University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln

Dissertations and Doctoral Documents from

University of Nebraska-Lincoln, 2023- Graduate Studies

Spring 2024

Ecological Dynamics of Cenozoic North American Mammals

Alexandria Brandis Shupinski
University of Nebraska-Lincoln

Follow this and additional works at: https://digitalcommons.unl.edu/dissunl

Recommended Citation

Shupinski, Alexandria Brandis, "Ecological Dynamics of Cenozoic North American Mammals" (2024).
Dissertations and Doctoral Documents from University of Nebraska-Lincoln, 2023-. 112.
https://digitalcommons.unl.edu/dissunl/112

This Dissertation is brought to you for free and open access by the Graduate Studies at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Dissertations and Doctoral
Documents from University of Nebraska-Lincoln, 2023~ by an authorized administrator of
DigitalCommons@University of Nebraska - Lincoln.


https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/dissunl
https://digitalcommons.unl.edu/dissunl
https://digitalcommons.unl.edu/graduatestudies
https://digitalcommons.unl.edu/dissunl?utm_source=digitalcommons.unl.edu%2Fdissunl%2F112&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unl.edu/dissunl/112?utm_source=digitalcommons.unl.edu%2Fdissunl%2F112&utm_medium=PDF&utm_campaign=PDFCoverPages

ECOLOGICAL DYNAMICS OF NORTH AMERICAN CENOZOIC MAMMALS

by

Alexandria Brandis Shupinski

A DISSERTATION

Presented to the Faculty of
The Graduate College at the University of Nebraska
In Partial Fulfillment of Requirements

For the Degree of Doctor of Philosophy

Major: Biological Sciences

(Ecology, Evolution, and Behavior)

Under the Supervision of Professor S. Kathleen Lyons

Lincoln, Nebraska

May, 2024



ECOLOGICAL DYNAMICS OF NORTH AMERICAN CENOZOIC MAMMALS

Alexandria Brandis Shupinski, Ph.D.

University of Nebraska, 2024

Adviser: S. Kathleen Lyons

Understanding how community structure is affected by various ecological,
climatic, and environmental changes is a long-standing goal in ecology. However,
disentangling human impacts from these other variables is difficult when using short
modern timescales and anthropogenically altered communities. The fossil record provides
a means to investigate community structure dynamics across critical intervals, excluding
humans as a variable. Here, in three studies, | assess changes in North American mammal
paleocommunity structure across the last 66 million years (Ma) at multiple temporal and
spatial scales. In Chapter 1, I identify changes in mammal functional diversity (FD)
locally and continentally, using three independent metrics: functional richness, functional
evenness, and functional divergence. | find that the metrics were disassociated within and
across spatial scales throughout the Cenozoic, except for the Paleocene when they were
changing synchronously. This suggests unique dynamics in community structure, likely
due to early Cenozoic mammal radiation. In Chapter 2, | quantify spatial variation in
Cenozoic mammal paleocommunities using taxonomic beta diversity and functional beta

diversity. | use 5-million-year time slices to assess changes in spatial distributions of taxa



and traits and the relationship between taxonomic and functional beta diversity. | find that
taxonomic and functional beta diversity are highly correlated, and peak during grassland
expansion, likely a result of increased habitat heterogeneity. In my third chapter, |
investigate the co-occurrence structure of western North American mammal across the
Plio-Pleistocene transition (3-2.5 ma) during the Great Biotic Interchange. By combining
co-occurrence analysis with functional diversity, | calculate how the influence of
functional roles on patterns of genus associations changed across the transition.
Although the functional distance between significantly associated genus pairs decreased
and new mammals formed the associations, there was no significant shift in the overall
co-occurrence structure. My dissertation deepens our understanding of how ecological,
climatic, and environmental events impact the community structure of mammals,

providing a baseline for ecological dynamics without anthropogenic influences.
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Introduction

The composition and ecological roles of taxa in mammal communities directly
influence the processes that maintain ecosystem function (Larsen, Williams, and Kremen
2005; Caswell 1976). Major perturbations, such as invasion, climate change and
anthropogenic activity can significantly modify community structure, altering processes
(Doherty, Hays, and Driscoll 2021; Carrillo et al. 2020; Clyde and Gingerich 1998;
Cooke et al. 2022). Furthermore, the effects of ecological, climatic, and environmental
events can differ across temporal and spatial scales, contributing to its complexity. This is
because the effect of ecological and environmental mechanisms varies across scale
(Bernhardt-Romermann et al. 2015; Siefert et al. 2012; Gonzalez-Maya et al. 2016;
Arellano et al. 2016). For example, global meta-analysis of vegetation distributions
demonstrates that local community compositions are more dependent on edaphic factors
such as soil composition, while compositions across larger spatial extents are more
determined by climatic factors (Siefert et al. 2012). Thus, investigating the effects of
biotic and abiotic factors on ecological communities has become a principal goal in
mammal conservation, yet the relationship between these factors and changes in
community structure is poorly understood. Disentangling the role of scales, biotic and
abiotic factors using modern data has proven problematic for several reasons: 1) the lack
of non-anthropogenically altered communities that may be more or less resilient to
disturbance, 2) the inability to completely remove human impacts to better understand

the effects of non-human factors, and 3) shorter scales that often fail to show the before,



during and after effect of major perturbations, as well as long term evolutionary
consequences.

The record of past life on this planet provides an extraordinary opportunity to
analyze ecological dynamics prior to human influence. Using the fossil record provides
the advantage of multiple temporal and spatial scales across major ecological, climatic,
and environmental transitions. With a paleoecological approach we can extract and
compare the long-term consequences of major perturbations on community structure. In
particular, the North American mammalian fossil record is well-studied, providing a
robust timeline and wide geographic spread of communities over the last 66 million
years. It is worth noting that the data quantity and quality vary over time because of
biases in the fossil record (Diaz and Cabido 2001). However, these biases vary in nature
and often contribute noise rather than systematic biases. Furthermore, the biases in
paleoecology are well studied by taphonomists and can be addressed using a variety of
sensitivity analyses (Behrensmeyer, Kidwell, and Gastaldo 2000; Behrensmeyer 1982).
Moreover, with the recent rise in collaborative activities (cites), development of large
databases (“The Paleobiology Database,” n.d.; Community 2020)and improved
computing power, we have the capability to investigate broad, evolutionary patterns in
mammalian community structure while still accounting for biases in the record.
Community structure is a term that can be quantified by many different metrics.
Taxonomic richness, abundance and diversity are traditional approaches (Caswell 1976).
However, extrapolating ecosystem services from taxonomic composition is difficult.

Taxonomic approaches can fail to capture critical information about community structure



(Diaz and Cabido 2001). For example, two communities can have the same richness and
abundance, but the ecological roles of the constituent species may be very different.
Functional diversity (trait composition) has become a widely used concept in ecology due
to its strong link to ecosystem function (Diaz and Cabido 2001; Villéger, Mason, and
Mouillot 2008; Cadotte, Carscadden, and Mirotchnick 2011). The ecological role and
biological associations of an organism are heavily influenced by the combination of
functional traits it possesses, therefore, determining the ecosystem services that it
provides and causing not all species to be created equal in ecological importance
(Mouchet et al. 2010). Conservation aims to maintain ecosystem functioning and
services. By evaluating the ecological role of species, as well as the redundancy of those
roles, preservation efforts can better target critical species. Therefore, combining
taxonomic and functional methodologies can deepen our understanding of biotic and
abiotic impacts on community structure, relationships between taxa and traits, and help
inform conservation strategies.

In Chapter 1, I examine changes in alpha and gamma functional diversity of North
American mammals over the last 66 Ma. My aim is to identify major shifts in functional
diversity and associated ecological, environmental, and climatic events. In addition, |
examine changes in functional diversity at the continental and community scales to assess
the effect of spatial scale on the underlying processes. To analyze the broad, evolutionary
changes in alpha and gamma functional diversity, | compiled a database of 264 mammal
paleocommunities that includes 2,465 species and four functional traits: body mass, life

habit, locomotion, and diet. Functional diversity was dissected into three independent



4
components that quantify the changes in the distribution of species throughout trait space:
functional evenness, functional richness and functional divergence (Villéger et al. 2008).
These metrics were calculated for each paleocommunity to assess local changes and in 1-
million-year time bins to explore continental variation. | then used a breakpoint analysis
to identify the timing of significant shifts in all three functional diversity metrics of North
American mammals across the Cenozoic.

| find that the three components of functional diversity are disassociated in the
timing and direction of change throughout the Cenozoic. Furthermore, the metrics are
also uncoupled between spatial scales. The majority of significant shifts in local
functional diversity occur during the early or late Cenozoic, while continental functional
diversity primarily shifts during the middle Cenozoic. Fascinatingly, the only period
when all metrics and both spatial scales are transitioning in synchrony, is during the first
10 million years of the Cenozoic, a period called the Paleocene. This epoch follows the
K-Pg mass extinction and encompasses the rapid radiation of mammals (Alroy 1999;
Lyson et al. 2019). These results suggest that the radiation event was the only
environmental, ecological, or climatic transition with a magnitude great enough to have a
similar impact at all spatial scales assessed in this study. I hypothesize that the ecological
dynamics of mammals during the Paleocene were unique compared to the following ~56
Ma because of the rapid diversification occurring at this time. The overall findings of
chapter 1 demonstrate that components of functional diversity are impacted differently by
ecological processes. Furthermore, the role of driving processes varies depending on

spatial scale. As a result, | advocate for the examination of multiple spatial scales and
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functional diversity metrics to better understand temporal changes in functional diversity
of organisms.

Chapter 2 investigates temporal changes in beta diversity of Cenozoic North
American mammals to build upon my findings concerning alpha and gamma diversity
from Chapter 1. Here, | aim to assess how the distributions of mammal taxa and traits
across space were altered across major climatic, ecological and environmental events. In
addition, I evaluate the relationship between taxonomic and functional trait distributions
on an evolutionary timescale. | use the same database of 264 paleocommunities to
analyze taxonomic and functional beta diversity across the Cenozoic, in 5-million year
sliding window bins. The dimensions of beta diversity were calculated at the genus-level
due to the temporal extent of the time bins. The relationship between taxonomic and
functional beta diversity was quantified using a linear regression.

I find that taxonomic and functional beta diversity are strongly correlated across
the Cenozoic. This suggests that changes in the distribution of taxa and traits respond
similarly. Moreover, the periods of highest taxonomic and functional beta diversity
overlap with the development of grasslands during the late Eocene to early Oligocene and
the expansion of grasslands during the early Miocene (Janis, Damuth, and Theodor
2002). I show that habitat heterogeneity is a major influence in determining the beta
diversity of mammals and that taxa and traits respond similarly to widespread, vegetative
changes across long timescales. Therefore, | highlight the importance of investigating
evolutionary timelines. Indeed, examining shorter temporal scales may fail to capture the

analogous response across dimensions of beta diversity due to differences in timing.



In Chapter 3, | examine changes in the co-occurrence structure of western North
American mammals across the onset of glaciation and the corresponding intensification
of the Great American Biotic Interchange at the Plio-Pleistocene transition (~3-2.5 Ma)
(Bartoli et al. 2005; Bacon et al. 2016). | evaluate how the strengths and types of
mammal associations (aggregated: appearing together more often than expected,
segregated: appearing together less often than expected) are altered by the climate
transition and the influx of South American mammals into North America (Bacon et al.
2016; Woodburne 2010). Moreover, | use functional traits to examine the effect of
ecological roles in determining taxonomic associations. For this analysis, | compiled a
database of Plio-Pleistocene mammal paleocommunities from western North America.
The paleocommunities were divided into two equal time bins, late Pliocene (4-2.5 Ma)
and the early Pleistocene (2.5-1 Ma). | calculated co-occurrence at the genus-level for
both time bins and compared the distribution of genus pair strengths. Furthermore, |
ordinated each genus in trait space using a PCoA of body mass, life habitat, diet and
locomotion. Finally, I quantified the functional distance between each pair of genera to
evaluate the relationship between functional distance and association strength and type.
I find that regardless of the climatic shift and immigration of new mammals into North
America, co-occurrence structure of mammals does not change. The distribution of pair
types and strengths is not significantly different before and after the Plio-Pleistocene
transition, even though the genera forming the pairs have changed. The number of North
American mammalian genera forming pairs decreases and a greater number of genus

pairs includes at least one South American genus. However, the functional distance



between the genus pairs does significantly change. Specifically, the functional distance
between associating pairs becomes shorter, meaning they are more functionally similar
after the transition. This is likely because South American genera occupy a very small
area in the middle of functional trait space, while North American genera are more
widely distributed. The significant associations of North American genera to South
American genera could result in overall shorter functional distances due to South
American genera plotting in the center of trait space. Remarkably, the co-occurrence
structure of mammals is similar across this period of major ecological, environmental,
and climatic change, even with the loss of native genera and the arrival of immigrant
genera altering the composition of the North American fauna. This may suggest that
regardless of the taxonomic composition, mammals have a general way of assembling.
In summary, my dissertation provides a baseline for mammal responses to
climatic, environmental and ecological events on long timelines and across multiple
spatial scales. My research takes a macroecological approach using an extensive
geographic and temporal perspective to evaluate broad patterns in mammal ecological
dynamics. | quantify alpha, beta and gamma diversity and show that the impact of
ecological processes varies among them, demonstrating the importance of incorporating
multiple spatial scales to deepen our understanding of ecological dynamics. Furthermore,
I demonstrate the importance of the combination of a taxonomic and functional approach
as these dimensions of ecology can vary in the type and timing of response.
Understanding the temporal dynamics of mammalian diversity is difficult because of the

interplay of numerous factors, varying across temporal and spatial scales. These factors



are complicated by anthropogenically altered communities in the modern. Using the
fossil record can remove the role of human activity to provide greater insight into

mammalian dynamics over space and time.

References
Alroy, John. 1999. “The Fossil Record of North American Mammals: Evidence for a

Paleocene Evolutionary Radiation.” Systematic Biology 48 (1): 107-18.

Arellano, Gabriel, J. Sebastian Tello, Peter M. Jargensen, Alfredo F. Fuentes, M. Isabel
Loza, Vania Torrez, and Manuel J. Macia. 2016. “Disentangling Environmental and
Spatial Processes of Community Assembly in Tropical Forests from Local to

Regional Scales.” Oikos 125 (3): 326-35. https://doi.org/10.1111/0ik.02426.

Bacon, Christine D., Peter Molnar, Alexandre Antonelli, Andrew J. Crawford, Camilo
Montes, and Maria Camila Vallejo-Pareja. 2016. “Quaternary Glaciation and the
Great American Biotic Interchange.” Geology 44 (5): 375-78.

https://doi.org/10.1130/G37624.1.

Bartoli, G., M. Sarnthein, M. Weinelt, H. Erlenkeuser, D. Garbe-Schonberg, and D. W.
Lea. 2005. “Final Closure of Panama and the Onset of Northern Hemisphere
Glaciation.” Earth and Planetary Science Letters 237 (1): 33-44.

https://doi.org/10.1016/j.epsl.2005.06.020.

Behrensmeyer, Anna K. 1982. “Time Resolution in Fluvial Vertebrate Assemblages.”

Paleobiology 8 (3): 211-27. https://doi.org/10.1017/S0094837300006941.



9
Behrensmeyer, Anna K., Susan M. Kidwell, and Robert A. Gastaldo. 2000. “Taphonomy
and Paleobiology.” Paleobiology 26 (S4): 103—47.

https://doi.org/10.1017/S0094837300026907.

Bernhardt-Rémermann, Markus, Lander Baeten, Dylan Craven, Pieter De Frenne, Radim
Hédl, Jonathan Lenoir, Didier Bert, et al. 2015. “Drivers of Temporal Changes in
Temperate Forest Plant Diversity Vary across Spatial Scales.” Global Change

Biology 21 (10): 3726-37. https://doi.org/10.1111/gch.12993.

Cadotte, Marc W., Kelly Carscadden, and Nicholas Mirotchnick. 2011. “Beyond Species:
Functional Diversity and the Maintenance of Ecological Processes and Services.”
Journal of Applied Ecology 48 (5): 1079-87. https://doi.org/10.1111/j.1365-

2664.2011.02048.x.

Carrillo, Juan D., Sgren Faurby, Daniele Silvestro, Alexander Zizka, Carlos Jaramillo,
Christine D. Bacon, and Alexandre Antonelli. 2020. “Disproportionate Extinction of
South American Mammals Drove the Asymmetry of the Great American Biotic
Interchange.” Proceedings of the National Academy of Sciences 117 (42): 26281-87.

https://doi.org/10.1073/pnas.2009397117.

Caswell, Hal. 1976. “Community Structure: A Neutral Model Analysis.” Ecological

Monographs 46 (3): 327-54. https://doi.org/10.2307/1942257.

Clyde, William C., and Philip D. Gingerich. 1998. “Mammalian Community Response to

the Latest Paleocene Thermal Maximum: An Isotaphonomic Study in the Northern



10
Bighorn Basin, Wyoming.” Geology 26 (11): 1011. https://doi.org/10.1130/0091-

7613(1998)026<1011:MCRTTL>2.3.CO;2.

Community, The NOW. 2020. “NOW — New and Old Worlds: Database of Fossil

Mammals,” November. https://doi.org/10.5281/ZENODO.4268068.

Cooke, Rob, William Gearty, Abbie S. A. Chapman, Jillian Dunic, Graham J. Edgar,
Jonathan S. Lefcheck, Gil Rilov, et al. 2022. “Anthropogenic Disruptions to
Longstanding Patterns of Trophic-Size Structure in Vertebrates.” Nature Ecology &

Evolution 6 (6): 684-92. https://doi.org/10.1038/s41559-022-01726-X.

Diaz, Sandra, and Marcelo Cabido. 2001. “Vive La Différence: Plant Functional
Diversity Matters to Ecosystem Processes.” Trends in Ecology & Evolution 16 (11):

646-55. https://doi.org/10.1016/S0169-5347(01)02283-2.

