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Abstract: A prominent hypothesis in the diversification of

placental mammals after the Cretaceous–Palaeogene (K/Pg)

boundary suggests that the extinction of non-avian dinosaurs

resulted in the ecological release of mammals, which were

previously constrained to small body sizes and limited spe-

cies richness. This ‘dinosaur incumbency hypothesis’ may

therefore explain increases in mammalian diversity via

expansion into larger body size niches, that were previously

occupied by dinosaurs, but does not directly predict

increases in other body size classes. To evaluate this, we esti-

mate sampling-standardized diversity patterns of terrestrial

North American fossil mammals within body size classes,

during the Cretaceous and Palaeogene. We find strong evi-

dence for post-extinction diversity increases in all size classes.

Increases in the diversity of small-bodied species (less than

100 g, the common body size class of Cretaceous mammals,

and much smaller than the smallest non-avialan dinosaurs

(c. 400 g)) were similar to those of larger species. We pro-

pose that small-bodied mammals had access to greater ener-

getic resources or were able to partition resources more

finely after the K/Pg mass extinction. This is likely to be the

result of a combination of widespread niche clearing due to

the K/Pg mass extinctions, alongside a suite of biotic and

abiotic changes that occurred during the Late Cretaceous

and across the K/Pg boundary, such as shifting floral compo-

sition, and novel key innovations among eutherian

mammals.

Key words: mammal, diversity, body size, Cretaceous–
Palaeogene mass extinction, adaptive radiation.

MAMMALS underwent a major evolutionary radiation

after the Cretaceous–Palaeogene (K/Pg) mass extinction

event that played the key role in structuring their modern

diversity (e.g. Grossnickle et al. 2019). This event, one of

the ‘Big Five’ mass extinctions (Raup & Sepkoski 1982;

Alvarez 1983), resulted in the extinction of an estimated

c. 50% of genera and c. 70% of species on land and in

the oceans (Jablonski 1994), including all non-avian dino-

saurs (Brusatte et al. 2015a) and many groups of non-

therian and stem-therian mammals. Palaeogene fossils

document the post-extinction diversification of mammals,

including the first fossil appearances of the placental

crown-group (O’Leary et al. 2013; Grossnickle et al. 2019;

Lyson et al. 2019), alongside expansion into considerably

larger maximum body sizes (Alroy 1998, 1999; Smith

et al. 2010) and large increases in species richness

(e.g. Alroy 1999; Benson et al. 2016; Grossnickle &

Newham 2016; Close et al. 2017, 2019). This has been

recognized for over a century and formed the basis of the

central macroevolutionary theory of adaptive radiation

(Osborn 1902; Simpson 1937; Schluter 2000).

Although mammals attained considerable ecological

diversity in the Mesozoic, this was almost exclusively at

small body sizes (Luo 2007; Wilson et al. 2012; Close

et al. 2015; Chen et al. 2019). Mesozoic mammals most

frequently weighed less than 100 g and rarely exceeded 5

kg, whereas terrestrial Cenozoic mammals included large-

bodied species up to 10 000 kg by the Oligocene

(Alroy 1998; Smith et al. 2010; Slater 2013; Saarinen

et al. 2014; Chen et al. 2019). Furthermore, mammalian

species richness was lower throughout the Mesozoic, but

increased abruptly after the K/Pg, reaching levels up to

four times higher than pre-K/Pg levels by the

mid-Paleocene (Benson et al. 2016; Grossnickle & New-

ham 2016; Close et al. 2017, 2019). Paleocene mammals

also show increased rates of morphological evolution

(Halliday et al. 2019). The disparity of mammalian jaws

and teeth shows a slower pattern of increase, remaining
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within Mesozoic levels during the early Paleocene (Gross-

nickle & Polly 2013; Grossnickle & Newham 2016; Bene-

vento et al. 2019) but exceeding them by the Eocene

(Jernvall et al. 1996; Benevento et al. 2019).

One way in which these observations of increasing

diversity and disparity have typically been explained is by

the evolutionary expansion of mammals into novel niches

following the extinction of dinosaurs; an ecological release

hypothesis that we refer to as the ‘dinosaur incumbency

hypothesis’ (equivalent to the ‘suppression hypothesis’ of

Osborn 1910; see also Grossnickle & Newham 2016).

According to this hypothesis, Mesozoic mammal evolu-

tion was constrained either by competition with dino-

saurs, or by predation pressure from dinosaurs, and the

extinction of dinosaurs caused a release from this con-

straint (Slater 2013; Grossnickle et al. 2019). The dinosaur

incumbency hypothesis provides a particularly convincing

explanation for the diversification of medium-sized mam-

mals and the evolutionary expansion into larger body

sizes during the early Cenozoic, and for increases in spe-

cies richness resulting from diversification at these larger

sizes (Alroy 1998; Slater 2013) that were previously occu-

pied by dinosaurs. However, it does not explain all details

of mammalian diversification, such as the origins of

somewhat larger maximum body sizes and specialized

diets among Late Cretaceous mammals, prior to the

extinction of dinosaurs (Wilson et al. 2012, 2016;

Wilson 2013; Grossnickle et al. 2019; Brannick &

Wilson 2020; Krausse et al. 2020), which are most likely

to be associated with the ecological expansion of flower-

ing plants and increased endozoochory (e.g. Grossnickle

& Newham 2016; Chen et al. 2019), or differences

between fossil record occurrences of placental mammals

and molecular clock estimates of their divergence times

(e.g. Meredith et al. 2011; dos Reis et al. 2014; Gross-

nickle et al. 2019). It nevertheless provides a first-order

explanation of a major transition in the ecological roles,

abundance and species richness of mammals in terrestrial

ecosystems immediately after the K/Pg.

