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Mammals influence nearly all aspects of energy flow and habitat
structure in modern terrestrial ecosystems. However, anthropogenic effects
have probably altered mammalian community structure, raising the
question of how past perturbations have done so. We used functional
diversity (FD) to describe how the structure of North American mammal
palaecocommunities changed over the past 66 Ma, an interval spanning
the radiation following the K/Pg and several subsequent environmental
disruptions including the Palaeocene—Eocene Thermal Maximum (PETM),
the expansion of grassland, and the onset of Pleistocene glaciation. For
264 fossil communities, we examined three aspects of ecological function:
functional evenness, functional richness and functional divergence. We
found that shifts in FD were associated with major ecological and
environmental transitions. All three measures of FD increased 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 FD were decoupled
and responded differently to environmental changes over the last ~56 Myr.

1. Introduction

Understanding the consequences of major ecological disruptions on commun-
ity structure represents an important intersection between macroecological
and macroevolutionary theory. Communities are dynamic entities whose
membership is determined by assembly processes that might both shape
and be shaped by taxonomic and morphological evolution [1-3]. However,
ecological processes governing the way species assemble differ 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 diver-
sity increases [13], this relationship can vary across space and time [14].
Thus, taxonomic diversity does not always provide adequate information
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about community dynamics or function [15]. An alternative approach to infer processes driving community structure uses [ 2 |

functional diversity (FD) [16], 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 [11-13,16-18]. Functional traits directly correspond to the role of a species in the community.
The composition of functional traits within a community determines the ecological services it provides. FD not only allows
us to map functional trait distributions in multidimensional space, but it also allows us to disentangle community structure
into different structural components: functional richness (FRic), functional evenness (FEve) and functional divergence (FDiv).
Measuring changes across multiple indices allows us to capture more subtle changes that may not be detected using other
methods. However, without a baseline understanding of mammal community dynamics, it is difficult to interpret changes in
FD, 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 the mammal community FD was influenced by the biotic and abiotic environ-
ment prior to large-scale impacts by humans. For example, over the Cenozoic, mammals underwent major faunal transitions,
immigration events and significant reorganizations of palaeocommunities [9,19-21], beginning with the diversification of
mammals triggered by the extinction of non-avian dinosaurs [22,23]. Moreover, the Cenozoic (66-0 Ma) was also marked
by a variety of climatic and environmental changes (figure 1) [24,25]. 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 Palaeocene—Eocene boundary (~56 Ma) [26] to cyclical glaciation periods by the Early-Middle Pleistocene (EMPT,
~800 ka) [27]. The changing climate led to more open habitats and the expansion of grasslands; North America was dominated
by grasslands by the middle-to-late Miocene [27]. By 2.7 Ma, the onset of glacial cycles in North America began [27], 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 calculated the FD of North American mammals across the last 66 Myr to evaluate mammal community evolution.
We measured FD on the local and continental scales to individually analyse the effect of ecological, environmental and climatic
shifts and investigate the relationship between local and continental FD. Furthermore, we assessed the effect of multiple biotic
and abiotic variables on FD through time as North American mammals experienced a plethora of ecological, environmental
and climatic events. Our approach provides a deeper understanding of how community structure changed across evolutionary
timescales and the influence of spatial scale.

2. Material and methods
(a) Data

FD, 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 assessed changes in the FD of mammal palaeocommunities across
the Cenozoic. We used presence-absence data for 264 North American palaeocommunities encompassing 2462 species taken
from the Paleobiology Database (PBDB; Datafilel, electronic supplementary material, figure S1) and vetted for taxonomic
errors. A palaeocommunity was defined in our study as a single excavated fossil locality. We applied a series of taphonomic
filters to reduce the effects of biases in the fossil record (see electronic supplementary material). Palaeocommunities 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 electronic supplementary material). Owing
to the extensive geographic and temporal range included, we had to address multiple possible biases. First, it was possible
that the 264 palaeocommunities varied in the spatial extent they represented. Indeed, determining the precise spatial extent
or excavation extent of a fossil locality is difficult and often essential information is lacking. However, we believe that such
variability did not drive our results. Rather, we would expect the random variation in spatial extent among palaeocommunities
to create noise, minimizing patterns and the significance of FD shifts. In addition, larger spatial extents might well contain
higher species richness; we examined the possible issue of variable species richness (see methods in electronic supplementary
material: Sensitivity Analyses). Second, the number of palaeocommunities included in our analyses changed over time. If a time
interval with a smaller number of palaeocommunities by chance did not appropriately represent the entire range of FD present,
it is possible that such variation could influence FD estimates. To explore this potential issue, we ran a sub-sampling routine (see
electronic supplementary material, Sensitivity Analyses).

