. 2019): actions carried out to ensure ecosystem functioning 
will tend to endure longer than actions oriented towards protecting taxonomic 
structure. I found that higher Fdiv enhances the persistence of ecosystem 
functioning, yielding a long-term version of the temporal insurance (Yachi and 
Loreau 1999; Loreau and De Mazancourt 2013). However, the vague connection 
between taxonomic and ecological assembly yields a cautionary reading. Since 
species in high-Fdiv faunas do not show lower extinction risk, besing on higher Fdiv 
systems would not necessarily minimize species loss in the long term. If the past is 
useful to illuminate the future, our paleobiological perspective further emphasizes 
the gap between conservation policies minimizing extinctions and those targeting 
ecosystem functioning and its benefits to people (Purvis 2020). 
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Appendix 1. Functional networks of Iberian mammal communities over the last 21 Ma. Networks 
(le:) along with the plot of the identified Modules (right), which are represented as colored groups of 
localities (dots). The community level schemes are: minimum presence of orders (MPO, A), species 
richness above the 75th percentile (75P, B), and time bins (metacommunity, C) over time (Ma=Million 
years). In the module graphs (right), species richness of each locality is represented by the size of the 
dot, and its height corresponds to the importance of the locality in the formation of its module 
measured by the IndVal index (see Methods). In the network graphs, squares represent the different 
functional entities. Plio.= Pliocene, Plei.= Pleistocene. 
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Appendix 2. Species networks of Iberian mammal communities over the last 21 Ma. Networks (le:) 
along with the plot of the identified Modules (right), which are represented as colored groups of 
localities (dots). The community level schemes are: minimum presence of orders (MPO, A), species 
richness above the 75th percentile (75P, B), and time bins (metacommunity, C) over time (Ma=Million 
years). In the module graphs (right), species richness of each locality is represented by the size of the 
dot, and its height corresponds to the importance of the locality in the formation of its module 
measured by the IndVal index (see Methods). In the network graphs, squares represent the different 
functional entities. Plio.= Pliocene, Plei.= Pleistocene. 
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Appendix 3. Genus-level networks of Iberian mammal communities over the last 21 Ma. Networks 
(le:) along with the plot of the identified Modules (right), which are represented as colored groups of 
localities (dots). The community level schemes are: minimum presence of orders (MPO, A), species 
richness above the 75th percentile (75P, B), and time bins (metacommunity, C) over time (Ma=Million 
years). In the module graphs (right), species richness of each locality is represented by the size of the 
dot, and its height corresponds to the importance of the locality in the formation of its module 
measured by the IndVal index (see Methods). In the network graphs, squares represent the different 
functional entities. Plio.= Pliocene, Plei.= Pleistocene. 
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Appendix 4. Observed and simulated modularity of our functional-entities-based networks. Gray 
density diagrams show the modularity scores of 100 random networks compared with the observed 
network (red vertical line) for the two community level schemes: minimum presence of orders (le:) 
and species richness above the 75th percentile (right). 
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Appendix 5. Sensitivity Analysis of locomotion and diet categorization. Potential changes between 
trait categories following a biological meaning (A). Proportion of species affected by functional 
assignation with systematic error introduced for diet and locomotion (B, le:). Similarity changes in 
module's localities composition compared to the original MPO functional faunas with different levels 
of systematic error introduced (B, right). Similarity of functional faunas generated by the introduction 
of different degrees of error in functional assignation with the original MPO functional network (C). I 
show averaged values over 100 replicates of each parameter combination. 

56



                                                                                                               Chapter 1

Appendix 6. Delta AICc of models with transitional variables compared to those without this variable 
for transitions between FF1 and FF2 (red), and FF2 to FF3 (blue). Delta AICc values are shown for 
different lengths of the transitional window (x-axis). 

57



Appendix 7. Taxonomic evolution of Iberian faunas. Evolution of speciation (A), extinction (B), 
diversification (C) and turnover (D) rates over time. Shaded regions are the 95% confidence interval. 

Mean speciation (𝜆) and extinction rate (µ) are shown. 
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Appendix 8. Evolution of individual traits proportion in the localities (dots) through time, using MPO 
sampling (A) and 75P sampling (B). Vertical gray bars show the transitions between FF1-FF2 and FF2-
FF3 (as in Fig. 1).  
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Appendix 9. Probability of an effect of module association on extinction probability (P𝜇, effect of the 

trait on extinction risk) across the analysis interval. Dots represent time bins where species associated 
with at least two modules are found. Dosed lines show the P thresholds for Bayes factors 2, 6 and 10. 

Appendix 10. Hypothetical scenarios expected under a gradual (A) or abrupt (B) transition between 
functional faunas. In the top row: the proportion of functional entities associated with a module (or 
functional fauna). In the bosom row: the richness of functional entities belonging to each module. The 
thick dosed line depicts the limit between both functional faunas.   
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Table App1. Explanation and categorization of functional traits used in the analysis. 

Functional traits

Body Size Explanation

B <1Kg

C 1-10Kg

D 10-45Kg

E 45-90Kg

F 90-180Kg

G 180-360Kg

H 360-1,000Kg

I >1,000Kg

Diet Explanation

Grazer Consumes graze as their primary food

Mixed feeder Consumes a mix of graze and shrubs

Browser Consumes shrubs and small trees as their primary food

Frugivore Consumes fruits as their primary food

Omnivore Consumes a mix of animals and plants

Carnivore invertebrates Consumes invertebrate animals as their primary food

Carnivore Consumes animals as their primary food

Meat bone Consumes bones as their primary food

Hypercarnivore Consumes a large amount of animals as their primary food

Locomotion Explanation

Ambulatory
Slow to medium range movement. Not capable of keeping a 
constant speed for a long distance

Cursorial Capable of keeping a constant speed for a long distance

Arboreal Spends most of the time in trees

Scansorial Capable of climbing. Spends time both on trees and ground

Aquatic Spends most of the time in the water
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Table App2. Probability of obtaining the same module partition with similarity >0.5 and >0.75 
(Robustness) for the functional network. 

Table App3. Probability of obtaining the same module partition with similarity >0.5 and >0.75 
(Robustness) for the taxonomic network. 

MPO functional Robustness

Module 0.5 0.75

1 0.84 0.79

2 0.4 0.39

3 0.96 0.88

4 0.91 0.85

5 0.98 0.52

6 0.95 0.88

7 0.43 0.42

8 1 0.96

MPO taxonomic Robustness

Module 0.5 0.75

1 0.94 0.44

2 0.86 0.58

3 0.7 0.69

4 0.85 0.2

5 1 0.99

6 1 0.85

7 1 1

8 0.82 0.82

9 0.63 0.62

10 1 1

11 1 1

12 1 1

13 0.7 0.62

14 1 1

15 1 1

16 1 1
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Table App4. Linear model comparison for functional richness using the 75P sampling. M= Modules, 
AICc= Akaike information criterion, R2= R square value, K= number of estimated parameters in the 
model. 

Table App5. Linear model comparison for functional richness using the MPO sampling. M= Modules, 
AICc= Akaike information criterion, R2= R square value, K= number of estimated parameters in the 
model. 

17 1 1

18 0.54 0.54

19 1 1

20 0.49 0.48

21 0.5 0.24

22 0.98 0.85

23 0.93 0.89

M names K AICc Delta_AICc R2 Intercept M 4 M 6 Age
M 

4*A
ge

M 
6*A
ge

M 3 
- M 

4

M 3 
- M 

6

M 4 
- M 

6
M * Age 6 251.934 0 0.49 -3.309 7.078 5.679 0.3 -0.421 -0.32 -4.195 -3.492 0.703

M + Age 4 252.039 0.105 0.42 1.938 0.804 0.473 -0.035 - - -0.804'' -0.473 0.331

M 3 254.048 2.114 0.36 1.386 0.924 0.929 - - - -0.924'' -0.929'' -0.005

Age 2 264.929 12.995 0.18 2.423 - - -0.029 - - - - -

Null 1 275.724 23.789 0 2.239 - - - - - - - -

' : p-value < 0.01

M names K AICc
Delt
a_A
ICc

R2
Inte
rcep

t
M 4 M 8 Age

M 
4*A
ge

M 
8*A
ge

M 3 
- M 

4

M 3 
- M 

8

M 4 
- M 

8
M * Age 6 491.088 0.592 0.3 -0.452 3.149 2.64 0.115 -0.178 -0.145 -1.906 -1.628 0.279

M + Age 4 490.496 0 0.27 1.735 0.56 0.451 -0.029 - - -0.56'' -0.451 0.109

M 3 493.462 2.966 0.24 1.293 0.647 0.805 - - - -0.647''-0.805'' -0.158

Age 2 498.955 8.459 0.19 2.211 - - -0.037 - - - - -

Null 1 526.84 36.344 0 1.977 - - - - - - - -

' : p-value < 0.01
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Table App6. Linear model comparison for functional richness using bins. M= Modules, AICc= Akaike 
information criterion, R2= R square value, K= number of estimated parameters in the model. 

Table App7. Linear model comparison for functional diversity using the 75P sampling. M= Modules, 
AICc= Akaike information criterion, R2= R square value, K= number of estimated parameters in the 
model. 

Table App8. Linear model comparison for functional diversity using the MPO sampling. M= 
Modules, AICc= Akaike information criterion, R2= R square value, K= number of estimated 
parameters in the model. 

M names K AICc Delta_AICc R2 Intercept M 3 M 5 Age
M 

3*A
ge

M 
5*A
ge

M 1 
- M 

3

M 1 
- M 

5

M 3 
- M 

5
M * Age 6 193.479 0 0.6 0.126 5.235 2.796 0.085 -0.359 -0.172 -1.922'' -1.211 0.711

M + Age 4 199.219 5.74 0.51 3.06 0.274 -0.123 -0.091 - - -0.274 0.123 0.398

M 3 214.074 20.595 0.37 1.564 0.705 0.992 - - - -0.705''-0.992'' -0.288

Age 2 198.688 5.209 0.47 2.905 - - -0.074 - - - - -

Null 1 253.649 60.17 0 2.312 - - - - - - - -

' : p-value < 0.01

M names K AICc Delta_AICc R2 Intercept M 4 M 6 Age
M 

4*A
ge

M 
6*A
ge

M 3 
- M 

4

M 3 
- M 

6

M 4 
- M 

6
M * Age 7 28.5 1.649 0.52 -2.174 5.381 4.461 0.224 -0.307 -0.248 -3.28 -2.762 0.518

M + Age 5 26.851 0 0.51 1.858 0.748 0.457 -0.035 - - -0.748'' -0.457 0.291

M 4 29.606 2.755 0.46 1.318 0.862 0.898 - - - -0.862''-0.898'' -0.036

Age 3 44.946 18.094 0.25 2.349 - - -0.037 - - - - -

Null 2 58.138 31.287 0 2.099 - - - - - - - -

' : p-value < 0.01

M names K AICc Delta_AICc R2 Intercept M 4 M 8 Age
M 

4*A
ge

M 
8*A
ge

M 3 
- M 

4

M 3 
- M 

8

M 4 
- M 

8

M * Age 7 102.582 0 0.35 -0.883 2.894 2.968 0.138 -0.156 -0.174
-1.7
99''

-1.7
54''

0.046

M + Age 5 107.679 5.096 0.3 1.532 0.527 0.511 -0.023 - -
-0.5
27''

-0.511 0.016

M 4 108.043 5.461 0.29 1.193 0.593 0.78 - - -
-0.5
93''

-0.7
8''

-0.186
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Table App9. Linear model comparison for functional diversity using bins. M= Modules, AICc= Akaike 
information criterion, R2= R square value, K= number of estimated parameters in the model. 

Table App10. Linear model comparison for evenness using the 75P sampling. M= Modules, AICc= 
Akaike information criterion, R2= R square value, K= number of estimated parameters in the model. 

Table App11. Linear model comparison for evenness using the MPO sampling. M= Modules, AICc= 
Akaike information criterion, R2= R square value, K= number of estimated parameters in the model. 

Age 3 116.715 14.133 0.22 2.095 - - -0.04 - - - - -

Null 2 139.757 37.175 0 1.817 - - - - - - - -
' : p-value < 

0.01

M names K AICc Delta_AICc R2 Intercept M 3 M 5 Age
M 

3*A
ge

M 
5*A
ge

M 1 
- M 

3

M 1 
- M 

5

M 3 
- M 

5
M * Age 7 50.952 0 0.59 -0.388 5.397 2.963 0.106 -0.367 -0.181 -2.014'' -1.291 0.723
M + Age 5 61.054 10.101 0.38 2.993 0.016 -0.323 -0.097 - - -0.016 0.323 0.338

M 4 65.475 14.522 0.25 1.38 0.453 0.855 - - - -0.453 -0.855'' -0.402
Age 3 56.562 5.61 0.4 2.603 - - -0.073 - - - - -
Null 2 72.07 21.118 0 1.929 - - - - - - - -

' : p-value < 0.01

M names K AICc Delta_AICc R2 Intercept M 4 M 6 Age
M 

4*A
ge

M 
6*A
ge

M 3 
- M 

4

M 3 
- M 

6

M 4 
- M 

6

M * Age 7-261.575 0 0.15 1.489 -0.542 -0.509 -0.033 0.035 0.031 0.301 0.3 -0.001
M + Age 5 -256.55 5.025 0 1 -0.005 -0.022 -0.002 - - 0.005 0.022 0.018

M 4-255.997 5.578 -0.04 0.976 0 -0.003 - - - 0 0.003 0.003
Age 3-258.096 3.479 -0.02 0.975 - - 0 - - - - -
Null 2 -260.28 1.295 0 0.975 - - - - - - - -

' : p-value < 0.01

M names K AICc Delta_AICc R2 Intercept M 4 M 8 Age
M 

4*A
ge

M 
8*A
ge

M 3 
- M 

4

M 3 
- M 

8

M 4 
- M 

8
M * Age 7 -484.862 6.334 0 0.942 -0.005 0.037 0.002 0.001 -0.003 -0.002 -0.015 -0.013
M + Age 5 -484.893 6.303 -0.03 0.981 -0.001 -0.004 0 - - 0.001 0.004 0.003

M 4 -487.057 4.139 -0.02 0.978 0 -0.002 - - - 0 0.002 0.002
Age 3 -489.119 2.077 -0.01 0.976 - - 0 - - - - -
Null 2 -491.196 0 0 0.977 - - - - - - - -
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Table App12. Linear model comparison for evenness using the bins. M= Modules, AICc= Akaike 
information criterion, R2= R square value, K= number of estimated parameters in the model. 