Although the dinosaur incumbency hypothesis gives a

clear explanation for diversification of larger-sized mam-

mals, smaller-sized mammals within the common range

of Mesozoic mammal body sizes are considerably more

speciose even today. Present-day and Cenozoic mammal

species body mass distributions exhibit a substantial

right-skew (e.g. Stanley 1973; Brown 1995; Lyons

et al. 2019), and counts of fossil species, uncorrected for

variation in sampling intensity, suggest increases in the

diversity of both small and large-bodied mammals after

the K/Pg boundary (Alroy 1998, fig. 1). These observa-

tions may be consistent with a broader view of the

end-Cretaceous mass extinction event as a wholescale

remodelling and reorganization of biodiversity (Close

et al. 2019), accentuating evolutionary changes and

trajectories of flora and fauna that were probably already

occurring during the Cretaceous as part of the Angio-

sperm Terrestrial Revolution (also known as the Creta-

ceous Terrestrial Revolution (KTR); Lloyd et al. 2008;

Benton et al. 2021). The evolution and diversification of

larger-bodied mammals is the most obvious and widely

accepted evolutionary event catalysed by the end-

Cretaceous mass extinction. However, a number of other

factors may explain aspects of the early Cenozoic mam-

mal radiation, and potentially allowed mammals of all

body sizes to diversify in the early Paleocene and beyond.

These factors include the evolution of particular key

innovations in mammals (e.g. Luo 2007), the origin of

crown eutherian mammals (Placentalia; e.g. Meredith

et al. 2011; Liu et al. 2017), the diversification of flower-

ing plants (e.g. Meredith et al. 2011; Wilson et al. 2012;

Grossnickle & Newham 2016), and increases in the abun-

dance and size of fruits (Eriksson et al. 2000), which

would have increased the rate of energy transfer from

plants to animals.

Here, we analyse changes in species richness within

distinct body size classes of terrestrial North American

fossil mammals, at regional and local spatial scales, in

order to investigate how patterns of diversity differed

across different body size classes. We use data from

North America because it has yielded an exceptional and

near-continuous record of mammals from the Late Cre-

taceous and Cenozoic. Our analyses use three size classes:

(1) ‘small’ species, with body sizes that are common

among Mesozoic mammals; (2) ‘medium’ species, with

body sizes achieved only rarely during the Mesozoic and

strongly overlapping with the body size distribution of

dinosaurs; and (3) ‘large’ species, with body sizes exceed-

ing the largest Mesozoic mammals in our dataset (see

Body mass estimates, below). Our analysis of these pat-

terns asks whether early Cenozoic increases in mamma-

lian diversity occurred predominantly among medium

and large-bodied species, best explained by a strict con-

ception of ecological release as predicted by the dinosaur

incumbency hypothesis, or whether increases in diversity

were also prominent among small-bodied mammals; a

finding that would suggest that other aspects of the

transformation of terrestrial ecosystems over the K/Pg

transition may be equally important as explanations of

the increase in mammal diversity after the end-

Cretaceous mass extinction.

METHOD

Data

Species occurrence records and first lower molar (m1)

mesiodistal lengths and labiolingual widths for
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Cretaceous–Oligocene North American terrestrial mam-

mals were downloaded from the Paleobiology Database

(PBDB; https://paleobiodb.org/) on 19 July 2022. Addi-

tional m1 measurements for 216 species were obtained

from the literature, including measurements from images

of m1s using GIMP (https://www.gimp.org). Points were

placed to characterize maximum length and width, and

the distances between these points (in mm) were obtained

using R (v4.2.2; R Core Team 2013). After discarding

occurrences with extremely uncertain ages (see Binning

occurrence data, below), the resulting dataset contained

14 886 occurrences (comprising 1495 unique species) with

m1 measurements (Benevento et al. 2023). Mean values

were used when multiple individual specimens of the

same species were measured.

Body mass estimates. Species body masses were estimated

using published regressions of body mass against m1

measurements derived from extant species (Legendre

1986; Damuth 1990; Wilson et al. 2012). Three separate

regressions were used to account for the differences in

these relationships in artiodactyls and perissodactyls

(Damuth 1990; Alroy 1998), multituberculates (Wilson

et al. 2012) and all other mammals (Legendre 1986).

This follows the approach used by other studies of

mammalian body size evolution in the fossil record

(Alroy 1998).

Only m1 length was used to estimate body mass in

artiodactyls and perissodactyls based on previous studies

that showed this measurement correlates best with body

mass in extant species (Damuth 1990; Alroy 1998),

according to Equation 1:

ln massm1ð Þ ¼ 1:24þ 3:11� ln lengthm1ð Þð Þð Þ (1)

Multituberculates have a uniquely large m1 resulting

in over-estimates of body mass when using ‘standard’

mammalian equations (Wilson et al. 2012). Skull length

is thought to provide better estimates of body mass in

multituberculates (Wilson et al. 2012) but complete

skulls are rare in the fossil record. As a result, we used a

formula (Eqn 2) that modifies inferred body mass (based

on m1 size; Legendre 1986; Eqn 3) using the relationship

of skull length to body mass in more complete specimens

(Millien & Bovy 2010) as developed by Wilson

et al. (2012):

ln massskull length
� � ¼ 0:87þ 0:79� ln massm1ð Þð Þð Þ (2)

The final regression used here (Eqn 3) is a generic body

mass regression for all mammals (Legendre 1986), and is

applied to all species in the dataset except artiodactyls,

perissodactyls and multituberculates:

ln massm1ð Þ ¼ 1:81þ 1:827� ln lengthm1 � widthm1ð Þð Þð Þ
(3)

Body mass estimates were used to categorize species in

our dataset as ‘small’, ‘medium’, or ‘large’. The cut off

size for each size class was based on the distribution of

mammal body sizes globally throughout the Mesozoic

(Fig. S1; see also Fig. S2). This global Mesozoic dataset

includes 195 species with m1 measurements allowing us

to calculate an estimate of body size. 131 of these m1

measurements were collected from the literature, and the

remaining 64 were taken from the PBDB. ‘Small’ mam-

mals are equivalent in mass to the most common Meso-

zoic mammals (body masses below 100 g; below red line

A on Figs S1, S2). ‘Medium’ mammals have body masses

that are rare but present among Mesozoic mammals,

from 100 g to an upper bound defined by the estimated

body mass of the largest Mesozoic mammal in our dataset

(between red lines A and B on Figs S1, S2). ‘Large’ mam-

mals are larger than the largest Mesozoic mammal in our

dataset, and by definition include only Cenozoic species

(above red line B on Figs S1, S2; see also Data S1 for a

list of species assigned to each size class).

Binning occurrence data

Occurrences were binned into discrete Mesozoic stages and

Cenozoic North American land mammal ages (NALMA).