We collected data on species traits commonly used in studies of extant mammalian FD (i.e. body mass, locomotion, diet and
life habit) [29,30] from the primary literature and online databases (electronic supplementary material, table S1). Diet categories
were restricted to those we could most accurately distinguish in the fossil record. Some diet categories used in our databases
were combined to limit diet uncertainties in earlier or rarer species (electronic supplementary material, 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 and order). In this study, we address possible concerns
with calculating FD using averaged body masses based on higher taxonomic levels and combining continuous and categorical
variables (see electronic supplementary material, Sensitivity Analyses).
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Figure 1. Cenozoic timeline of abiotic and biotic factors influencing North American mammal palaeocommunity structure.

(b) FD analyses

We calculate three FD indices using the R package ‘FD’ [31,32], functional richness (FRic), functional divergence (FDiv) and
functional evenness (FEve), chosen owing to their independence from one another (electronic supplementary material, table
S2). FD was calculated for the whole North American fauna in 1 Myr bins and each of our 264 communities (see electronic
supplementary material). 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 with other FD 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 owing to the greater likelihood that there will be unique ecological roles with
more species, while functional evenness and functional divergence are not dependent on species richness [17]. We assessed
the possible effect of variation in species richness on functional richness patterns. We used linear regressions to identify the
threshold at which species richness is no longer significantly associated with functional richness. We then subsetted the data
to remove all palaeocommunities that drive the relationship between functional richness and species richness and replotted the
data to examine changes in the results (see electronic supplementary material: Sensitivity Analyses).

To calculate FD, we created a trait matrix that included species names and four traits (i.e. locomotion, body mass, life habit
and diet). Previous studies suggest that combining categorical and numerical traits may impact results owing to magnitude
variation between trait types [33]. We addressed this possible issue in our study (see electronic 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. The convex hull volumes for each palaecocommunity were based on the
first five PCoA axes. FD was calculated for each palaeocommunity across the Cenozoic, and we also calculated the FD of the
continental fauna in 1 Myr time bins (electronic supplementary material, data files 1-3).

(c) Breakpoint analysis

A breakpoint analysis was used to identify periods during the Cenozoic when the slope of the relationship between FD and
time significantly shifted. A breakpoint represents the start or end of a decline or increase in FD. We identified the location
and number of significant shifts in FD using the R package ‘breakpoint’ and ‘segmented’. The R package ‘breakpoint’ was
used to estimate the approximate location and estimated number of breakpoints for each FD metric [35]. This method requires
a priori specification of the maximum number of breakpoints possible. Initially, we allowed the analysis to estimate up to 10
breakpoints. The maximum number returned was four. Thus, we set the maximum number allowed to four. Breakpoints were
then estimated four times for each FD metric, controlling for the maximum number of breakpoints. For each iteration, we
increased the maximum number of breakpoints allowed up to the limit of four breakpoints, beginning with one breakpoint;
resulting breakpoint estimates were entered into the segmented function of the R package ‘segmented’ [36]. The segmented
function uses the estimated breakpoint to identify the exact location and standard error of each breakpoint. AICc values
were used to determine the best-fit model of the four runs for each FD metric at the continental and local scale (electronic
supplementary material, tables S3-S8). To demonstrate changes in FD, we conducted median line regressions for each FD metric
at both spatial scales. We used the breakpoints to divide data. Median line regressions were applied to before, after and between
breakpoints to visually represent the shift in FD. The median line regressions were added to figure 2 using the ‘geom_quantile’
function in the R package ‘ggplot2’ [37].
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Figure 2. Changes in FD indices through the Cenozoic on the continental and local spatial scale. On the local-scale graphs, each datum represents a palaeocommunity,
which is colour-coded by epoch. FD for the North American mammal continental fauna was plotted in 1 Myr time bins. Each point represents a 1 Myr time bin. Dotted
lines indicate confidence intervals and solid lines represent breakpoints. Median line regressions were used to represent the direction of change in FD before, after and
between breakpoints to provide a visible representation of the significance identified by the breakpoints.