Doherty, Tim S., Graeme C. Hays, and Don A. Driscoll. 2021. “Human Disturbance
Causes Widespread Disruption of Animal Movement.” Nature Ecology & Evolution

5 (4): 513-19. https://doi.org/10.1038/s41559-020-01380-1.

Gonzalez-Maya, José F., Luis R. Viquez-R, Andrés Arias-Alzate, Jerrold L. Belant, and
Gerardo Ceballos. 2016. “Spatial Patterns of Species Richness and Functional

Diversity in Costa Rican Terrestrial Mammals: Implications for Conservation.”

Diversity and Distributions 22 (1): 43-56. https://doi.org/10.1111/ddi.12373.



11
Janis, Christine M., John Damuth, and Jessica M. Theodor. 2002. “The Origins and
Evolution of the North American Grassland Biome: The Story from the Hoofed

Mammals.” Palaeogeography, Palacoclimatology, Palacoecology 177 (1-2): 183.

Larsen, Trond H., Neal M. Williams, and Claire Kremen. 2005. “Extinction Order and
Altered Community Structure Rapidly Disrupt Ecosystem Functioning.” Ecology

Letters 8 (5): 538—47. https://doi.org/10.1111/j.1461-0248.2005.00749.x.

Lyson, T. R., I. M. Miller, A. D. Bercovici, K. Weissenburger, A. J. Fuentes, W. C.
Clyde, J. W. Hagadom, et al. 2019. “Exceptional Continental Record of Biotic
Recovery after the Cretaceous—Paleogene Mass Extinction.” Science 366 (6468):

977-83. https://doi.org/10.1126/science.aay2268.

Mouchet, Maud A., Sébastien Villéger, Norman W. H. Mason, and David Mouillot.
2010. “Functional Diversity Measures: An Overview of Their Redundancy and Their
Ability to Discriminate Community Assembly Rules.” Functional Ecology 24 (4):

867—76. https://doi.org/10.1111/j.1365-2435.2010.01695.x.

Siefert, Andrew, Catherine Ravenscroft, David Althoff, Juan C. Alvarez-Y épiz,
Benjamin E. Carter, Kelsey L. Glennon, J. Mason Heberling, et al. 2012. “Scale
Dependence of Vegetation—Environment Relationships: A Meta-Analysis of
Multivariate Data.” Journal of Vegetation Science 23 (5): 942-51.

https://doi.org/10.1111/j.1654-1103.2012.01401.x.



12
“The Paleobiology Database.” n.d. Accessed February 19, 2024.

https://paleobiodb.org/#/.

Villéger, Sébastien, Norman W. H. Mason, and David Mouillot. 2008. “New
Multidimensional Functional Diversity Indices for a Multifaceted Framework in

Functional Ecology.” Ecology 89 (8): 2290-2301. https://doi.org/10.1890/07-1206.1.

Woodburne, Michael O. 2010. “The Great American Biotic Interchange: Dispersals,

Tectonics, Climate, Sea Level and Holding Pens.” Journal of Mammalian Evolution

17 (4): 245-64. https://doi.org/10.1007/s10914-010-9144-8.



13

CHAPTER 1

UNIQUE FUNCTIONAL DIVERSITY DURING THE EARLY CENOZOIC

MAMMAL RADIATION OF NORTH AMERICA

Abstract

Mammals influence nearly all aspects of energy flow and habitat structure in
modern terrestrial ecosystems. However, anthropogenic effects likely have altered
mammalian community structure, raising the question of how these alterations compare
with past perturbations. We use functional diversity to describe how the structure of
North American mammal paleocommunities changed over the past 66 Ma, an interval
spanning the rapid radiation following the K/Pg and several subsequent environmental
disruptions including the Paleocene-Eocene Thermal Maximum (PETM), the expansion
of grassland, and the onset of Pleistocene glaciation. For 264 fossil communities, we
examine three aspects of ecological function: functional evenness, functional richness
and functional divergence. Shifts in functional diversity are significantly related to major
ecological and environmental transitions. All three measures of functional diversity
increase immediately following the extinction of the non-avian dinosaurs, suggesting that
high degrees of ecological disturbance can lead to synchronous responses both locally
and continentally. Otherwise, the components of functional diversity respond differently

to environmental changes and are decoupled for the last ~56 million years.
Introduction

Understanding the consequences of major ecological disruptions on community

structures represents an important intersection between macroecological and
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macroevolutionary theory. Communities are dynamic entities whose membership is
determined by community assembly processes that might both shape and be shaped by
taxonomic and morphological evolution (1-3). However, ecological processes that
govern the way species assemble differs across spatial scales, making it difficult to
disentangle the role of individual processes (3-5). For example, local scale diversity
reflects the level of resource distribution and can be affected by different intensities of
competition and niche packing (6). In contrast, environmental variability and climate
become increasingly important at larger spatial scales (6-8). Although identifying general
rules in community assembly is complicated by the fact that these processes act on
various scales across space and time (9), trying to do so is important both for
understanding Phanerozoic history and because preserving ecosystem functions is

increasingly recognized as an important goal of conservation efforts (10).

Previous work measured community responses to biotic and abiotic changes using
taxonomic diversity (i.e., numbers of species or genera) and/or morphological disparity
(e.g., range of anatomical types) (11, 12). Although we expect the diversity of ecological
roles to increase as taxonomic diversity increases (13), this relationship can vary across
space and time. Thus, taxonomic diversity does not always provide adequate information
about community dynamics or function (14). An alternative approach to infer processes
driving community structure uses functional diversity (15), a “taxon-free” method that
ordinates species in multidimensional trait space. Evaluating changes in multidimensional
trait space can be beneficial because the changes in community structure are more

directly associated with ecosystem functioning (11-13, 15-17). Functional traits directly
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correspond to that species’ role in the community. The composition of functional traits
within a community determines the ecological services it provides. Functional diversity
not only allows functional trait distributions to be mapped in multidimensional space, but
it also allows community structure to be disentangled into different structural components
(functional richness (FRic), functional evenness (FEve) and functional divergence
(FDiv)). Measuring changes across multiple indices will allow other affects to be
captured that may not be detected using other methods. However, without a baseline
understanding of mammal community dynamics, it is difficult to interpret changes in
functional diversity, as current communities reflect thousands of years of anthropogenic
manipulation, complicating our ability to discern the effects of human activity on

community assembly processes.

The fossil record provides a history of how mammal community functional
diversity was influenced by the biotic and abiotic environment prior to large-scale
impacts by humans. For example, over the Cenozoic (66-0 Ma), mammals underwent
major faunal transitions, immigration events and significant reorganizations of
paleocommunities (9, 18), beginning with the diversification of mammals triggered by
the extinction of non-avian dinosaurs (19, 20). Moreover, the Cenozoic (66-0 Ma) was
also marked by a variety of climatic, and environmental changes (Fig. 1) (21, 22). While
climate cooled overall during this period, this was interspersed with periods of rapid
global warming, resulting in a transition from high latitude subtropical forests in North
America at the Paleocene-Eocene boundary (~56 ma) (23) to cyclical glaciation periods

by the Early-Middle Pleistocene (EMPT, ~800 ka) (24). The changing climate led to



16
more open habitats, and the expansion of grasslands; North America was dominated by
grasslands by the middle to late Miocene (24). By 2.7 Ma the onset of glacial cycles in
North America began (24), resulting in ice sheets and boreal forests. This combination of
abiotic and biotic shifts over the Cenozoic provides the opportunity to evaluate the

responses of mammal communities to both ecological and environmental change.

Here, we evaluate mammal community evolution across the last 66 Ma using
functional diversity of North American mammals. We measure functional diversity on
the local and continental scale to individually analyze the effect of ecological,
environmental, and climatic shifts on each scale, and investigate the relationship between
local and continental functional diversity. Furthermore, we assess the effect of multiple
biotic and abiotic variables on functional diversity through time as North American
mammals experience a plethora of ecological, environmental, and climatic events. Our
approach provides a deeper understanding of how community structure changes across

evolutionary timescales and the influence of spatial scale.
Materials and Methods

Functional diversity, a taxon-free approach that focuses on species traits, provides
a quantitative framework to explore the relationship between species diversity and
ecosystem functioning (28). Here, we assess changes in functional diversity of mammal
paleocommunities across the Cenozoic. We used presence-absence data for 264 North
American paleocommunities encompassing 2,462 species taken from the Paleobiology
Database (PBDB; fig. S1) and vetted for taxonomic errors. A paleocommunity was

defined as a single collected fossil locality. We applied a series of taphonomic filters to
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reduce the effects of biases in the fossil record (see Supplementary Material).
Paleocommunities were only included if they contained a minimum of 15 species that
encompassed multiple orders and trophic levels. When possible, we refined PBDB
locality dates based on faunal zone and local stage names (see Supplementary Material).
Due to the geographic and temporal range of this study, we had to address multiple facets
of possible bias. Firstly, it is possible that the 264 paleocommunities vary in spatial
extent. Indeed, determining spatial extent or excavation extent of each locality is difficult
and often the information is not available. However, we suggest that this variability is not
driving our results. We would expect the random variation in spatial extent among
paleocommunities to create noise, minimizing patterns and the significance of functional
diversity shifts. In addition, larger spatial extents would be expected to result in higher
levels of species richness. We address the possible issue of variable species richness in
this study (see methods in Supplementary Material: Sensitivity Analyses). Secondly, the
number of paleocommunities changes over time. If a period with a smaller number of
paleocommunities did not appropriately represent the entire range of functional diversity
present at that time, it is possible that the variation in sampling of paleocommunities
could affect functional diversity estimates. To address this, we ran a sub-sampling routine

to determine if this drives our results (see Supplementary Material: Sensitivity Analyses).

We collected data on species traits that are commonly used in studies on extant
mammalian functional diversity (i.e., body mass, locomotion, diet and life habit) (29, 30)
from the primary literature and online databases (table S1), making our data directly

comparable. Diet categories were restricted to those that could most accurately be
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distinguished in the fossil record. Some diet categories used in the databases were
combined to limit diet uncertainties in earlier or rarer species (table S1); granivores were
combined with frugivores and piscivores were considered carnivores. When body mass
was not available, body mass was averaged at the lowest available taxonomic level
(genus, family, order). In this study, we address possible concerns with calculating
functional diversity using averaged body masses based on higher taxonomic levels and
combining continuous and categorical variables (see Supplementary Materials:

Sensitivity Analysis).

We calculate three functional diversity (FD) indices using the R package “FD”
(31, 32): functional richness (FRic), functional divergence (FDiv), and functional
evenness (FEve), chosen due to their independence from one another (table S2).
Functional diversity was calculated for the whole North American fauna in one-million-
year bins, and for each of our 264 communities (see Supplementary Materials).
Functional richness is the volume of trait space occupied, functional evenness represents
how evenly species occupy the trait space, and functional divergence measures the degree
of divergence of species traits relative to the centroid of trait space. These metrics are
largely independent of one another compared to other functional diversity metrics and
demonstrate the possible variation in the extent and distribution of community functional
space (17). However, functional richness is often highly correlated with species richness
due to the greater likelihood that there will unique ecological roles with more species
while functional evenness and functional divergence are not dependent on species

richness (17). To determine whether the variability in species richness across
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paleocommunities was altering our findings, we used linear regressions to identify the
threshold at which species richness is no longer significantly associated with functional
richness functional diversity across the Cenozoic (see Supplementary Material:

Sensitivity Analyses).

To calculate functional diversity, we created a trait matrix that included species
names and four traits (i.e., locomotion, body mass, life habit, diet). Previous studies
suggest that combining categorical and numerical traits may impact results due to
magnitude variation between trait types (33). We addressed this possible issue in our
study (see Supplementary Material: Sensitivity Analyses). We converted the trait matrix
into a distance matrix using Gower’s dissimilarity metric (34) and then ordinated species
in multidimensional space using principal coordinates analysis (PCoA) on the distance
matrix, with a square root correction applied to our non-Euclidean data. We based convex
hull volumes for each paleocommunity on the first five PCoA axes. We calculated
functional diversity for each paleocommunity across the Cenozoic, and we also
calculated functional diversity of the continental fauna in 1-million-year time bins. A
breakpoint analysis was used to identify periods during the Cenozoic when the slope of
functional diversity over time significantly shifted. A breakpoint represents the start or
end of a decline or increase in functional diversity. We identified the location and number
of significant shifts in each functional diversity metric using breakpoint analyses and
AICc values (table S3-S8). AlICc values were used to determine the best supported model
regarding the maximum number of breakpoints for each functional diversity index (table

S3 - S8).
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We estimated extinction and origination rates in 1-million-year time bins using
sampling + survivorship (sampling + reverse-survivorship or nascence for origination)
analyses (35-37) that accommodates sampling heterogeneity among contemporaneous
taxa (38). The procedure was the same for both origination and extinction rates, save that
we estimated extinction based on taxa sampled in younger intervals and origination based
on taxa sampled in older intervals (fig. S7; See Supplementary Materials). We ran
generalized linear models to analyze the effect of biotic and abiotic factors (i.e., global
climate, estimated species richness, the proportion of archaic mammals) against
continental and local functional diversity metrics (see Supplementary Material, table
S10). Because origination and extinction rates were used for estimating species richness,
we chose not to include them in the generalized linear models. However, origination and
extinction rates were analyzed independently against local and continental scale
functional diversity metrics using generalized linear regression. The best generalized
linear models to explain variance in each functional diversity metric were determined by

the lowest AIC value (table S9).

To standardize the data for the generalized linear models, we analyzed the
relationship between abiotic and biotic variables and functional diversity metrics in 1-
million-year time bins. To evaluate local functional diversity, we averaged
palaeocommunitiy metrics in 1-million-year time bins. To evaluate the potential
relationship between global climate and local mammalian functional diversity, §180
values were gathered from the most recent compilation of mean global temperature

through the Cenozoic (25). 5180 measurements in deep-see benthic foraminifera (25, 39)
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commonly are used as a proxy of temperature, with higher ratios of 180 to 160, reflecting
colder global temperatures and more glaciation (25, 39). The 6180 values were averaged
for each paleocommunity based on the age range of that locality. For example, if a
locality has an estimated age between 50 and 48 million years, all 180 values within
those two million years were averaged and assigned to that paleocommunity. For
continental functional diversity we averaged the 580 in 1-million-year time bin. We
evaluated the proportion of archaic orders versus modern orders in paleocommunities to
determine if archaic mammals assembled differently than modern orders. Archaic orders
were identified as any order of mammal that is no longer extant. We averaged the
proportion of archaic orders found in all paleocommunities for each 1-million-year time
bins. For the continental scale, we used the overall proportion of archaic orders to extant
within each 1-million-year time bin. If they assembled differently than modern orders, we
expected to see a shift in mammal paleocommunity structure during the gradual
extinction of archaic orders. We used ordinary least square regressions to characterize the
individual relationships of abiotic and biotic factors and the continental and local

functional diversity of North American mammal paleocommunities.
Results

Functional Metrics

Functional Richness (FRic) — volume of trait space

Local Scale: For the first 10 million years of the Cenozoic, the volume of
functional space of North American mammal paleocommunities rises continuously (Fig.

2). The first breakpoint occurs during the latest Paleocene to earliest Eocene (58.3+1.7
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Ma) when functional richness peaks. The rise in functional richness from the early
Paleocene to early Eocene is not driven by an increasing number of paleocommunities as
demonstrated by a sub-sampling routine (see Supplementary Material, fig. S8). Following
this peak is a long period of decline until the second and final breakpoint (20.6+2.6 Ma)
during the early Miocene. Functional richness rises again and continues to increase
through the Pleistocene epoch (Fig. 2). Although there is a relationship between
functional richness and species richness of paleocommunities, this relationship does not

drive our results (see Supplementary Material; fig. S2-S4).

Continental Scale: Functional richness of the North American mammalian fauna
has four breakpoints (Fig. 3). Three of the breakpoints occur in the middle of the
Cenozoic within a relatively short period of time. The first breakpoint (64+0.4) is in the
early Paleocene as functional richness begins the initial rise to the second breakpoint in
the middle Eocene (45.3+0.7). This is followed by a brief decline of ~5 Ma before the
third breakpoint (41.7+0.6; Fig. 3), after which, it increases briefly until the last
breakpoint (35x1). After the shift in the latest Eocene/earliest Oligocene until the

Pleistocene, functional richness remains relatively consistent.

Functional Divergence (FDiv) — variation of species traits relative to the centroid of trait

space

Local Scale: Of all three metrics, functional divergence shows the largest increase
during the Paleocene epoch (Fig. 2). This rise in functional divergence from the early
Paleocene to early Eocene was not driven by an increasing number of paleocommunities

(see Supplementary Material, fig. S10). Functional divergence begins the Cenozoic at its
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lowest point and rapidly increases until the first of three breakpoints (57.3+0.7 Ma) at the
Paleocene-Eocene transition. A sharp decline follows that ends in the middle Eocene at
the second breakpoint (48.3+1.8 Ma). Throughout the mid-Cenozoic to the late Miocene
there are no significant shifts as functional divergence remains relatively consistent. The
last breakpoint occurs during the late Miocene when functional divergence drops
(7.4+5.8 Ma). However, this breakpoint has a large confidence interval, making the

timing of the shift difficult to pinpoint (Fig. 2).