PBDB boundary ages were updated to reflect the most up-

to-date stage ages reported in the International Chronos-

tratigraphic Chart (v2022/02; Cohen et al. 2013) for the

Mesozoic, and NALMA ages taken from Gradstein

et al. (2020, fig. 28.12) for the Cenozoic. Where bins were

particularly short, they were merged with adjacent ones

(e.g. the Clarkforkian NALMA was combined with the pre-

ceding Tiffanian NALMA). Occurrences with stratigraphic

ages spanning three or more time bins were deleted from

our dataset (50 occurrences). For our sampling-

standardized diversity estimates (see Sampling-standardized

diversity estimates, below) occurrences which have strati-

graphic ages with uncertainties that span two of our time

bins (571 of the remaining occurrences) were assigned to a

bin by drawing from a uniform distribution within their

possible age range. Randomization was conducted across

1000 iterations, each of which was subsequently analysed

separately for diversity estimates.

Raw species richness

Raw species richness was obtained by assigning occur-

rences to bins using the occurrence age range midpoint.

Unique species occurrences per bin were then calculated

and plotted in Figure 1.
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Sampling-standardized diversity estimates

We estimated sampling-standardized species richness

from the terrestrial North American mammal occurrence

data using shareholder quorum subsampling (SQS, also

known as coverage-based rarefaction; Alroy 2010; Chao &

Jost 2012; Close et al. 2018), implemented via the esti-

mateD() function in the package iNEXT (v3.0.0; Hsieh

et al. 2016, 2022) in R (v4.2.2; R Core Team 2013).

Occurrence data were observed, subsampled or extrapo-

lated to target coverage levels, but estimates were consid-

ered unreliable and discarded if extrapolated sample sizes

were more than twice the reference sample size (Hsieh

et al. 2016, 2022). SQS was performed for each of the

1000 iterations described above. Mean values and 95%

confidence intervals were obtained from these 1000 itera-

tions (Figs 2, S3, S4). SQS diversity was calculated for all

body sizes, small mammals, medium mammals, and large

mammals, for the following clades: Total Mammalia;

Multituberculata; Eutheria; Metatheria; Condylarthra;

Pantodonta; Primates and Plesiadapiformes; Carnivora

and Creodonta; Artiodactyla and Perissodactyla; and

Rodentia (see Data S1 for a list of species assigned to

each clade). Five quorum levels were analysed: 0.7, 0.8,

0.85, 0.9 and 0.95. Results for all clades, size classes and

quorums are presented in Data S2, and Data S3 contains

data on which results were observed, subsampled or

extrapolated.

Individual diversity curves can be compared through

time to establish relative patterns of diversity change, and

the overall patterns of the total data and subset data are

comparable, but the absolute values of diversity through

time obtained for subsets of the data should not be

directly compared to one another (see Appendix S1).
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A

F IG . 1 . Raw species frequencies per time interval for North American mammals, representing: A, species of all body sizes; B, small

species; C, medium species; D, large species. Colours within the bar plots indicate the frequencies of different mammal clades; other

stem Theria (orange), Multituberculata (pink), Metatheria (green) and Eutheria (blue). Figure S5 shows a version of this figure, but

with eutherian clade frequencies plotted in different shades of blue. Panel A has different y-axis values to panels B–D. Vertical dashed
black line indicates the K/Pg boundary. Interval names are provided in Figure S5.
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Local richness

Counts of species within individual PBDB collections

(broadly equivalent to fossil sites or localities), were plot-

ted through time for each mammalian size class to assess

changes in local richness (alpha diversity; Close

et al. 2019). In contrast to Close et al. (2019), who also

counted indeterminate but distinct species, only valid

named species were included here, as body size data has

only been collected at the species level.

Local richness rarefaction curves

Face-value local richness estimates (simple counts of species

per collection) and per-bin richness quantiles are both sensi-

tive to sampling intensity biases (Close et al. 2019), such

that sampling greater numbers of fossil collections tends to

result in higher local richness estimates. Within-collection

abundance data is needed to standardize estimates of species

per collection, but this data is not systematically available in

the literature. Instead, we follow Close et al. (2019) in gen-

erating local richness rarefaction curves, for each body size

category, at a range of informative local richness quantile

levels: 0.9, 0.95, 0.99 and 1 (the last value being maximum

local richness per bin). Rarefaction curves of local richness

quantiles were generated as per Close et al. (2019), and

entailed 1000 replicates of drawing fixed numbers of per-

collection richness values per bin (with replacement; i.e.

bootstrapping) for sample quotas ranging from one collec-

tion up to the maximum number of collections in each bin

(sample quotas spaced logarithmically). Subsampled levels of

local richness quantiles were also used to generate diversity

curves using standardized per-bin estimates. A minimum

quota of 35 collections was used to maximize coverage

among bins while omitting poorly sampled Mesozoic bins.

Results for standardized and unstandardized local richness

curves are presented in Data S4.
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large mammal (red line) diversity was calculated using coverage-based rarefaction at a quorum of 0.8 (SQS; Fig. S3 shows sampling

corrected diversity for species of all body sizes, small species, medium species and large species for total Mammalia, at quorums 0.7,

0.8, 0.85, 0.9 and 0.95. Fig. S4 shows additional subclade SQS diversity curves at quorum 0.8). All panels are plotted against different

y-axes. Vertical dashed black line indicates the K/Pg boundary. Vertical dotted black lines indicate the Paleocene–Eocene and Eocene–
Oligocene boundaries, respectively. Interval names are provided in Figure S3. Data on which bins are observed, subsampled, or extrap-

olated can be found in Data S3.
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Sample coverage

Good’s u, an estimate of sample coverage (Good 1953),

was calculated for each size class per time bin per boot-

strap replicate (Data S5). Although the original formula

for calculating Good’s u only uses information about sin-

gletons, we used a modified version of the formula

(Chao 1984), which estimates coverage using both single-

tons (species represented by only one specimen) and dou-

bletons (species represented by two specimens).