(d) Abiotic and biotic variables

We ran generalized linear models to analyse the effect of biotic and abiotic factors (i.e. global climate, estimated species richness
per million years, the proportion of archaic mammals) against continental and local FD metrics (see electronic supplementary
material, table S10). The FD metrics on continental and local spatial scales were the response variables and species richness,
80 and proportion of archaic orders as the predictor variables. Continental-scale FD metrics were calculated in 1 Myr time
bins, whereas the local-scale FD metrics were calculated for each palaeocommunity. To run the generalized linear models, we
standardized all data by analysing the relationship between the abiotic and biotic variables and FD metrics in 1 Myr time
bins. This allowed us to compare the influence of biotic and abiotic factors on local and continental-scale FD metrics. For the
local scale, we averaged palaeocommunity FD in 1 Myr time bins. All analyses of potential predictors were run for the entire
Cenozoic (electronic supplementary material, datafile 3). For each FD metric, we ran seven generalized linear models with each
model containing a unique combination of predictor variables for a total of 42 generalized linear models. The generalized linear
models were run using the ‘glm” function in the R package ‘Ime4’. The best models for explaining variance in each FD metric
were determined by the lowest AIC value (electronic supplementary material, table S9).

(i) Species richness

We estimated extinction and origination rates in 1 Myr time bins using sampling + survivorship (sampling + reverse — survi-
vorship or nascence for origination) analyses [38-40], which accommodates sampling heterogeneity among contemporaneous
taxa [41]. 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 ones. We estimated the distribution of
sampling rates for each 1 Myr bin following the approach set out by Wagner & Marcot [42]. As in prior studies, lognormal
distributions typically do much better than either exponential distributions or the null invariant model. We therefore used
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
(electronic supplementary material, figure S8). Owing to origination and extinction rates being used for estimating species
richness, they were not included in the generalized linear models. Instead, origination and extinction rates were analysed
independently against local- and continental-scale FD metrics using generalized linear regression.

(ii) Climate

To evaluate the potential relationship between global climate and local mammalian FD, 5O values were taken from the most
recent compilation of mean global temperature through the Cenozoic [25]. The 8O values represent the proportion of the
heavier to lighter oxygen isotope (**0O/'°O) from deep-sea benthic foraminifera [25,43]. Higher ratios suggest colder global
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temperatures and more glaciation, and vice versa [25,43]. The 8"°0 values were averaged for each palaeocommunity based on [ 5 |

the age range of that locality. For example, if a locality has an estimated age between 50 and 48 Myr, all $'°0 values within those
2 Myr were averaged and assigned to that palaeocommunity. For continental FD, we averaged the $'*0 in 1 Myr time bin.

(iii) Proportion of archaic orders

We evaluated the proportion of archaic (extinct) orders in palaecocommunities to determine if assembly rules were
different in the past. We averaged the proportion of archaic orders found in all palaeocommunities for each 1 Myr
time bin. For the continental scale, we used the overall proportion of archaic to extant orders within each 1 Myr time bin.
If they did assemble differently than modern orders, we expected to see a shift in mammal palaeocommunity structure
co-occurring with 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 FD of North American mammal
palaeocommunities.