' : p-value < 0.01

M names K AICc Delta_AICcR2 Intercept M 3 M 5 Age
M 

3*A
ge

M 
5*A
ge

M 1 
- M 

3

M 1 
- M 

5

M 3 
- M 

5
M * Age 7 -108.677 6.414 0.07 0.862 0.466 0.071 0.005 -0.043 -0.007 -0.079 -0.005 0.074
M + Age 5 -110.671 4.42 0.01 0.965 -0.038 -0.038 -0.001 - - 0.038 0.038 0

M 4 -113.331 1.759 0.04 0.946 -0.031 -0.024 - - - 0.031 0.024 -0.007
Age 3 -114.03 1.061 0.01 0.916 - - 0.001 - - - - -
Null 2 -115.091 0 0 0.928 - - - - - - - -

' : p-value < 0.01
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  Chapter 2- Functional structure 
dynamics in large herbivores 
assemblages over the last 65 

Myrs 

“Physical changes are needed to force the system off balance. They in turn cause a host of 
biotic changes“ 

 ― Elisabeth S. Vrba 

Abstract 

The study of ecosystem structure can give us key information to understand present 
and future changes of ecosystems. We require a temporal dimension of their 
dynamics to untangle the factors driving their changes. Paleontological data brings 
us the opportunity to study the ecosystems in the past and how they evolved during 
millions of years. Using the network analysis framework developed in Chapter 1 
over a new dataset of worldwide large herbivores spanning the last 65 Myrs, I found 
that large herbivores communities experienced long periods of stability followed by 
the reorganization of their functional structure in a new stable state. Similar to what 
we saw in Chapter 1, functional structure tends to endure more than their taxonomic 
composition. The system suffered a first reorganization around 20 Ma mediated by 
the formation of the Gomphotherium land bridge. This natural corridor provokes 
the interchange of faunas between Eurasia and Africa, creating new opportunities to 
explore new functionalities in new environments. A:er this moment, there was 
stability until the system underwent a new reorganization around 10 Ma coinciding 
with the beginning of the spread of C4 dominated grasslands. This event came from 
a trend to a more arid and cold world, that affected the vegetation and the animals 
that feed on them, which were forced to change. Large herbivore communities' 
functional structure remains unaltered from this moment until current days.  
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Introduction 

Earth’s ecosystems’ deterioration is a current reality (Masson-Delmose 2021). We are 
experiencing a global crisis that is threatening all forms of life on our planet 
(Ceballos and Ehrlich 2018; Davis et al. 2018; Ceballos et al. 2020). Accelerated 
climate change is one of the major drivers of this deterioration, but it is not clear 
whether its impacts on the functional properties of ecosystems will be gradual or 
abrupt. Moreover, we do not know if we are approaching a non-return point of 
ecosystem collapse, also known as “tipping point” (Barnosky et al. 2017; Trisos et al. 
2020). Human activities are likely pushing ecosystems through an ecological 
threshold beyond which an irreversible transition to a new state is likely to occur 
(Lenton et al. 2008; Ceballos et al. 2020). Studying these transitions is key to 
evaluating the current and future state of our ecosystems. To do that, we have the 
necessity of a temporal dimension that encompasses the transitions between 
different environments and climatic conditions. Only by using the paleontological 
record can we grasp the temporal dimension required to achieve these kind of 
studies (Dietl and Flessa 2011; Barnosky et al. 2017; Blanco et al. 2021). In Chapter 1 I 
have demonstrated the importance of paleoecological data to evaluate these 
transitional dynamics of ecosystems functional structure. Due to paleontological 
data we could study these transitions and identify the tipping points that Iberian 
mammalian communities underwent in the past (Blanco et al. 2021 and Chapter 1). I 
used this small and controlled area to develop the new analytical framework. 
However, we still lack proper knowledge about how these transitions occurred 
worldwide during the entire Cenozoic. 

Environmental change has a huge impact on ecosystems primary production 
(Melillo et al. 1993; Blanchard et al. 2012), which is directly affecting the primary 
consumers through biomass transference. The major primary consumers in our 
planet's ecosystems are the large herbivores, they consume disproportionately more 
plant biomass per unit area than any other animal group (Ripple et al. 2015). Once 
widely diverse, they are represented today only by the orders of Artiodactyls, 
Perissodactyls and Proboscideans. As the main ecosystem engineers, they have a 
close relationship with ecosystems, and environmental changes will be more 
reflected in these groups, which makes them ideal to study current and past 
ecosystem functional transitions (Ripple et al. 2015). One important part of the large 
herbivore guild is the well-known megaherbivores, including all herbivore species 
weighing more than 1000 kg. These species have a crucial role in ecosystem aspects 
such as soil compaction, slowing down the ecological succession of ecosystems or 
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controlling fire activity, being particularly important in maintaining the interaction 
and processes within ecosystems (ecosystem functioning) (Brits et al. 2002; van der 
Waal et al. 2011; Ripple et al. 2015; Smith et al. 2016; Karp et al. 2018; van Klink et al. 
2020). Due to recent and ongoing megaherbivore decline, these functions are missing 
in a substantial proportion of ecosystems today (Smith et al. 2016). In recent years, 
the role of humans in the decay of these animals has driven a considerable amount 
of studies (Saltré et al. 2016; Broughton and Weitzel 2018; Saltré et al. 2019; Smith et 
al. 2019; Cantalapiedra et al. 2021; Stewart et al. 2021). There is no consensus about 
the negative or null effect of early humans in the extinction of these groups. Where 
all scientists agree is that we come from ecosystems full of large herbivores (present 
in almost all the continents; Smith et al. 2016). Groups like Proboscideans that once 
were highly diverse, with around 200 species, and widespread, today are restricted 
to Africa and South Asia with only 3 living species (Cantalapiedra et al. 2021). We 

are aware of these because these groups have a rich fossil record (Smith et al. 2016). 
There is fossil data in all continents for the entire Cenozoic regarding these groups. 
Adding their close relationship with ecosystem dynamics makes them the optimal 
group to evaluate ecosystem functional transitions.  

To untangle the factors that affected the dynamics of the ecosystem functional 
transitions in these groups and study whether they reached tipping points in the 
past, we have the necessity to answer several questions: How was the dynamic of 
their communities in the past and how did the ecosystem functional structure 
evolve? Did they experience moments of functional collapse triggering functional 
structure reassembly? What were the factors that influenced the decline of large 
herbivores in the context of their functional decline until current levels? Answering 
these questions demands a deep time and high-resolution database. I developed the 
biggest and most complete database for large herbivores to date. I collected 
information for more than 3,000 species of Artiodactyls, Perissodactyls and 
Proboscideans for the last 65 million years. Most of the studies using large 
herbivores are focusing only on their weight, but in order to study the functional 
dynamics of ecosystems we need to know the ecological role of these species in their 
ecosystems. To solve this, I gathered information for 14 fundamental traits (see 
methods) of these species and I applied the analytical framework developed and 
tested in Chapter 1 (Blanco et al. 2021). Network Analysis allows us to track the 
evolution of the functional structure dynamics of these groups and shed light about 
the moments of change and how this affected the large herbivores. I found similar 
trends as in Chapter 1, with a decoupled dynamic of taxonomic and functional 
structure (Blanco et al. 2021). The functional structure experienced periods of long 
stability interrupted only by two big abiotic changes. Around 20 Ma and 10 Ma, the 
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system collapsed causing the reassembly of large herbivores' functional structure in 
a new stable state. From 10 Ma the ecosystem functional structure seems to be 
unaltered overcoming several major abiotic events. 

Materials and Methods 

Database 
I built the most complete, and updated, database for all the species in the largest 
orders of large herbivores living in earth current ecosystems (Artiodactyla, 
Perissodactyla and Proboscidea) during the last 65 Ma. First, I compiled information 
for these species through a review of the primary literature along with data available 
in the NOW database and the Paleobiology Database (PBDB) (The Paleobiology 
Database, PBDB 2019; The NOW Community 2019).  Second, following 
Cantalapiedra et al. 2021, each species occurrence was checked in detail by experts in 
their taxonomic groups, looking for valid taxonomic assignments and excluding 
synonyms. Only records identified at species level were retained. Third, I used the 
International Chronostratigraphic Chart (Cohen et al. 2021) to build a consistent scheme 
for temporal ranges across our dataset. I checked each record in order to improve 
their temporal resolution through a deep survey of the literature. In some cases there 
were occurrences with a broad temporal range assigned (i.e. old publications of sites 
with scarce stratigraphic information, early sites with a wide range of temporal 
assignment or incorrect entries in the databases). When I could not find beser age 
ranges in the literature I excluded these records from our database. I decided to 
exclude the occurrences with a temporal range exceeding 5 Myrs in the Neogene and 
10 Myrs in the Paleogene. For the Plio-Pleistocene records, I manually selected the 
ones with broad ranges and improved them using the most recent literature.  
  
Since I used a combination of NOW and PBDB data, I obtained duplicated records 
for the species in our dataset. I chose between these records based on a manual, case-
by-case evaluation criteria of occurrence number and overall occurrence temporal 
precision. As a result, a:er all of our criteria and review procedure was applied, I 
obtained a final dataset that contains 22,028 occurrences of 3,048 species distributed 
in 10,680 sites worldwide. 

Our aim is to characterize the succession of functional assemblages over 
evolutionary time scales. To do so, I gathered information for 13 dental traits and 
body size for 3,046 species in our dataset.  Based on Zliobaite et al. 2016, I compiled 
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dental trait information for: tooth shape, degree of hypsodonty, cusp shape, number 
of buccal cusps, number of lingual cusps, number of longitudinal lophs, number of 
transverse lophs, horizodonty, as well as the presence of acute lophs, obtuse lophs, 
structural fortification cusps, occlusal topography and coronal cementum (see 

Fortelius et al. 2016; Žliobaitė et al. 2016; Zliobaite et al. 2018 for a detailed description 
of these traits). Dental traits are fundamental because they capture the relationship 
of the species with environmental conditions, especially being a good predictor of 

net primary production or precipitation (Žliobaitė et al. 2016). Besides, I classified 
species in eight body size categories modified from (Andrews et al. 1979; Hernández 
Fernández 2006): B (<1kg), C (1-10kg), D (10-45kg), E (45-90kg), F (90-180kg), G 
(180-360kg), H (360-1,000kg), I (1,000-10,000kg) and J (>10,000kg). I excluded the 
original category A (0-0.1kg), because I did not have species in this body size range 
in our database. Overall, these traits reflect several facets of the functional role of 
species in ecosystems, such as habitat use, trophic level, range size, energetic 

requirements, and resource use (Figueirido et al. 2012; Chen et al. 2019). 

Spatio-temporal standardization 
Working with large databases in paleontology has some difficulties, especially 
regarding the duplication or wrong assignment of localities' names and the 
heterogeneity of stratigraphic ages. In order to prevent this, when I built our 
occurrence matrix I merged the localities using two criteria. First, I aggregated the 
localities by continents (Africa, America, Asia and Europe). To characterize 
macroevolutionary dynamics of Cenozoic faunas, a continental scale allows us to 
track changes worldwide and check the correlation of these changes with crucial 
abiotic shi:s in Earth history such as plate tectonics or climate change. Second, I 
aggregated localities into temporal stages defined by the International 
Chronostratigraphic Chart stages (66, 61.6, 59.2, 56, 47.8, 41.2, 37.71, 33.9, 27.82, 23.03, 
20.44, 15.97, 13.82, 11.63, 7.246, 5.333, 3.6, 2.58, 1.8, 0.774, 0.129 and 0.0117 Myrs). The 
aggregation of localities by continent and stage yields a total of 78 continent-stage 
assemblages, which are the analytical basis for this and the third chapter of the 
thesis. The use of continent-stage pools helps to avoid potential errors in the age 
assignments of the fossil localities. 

Large herbivores functional morphospace 
Since I consider body size and tooth shape fundamental traits to define the species 
role in the ecosystems, I excluded the species with no information about these traits 
(this was the case for only 34 species). The final dataset contains functional 
information for 3,012 species. To study the role of these species in their ecosystems, 
we have to reduce the dimensionality of our large mammal trait dataset.  In Chapter 
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1, I used functional entities (i.e. unique combinations of functional traits) to group 
the species with similar ecological roles. Here, we have 14 traits instead of 3 of 
Chapter 1, so we have to reduce the trait dimensionality even more in order to 
understand their complexity. Using this approach, I counted for the functional 
distance between the species when I grouped them, contrary to what happened with 
the functional entities, where a species that differs in only one trait is considered 
different in the same way that another species that differs in two or three traits. To 
do so, I computed Gower distances between species trait dataset using the daysy 
function in R (R Development Core team 2013). During the computation of 
functional distances between species, each trait was given a different importance, so 
that dental traits would not have a disproportional weight in the total difference 
among species. To do so, I weighted two of the traits to 1 (body size and tooth 
shape), because they are the most representative traits of the species relationship 
with their environment, and the rest of the 12 traits (hypsodonty, cusp shape, buccal 
cusps, lingual cusps, longitudinal lophs, transverse lophs, horizodonty, acute lophs, 
obtuse lophs, structural fortification cusps, occlusal topography and coronal 
cementum) I weighted them as 1⁄6, summing 2, which is the result of the other traits 
combined.  