RESULTS

Face-value species counts

Face-value (uncorrected or ‘raw’) counts of terrestrial

North American fossil mammal species, pooling all body

sizes, remain low throughout the Cretaceous, albeit with

a small increase during the final two stages, the Campa-

nian and Maastrichtian (Figs 1, S5). Species counts show

overall increases after the K/Pg boundary in all size clas-

ses, with the exception of a small decline during the Puer-

can for small mammals, before increasing in the

Torrejonian (note that by definition there are no Meso-

zoic representatives of the large-bodied size class; see

Body mass estimates). Counts of small and medium-sized

mammals continue to increase up to a maximum in the

well-sampled early Eocene time bins, before declining

through the remainder of the Cenozoic. Large mammals

show their highest fossil species counts later in time, dur-

ing the Arikareean North American Land Mammal Age

(NALMA; Oligocene/earliest Miocene, the final time bin

included in our study). Eutherian mammals make up an

increasing percentage of overall fossil species counts

through time in all size classes (Figs 1, S5), with the

greatest increase in the relative abundance of eutherians

across the K/Pg boundary. Non-eutherian groups show

extremely low species counts by the end of the study

interval (Oligocene/earliest Miocene). Face-value species

counts of individual clades, coloured by body size class,

can be seen in Figure S6. In our dataset, only multituber-

culates, cimolestans, condylarths and rodents span all

three body size classes. The remaining clades comprise

either mostly small-sized mammals and fewer medium-

sized mammals, or mostly medium-sized mammals and

fewer large-bodied mammals (Fig. S6).

Sampling-standardized diversity

Sampling-standardized diversity across all terrestrial

North American mammal species (Fig. 2A, black line;

Fig. S3A) appears low throughout the Cretaceous.

Sampling-standardized diversity increases abruptly across

the K/Pg boundary, and substantial further increases con-

tinue throughout the Paleocene, such that late Paleocene

diversity is approximately six times higher than that of

the Late Cretaceous (we present results at a quorum of

0.8 in Fig. 2, but other quora show consistent patterns:

Fig. S3). Diversity shows an essentially stationary pattern

during the Eocene and Oligocene, with a dip in diversity

after the Eocene–Oligocene boundary. Despite these fluc-

tuations, mammalian diversity shows overall long-term

stability at levels which are at least five times greater than

those of the Late Cretaceous.

Sampling-standardized diversity of small mammals

(Fig. 2A, blue line; Fig. S3B) shows a small decline in the

immediate aftermath of the K/Pg extinction event (the

Puercan NALMA). It then increases to substantially

higher levels by the late Paleocene. Small mammal diver-

sity fluctuates throughout the Eocene and Oligocene, in

particular declining during the Bridgerian, Uintan and

Chadronian, but never drops as low as Campanian–Paleo-
cene levels.

Sampling-standardized diversity of medium-sized

mammals (Fig. 2A, green line; Fig. S3C) shows an imme-

diate increase across the K/Pg boundary, and continues to

increase throughout the Paleocene and across the Paleo-

cene/Eocene boundary to an acme in the early Eocene.

Medium-sized mammals then show a general pattern of

diversity decline from the early Eocene to the late Oligo-

cene/earliest Miocene.

Sampling-standardized diversity of large-bodied mam-

mals (Fig. 2A, red line; Fig. S3D), which by definition are

not present in the Mesozoic, show a long-term pattern of

overall increase from the earliest Paleocene to the late

Oligocene and earliest Miocene. Large mammals show a

pronounced increase in the Uintan NALMA, followed by

a decrease across the Uintan–Dutchesnean boundary.

Eutherian diversity patterns (Fig. 2D) are similar to

those of ‘total’ mammals (Fig. 2A), but with relatively

lower diversity during the Cretaceous among all mammals

and small-bodied mammals, as would be expected. In

contrast, patterns in multituberculates (Fig. 2B) and

metatherians (Fig. 2C) deviate more substantially from

those of ‘total’ mammals (we also note that there are

insufficient large-bodied multituberculates and medium-

sized metatherians to provide consistent sampling-

standardized diversity estimates, and that large-bodied

metatherians are absent from our North American data-

set). Multituberculates show increases across the K/Pg

boundary (Fig. 2B, black line), followed by an even more

substantial increase in the mid-Paleocene, and then an

abrupt decline to below Cretaceous levels across the

Paleocene–Eocene boundary. Metatherian diversity shows

a substantial decline across the K/Pg boundary (Fig. 2C;

for both all and small-bodied Metatheria), with their
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highest diversity levels attained during the Cretaceous.

Metatherian diversity increases across the Paleocene–
Eocene boundary, but does not reach pre-K/Pg values,

before declining slightly on average throughout the

Eocene and Oligocene.

Local species richness

Face-value counts of mammal species per collection (local

richness, or alpha diversity) were low during the Meso-

zoic (Fig. 3). Curves for unstandardized (Fig. 4A) and

standardized (Fig. 4B) local richness quantiles are similar,

but rarefying down to a fixed quota of 35 collections

excludes all Mesozoic bins apart from the Campanian

and Maastrichtian. Prior to the Campanian, rarefaction

curves of local richness quantiles for Mesozoic intervals

are based on low counts of collections and show no signs

of levelling off (Fig. 4C–F), suggesting that the data are

insufficient to draw reliable inferences. Local standardized

richness (quantile = 0.99) drops slightly across the

boundary, and then increases abruptly in the Torrejonian,

reaching a high point for our study interval. Local total

mammal richness then exhibits an overall decline, albeit

with short term fluctuations, through to the end of the

Oligocene.

Standardized local richness of small mammals shows a

short-term decline in the immediate aftermath of the

K/Pg mass extinction event. By the late early Paleocene,

however, local richness levels are considerably higher than

those of the latest Cretaceous. The unstandardized curve

of local richness quantiles for small mammals (Fig. 4A) is

flatter throughout the remainder of the Cenozoic, while

the standardized curve exhibits more variation and dis-

continuities due to bins that do not meet the collection

quota (Fig. 4B).

Medium-sized mammal local richness quantiles show

an immediate increase across the K/Pg boundary. Local

richness for this size class peaks in the Torrejonian and

then again in the Wasatchian, which is then followed by a

general decline through to the end of the study interval,

punctuated by a smaller peak in the Chadronian. Local

richness quantiles for large mammals begin in the Puer-

can, and remain relatively stable through time, with a

very slight overall increase towards the end of the time

series, punctuated by a small decline in the Bridgerian.
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Body mass frequency distributions

Species body mass frequency distributions for Mesozoic

and early Cenozoic (Palaeogene) mammals, plotted by

diet, is shown in Figure S7. In the Palaeogene, all mam-

mals, faunivorous mammals, and herbivorous mammals

exhibit a prominent right-skew to their size-frequency

distribution. However, omnivorous mammals do not.