3. Results
(a) Functional metrics
(i) Functional richness—volume of trait space

Local scale

For the first 10 Myr of the early Cenozoic, the volume of functional space of North American mammal palaeocommunities
continuously rose (figure 2). The first breakpoint occurred during the latest Palaeocene to earliest Eocene (58.3 + 1.7 Ma) when
functional richness peaked. We ensured that the rise in functional richness from the early Palaeocene to the early Eocene was
not driven by an increasing number of palaeocommunities using a sub-sampling routine (see electronic supplementary material,
figure S9). Following this peak was a long period of decline until the second and final breakpoint (20.6 + 2.6 Ma) during the early
Miocene. Functional richness rose again and continued to increase through the Pleistocene epoch (figure 2). Although there was a
relationship between functional richness and the species richness of palaeocommunities, this relationship did not drive our results
(see electronic supplementary material, figure S4).

Continental scale

The functional richness of the North American mammalian fauna had four breakpoints (figure 2). Three of the breakpoints
occurred in the middle of the Cenozoic in a relatively short period of time. The first breakpoint (64 + 0.4 Ma) was in the early
Palaeocene as functional richness began an initial rise. It gradually rose until the second breakpoint in the middle Eocene (45.3 +
0.7 Ma). There was a brief decline of ~5 Ma before the third breakpoint (41.7 + 0.6 Ma; figure 2) and then increased briefly until
the last breakpoint (35 =+ 1 Ma). After the shift in the latest Eocene/earliest Oligocene until the Pleistocene, functional richness
remained relatively consistent.

(ii) Functional divergence—variation of species traits relative to the centroid of trait space

Local scale

Of all three metrics, functional divergence showed the largest increase during the Palaeocene epoch (figure 2). We determined
that the rise in functional divergence from the early Palaeocene to the early Eocene was not driven by an increasing number of
palaeocommunities (see electronic supplementary material, figure S11). Functional divergence began in the Cenozoic at its lowest
point and rapidly increased until the first of three breakpoints (57.3 + 0.7 Ma) at the Palaeocene—Eocene transition. A sharp decline
followed that ended in the middle Eocene at the second breakpoint (48.3 + 1.8 Ma). Throughout the middle of the Cenozoic until the
late Miocene, there were no significant shifts as functional divergence remained relatively consistent. The last breakpoint occurred
during the late Miocene when functional divergence dropped (7.4 + 5.8 Ma). However, this breakpoint had a large confidence
interval, making the timing of the shift unreliable (figure 2).

Continental scale

Functional divergence began in the Cenozoic with an initial increase beginning at the first breakpoint (62 + 1.2 Ma; figure 2). It
increased until the second breakpoint in the late Eocene (44.7 + 2.7 Ma) and then began declining. The period of decline ended
with the third and final breakpoint in the middle Oligocene (28 + 2.8 Ma). Functional divergence remained relatively constant
for the rest of the Cenozoic (figure 2).
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(iii) Functional evenness—the distribution of species across trait space

Local scale

Functional evenness varied more than the other metrics with four significant shifts over the last 66 Myr (figure 2). Similar
to functional richness and functional evenness, it started low in the earliest Palaeocene but increased until reaching the first
breakpoint at the Palaeocene—Eocene boundary (56.3 + 1.2 Ma). We determined that the rise in functional evenness from the early
Palaeocene to the early Eocene was not driven by an increasing number of palaeocommunities (see electronic supplementary
material, figure 512). As with other metrics, it declined to the second breakpoint in the middle Eocene (49.9 + 1.6 Ma). There was a
slight increase until the third breakpoint (28.1 + 3.1 Ma). It then entered a period of decline into the middle Miocene (16.5 + 1.7 Ma).
After which, it rose into the Pleistocene (figure 2).

Continental scale

Functional evenness had two significant shifts. Similar to regional functional richness, the shifts occurred over a relatively short
period of time during the middle Cenozoic (figure 2). Functional evenness increased starting in the early Palaeocene until the
middle Eocene (39.7 + 1.7). There was a brief period of decline to the second breakpoint in the latest Eocene/earliest Oligocene
(35 £2.1). Regional functional evenness changed little for the rest of the Cenozoic (figure 2).