Continental Scale: At the onset of the Cenozoic, functional divergence has an
initial rise until reaching the first breakpoint (62+1.2; Fig. 3). It increases until the second
breakpoint in the late Eocene (44.7+2.7) and then begins declining. The period of decline
ends with the third and final breakpoint in the middle Oligocene (28+2.8). Functional

divergence remains relatively constant for the rest of the Cenozoic (Fig. 3).
Functional Evenness (FEve) - the distribution of species across trait space

Local Scale: Functional evenness varies more than the other metrics with four
significant shifts over the last 66 million years (Fig. 2). Like functional richness, it starts
low in the earliest Paleocene but increases until reaching the first breakpoint at the
Paleocene-Eocene boundary (56.3+£1.2 Ma). The rise in functional evenness from the
early Paleocene to early Eocene was not driven by an increasing number of
paleocommunities (see Supplementary Material, fig. S11). As with other metrics, it
declines to the second breakpoint in the middle Eocene (49.9+1.6 Ma). There is slight
increase until the third breakpoint (28.1+3.1 Ma). It then enters a period of decline into

the middle Miocene (16.5+£1.7 Ma). After which, it rises into the Pleistocene (Fig. 2).
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Continental Scale: Functional evenness has two significant shifts. Similar to
regional functional richness, the shifts occur over a relatively short period of time during
the middle Cenozoic (Fig. 3). Functional evenness increases starting in the early
Paleocene until the middle Eocene (39.7+1.7). There is a brief period of decline to the
second breakpoint in the latest Eocene/earliest Oligocene (35+2.1). Regional functional

evenness changes little for the rest of the Cenozoic (Fig. 3).

Addressing Potential Biases Affecting Broad-Scale Patterns in Functional Diversity

Functional diversity metrics fluctuate frequently across the Cenozoic on both the
continental and the local scale. Due to the geographic and temporal extent of our study,
components of our data are potentially variable. To confirm the robustness of our results,
we performed extensive sensitivity analyses to show that the functional diversity
variability we identify through time is not a result of data biases (see methods in
Supplementary Material: Sensitivity Analyses). All sensitivity analyses addressing

individual functional diversity metrics or time periods are mentioned above.

First, we determined that averaging species body mass at higher taxonomic levels
for species with missing body mass data did not alter the overall pattern (fig. S5; see
methods in Supplementary Material: Sensitivity Analyses). Second, we use a
combination of continuous and categorical variables to calculate functional diversity.
Previous studies have demonstrated possible complications with this approach due to
variation in the magnitude of traits (33). However, the exclusion of body mass from our
functional diversity analysis does not alter the overall trends in functional diversity

indices through time (fig. S6). In fact, this analysis demonstrates the strong influence of
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body size on the variation of ecological roles in mammals. Because ecological traits in
mammals are highly correlated with body size, the imprint of body size is still reflected in
the 3 other traits we use. Third, we addressed the possible bias against small-bodied
mammals, in that they are less likely to preserve and are more common in the most recent
fossil localities. Many studies exclude mammals under 1kg to remove this issue.
However, including small-bodied mammals is essential in gaining an accurate
understanding of paleocommunity functional diversity. We find no relationship between
time and the number of small-bodied mammals, suggesting variability in the preservation

of mammalian body sizes did not drive our results (fig. S9).
Biotic and Abiotic Variables
Continental

Functional Richness (FRic) — The best generalized linear model indicates a
significant relationship between functional richness and the proportion of archaic orders
within the 1-million-year time bins (Fig. 4, table S9, Data S3; R? = 0.11, p = 0.0095).
There is a weak, positive relationship between functional richness and the proportion of
archaic orders. Furthermore, functional richness is significantly associated with
origination rates, showing a positive relationship. However, the relationship is only

driven by two time bins in the early Paleocene (fig. S23).

Functional Divergence (FDiv) - The best generalized linear model indicates a
positive, significant relationship between functional divergence and 3180 averaged values
for the 1-million-year time bins across the Cenozoic (Fig. 4, table S9, Data S3; R? = 0.32,

p = 78e-07).
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Functional Evenness (FEve) — Based on the generalized linear models, no single
biotic or abiotic variable or combination of variables had a significant relationship with

continental functional evenness in this study (table S9, Data S3; fig. S20).
Local

Functional Richness (FRic) — There is no significant relationship between local
functional richness and the biotic and abiotic variables tested in this study (table S9, Data

S3).

Functional Divergence (FDiv) - The best generalized linear model indicates a
positive, significant relationship between functional divergence and the proportion of
archaic orders in 1-million-year time bins (Fig. 5, table S9, Data S3; R2 = 0.15,
p=0.0048). However, functional divergence and the averaged proportion of archaic orders

are weakly associated.

Functional Evenness (FEve) — The generalized linear models did not show a
significant relationship between local functional evenness and the biotic and abiotic

variables tested in this study (table S9, Data S3).
Discussion

North American mammalian functional diversity changes over evolutionary
timescales. Individual metrics of functional diversity differ in the timing and direction of
change suggesting that the influence differs among components of functional diversity.
The decoupling of functional diversity metrics is found locally and regionally for most of

the Cenozoic. The decoupling of functional diversity patterns through time is evident at
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both the continental and local scales, the two spatial scales also differ in the timing and
direction of change in each functional diversity metric. These results are consistent with
modern studies that have shown significant change across habitats that vary in
topography and vegetative cover across much smaller geographic regions, such as Costa
Rica (37). Our study not only highlights the pronounced variation in functional diversity
over time and space, but it also identifies a distinct period in the earliest Cenozoic when

all functional diversity metrics at both spatial scales align.
Synchrony in the Paleocene

The Paleocene epoch (~66 - 56 ma) was a period of ecological change with
mammals rapidly diversifying in response to an increase in unused resources following
the K-Pg mass extinction (~66 ma) (10, 18, 19). This led to ~10 million years of unique
mammalian dynamics in local and regional faunas. Mammals were expanding their niche
occupancy, accumulating greater variation in ecological roles, and becoming more
functionally distinct, while at the same time the distribution of ecological roles were
becoming more even (Figs. 2, 4, fig. S12). On both local and continental scales.
Mammalian diversity had a four-fold increase across this 10 Ma period (38, 39), with
increasing body size and body size variation within ~300 ka following the mass
extinction (40). Increasing body size was likely a major contributor to the expansion in
ecological roles (11) as body size strongly influences mammal ecology (20, 40-43). The
magnitude of this event and the recovery resulting in a unified change among community
components, spanning all functional diversity metrics and spatial scales. The pronounced

concurrence likely reflects the degree of filling of ecological niche space by mammals in
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the ecosystem. However, this was a short-lived event. By the early Eocene, these metrics

were largely decoupled.
Synchrony Ends: The Next 56 Ma

The latest Paleocene to earliest Eocene had a major immigration of cursorial and
arboreal mammals from Asia and Europe (~56 Ma). This included the arrival of Primates,
Perissodactyls and Artiodactyls (44). Around this time, the first disassociation in
functional diversity patterns occur between local and continental scales. Meanwhile,
metrics within spatial scales remain synchronous. The new mammal orders likely
contributed to the rise in local functional diversity briefly; however, all local metrics
entered a decline soon after (Fig. 2). The abrupt shift into a synchronous decline is
unexpected, as mammals do not reach their maximum body size for another 15 Mya (~41
Ma) (20). In contrast, continental functional diversity continues to increase through the
immigration event, only to decline approximately when maximum body size is reached
(~41 Ma) (Fig. 3) (20). This suggests that the rate of niche saturation during ecological
recovery is dependent on spatial scale. For instance, local communities saturate faster
than regional or continental faunas. These results stress the importance of diverse spatial

perspectives in understanding ecological recovery following a mass extinction.

The decline in local functional diversity metrics following the immigration event
(~56 Ma) overlaps with a period of reorganization for the North American fauna, called
the Bridgerian Crash; (50 — 47 Ma; (45, 46) (Fig. 1, 2). This event is marked by a cooling
climate with increased seasonality and aridity, leading to the reduction of forests (46).

The reduced forest cover caused the gradual loss of arboreal, archaic and medium-sized
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mammals (Fig. 2, 4) (46, 47). Interestingly, functional diversity metrics of the continental
fauna continues to increase. The rise in continental functional diversity may be partially
due to increasing body size as landscapes opened. Specifically, we see higher
concentrations of large-bodied browsers in trait space after the Bridgerian Crash (Fig. 4;

Bridgerian Crash).

Shortly after the Bridgerian Crash, there was a major change in mammalian
dynamics when all three functional diversity metrics became decoupled within the local
and continental scales (Fig. 2, Fig. 3). Local niche differentiation and evenness of
ecological roles increases after the Bridgerian Crash (46), while occupied trait space
continues to shrink. The gradual reduction in trait space may partially be due to the
continued loss of medium-sized and arboreal species with the opening of the landscape
and expansion of grasslands into the Miocene (Fig. 2a). Meanwhile, niche differentiation
enters a period of extensive consistency, lasting ~40 Myr (Fig. 2b). The long period of
consistency suggests that the amount of variation among species traits does not change
despite mammal taxonomic and functional turnover within North America during this
time, even with the loss of archaic mammals and the development of grasslands (Fig. 4,
fig. S12) (48). However, open-landscape species begin to increase in richness during the
late Eocene to early Oligocene, and this created greater evenness in the dispersal of

species throughout functional space (Fig. 2).
The Rise and Spread of North American Grasslands

During the middle Oligocene to middle Miocene, the widespread expansion of

grasslands across the North American landscape led to a large degree of ecological
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change. Ungulates and carnivores diversified, such as horses and canids (49, 50). For
example, by the middle Oligocene there were over 25 species of canids present on the
landscape (51, 52). The diversification of these two groups creates greater redundancy in
functional space, causing a decline in local functional evenness (Fig. 2). Ungulates
experienced rapid diversification until reaching their highest diversity around 16-14 Ma,
at which, diversity declines and functional evenness begins to rise again (49). In addition
to decreasing ungulate diversity during the middle to late Miocene, the richness of
medium-sized mammals increased. This included more lagomorphs and burrowing
rodents, as well as medium-sized carnivores like procyonids and mustelids (49, 52).
During the latest Cenozoic, the richness of large-bodied mammals occupying niche space
in the colder climate also increased (Fig. 4, fig. S12) (19, 49, 52, 53). These factors likely
contributed to the shift in local functional richness during the early to middle Miocene
when functional trait space begins increasing for the first time since the Eocene (Fig. 2,
Fig.4). The expansion of functional space also coincides with the arrival of true felids
(54) and proboscideans (55) into North America, resulting in unique large-bodied
carnivores and herbivores. However, the level of local niche differentiation evinces a
different response to these climatic and ecological changes and is the last of the local
metrics to shift. Functional divergence transitions into a decline in the later Miocene.
With a colder climate, species within paleocommunities are becoming more similar in
overall functional traits. Specifically, medium-sized mammals and carnivores become
more concentrated in trait space (Fig. 4, Plio-Pleistocene transition). However, the

transition period of functional divergence has a large confidence interval, making it
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difficult to infer influential abiotic and biotic factors (Fig. 2). Nonetheless, the confidence
interval encompasses several major environmental changes, such as the C3/C4
photosynthesis transition in grasslands (48) and the expansion of continental glaciers in

North America (24).

Continental functional divergence is the last of the spatial scale metrics to
transition, shifting during the Oligocene to early Miocene. When the decline terminates
and like continental functional evenness and richness, it remains relatively stable for the
rest of the Cenozoic. The ~25 Mya of consistency within continental functional diversity
metrics may suggest that functional diversity on larger spatial scales is more resistant to
ecological and environmental events than local scale functional diversity. These results

further highlight the differentiation in mammalian dynamics among spatial scales.
Biotic and Abiotic Factors — Local Functional Diversity

In our evaluation of abiotic and biotic factors on local scale functional diversity,
we demonstrate that only functional divergence and the proportion of archaic orders in 1-
million-year time bins have a significant, yet weak relationship (Fig. 5, fig. S13-17). As
the average local proportion of archaic orders increases within 1-million-year time bins
so does the average functional divergence of (~30 Ma). The weak, negative relationship
is likely caused by the increasing diversity of ecological roles and body size following the
Paleocene. In fact, the four points driving the relationship between local functional
divergence and local proportion of archaic orders are all 1-million-year time bins from
the Paleocene. This would explain why functional divergence is lower and the local

proportion of archaic orders is higher. To ensure this relationship is not being driven by
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the period of the Cenozoic when all archaic orders were extinct (<30 Ma), we also run
local functional divergence against the average local proportion of archaic orders from
66-30 Ma (fig. S18). The relationship becomes only slightly stronger but remains weak
(fig. S10). In contrast, there is no relationship between species richness or
origination/extinction rates over time and local functional diversity (fig. S2-S4, S13-17,
table S10). Nor did we find a relationship between local functional diversity and global
temperature using 580 values as a global climate proxy (Fig. 5, fig. S15-17) (25).
Studies have found local climate to influence functional diversity (59) but we could not
analyze local climate for each paleocommunity, best suitable data are not available.
Estimated origination and extinction rates did not exhibit any significant associations

with local scale functional diversity (fig. S13-14).
Biotic and Abiotic Factors — Continental Functional Diversity

The relationship between continental functional diversity metrics and abiotic and
biotic factors (5180, proportion of archaic orders, species richness, origination and
extinction rates) (fig. S19-23). We only identify three significant relationships. Averaged
8180 values for 1-million-year time bins has a significant relationship with continental
functional divergence (Fig. 6). There is a trend of decreasing functional divergence across
the Cenozoic, with lower 180 values during the Pleistocene (Fig. 6). This suggests that
with a cooling climate, a fewer number of species have extreme traits and there are
greater similarities among species within a paleocommunity (17). Similarly, we see a
slight decline in functional divergence on the local scale (Fig. 2) during the Pleistocene.

The Pleistocene decline could be explained by environmental filtering and increased
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abiotic stresses (60). However, we would have expected higher continental functional
divergence during the middle Cenozoic with greater habitat heterogeneity. Notably,
variation in continental functional divergence across the Cenozoic is small and the
breakpoint analysis did not identify any significant shifts following the late Oligocene
and functional divergence remains relatively consistent. The response in continental scale
patterns in functional divergence would benefit from further investigation to illuminate
the possible biotic and abiotic drivers leading to the small decline. In our study, we also
find that the continental proportion of archaic orders has a relationship with continental
functional richness (Fig. 6, fig. S18). However, when we subset the data to only include
the period before archaic orders went extinct (66-30 Ma), there is no longer a significant
relationship (fig. S21). This suggests that the relationship is misleading only due to the
stability in continental functional richness in the later Cenozoic and the continued lack of
archaic orders following 30 Ma. Extinction and origination rates have little to no effect
on the variation we find in continental functional diversity metrics on evolutionary
timescales. Functional richness is positively associated with origination rates; however,
the association is solely driven by the two earliest time bins in the Paleocene which have
low functional richness (fig. S22-23). The higher origination rate is a reflection of the

rapid radiation of mammals during this period (11).

The lack of a straightforward relationship between these individual large-scale
abiotic and biotic factors despite the apparent changes in functional diversity around
major ecological and evolutionary transitions, suggests that long term variation in local

functional diversity is more likely a reflection of a complicated interplay between
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ecological and evolutionary processes. It is possible that processes may vary in their
influence on functional diversity metrics over time, and therefore a single process (or
combination of processes) is not consistently driving functional diversity metrics or the
same metric. Although investigating this concept is outside the scope of this paper, we
suggest it would be beneficial to further explore if the effects of ecological processes
changes through time. Understanding mechanistic drivers of functional diversity

continues to prove difficult and complex but remains an important aim of ecology.
Conclusion

Mammal community structure can be highly variable temporally and across
spatial scales. Moreover, spatial scales and functional diversity metrics are disassociated
in the direction and timing of shifts. Functional diversity metrics of mammal
paleocommunities do not synchronously change without an extreme degree of ecological
disturbance. Our analysis finds regular variation in components of paleocommunity and
the continental faunal structure. Functional diversity metrics were decoupled across
evolutionary timescales and between spatial scales. Moreover, the Paleocene was unique
in the 66 million years of North American mammal history, with extraordinary
synchronicity across metrics and spatial scales. The differences in the trajectories of
functional diversity metrics during the Paleocene and other intervals of significant
environmental change suggests that Paleocene community dynamics were distinct from
the rest of the Cenozoic. The magnitude of the radiation event was strong enough to link
functional diversity metrics across spatial scale. Modern mammal communities are again

experiencing extreme disturbance from multiple sources, including human impacts and
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climate change, which are causing shifts in functional diversity (17). However, ignoring
the variation in how these metrics change through time likely hides key information
about the effects of these disturbances on a community’s structure. By evaluating
synchronous responses across metrics, we can identify communities that have been
significantly disrupted and at highest risk for functional diversity loss.
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Figure 2. Loess regressions of functional diversity indices through the Cenozoic (a)
Functional Richness (b) Functional Divergence (c) Functional Evenness. Loess
regressions are a nonparametric method of fitting a smooth curve to data. Each datum

represents a paleocommunity, which are color-coded by epoch. Dotted lines indicate

confidence intervals, solid lines represent breakpoint.
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Figure 3. Loess regressions for functional diversity indices of the North American
mammal continental fauna in one-million-year time bins. (a) Functional Richness,
(b) Functional Divergence (c) Functional Evenness. Loess regressions are a
nonparametric method of fitting a smooth curve to data. Each datum represents a
paleocommunity, which are color-coded by epoch. Dotted lines indicate confidence

intervals, solid lines represent breakpoint.
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Figure 4. The trait space density of North American mammals. A) Species were
divided into 1-million-year time bins and species PCoA axes used to ordinate in
multidimensional space. Each time bin included all paleocommunities that fell within
the date range. Titles indicate major events within the included time. B) an example
paleocommunity made from a combination of paleocommunities in the dataset to display
the full range of niches occupied by mammals across the Cenozoic. Boxes are used to
identify the location of key niches discussed in our study (e.g. large carnivores, medium-
sized mammals, etc.). This example paleocommunity can be used as a general reference
to better understand what structural components of mammal paleocommunities are
changing in section A. C) The location of each trait category and the range of
multidimensional space occupied by each trait enclosed by convex hulls. Each point
represents a unique combination of traits occupied by a species in the database (see

Supplementary Material).
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Figure 5. Regression of local functional divergence against the local proportion of
archaic orders. Local proportion of archaic orders is the mean of all paleocommunities
within 1-million-year time bins against the average functional divergence of all
paleocommunities in each 1-million year time bins. It is the only abiotic or biotic variable

that had a significant relationship with a functional diversity index (R2 = 0.15, p=0.0048).
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Figure 6. Regressions of the biotic and abiotic variables that have a significant
relationship with a continental functional divergence index. 3180 values were
averaged for each 1-million year time bin and run against the functional divergence of the
continental fauna for each 1-million year time bin (R2 =0.32, p = 78e-07). The
continental proportion of archaic orders had a significant relationship with functional
richness. The continental proportion of archaic orders represents the proportion of

archaic verses extant orders within each 1-million year time bin (R2=0.11, p = 0.0095)
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Figure S1. Map of geographic locations of paleocommunities included in this study.