I used the resulting distance matrix in a Principal Coordinates Analysis (PCoA). 
Based on the functional morphospace obtained from the PCoA, I applied a k-means 
to define groups of species with similar ecological roles: functional types (FT). 
Species closer in the functional morphospace will be grouped in the same FT. I 
decided on a maximum of 406 FTs, which is the number of unique combinations of 
the traits in our dataset (also called functional entities Mouillot et al. 2014).  

This produces a final dataset with 406 FT distributed along 78 continent-stage pools, 
which are the base for our analysis. 

Functional assembly vs. taxonomical assembly 
In order to compare the dynamics of community assembly processes at functional 
and taxonomic levels, I built the taxonomical version of the described dataset for 
functional types. By doing so, I obtained the same continent-stage as for the 
functional dataset, 3012 species in 78 continent-stage. 

Network analysis 
Following Blanco et al. 2021 (see methods in Chapter 1), I used the developed 
Network Analysis approach to track the dynamics in the ecological assembly of large 
mammal communities worldwide over the last 65 Myrs. 
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Input data. To explore the temporal organization of functional and taxonomical 
assemblages, I applied a community detection procedure borrowed from network 
theory (Muscente et al. 2018; Muscente et al. 2019). This analysis finds groups of 
localities sharing similar functional types (or taxa) regardless of the temporal 
sequence, allowing us to delve into the functional evolution of communities. I first 
transformed the fossil occurrence data into bipartite networks. Bipartite networks 
consist of two different sets of nodes that are not mutually connected. In our case, 
these two sets of nodes are continent-stage and functional types (or taxa). A link 
depicts the presence of a functional type (or taxa) in a continental bin. Moreover, for 
the functional network I weighted the links as the number of species belonging to a 
functional type and present in a continental bin. By doing so, I quantified the relative 
importance of each functional type in a continental bin. 

Community detection algorithm. Once I generated the networks, I ran the Infomap 
community detection algorithm (Rosvall and Bergstrom 2008; Edler and Rosvall 
2015), to find network communities or modules. As explained above, these modules 
represent groups of localities sharing functional types (or taxa), which are, in turn, 
mostly distributed within the localities. That is to say, Infomap provides a 
simultaneous classification of continent-stage and functional types (or taxa) 
(Bernardo-Madrid et al. 2019). Infomap capitalizes on the minimum description 
length principle of information theory, which equates finding regularities and 
compression: The model that finds most regularities in a given set of data can 
compress the data the most (Rissanen 1978). In our case, modules of highly 
interconnected continent-stage and functional types (or taxa) form the regularities, 
and describing the network with an optimal set of communities corresponds to 
minimizing the description length (Rosvall and Bergstrom 2008; Bernardo-Madrid et 
al. 2019). Infomap minimizes the description length using an heuristic algorithm 
where nodes are stochastically placed into modules and movements are accepted if 
the description length reduces. I used this algorithm because it performs beser than 
other community detection methods (Lancichinesi and Fortunato 2009; Bernardo-
Madrid et al. 2019). I ran Infomap 10,000 times, selecting the best partition as 
measured by the description or code length (Rosvall and Bergstrom 2008). This 
number of runs provided a complete solution landscape. Moreover, modules were 
consistent across runs and alternative community detection algorithms (see 
Sensitivity analysis to community detection). 

Node characterization. I also characterized the importance of the nodes (i.e. 
functional types/taxa and continent-stage) in the definition of particular modules. To 
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do so, I used the IndVal index (Dufrêne and Legendre 1997; Bernardo-Madrid et al. 
2019) that considers the affinity and fidelity of a node to the module where it was 
classified (Table App.1). The affinity of a node, Ai, is calculated as the number of 
links to nodes classified in its same module, Xi, relative to the total number of nodes 

in the module, Z, 

Ai = Xi/Z (Eq. 1) 

For instance, a functional type (or taxa) occurring in a large proportion of continent-
stage within the same module will show a high affinity for it. On the other hand, the 
fidelity, Fi, of a node is defined by the number of links inside its module, Ni, 

compared to its total number of links, L, 

Fi = Ni/L (Eq. 2) 

For instance, a species only occurring in continent-stage of its own module will have 
a high- fidelity value to it. IndVal index is calculated as IndVal= Ai x Fi. Thus, a node 
that links to most of the nodes of its own module (high affinity) and is not connected 
to nodes in other modules (high fidelity) will show a high IndVal. 

I plosed the resulting modules through time for the taxonomic and functional types 
configuration (Fig. 1 and Appendix 1). 

Functional turnover 
Beta diversity. In order to track the functional evolution of large herbivores I 
calculated the difference in functional diversity between the different continent-
stage. To do so, I used the betapart package in R (Baselga and Orme 2012). This 
package calculates multi-sites distances using pairwise dissimilarities (in our case 
using as a basis the distance matrix between species in each bin). The advantage of 
using this package is that it allows to calculate the turnover and nestedness, 
components of functional beta diversity. Here, I used turnover as the difference of 
functional types composition between continent-stages, and nestedness when 
functional types assemblages in functional type-poor continent-stage are a subset of 
the assemblages in more functional type-rich continent-stage. I ran the 
functional.beta.pair function, which computes functional dissimilarities based on 
volume of convex hull intersections in a multidimensional functional space. 
Dissimilarity matrix accounting for functional turnover, was measured as Simpson 
derived pairwise functional dissimilarity, nestedness-resultant functional 
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dissimilarity and functional beta diversity, was measured as the nestedness-fraction 
and beta diversity of Sorensen derived pair-wise functional dissimilarity. I plosed 
the change in these three measures over time, calculating the change from the 
previous temporal bin for each continent (Appendix 2). 

I applied a non-metric multidimensional scaling (NMDS) to reduce the dissimilarity 
variability in two axes to plot the functional trajectories of continental assemblages 
over time in two dimensions. In this case, I decided to use the turnover distance 
matrix for the main part of the discussion and figures, as my interest is to track the 
functional change over time, which is the key information in order to study the 
dynamics of these faunas. I plosed the results using a temporal color-scale and 
module scale colors, obtained from the network analysis, for each continent (Fig. 1b). 

Functional distance among continents over time. In order to identify functional 
resemblance among continents over time, I calculated the functional distances of the 
continents as the distance of the continent-stage in the functional dissimilarity space. 
I plosed the resulting measure over time using continent pairs (Fig. 2). 

Module characterization  
I calculated the IndVal index (see above) to study the importance of the nodes in the 
definition of their modules. Here, I used this index to extract the most singular FTs in 
the modules. Through a 0.95 quantile, I extracted these singular FTs for each module. 
Then, I look inside these FTs to study the most abundant trait states in their species 
composition functional traits pool (Appendix 3 to 36).  

The taxonomic composition of the modules can give us information about their 
structure and how the changes in this composition influenced the module shi:s. To 
explore this, I calculated the relative abundance of the families that compose the 
species pool of these high IndVal FTs for each module (Appendix 17). 

Sensitivity analysis 
Sensitivity analysis on the k-means groups. I tested the selection criterion of 406 FT 
based on the number of unique combinations of functional traits. I ran the k-means 
analysis selecting 100, 200, 300, 400 and 500 groups, and I repeated 100 times. I used 
this to build the analysis database and run infomap following the above explained 
procedure. As a result, I plosed the quality code length (measure of modularity) and 
the number of modules obtained from the network analysis for all k-means 
randomization (Appendix 18). In both cases the variable values become stable 
around 400 FT. 
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Sensitivity analysis to sampling. When working with paleontological data, we 
should always be aware of potential sampling biases that could drastically affect the 
results of our analyses (i.e. some epochs being beser sampled, countries or regions 
with difficult access to conduct fieldwork, historical preferences…). In other words, 
the disparate number of species across the analyzed bins could impact the estimated 
functional similarity between them. To test this, I conducted a sensitivity analysis 
where I performed a rarefaction procedure (Raup 1975; Foote 1992) on the species 
present in each continent-stage. I randomly selected 20 species from each bin, and 
then I ran the network and beta diversity analysis (see above for detailed 
explanation) on the rarefied dataset. I repeated the procedure 100 times. An 
averaged distance matrix from the 100 draws was used to estimate functional 
turnover between bins and to compare with our main results (Appendix 19). The 
results from the rarefactions were highly congruent with those derived from the full 
dataset. 

Sensitivity analysis to the effect of aggregation. I tested whether the emerging 
pasern of our functional structure analyses could be just a byproduct of merging 
species into functional types. To do so, I compared the modularity of observed 
functional networks against that of null networks where the species were randomly 
classified into functional types, keeping constant the number of species belonging to 
each functional type. To calculate the network’s modularity using the Infomap 
framework, I computed a relative code length by dividing the code length of the 
network with modules by the code length of the network without modules. When 
the network lacks a modular structure the index equals 1, whereas it approaches 0 
for highly modular networks. To make the index increase with network modularity, I 
computed the complement of the relative code length, 

M = 1 − CLm/CL (Eq. 3) 

where CLm represents the code length of the network with modules and CL the 
code length of the network without modules. Finally, I calculated the p-value of the 
observed network being more modular than random expectations as the proportion 
of 100 null networks plus the observed one being more modular than or equal to the 
observed network (Appendix 20).  

Sensitivity analysis to community detection. I identified two principal sources of 
uncertainty regarding the detection of network modules. Firstly, several community 
detection algorithms (Infomap included) use stochastic searches to find optimal 
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network partitions. The most common procedure is to run the algorithm an elevated 
number of times and pick the best quality partition. This, however, brings questions 
on the number of runs needed to avoid local optima (i.e. obtaining a complete 
solution landscape) and the consistency of modules across runs of similar quality 
(Calatayud et al. 2019). To approach the first issue, I used a 10-fold cross validation 
exploring the probability that a test partition has a similarity higher than 0.75 to one 
of the training partitions (Calatayud et al. 2019). I found that 10,000 Infomap runs 
provided a complete solution landscape with ~1 probability for a test partition being 
more similar than 0.75 to training partitions, both for the functional and taxonomic 
networks. To handle the second issue, I explored whether the modules of the best 
network partition were consistent across the remaining 9,999 partitions. For a given 
module, I computed the probability of finding a module with similarity higher than 
a given threshold in the remaining partitions (Calatayud et al. 2019). I used a 
similarity threshold of 0.5 (which implies a one-to-one correspondence) and a more 
conservative threshold of 0.75. Regardless of the threshold, the modules obtained in 
the best partitions were highly consistent across different solutions; they showed 
probabilities 1 of being obtained in different solutions (Fig. 1, Table App. 2). 

Sensitivity analysis to accuracy of network partition vs functional distances. I ran 
a Permutational multivariate analysis of variance (PERMANOVA) to test whether 
the module partition from network analysis reflects the functional distances between 
the continent-stage. I obtained that the module partition is similar to functional 
distances by a statistically significant p>0.001. 

I used R so:ware (R Development Core team 2013) for all the analyses. All the 
scripts and database used in this chapter will be uploaded at: hsps://figshare.com/
authors/Fernando_Blanco/9731162 a:er the publication of the work. 

Results and discussion 

I found a decoupled trend in taxonomical-functional assembly dynamics, confirming 
a long term and global version of the pasern described in Chapter 1 (Fig. 1a and 
Appendix 1). Functional structure of large herbivores seems to be more persistent 
than their taxonomic composition. Similar to what we saw in the Iberian Peninsula 
faunas (Blanco et al. 2021 and Chapter 1), there was a taxonomic reassembly every 
1.69 Myrs on average, while we observed a functional reassembly every 6.25 Myrs on 
average. Our sensitivity analysis confirms a genuine signal of these results, which 
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are not an artifact derived from sampling, aggregation or community detection 
algorithm selection (see Methods section). 

Fig. 1. Dynamics of large herbivores’ functional structure. (a) Functional structure trends in the 
different continents are plosed by colours against time in myr. Shapes indicate time bins in each 
continent. Modules (M) derived from network analysis show the functional structure succession in 
each continent. (b) Functional space for each continent derived from turnover functional distances 
between continent-stage assemblages plosed in two dimensions through NMDS (see methods). Dots 
represent functional time bins in each continent. Above, the color scale indicates time in Ma. Colors 
below represent the different modules from the network analysis (Fig. 1A). Silhoueses are from 
PhyloPic (www.phylopic.org). 
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There were long periods of stability followed by rapid reassembly of communities, 
reaching a tipping point, relatively contemporaneous across continents (Fig. 1a). 
Since, until 30 Ma African faunas would only have proboscideans among the orders 
examined here, I will not consider this period (65 to 30 Ma) in African faunas for our 
discussion of the results. Large herbivores communities followed initial moments of 
stability until around 25 Ma, when the first global reconfiguration of the functional 
structure occurred across different orders (Fig. 1a). A:erwards, the system reached 
stability again, that will last 10 Myrs (from around 25 to 10 Ma), when the second 
reassembly of the communities started. This was the last moment of change that the 
large herbivore guild experienced, which found stability a:er this moment that will 
last until current days. Taking a deeper look into what happened to these groups in 
their respective continents we can untangle the different factors that drove these 
changes. 