DISCUSSION

Our analyses confirm previous findings of a substantial

(at least four-fold) increase in mammal diversity in the

aftermath of the K/Pg extinction event (e.g. Benson

et al. 2016; Grossnickle & Newham 2016; Close

et al. 2017, 2019). Increases occurred in North America at

both local and regional scales, and took place throughout
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the first 10 myr of the Cenozoic (Figs 2, 4). Crucially,

diversity increases occur in all body size classes, including

among small-bodied mammals, after a short time lag

(diversity of small-bodied mammals is low in the Puer-

can, earliest Paleocene; Figs 2–4). Indeed, early Cenozoic

increases in small-bodied mammal diversity were similar

to those seen in medium and large-bodied mammals

(Figs 2A, 3B–D). Large-bodied mammals, by our defini-

tion, were absent before the Palaeogene, and the maximal

local richness of large mammals during the early Ceno-

zoic is comparable to that of non-avian dinosaur species

in the Mesozoic (Fig. 4; cf. Close et al. 2019). This obser-

vation is consistent with a long-term incumbent/replace-

ment dynamic between dinosaurs and large-bodied

mammals. However, when also including smaller-bodied

species, Cenozoic increases in total mammalian diversity

were considerably greater than extinctions of non-avian

dinosaur species (see also Benson et al. 2016; Close

et al. 2017, 2019).

Our findings for large-bodied mammals are consistent

with previous studies which showed that the dinosaur

incumbency hypothesis and replacement of large-bodied

dinosaurs by large-bodied mammals explains some

aspects of the early Cenozoic mammal radiation (e.g.

Alroy 1999; Slater 2013; Chen et al. 2019). Nevertheless,

this hypothesis alone does not explain the scale of Ceno-

zoic mammalian diversification across all body size clas-

ses, or the observation of large increases in small-bodied

mammal diversity (and see Chen et al. 2019 for ecological

diversification of small mammals). The smallest non-

avian dinosaurs known from definite adult specimens

weighed c. 400 g, and dinosaur species body masses less

than 750 g were extremely rare (Benson et al. 2014, 2018;

Benson 2018). It is therefore unlikely that adult non-avian

dinosaurs were frequent ecological competitors of small-

bodied mammals (<100 g as defined here).

When discussing the ecological release of mammals,

predation by the dinosaurs is often also cited alongside

competition as a constraining factor for mammal evolu-

tion during the Mesozoic (e.g. it is central to the ‘sup-

pression hypothesis’; Osborn 1902; Grossnickle et al. 2019

and references therein). While some smaller-bodied dino-

saurs probably did prey on small mammals (e.g. Simpson

et al. 2010; Varricchio et al. 2021), predator–prey rela-

tionships are extremely complex, and these complexities

remain poorly understood. Furthermore, the effects of

predation pressure on species richness are also poorly

understood at a macroevolutionary scale. On macroevolu-

tionary time scales, predator–prey relationships may

potentially result in evolutionary arms races (Dawkins &

Krebs 1979) and do not necessarily reduce species diver-

sity (Paine 1966; Stroud & Losos 2016; but see also

Schoener et al. 2001; Ryberg et al. 2012). Although some

studies suggest that the removal of predators can promote

the radiation of prey species (Yoder et al. 2010 and refer-

ences therein), there is no reason to expect that predation

pressure from non-avian dinosaurs was substantively

more intensive on small-bodied mammals in the Meso-

zoic than the effects of mammalian predators of the

Cenozoic. It is likely that by the Late Cretaceous, interac-

tions among small-bodied mammals, birds and squamates

were also similar to those of today (Chen et al. 2019).

Relaxation of predation pressure was probably substantial,

but also transient due to the replacement of dinosaurian

predators with mammalian predators in the early Ceno-

zoic. This transient effect therefore cannot readily explain

the long-term persistence of high standing diversity

among small-bodied mammals following the K/Pg.

We also identified noteworthy diversity dynamics

among medium and large-bodied mammals within the

Cenozoic. The body masses of the smallest adult dino-

saurs overlap with the medium-sized mammals in our

study. Therefore, the extinction of non-avian dinosaurs

potentially does explain increases in this size class and

expansion into still larger body sizes, as has been previ-

ously hypothesized. Although total mammal diversity

reached a plateau during the Eocene, mammal diversity

within individual body size classes is more variable.

Medium-sized mammals exhibit their highest diversity

during the late Paleocene and early/middle Eocene, fol-

lowed by declining diversity from the middle Eocene

onward (Figs 2A; S3C). In contrast, large-bodied mam-

mals show a long-term increase in diversity through time

from the Paleocene to Oligocene and Early Miocene. By

the late Eocene, declines in medium-sized mammals cor-

respond with more substantial increases in large-bodied

mammals. These observations are consistent with

previously-documented patterns of mammalian body size

evolution, in which groups of medium-sized mammals

were abundant during the early Cenozoic, but mostly

evolved towards larger body sizes by the end of the

Eocene (Alroy 1999; Smith et al. 2010).

Changes in sampling-standardized diversity within

body size classes during the Eocene also coincide with a

pattern of turnover among groups of eutherian mammals,

as well as with the final extinctions of stem-therian mam-

mals. Long term declines in medium-sized mammals

from the early Eocene onward (Fig. 2A, D) can be attrib-

uted to the decline and subsequent loss during the Eocene

of multituberculates (Figs 2B, S6A), condylarths

(Figs S4B, S6D), cimolestans (Figs S4A, S6C), and pri-

mates and plesiadapiforms (Figs S4C, S6E). Long term

increases in large mammal diversity are driven primarily

by increases in the diversity of artiodactyls and perisso-

dactyls (Figs S4G, S6I), and an expansion of large bodied

carnivores (Figs S4E, S6G).
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Hypotheses for the diversification of small-bodied mammals

after the K/Pg mass extinction

Explaining the increases in small-bodied mammal diver-

sity that we document requires deeper exploration of the

dinosaur incumbency hypothesis, as well as the investiga-

tion of complementary biotic and abiotic factors.