(b) Addressing potential biases affecting broad-scale patternsin FD

We found that FD metrics fluctuated frequently across the Cenozoic on both the continental and the local scale. Owing to
the geographic and temporal extent of our study, components of our data were potentially variable. To confirm the solidity
of our results and the integrity of our study, we performed extensive sensitivity analyses to assess that the FD variability we
identified through time was not a result of data biases (see methods in electronic supplementary material, Sensitivity Analyses).
All sensitivity analyses addressing individual FD 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 in our findings (electronic supplementary material, figure S5; see methods in electronic
supplementary material, Sensitivity Analyses). Second, we used a combination of continuous and categorical variables to
calculate FD. Previous studies have demonstrated possible complications with this approach owing to variations in the
magnitude of traits [33]. However, the exclusion of body mass from our FD analysis and the conversion of body mass to
categories did not alter the overall trends in FD indices through time (electronic supplementary material, figures S7). Therefore,
it was unlikely that our combination of numerical and categorical traits led to inaccurate conclusions. In fact, this analysis
demonstrated the strong influence of 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 three other traits we use. Third,
we addressed the possible bias against small-bodied mammals, in that they are less likely to preserve and tend to be more
common in more recent fossil localities. Many studies exclude mammals under 1 kg to remove this issue. However, including
small-bodied mammals is essential for gaining an accurate understanding of palaeocommunity FD. We found no relationship
between time and the number of small-bodied mammals (electronic supplementary material, figure S10).

(c) Biotic and abiotic variables
(i) Continental

Functional richness (FRic)

The best generalized linear model indicated a significant relationship between functional richness and the proportion of archaic
orders within the 1 Myr time bins (figure 3; electronic supplementary material, table S9; R* = 0.11, p = 0.0095). There was a weak,
positive relationship between functional richness and the proportion of archaic orders. Furthermore, we found that functional
richness was significantly associated with origination rates, showing a positive relationship. However, the relationship was only
driven by two-time bins in the early Palaeocene (electronic supplementary material, figure 524).

Functional divergence (FDiv)

The best generalized linear model indicated a positive, significant relationship between functional divergence and 8O
averaged values for the 1 Myr time bins across the Cenozoic (figure 3; electronic supplementary material, table S9; R* = 0.32, p =
78e-07).

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 (electronic supplementary material, table S9 and figure S21).
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Figure 3. Regressions of the biotic and abiotic variables that have a significant relationship with a continental FD index. 6'%0 values were averaged for each 1 Myr time
bin and run against the functional divergence of the continental fauna for each 1 Myr 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 versus extant orders within
each 1 Myr time bin (R2=0.11, p = 0.0095).

(i) Local

Functional richness (FRic)

There was no significant relationship between local functional richness and the biotic and abiotic variables tested in this study
(electronic supplementary material, table S9).

Functional divergence (FDiv)

The best generalized linear model indicated a positive, significant relationship between functional divergence and the propor-
tion of archaic orders in 1 Myr time bins (figure 4; electronic supplementary material, table S9; R* = 0.15, p = 0.0048). Although
the relationship between functional divergence and the averaged proportion of archaic orders were 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 (electronic supplementary material, table S9).

4. Discussion

We found that North American mammalian FD changed over evolutionary timescales. Moreover, this fluctuation in FD over
time was independent of potential data bias caused by averaging species body mass at higher taxonomic levels (electronic
supplementary material, figure S5), combining continuous and categorical traits (electronic supplementary material, figures S7)
or body size selectivity (electronic supplementary material, figure S10). Individual metrics of FD differed in the timing and
direction of change suggesting that the influence of driving mechanisms differs among components of FD. The decoupling
of FD metrics was found locally and regionally for most of the Cenozoic. While the decoupling of FD patterns through time
was evident at both continental and local scales, the two spatial scales differed in the timing and direction of change in
each FD metric. Our 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 [44]. Our study not only
highlights the pronounced variation in FD over time and space but also identifies a distinct period in the earliest Cenozoic when
all FD metrics at both spatial scales aligned.

