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The Cretaceous-Palaeogene (K-Pg) extinction of the non-avian dinosaurs
(66 Ma) led to a 25 million year gap of megaherbivores (>1000 kg) before the
evolution of megaherbivorous mammals in the Late Eocene (40 Ma). The bota-
nical consequences of this ‘Palaeocene megaherbivore gap’ (PMHG) remain
poorly explored. We hypothesize that the absence of megaherbivores should
result in changes in the diversification and trait evolution of associated plant
lineages. We used phylogenetic time- and trait-dependent diversification
models with palms (Arecaceae) and show that the PMHG was characterized
by speciation slowdowns, decreased evolution of armature and increased evol-
ution of megafaunal (>4 cm) fruits. This suggests that the absence of browsing
by megaherbivores during the PMHG may have led to a loss of defence traits,
but the absence of megaherbivorous seed dispersers did not lead to a loss of
megafaunal fruits. Instead, increases in PMHG fruit sizes may be explained
by simultaneously rising temperatures, rainforest expansion, and the sub-
sequent radiation of seed-dispersing birds and mammals. We show that the
profound impact of the PMHG on plant diversification can be detected even
with the overwriting of adaptations by the subsequent Late Eocene
opening up of megaherbivore-associated ecological opportunities. Our study
provides a quantitative, comparative framework to assess diversification and
adaptation during one of the most enigmatic periods in angiosperm history.

1. Introduction

Megaherbivores (>1000 kg) have impacted terrestrial ecosystems at least since
the Jurassic, approximately 201 million years ago (Ma) [1], and non-avian
dinosaurs occupied this megaherbivore niche for most of the Mesozoic (ca
252-66 Ma). With the Cretaceous—Palaeogene (K-Pg) extinction of non-avian
dinosaurs ca 66 Ma, terrestrial ecosystems faced a 25-million-year (Myr) ‘mega-
herbivore gap’. Although several lineages of mammals survived the K-Pg
extinction event, such as the placental mammals (Placentalia), these were
small, rat-sized animals. Subsequently, mammal body size increased gradually,
reaching sizes comparable to large non-avian dinosaurs (i.e. of at least 1000 kg)
only in the Late Eocene (ca 40 Ma) [2,3]. These early mammalian beasts included
herbivorous Dinocerata (hoofed mammals with horns, extinct) and Perissodac-
tyla (odd-toed ungulates, e.g. horses, rhinos, tapirs and several extinct
lineages) [2]. Megaherbivores roamed the world until the Late Pleistocene and
Holocene, during which most megaherbivores and at least 65% of other large-
bodied animal genera (>44 kg) went extinct [4]. Although the effects of the rela-
tively recent Pleistocene extinctions on ecosystems have been studied to some
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extent (e.g. [5,6]), the botanical consequences of the Palaeo-
cene megaherbivore gap (PMHG) remain enigmatic.

The PMHG probably changed the selective regime for
angiosperms [7], as ecological studies from recent time
scales have shown that megaherbivores are important ecosys-
tem modifiers with a remarkable impact on vegetation [5,8].
Most of the evidence for this comes from our understanding
of extant megaherbivores such as African elephants (Loxo-
donta africana), which can break trees and so create an open
shrubland, allowing light to penetrate to the ground layer
and facilitating the growth of grasses and the spread of
fires [8-10]. Furthermore, megaherbivores can act as effective
dispersers of large, ‘megafaunal’ (>4 cm) fruits [5,6], and
provide a selective advantage to spiny defences or lack of
palatability [10,11]. Angiosperms are therefore expected to
show numerous adaptations to the presence of, and potential
interaction with, megaherbivores. Nevertheless, megafaunal
fruits and spiny defences do not exclude interactions with
smaller-bodied dispersers and grazers [11,12].

A world with megaherbivores has been the norm rather
than the exception in angiosperm evolution, as approximately
95 Myr of their 120 Myr history has been shared with mega-
herbivores. Although the evidence for non-avian dinosaur-
angiosperm interactions is generally poor [13], the remains of
seeds, fruits, cuticles and other silicified plant tissues in dinosaur
coprolites suggest that trophic interactions such as herbivory and
frugivory between dinosaurs and angiosperms existed [14-16].
Similarly, the evolution of some sort of physical defence in
many plants in the Cretaceous may have been in response to
non-avian dinosaur browsing, especially when making the ana-
logy to present-day ecosystems and functional plant responses to
browsing [14]. It is therefore plausible that the evolution of
angiosperms—including diversification dynamics and trait evol-
ution—was initially impacted by megaherbivorous, non-avian
dinosaurs, and thus dates back to the Cretaceous [14,17,18].

Theoretically, the changed selective regime in the PMHG is
expected to have resulted in changes in ’ecological opportu-
nities” for angiosperm diversification and trait evolution
(comparable to Simpson’s ‘adaptive zone’ [19]). For instance,
the lack of ecological opportunities and selection pressures
exerted by megaherbivores may have led to diversification
and trait evolution rate shifts around the onset and termin-
ation of the PMHG, such as speciation slowdowns of
lineages with large fruits or defence traits (e.g. spines) and
an overall loss of these traits across lineages. However, several
other environmental parameters, in addition to the absence of
megaherbivores, were different during the PMHG compared
to the preceding and subsequent periods. For instance, the
PMHG also coincided with a changed climatic regime: increas-
ing Late Palaeocene temperatures followed by gradual cooling
after the Early Eocene Climatic Optimum from ca 50 Ma
onwards [20]. These Late Palaeocene/Eocene ‘greenhouse’ cli-
mates could have facilitated the geographical expansion of
rainforests and other wet, seasonal/monsoonal forests into
higher latitudes, with associated phenotypic changes such as
increases in seed size and animal seed dispersal [21-24]. Fur-
thermore, the asteroid impact thought to have caused the
non-avian dinosaur extinctions may have led to diversification
shifts through increases in extinction rates of competitors or
turnover of functional types and vegetation [25-28]. Hence,
it remains unclear to what extent changes in diversification
and trait evolution associated with the lack of megaherbivores
during the PMHG can be detected.