Paleocommunities are color-coded by epoch.
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Figure S2. Regressions showing the relationship between each functional diversity
index and paleocommunity species richness. As expected, FRic has a positive

relationship with species richness.
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Figure S3. Regressions demonstrating the relationship between functional richness
and the species richness of paleocommunities. The relationship remains weak but does
become non-significant when restricting the analysis only including paleocommunities
with 23 species or less. To determine if the significance of the relationship between
species richness and functional richness drives our results, | plotted paleocommunities

with 23 species or less in Figure S7.
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Figure S4. Functional richness replotted following the removal of all
paleocommunities with less than 23 species. We found that under 23 species, the

relationship between species richness and FRic is no longer significant as can be seen in

Figure S6.
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Figure S5. Recalculated functional diversity indices excluding all species that body
mass was averaged from genus or family to determine if averaged body mass drove
our results. These results suggest that the overall pattern in functional diversity indices

across time are not being driven by the averaging of body mass.
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Figure S6. Functional diversity was recalculated for each paleocommunity excluding
body mass as a trait for mammalian species and plotted against time. This analysis is
used to evaluate the possible effects of combining categorical and numerical variables in
functional diversity. However, the overall trends and patterns of each functional diversity
index is consistent with original results found in Figure 2 of the main manuscript.
Furthermore, these results demonstrate the strong influence that body mass has on

ecological role variation.
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Figure S8. Histograms showing the distributions of mean local scale functional
richness values after sub-sampling with replacement down to 5 paleocommunities in
the 10 million years of the Paleocene and the first 10 million years of the Eocene.
This sub-sampling routine was preformed 100 times. The Paleocene has the orange bar
making the overall mean of the distribution and the Eocene has the blue bar. 5
paleocommunities were chosen because it was the lowest number of paleocommunities
found in a North American Land Mammal Age in the Paleocene and Eocene. We ran this
sub-sampling routine and ran a t-test to compare the distributions (t = 3.5567, df = 187.2,
p-value = 0.0004757%*) to determine if the Eocene had higher functional diversity values
due to a larger number of paleocommunities. Our results demonstrate that the rise in
functional richness is not due to the increase in the number of paleocommunities, but

instead due to an overall higher average of functional richness.
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Figure S9. The bottom quartile of all mammal body masses (log grams) in the

database plotted through time. This suggest that there was not a size bias in our data to

skew our results.
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Figure S10. Histograms showing the distributions of mean local scale functional
divergence values after sub-sampling with replacement down to 5 paleocommunities
in the 10 million years of the Paleocene and the first 10 million years of the Eocene.
The Paleocene has the orange bar making the overall mean of the distribution and the
Eocene has the blue bar. 5 paleocommunities were chosen because it was the lowest
number of paleocommunities found in a North American Land Mammal Age in the
Paleocene and Eocene. We ran this sub-sampling routine and ran a t-test to compare the
distributions (t = 13.476, df = 166.98, p-value < 2.2e-16 *) to determine if the Eocene had
higher functional diversity values due to a larger number of paleocommunities. Our
results demonstrate that the rise in functional divergence is not due to the increase in the
number of paleocommunities, but instead due to an overall higher average of functional

divergence.
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Figure S11. Histograms showing the distributions of mean local scale functional evenness
values after sub-sampling with replacement down to 5 paleocommunities in the 10
million years of the Paleocene and the first 10 million years of the Eocene. The Paleocene
has the orange bar making the overall mean of the distribution and the Eocene has the
blue bar. 5 paleocommunities were chosen because it was the lowest number of
paleocommunities found in a North American Land Mammal Age in the Paleocene and
Eocene. We ran this sub-sampling routine and ran a t-test to compare the distributions (t
=97.712, df = 197.95, p-value < 2.2e-16*) to determine if the Eocene had higher
functional diversity values due to a larger number of paleocommunities. Our results
demonstrate that the rise in functional evenness is not due to the increase in the number

of paleocommunities, but instead due to an overall higher average of functional evenness.
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Figure S12. Trait space density of North American mammals in 1-million-year time

bins across the Cenozoic. Plot elements as in Figure 4.
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colors in Figure S1.
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Figure S15. Generalized linear regression between local functional divergence
averaged in 1-million year time bins against the averaged 820 values and the

lognormal species richness estimate for each time. (See Figure S2).
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Figure S16. Generalized linear regression between local functional richness averaged

in 1-million year time bins against the averaged 680 values, the average proportion

of archaic orders in 1-million year time bins and the lognormal species richness

estimate for each time. (See Figure S2).



09

o
o

S
=

Local Functional Evenness

09

0.8

S
ey

Local Functional Evenness

06

R%=0.11,p=0017

09
08
L w
2
2
£
b E
w
w©
. 5
hd go.?
w
o
8
5
06
L L] .
0 1 2 3 4
Averaged 5180
R?=0.0052, p=061
»
4
L]
i
" L]
L] L]
] . *
]
ﬁ————\O__\_'
[ -
- *
. *tg @ . . )
. ® .
L]
L]
4
B .
0 25 50 75

Averaged Proportion of Archaic Orders

72

RZ=0049, p=0.12

0 200 400 600

Lognormal Estimate of Species Richness

Figure S17. Generalized linear regression between local functional evenness

averaged in 1-million year time bins against the averaged 880 values, the average

proportion of archaic orders in 1-million year time bins and the lognormal species

richness estimate for each time. (See Figure S2).
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Figure S19. Generalized linear regression between continental functional richness
averaged in 1-million year time bins and the lognormal species richness estimate for

each time. (See Figure S2).
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proportion of archaic orders in 1-million year time bins and the lognormal species

richness estimate for each time. (See Figure S2).
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Figure S23. Regressions of mammal species extinction rates (middle bounds) plotted
against each continental functional diversity index. Although functional richness does
have significant relationship with origination rate, it is solely driven by the two earliest

Paleocene time bins.
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Table S1. Traits and trait categories used in this study to define each mammal

species functionality.

Diet Locomotion Life Habit Mass
Mixed Feeder Saltatorial Arboreal Log (grams)
Grazer Plantigrade Ground-dwelling
Browser Graviportal Amphibious
Carnivore Digitigrade Semifossorial
Frugivore Unguligrade Fossorial
Insectivore

Omnivore




Table S2. Functional diversity metrics used to analyze Cenozoic mammal

communities in our study.

Indices Description Reference
Functional The volume of the minimum convex hull including | Villéger et
Richness (FRic) | all species, or the amount of functional space filled | al. (2008)

by the community in multidimensional trait space.
Functional The equitability of trait distribution in | Villéger et
Evenness (FEve) | multidimensional space. High values of FEwe | al. (2008)
indicate that trait values are evenly distributed
throughout the trait space; low values indicate an
uneven or clumped distribution.
Functional The trait distribution regarding the mean distance | Villéger et
divergence from the multidimensional center of gravity. al. (2008)

(FDiv)
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Table S3. List of possible number of breakpoints for estimating paleocommunity

FRic breakpoints in package “breakpoint” along with their AICc values. NA is

placed in columns where a breakpoint was not found.

# of AICc Value | Breakpoint | Breakpoint | Breakpoint | Breakpoint
Breakpoints #1 #2
1 -519.8071 19.2 2.976
2 -535.1356 58.302
1.693
3 -531.2139 | 58.278 9.990 4.496
1.333 5.302
4 -531.122 58.684 33.726 29.838
1.725 1.695 3.338

Table S4. List of possible number of breakpoints for estimating paleocommunity FDiv

breakpoints in package “breakpoint” with the AICc values.

# of AlCc Breakpoint | Breakpoint
Breakpoints | Value #1 #2
1 -942.8987 | 58.509
1.211
2 -956.9382 | 57.359

0.744

Breakpoint | Breakpoint

#3 #4



3 -960.9602 | 57.287 48.252 7.501 4.507
0.703 1.836

4 -960.7354 | 57.307 44.802 35.535
0.689 2.024 2.943

7.400

5.801

Table S5. List of possible number of breakpoints for estimating paleocommunity FEve

breakpoints in package “breakpoint” with the AICc values.

# of AlCc Breakpoint | Breakpoint | Breakpoint
Breakpoint | Value #1 #2 #3
S
1 -719.05 | 12.171
1.378
2 - 22.877
712.382 | 1.464
9
3 - 56.300
732.474 | 0.864
8
4 - 56.300+1.19 | 49.883+1.56 | 28.133+3.09
735571 |1 1 2
3

Breakpoi

nt #4

16.524+1.

680
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Table S6. List of possible number of breakpoints for estimating North American

continental fauna FRic breakpoints in package “breakpoint” with the AICc values.

Max # of AlCc Breakpoint | Breakpoint Breakpoint | Breakpoi
Breakpoint | Value #1 #2 #3 nt #4
s Allowed
1 -85.1777 | 63.639+0.56
8
2 -03.5545 | 63.725+0.50 | 5.00+1.774
2
3 -83.1767 | 60.923+2.39 | 56.722+15.60 | 4.873+1.834
5 2
4 - 63.996+0.38 | 45.326+0.652 | 41.667+0.55 | 34.999
124573 |2 4 +1.089
7

Table S7. List of possible number of breakpoints for estimating North American

continental fauna FDiv breakpoints in package “breakpoint” with the AICc values.

Max # of AlCc Breakpoint | Breakpoint
Breakpoints | Value #1 #2
Allowed

1 - 62.969+0.605

418.6731

Breakpoint

#3

Breakpoint

#4




427.2197

48.923+1.883

26.036+3.081

430.6329

61.962+1.175

44.735%2.726 | 27.951+2.795
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Table S8. List of possible number of breakpoints for estimating North American

continental fauna FEve breakpoints in package “breakpoint” with the AICc values.

Max # of AlCc Breakpoint | Breakpoint
Breakpoints | Value #1 #2

Allowed

1 -387.531 | 43.003+6.131

2 -405.1936 | 39.652+1.648 | 35.011+2.083

Breakpoint

#3

Breakpoint

#4
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Table S9. AIC values for generalized linear regressions looking at the relationship
between biotic and abiotic variables and the functional diversity indices across

spatial scales.

Generalized Linear Model d | Al | Specie | d018 | PropArc
f|C |s _p- haic_p-
Richn | value | value
ess
Local_Fr | glm(formula = Fric_mean ~ 4 |- 0.87 | 0.414 | 0.726
ic log(Species Richness) + dol8 + 71111, |9
Proportion of Archaic, family = 23
gaussian, data = MixedModel_Data)
glm(Fric_mean~+do18+MixedModel |4 | - NA |[0.3 0.739
_Data$Local_PropArchaic_Mean, 8 | 113.
data=MixedModel_Data) 2
glm(Fric_mean~MixedModel_Data$L | 4 | - NA [ NA |0.187
ocal_PropArchaic_Mean, 9 | 114.
data=MixedModel_Data) 05
glm(Fric_mean~do18, 4 |- NA |[0.098 | NA
data=MixedModel_Data) 9 | 115. 9
08
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glm(Fric_mean~log(Species - 0.35 | NA NA
Richness), data=MixedModel_Data) 113. | 5
12
glm(Fric_mean~log(Species - 0.92 | 0.175 | NA
Richness)+dol8, 113. | 2
data=MixedModel_Data) 09
glm(Fric_mean~log(Species - 0.52 | NA |0.258
Richness)+MixedModel Data$Local 112.
PropArchaic_Mean, 5)
data=MixedModel_Data)
Local_F | glm(formula = Fric_mean ~ - 0.61 | 0.152 | 0.00256
div log(Species Richness) + dol8 + 182. | 87 86 **
Proportion of Archaic, family = 46
gaussian, data = MixedModel_Data)
glm(Fric_mean~+do18+Mixed Model - NA | 0.168 | 0.00264
_Data$Local_PropArchaic_Mean, 184. 56 **
data=MixedModel_Data) 19
glm(Fric_mean~Mixed Model_Data$L - NA | NA
ocal_PropArchaic_Mean, 184. 0.00484
data=MixedModel_Data) 15 **
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glm(Fric_mean~do18, - NA | 0.423 | NA
data=MixedModel_Data) 176.

48
glm(Fric_mean~log(Species - 0.69 | NA | NA
Richness), data=MixedModel_Data) 175.

98
glm(Fric_mean~log(Species - 0.98 | 0.492 | NA
Richness)+do18, 174. | 8
data=MixedModel_Data) 48
glm(Fric_mean~log(Species - 0.80 | NA | 0.00558
Richness)+MixedModel Data$Local 182. | 442 *%
PropArchaic_Mean, 22
data=MixedModel_Data)

Local_Fe | glm(formula = Fric_mean ~ - 0.83 | 0.025 | 0.1835
ve log(Species Richness) + do18 + 145. | 88 1*
Proportion of Archaic, family = 17
gaussian, data = MixedModel_Data)
glm(Fric_mean~+do18+MixedModel - NA | 0.007 | 0.1632
_Data$Local_PropArchaic_Mean, 147. 19**
data=MixedModel_Data) 13
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glm(Fric_mean~MixedModel_Data$L - NA | NA |0.614
ocal_PropArchaic_Mean, 141.
data=MixedModel_Data) 37

glm(Fric_mean~do18, - NA |[0.017 | NA
data=MixedModel_Data) 147. 5*

04
glm(Fric_mean~log(Species - 0.12 | NA | NA
Richness), data=Mixed Model_Data) 143.

65
glm(Fric_mean~log(Species - 0.67 | 0.067 | NA
Richness)+do18, 145. | 2 6
data=MixedModel_Data) 23
glm(Fric_mean~log(Species - 0.14 | NA | 0.875
Richness)+MixedModel Data$Local 141. | 3
PropArchaic_Mean, 67
data=MixedModel Data)

Continen | gim(formula = Fric_mean ~ - 0.50 | 0.435 | 0.136
tal_Fric | log(Species Richness) + do18 + 830 (1
Proportion of Archaic, family = 08

gaussian, data = MixedModel_Data)
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data=MixedModel_Data)

glm(Fric_mean~+do18+Mixed Model - NA |0.592 |0.11
_Data$Local_PropArchaic_Mean, 84.5
data=MixedModel_Data) 19
glm(Fric_mean~MixedModel_Data$L - NA [ NA | 0.00952
ocal_PropArchaic_Mean, 86.2 *x
data=MixedModel_Data) 14

glm(Fric_mean~do18, - NA |[0.008 | NA
data=MixedModel_Data) 62.1 14 **

45
glm(Fric_mean~log(Species - 0.82 | NA [ NA
Richness), data=MixedModel_Data) 549 | 3

15
glm(Fric_mean~log(Species - 0.09 | 0.001 | NA
Richness)+do18, 63.1 | 217 | 87**
data=MixedModel_Data) 42
glm(Fric_mean~log(Species - 0.72 | NA | 0.00992
Richness)+MixedModel Data$Local 84.3 | 179 **
PropArchaic_Mean, 49
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Continen | glm(formula = Fric_mean ~ - 0.96 | 501 |0.714
tal Fdiv | log(Species Richness) + do18 + 395. |1 E-06
Proportion of Archaic, family = 75
gaussian, data = MixedModel_Data)
glm(Fric_mean~+do18+MixedModel - NA | 3.63 |[0.705
_Data$Local_PropArchaic_Mean, 397. E-07
data=MixedModel_Data) 75
glm(Fric_mean~MixedModel_Data$L - NA | NA | 0.00044
ocal_PropArchaic_Mean, 372. il
data=MixedModel_Data) 24
glm(Fric_mean~do18, - NA | 7.84e | NA
data=MixedModel_Data) 408. -

77 Q7**

*
glm(Fric_mean~log(Species - 0.01 | NA [ NA
Richness), data=MixedModel_Data) 389. | 77*

26
glm(Fric_mean~log(Species - 0.73 | 1.63e | NA
Richness)+do18, 406. | 4 -
data=MixedModel_Data) 89 05**
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glm(Fric_mean~log(Species - 0.03 | NA | 0.00228
Richness)+MixedModel Data$Local 375. | 076* **
PropArchaic_Mean, 2
data=MixedModel_Data)
Continen | glm(formula = Fric_mean ~ - 0.17 | 0.020 | 0.0961
tal_Feve | log(Species Richness) + do18 + 353. | 82 9*
Proportion of Archaic, family = 02
gaussian, data = MixedModel_Data)
glm(Fric_mean~+do18+Mixed Model - NA |[0.055 | 0.1353
_Data$Local_PropArchaic_Mean, 353. 3
data=MixedModel_Data) 06
glm(Fric_mean~MixedModel Data$L - NA | NA |0.787
ocal_PropArchaic_Mean, 351.
data=MixedModel_Data) 16
glm(Fric_mean~do18, - NA | 0.381 | NA
data=MixedModel_Data) 385.
S7
glm(Fric_mean~log(Species - 0.34 | NA | NA
Richness), data=MixedModel_Data) 385. | 3

71
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glm(Fric_mean~log(Species - 0.12 | 0.137 | NA
Richness)+do18, 386. | 6
data=MixedModel_Data) 04
glm(Fric_mean~log(Species - NA | 0.767 | 0.852
Richness)+MixedModel Data$Local 349.

PropArchaic_Mean, 25

data=MixedModel_Data)
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Table S10. Best sampling distribution models over time.