Together, hypotheses must explain an abrupt and long-

lasting state-shift in mammalian species richness in all

body size classes during the K/Pg transition, and not just

the attainment of large body sizes for the first time dur-

ing the early Cenozoic, which has classically been the

focus of this faunal transition. It is likely that such

hypotheses will invoke fundamental ecological differences

between Mesozoic and Cenozoic ecosystems. We suggest

the need for new hypotheses that explain how Cenozoic

mammals were able to better partition or pack body-size

niche space, allowing them to achieve greater diversity

even within small-body-sized macroevolutionary adaptive

zones (sensu Simpson 1953; Stanley 1973) that were

already established in the Mesozoic. Successful explana-

tions must invoke persistent state-shifts in terrestrial eco-

systems rather than transient factors associated with

catastrophic events over the boundary itself, particularly

as Cenozoic mammals continued to diversify substantially

throughout the Paleocene.

We discuss five potential explanations for this long-

term pattern: (1) ‘life history differences between dino-

saurs and mammals’, differences in ontogeny and parental

care may have allowed mammals to achieve higher species

richness than dinosaurs in similar environments; (2)

‘extinctions among other mammaliaforms’, small-bodied

non- and stem-therian mammals probably competed with

Mesozoic therian mammals for resources, and could have

been incumbent in small-bodied niches; (3) ‘extinctions

among other small-bodied tetrapods’, niches available to

small-bodied mammals may have been cleared by extinc-

tions among other small-bodied tetrapods; (4) ‘environ-

mental change’, environmental changes that created novel

niches, such as floral changes that produced new oppor-

tunities for herbivores; and (5) ‘key innovations’, a novel

ability to evolve key traits which increases speciation rates

or the upper limits to species richness of ecosystems.

Life history differences between mammals and dinosaurs. Dif-

ferences between the ontogenetic shifts seen in dinosaurs

compared to mammals may provide one possible or partial

explanation for an increase in mammal diversity in all body

size classes across the K/Pg boundary (Close et al. 2019).

Dinosaur species range from 400 g to 70 tonnes as adults

(Benson et al. 2018), but emerged from eggs, as hatchlings,

at smaller sizes. Dinosaur species therefore occupied a large

range of different body sizes as they grew, and had little

parental care (although data on this are missing for many

groups). Therefore, individuals from the same species of

dinosaur may have filled multiple ecological niches

throughout their lifecycle, commonly referred to as ‘onto-

genetic niche partitioning’ (Varricchio 2011; O’Gorman &

Hone 2012; Codron et al. 2013). This differs from the situa-

tion in mammals (e.g. Janis & Carrano 1991), which pro-

duce many fewer offspring, with a high degree of parental

investment per individual, providing parental care until the

offspring are able to fend for themselves. Therefore, mam-

mals do not undergo ontogenetic niche shifts to the same

extent as dinosaurs, if at all.

Schroeder et al. (2021) recently suggested that the

widespread occurrence of ontogenetic niche shifts in

dinosaurs may explain the perceived low species richness

of dinosaurs. However, we find no evidence that dino-

saurs had low species richness, beyond what would be

explained already by their large body sizes; dinosaurs had

approximately the same species richness that dinosaur-

sized mammals do today (>750 g; Le Loeuff 2012;

Benson 2018, e.g. by comparison of Maastrichtian dinosaur

species richness to the count of mammal species within the

common body size range of dinosaurs). Our findings

corroborate this, by showing that large-sized mammals of

the early Cenozoic had similar species richness to Late

Cretaceous dinosaurs (Figs 2A and S3D in combination

with Close et al. 2019). Nevertheless, juvenile individuals of

smaller-bodied dinosaur species may potentially explain

the low diversity of small-bodied mammals (weighing

<100 g) during the Mesozoic, and removal of dinosaurs at

the K/Pg boundary may therefore explain increases in spe-

cies richness of small and medium-sized mammals, allow-

ing for higher taxonomic diversity of mammals compared

to dinosaurs (Codron et al. 2013). We note that this is not

our favoured hypothesis because strong evidence that

differences in the life history of dinosaurs compared to

mammals resulted in different body size distributions or

species richness patterns remains elusive due to size-related

sampling biases (e.g. Brown et al. 2013; Benson et al. 2018,

2022). Nevertheless, it remains a live and important

hypothesis.

Extinctions among other mammaliaforms. Dinosaurs were

not the only clade to undergo major extinctions at the K/

Pg boundary. During the Mesozoic, non-therian and

stem-therian mammals were much larger components of

mammal diversity. Like the therian mammals that sur-

vived the K/Pg extinction and subsequently radiated,

non-therians and stem-therians were confined to small

body sizes during the Mesozoic. During this time period,

these groups seem to have been more readily able to

evolve novel phenotypic traits and therefore exploit a

larger range of ecological niches (Brocklehurst
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et al. 2021). The removal of many of these mammalia-

form clades at the K/Pg boundary, and the decline of the

late-surviving multituberculates throughout the late

Paleocene and Eocene, probably contributed to relaxing

competition on the surviving therian mammals (Brockle-

hurst et al. 2021). We note that this hypothesis may have

contributed to diversification in placental and marsupial

mammals, but does not provide a clear explanation for

the magnitude of the increase seen in the total species

richness of all mammaliaforms in the early Cenozoic

compared to those in the Late Cretaceous.

Extinctions among other small-bodied tetrapods. Higher

competition between other small-bodied tetrapods and

small mammals during the Mesozoic when compared to

the Cenozoic could also potentially explain the diversifi-

cation of small mammals after the K/Pg boundary. Other

small-bodied tetrapods include small-bodied members of

the amphibian, bird and lepidosaur clades, and we con-

sider each in turn.

Amphibians were well-established by the beginning of

the Mesozoic, having evolved c. 370 million years ago

during the Late Devonian (Romer 1956). Roelants

et al. (2007) presented a molecular time tree of amphib-

ian species, representing a small but phylogenetically

diverse sample of their living diversity. They found that

net diversification of higher clades was high at the start of

the Mesozoic, levelled during the mid-Mesozoic, and

peaked in the Late Cretaceous. This peak in net diversifi-

cation is broadly concurrent with radiations among some

mammaliaform clades (Grossnickle et al. 2019) in the

aftermath of faunal turnover during the KTR (Lloyd

et al. 2008; Grossnickle et al. 2019; Benton et al. 2021).

