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The Cretaceous—Palaeogene mass extinction event (K-Pg) witnessed upwards
of 75% of animal species going extinct, most notably among these are the non-
avian dinosaurs. A major question in macroevolution is whether this extinc-
tion event influenced the rise of flowering plants (angiosperms). The fossil
record suggests that the K-Pg event had a strong regional impact on angios-
perms with up to 75% species extinctions, but only had a minor impact
on the extinction rates of major lineages (families and orders). Phylogenetic
evidence for angiosperm extinction dynamics through time remains
unexplored. By analysing two angiosperm mega-phylogenies containing
approximately 32 000-73 000 extant species, here we show relatively constant
extinction rates throughout geological time and no evidence for a mass extinc-
tion at the K-Pg boundary. Despite high species-level extinction observed in
the fossil record, our results support the macroevolutionary resilience of
angiosperms to the K-Pg mass extinction event via survival of higher lineages.

1. Introduction

Mass extinctions are characterized by the massive loss of species diversity
(75-90%) in a relatively short time span and exceedingly high rates (relative
to background rates) of disappearance of higher taxonomic groups [1]. At
least five major mass extinction events have punctuated the history of life
and have profoundly shaped the diversity and distribution of entire groups
of organisms. The most recent of these events was the Cretaceous-Palaeogene
mass extinction (K-Pg) that occurred approximately 66 million years ago
(Mya) and is associated with the Chicxulub Impact Event [2]. This event led
to the demise of non-avian dinosaurs and high extinction rates of vertebrate
species [1,3-6].

High-resolution fossil records suggest that, despite initial regional massive
extinction of angiosperm species [7,8], most of their major extant lineages
(i.e. orders, families) originated during the Cretaceous, survived the K-Pg
event, and eventually recovered in diversity during the Palaeocene. The rise to
ecological dominance of angiosperms accelerated after the K-Pg [8-10] and
altered evolutionary trajectories of major lineages of plants, animals, and fungi
[11-14]. Today, angiosperms dominate terrestrial biomes globally with a stagger-
ing approximately 290000 species representing approximately 78% of all
terrestrial plants [15].

The fossil record, despite being biassed throughout time and across space,
provides a physical record of evolution [16]. But the angiosperm record is rela-
tively sparse geographically and taxonomically, and confidently assigning
taxonomic affinities is often difficult below the level of higher taxonomic
groups [17,18]. This makes fossil-based macroevolutionary modelling difficult
and not representative of angiosperm diversity as a whole. In analyses of
macrofossils assigned to lower taxonomic levels, relatively low and stable
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extinction rates shape angiosperm history with no significant
variation across the K-Pg boundary [18,19], in contrast to
higher extinction rates in non-flowering vascular plants
[18]. These global macroevolutionary trends contrast with
high-resolution palaeobotanical records of regional angios-
perm assemblages (micro and macrofossils), which often
document sharp declines in abundance and elevated
species-level extinctions at or shortly before the K-Pg, and
high floristic turnover across the boundary [8,10,20-22].
These signatures tend to be concentrated in regions close to
the Chicxulub impact zone [8,10], with further sites providing
less or even no evidence of mass extinction at K-Pg [23].
Despite this, there is evidence of angiosperm species die-off
in Patagonia and New Zealand [20,21,24]. Further support
for angiosperm species extinctions at K-Pg are found in
dynamics of unrelated lineages and geological processes: her-
bivorous insect diversity decreased following K-Pg [11],
while abundance of ferns spores peaked [7]; denudation of
terrestrial ecosystems across K-Pg [25] and occurrence of
local erosive events [26].

Assessing the impacts of the K-Pg event on angiosperm
extinction at higher taxonomic levels is difficult because of
geographical bias and poor taxonomic resolution in the
fossil record [8], but the available evidence indicates a rapid
recovery of nearly all Cretaceous higher angiosperm taxa
after the K-Pg [7,8,21,22]. Assessing macroevolutionary
dynamics of angiosperms using phylogenetic evidence
could provide key insights into the impacts of K-Pg and
how this event triggered the restructuring of all terrestrial
biomes and the emergence of modern-day ecosystems
[10,27]. These questions remain poorly explored and the
impact of the K-Pg on major angiosperm lineages remains
one of the major unanswered questions in angiosperm
macroevolution [28].

Here, we applied the Bayesian method CoMET [29] to
assess the influence of the K-Pg event on angiosperm extinc-
tion rates. To capture some of the phylogenetic and age
uncertainties, we analysed the two largest angiosperm-wide
mega-phylogenies, both of which sample a substantial portion
of angiosperm diversity: approximately 32 000 (approx. 10.5%)
and approximately 70 000 (approx. 25.2%) species, respectively
[30-32]. Backbone topology and estimated divergence times
differ among these trees (figure 1), and the age of crown
group angiosperms (approx. 243.3 and approx. 139.4 Mya,
respectively) spans the plausible interval of 140-270 Ma
proposed for the group [33].