Invariant Exponential Lognormal
bin scale S InL AlCc scale decay S InL AlCc scale mag_var S
70-69 0.00843 481 -5128.4  10260.72 18.06583  1.013010 911 -1589.1 3182.2 4.240609  5.908207 707
69-68 0.01459 224 -528.3 1060.52 4.05143 1.013304 893 -423.4 850.7 3.187473 3.064796 342
68-67 0.01649 200 -602.6 1209.24 4.64251 1.017579 693 -428.3 860.6 3.132712 3.395724 311
67-66 0.02044 228 -824.3 1652.69 7.05639 1.016566 731 -521.8 1047.6 4.730879 4.253278 382
66-65 0.01938 154 -153.1 310.3 2.55646  1.040000 329  -177.1  358.2 3.028799  3.921114 410
65-64 0.02959 194 -255.9 515.8 15.58000  1.025000 503 -251.0  505.9 5.942870  4.907785 624
64-63 0.04221 119 -187.5 379.06 10.45939  1.029077 439  -169.8  343.7 4.868411  4.474871 340
63-62 0.03137 160 -206.6 417.29 4.41509  1.040000 329  -234.6 4732 4.962800 2.861239 276
62-61 0.02579 215 -425.0 854.08 6.85285  1.018182 672 -348.4  700.7 5.552593  4.221229 481
61-60 0.02924 89 -168.2 340.42 4.24661 1.036746 355 -134.9 273.8 2.386092 4357749 227
60-59 0.02222 75 -54.2 112.57 2.33333 1.050000 269 -55.0 114.2 1.640215 3.553514 192
59-58 0.02019 227 -999.1 2002.15 10.21506  1.018621 658  -524.8 1053.7 4774803  7.233175 608
58-57 0.02512 135 -420.1 844.26 4.65571 1.025667 491 -285.2 574.5 3.380467 4.250188 240
57-56 0.02614 199 -582.5 1169.06 6.53125 1.016626 729  -406.3  816.5 5.461223  4.675386 382
56-55 0.02705 172 -400.1 804.12 476080 1.020000 616 -339.0 682.1 4.616655  2.615069 226
55-54 0.01892 255 -657.0 1318.08 6.45531  1.013333 891  -472.2 9484 4.684934  4.566888 577
54-53 0.01666 177 -284.4 572.8 5.55198  1.020000 616  -259.6  523.2 2.867497  3.493389 359
53-52 0.01978 172 -408.0 819.94 5.39474  1.025000 503 -354.4 7129 3.346490  2.808079 240
52-51 0.02486 133 -340.0 683.93 5.28907 1.022222 560 -282.2  568.5 3.230523  2.681581 175
51-50 0.01213 185 -51.3 106.69 1.56098 1.066667 208 -90.8 185.8 2.241195 3.268798 500
50-49 0.02526 134 -189.6 3833 3.92406 1.020645 599 -157.4 318.8 3.230933 5.966273 617
49-48 0.01865 169 -206.6 417.16 3.34884 1.028571 446 -217.9 439.8 3.126389 2.653773 273
48-47 0.01981 88 -42.8 89.78 0.84615  1.100000 145 -70.6 1454 1.743590 1.000000 88
47-46 0.04513 50 -64.3 132.8 246154  1.066667 208 -66.8  137.8 2.256473  1.906244 60
46-45 0.02744 139 -124.7 253.53 6.48837 1.033333 388  -138.6  281.3 3.815086  3.445424 326
45-44 0.04812 61 -75.0 154.12 470714  1.048369 277 -69.2 1425 2.819282  4.610799 192
44-43 0.02849 39 -12.2 29.07 1.83333  1.100000 145 -13.5 31.7 1.111185 1.810320 50
43-42 0.05313 16 -12.9 30.58 1.20000 1.200000 80 -13.6 32.0 0.850891  1.744527 19
42-41 0.03577 118 -303.4 610.86 8.69861 1.030549 420 -218.3 440.6 3.908893 5.021026 303
41-40 0.03679 96 -196.4 396.8 7.39638 1.036660 356 -160.8 325.7 3.430973 4.636984 241
40-39 0.03366 77 -127.6 259.2 6.11187 1.051252 263 -105.7 2155 2.941189 5.321855 208
39-38 0.03102 89 -163.8 331.7 5.32394 1.050000 269  -152.6  309.2 2.883727  3.741217 169
38-37 0.03455 99 -219.8 443.6 7.78231  1.038198 343 -172.1 3483 3.323256  5.959695 328
37-36 0.03121 130 -839.0 1681.9 9.02556  1.037395 350  -343.9 691.7 4.105925  7.704479 295
36-35 0.05531 81 -90.3 184.7 7.25143  1.036193 360 -83.7 1715 4.286017  4.317142 252
35-34 0.05529 133 -300.8 605.7 13.89989  1.024881 506  -260.5 5249 7.401848  2.921263 192
34-33 0.03098 171 -223.4 450.9 5.05263  1.028571 446  -246.7 497.4 5.275452  2.172826 228
33-32 0.05600 141 -167.2 3385 5.37931 1.040000 329 -200.0 404.0 7.862221 2.024251 182
32-31 0.05195 77 -79.7 163.6 5.57143 1.040000 329 -89.1 182.4 4.009999 1.763759 92
31-30 0.04070 109 -164.0 332.0 5.03984 1.027772 458 -128.9 261.8 4.146444 6.150879 532
30-29 0.06061 77 -147.3 298.6 483789 1.037188 351  -123.4  250.8 4.491167  3.150006 129
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CHAPTER 2
TAXONOMIC AND FUNCTIONAL BETA DIVERSITY OF CENOZOIC NORTH

AMERICAN MAMMALS
Abstract

Taxonomic beta diversity has been widely used to examine the spatial structure
of mammalian communities. More recently, functional beta diversity, a taxon-free
approach that uses traits as the unit of measure, has been used to more directly evaluate
changes in ecosystem function. Ecologists studying extant taxa find that the relationship
between taxonomic and functional beta diversity can differ by habitat and spatial scale.
Furthermore, ecological mechanisms driving spatial structure are not well understood.
The North American fossil record of mammals over the last 66 million years
encompasses various major environmental and ecological events making it an ideal
system to evaluate beta diversity of mammals on a geologic timescale. We compiled 264
mammal paleocommunities spanning the Cenozoic. Each mammalian genus was given
four functional traits to evaluate functional trait distributions: locomotion, body mass, life
habit and diet. The two dimensions of beta diversity were calculated in 5-million years
sliding window bins to avoid autocorrelation. We find that the dimensions of beta
diversity are strongly correlated across the Cenozoic. Both dimensions peak during the
initial opening of the forests and grassland expansion, likely an result of increased habitat
heterogeneity. We highlight the importance of using taxonomic and functional

approaches to better understand the underlying processes. Furthermore, we demonstrate
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the importance of examining diversity patterns on long time scales and across various
types of disturbances to examine the differing effects on mammalian dynamics.
Introduction

Temporal changes in mammalian diversity can vary with spatial scale, potentially
reflecting different drivers and mechanisms (1). Diversity is often divided into three
categories that reflect the spatial scale at which they are measured: alpha, beta and
gamma (1-5). Alpha diversity addresses the composition of a single locality or
community. It provides information on resource distribution within a community and
how mammals are dividing niches (1-3). Beta diversity is the measure of compositional
change across space, such as across environmental gradients, reflecting habitat utilization
on the landscape (1-3). Gamma represents the “landscape diversity” and is the result of
alpha and beta patterns (1, 4, 5). Therefore, by evaluating all three scales of diversity
through time we can better understand ecological dynamics that lead to large-scale
changes in mammalian faunas.

Traditionally, diversity at different spatial scales was explored primarily using
taxonomic composition because it can be easily measured and quantified (1, 5, 6).
However, taxonomic identities change, and the definition of a species, as well as higher
taxonomic levels, is highly variable (7). Functional diversity (FD) is an approach that
uses traits to define the ecological role of an organism (6, 8). Moreover, it offers a
quantifiable approach to assess changes in ecosystem functioning by identifying changes
in trait space (8-10) including the increase, decrease, or a shift in occupied trait space.

Significant changes in trait space can suggest a change in ecosystem services provided by
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the biological community, leading to a cascade effect. Shupinski et al. (10) used
functional diversity to evaluate alpha and gamma of North American mammal
paleocommunities across the last 66 Ma. They found that shifts in functional diversity
were frequent and primarily disassociated between continental and local scales. Most of
the continental shifts in functional diversity occurred during the middle of the Cenozoic
while local functional diversity occurred throughout the Cenozoic, overlapping with
major ecological and environmental events. Most profoundly, they found a synchronous
rise in trait space during the early Cenozoic radiation of mammals on both spatial scales
(11). Here, we continue the exploration of mammalian ecological dynamics over the last
66 Ma by quantifying changes in beta diversity using a taxonomic and functional
approach.

Traditionally, beta diversity has been quantified using species richness and used
to compare similarities in taxonomic composition among communities (12). However, a
focus on similarities in traits as well as taxa allows for a more direct examination of
habitat specialization and utilization, as well as the potential processes driving turnover
across space (12, 13). For example, communities can have different taxonomic
compositions but share similar ecological roles (12). Analyses of beta diversity from a
taxonomic and functional perspective have provided a deeper understanding of the
underlying mechanisms driving changes in species distributions by examining variation
in the relationship between beta diversity dimensions (12, 14). Indeed, the relationship
between taxonomic and functional beta diversity varies by spatial scale, organismal group

and geographic region (12, 13, 15, 16). For example, a global analysis of phylogenetic,
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taxonomic and functional mammal beta diversity found variation between beta diversity
dimensions depending on the region (15). Tropical forests had high taxonomic beta
diversity but low trait diversity, likely a result of greater niche packing and trait
redundancy (15). In contrast, temperate biomes had low taxonomic and trait beta
diversity attributed to greater range size of these mammals (15). Other variables such as
biogeographical history and past climatic events can also affect beta diversity patterns
(15, 17). For example, climatic cycling during the Pleistocene led to greater overlap in
North American mammal ranges (17). However, these broad-scale studies addressing the
relationship between taxonomic and functional beta diversity are primarily based on
modern data using already anthropogenically altered communities (12, 13, 15, 16). As
such, it is difficult to determine how much of the variation across space is a product of
human impacts.

Modern diversity patterns have been drastically altered by humans, diminishing
our ability to infer environmental and ecological drivers of mammal dynamics (18).
Moreover, anthropogenic activities have variable effects and differ in intensity by region,
further hampering out ability to infer community assembly processes (15). We therefore
advocate an approach that uses data from the fossil record that predates human impacts.
Although previous studies have evaluated mammal beta diversity in the fossil record,
they concentrated on specific periods (e.g. Eocene, Miocene, Pleistocene) (17, 19-21).
Furthermore, the variation in the temporal and spatial scales of these different studies
makes broader inferences through comparison difficult. Moreover, because of the

variation in scale, any approach used to control for distance-decay relationships in beta
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diversity cannot be standardized among studies. Here, the geographic and temporal extent
of the data allows us to use consistent time bins and geographic constraints to examine
North American mammalian beta diversity across Cenozoic climatic, environmental, and
ecological events.

Throughout the Cenozoic, North America experienced a cooling trend that led to
a transition from widespread sub-tropical forests to savannahs (22). There was a gradual
reduction in forests that began during the Eocene with the eventual development of
grassland habitats by the Oligocene epoch (23). Grasslands were widespread by the early
Miocene. By the late Miocene, grasslands were the dominant habitat in North America
(23). This climatic transition across the Cenozoic also involved several biotic
interchanges, diversification events and extinctions (22, 24-27). These changes resulted
in the modification of the mammalian fauna present in North America, providing a
unigque opportunity to explore the impacts on taxonomic and functional beta diversity, as
well as the relationship between the spatial distributions of taxa and traits (10, 20-22,
28).

Here, we examine broad, evolutionary changes in beta diversity of North
American mammals across the Cenozoic. We examine spatial distributions of taxa and
traits, allowing us to assess the relationship between taxonomic and functional beta
diversity through time. By observing changes across the Cenozoic, we address how
associated ecological, environmental, and climatic events affect beta diversity. This
provides a baseline for how mammals filter into communities from the regional pool

prior to human influence.
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Methods
Data

We compiled 264 North American paleocommunities from published databases
(Alroy 1998, Smith et al. 2018, Paleobiology Database; paleobiodb.org/) that included
2,462 mammal species (Datafilel: Mammal_Traits_Localities, fig. S1). The most
updated taxonomic name for each species was collected from the Paleobiology Database.
The estimated date ranges for each paleocommunity based on geologic location were
refined when possible, using primary literature (Datafilel: Locality Dating, fig. S1). The
refining of locality dates resulted in an average age range of 1.539 million years. Each
genus in our database has an average body mass, locomotion, life habit and diet (Table
S1). To buffer preservation biases in the fossil record and allow for the best
representation of the paleocommunities, we required a minimum of 15 species and the
presence of multiple trophic levels. Only terrestrial communities were included in our
study but the order Chiroptera was excluded.
Analyses

We calculated taxonomic and functional beta diversity at the genus-level due to
the temporal extent of our time bins. To run the FD analysis, each genus required a single
set of traits. Genus-level traits were averaged from the species in the database. Body mass
was averaged across species within each genus. Categorical traits were based on the most
common category found among the species of that genus. For example, if the majority of
Equus species were listed as grazers while some species were mixed feeders, the genus

was identified as a grazer. However, with the exception of genera whose species varied
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between differing types of herbivory (e.g. mixed feeder, browser, grazer), the large
majority of traits were highly conserved and consistent within each genus. With these
traits we used the R package “FD” to calculate functional diversity and get PCoA
coordinates for each genus (7). A species-trait matrix with rows as the genus and the
columns as traits was converted into a distance matrix using Gower’s dissimilarity
method. The ‘dbFD’ function ran the distance matrix through a Principal Coordinates
Analysis (PCoA) to ordinate each genus in multidimensional trait space using PCoA axes
(9). The coordinates of the genera were then used to calculate functional beta diversity.
Taxonomic and functional beta diversity were calculated using the r package “betapart”
(27). The betapart package uses the genus coordinates provided by the “FD” package
during the calculation of functional diversity to form the convex hull for each
paleocommunity. Pairs of paleocommunities were then plotted together in
multidimensional space and the volume of overlap was calculated to determine the
dissimilarity in trait composition. Taxonomic beta diversity quantifies the number of
matching genera between pairs of paleocommunities to determine the level of
dissimilarity. All values were standardized between 0 and 1. 1 represents the highest level
of dissimilarity and a value of O represents the most similar.

The functional and taxonomic dissimilarity scores across all paleocommunity
pairs were averaged in 5-million-year window bins. The bins shift by one million years
(65-60 Ma, 64-59 Ma, 63-58 Ma, etc.) resulting in a total of 61 window bins to avoid an
autocorrelation bias. We avoided issues with the well-documented distance-decay

relationship in beta diversity (as the distance between two sites increases, the
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dissimilarity correspondingly increases) (28), by finding the smallest-maximum
geographic distance of the window bins. We then restricted all pairs of paleocommunities
to those with a geographic distance equal to or less than that distance (1,117,679 m).
Results
Functional Beta Diversity

Total functional beta diversity of North American mammal paleocommunities
fluctuates across the Cenozoic with three major peaks (Fig. 1). The first peak occurs in
the Paleocene, the earliest part of the Cenozoic. However, it quickly declines and remains
low until the early to middle Eocene around 50 Ma followed by higher and fluctuating
values until ~35 Ma. Values then decline until ~24 Ma before reaching the largest peak.
The peak around the 20-million-year time bin leads to a sharp decline into the latest
Cenozoic. We addressed possible biases in our data by examining the relationship of
functional beta diversity between the number of paleocommunities within a time bin, the
average geographic distance between paleocommunity pairs and the average age
difference between paleocommunity pairs. There is a significant relationship between
average functional beta diversity and the number of paleocommunities within a time bin
(fig. S1; R2 =0.27, p = <0.01) and the average geographic distance of paleocommunity
pairs within a time bin (fig. S4; R? = 0.18, p = <0.01). However, we were able to
determine that these relationships are not driving our results (fig. S2, S3, S7, S8). There
was no significant relationship between the average age difference between
paleocommunity pairs (fig. S9; R? = 0.025, p = 0.23).

Nestedness and Turnover of Functional Beta Diversity
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Functional nestedness is the highest contributor to total functional beta diversity
for most of the Cenozoic (Fig. 1). There are only three points where turnover is a greater
contributor to total functional beta diversity than nestedness. Turnover is higher than
nestedness during the Paleocene at ~43 Ma and during the early Miocene at ~22 Ma
(Fig.1). Nestedness peaks at four different times during the Cenozoic. Nestedness is
highest around 50 Ma and between 40-35 Ma. The final peak is smaller but prominent
between 27 Ma and 24 Ma time bins (Fig. 1).
Taxonomic Beta Diversity

Total taxonomic beta diversity has consistently higher values than functional beta
diversity across the Cenozoic but less temporal variation (Fig. 1). Taxonomic beta
diversity is higher during two periods from approximately 50-40-million-year time bins,
and the second period occurs between 28-20-million-year time bins. Taxonomic beta
diversity is initially low Paleocene but increases and fluctuates, reaching the first peak
around the 50-million-year time bin. It remains higher until about 40 Ma before
declining. However, by 34 Ma it begins to increase again, reaching the second peak that
lasts from the 29 — 24-million-year time bins. From there, it gradually rises into the
second peak and keeps consistently higher values until ~20 Ma. Afterward taxonomic
beta diversity drops and remains lower for the rest of the Cenozoic.