Evidence for amphibian extinctions across the K/Pg

boundary is limited (Feijó et al. 2023). Moreover, many

modern amphibian clades probably originated in the

Palaeogene, and taxonomic diversity increased when

amphibians radiated across the K/Pg boundary (Roelants

et al. 2007; Feng et al. 2017). As amphibian diversity

increased alongside small mammal diversity, and almost

all amphibians are small-bodied (e.g. extant amphibians;

O’Gorman & Hone 2012, fig. 2d), there is no evidence

that amphibians competed with Mesozoic small mammals

more than they did with Cenozoic small mammals. Fur-

thermore, we currently find it difficult to envision a

mechanism by which Mesozoic amphibians could have

suppressed the diversity of small-bodied mammals, with

each clade exhibiting distinct ecologies and life histories.

The first birds (Aves) evolved c. 150 million years ago

in the mid-Jurassic (Brusatte et al. 2015b), at least 50

million years after the first mammaliaforms (Grossnickle

et al. 2019). While we know of no previous studies that

have tested the diversification of exclusively small-bodied

birds across the K/Pg boundary, modern and fossil birds

are overwhelmingly small-bodied (e.g. extant birds;

O’Gorman & Hone 2012, fig. 2b), with larger and often

flightless birds less common. Therefore, diversity dynam-

ics for all birds are likely to be driven by small-bodied

birds. The fossil record of Mesozoic birds is extremely

incomplete (Brocklehurst et al. 2012). Nevertheless,

exceptional fossil sites provide evidence for diverse bird

faunas by the Cretaceous (Brusatte et al. 2015b). Enan-

tiornithes were the most taxonomically diverse Mesozoic

bird clade, but were likely to have been exclusively arbo-

real and ecomorphologically constrained (Wang

et al. 2021). Birds underwent major extinctions at the

K/Pg boundary (Longrich et al. 2011; Field et al. 2018),

and Neornithes (crown-group birds) replaced the more

dominant Mesozoic groups including the Enantiornithes

(Brusatte et al. 2015b; Field et al. 2018). Neornithes

exhibited a radiation that paralleled that seen in mam-

mals in the aftermath of the K/Pg extinction event and

today are almost twice as diverse as mammals, with over

10 000 species (Brusatte et al. 2015b). It is possible that

some Mesozoic mammals and birds did compete for

limited resources within an already reduced range of

niches, and that both clades were constrained to fewer

niches and smaller body sizes by a common cause (e.g.

environmental constraints and the presence of the non-

avian dinosaurs). This could have reduced diversity

among both clades to some extent during the Creta-

ceous. Nevertheless, as extant birds are even more

diverse at small body sizes than both their Mesozoic

counterparts and extant mammals, it is implausible that

competition from Mesozoic birds would have con-

strained Mesozoic small-bodied mammals to a greater

extent than extant birds constrain extant small-bodied

mammals.

Lepidosaurs comprise squamates (lizards and snakes)

and rhynchocephalians. As with birds, we are not aware

of any analyses that have sought to investigate lepidosaur

diversity dynamics exclusively at small body sizes. Never-

theless, many species of lepidosaur are small (e.g. extant

reptiles; O’Gorman & Hone 2012, fig. 2c) and so here we

consider patterns reported for the total group. During the

period from the Triassic to the Oligocene, total lepidosaur

species richness peaked in the Late Cretaceous (Cleary

et al. 2018), once again congruent with Late Cretaceous

increases in mammal diversity (Fig. 3; see also Grossnickle

et al. 2019). Many lepidosaur clades underwent extinc-

tions across the K/Pg boundary (e.g. lizards and snakes;

Longrich et al. 2012), but subsequent taxonomic radia-

tions (snakes; Klein et al. 2021) and niche expansion

(snakes; Grundler & Rabosky 2021) in the wake of the

K/Pg mass extinction replaced diversity losses, resulting in

consistently high lepidosaur diversity throughout the

Palaeogene (Cleary et al. 2018). With c. 10 000 species of

lepidosaur alive today (Cleary et al. 2018), and a
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significant right-skew to extant lepidosaur body size dis-

tributions (e.g. extant reptiles; O’Gorman & Hone 2012,

fig. 2c), it is likely that competition between lepidosaurs

and small mammals is higher today than it was during

the Mesozoic.

Overall, previous works provide evidence that the main

groups of small-bodied land vertebrates that were abun-

dant in Cretaceous ecosystems, in fact share patterns of

higher taxon appearance and turnover with those seen in

mammals, and may have undergone species-radiations in

the earliest Cenozoic, co-occurring with the patterns

documented here for small-bodied mammals (e.g. Roe-

lants et al. 2007; Brusatte et al. 2015b; Cleary et al. 2018;

Field et al. 2018; Klein et al. 2021). This makes it unlikely

that small-bodied mammal diversity was suppressed by

the occurrence of other small-bodied groups prior to the

K/Pg boundary, rejecting a hypothesis of ecological release

of small-bodied mammal diversity. Instead, the occur-

rence of potentially shared patterns across multiple

groups may be taken as evidence for an environmental

driver, which deserves further investigation.

Environmental change. Of potential environmental expla-

nations, floral composition is the most prominent and

we focus on that here. Floral composition and structure

has a strong influence on the structure of small mammal

communities today and has been proposed as a strong

influence on mammalian evolutionary history (Chen

et al. 2019; Grossnickle et al. 2019; Benton et al. 2021).