Paleocene and early Eocene 
For the first part of the Cenozoic (65 to 40 Ma) America, Europe and Asia, formed a 
single module representing similar functional structure. Large herbivores show 
similar forms during their earliest evolutionary history. By that time, they were “pig-
size” browsers occupying similar regions of the functional morphospace (Fig. 1a and 
b). We identified the first reconfiguration of the functional structure around 40 Ma, 
when America split from the module that constituted along with Europe and Asia 
(Fig. 1a). During this time we observed how the functional distance of America 
increased with the rest of the continents (Fig. 1b and Fig. 2). This event coincides 
with the Middle Eocene climatic optimum (Westerhold et al. 2020). A remarkable 
increase in temperature allows these groups in America to differentiate from Eurasia 
exploring different functional structures (Fig. 1b). From this moment, America will 
follow its own path, and will never have a functional structure comparable to the 
rest of the continents (Fig. 1a and b). America has been a huge “island-like” isolated 
from the rest of the continents for the most part of its recent history, only connected 
by the northern Bering land bridge to Eurasia (Jiang et al. 2019). This situation 
allows America to have its own functional structure evolution different from the rest. 
There have been moments of faunal interchange during the Cenozoic (Jiang et al. 
2019), but these never resulted in a functional homogenization with Europe, Asia or 
Africa (Fig. 1a and b).  
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Fig. 2. Continents’ functional distance through time. Functional distance between continent pairs 
calculated from the functional space in Fig. 1B is plosed against time in myr. Line colors are derived 
from the combination of continent color in Fig. 1A. Dosed lines are inflection points from regression 
models with segmented relationships (see methods). 

On the contrary, the functional structure of large herbivore faunas in Europe and 
Asia has been similar across the Cenozoic. The functional structure of their large 
herbivores communities follows similar dynamics during the whole Cenozoic lasting 
until current days. Europe and Asia were grouped in the same modules for the entire 
period (Fig. 1a), and when we look into the functional morphospace, we see that 
both continents explore similar regions during their functional evolution through 
time (Fig. 1b). 

The Gomphotherium land bridge  
Around 30 Ma a simultaneous reconfiguration of the functional structure in Europe 
and Asia took place, ending in the first tipping point, which again found a common 
structure around 21 Ma. Interestingly, this time they share functional structure with 
the African faunas (Fig. 1a). This is a period of big abiotic changes. During the first 
half of the Cenozoic, Eurasia and Africa were separated by the Tethys sea. But 
around 30 Ma these landmasses would collide forming a corridor, the 
Gomphotherium land bridge (Bialik et al. 2019). Moreover, the closure of the Tethys 
sea brings the birth of another two: the Mediterranean Sea and the Indic ocean. 
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These two new masses of water affected the environmental conditions of Asia and 

Europe, impacting the evolution of several ungulate lineages (Bialik et al. 2019). 

The connection of previously isolated continents, which allow them to develop their 
own functional history, brought about an homogenization of the faunas gaining a 
similar functional structure (Fig. 1a). There were no proboscideans outside of Africa 
until this moment. These animals spread out of Africa and rapidly spread through 
Eurasia first, and into America later (Cantalapiedra et al. 2021). They explored new 
environments, different from those where they have thrived during their first 30 
Myrs of evolutionary history, allowing them to release their functional constraints 
and diversify at a high rate (Cantalapiedra et al. 2021). But the story does not end 
here, because the faunal interchange works in both ways. Artiodactyls and 
perissodactyls from Eurasia came to Africa and explored the new environments. 
This homogenization can occur in two ways: the richer ecosystems lose functional 
diversity until they reach the level of the poorer one, or the one that happened here, 
where the poorer ecosystems gain functional diversity to equal the richest one. A 
peak of functional beta diversity occurred around 20 Ma in the three continents, 
which is the highest for the entire period (Appendix 2). This increase in beta 
diversity seems to be mediated by a high turnover in Africa and Europe with a huge 
interchange of faunas a:er the formation of the corridor. On the other hand, in Asia 
this increase seems to be triggered by nestedness, which means a net gain of 
functional beta diversity coming from a faunal subset, this time Europe and Africa 
(Appendix 2).  

We see how these three continents change and explore central regions of the 
functional morphospace (Fig. 1b), showing the homogenization that occurred due to 
the new corridor formed between them. At the same time, America still follows their 
own path and does not seem to be affected by the formation of the Gomphotherium 
land bridge and the two new masses of water. The situation with America for one 
part and the rest together, will experience a long period of stability for more than 10 
Myrs, when everything changes (Fig. 1a).  

The Grassland world 
We observe major functional shi:s across continents between 10 and 6 Ma, likely 
linked to two major abiotic events that caused the collapse and subsequent 
reorganization into new functional structures. The first of these events is the well-
known spread of C4-dominated grasslands (Edwards et al. 2010; Strömberg and 
McInerney 2011) due to a worldwide increase in the aridification. This is an open 
environment with a lack of tree cover, characterized by wide areas dominated by C4 
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grass (Bond 2008). In order to adapt to this new environment, the animals changed, 
especially the ones who feed on grass, changing their dentition. Feeding on grass 
requires changes in dental morphology to face enhanced abrasion. These animals 
found a solution to reduce the wear in different ways; with the increase of the tooth 
height (hypsodonty), increase of the enamel thickness, larger occlusal area or 
exploring different tooth shapes (Janis and Fortelius 1988; Jernvall and Fortelius 
2002; Lucas et al. 2008; Ungar 2015). The C4-grassland started to become the 
dominant environment around 10 Ma in North America (Strömberg and McInerney 
2011), when a reorganization of the communities in America took place following a 
tipping point (Fig. 1a). This reorganization was mainly mediated by the 
diversification of perissodactyls and the iconic group of Equids (Cantalapiedra et al. 
2021). This group was adapted to the grassland life, showing high hypsodonty, 
larger occlusal area and bodies adapted to cursorial locomotion. Taking a look into 
the most representative traits of module 6 and 8, we saw a clear trend towards a 
dominance of hypsodont species (Appendix 4). This confirms the effect of this new 
environment on the functional structure of some of these groups and how the 
hypsodont faunas were one of the most representative ones during this time.  

Europe and Asia also suffered a reorganization of their functional structure with a 
similar timing to America (Fig. 1a). This reconfiguration makes Eurasia separated for 
a short time, when their functional distance increases reaching an inflection point 
(Fig. 2). A:er that, they became closer again, forming a single module with coherent 
functional structure that will last until current days (Fig. 1a).  

The second major event that occurred in this time was the birth of the Sahara Desert 
around 7 Ma causing the next tipping point (Schuster et al. 2006). This was a crucial 
change for the environment in Europe and Africa. The precipitation in North Africa 
decreased more than half around 7 Ma (Zhang et al. 2014) causing the drought of the 
region and the birth of the Sahara Desert. This is one of the biggest deserts on our 
planet, and by this time (remains the same now) it has become a natural barrier, 
isolating the communities that inhabit Eurasia and Africa. This isolation produces a 
differentiation of the functional structure of these ecosystems, separating them from 
their past companions of Europe and Asia (Fig. 1a). This trend is also reflected in the 
functional morphospace, where Africa explores the lowest regions, which reflect a 
functional differentiation from the other continents (Fig. 1b). The formation of the 
Sahara Desert allowed African large herbivores to obtain different functionalities in 
their ecosystems changing the functional structure of their communities. Moreover, 
the distance between Africa and Eurasia increased, which caused an inflection point 
driving their split (Fig. 2).  
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End of Cenozoic to current days 
Interestingly, from 10 and 6 Ma, the resulting functional structure organization 
remained unaltered globally until current days, overcoming periods of major biotic 
crisis like the Messinian Salinity Crisis, the Plio-Pleistocene glaciations or the mid-
Pleistocene transition. We observed a similar pasern at a regional scale in the Iberian 
Peninsula (Chapter 1 and Blanco et al. 2021). During the last decade the extinction of 
megafauna has been a maser of debate between scientists, bringing several works 
about the role of the Homo sapiens on it (Sandom et al. 2014; Galesi et al. 2018; Saltré 
et al. 2019; Faith et al. 2020). The functional structure of large herbivores worldwide 
seems to be unaltered by this “event” (Fig. 1). The system is resilient enough to 
overcome the diversity loss on big size mammals and does not compromise its 
structure. This confirms the idea that functional structure tends to endure longer 
than taxonomic structure (Fig. 1 and Appendix 1), being able to overcome moments 
of severe disturbances. In connection to the conclusions of Chapter 1, the functional 
structure of the ecosystems allow them to be more resilient in periods of marked 
environmental change, known as the insurance effect. But we did not see this pasern 
only during this period. Overall, we can summarize the functional structure 
dynamics of these groups in three moments of change (see above) followed by 
moments of collapse, rapid reorganization and foundation of new stable functional 
systems (Fig. 1a). 

Over broad temporal and spatial scales, large herbivores' functional structure 
dynamics seems to be mainly driven by major abiotic changes. Such events push the 
system beyond points of no-return (tipping points), forcing the reassembly in a new 
stable state. The Gomphotherium land bridge and the spread of C4-dominated 
grasslands brought about new environments and opportunities that allowed several 
lineages of large herbivores to explore novel functional structures, changing their 
evolutionary history in an unprecedented way. 
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Appendix 1. Large herbivore ́ taxonomic structure dynamics. Taxonomic structure trends in the 
different continents are plosed by colors against time in Myrs. Shapes indicate time bins in each 
continent. Modules (M) derived from network analysis show the functional structure succession in 
each continent.  
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Appendix 2. Beta diversity evolution over the Cenozoic. Evolution of the beta diversity and its 
components (nestedness and turnover) are plosed by colors against time in Myrs for each continent.  
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Appendix 3. Most abundant trait states by module. Traits state abundance are calculated for the traits 
of significant higher IndVal values (see methods) in each module. X axis represents the different states 
corresponding to the trait.  

Appendix 4. Most abundant trait states by module. Traits state abundance are calculated for the traits 
of significant higher IndVal values (see methods) in each module. X axis represents the different states 
corresponding to the trait.  
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Appendix 5. Most abundant trait states by module. Traits state abundance are calculated for the traits 
of significant higher IndVal values (see methods) in each module. X axis represents the different states 
corresponding to the trait.  

Appendix 6. Most abundant trait states by module. Traits state abundance are calculated for the traits 
of significant higher IndVal values (see methods) in each module. X axis represents the different states 
corresponding to the trait.  
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Appendix 7. Most abundant trait states by module. Traits state abundance are calculated for the traits 
of significant higher IndVal values (see methods) in each module. X axis represents the different states 
corresponding to the trait.  

Appendix 8. Most abundant trait states by module. Traits state abundance are calculated for the traits 
of significant higher IndVal values (see methods) in each module. X axis represents the different states 
corresponding to the trait.  
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Appendix 9. Most abundant trait states by module. Traits state abundance are calculated for the traits 
of significant higher IndVal values (see methods) in each module. X axis represents the different states 
corresponding to the trait.  

Appendix 10. Most abundant trait states by module. Traits state abundance are calculated for the 
traits of significant higher IndVal values (see methods) in each module. X axis represents the different 
states corresponding to the trait.  
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Appendix 11. Most abundant trait states by module. Traits state abundance are calculated for the 
traits of significant higher IndVal values (see methods) in each module. X axis represents the different 
states corresponding to the trait.  

Appendix 12. Most abundant trait states by module. Traits state abundance are calculated for the 
traits of significant higher IndVal values (see methods) in each module. X axis represents the different 
states corresponding to the trait.  
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Appendix 13. Most abundant trait states by module. Traits state abundance are calculated for the 
traits of significant higher IndVal values (see methods) in each module. X axis represents the different 
states corresponding to the trait.  

Appendix 14. Most abundant trait states by module. Traits state abundance are calculated for the 
traits of significant higher IndVal values (see methods) in each module. X axis represents the different 
states corresponding to the trait.  
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Appendix 15. Most abundant trait states by module. Traits state abundance are calculated for the 
traits of significant higher IndVal values (see methods) in each module. X axis represents the different 
states corresponding to the trait.  

Appendix 16. Most abundant trait states by module. Traits state abundance are calculated for the 
traits of significant higher IndVal values (see methods) in each module. X axis represents the different 
states corresponding to the trait.  
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Appendix 17. Family abundance by module. Family abundances in total (above) and by continent 
(below), are calculated using only the ones with higher IndVal values for each module (see methods). 
Colors represent the different families present in each module.  

Appendix 18. K-means sensitivity analysis. Quality code length (measure of modularity) is plosed 
against the number of modules obtained from the network analysis for all k-means randomization 
(see methods). Dashed red line represents the number of modules used for the analysis (405).  
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Appendix 19. Randomized results of functional structure. Functional space for each continent from 
time bin functional distances calculated as turnover plosed in two dimensions through NMDS (see 
methods). Dots represent functional time bins in each continent. Above color-scale indicates time in 
Myrs. Colors below represent the different modules from the network analysis (Fig. 1A). 

Appendix 20. Observed and simulated modularity of functional networks. Gray density diagrams 
show the modularity scores of 100 random networks compared with the observed network (red 
vertical line). 
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Table App1. Fidelity, Affinity and IndVal values for the network nodes in each module. 
  