We addressed possible biases in our data by examining the relationship of
taxonomic beta diversity between the number of paleocommunities within a time bin, the
average geographic distance between paleocommunity pairs and the average age

difference between paleocommunity pairs. We found that there was a significant
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relationship between taxonomic beta diversity and the number of paleocommunity pairs
within a time bin (fig. S1; R? = 0.26, p = <0.01), the average geographic distance between
paleocommunity pairs within a time bin (fig. S4; R? = 0.23, p = <0.01) and the average
age difference between paleocommunity pairs within a time bin (fig. S9; R2=0.13,p =
<0.01). However, we were able to determine that these relationships are not driving our
results (fig. S2, S3, S5, S6, S10, S11).

Turnover and Nestedness of Taxonomic Beta Diversity

Turnover heavily drives total taxonomic beta diversity across the Cenozoic (Fig.
1). Taxonomic turnover reflects the same fluctuations demonstrated by total taxonomic
beta diversity. Nestedness remains close to zero for the entirety of the Cenozoic.
Interestingly, we find that nestedness is lowest during the periods of highest taxonomic
beta diversity increases in the middle Eocene and late Oligocene to early Miocene (Fig.
1).
Taxonomic and Functional Beta Diversity Relationship

Average functional and taxonomic beta diversity are significantly correlated
across the Cenozoic (Fig. 4;r= 0.6, p =<0.01), and have heightened levels during similar
intervals. Taxonomic and functional beta diversity have sustained peaks in the middle
Eocene to early Oligocene. They both reach the highest levels in the early Miocene (Fig.
1).

We also analyzed the relationship between taxonomic and functional beta
diversity within each time bin (Fig. 4). We find that taxonomic and functional beta

diversity are strongly correlated across the Cenozoic except during initial rises in
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functional beta diversity. In particular, taxonomic and functional beta diversity become
decoupled during periods of increasing functional nestedness (Fig. 4).

Discussion

Functional and taxonomic beta diversity of North American mammal
paleocommunities fluctuates throughout the Cenozoic, driven be different components of
beta diversity (Fig. 1). Taxonomic beta diversity is almost solely influenced by turnover
in genera through time with little influence from low nestedness. However, nestedness is
the greatest contributor to functional beta diversity overall, but there are periods during
the Cenozoic when turnover is greater than nestedness. Functional beta diversity has
more temporal variation than taxonomic beta diversity but taxonomic and functional
dissimilarity across space reach the highest levels during the same time periods (Fig. 1).
Disassociation in the Earliest Cenozoic

Earliest Cenozoic paleocommunities exhibit high dissimilarities in functional trait
composition. The greatest dissimilarity is primarily driven by higher nestedness and
lower turnover. This suggests that paleocommunities shared a core set of ecological roles.
These roles were likely fulfilled by a consistent set of mammalian genera as well,
reflected by the greater similarity in taxa across space due to low turnover. Although
nestedness has limited influence on taxonomic beta diversity, it does reach its highest
point at the 65- and 64-million-year time bins (65-59 Ma). This further supports the
hypothesis that paleocommunities had a similar set of ecological roles being filled by the
analogous taxa. Two likely explanations for our findings; 1) The landscape was relatively

homogenous due to the flat temperature gradient at this time allowing for widespread
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sub-tropical habitats (29), and 2) these time bins reflect paleocommunities of the early to

middle Paleocene epoch, which took place soon after the extinction of the non-avian

dinosaurs (~66 Ma) (30, 31). Although mammals radiated rapidly during this epoch,
mammal diversity remained relatively low until around 60 Ma (30).

Middle Eocene Rise in Beta Diversity
North American paleocommunities become less similar and sustain higher taxonomic and
functional dissimilarity throughout much of the middle to late Eocene (Fig. 1). This
interval corresponds with a rapid increase in mammal species richness (23, 33).
Furthermore, the climate becomes more arid and cooler with greater seasonality (23).
Taxonomic beta diversity maintains higher levels between the 49-41 Ma time bins (~49—
36 Ma). The rise in taxonomic dissimilarity coincides with an increase in mammal
species richness that occurred during the cooling and drying of the climate (23, 33, 35).
there is a rise in the dissimilarity of functional traits as well (~43-28 Ma). Higher
functional beta diversity is likely attributed to the opening of forests in the late Eocene
marking the first evidence of grasses (24, 36) and development of the first grasslands in
the early Oligocene (25, 37, 38). At this time there is an increase in in cursoriality (24),
likely due to the opening of forests. The gradual transition to a more open landscape in
North America led to greater habitat heterogeneity, and in turn, greater spatial variation
in mammal ecological roles.
Greatest Beta Diversity of the Cenozoic — The Early to Middle Miocene

Functional and taxonomic beta diversity both reach their peaks between the 21

and 18-million-year time bins, covering 21 Ma to 14 Ma (Fig. 1). During this interval, the
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expansion of grasslands facilitated various changes to the North American mammal fauna
(21, 34). There is a diversification of open-landscape mammals with the spread of the
new habitat, particularly in grazing ungulates, such as horses (21). They rapidly
diversified until approximately 16-14 Ma before species richness began to decline again
(21). There is also a rise in the taxonomic diversity of carnivores (24). Additionally, true
felids and proboscideans arrive in North America at this time (36). The sharp decline in

beta diversity following this period may be a result of the middle Miocene Climate

Transition (~14 Ma), which was another shift to a cooler climate (32). Thereafter,
savanna’s dominated North America, homogenizing the landscape (21).
Conclusion

Taxonomic and functional beta diversity are strongly associated across
evolutionary timescales. The intervals with the greatest spatial dissimilarity of mammal
traits and taxa occur during the middle to late Eocene and early Miocene. During these
intervals habitat heterogeneity is increasing due to changes in climate. In future research
it will be important to further investigate the changes we find in taxonomic and functional
beta diversity to determine if specific geographic regions, clades, or functional groups are
influencing these temporal fluctuations. However, the aim of this study is to evaluate
overlying patterns of beta diversity across evolutionary timescales and the relationship
between taxa and traits. This macroecological approach can improve our understanding
of mammal spatial distributions by comparing intervals of heightened beta diversity,

allowing us to better infer associated ecological, environmental, or climatic events.
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Figure 1. Line plot of Cenozoic taxonomic and functional beta diversity of
mammalian genera calculated in 5-million-year window bins. The time bins are
plotted at the midpoint of the 5-million years. For example, the 65-60 Ma bin is plotted at
63.5 Ma. The plots also include turnover and nestedness components to demonstrate the

variation and contribution of the additive components to total beta diversity over time.



114

0.71

o
o
f

Functional Beta Diversity
o o
'Jls w

0.3+ . M

0.6 0.7 0.8 0.9
Taxonomic Beta Diversity

Figure 2. Correlation plot showing the relationship between taxonomic and

functional beta diversity (r = 0.6, p =<0.01).
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Figure 3. Correlation coefficient of taxonomic and functional beta diversity

relationship within each 5-million-year time bin. The points are color coded by

significance. Pink dots are not significant correlations, while blue dots are significant

correlations (p <=0.05).
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Figure 4. Regressions showing the relationship between the taxonomic and
functional beta diversity correlation coefficient through time (see fig. S5) and the
components of functional beta diversity (total (top), turnover (middle), nestedness
(bottom)). Functional turnover has a very weak, yet significant relationship (R? = 0.071,
p = 0.038). Total beta diversity has a significant relationship (R? = 0.4, p= <0.01).
However, functional nestedness shares a significant, negative relationship with the

correlation coefficient through time (R? = 0.32, p = <0.01)



Table S1. Species traits and categories used to calculate functional beta diversity.
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Body Mass Life Habit Locomotion Diet
Average Log Mass Arboreal Saltatorial Omnivore
Ground-dwelling Plantigrade Carnivore
Fossorial Digitigrade Mixed Feeder
Semi-fossorial Graviportal Frugivore
Amphibious Grazer

Browser
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Figure S1. Relationship between total taxonomic beta diversity (functional and
taxonomic) and the number paleocommunity pairs in each window bin to determine
if the number of paleocommunity pairs drives our patterns. There is a significant,
negative relationship between the number of pairs and total functional beta diversity

(Top: R? =0.27, p = <0.01), as well as taxonomic beta diversity (R? = 0.26, p=<0.01).
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Figure S2. Regression demonstrating the relationship between all time bins with less
than 200 paleocommunity pairs. All time bins with an average greater than 200 were
removed. This is the threshold at which the relationship between beta diversity and the

number of paleocommunity pairs in each time bin is lost.
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the threshold at which the relationship between both beta diversity dimensions and the
number of paleocommunity pairs is no longer present. The pattern in beta diversity over

the Cenozoic remains intact, suggesting the relationship is not driving our results.
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average distance between paleocommunity pairs averaged for each time bin. There is

a significant, positive relationship between both dimensions of beta diversity and average

distance (Taxonomic: R? = 0.23, p = <0.01, Functional: (R2 = 0.18, p = <0.01).
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Figure S5. Regression showing the relationship between average geographic
difference between paleocommunities and taxonomic beta diversity per time bin. In
this regression all bins were removed that had an average geographic difference less than
450,000 meters. 450,000 meters is the threshold at which the relationship between age
difference and taxonomic beta diversity is no longer significant (R?=0.1, p=0.061). This
suggests that the relationship between average geographic distance and taxonomic beta
diversity in time bins is primarily driven by the time bins with very low geographic

spread.
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Figure S6. Taxonomic beta diversity replotted after removing all time bins with an
average geographic distance between paleocommunity pairs less 450,500 meters.

These results are consistent with the original findings.
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Figure S7. Regression showing the relationship between average geographic
difference between paleocommunities and functional beta diversity per time bin. In
this regression all bins were removed that had an average geographic difference less than
200,000 meters. 200,000 meters is the threshold at which the relationship between age
difference and functional beta diversity is no longer significant (R?=0.057, p=0.078). This
suggests that the relationship between average geographic distance and functional beta
diversity in time bins is primarily driven by the time bins with very low geographic

spread.
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Figure S8. Functional beta diversity replotted after removing all time bins with an
average geographic distance between paleocommunity pairs less 200,000 meters.

These results are consistent with the original findings.



0.9

Taxonomic Beta Diversity Mean Per Bin

0.8 R*=013,p=0005

L
0.7
0.6
0.5 1.0 1.5 2.0 25
Average Age Difference Between Paleocommunities
0.8 R*=0025,p=023
[ ]
L ]
L *
L ]

0.61

0.4

Functional Beta Diversity Mean Per Bin

0.5

1.0 15 2.0 25

Average Age Difference Between Paleocommunities
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paleocommunity pairs. There is a weak, positive relationship with taxonomic beta
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diversity (R? =0.13, p = <0.01). There is no significant relationship with functional beta

diversity (R2 = 0.025, p = 0.23)
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Figure S10. Regression demonstrating the relationship between all time bins with
less than an average age difference between paleocommunities of 1.75 Ma. All time

bins with an average greater than 1.75 were removed. This is the threshold at which the

relationship between taxonomic beta diversity mean per bin is lost.
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the overall pattern is consistent with original findings and the age difference between
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CHAPTER 3
DIFFERENT MAMMALS, SAME STRUCTURE: CO-OCCURRENCE

STRUCTURE ACROSS THE PLIO-PLEISTOCENE TRANSITION
Abstract

A central goal in ecology is investigating the impact of major perturbations on the
structure of biological communities, such as invasion. One promising line of inquiry is
using co-occurrence analyses to examine how species traits mediate co-existence and
how major ecological, climatic, and environmental disturbances can affect this
relationship and underlying mechanisms. However, present communities are heavily
influenced by anthropogenic activities and may exhibit greater or lesser resistance to
invasion than communities existing before human arrival. Here, we use the North
American fossil record to evaluate the co-occurrence structure of mammals across the
Great American Biotic Interchange. We compiled 126 paleocommunities from the late
Pliocene (4-2.5 Ma) and early Pleistocene (2.5-1 Ma). Genus-level co-occurrence was
calculated to identify significantly aggregated (co-occur more than expected) and
segregated (co-occur less than expected) genus pairs. A functional diversity analysis was
used to calculate functional distance between genus pairs to evaluate the relationship
between pair association strength and functional role. We found that the strength
distribution of aggregating and segregating genus pairs does not significantly change
from the late Pliocene to the early Pleistocene even with different mammals forming the
pairs, including immigrant mammals from South America. However, the distribution of

functional distances between genus pairs became significantly shorter in the early
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Pleistocene. Due to different mammals and ecological roles forming significant
associations and the stability of co-occurrence structure across this interval, our study
suggests that mammals have fundamental ways of assembling that may have been altered
by humans.
Introduction

Understanding the impacts of major ecological, environmental, and climatic
transitions on biological communities is a primary focus for conservation paleobiology
and modern ecology (1-8). Community structure plays a key role in maintaining
ecosystem functioning and resiliency against disturbances. However, the exploration and
investigation of changes in community structure is exceptionally complex because
structure is driven by numerous components of biological systems and interactions (8).
Traditionally, species diversity, richness and abundance are some of the most examined
components (8, 9). However, modern ecologists are increasingly using quantitative
methods to examine the importance of biological relationships and functional roles on
community structure (10-12) Furthermore, paleoecologists have begun applying these
methods to encompass critical intervals in the fossil record. This allows us to understand
how events such as climate shifts and biological invasions result in the reorganization of
community structure. For example, periods of major climate transitions, can lead to
dramatic shifts in vegetation distributions resulting in non-analog habitats (13-15).
Altering resource availability for other species can lead to range shifts, as well as
extinctions due to shifts in geographic ranges (16). This leads to the loss or gain of

species interactions (17). Similarly, large-scale immigration likely impacts species
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associations, such as competition, mutualisms, and facilitations, altering the relative
importance of underlying mechanisms that drive how organisms assemble (16, 17). Thus,
evaluating changes in community structure across space and time during past
disturbances is particularly informative in understanding mammalian community

assembly.

The closing of the Isthmus of Panama was a major environmental perturbation for
South and North American ecosystems. The exact timing of the closing is still contested
but may have occurred between 3-2.5 Ma. It both triggered the intermingling of North
and South American biota and may have facilitated the transition into a colder climate
that drastically modified North and South American mammal communities (18-22).
While this land bridge was likely in place nearly 10 million years ago. Some studies
suggest that it continuously flooded until the late Pliocene (18, 23-25). By 3 Ma uplift
caused by the meeting of the North and South American plates permanently divided the
Gulf of Mexico and the Pacific Ocean and the ocean circulation between the Americas
ceased (25, 26). The reorganization of ocean currents may have helped drive the onset of
glaciation in the Northern Hemisphere (27, 28). The shift towards a cooling climate and
the rapid expansion of glaciers in North America(18, 29) pushed mammals to lower

latitudes (30); steppe-tundra habitats were displaced southward (30).

These events led to extensive interchange of mammals between the Americas; an
immigration process called the Great American Biotic Interchange (GABI). Many
important studies have evaluated the taxonomic identification, functional roles and the

timing of movements (19, 21, 31). For example, although portions of the Isthmus of
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Panama may have been uplifted much earlier, the migration of mammals between
continents remained minor until ~3-2.5 Ma (18-20), and only a few mammal taxa
crossed prior to this time (18). One of the earliest migrants into North America were giant
ground sloths, which are large and more ecological generalists. By the middle to late
Pliocene, armadillos, porcupines and capybara-like rodents followed (19, 24).
Occurrences of South American taxa in North America were fairly rare before the Plio-
Pleistocene transition, increasing by 50% afterward (18, 20). The South American
mammals that ultimately immigrated represent a diversity of functional roles and 36
families (24). Although some of these groups were successful and remain part of the
North American fauna, others did not move northward beyond the subtropics or are no
longer found in North America (31). In contrast, North American migrants into South
America experienced far greater success, likely due to the higher extinction rates of
native South American taxa during this period (31). Previous studies have also evaluated
migration, extinction, and origination rates across this interval (18-20, 31). Mammals in
North America underwent increased origination and extinction rates and temporal
turnover in community composition was high during the invasion of South America
migrants (21, 32, 33). The combined impact of changing functional diversity, loss of
native genera and the range shifts to lower latitudes due to glacier expansion on
community structure remains largely unexplored. However, with recently developed
methods and increased computing power, we can better understand the impact of this

event on mammal community structure.
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One method that has been used to quantify changes in mammalian community
structure is a pairwise co-occurrence analysis (1, 4, 34). Co-occurrence analysis uses
species pairs to examine the extent to which they occupy the same communities (1, 34).
Species can be segregated (appearing together less often than expected) aggregated
(appearing together more often than expected), or random (not significantly aggregating
or segregating). Patterns of species associations over time and space give important
insight into the mechanisms that determine how mammals filter into communities
including, dispersal limitations, environment filtering, and competition (35). Moreover,
species functional traits provide a link to ecosystem functioning by interacting with these
mechanisms in shaping communities and species associations (12, 36—38). Functional
traits (e.g. body mass, diet, life habit, locomotion) define a mammal’s ecological role in
an ecosystem (12, 39) and species associations are heavily influenced by the functional
roles of the constituent species (40, 41). Combining information on functional diversity
with co-occurrence strengths allows us to characterize changes in community structure
more fully and infer the underlying mechanisms driving mammal community structure

(41).

The closing of the Isthmus of Panama played an important role in shaping the
modern North American mammalian fauna through major climatic, ecological, and
environmental changes. Various studies have recorded taxonomic turnover associated
with the interchange of species between the two continents, changes in generic richness
and the timing of the arrival of different genera into each continent (24, 31). However,

the effects on community structure are largely unknown. Here we identify changes in
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western North American mammal community structure using species associations and
functional diversity across the Plio-Pleistocene transition. Specifically, we ask if there is
a change in the relative proportions of significant aggregations versus segregations. We
investigate whether the extinction of North American genera or the invasion of South
American genera contributed to changes in co-occurrence structure. Finally, we ask
whether the functional roles or body size of species that form significant pairs change

across this interval.
Methods & Data
Occurrence Data

Our study includes 126 North American localities spanning the Plio-Pleistocene
transition. Data on occurrence come from the Paleobiology Database

(https://palecbiodb.org/#/) and includes a total of 118 genera (Datafilel).