(a) Synchrony in the Palaeocene

The Palaeocene epoch (~66-56 Ma) was a period of ecological change with mammals rapidly diversifying in response to newly
available resources following the K-Pg mass extinction (~66 Ma) [10,19,22]. This led to ~10 Myr of unique mammalian dynamics
in local and regional faunas. Mammals expanded their niche occupancy, exhibited greater variation in ecological roles and
became more functionally distinct, while at the same time, the distribution of ecological roles became more even (figures
2; electronic supplementary material, figure S13). These changes occurred at both local and continental scales. Mammalian
diversity had a fourfold increase across this 10 Myr period [45,46], with increasing body size and body size variation within
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Figure 4. Regressions of the biotic and abiotic variables that have a significant relationship with a local FD index. The local proportion of archaic orders is the mean of
all palaeocommunities within 1 Myr time bin against the average functional divergence of all palaeocommunities in each 1 Myr time bin. It is the only abiotic or biotic
variable that had a significant relationship with a FD index (R2=0.15, p = 0.0048).

~300 000 ka following the mass extinction [47]. Increasing body size was likely a major contributor to the expansion in ecological
roles [11] as body size strongly influences mammal ecology [23,47-50]. We determined that this rapid rise in FD metrics during
the Palaeocene is not attributed to rise in richness or the number of palaeocommunities between the Palaeocene to the Eocene
(electronic supplementary material, figures S11). The magnitude of the ecological recovery resulted in a unified change among
community components that spanned all FD metrics and spatial scales. The pronounced concurrence likely reflected the degree
of filling of ecological niche space by mammals in the ecosystem. However, this was a short-lived event. By the early Eocene,
these metrics were largely decoupled.

(b) Synchrony ends: the next 56 Ma

Between the latest Palaeocene and the earliest Eocene, there was a major immigration event into the Americas of cursorial and
arboreal mammals from Asia and Europe (~56 Ma). This included the arrival of Primates, Perissodactyls and Artiodactyls [51].
This coincided with the first disassociation in FD patterns between local and continental scales. Meanwhile, metrics within
spatial scales remained synchronous. The new mammal orders probably contributed to a brief rise in local FD; however, all
local metrics declined soon after (figure 2). The abrupt shift into a synchronous decline was unexpected, as mammals did not
reach their maximum body size for another 15 Ma (~41 Ma) [23]. In contrast, continental FD continued to increase through
the immigration event, only to decline approximately when maximum body size was reached (~41 Ma) (figure 2) [23]. This
may suggest that the rate of niche saturation during the ecological recovery was dependent on spatial scale. For instance,
local communities saturated 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 FD metrics following the immigration event (~56 Ma) overlapped with a period of reorganization
for the North American fauna, called the Bridgerian Crash (5047 Ma; figures 1 and 2) [52,53]. This event was marked by a
cooling climate with increased seasonality and aridity, leading to the reduction of forests [53]. The reduced forest cover caused
the gradual loss of arboreal, archaic and medium-sized mammals (figures 2 and 4) [53,54]. Interestingly, FD metrics of the
continental fauna continued to increase. The rise in continental FD may have been partially owing to increasing body size as
landscapes opened. Specifically, we saw higher concentrations of large-bodied browsers in trait space after the Bridgerian Crash
(figure 5; Bridgerian Crash).