Node name Module Fidelity Affinity Indval

2_America 1 0.440 0.321 0.141

3_America 1 0.629 0.821 0.516

4_America 1 0.622 0.714 0.444

5_America 1 0.644 0.607 0.391

6_America 1 0.469 0.464 0.218

7_America 1 0.692 0.464 0.321

8_America 1 0.378 0.321 0.122

FT_104 1 1.000 0.143 0.143

FT_129 1 0.600 0.429 0.257

FT_131 1 0.800 0.429 0.343

FT_143 1 0.600 0.714 0.429

FT_147 1 1.000 0.571 0.571

FT_189 1 0.429 0.429 0.184

FT_207 1 0.833 0.571 0.476

FT_208 1 1.000 0.571 0.571

FT_269 1 0.400 0.714 0.286

FT_277 1 0.455 0.714 0.325

FT_298 1 1.000 0.857 0.857

FT_313 1 0.833 0.571 0.476

FT_363 1 0.700 0.571 0.400

FT_364 1 1.000 0.143 0.143

FT_369 1 1.000 0.286 0.286

FT_37 1 1.000 0.286 0.286

FT_382 1 1.000 0.286 0.286

FT_384 1 0.526 0.714 0.376

FT_391 1 0.333 0.429 0.143

FT_393 1 0.368 0.714 0.263
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FT_403 1 0.889 0.571 0.508

FT_43 1 1.000 0.143 0.143
FT_50 1 0.462 0.571 0.264
FT_68 1 0.750 0.429 0.321
FT_91 1 0.205 0.571 0.117
FT_94 1 1.000 0.714 0.714
FT_96 1 0.400 0.714 0.286
FT_98 1 1.000 1.000 1.000

16_Asia 2 0.696 0.173 0.121

16_Europe 2 0.786 0.337 0.265

17_Asia 2 0.821 0.306 0.251

17_Europe 2 0.957 0.367 0.352

18_America 2 0.731 0.235 0.172

18_Asia 2 0.793 0.133 0.105

18_Europe 2 0.980 0.347 0.340

19_America 2 0.897 0.306 0.275

19_Asia 2 0.974 0.378 0.368

19_Europe 2 0.969 0.296 0.287

20_America 2 0.972 0.286 0.278

20_Asia 2 0.939 0.255 0.239

20_Europe 2 0.914 0.163 0.149

21_Africa 2 1.000 0.010 0.010

21_Europe 2 0.857 0.061 0.052

FT_1 2 1.000 0.133 0.133

FT_100 2 1.000 0.267 0.267

FT_107 2 1.000 0.133 0.133

FT_108 2 0.455 0.133 0.061

FT_114 2 1.000 0.200 0.200

FT_120 2 1.000 0.133 0.133

FT_139 2 1.000 0.200 0.200

FT_14 2 1.000 0.067 0.067
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FT_146 2 0.600 0.200 0.120

FT_15 2 0.667 0.133 0.089

FT_151 2 0.929 0.333 0.310

FT_153 2 1.000 0.200 0.200

FT_156 2 0.867 0.333 0.289

FT_159 2 1.000 0.133 0.133

FT_162 2 1.000 0.267 0.267

FT_163 2 1.000 0.333 0.333

FT_167 2 1.000 0.533 0.533

FT_168 2 0.933 0.400 0.373

FT_169 2 0.950 0.667 0.633

FT_171 2 1.000 0.267 0.267

FT_172 2 1.000 0.133 0.133

FT_174 2 0.889 0.133 0.119

FT_176 2 0.881 0.667 0.587

FT_179 2 0.926 0.733 0.679

FT_181 2 1.000 0.133 0.133

FT_183 2 1.000 0.200 0.200

FT_187 2 1.000 0.133 0.133

FT_188 2 1.000 0.067 0.067

FT_19 2 1.000 0.133 0.133

FT_192 2 1.000 0.067 0.067

FT_194 2 1.000 0.133 0.133

FT_198 2 1.000 0.467 0.467

FT_199 2 0.700 0.200 0.140

FT_201 2 1.000 0.400 0.400

FT_210 2 1.000 0.267 0.267

FT_211 2 1.000 0.267 0.267

FT_228 2 1.000 0.133 0.133

FT_231 2 0.500 0.133 0.067

FT_232 2 0.667 0.133 0.089

FT_233 2 1.000 0.200 0.200

FT_235 2 1.000 0.133 0.133

FT_237 2 0.429 0.200 0.086

FT_24 2 0.818 0.333 0.273

FT_240 2 1.000 0.400 0.400
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FT_242 2 1.000 0.200 0.200

FT_246 2 1.000 0.133 0.133

FT_257 2 1.000 0.200 0.200

FT_258 2 1.000 0.067 0.067

FT_262 2 1.000 0.200 0.200

FT_265 2 0.500 0.133 0.067

FT_27 2 0.500 0.200 0.100

FT_283 2 1.000 0.133 0.133

FT_285 2 0.833 0.333 0.278

FT_290 2 0.800 0.200 0.160

FT_292 2 0.667 0.067 0.044

FT_293 2 1.000 0.267 0.267

FT_294 2 0.676 0.467 0.316

FT_300 2 1.000 0.133 0.133

FT_309 2 0.833 0.333 0.278

FT_311 2 1.000 0.067 0.067

FT_314 2 1.000 0.667 0.667

FT_317 2 0.545 0.400 0.218

FT_318 2 0.804 0.600 0.483

FT_319 2 1.000 0.133 0.133

FT_32 2 1.000 0.467 0.467

FT_321 2 0.625 0.133 0.083

FT_325 2 1.000 0.200 0.200

FT_335 2 0.714 0.200 0.143

FT_349 2 1.000 0.133 0.133

FT_353 2 0.500 0.200 0.100

FT_358 2 1.000 0.133 0.133

FT_359 2 1.000 0.333 0.333

FT_360 2 1.000 0.067 0.067

FT_366 2 1.000 0.133 0.133

FT_370 2 1.000 0.600 0.600

FT_373 2 0.500 0.267 0.133

FT_374 2 1.000 0.200 0.200

FT_378 2 1.000 0.133 0.133

FT_380 2 1.000 0.467 0.467
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FT_381 2 1.000 0.133 0.133

FT_389 2 0.941 0.400 0.376

FT_392 2 1.000 0.267 0.267

FT_394 2 1.000 0.533 0.533

FT_400 2 1.000 0.200 0.200

FT_402 2 1.000 0.133 0.133

FT_405 2 1.000 0.133 0.133

FT_46 2 1.000 0.267 0.267
FT_53 2 1.000 0.133 0.133
FT_56 2 0.774 0.133 0.103
FT_6 2 0.455 0.200 0.091
FT_62 2 0.875 0.200 0.175
FT_66 2 0.500 0.200 0.100
FT_67 2 1.000 0.267 0.267
FT_78 2 1.000 0.067 0.067
FT_79 2 0.600 0.200 0.120
FT_80 2 0.909 0.467 0.424
FT_85 2 0.412 0.333 0.137
FT_92 2 0.450 0.133 0.060
2_Asia 3 0.714 0.200 0.143

2_Europe 3 0.615 0.156 0.096

3_Asia 3 0.633 0.422 0.267

3_Europe 3 0.657 0.356 0.234

4_Asia 3 0.592 0.556 0.329

4_Europe 3 0.618 0.400 0.247

5_Asia 3 0.562 0.778 0.437

5_Europe 3 0.745 0.444 0.331

6_Asia 3 0.537 0.511 0.274

6_Europe 3 0.639 0.511 0.327

7_Asia 3 0.509 0.400 0.204

7_Europe 3 0.671 0.556 0.373

8_Europe 3 0.533 0.378 0.201

FT_119 3 0.455 0.231 0.105

FT_124 3 0.400 0.154 0.062
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FT_128 3 1.000 0.308 0.308

FT_149 3 0.667 0.308 0.205

FT_152 3 0.867 0.462 0.400

FT_155 3 0.750 0.538 0.404

FT_157 3 0.500 0.385 0.192

FT_164 3 1.000 0.308 0.308

FT_170 3 0.667 0.308 0.205

FT_184 3 0.529 0.615 0.326

FT_185 3 1.000 0.615 0.615

FT_191 3 0.455 0.308 0.140

FT_20 3 0.538 0.385 0.207

FT_206 3 0.500 0.538 0.269

FT_219 3 0.750 0.385 0.288

FT_220 3 0.800 0.462 0.369

FT_221 3 0.591 0.615 0.364

FT_225 3 0.909 0.615 0.559

FT_23 3 1.000 0.385 0.385

FT_250 3 0.486 0.692 0.337

FT_252 3 0.400 0.154 0.062

FT_253 3 0.621 0.769 0.477

FT_266 3 0.455 0.308 0.140

FT_273 3 0.429 0.385 0.165

FT_276 3 0.500 0.615 0.308

FT_280 3 0.909 0.308 0.280

FT_295 3 0.522 0.538 0.281

FT_3 3 0.750 0.231 0.173

FT_301 3 0.375 0.308 0.115

FT_332 3 1.000 0.077 0.077

FT_334 3 0.786 0.615 0.484

FT_345 3 0.346 0.308 0.107

FT_347 3 0.923 0.615 0.568

FT_348 3 0.556 0.692 0.385

FT_35 3 0.500 0.077 0.038

FT_354 3 0.611 0.462 0.282

FT_365 3 1.000 0.462 0.462

FT_372 3 1.000 0.308 0.308
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FT_375 3 0.920 0.923 0.849

FT_38 3 0.875 0.462 0.404

FT_398 3 0.500 0.308 0.154

FT_61 3 0.750 0.231 0.173
FT_84 3 0.667 0.308 0.205
FT_87 3 0.514 0.769 0.395
FT_97 3 0.535 0.769 0.412

10_Africa 4 0.641 0.361 0.231

10_Asia 4 0.710 0.557 0.395

10_Europe 4 0.730 0.608 0.444

11_Africa 4 0.614 0.186 0.114

11_Asia 4 0.870 0.454 0.395

11_Europe 4 0.806 0.526 0.424

12_Africa 4 0.611 0.196 0.120

12_Asia 4 0.825 0.320 0.264

12_Europe 4 0.727 0.402 0.292

13_Africa 4 0.627 0.247 0.155

13_Asia 4 0.797 0.381 0.304

13_Europe 4 0.638 0.392 0.250

14_Africa 4 0.625 0.052 0.032

14_Asia 4 0.889 0.113 0.101

8_Asia 4 0.561 0.186 0.104
9_Asia 4 0.591 0.443 0.262

9_Europe 4 0.705 0.402 0.284

FT_103 4 0.800 0.176 0.141

FT_105 4 1.000 0.118 0.118

FT_111 4 0.750 0.412 0.309

FT_116 4 0.600 0.588 0.353

FT_118 4 0.667 0.176 0.118

FT_122 4 0.714 0.353 0.252

FT_123 4 0.696 0.353 0.246
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FT_127 4 1.000 0.294 0.294

FT_130 4 0.750 0.353 0.265

FT_132 4 0.727 0.353 0.257

FT_135 4 1.000 0.235 0.235

FT_137 4 1.000 0.471 0.471

FT_138 4 0.607 0.765 0.464

FT_145 4 1.000 0.353 0.353

FT_16 4 0.615 0.294 0.181

FT_165 4 0.667 0.118 0.078

FT_166 4 0.545 0.353 0.193

FT_175 4 0.909 0.353 0.321

FT_177 4 0.545 0.529 0.289

FT_178 4 0.455 0.235 0.107

FT_182 4 1.000 0.412 0.412

FT_193 4 0.793 0.882 0.700

FT_196 4 1.000 0.235 0.235

FT_2 4 0.571 0.235 0.134

FT_200 4 0.684 0.412 0.282

FT_205 4 0.600 0.059 0.035

FT_209 4 0.658 0.765 0.503

FT_21 4 1.000 0.235 0.235

FT_213 4 1.000 0.176 0.176

FT_216 4 0.833 0.235 0.196

FT_224 4 0.700 0.412 0.288

FT_227 4 0.778 0.412 0.320

FT_234 4 0.524 0.353 0.185

FT_236 4 1.000 0.059 0.059

FT_238 4 0.571 0.235 0.134

FT_245 4 1.000 0.353 0.353

FT_25 4 1.000 0.294 0.294

FT_251 4 0.750 0.176 0.132

FT_256 4 0.565 0.588 0.332

FT_26 4 1.000 0.118 0.118

FT_260 4 0.565 0.471 0.266

FT_263 4 0.588 0.353 0.208

FT_268 4 1.000 0.118 0.118
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FT_270 4 1.000 0.294 0.294

FT_271 4 1.000 0.176 0.176

FT_275 4 0.947 0.765 0.724

FT_284 4 0.529 0.471 0.249

FT_287 4 1.000 0.353 0.353

FT_289 4 0.875 0.235 0.206

FT_29 4 0.538 0.353 0.190

FT_291 4 0.727 0.412 0.299

FT_30 4 0.625 0.588 0.368

FT_302 4 1.000 0.235 0.235

FT_305 4 0.667 0.471 0.314

FT_307 4 0.846 0.412 0.348

FT_31 4 0.556 0.235 0.131

FT_310 4 1.000 0.294 0.294

FT_320 4 0.882 0.471 0.415

FT_322 4 1.000 0.176 0.176

FT_327 4 0.750 0.353 0.265

FT_329 4 0.875 0.176 0.154

FT_33 4 1.000 0.471 0.471

FT_331 4 0.750 0.294 0.221

FT_338 4 0.435 0.412 0.179

FT_339 4 1.000 0.235 0.235

FT_341 4 1.000 0.118 0.118

FT_342 4 0.833 0.294 0.245

FT_352 4 0.733 0.353 0.259

FT_355 4 0.600 0.176 0.106

FT_361 4 0.759 0.647 0.491

FT_367 4 0.703 0.824 0.579

FT_371 4 0.560 0.529 0.296

FT_377 4 1.000 0.176 0.176

FT_379 4 0.471 0.588 0.277

FT_385 4 1.000 0.235 0.235

FT_386 4 0.857 0.294 0.252

FT_387 4 0.900 0.588 0.529

FT_39 4 1.000 0.059 0.059

FT_390 4 0.714 0.235 0.168
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FT_395 4 0.625 0.529 0.331