Paleocommunities are divided into two equal time bins, pre-glaciation (4-2.5 Ma) and
early Pleistocene (2.5-1 Ma). Each paleocommunity was a fossil locality or a
combination of fossil localities. Paleocommunities were constrained using the following
criteria: 1. because data were limited for the eastern region, we only used localities
between -125 to -90 degrees longitude and less than 55 degrees in latitude. 2. Due to
preservation biases, only mammals above 1 kg were included. 3. Only terrestrial and non-
volant mammal genera were included. Genera were defined as South American or North
American based on the earliest occurrence of the family before 10 Ma. The continental

species pool was also compiled using all terrestrial mammalian genera over 1kg
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occurring in North America (minus Mexico) between 4-1 Ma. This database also only

included non-volant, terrestrial mammals.
Co-occurrence Analysis

We examined co-occurrence at the genus level. A minimum of 5 genera were
required for a paleocommunity to be included in the co-occurrence analysis (1). Any
paleocommunities with the same estimated date range and located within 5 km of each
other were combined into a single site. Co-occurrence analysis was run separately for the
late Pliocene time bin (4-2.5 Ma) and the early Pleistocene time bin (2.5-1 Ma) using the
‘cooccur’ R package (42). The Veech 2013 pairwise method was used to determine if
significant genus pairs either aggregated or segregated by comparing the observed
number of times two genera occur together against the expected frequency (10, 11, 43).
To account for differences in sample size between time bins, we ran a random sub-
sampling routine for 100 iterations. Each iteration provided a list of significantly
aggregating and segregating genus pairs. The Fisher’s exact Test mid-P variant provided
a weight to score the strength of each significant pair (1, 10). The raw scores were then z-
transformed using the gnorm function in R to standardize them between positive and
negative infinity (1). This resulted in segregated pairs having negative scores and
aggregated pairs having positive scores. The mid-P variant was then averaged over the
100 subsampling routines for each pair to provide an average strength. The list of pairs
can be found in Datafile2 of the supplementary material. A Kolmogorov—Smirnov test
was conducted to determine if there was a significant difference in the distribution of pair

strengths between time bins. By identifying significant changes in pair strengths
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distributions, it can demonstrate shifts in community structure that may otherwise not be
found when evaluating other components of community structure (e.g., species richness,

diversity, etc.).
Functional Diversity and Functional Distance

Functional diversity was calculated using four functional traits for each genus
(body mass category, diet, locomotion and life habit). The functional traits for each genus
were adjusted from species trait data from Datafile3 where all trait references can be
found. References for the primary literature of the fossil localities can be found in
Datafile4. Body masses were averaged, and categorical traits were chosen based on the
most prevalent category found in that genus. Numeric body mass categories were based
on Pinedo-Munoz and Alroy 2016, who found that these body mass categories were
highly associated with the ecological role of a species (Table 1). Diet was a single
category based on the most common dietary preference of the species within the genera.
Locomotion was the morphological limb structure that determines a mammal’s stance
and was highly conserved across species within each genus. Life habitat reflected the
commonly preferred habitat of the genera and the most abundant category across species
in a genus was chosen (Table 1). Functional diversity was calculated for all mammalian
genera occurring in North America above a latitude of 31° N, during the two-time bins
(4-1 Ma), not just genera included in the co-occurrence analysis. We used the coordinates
from this analysis to plot genera in trait space. Using coordinates calculated from all
genera ensured that we did not under or overestimate the variation in ecological roles. A

genus by trait matrix was used to make a distance matrix with the Gower’s dissimilarity
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method. In the distance matrix, categorical traits are not ranked or ordered. Between two
genera they are identified as a 1 (match) or 0 (no match). The distance matrix was
analyzed with the ‘dbFD’ function from the ‘FD’ R package (44). A square root
correction was applied to the non-Euclidean dataset. Principle Coordinate Analysis
(PCoA) coordinates were created for each genus to ordinate them in multidimensional
space. To calculate Euclidean distances between each pair of genera, we used the first
four PCoA axes and applied them to the excel equation -
=SQRT(SUMXMY 2(array_x,array_Y)). Array x was the first four axes of one genus and
array y would the first four axes of the second genus. Kolmogorov—-Smirnov tests were
employed to assess differences in the distribution of functional distance between genera

for significant associations pre and early Pleistocene.
Extinction versus Survivorship of Genera

Survivorship of mammalian genera across the Plio-Pleistocene transition was
evaluated by whether it had fossil occurrences past 1 Ma in North America. Information
on first and last appearances can be found in Datafile5. We used the Paleobiology
Database to collect information on the maximum and minimum date of the last
appearance. We used the youngest estimated date (most recent) of their survival for all
graphs in the main text but included graphs using the oldest estimated date of extinction

in the supplementary material (See Supplementary Information).
Results

1.1 Co-occurrence Structure
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The co-occurrence structure of western North American mammal

paleocommunities remains stable across the Plio-Pleistocene transition. The distribution
of co-occurrence strengths for segregating and aggregating genus pairs does not
significantly change even though significant pairs decline from pre to post glaciation
(Kolmogorov-Smirnov: p = 0.5731; Number of Significant Pairs: Pre = 291, Post = 255;
Fig. 1). In addition, our results show that both time slices have a greater proportion of
aggregations than segregations. Moreover, the association strengths of segregations tend
to be weaker than those of aggregations on average. While the overall pattern of
aggregations and segregations does not change, the identity of genera forming significant

pairs does change (DataFilel).

1.2 South American Migrants vs. North American Native Mammal Co-occurrence

Structure

South American mammals increase in the number of significant pairs they form
following the Plio-Pleistocene transition. There are 37 significant pairs including a South
American genus and a North American genus (NA-SA) in the late Pliocene time bin
compared to 63 NA-SA pairs in the early Pleistocene (Fig. 2). Meanwhile, pairs with
only North American genera (NA-NA) decrease (pre = 252, post = 191). Interestingly,
South American genera form few pairs with each other (SA-SA) in either time period
(Pre = 2, Post = 1). In addition, the NA-SA pairs that occur in the early Pleistocene are
not filling in ecological space vacated by the NA-NA pairs and these areas are less
densely occupied (Fig. 2). Instead, they are spread throughout the ecological space

defined by co-occurrence strength and functional distance. In addition, the proportions of
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segregations to aggregations do not vary between genus pairs of different continental

origins or the same continental origin (Fig. 3).
2.1 Functional Roles

We find that the average functional distance between significant associations
decreases across the Plio-Pleistocene transition (Kolmogorov—-Smirnov Test: p = 0.004;
Fig. 4). This pattern persists even when aggregated and segregated pairs are analyzed
separately (Kolmogorov—Smirnov Test: Aggregating p =1.581e-07, Segregating p =
0.001429). The decrease in functional distance of significant pairs is not caused by
differences in the geographic distributions of the fossil localities between time bins
(Kolmogorov-Smirnov Test: p = 0.1063; fig. S1, S2). These results also are not
determined by differences in community species richness distributions between each time

bin (Kolmogorov—Smirnov Test: p = 0.2866).

We also identified changes in trait category distributions of mammalian genera in
the late Pliocene and early Pleistocene. We found that locomotion, diet, and body mass
category distributions change significantly, while mammal distributions across life habit
categories remains the same (p-values: locomotion = 1.184e-12, diet = 3.458e-05, body

mass = 6.661e-11, life habit = 0.6931).
2.2 South American vs. North American Functional Roles

The diversity of South American functional types is much lower than North
American functional types (Fig. 5), with South American mammals occupying the center

of functional space whereas, North American genera have a greater abundance along the
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outside (Fig. 5). This pattern is more obvious when South American genera are only
plotted with North American survivors (Fig. 6). However, the extinct North American
genera occupy similar functional extent as the surviving genera (Fig. 7). There are no
extinct South American genera that form significant associations. Most South American
genera aggregate with carnivores, mixed feeders, or other browsers. The number of
aggregations formed by browsers increases in the early Pleistocene (fig. S3). The role of
body size in mediating pair formation changes over time (figs. S4-S10). NA-SA pairs
show an increase in associations between large and medium sized genera, as well as
associations between large-bodied genera across the transition. In contrast, NA-NA pairs
between medium and large-sized mammals and between large-bodied genera decline in

abundance following the Plio-Pleistocene transition.
Discussion

Amidst the onset of a major climate transition (18, 28, 45) and the escalation of
the Great Biotic Interchange (18, 19, 24), western North American mammal
paleocommunities underwent high compositional turnover, and yet, community structure,
as measured by species co-occurrence patterns, remains stable. No difference occurred
across the Plio-Pleistocene transition in either the proportion of aggregated and
segregated genus pairs or in the strengths of the associations (Fig. 1, 3). Our results are
consistent with several recent studies that demonstrated the resiliency of some
community structure components across major ecological and environmental change.
Specifically, previous studies have shown that co-occurrence structure over evolutionary

timescales is consistent across periods of climate change and mass extinctions unless
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humans are part of the ecosystem (1, 4). Indeed, plant and mammal communities
primarily form aggregations rather than segregations for approximately 300 ma until the
Holocene (4). In our study, western North American mammals shift their distributions in
response to climate change and the invasion of new species and form new associations.
Furthermore, they were able to maintain co-occurrence structure with the formation of
non-analog habitats (Fig 1.). The individualistic responses to glaciation by vegetative
species led to non-analog habitats with the expansion and retraction of their fundamental
niche space (46, 47). Thus, even with new members, different climatic gradients and
formation of non-analog habitats due to glaciation (46, 47) they still formed the same
types of associations in similar proportions (Fig. 1, 3). Our study, among others, may
suggest that South and North American mammals share a fundamental way of assembling
that is maintained across intervals of climatic, ecological and environmental shifts in the

absence of human perturbations (1, 4, 48).

Mammals of South American origin displayed the same co-occurrence structure
found in North American mammals, further supporting the idea that mammals have a
fundamental way of assembling (Fig. 3). Despite originating on a continent that was
isolated for millions of years, the mammals still form the same proportion of aggregations
and segregations as their North American counterparts (Fig. 2). Abundance changes
following the Plio-Pleistocene transition do not change the proportion of aggregate to
segregated genera. The increase in South American associations early Pleistocene is
likely due to heightened rate of migration between continents at ~3-2.5 Ma triggered by

the closing of the Isthmus of Panama (Fig. 2; 22, 26, 27). Before this time, few South
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American genera had reached western North America and they were a smaller percentage
of the North American communities (24). However, it is unclear if South American genus
o0-occurrence structure shows a similar pattern because they are primarily paired with

North American genera.

The success of some South American mammals infiltrating the North American
fauna may be because they concentrate in an area of trait space, underutilized by North
American genera. North American genera more densely occupy the outside of trait space
(Fig. 2). Moreover, it may be that the niche space filled by those unique roles was
formerly vacant. This distribution of South American genera in this unoccupied niche
space is at least partially responsible for the shorter functional distances among
associating genera following the glaciation event, as many of the South American genera
are unlike any mammals previously found in North America. For instance, the large,
browsing, plantigrade clade of ground sloths. Ground sloths form more significant pairs
with North American genera than any other South American clade. Multiple genera of
ground sloths migrated into North America millions of years before the closing of the
Isthmus, providing time for them to form ecological relationships and even evolve
species endemic to North America (19, 24). Furthermore, Glyptotherium (glyptodonts)
and Erethizon (porcupines) also form a large number of significant pairs with North
American genera following glaciation. Both genera commonly form segregations with
grazing mammals such as horses, camels and mammoths and form aggregations with
mixed feeders and other browsing mammals. Ground sloths, glyptodonts and porcupines

have a strong presence in early Pleistocene paleocommunities, likely reflecting their



143
ecological success (Datafile 1). Glyptodonts and ground sloths survived until the late
Pleistocene megafaunal extinction when many large-bodied mammals went extinct (49,
50). Porcupines survive this mass extinction and remain a common mammal in the North
American fauna today (51). Due to the uniqueness of their functionality, there does not
appear to be a similarity between the types of North American genera that stop forming

pairs and the South American genera that begin building strong associations.

Extinct North American genera display a variety of functional roles. In fact, their
distribution in functional space is similar to surviving genera (Fig. 5, 6, 7). Furthermore,
the extinct genera, like surviving genera, do not overlap with South American functional
roles, suggesting that competition may not have a been a strong driver in these
extinctions (Fig. 5, 6, 7). However, in some areas the landscape is thought to have
opened-up with a spread of drier savannah at the onset of glaciation (30). For example,
Borophagus and Buisnictis were two North American genera that had a strong presence
pre-glaciation, but quickly diminished following the Plio-Pleistocene transition (2.5 Ma).
Borophagus was a genus of canid with robust limbs thought to specialize at ambush
hunting in closed habitats (52). With a body size greater than the modern gray wolf, they
likely fed on larger herbivores like tapirs (52). Buisnictis is a medium-sized transitional
genus of skunk that gave rise to modern skunks (53). Based on inferences about the
habitat preferences of many of the extinct genera, it is possible that many closed -habitat
mammals were lost due to the opening of the landscape. Nevertheless, more quantitative
assessment is needed on this topic and acquiring evidence of habitat preferences for

individual genera is outside the scope of this paper.
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Ecological theory predicts that factors such as invasion, climate change, and
extinction have large effects on community structure (1, 54-58). In modern times, the
composition of Swedish bird communities has changed rapidly in response to varying
summer temperatures since the 1960°s (59). Similarly, the invasion of European House
Sparrows into west Mexico, led to a significant decrease in richness but increased bird
abundances, resulting in a dramatic difference between invaded and non-invaded bird
communities (60). Interestingly, many studies examining changes in community structure
using the fossil record prior to human impacts do not find significant changes in response
to these factors (2, 4, 61). For instance, the immigration of three new orders of mammals
from Asia around ~56 Mya and a rapid warming event, did not result in community
structure changes (2). These major environmental and ecological events in the fossil
record have been explored at various temporal grades. Although our study, like many
paleoecological projects, works at a large temporal grade, those using shorter timescales
(e.g. 1000 years or less) (4, 62, 63) also find structural consistency across major events
(4). When looking at co-occurrence structure specifically, there is no relationship
between the temporal grade of the data and the proportion of aggregated to segregated
pairs (4). Furthermore, taphonomic biases that vary over space and time favor the
fossilization of different habitats, body types and sizes. Regardless, paleoecological
studies working in different time periods and geographic regions still find consistency in
mammalian community structure across major transitional events except for the climate
shifts and extinctions that occur at the terminal Pleistocene to early Holocene (1, 4, 48).

The novel climate at the terminal Pleistocene led to non-analog habitats due to range
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shifts in plants, drastically altering the landscape (13, 15, 47, 47) . This suggests that the
shift in climate occurring with glaciation at the Plio-Pleistocene transition would have
likely led to similar environmental changes and ultimately, similar impacts on mammal
communities. Nevertheless, community structure is not significantly altered at the Plio-
Pleistocene transition. This difference is likely not driven by taphonomic biases or
different temporal grades, but rather caused by the presence of humans. Anthropogenic
activities are disrupting natural mechanisms that allowed for structural stability of
mammal communities across past perturbations. Thus, resulting in greater susceptibility

to disturbances in modern communities.
Conclusion

The closing of the Isthmus of Panama contributed to a number of ecological,
environmental and climatic events that affected the composition of western North
American mammal communities. South American mammals increased their rate of
migration across the land bridge with some genera successfully joining the North
American fauna and filling an area of niche space with low occupancy and redundancy.
Moreover, and for unknown reasons, various North American mammals gradually went
extinct following the Plio-Pleistocene transition. Fascinatingly, these events do not lead
to a reorganization in community structure. In fact, the dispersal of mammals into North
America during the Plio-Pleistocene transition may be responsible for maintaining
community structure despite the extinction of some North American mammals; while the
types of ecological roles forming strong associations are different, the types of

associations remain the same (Fig. 1, 3). This suggests that mammal communities can



146
remain stable across periods of major environmental, ecological, and climatic changes
without human disturbance. The deep, evolutionary timeline exhibiting these consistent
mammal community patterns across major transitions is evidence for the importance of

preserving natural mechanisms.
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Figure 1. The distribution of z-scores for all significant pairs in pre and post-transition
time bins. Scores less than zero indicate segregations, and scores greater than zero
indicate aggregations. The plot widens along the y-axis based on the number of genus
pairs. Areas with a greater number of pairs and becomes thinner where there are fewer

pairs.
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Figure 2. Graph showing the relationship between the mean strength of significant
genera and the functional distance between them. The color of the points represents the
origin of the genera. Functional distance is the Euclidean distance calculated between

mammal genera using the four PCoA axes from the functional diversity analysis.
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Figure S1. Geographic locations of the fossil localities. Late Pliocene on the left and
early Pleistocene on the right.
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Figure S2. Geographic distances between localities. They are not significantly different
between time bins. P-value provided by a Kolmogorov-Smirnov test. Pre represents the
pre-glaciation period of the late Pliocene. Post represents the post-glaciation period of the
early Pleistocene.
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Figure S3. Barplot of trait distributions using proportions from pre to post
glaciation of all significant pairs. Pre represents the pre-glaciation period of the late
Pliocene. Post represents the post-glaciation period of the early Pleistocene.
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Figure S4. Barplot of body mass category pairs between all significantly aggregating
and segregating genera. Pre represents the pre-glaciation period of the late Pliocene.
Post represents the post-glaciation period of the early Pleistocene
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Figure S7. Barplot of body mass category pairs between all significantly aggregating
NA-NA pairs. Pre represents the pre-glaciation period of the late Pliocene. Post

represents the post-glaciation period of the early Pleistocene.
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Figure S9. Barplot of body mass category pairs between all significantly aggregating
NA-SA pairs. Pre represents the pre-glaciation period of the late Pliocene. Post
represents the post-glaciation period of the early Pleistocene.
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Appendix A
Chapter 1 Supplementary Materials Section

Taxonomy and Traits

There were 264 paleocommunities compiled for this study that were downloaded
from published databases (Alroy 1998, Smith et al. 2018, Paleobiology Database;
paleobiodb.org/). The most updated taxonomic name for each species was collected from
the PBDB. The estimated date ranges for each paleocommunity based on geologic
location were modified to the best of our ability to reduce age uncertainties using the
primary literature (Datafilel: Locality Dating). Our 264 paleocommunities had an
average age range of 1.539 million years. Our database includes 2,462 mammal species.
A combination of databases and primary literature were used to identify species traits:
locomotion, diet, life habit and body mass (table S1, DataFile2: Mammal Traits).
Locomotion is identified by the limb morphology of the mammal species. Life habit is
described as the most common lifestyle the mammal has within a habitat. Diet is based
on the most common food source of the species. Diet categories were restricted to those
we could most accurately be distinguished in the fossil record. Some diet categories used
in our databases were combined to limit diet uncertainties in earlier or rarer species (table
S1); granivores were combined with frugivores and piscivores were considered
carnivores. Species traits that were unable to be found in primary sources were filled
using that of the lowest taxonomic rank available. When body mass was not available,

body mass was averaged at the lowest available taxonomic level (genus, family, order).
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A complete list of taxa and trait data can be found in DataFile2 as well as reference
information for each trait.
Occurrences and Chronostratigraphy

We use fossil occurrence data on 34165 North American occurrences of terrestrial
mammal species from 7271 localities spanning from the Campanian to the Holocene that
were downloaded from the Paleobiology Database (PBDB) on 2021-08-25. We refined
the upper and lower bounds of site ages provided by PBDB in several ways. First, we
used an updated time scale (particularly for North American Land Mammal Ages) based
on Gradstein et al (2020). Second, those localities assigned to a particular faunal zone
receive the upper and lower bounds for that zone rather than for the time interval. We
base zone ages on either Gradstein et al. (2020), or (for older zonation schemes)
published correlations between alternative zonation schemes and those used in Gradstein
et al. (2020). The compete compilation is available at
https://github.com/Peter]Wagner3/Supplementary/tree/main/RData_Databases. Finally,
we used still more refined dates from radiometric dates or from ordinations such as
Appearance Event Ordination (Alroy 1994) when available.