Much of the ecological diversity of Mesozoic mammals

resulted from a Jurassic diversification of the mammalian

crown-group and their proximate stem-lineage

(Luo 2007; Close et al. 2015). This resulted in substantial

locomotor diversity, but more limited dietary diversity

compared to extant small-bodied mammals (Chen

et al. 2019). The evolution of dietary specialization

among Late Cretaceous multituberculates, therians and

other groups has been attributed to the ecological diver-

sification of flowering plants (e.g. Wilson et al. 2012;

Chen et al. 2019; Grossnickle et al. 2019). Nevertheless,

Eocene mammal communities show dramatically more

varied dietary adaptations than those of the Late Creta-

ceous (Benevento et al. 2019). This has been linked to

events in angiosperm evolution, which continued from

the mid-Cretaceous up to the Paleocene (Chen

et al. 2019). Angiosperms are thought to provide a

greater output of nutrient-rich organs, including leaves,

fruits and seeds, than other plant groups, and to have

promoted diversification of insect groups that also pro-

vide prey items for small-bodied mammals (reviewed by

Chen et al. 2019).

Understanding of the timing of shifts in floral commu-

nities and their relationship to events in the ecological

diversification of mammals is limited by a lack of detailed

study of floral community structure during the K/Pg

transition (Chen et al. 2019). Nevertheless, floral assem-

blages are known to have undergone substantial change

through this interval. Although angiosperms comprised a

high proportion of plant species by the early Late Creta-

ceous, tree-like forms were initially rare, and angiosperms

constituted a low proportion of biomass and cover in

many environments until the latest Cretaceous or early

Cenozoic (Wings & Boucher 1998). Maximum fruit and

seed sizes also underwent continual increases through the

Late Cretaceous and Paleocene to reach a peak during the

Eocene, with hypothesized links to mammalian diversifi-

cation (Eriksson 2016). Angiosperm leaf-vein density, and

implied capacity for photosynthetic production, under-

went a large, stepwise increase during the Maastrichtian

(latest Cretaceous; Feild et al. 2011), coincident with the

timing of increases in local richness of small-bodied

mammals found here (Fig. 3B). Plant diversity was

reduced in the immediate aftermath of the extinction,

with spikes in fern and palm abundance representing the

expansion of disaster taxa (Lyson et al. 2019). The post-

extinction aftermath saw diversification of numerous

angiosperm clades (Lyson et al. 2019; Magallón

et al. 2019). Legumes, one of the largest families of flow-

ering plants and prominent nitrogen-fixers, diversified in

the immediate aftermath of the K/Pg extinction, and may

have provided a rich new food source for mammals to

exploit (Lyson et al. 2019), alongside increases in angio-

sperm fruit size distributions and diversity (Eriksson

et al. 2000). In the context of these observations, the

apparently increased capacity of Palaeogene biomes to

host greater small-bodied mammal richness might well be

explained by changes in the nature of plant communities,

where increases in resources may have expanded the

number of niches in Cenozoic ecosystems. Better quantifi-

cation of floral change and patterns of plant diversity

across the K/Pg boundary in the future will allow a test

of this hypothesis.

Key innovations. Another non-mutually-exclusive alterna-

tive for the diversification of small mammals following

the K/Pg relates to the intrinsic evolution of new biologi-

cal traits, or ‘key innovations’. Key innovations are

defined as the evolution of a novel phenotype that pro-

motes evolutionary ‘success’ in a clade (Hunter 1998).

These traits can change the ability of an evolutionary line-

age to diversify, increase competitiveness, or enable the

exploitation of novel environments or resources

(Hunter 1998). The composition of mammal faunas

changes substantially after the K/Pg extinction event

(Figs 1, S5), with eutherian mammals making up much

larger proportions of overall diversity (Fig. 2A, D;
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Cenozoic eutherian mammal diversity is extremely similar

to Cenozoic total mammal diversity). Thus, the post-K/Pg

diversification of small mammals could be linked to one

or more key innovations present in eutherians. Several

potential key innovations of eutherians have been pro-

posed. For example, the effects of the placental reproduc-

tive mode on the evolutionary success of the clade has

long been discussed (Lillegraven et al. 1987; Rose &

Archibald 2005). Placental reproduction is key for euthe-

rian evolutionary success, and is particularly advantageous

for mammals of small body sizes (Lillegraven et al. 1987).

Placental mammal reproduction has positive effects on

metabolic rate, brain size, social evolution and longevity

(Lillegraven et al. 1987). Furthermore, the hypocone, a

small modification to tribosphenic molars which adds a

fourth cone and increases the occlusal surface area, has

also been hypothesized as a key innovation among euthe-

rian mammals that facilitates grinding, and is proposed

to have underpinned the evolution of numerous herbivo-

rous strategies (Hunter & Jernvall 1995).

CONCLUSION

We show that mammals of all body sizes diversified sub-

stantially during the K/Pg transition, at both local and

regional scales. This occurred abruptly, resulting in large

increases in mammalian richness that persisted through-

out the Cenozoic and more than made up for the loss of

dinosaur species richness. These findings necessitate a

reframing of the dinosaur incumbency hypothesis within

the wider context of early Cenozoic mammal evolution,

and alternative hypotheses should be further explored as

significant contributing factors in the Cenozoic mammal

radiation. While the extinction of non-avian dinosaurs

and the removal of competition from large-bodied dino-

saurs could have driven the diversification of large-bodied

mammals following the K/Pg event, additional hypotheses

are needed to fully explain large increases in the diversity

of small-bodied mammal species with similar body sizes

to those in the Mesozoic, as well as to explain more sub-

tle increases in mammal diversity and body sizes that

occurred during the later stages of the Cenozoic. Despite

mammals having been present at small body sizes for at

least 100 million years, since the late Early Jurassic, by the

K/Pg boundary, Cenozoic mammals in this size class

appear to have either had access to a greater total amount

of resources or been able to better pack or partition niche

space after the K/Pg mass extinction event. We are unable

to conclusively demonstrate the drivers of diversification

among small-bodied mammals after the K/Pg mass

extinction. However, it is likely that various extrinsic and

intrinsic factors were collectively important. In particular,

factors such as extinctions among non- and stem-therian

mammals, a state-change in floral composition, or key

innovations of placental mammals, which became impor-

tant components of terrestrial assemblages after the K/Pg

boundary, were probably important in the resulting adap-

tive radiation. Future work should focus on better under-

standing the complex drivers of mammal diversification

during the early Palaeogene.
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MEZ- ACEVEDO, S. L. 2019. Thirty clues to the excep-

tional diversification of flowering plants. Annals of Botany,

123, 491–503.
MEREDITH, R. W., JANEČKA, J. E., GATESY, J.,
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