FT_399 4 0.552 0.294 0.162

FT_406 4 0.813 0.588 0.478

FT_42 4 1.000 0.118 0.118
FT_47 4 1.000 0.294 0.294
FT_63 4 0.700 0.235 0.165
FT_7 4 0.955 0.529 0.505
FT_70 4 0.649 0.765 0.496
FT_71 4 0.875 0.294 0.257
FT_72 4 0.667 0.118 0.078
FT_74 4 0.667 0.353 0.235
FT_76 4 1.000 0.059 0.059
FT_8 4 0.643 0.294 0.189
FT_86 4 1.000 0.059 0.059
FT_88 4 0.667 0.235 0.157
FT_9 4 1.000 0.059 0.059
FT_93 4 0.625 0.235 0.147
FT_95 4 0.429 0.706 0.303

2_Africa 5 0.643 0.372 0.239

3_Africa 5 0.519 0.442 0.229

4_Africa 5 0.611 0.558 0.341

5_Africa 5 0.728 0.721 0.525

6_Africa 5 0.727 0.814 0.592

7_Africa 5 0.695 0.744 0.517

8_Africa 5 0.589 0.605 0.356

9_Africa 5 0.442 0.442 0.195

FT_10 5 1.000 0.500 0.500

FT_106 5 0.455 1.000 0.455

FT_109 5 0.464 0.875 0.406

FT_121 5 0.476 0.875 0.417

FT_134 5 0.500 0.375 0.188

FT_141 5 0.375 0.250 0.094

FT_144 5 0.833 0.250 0.208

FT_148 5 1.000 0.375 0.375

FT_154 5 1.000 0.625 0.625

FT_158 5 0.897 0.750 0.672

FT_173 5 1.000 0.500 0.500

FT_186 5 1.000 0.375 0.375
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FT_190 5 0.667 0.250 0.167

FT_195 5 1.000 0.750 0.750

FT_212 5 0.643 0.625 0.402

FT_214 5 0.600 0.250 0.150

FT_241 5 1.000 0.625 0.625

FT_248 5 0.955 0.875 0.835

FT_254 5 0.636 0.750 0.477

FT_28 5 1.000 0.500 0.500

FT_282 5 0.667 0.250 0.167

FT_299 5 0.333 0.125 0.042

FT_304 5 1.000 0.625 0.625

FT_306 5 0.833 0.750 0.625

FT_323 5 0.471 0.750 0.353

FT_324 5 1.000 0.125 0.125

FT_328 5 0.750 0.625 0.469

FT_333 5 0.852 1.000 0.852

FT_337 5 0.958 0.625 0.599

FT_346 5 0.727 0.750 0.545

FT_350 5 0.875 0.375 0.328

FT_362 5 0.509 1.000 0.509

FT_376 5 1.000 0.250 0.250

FT_4 5 0.917 1.000 0.917

FT_404 5 0.500 0.750 0.375

FT_45 5 0.840 0.875 0.735
FT_49 5 0.833 0.500 0.417
FT_51 5 1.000 0.750 0.750
FT_58 5 1.000 0.500 0.500
FT_64 5 0.667 0.750 0.500
FT_82 5 0.522 0.875 0.457
FT_83 5 1.000 0.125 0.125
FT_90 5 0.500 0.500 0.250

15_Africa 6 0.714 0.625 0.446

16_Africa 6 0.538 0.625 0.337

17_Africa 6 0.750 0.375 0.281

18_Africa 6 0.800 0.250 0.200
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20_Africa 6 0.500 0.250 0.125

FT_126 6 1.000 1.000 1.000

FT_22 6 1.000 0.200 0.200

FT_274 6 0.500 0.200 0.100

FT_278 6 0.333 0.400 0.133

FT_288 6 1.000 0.200 0.200

FT_297 6 0.667 0.400 0.267

FT_36 6 0.286 0.400 0.114
FT_54 6 0.500 0.600 0.300

21_Asia 7 0.500 1.000 0.500

FT_59 7 1.000 1.000 1.000

14_Europe 8 0.415 0.667 0.276

15_Asia 8 0.412 0.583 0.240

15_Europe 8 0.553 0.750 0.414

FT_12 8 0.286 0.667 0.190
FT_13 8 0.222 1.000 0.222

FT_140 8 1.000 0.333 0.333

FT_217 8 1.000 0.333 0.333

FT_264 8 0.286 0.667 0.190

FT_315 8 0.364 0.667 0.242

FT_316 8 0.313 1.000 0.313

FT_326 8 0.190 0.667 0.127

FT_34 8 0.250 0.667 0.167

FT_357 8 0.308 1.000 0.308

FT_77 8 0.467 0.667 0.311
FT_81 8 0.600 0.333 0.200

16_America 9 0.570 0.905 0.516

17_America 9 0.609 0.810 0.493

FT_110 9 0.350 1.000 0.350

FT_115 9 0.750 1.000 0.750

FT_125 9 0.588 1.000 0.588

FT_160 9 0.750 0.500 0.375

FT_17 9 0.429 1.000 0.429

FT_202 9 1.000 0.500 0.500
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FT_218 9 1.000 0.500 0.500

FT_230 9 1.000 0.500 0.500

FT_247 9 0.276 1.000 0.276

FT_249 9 0.682 1.000 0.682

FT_255 9 0.556 1.000 0.556

FT_259 9 0.667 1.000 0.667

FT_272 9 0.667 1.000 0.667

FT_336 9 0.667 1.000 0.667

FT_343 9 0.500 1.000 0.500

FT_401 9 0.667 1.000 0.667

FT_48 9 0.667 1.000 0.667
FT_57 9 0.571 0.500 0.286
FT_60 9 0.400 0.500 0.200
FT_69 9 0.500 1.000 0.500
FT_99 9 0.273 1.000 0.273

10_America 10 0.806 0.585 0.471

11_America 10 0.789 0.698 0.551

12_America 10 0.828 0.774 0.641

13_America 10 0.735 0.755 0.555

14_America 10 0.607 0.396 0.240

15_America 10 0.547 0.302 0.165

9_America 10 0.690 0.415 0.287

FT_101 10 0.643 0.571 0.367

FT_102 10 0.833 0.571 0.476

FT_11 10 1.000 0.429 0.429

FT_112 10 0.714 0.571 0.408

FT_113 10 1.000 0.429 0.429

FT_117 10 1.000 0.714 0.714

FT_133 10 0.750 0.571 0.429

FT_136 10 0.880 0.714 0.629

FT_142 10 0.818 0.714 0.584

FT_150 10 1.000 0.429 0.429
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FT_161 10 0.481 0.714 0.344

FT_18 10 0.813 0.857 0.696

FT_180 10 0.900 0.571 0.514

FT_197 10 0.750 1.000 0.750

FT_203 10 0.667 0.286 0.190

FT_204 10 0.632 1.000 0.632

FT_215 10 0.750 0.571 0.429

FT_222 10 0.778 0.714 0.556

FT_223 10 0.667 0.429 0.286

FT_226 10 1.000 0.429 0.429

FT_229 10 0.500 0.429 0.214

FT_239 10 0.667 0.143 0.095

FT_243 10 1.000 0.286 0.286

FT_244 10 0.564 0.571 0.322

FT_261 10 0.952 0.571 0.544

FT_267 10 0.758 0.857 0.649

FT_279 10 0.714 0.714 0.510

FT_281 10 0.909 0.571 0.519

FT_286 10 0.700 0.571 0.400

FT_296 10 1.000 0.429 0.429

FT_303 10 1.000 0.286 0.286

FT_308 10 1.000 0.286 0.286

FT_312 10 0.545 0.571 0.312

FT_330 10 0.857 0.714 0.612

FT_340 10 1.000 0.571 0.571

FT_344 10 0.900 0.714 0.643

FT_351 10 0.824 0.857 0.706

FT_356 10 1.000 0.286 0.286

FT_368 10 0.348 0.571 0.199

FT_383 10 0.538 0.571 0.308

FT_388 10 1.000 0.429 0.429

FT_396 10 0.643 0.857 0.551

FT_397 10 0.667 0.857 0.571

FT_40 10 0.824 0.429 0.353
FT_41 10 1.000 0.714 0.714
FT_44 10 0.857 0.714 0.612
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Table App2. Probability of obtaining the same module partition with similarity >0.5 and >0.75 
(Robustness) for the functional network. 

FT_5 10 1.000 0.286 0.286
FT_52 10 1.000 0.286 0.286
FT_55 10 1.000 0.429 0.429
FT_65 10 0.833 0.571 0.476
FT_73 10 1.000 0.571 0.571
FT_75 10 1.000 0.286 0.286
FT_89 10 0.800 0.429 0.343

Module Robustness >0.5 Robustness >0.75

1 1 1

2 1 1

3 1 1

4 1 1

5 1 1

6 1 1

7 1 1

8 1 1

9 1 1

10 1 1
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Chapter 3- Evolution of the 
functional diversity of large 

herbivores during the Cenozoic 

“Those who contemplate the beauty of the earth find reserves of strength that will endure as 
long as life lasts”  
― Rachel Carson

Abstract 

Functional transitions are key to understanding the evolution of ecosystems over 
deep time. In Chapter 1 I have shown that, at regional scales, these transitions were 
mediated by abiotic events that provoked the reorganization of the functional 
structure of large herbivore communities. However, there is a lack of knowledge 
about the role of functional diversity (variety of species functional roles in 
ecosystems) in these transitions. I investigate the dynamics of functional diversity of 
large herbivores assemblages during the last 65 Myrs using the database developed 
in Chapter 2. There was an initial trend to increase the functional diversity, mediated 
by a net gain in functional richness (number of functional roles in an ecosystem) 
fueled by the formation of the Gomphotherium land bridge around 20 Ma. This 
natural corridor allowed large herbivore groups to explore new environments, 
increasing their functional diversity reaching the highest level of the Cenozoic. The 
trend continued until the system started to accumulate species with similar 
ecological roles (functional saturation), which provoked the functional collapse of 
the large herbivore ecosystems around 10 Ma coinciding with the spread of C4 
dominated grasslands. This event that entailed the radiation of some groups, had an 
overall negative effect on the functional diversity of large herbivores. From then, the 
system never recovered a positive trend, reaching another negative inflection point 
around 2.5 Ma during the beginning of Plio-Pleistocene glaciations.
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Introduction 

The interaction and processes within ecosystems, known as ecosystem functioning, is 
mediated by the functional structure, which in turn defines the resilience of 
ecosystems over evolutionary time (Roopnarine and Angielczyk 2012; Dunne et al. 
2014; Roopnarine and Angielczyk 2015; Blanco et al. 2021). This is why preserving 
the ecosystem functioning will help them to be more resilient against future 
perturbations. The rationale behind this is that functional structure tends to endure 
more than the taxonomic composition allowing these systems to overcome several 
abiotic crises without change (Chapter 1, 2 and Blanco et al. 2021). We saw in 
Chapter 1 how the Iberian faunas gained persistence over time in their functional 
structure experiencing long periods of stability. The increase in persistence was 
driven by an increase in functional diversity yielding a long-term version of the 
insurance effect (Loreau and De Mazancourt 2013; Blanco et al. 2021). However, we do 
not know how the functional diversity dynamics affected large herbivores' 
functional structure, which I studied in Chapter 2, during the entire Cenozoic. These 
changes in functional structure were related with several abiotic events that forced 
the system to reorganize, reaching a new stable state. Notably, the Gomphotherium 
land bridge and the spread of C4 grasslands had a crucial effect on the large 
herbivore communities worldwide triggering a reorganization of their functional 
structure (Chapter 2). Untangling the role that functional diversity had and how it 
was affected by these abiotic events during the Cenozoic will allow us to fully 
understand the evolution of these groups.  

So far, broad-scale research on large herbivores has mainly focused on body mass 
trends over time (Hortolà and Martínez-Navarro 2013; Sandom et al. 2014; Pires et al. 
2015; Ripple et al. 2015; Malhi et al. 2016; Smith et al. 2018). This is an important part 
for their functionality, because it is closely related with important functions that they 
develop in ecosystems like soil compaction or control of fire activity (Brits et al. 2002; 
van der Waal et al. 2011; Smith et al. 2016; Karp et al. 2018; van Klink et al. 2020). 
However, to fully comprehend the long-term dynamics of functional diversity and 
its influence in the evolution of the functional structure of ecosystems we have the 
necessity to include several traits. In Chapter 2, I developed the most complete and 
updated database of Cenozoic large herbivores, which includes information for 14 
ecomorphological traits (see Methods Chapter 2). Traits that include body size, tooth 
shape or hypsodonty, among others, which encapsulates crucial information about 
the function of the species in their ecosystems (i.e. dietary preference, energetic 
requirements, biogeography range, etc). Through gathering these functional traits of 
individual species we are able to characterize the ecological role of the species, which 
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influences the ecosystem functioning (for example, nutrient cycle, seed dispersal or 
fire activity). Moreover, the study of the functional role of the species in their 
ecosystems allows us to track the evolution of functional diversity over time and see 
how this affects the ecosystem functional structure dynamics.   