We assigned sites and finds to 1 million-year (1-myr) duration bins. The upper
and lower bounds of many sites often span more than one million years. Even those sites
with a possible age range of less than one million years would span two bins: e.g., a site
places in the Wa6 zone is between 53.25 and 52.95 million years old. Thus, sites were
given a probability of being in each bin. A site from the Wa6 zone thus would have a

probability of 0.833 of being in the 54-53 Ma bin and a probability of 0.167 of being in
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the 53-52 Ma bin. We calculate the probability of a species being present in any 1-myr
bin as one minus the product of the probability that each site including the species is
absent from that bin. For example, if a species is known from 6 sites from the Wa6 zone,
then P[present 54-53 Ma] = 1-(1-0.833)%=0.9998, and P[present 53-52
Ma=1-(1-0.167)6=0.665. P[present]=1.0 for any 1 myr bin only if the upper bound of one
or more sites belongs to that bin or an older one, and the lower bound to one or more sites
belongs to that one or a younger bin. For example, a species known from Wa3 (55.0-54.5
Ma) and Wa7 (53.25-52.95 Ma) must be present in the both the 55-54 Ma bin and the 54-
53 Ma bin. For our analyses, we assumed that a species was present in a bin if P[present]
> 0.5. Thus, species known from very few and/or poorly constrained sites wind up
excluded from our analyses. However, 3544 of the 3964 species in the PBDB are placed
in at least one bin with a probability > 0.5.

Statistics

We used the methods found in Villéger et al. 2008 and the function dbfd from the
R package “FD” to calculate functional diversity. We calculated three components of
functional diversity; functional evenness, functional richness, and functional divergence
(for description see table S2). These three indices were chosen because they are
independent from one another. To calculate functional diversity, we created a trait matrix
that included species names and four traits (i.e., locomotion, body mass, life habit, diet).
The trait matrix is converted into a distance matrix using Gower’s dissimilarity method
(Petchey and Gaston 2002). We used the Gowers dissimilarity distance method due to

the use of categorical data. A PCOA is run on the distance matrix to ordinate species in
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multidimensional space by returning PCoA coordinated for each species. Our data is non-
Euclidean, so we applied the square root correction. Five axes were used to calculate the
convex hull volume for each paleocommunity. We have a 0.71 reduced quality measure
of functional space with five axes. All analyses were computed using R software (R
Development Core Team 2019).

To identify significant shifts in functional diversity we ran a breakpoint analysis

on each functional diversity index. We used the R package “breakpoint” to estimate the
location of breakpoints for each FD index. These estimates were then plugged into R
package “segmented” to determine the exact location of breakpoints and the appropriate
number of breakpoints occurring in each FD index. AlICc values were used to determine
the best number of breakpoints for each functional diversity index (table S3-S5).
To evaluate the potential relationship between global climate and mammalian functional
diversity, delta-180 were gathered from the most recent global temperature reconstruction
found in Westerhold et al. 2020. The delta-80 values were averaged for each
paleocommunity based on the age range of that locality. For example, if a locality has an
estimated age between 50 and 48 million years, all delta-180 values within those two
million years were averaged. Delta-'80 does not have a significant effect on FRic or FDiv
(Fig. 4). FEve has a weak, positive relationship with delta-'80 primarily driven by
Pleistocene paleocommunities that had high FEve values and high delta-180 values
(Fig.4).

We calculated functional diversity of the North American continental mammal

fauna in the 1 Myr-bins as described above. This helps us to infer processes acting on the
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continental fauna and influencing the way mammals filtering into communities. These
species were then matched with the mammal trait data. Functional diversity was
calculated using bins as sites. The square-root correction was used for our non-Euclidean
data and five axes were used to calculate functional richness to correspond with the
methods for our community-level functional diversity calculations. The quality of the
reduced multidimensional space to calculate functional richness was 0.720325. The
square-root correction was used for our non-Euclidean data and five axes were used to
calculate functional richness to correspond with the methods for our community-level
functional diversity calculations. The quality of the reduced multidimensional space to
calculate functional richness was 0.7235852.

To demonstrate functional changes in multidimensional space of the North
American mammal fauna, we plotted species in 1-million-year time bins using each
species PCOA axes calculated from the dbfd function in the “FD” package for ordination.
We used the stat_density 2d function from the R package “ggplot2” to create a visual
tool. The graph shows changes in the density of species found in functional space and
how it changes through time (Figs 4, S12).

We calculated the proportion of archaic orders verses modern orders in
paleocommunities and ran a regression on the proportion of archaic orders and each
functional diversity index to determine if archaic mammals assembled differently than
modern orders. If they did assemble differently than modern orders, we would expect to
see a shift in mammal paleocommunity structure during the period of time when they go

extinct about 29 Ma. The regressions were only run with paleocommunities older than 29
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million years old to only include the period before archaic orders went extinct. We see no
significant relationship between the proportion of archaic orders and functional diversity
indices (Fig. 4). The regressions do show a pattern of low functional diversity and
paleocommunities with high proportions of archaic orders stemming from Paleocene
paleocommunities prior to the major Paleocene-Eocene immigration events of new orders
of mammals into North America.

Origination and extinction rates

We estimate extinction and origination rates using sampling+survivorship
(sampling+reverse-survivorship or nascence for origination) analyses (Foote 2001b,
2003, Alroy 2008). We use a modification of prior methods presented in Congreve et al.
(2021). The procedure is the same for both origination (1) and extinction rates (), save
that we estimate extinction based on taxa sampled in younger intervals and origination
based on taxa sampled in older intervals. The likelihood of any given A over time t is
L[At|Se&10,S10] Where S1o is the number of species in Bin 10 and Ses.10 is the number of
species in Bins 9 & 10. If we observe S10=100 species in Bin 10, so=65 of those 100
species in Bin 9, and another sr=10 of the remaining (S10-S0)=35 species in Bin 8, then
Seg10 is at least 75. However, it might be as high as 100 if we “simply” failed to sample
all 25 of those species (Sepkoski 1975, Foote and Raup 1996). The likelihood of A now is
weighted by the binomial probability of Sez10 given Sio and some sampling rate y (Foote
1997, 2001a). The sampling rate y makes its own predictions about the number of
sampled species: P[1+ finds | y,t]=1-e¥t. The likelihood of any hypothesized richness,

S9&10=(So*SR). .. S10, then is the binomial probability P[so | So-10, 1-e7¥t]. Now:
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Sl 0

L[A, t|sy, S, S10] = Z P[s,|¥, Sog10, t] X L[4, t|Seg10,S10] leq. 1]

Sog10=(So+Sg)
In the example above, the likelihood of A becomes the probability of 25 species evolving
from a pool of 75 species given A x the probability of sampling 65 of 75 species given v
+ the probability of 24 species evolving from a pool of 76 species X the probability of
sampling 65 of 76 species given y + etc. + the probability of 0 species evolving from a
pool of 100 species x the probability of sampling 65 of 100 species given . This
marginalizes the unknown Seg10 by considering all possible values of Sh.
The approach outlined above accounts for both imperfect sampling and variable sampling
over time. The latter is considerable, as shown by the variation in sites per 1 myr bin
(Supplementary Figure 1). However, within any one bin, the sampling rate (y) is never
homogeneous among taxa: even when preservation potential of individuals is
comparable, occupancy distributions among taxa typically are exponential (Liow 2013,
Foote 2016); this in turn generates exponential distributions of sampling rates among
contemporaneous species in which the mean sampling rate is greater than the median
(Wagner and Marcot 2013). We can use quantiles from a sampling distribution to

marginalize this uncertainty when assessing the likelihood of A:

2 & P[$,1%0,Sog10, t] X LIA,t[Sog 10, S1o]
S ) ) ) )
LIA 15, $pr Sug] = z Z 01¥q:°9&10 . 98107210 eq.2].

q=1Sgg,10=(S, +Sg)

Here, we used 4 quartiles and thus average the likelihood of A over Q=4 possible
sampling rates. We estimate the distribution of sampling rates for each 1 myr bin

following the approach set out by Wagner and Marcot (2013). As in prior studies,
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lognormal distributions typically do much better than do either exponential distributions
or the null invariant model. We therefore use lognormal distributions for each 1 Myr-bin.
Origination and extinction rate likelihoods for each bin reflect the probability of all
possible survivors from the prior bin (origination) or to the next subsequent bin
(extinction) multiplied by the probability of sampling the observed number of species
given the possible richness and the best lognormal distribution of sampling rates. Thus, in
our final analyses, the likelihood of A is the probability of 25 species evolving from a
pool of 75 species given A x the average probability of sampling 65 of 75 species given
V1, y2, y3 & w4 + the probability of 24 species evolving from a pool of 76 species x the
average probability of sampling 65 of 76 species given y1, y2, y3 & ys + etc. + the
probability of 0 species evolving from a pool of 100 species x the average probability of
sampling 65 of 100 species given yi1, y2, y3 & ya, With y1, y2, w3 & ya coming from the
best model describing the distribution of species with 1, 2, 3, etc. finds in each bin.
Controlling for Biases in the Fossil Record and Sensitivity Analyses

To control for taphonomic biases in the data, we required the communities to have
a minimum of 15 species and three clades; rodents, ungulates and carnivores. These
clades are representative of trophic levels and varying body sizes. Before the appearance
of order Rodentia other orders filling the same niche were accepted. Coastal
communities and marine mammals were excluded from this study as well as order
Chiroptera due to poor preservation.

There is a bias in the fossil record against small-bodied mammals in that they are

less likely to preserve and are more common in the most recent fossil localities. Many



181
studies exclude mammals under 1kg to remove this issue. However, including small-
bodied mammals is essential in gaining an accurate understanding of paleocommunity
functional diversity. To test for a bias in our data, we found the bottom quartile of body
mass in our data and plotted it against time. No relationship was found between time and
the number of small-bodied mammals (fig. S9). No size bias was found against small-
bodied mammals in our data, so we included the full range of mammalian body sizes.
We included body mass for each species as a trait to calculate functional diversity.

However, there were not body mass estimates available for every species in the
database. For these species, they were given a body mass average using a higher
taxonomic rank (e.g. genus, family). The same approach was taken for mammals that
were not identified to species or genus. For example, if the mammal was identified as
Ursus sp., all available Ursus species body masses were averaged and used as Ursus sp.’s
body mass estimate. We wanted to be sure that having averaged body masses in our
database did not alter our results, so we removed all averaged species and recalculated
functional diversity. The overall pattern of all three functional diversity indices remained
the same, suggesting that the averaged body masses did not determine our results (fig.
S5).

We also ran regressions for each functional diversity index against species
richness to determine if changes in species richness over the Cenozoic were driving our
results. We found a strong, positive relationship existed between species richness and the
functional richness of paleocommunities with more than 30 species. To assess the impact

the species richness to functional richness relationship had on our results, we removed all
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paleocommunities with 30 species or more from the analysis, thus removing the influence
of species richness from our results. Removing paleocommunities with more than 23
species did not change the overall pattern of functional richness across the Cenozoic (fig.
S2-4). Based on the results of our sensitivity analyses, we determine that our results are
real and not driven by a bias in the fossil record.

Major Ecological and Environmental Events of the Cenozoic

The fossil record allows examination of functional diversity of mammal
communities over long periods of time prior to large-scale impacts by humans and can
shed light on the stability of communities in the face of major ecological and
evolutionary transitions. The Cenozoic (66-0 Ma) was marked by a variety of climatic,
environmental, and ecological changes (Retallack 2007; Zachos et al. 2008; Westerhold
et al. 2020) beginning with the diversification of mammals triggered by the extinction of
non-avian dinosaurs. An overall cooling trend through the Cenozoic resulted in a
transition from high latitude subtropical forests at the Paleocene-Eocene boundary (~56
ma) to cyclical glaciation periods by the Early-Middle Pleistocene (EMPT, ~800 ka).
Periods of rapid global warming allowed high latitude migrations of mammals into North
America by continental land bridges. The largest of these immigration events occurred
during the Paleocene-Eocene Thermal Maximum (PETM, ~55.5 Ma), a short-term
climate excursion caused by a large input of CO2 into the atmosphere (Wing et al. 2005).
Three new orders of ground-dwelling and arboreal mammals (Artiodactyla,
Perissodactlya, and Primates) immigrated into North America from Asia and Europe

during this time (Smith et al. 2006). One of the most exceptional examples of mammal
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community reorganization was in response to the Early Eocene Climatic Optimum
(EECO; 53.3 - 49.1 Ma) (Inglis et al. 2020). Wet, subtropical conditions created a diverse
floral community driving increased diversification in several mammalian groups.
Mammal alpha diversity doubled in the early part of the EECO. However, these
paleocommunities were short-lived. The Bridgerian Crash (50-47 ma) followed the end
of the EECO and ~40% of that alpha diversity was lost (Woodburne 2009). The
Bridgerian Crash (50-47 ma), a time of cooler temperatures, greater seasonality, and
aridity, had high faunal turnover rates. North America saw a decline in generic diversity
and a reorganization of mammal communities during this period (Woodburne et al.
2009). The drying and cooling climate created a transition to more open habitats. In turn,
diversity of archaic mammals declined with the loss of arboreal and medium-sized
species, while cursoriality increased (Smits 2015 PNAS). Archaic orders of mammals
were extinct from paleocommunities by the middle Oligocene (~30 ma; Fig. S4).
Grasslands began to expand with the diversification of grasses by the onset of the
Oligocene (34 ma, Stromberg 2005). North America was dominated by grasslands by the
middle to late Miocene (Strémberg 2011). During this time ungulates radiated, reaching
their highest diversity between 16-14 ma (Janis et al. 2002). By 2.7 mya the onset of
glacial cycles in North America began (Brierley and Fedorov 2010, Bacon et al. 2016).
The environment was cold and dry, with extensive ice sheets and boreal forests. In line
with Bergmann’s Rule, large size was favored, and many mammal orders reached their

maximum size (Saarinen et al. 2014).
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Appendix B
Chapter 2 Supplementary Materials Section

Methods

There were 264 paleocommunities compiled for this study that were downloaded
from published databases (Alroy 1998, Smith et al. 2018, Paleobiology Database;
paleobiodb.org/). The most updated taxonomic name for each species was collected from
the PBDB. The estimated date ranges for each paleocommunity based on geologic
location were modified to the best of our ability to reduce age uncertainties using the
primary literature (Datafilel: Locality Dating). Our 264 paleocommunities had an
average age range of 1.539 million years. Our database includes 2,462 mammal species.
A combination of databases and primary literature were used to identify species traits:
locomotion, diet, life habit and body mass (Table S1, DataFile2: Mammal Traits).
Locomotion is identified by the limb morphology of the mammal species. Life habit is
described as the most common lifestyle the mammal has within a habitat. Diet is based
on the most common food source of the species. Diet categories were restricted to those
we could most accurately be distinguished in the fossil record. Some diet categories used
in our databases were combined to limit diet uncertainties in earlier or rarer species
(Table S1); granivores were combined with frugivores and piscivores were considered
carnivores. Species traits that were unable to be found in primary sources were filled
using that of the lowest taxonomic rank available. When body mass was not available,

body mass was averaged at the lowest available taxonomic level (genus, family, order).
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A complete list of taxa and trait data can be found in DataFile2 as well as reference
information for each trait.
Sensitivity Analyses

To ensure that uncertainty in traits for occurrences not identified to species was
not driving our results, functional and taxonomic beta diversity were run a second time,
excluding all occurrences not identified to species (Figure S2). When rerunning
functional and taxonomic beta diversity excluding all specimens not identified to species,
one paleocommunity, East Lake, had to be excluded from the analysis. The
functional.beta.pair function in package “betapart” can only calculate functional beta
diversity if a paleocommunity contains at least five species. East Lake only contained

three species when genus level occurrences were removed.
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