Shortly after the Bridgerian Crash, there was a major change in mammalian dynamics when all three FD metrics became
decoupled within the local and continental scales (figure 2). Local niche differentiation and evenness of ecological roles
increased after the Bridgerian Crash [53], while occupied trait space continued to shrink. The gradual reduction in trait space
may have been partially owing to the continued loss of medium-sized and arboreal species with the opening of the landscape
and expansion of grasslands into the Miocene (figure 2). Meanwhile, niche differentiation entered a period of extensive
consistency, lasting ~40 Myr (figure 2). The long period of consistency suggests that the amount of variation among species
traits did 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 (figure 5; electronic supplementary material, figure S13) [55].
However, open-landscape species began to increase in richness during the late Eocene to early Oligocene, and this created
greater evenness in the dispersal of species throughout functional space (figure 2).
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Figure 5. The trait space density of North American mammals. (a) Species were divided into 1 Myr time bins and species PCoA axes used to ordinate in
multidimensional space. Each time bin included all palaeocommunities that fell within the date range. Titles indicate major events within the included time.
(b) an example palaeocommunity made from a combination of palaeocommunities 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
palaeocommunity can be used as a general reference to better understand what structural components of mammal palaeocommunities 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 electronic supplementary material).

During the middle Oligocene to middle Miocene, the widespread expansion of grasslands across the North American landscape
led to a large degree of ecological change. Ungulates and carnivores diversified, such as horses and canids [56,57]. For example,
by the middle Oligocene there were over 25 species of canids present on the landscape [58,59]. The diversification of these
two groups created greater redundancy in functional space, causing a decline in local functional evenness (figure 2). Ungulates
experienced rapid diversification until reaching their highest diversity around 16-14 Ma, at which, diversity declined and
functional evenness began to rise again [56]. 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 [56,59]. During the latest Cenozoic, the richness of large-bodied mammals
occupying niche space in the colder climate also increased (figure 5; electronic supplementary material, figure S13) [22,56,59,60].
These factors probably contributed to the shift in local functional richness during the early to middle Miocene when functional
trait space began increasing for the first time since the Eocene (figures 2 and 4). The expansion of functional space also coincided
with the arrival of true felids [61] and proboscideans [62] into North America, resulting in unique large-bodied carnivores
and herbivores. Interestingly, continental functional richness not only did not increase, but instead slightly declined during the
Pliocene and Pleistocene (figure 2). We suggest that the cooling climate probably caused a decline in habitat heterogeneity and
may have impacted the faunal FD.

However, the level of local niche differentiation evinced a different response to the climatic and ecological changes and was
the last of the local metrics to shift. Functional divergence transitioned into a decline in the later Miocene. With a colder climate,
species within palaeocommunities became more similar in overall functional traits. Specifically, medium-sized mammals and
carnivores became more concentrated in trait space (figure 5, Plio-Pleistocene transition). However, the transition period of
functional divergence had a large confidence interval, making it difficult to infer influential abiotic and biotic factors (figure
2). Nonetheless, the confidence interval encompassed several major environmental changes, such as the C3/C4 photosynthesis
transition in grasslands [55] and the expansion of glaciers in North America [27].

Continental functional divergence was also the last of the spatial scale metrics to transition. However, the shift occurred
much earlier in the Oligocene to early Miocene. It stopped declining and like continental functional evenness and richness, it
remained relatively stable for the rest of the Cenozoic. The ~25 Myr of consistency within continental FD metrics may suggest
that FD on larger spatial scales was more resistant to ecological and environmental events than local-scale FD. These results
further highlight the differentiation in mammalian dynamics among spatial scales.

In our evaluation of abiotic and biotic factors on local-scale FD, we demonstrated that only functional divergence and the
proportion of archaic orders in 1 Myr time bins had a significant, yet weak relationship (figure 4; electronic supplementary
material, figures S14-518). As the average local proportion of archaic orders increased within 1 Myr time bins, the average
functional divergence of palaeocommunities decreased. The weak, negative relationship was likely caused by the increasing
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diversity of ecological roles and body size following the Palaeocene epoch. In fact, the four points driving the relationship [ 10 |