By studying the functional diversity evolution of large herbivores, we can ask key 
questions for the evolution of ecosystems related to changes in functional structure: 
How the gains and losses in functional diversity affected the reorganization of their 
functional structure? Did big abiotic events that affected the functional structure 
(Chapter 2), have an effect on the functional diversity? Are we experiencing an 
accelerated decline in large herbivores' functional diversity? Here, I analyze the 
functional diversity dynamics of large herbivores communities using the high-
resolution database developed in Chapter 2. Using Shannon and Evenness indices 
(see methods) I studied how changes in functional diversity affected the dynamics of 
large herbivores' functional structure. To take a deep look into this structure 
evolution, I calculated this functional diversity by continents and by the modules 
obtained from network analysis in Chapter 2. We observed an initial sustained 
increase in functional diversity worldwide, reaching a peak around 20 Ma. The 
formation of a natural corridor between Eurasia and Africa (Gomphotherium land 
bridge) allowed these groups to explore new environments and increase their 
diversity. This trend continued until the system collapsed around 10 Ma. A global 
trend to aridity increase favored the expansion of C4 dominated grasslands, which 
caused the beginning of the decline in functional diversity of these groups that will 
last until current days. Similar to what we saw in Chapter 2, continents followed 
different trends over the Cenozoic.  

Materials and Methods 

Database 
The study of diversity dynamics of large herbivores in deep time demands a large 
database with high-resolution. I used the database of Cenozoic large herbivores 
(Artiodactyla, Perissodactyla and Proboscidea) built for this thesis, which is the most 
complete and updated to date (explained in detail at Materials Chapter 2).  I 
gathered information for 22,028 occurrences of 3,048 species distributed in 10,680 
sites worldwide during the last 65 Myrs. In order to study the functional diversity 
dynamics of these groups, I also compiled information for 14 ecomorphological traits 
(functional traits) that condense multiple aspects of the function of these species in 
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their ecosystems. I aggregated localities into 21 geological stages defined by the 
International Chronostratigraphic Chart stages (66, 61.6, 59.2, 56, 47.8, 41.2, 37.71, 33.9, 
27.82, 23.03, 20.44, 15.97, 13.82, 11.63, 7.246, 5.333, 3.6, 2.58, 1.8, 0.774, 0.129 and 
0.0117 Myrs). As in Chapter 2, this aggregation, by continent, yields a total of 78 
continent-stage assemblages. The use of relatively large temporal bins (stages) allow 
us to avoid the potential errors derived from age assignments of the fossil localities 
(see Material and Methods Chapter 2).  

Functional diversity analysis 
Once I characterized the community structure and their evolution using network 
analysis (see Chapter 2), I looked into the changes of functional diversity. This allows 
us to study the paserns that affect the functional diversity of these faunas and 
compare them with the dynamics of community assembly. To do so, I calculated the 
functional diversity for all the temporal bins separated by each continent (continent-
stage) in our database. I computed this for each continent-stage based only on the 
functional types (i.e. groups of species with similar ecological roles, see Methods in 
Chapter 2) belonging to the same module, from network analysis, as the continental 
bin. 

I first use the Shannon’s diversity index, which considers both the richness of 
functional types and even distribution of species into functional types: 

𝐻 = − ∑ R i=1 𝑝𝑖 𝑙𝑛(𝑝𝑖) (Eq. 1)  

where R, is the number of functional types (also referred here as functional richness), 
and pi is the proportion of species belonging to the i functional type. High values of 
the Shannon index indicate high continental functional richness (number of 
functional types) and a more homogeneous distribution of species along the 
functional types found in a particular continent-stage. Thus, high Shannon values 
indicate high values of ecological disparity (high number of functional types) 
coupled with high values of ecological redundancy (species evenly distributed along 
the functional types). 

Then, I also considered each constituent part of the Shannon index (i.e. richness and 
evenness) independently. To measure evenness, I used the Pielou’s index, calculated 
as, 

J=H/ln(R) (Eq.2) 
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where H ́ comes from Shannon's diversity index. High values of evenness indicate 
high ecological redundancy, which means that species tend to be evenly spread 
across functional types (i.e. ecological roles). 

For the calculation of these indexes I used only continent-stage assemblages with 
more than 20 species, following the sensitivity analysis to sampling performed in 
Chapter 2. I plosed the results of both index and functional richness against time 
(Appendix 1). 

Linear models of functional diversity
In order to correct for the sampling effect of the differential number of occurrences in 
the different continent-stage (Appendix 1) (Raup 1975; Foote 1992), I extracted the 
residuals from the linear models over the indexes results (Raup 1976). First, I fised 
linear models where functional diversity is a function of the number of occurrences 
while allowing the relationship to change among continents (index ~ 
occurrences*continent). Second, I fised linear models where functional diversity is a 
function of the number of occurrences and the quadratic of this number (index ~ 
occurrences*occurrences2). To decide which model corrects beser for the sampling 
effect on the differential occurrence number, I used the Akaike’s information 
criterion corrected for small sample size (AICc). Following Blanco et al. 2021 (see 
also Chapter 1), I assumed a difference of two AICc units to consider that two 
models are significantly different. If two models were equivalent based on AICc I 
chose the one with fewer parameters as a rule of parsimony. For the three indexes 
(Shannon, Evenness and Richness), the occurrences*continent model resulted in the 
best model, and I used the residuals from it for the subsequent analysis (Table App. 
1). 

Moments of abrupt physical and environmental change have been linked to 
reorganizations of functional community structure (see Chapter 1 and Blanco et al. 
2021). To explore this, I fised linear models using the corrected functional diversity 
indexes (see above) as a function of the continent-stage age as an explanatory 
variable (corrected index ~ age). I used the function segmented in R to look for the 
breakpoints in the residuals of the linear model. I plosed along with the corrected 
index evolution through time (Fig. 1). Besides, to see how the functional diversity 
trends affected at geographical level and community structure, I plosed the 
residuals indexes by modules and continents respectively through time (Fig. 2a and 
b). 
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I used R so:ware (R Development Core team 2013) for all the analyses. All the 
scripts and database used in this chapter will be uploaded at: hsps://figshare.com/
authors/Fernando_Blanco/9731162 a:er the publication of the work. 

Results and discussion 

Our results show a sustained trend of initial increase in functional diversity followed 
by a collapse at the final moments of the temporal series (Fig. 1). There was an initial 
moment of functional accumulation gaining functional richness, until the system 
collapsed and started a continuous decline that keeps going until current days (Fig. 
1). Large herbivores' functional diversity seems to be related with the functional 
structure dynamics of these groups. As we saw in Chapter 1, diversity changes 
triggered a tipping point causing the reorganization of the functional structure of the 
communities finding a new stable state (Blanco et al. 2021). Abiotic changes that 
influenced this functional structure are reflected in diversity changes causing shi:s 
in its tendency (Fig. 1). There were two abiotic changes that triggered a functional 
reorganization of large herbivore communities during the Cenozoic, the 
Gomphotherium land bridge (around 20 Ma) and the spread of C4 grasslands 
(around 10 Ma). This coincides with the inflection points that I found in the 
dynamics of functional diversity. The first one, around 20 Ma drove an increase in 
diversity until the system collapsed around 10 Ma coinciding with the first moments 
of C4 grasslands spread. We can take a look into these dynamics in each separated 
continent to untangle the factors behind these trends from the beginning of the 
Cenozoic to our days.  

Eocene to Early Miocene 
We observed a trend to increase the functional diversity of large herbivores at the 
beginning of the Cenozoic (Fig. 1). For the first 30 Myrs (from 50 to 20 Ma) there is a 
progressive increase in Shannon diversity (Fig. 1). At the beginning of this temporal 
interval the increase is driven by a gain in functional richness. We have a net increase 
in functional types (FT) worldwide. In the early Cenozoic these groups had similar 
forms, occupying similar ecological roles in their ecosystems. From 50 to 30 Ma new 
functionalities in the large herbivore groups start to appear, when they start to 
explore new regions of the functional morphospace as we saw in Chapter 2. This 
drove an increase of functional diversity, which was the beginning of a sustained 
trend of increase. 
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A:er the first 10 Myrs, this increase affected the functional structure, first in America 
where there was a module change around 45 Ma (Chapter 2). We observe how the 
functional diversity change influenced this reassembly in functional structure 
studying the diversity trends separated by continents and modules (Fig. 2a and b). 
Contrary to what happened in Europe and Asia, America followed an increase in 
Shannon diversity from 50 Ma, splising from the module formed along with Europe 
and Asia around 43 Ma, right a:er the Middle Eocene Climatic Optimum (Fig. 2a). 
This was a moment of temperature increase contrary to the sustained trend of 
decrease in temperature that started at the Early Eocene (Westerhold et al. 2020). 
During the Cenozoic there was a progressive change from a rainforest-like 
environment worldwide to a more dry and cold world that changed the vegetation, 
which affected large herbivore guilds worldwide. As we observed in Chapter 2, this 
abiotic event caused the reorganization of the functional structure in America, but 
regarding the functional diversity it looks more like a continuous trend of richness 
increase from 50 Ma. At the same time, there is an opposite trend in Europe and 
Asia, where a loss of functional richness drove an homogenization of the functional 
diversity with a loss of functional richness (Fig. 2b). That means that the species were 
more evenly distributed in the functional types. The pasern changed a:er around 35 
Myrs, when Eurasia began to increase its functional diversity mainly driven by an 
increase in evenness in an opposite trend to that observed in America (Fig. 2).  This 
increase continues, reaching an inflection point with a gain in the tendency around 
20 Ma. Functional richness and evenness rise together at this point, eventually 
reaching a maximal functional diversity in large herbivores’ history. 
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Fig. 1. Functional diversity dynamics of large herbivores. Corrected diversity indexes (Shannon 
index, evenness index and functional richness) are plosed against time in Myrs (see methods). Curves 
are derived from a local regression fising (LOESS). Shaded areas represent the 95% confidence 
interval of LOESS fit. Dosed lines are inflection points from regression models with segmented 
relationships (see methods). 

Early to Middle Miocene 
These trends coincide with the formation of the Gomphotherium land bridge around 
20 Ma., when the first tipping point worldwide occurred (Fig. 1 and Chapter 2). The 
Gomphotherium land bridge brought about a huge reconfiguration into the 
functional structure of large herbivores (Chapter 2), which was mediated by an 
increase in the tendency of functional diversity gain (Fig. 1). For the first time, there 
is a natural corridor between Eurasia and Africa (Bialik et al. 2019). Proboscideans 
could go out of Africa and spread around the world increasing their rate of 
morphological change (Cantalapiedra et al. 2021). At the same time, the other groups 
present in Eurasia since the beginning of the Cenozoic could go into Africa and 
thrive while exploring different functionalities in the new African environments. In 
both cases, these groups found new conditions which facilitated ecological 
enrichment, yielding the functional reassembling into a dominant fauna among large 
herbivores. 

The Gomphotherium land bridge produced an homogenization of the faunas in 
terms of functional structure, with the three continents forming a single module 
(Chapter 2), which went hand-in-hand with an increase in both functional evenness 
and richness for the first time in their evolutionary history (Fig. 2b). We had a net 
gain in functional diversity with all three groups present in all the continents of a 
highly connected world. Overall, the onset of the Gomphotherium land bridge 
brought new opportunities to large herbivore groups changing their evolutionary 
history a:er that moment. The connection of three continents, separated until this 
moment, allowed these groups to explore new ecological roles in new niches that 
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were empty until that moment. This moment of functional diversity peak drove the 
reassembly of the functional structure of large herbivores communities worldwide 
causing a tipping point that we observed in Chapter 2. 

Fig. 2. Evolution of functional diversity across modules and continents. Corrected diversity indexes 
(Shannon index, evenness index and functional richness) are plosed against time in Myrs (see 
Methods). Curves are derived from a linear model fising by module (a) and a local regression fising 
(LOESS) by continent (b). Shaded areas represent the 95% confidence interval of LOESS fit. Dosed 
lines are inflection points from regression models with segmented relationships (see methods). 

A:er 20 Ma, and similarly to what happened at the beginning of the Cenozoic, 
America followed an opposite trend to Eurasia, with a continuous decline in 
functional diversity (Fig. 2a and b). As we saw in Chapter 2, America was an island-
like continent for the most part of the Cenozoic. This situation of “isolated” America 
from the rest of the continents, makes them follow their own evolutionary history. 
However, this pasern was not exclusive to America. The functional diversity 
decrease that appeared first in America will eventually take place in Eurasia (Fig. 2). 
There was a huge functional accumulation, due to a continuous increase in 
functional richness that also increased ecological redundancy (reflected in the 
increase of evenness). The initial increase of functional diversity was triggered by the 
emergence of new functional roles, thanks to the formation of the Gomphotherium 
land bridge, which started to accumulate until these groups filled the available 
niches in the new environments. A:er that, we observed an accumulation of species 
in the same ecological roles (functional types), which increased the evenness. This 
provoked high levels of ecological redundancy that drove the collapse of the system, 
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which resulted in the reconfiguration of the large mammals communities functional 
structure around 10 Ma (Fig. 2a and Chapter 2).  