Our Bayesian analyses of diversification through time
provide congruent results between two very different
mega-phylogenies and strengthen the evidence, as revealed
by fossils [7,8], of the limited impact of the K-Pg on the
extinction of major angiosperm lineages. The analyses
revealed relatively stable extinction rates through time and
no evidence of mass extinctions (figure 1). Overwhelming
evidence (Bayes factor, BF) supported models with stable
diversification rates over models incorporating mass extinc-
tions (BFgg > 65000; BFq;>268000). This agrees with the
most recent Bayesian analyses of the macrofossil record that
suggests a relatively low impact of the K-Pg mass extinction
on angiosperm diversity at higher taxonomic levels [18].

The analyses we employed have successfully detected sig-
natures of mass extinctions in large phylogenies of extant
species [29,34,35], gaining macroevolutionary insights in the
face of substantial taphonomic biases (lineages and regions
with a poor fossil record; e.g. [36]). However, phylogenies
are reconstructions, not observations, and suffer from mul-
tiple sources of uncertainty [37] that represent challenges
when exploring deep-time dynamics. For instance, different
time-calibrated phylogenies for mammals support contrast-
ing models for extinction rates across the K-Pg boundary,
supporting either stable diversification rates across the K-Pg
[38] or macroevolutionary trends being shaped by the K-Pg
mass extinction [39]. The vast majority of angiosperm
lineages have a poor fossil record, therefore extant phylo-
genies are the only source of data to conduct analyses on
their macroevolutionary dynamics, yet inferences drawn
from such phylogenetic data are sensitive to numerous
sources of uncertainty. These uncertainties are magnified in
angiosperms due to their extreme richness, complex evol-
ution, and unresolved backbone topology and the timings
of early divergences [28,33]. Analysing a sample of plausible
angiosperm-wide phylogenies is currently intractable, but the
two mega-phylogenies we used capture wide variation in
divergence estimates while comprehensively sampling
extant diversity and covering the deeper nodes in the phylo-
geny, which is crucial for the hypotheses we tested: the SB
tree samples greater than 10000 of the known greater than
13000 genera in 401 of 416 families [40], while QJ samples
approximately 7900 genera in 401 families. Regardless of
which crown group age estimate for angiosperms we con-
sidered, numerous major lineages survive the K-Pg [8,27],
and no difference in dynamics were recovered between
phylogenies (figure 1).

Our results support the resilience of major angiosperm
lineages to the K-Pg extinction event, contrasting with phylo-
genetic evidence for other lineages such as non-avian
dinosaurs, conifers [29] and fishes [34], all of which appear
to have been impacted by the K-Pg event at higher taxonomic
levels. The resilience of major angiosperm lineages to
the K-Pg event is likely associated with the acquisition of
eco-morphological innovations (e.g. CAM photosynthesis,
wind and insect pollination, animal dispersal) and ecological
opportunity following the K-Pg [41-45]. We suggest that
the wide range of ecological niches occupied by angiosperms
since the Late Cretaceous [14,28] likely promoted lineage
diversification before the K-Pg and favoured their eventual
survival when confronted with major environmental changes
triggered by the K-Pg.

Analyses of diversification in deep time suffer from non-
identifiability [46], in which infinite combinations of specia-
tion and extinction rates can fit a phylogeny with the same
likelihood scores (congruent classes). To assess the impact
of non-identifiability we tested whether constant extinction
rates are supported among alternative models within the
same congruence class [47]. We found no evidence of rate
variation across K-Pg within congruent classes, supporting
constant extinction trends (figure 1). It is important to note
that COMET models tree-wide diversification rates; previous
studies have evidenced a high degree of heterogeneity in
diversification rates (both accelerations and decelerations)
across the angiosperm tree [48,49]. Several diversification
rate shifts in angiosperms appear to temporarily overlap
the K-Pg. Applying the methods used here to particular
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Figure 1. Macroevolutionary dynamics of angiosperms not negatively impacted at the K-Pg mass extinction event. Lineage through time plots (a) and phylogenies
comprising approximately 32 000 and approximately 73 000 species (denoted as Q) and SB, respectively) indicate no apparent change across K-Pg. Generic-level
extinction rates of angiosperms estimated with PyRate (b), adapted from [18], suggesting no significant difference in extinction rate following K-Pg. Phylogenetic
extinction rates estimated by COMET showing the detected mass extinctions with low support (Bayes factor lower than 6) (c), demonstrating that phylogenies do not
support a mass extinction at the K-Pg. Trends in alternative models within congruence classes of both trees (d), showing that a pattern of resilience to K-Pg is
supported despite non-identifiability of diversification rates. The geological timescale is visualized in each panel, and K-Pg is represented by vertical dashed lines in

the plots and concentric lines in the phylogenies.

angiosperm lineages could reveal variation in macroevolu-
tionary dynamics associated with geographical ranges and
eco-morphological traits, such as high-latitudinal distri-
butions [50], insect pollination [43] and polyploidy [51].
Whether distinct clades within angiosperms were differen-
tially impacted by the K-Pg mass extinction remains an
open question, particularly regarding differences among
lineages characterized by particular geographical ranges
and eco-morphological traits.

How do we reconcile the apparent macroevolutionary
stability of angiosperms with the fossil evidence showing
high levels of species extinction following the K-Pg event?