between local functional divergence and local proportion of archaic orders were all Palaeocene time bins. This would explain
why functional divergence was lower and the local proportion of archaic orders was higher. To ensure this relationship was
not being driven by the period of the Cenozoic when all archaic orders were extinct (<30 Ma), we also ran local functional
divergence against the average local proportion of archaic orders from 66 to 30 Ma (electronic supplementary material, figure
519). We find that the relationship became only slightly stronger but remained weak (electronic supplementary material, figure
S11). In contrast, there was no relationship between species richness or origination/extinction rates over time and local FD
(electronic supplementary material, figures 514-S18 and table S10). Nor did we find a relationship between local FD and global
temperature using 5O values as a global climate proxy (figure 4; electronic supplementary material, figures 516-518) [25].
Studies have found local climate to influence FD [63] but owing to a lack of available data, we could not analyse the local
climate for each palaeocommunity. Estimated origination and extinction rates did not exhibit any significant associations with
local-scale FD (electronic supplementary material, figures S14 and S15).

(e) Biotic and abiotic factors—continental FD

We analysed the relationship between continental FD metrics and abiotic and biotic factors (9'°0, the proportion of archaic
orders, species richness, origination and extinction rates; electronic supplementary material, figures S20-S24). We only
identified three significant relationships. Averaged '*O values for 1 Myr time bins had a significant relationship with con-
tinental functional divergence (figure 5). There was a trend of decreasing functional divergence across the Cenozoic, with
lower "0 values during the Pleistocene (figure 5). This suggests that with a cooling climate, a fewer number of species
had extreme traits and there were greater similarities among species within a palaeocommunity [17]. Similarly, we see a
slight decline in functional divergence on the local scale (figure 2) during the Pleistocene. The Pleistocene decline could
have been explained by environmental filtering and increased abiotic stresses [64]. However, we would have expected higher
continental functional divergence during the middle Cenozoic with greater habitat heterogeneity. It was important to note that
the variation in continental functional divergence across the Cenozoic was small and the breakpoint analysis did not identify
any significant shifts following the late Oligocene and functional divergence remained 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 found that the continental proportion of archaic orders had a
relationship with continental functional richness (figure 5; electronic supplementary material, figure S19). However, when we
subsetted the data to only include the period before archaic orders went extinct (66-30 Ma), there was no longer a significant
relationship (electronic supplementary material, figure 522). This suggested that the relationship was only owing to the stability
in continental functional richness in the later Cenozoic and the continued lack of archaic orders following 30 Ma. Owing to
this, we did not consider this a true relationship. Extinction and origination rates had little to no effect on the variation we
found in continental FD metrics on evolutionary timescales. Functional richness was positively associated with origination
rates; however, the association was solely driven by the two earliest time bins in the Palaeocene with low functional richness
(electronic supplementary material, figures S23 and S24). Higher origination rates were 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 FD around major ecological and evolutionary transitions, suggested that long-term variation in local FD was more
likely a reflection of a complicated interplay between ecological and evolutionary processes. It is possible that processes had
varying influences on FD metrics over time. It may be that a single process (or combination of processes) was not consistently
driving FD metrics or the same metric. The variability in driving processes would explain the lack of a relationship we found.
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 changed through time. Understanding the mechanistic drivers of FD continues to prove difficult
and complex but remains an important aim of ecology.

5. Conclusion

Our results demonstrated that mammal community structure was highly variable temporally and across spatial scales.
Moreover, spatial scales and FD metrics were disassociated in the direction and timing of shifts. FD metrics of mammal
palaecocommunities did not synchronously change without an extreme degree of ecological disturbance. Our analysis found
regular variation in components of the palaeocommunity and the continental faunal structure. FD metrics were decoupled
across evolutionary timescales and between spatial scales. Moreover, the Palaecocene was unique in the 66 Myr of North
American mammal history, with extraordinary synchronicity across metrics and spatial scales. The differences in the trajecto-
ries of FD metrics during the Palaecocene and other intervals of significant environmental change suggest that Palaeocene
community dynamics were distinct from the rest of the Cenozoic. The magnitude of the radiation event was strong enough
to link FD metrics across the spatial scale. Modern mammal communities are again experiencing extreme disturbance from
multiple sources, including human impacts and climate change, which are causing shifts in FD [18]. However, ignoring the
variation in how these metrics change through time probably 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 are at the highest risk for FD loss.
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