Middle Miocene to Pleistocene 
Coming from a continuous trend of diversity increase coupled with a sustained 
emergence of new functional types, the system seems to reach a tipping point in the 
Middle Miocene (around 10 Ma), when high levels of evenness drove the functional 
collapse of the system (Fig. 1 and 2). These abrupt changes started first in America. 
Then the rest of the world would follow (Fig. 2b). During this time, a huge increase 
in aridity has been recorded (Chamberlain et al. 2014; Westerhold et al. 2020). A:er 
the Middle Miocene Climatic Optimum a trend towards a more dry and cold world 
starts again (Westerhold et al. 2020). This decrease in temperature along with an 
increase in aridity will last until current days. Before this moment, humid-like 
forested environments dominated the world's ecosystems (Bond 2008). These 
conditions favored the development of animals more adapted to feed on these 
plants. Starting in America around 10 Ma, this trend in aridity increase produced a 
new environment which changed the history of these groups, the C4-dominated 
grasslands (Edwards et al. 2010; Strömberg and McInerney 2011). Open 
environments dominated by C4 grass started to appear in America at this age. The 
animals that feed on plants had to change their dentition due to the high abrasion 
imposed by the new vegetation, thereby impacting their role inside ecosystems. 
There were changes to make the dentition more durable: increase of enamel 
thickness and occlusal area, different tooth shapes and especially an increase in the 
tooth height (hypsodonty). Therefore, new functionalities appeared as new 
ecological opportunities set the base for the exploration of different regions of the 
functional morphospace (Chapter 2). This is the special case for the iconic group of 
perissodactyls. The new conditions that expanded a:er this epoch allowed them to 
radiate to levels never seen before in this group (Cantalapiedra et al. 2017). 
Perissodactyls were adapted to this new type of feeding and the new environment, 
specially the horses, and could spread in America and then in the rest of the world. 
However, in this story not everyone gains, this new environment brought about the 
ideal conditions for some groups to diversify, but the decline of forest-humid 
environments worldwide triggered a huge decrease in functional diversity 
(Cantalapiedra et al. 2021). A decrease at such a high level, that when we take a look 
at the total diversity, this event provoked a substantial net functional diversity loss 
(Fig. 1). All the animals adapted to forest environments were affected by these new 
conditions, being forced to change or migrate where climatic refugia allowed them 
to survive. 
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In summary, a:er a period of continuous increase in functional diversity and a 
virtually unchecked accumulation of species with similar ecological role (functional 
saturation), the last 10 million years imposed huge abiotic changes that, among other 
things, triggered the emergence and spread of C4-dominated grasslands. As a 
consequence, large herbivores underwent the most severe functional collapse in their 
evolutionary history in a trend that would continue until the next functional 
inflection point around 2.5 Ma. 

Pleistocene to current days 
The last part of the Cenozoic was characterized by overall drier and colder 
environments (Westerhold et al. 2020). This trend started 10 Ma a:er the Middle 
Miocene Climatic Optimum, but around 2.5 Ma a global event occurred increasing 
these environmental conditions: the onset of the Plio-Pleistocene glaciations (Kukla 
and Cílek 1996; Ruddiman 2010; Westerhold et al. 2020). During this epoch, known 
as “ice-age”, most of the northern hemisphere continental masses were covered by 
ice (Raymo et al. 2006). The climate, and especially the vegetation cover, changed to a 
cold adapted environment (Avery 2001; Svenning et al. 2009; Herzschuh et al. 2016; 
Hoyle et al. 2020). Animals had to adapt to these new conditions or migrate to more 
equatorial latitudes where the climate was less severe (Hernández Fernández et al. 
2007; Gómez Cano et al. 2013; Blanco et al. 2018; Calatayud et al. 2019). Our analyses 
reveal that these new conditions pushed terrestrial large herbivores towards a last 
functional tipping point, further accelerating the decline in functional diversity (Fig. 
1). We see a decrease in functional diversity across all continents that will continue to 
current days (Fig. 1 and 2). Such decrease especially affected the megafauna inside the 
large mammal guild. From 2.5 Ma the decline of these big-sized herbivores started 
(Smith et al. 2018; Smith et al. 2019; Cantalapiedra et al. 2021). This functional 
asrition is beser exemplified by the Proboscideans. They lost almost all of their 
species, to a level of only 3 living species today. Proboscideans were a successful 
group of large herbivores with a peak of 33 species living at the same time around 
3.2 Ma, right before the beginning of the Plio-Pleistocene glaciations, when their 
decline started (Cantalapiedra et al. 2021). But the functional collapse also affected 
Artiodactyls and Perissodactyls, as shown by the acceleration in the global decline of 
functional diversity (Fig. 1). 

However, this inflection point in functional diversity does not seem to alter the 
functional structure of the large herbivore communities (Chapter 2). Unlike in past 
events, the system is resilient enough to overcome the huge loss of functional 
diversity and remains unaffected in its essential functional structure. As we saw in 
Chapter 1, functional systems have the capacity to be resilient to environmental 
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perturbations and stay stable. This was also the case for large herbivores 
communities, which did not suffer a functional transition and all continents 
remained in the same module since the Late Miocene (Chapter 2). Interestingly, an 
opposite trend in functional diversity occurred in America once more. At the same 
time that all continents lose functional diversity, that of America increases (Fig. 2a 
and b). Around 2.6 Ma, contemporary to the beginning of Plio-Pleistocene 
glaciations another big abiotic event occurred, the Panama isthmus formation (O’Dea 
et al. 2016). Like what happened with the formation of the Gomphotherium land 
bridge (see above), the formation of a natural corridor between continents, North 
and South America in this case, brought about an interchange of fauna known as the 
Great American Biotic Interchange (Woodburne 2010; Stehli and Webb 2013; 
Domingo et al. 2020). This interchange allowed groups that we did not find until this 
moment in both continents to be present and evolve there. New opportunities 
appeared in the new niches from both continents, which affected some groups in a 
positive way, but caused the decline of others (Webb 1985; Domingo et al. 2020). The 
new environments colonized by the large herbivore groups present in both 
continents allows them to diversify, increasing the evenness with species more 
evenly distributed in the functional roles present in the North and South America’ 
ecosystems (Fig. 2b). We observe this pasern more clearly in the functional 
morphospace of Chapter 2, where America's large herbivores explore different 
regions of the morphospace unexplored until this moment (Chapter 2). 

Overall, the evolution of large herbivores’ functional diversity during the Cenozoic 
started with a continuous increase, fueled by the formation of the Gomphotherium 
land bridge, until it reached an inflection point. The functional collapse started due 
to a maintained functional accumulation that derived into an untenable ecological 
redundancy (functional saturation) once the marked increase in aridity brought 
about by the Middle Miocene was in place. Large herbivores' functional diversity 
never recovered from that, even reaching another inflection point in their decline 
with the beginning of Plio-Pleistocene glaciations that will last until current days.  

As we saw in Chapter 1, there is a close relationship between functional structure 
and functional diversity, but not all changes in diversity provoked a reorganization 
of the functional structure. Current functional assemblages have shown remarkable 
resilience, even surviving throughout several glacial pulses until our days. However, 
large herbivore communities have been in a continuous decline of functional 
diversity since 20 Ma. If prolonged and worsened by current human aggressions to 
the environment, we do not know when this functional impoverishment will 
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irreversibly affect the essential pillars of the large herbivore communities, resulting 
in the next tipping point, the next functional collapse of the system. 
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Appendix 1. Raw functional diversity evolution during the Cenozoic. Diversity is plosed against 
time in Myrs using (from le: to right) Shannon index, Evenness index and Functional richness (see 
methods). Curves for total diversity (above) and by continents (below), are derived from a local 
regression fising (LOESS) to diversity indexes. Shaded areas represent the 95% confidence interval of 
LOESS fit.  

Table App. 1. Linear model comparison for functional diversity using occurrences*continent and 

occurrences*occurrences2.  K= number of estimated parameters in the model, AICc= Akaike 
information criterion, LL= log-likelihood. 

M names K AICc Delta AICc LL

occurrences*continent 9 14.66 0.00 3.38

occurrences*occurrences2 5 39.68 25.22 -14.34
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Final remarks 
During this thesis I have studied the ecosystem functional structure evolution of 
large mammal communities across the Cenozoic. I have described how 
environmental changes had an influence on this structure driving their 
reorganization and finding new stable functional states. However, not all the abiotic 
changes force the reassembly of these communities. Functional systems overcame 
several moments of major abiotic changes that provoked the loss of several species, 
but the functional structure remained stable. Functional diversity seems to be related 
with functional structure evolution, fueling in some cases a gain in resilience against 
environmental change. 

In Chapter 1, I developed a new analytical approach based on network analysis to 
study ecosystem functional structure evolution. I used the high-resolution fossil 
record of the Iberian peninsula’s large mammals spanning the last 21 Myrs to 
validate it. In order to study the ecosystem structure dynamics of these communities 
I condensed the functional role of the species using three ecomorphological traits 
(functional traits). I applied a community detection algorithm, borrowed from 
network analysis, to identify the functional faunas that composed the Iberian 
peninsula mammals during the Neogene. As a result, I found a decoupled trend 
between taxonomic and functional structure, where the latest seems to be more 
resilient to environmental perturbances. Moreover, I found an increase in persistence 
of the functional faunas through time mediated by an increase in functional diversity 
yielding a deep time version of the insurance effect. Interestingly, the extinction of 
species was more related to the asachment to a collapsing functional system than to 
their individual traits. Studies on ancient turnover should look beyond trait selection 
in extinction events and also take into account the integration of species into 
particular functional faunas. This demonstrated the value of taxon-free studies to 
study ecosystem structure dynamics in deep time. I found that conservation actions 
to ensure ecosystem functioning (functional structure) will tend to endure more than 
actions oriented to protect taxonomic structure. 

Once I had validated the new approach, I applied it to the large herbivore guild 
during the last 65 Myrs in Chapter 2. I built the most complete and updated database 
of all global large herbivores during the Cenozoic for the three groups with extant 
representatives: Artiodactyla, Persissodactyla and Proboscidea. In order to study the 
functional structure evolution of these groups, I compiled information for 14 
functional traits. We observe two big moments of functional collapse, where a 
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reorganization of the functional structure occurred in these groups. First, 20 Ma 
coinciding with the formation of the Gomphotherium landbridge. This abiotic event 
brought about the formation of a natural corridor between two separated land 
masses until that moment, Eurasia and Africa.  New opportunities appear in the new 
environments for these groups, which allow them to explore new regions of the 
functional morphospace ending in a reorganization of these communities. The 
functional system found stability until the second big event around 10 Ma, the 
spread of C4-dominated grasslands. Coming from a trend of increase in aridity, a 
new environment appears. These new conditions allowed some groups to radiate 
and change, which triggered the reassembly of the functional structure for the large 
herbivore communities, starting in America and then worldwide. A:er this moment 
the system remains stable until current days, overcoming major abiotic changes like 
the beginning of the Plio-Pleistocene glaciations 2.5 Ma. As we saw in Chapter 1, 
functional systems can be resilient enough to overcome the loss of several species, 
but maintain their functional integrity during moments of environmental change, 
confirming the idea of a long-time version of the insurance effect.  

In Chapter 3, I ask whether  the above mentioned abiotic changes could be connected 
to changes in functional diversity. Using the database built in the previous chapter, I 
studied the paserns  of functional diversity  in large herbivore communities during 
the Cenozoic. Similar to what occurred to the functional structure, we observed these 
two big abiotic changes (the gomphotherium landbridge and the spread of C4-
dominated grasslands) reflected in the functional diversity dynamic. The 
Gomphotherium landbridge triggered the biggest peak in functional diversity for 
these groups. There was a net increase in functional richness fuelled by the new 
corridor between Eurasia and Africa. Lineages were able to disperse in both 
directions and diversified in the new environments that they found. This increase 
was maintained until the system started to accumulate species with similar 
ecological role (functional saturation), which finished in a functional collapse around 
10 Ma coinciding with the spread of C4-dominated grasslands. A:er this moment, 
the system never recovered and reached another inflection point in their decay 
around 2.5 Ma, when the Plio-Pleistocene glaciations started. The collapse that 
started 10 Ma remains unaltered until current days.  

In sum, we saw how biotic and abiotic changes influenced the dynamics of 
functional structure and diversity of large herbivore communities. However, there 
were moments of decouple dynamics, where the functional structure remained 
unaltered overcoming moments of drastic functional diversity decline (from 10 Ma 
to current days). Similar to what occurred to the Iberian mammal communities, 
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ecosystem functioning is resilient enough to overcome several abiotic events. Taken 
together, the evidence at hand portraits a functional system of changes and resilience 
mediated by the interaction of the species in the ecosystem. Conservation measures 
oriented to preserve these functional interactions will have a long-lasting impact in 
our world ecosystems.  

The next step in my research line will be the assessment of the functional structure of 
current large herbivore faunas. Once I have a validated analytical approach and a 
clear picture of the functional dynamics during the Cenozoic, I will have the ability 
to study how these communities are structured today. With this knowledge I will be 
able to look for ecological analogues in the past, in order to try to untangle the 
current and future status of these groups. Are we reaching a tipping point? Is the 
current biotic crisis going to affect these groups in the same way? What conservation 
policies can we implement in order to prevent their loss? All these questions have 
something in common and the way to answer it is combining the study of ancient 
and current ecosystems, and there is only one discipline capable of doing that, 
Conservation Paleobiology,  a discipline that has grown in the last decade and will be 
key to finding effective and long-lasting solutions to conservation. 

I see this thesis as  a contribution to the development of this discipline of 
conservation paleobiology. The only ambition of this work since the beginning was 
to contribute with one small piece to the understanding of the evolution of terrestrial 
ecosystems, a puzzle that will be solved by the generations to come.  We are in a 
situation of climatic emergence, losing species at a rate not seen until now. Humans 
were always concerned about nature, but now we are aware that our exponential 
and uncontrolled development is pushing the earth's ecosystems out of its climatic 
thresholds. We have the obligation to implement conservation measures to revert 
this situation while lasting in the long term. With this work I hope to play a part 
through the development of a new analytical approach to unveil the evolution of 
ancient ecosystems, thereby helping us to beser understand the current and future 
status of our planet ecosystems. 

“I’m not saying I’m gonna change the world, but I guarantee that I will spark the brain that 
will change the world”  

― Tupac Amaru Shakur

“We are far from good, and good from far” 

― Kendrick Lamar Duckworth 
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