It is clear from the palaeobotanical record, that the K-Pg
extinction event caused widespread plant species-level
extinctions and changes in ecosystem composition at local
and regional scales, such as tropical rainforests [10,22]. The
angiosperm fossil record reveals a high rate of species turn-
over (which entails elevated species-level extinctions) across
the K-Pg, but without loss of Cretaceous higher-taxon diver-
sity [7,8]. While angiosperms as a whole appeared to have
had stable macroevolutionary dynamics across the K-Pg, it
is important to understand the heterogeneous impacts this
event may have had in different angiosperm lineages and
the taxonomic scales involved.
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While species-level dynamics of entire fossil floras can be
thoroughly studied, most of these floras remain poorly
known taxonomically due to difficulties in assigning speci-
mens to higher taxonomic levels [17]. On the contrary, in
phylogenetics, by necessity and as a function of how deep
we look into the past, we can only search for signatures of
extinction at higher taxonomic ranks (lineages). Our results
partially agree with the inferences that most extant family-
level diversity predates the K-Pg event [27] and with palaeobo-
tanical evidence placing fossil representatives of extant families
both before and after the K-Pg, but with high rates of species
turnover [7,8,10]. There are possible signatures of elevated
rates of turnover in the shape of the angiosperm backbone phy-
logeny. The protracted phylogenetic fuses (the time elapsed
between the stem and crown node) inferred for extant angios-
perm families, most of which predate the K-Pg [27], are
consistent with models with high extinction rates coupled to
elevated turnover ([52]; but see [53]). However, this remains a
still unresolved question in angiosperm phylogenetics.

One of the main problems when assessing mass extinction
episodes is the definition of what these events entail, and
how we measure them. Generally, mass extinctions are charac-
terized and measured by high loss of species diversity that
often follow the disappearance of entire taxonomic groups
from the palaeontological record. As evidenced by angios-
perms, high extinction rates at the species level can be
disassociated from the loss of entire taxonomic groups. The
fossil record indicates that the K-Pg led to mass extinction at
the species level, but with no taxonomic selectivity leading to
the disappearance of major angiosperm lineages [7,8,10,22].
Although we support the survival of higher lineages across
K-Pg, our results do not reject species-level extinctions. Here
we argue that the apparent contradiction between palaeo-
botanical and phylogenetic evidence of extinctions emerges,
at least partially, from the interchange between these two
taxonomic dimensions of mass extinctions. This highlights
the importance of integrating both phylogenetic and fossil
evidence to complement our understanding of angiosperm
macroevolution and their rise to dominance across the K-Pg.

3. Material and methods

(a) Diversification analyses
We used updated versions of the molecular mega-phylogenies
produced by Zanne et al. [30] and Smith & Brown [32]; non-
angiosperm species were pruned prior to analyses. Qian & Jin
[31] corrected the taxonomy of the Zanne et al. [30] mega phylo-
geny, removed duplicates and added six families to extend
coverage to all currently recognized families. Igea & Tanentzap
[54] standardized the taxonomy of the Smith & Brown [32]
mega-phylogeny against ‘The Plant List V1.1" [55]. Further
details on molecular and taxonomic sampling in both trees are
available in the electronic supplementary material.

We produced log-transformed lineage through time (LTT)
plots for both mega-phylogenies using the phytools package
[56] in R [57]. We compared support for models of constant

diversification and mass extinction at approximately 66 Ma in
both phylogenies with marginal likelihoods, estimated with step-
ping-stone sampling in the TESS package [58]. In each model we
specified the fraction of sampled species, ran 1000 iterations with
burn-in of 100, implemented 50 stepping-stones and estimated
Bayes factor support between models.

We estimated diversification dynamics with mass extinctions
using the CoMET model [29] implemented in TESS [58]. A
threshold of instantaneous species-loss of 75% with a beta-distri-
bution for survival probability spanning approximately 18 to
approximately 32% was implemented using a compound Pois-
son process; a loss of 75% diversity is a relatively relaxed
threshold but agrees with estimates of species-loss during the
K-Pg event. Incomplete sampling was accounted for by specify-
ing the fraction of sampled species, the number of expected rate
changes was set to 25 (slightly more conservative than [49]), the
number of expected mass extinctions was set to one, and empiri-
cal hyperpriors for speciation and extinction rates were estimated
automatically with an initial MCMC run. The final analyses were
run in replicate to convergence until an effective sample size
greater than 300 was achieved; the first 10000 generations of
each run were discarded as burn-in. Further details on model
selection and parameter choices are available in the electronic
supplementary material.

(b) Sensitivity testing

Sensitivity testing was performed in CoMET using the smaller
phylogeny [30,31] by replicating analyses and altering the
number of expected rate changes five times from 1 to 1000
(1, 100, 200, 500, 1000). Further analyses were undertaken to
account for the non-identifiability of diversification rates [46]
with the CRABS [47] package in R. Congruence classes of the
CoMET parameters were explored with 500 models, assuming a
constant rate of extinction, and in the absence of any linear or
exponential temporal trend. We sampled and visualized 50
models for each mega-phylogeny to reduce crowding in the
figure.
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