Here, we aim to quantify the potential relationship between
the PMHG selective regime and angiosperm diversification
and trait evolution using a macroevolutionary comparative
approach. Although using molecular phylogenetic data to
evaluate deep-time dynamics is challenging, simulations have
shown that diversification changes on phylogenies can be accu-
rately inferred under different simulation scenarios [29]. We
integrate phylogenetic, fossil and trait data, and focus on the
palm family (Arecaceae), a relatively old angiosperm clade
(crown node age approximately 110 Ma) typically occurring
in tropical rainforests. Palms comprise approximately 2500
extant species and show a spectacular diversity of fruit sizes
(from 0.3 to 45 cm in length, most of them dispersed by animals
including megafauna) and armature (e.g. spiny leaves and/or
stems) [30-33]. Furthermore, palms co-occurred with dinosaurs
in the Cretaceous and may have been important dinosaur food
[34], and there are instances of seed-like structures of palms in
dinosaurian coprolites from the Cretaceous Lameta Formation
in India [15,16]. Although the early mammalian megaherbi-
vores were probably non-selective grazers and browsers with
occasional fruit in their diet [7], some of their extant descen-
dants often heavily rely on palm fruits [35]. We hypothesize
that trait states associated with megaherbivores, such as large,
megafaunal fruits and armature (i.e. leaf or stem spines,
hooks or prickles) appear in the Cretaceous, in concordance
with the presence of megaherbivorous dinosaurs (H1). We
further expect speciation slowdowns during the PMHG due
to a loss of megaherbivore-created ecological opportunities
(H2), and that large fruits and armature have been lost or
evolved less frequently during the PMHG due to the absence
of megaherbivore selection pressures (H3). We test these
hypotheses using ancestral state reconstruction and time- and
trait-dependent diversification rate models, with specific pre-
dictions for megaherbivore and non-megaherbivore palm trait
states (table 1).

2. Material and methods
(a) Palm trait data

Fruit lengths and presence/absence of armature were taken from
the PalmTraits 1.0 database [31] and updated to the latest palm tax-
onomy, matching the phylogenetic data (2539 accepted palm
species). As binary data are required for the diversification rate ana-
lyses, we classified each species for fruit length (available for n =
2054 species, 81% of species) as either having small fruits (<4 cm
in length, n=1550 species, 87%) or large, megafaunal fruits
(>4 cm in length, n =224 species, 13%) [6,36]. This dichotomy is
based on the seed dispersal ecology of megafauna-dispersed
plants following [36]. Armature can be expressed as stem and/or
leaf spines, hooks or prickles (assessed for all species, present in
n=1023 species, 40%) and has been shown to be a successful
defence trait against herbivory from large animals in palms [37].
Spinescent structures may also facilitate climbing. This function
may be especially important in the subfamily Calamoideae, in
which almost all species possess leaf armature (mainly hooks).
We therefore investigated whether results focusing on any type of
armature (i.e. leaf and stem combined) were consistent with results
when evaluating species with stem (1 =205 species, 8%) and/or
leaf (n=1015 species, 40%) armature separately.

(b) Palm phylogenetic data
We used phylogenetic data from an all-evidence Bayesian super-
tree approach, including all 2539 palm species based on a mix
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Table 1. Hypotheses and predictions on trait evolution and diversification during the megaherbivore gap. Predictions for lineages with trait states associated with
megaherbivores (large/megafaunal fruits, armature) or not (opposite trait states: small fruits and no armature) are defined to provide a comparative framework for

the analysis. Support for these predictions from our analyses of palms (Arecaceae) is provided in the last two columns. PMHG = Palaeocene megaherbivore gap.

hypothesis

H1: trait states associated with
megaherbivores (e.g. large
fruits, armature) appear in
the Cretaceous (>66 Ma) in
concordance with the
presence of megaherhivorous,
non-avian dinosaurs

H2: speciation rates of lineages
with megaherbivore traits
(e.g. large fruits, armature)
are higher in the presence of
megaherbivores (i.e.
Cretaceous and Late Eocene-
to-present) than during the
PMHG (66—40 Ma), due to
ecological opportunities
created by megaherbivores

" H3: tait states associated with
megaherbivores (e.g. large
fruits, armature) appear more
frequently in presence of
megaherbivores (i.e.
Cretaceous and Late Eocene-
to-present) than during the
PMHG (66-40 Ma)

prediction for
megaherbivore traits
(large fruits, armature)

ancestral trait
reconstructions should
indicate a high
probability of the
presence of
megaherbivore traits in
Cretaceous palm
lineages

lower speciativon rates of
lineages with
megaherhivore traits
during the PMHG
compared to the

megaherhivore periods

lower transition rates t
megafaunal fruits and
armature during the
PMHG compared to the
megaherbivore periods

prediction for the
opposite trait states
(small fruits, no
armature)

ancestral trait
reconstructions should
indicate a low
probability of the
presence of non-
megaherbivore traits
in Cretaceous palm
lineages

equél or higher
speciation rates of
lineages with non-
megaherbivore traits
during the PMHG
compared to the
megaherbivore
periods

equal or higher

transition rates to
small fruits and
armature loss during
the PMHG compared
to the megaherbivore

periods

support from megafaunal
fruit evolution

supported (figure 1)

not suppérted—rates of
lineages with megafaunal
fruits are constant
through time (figure 3a),
whereas small fruits show
lower rates during the
PMHG (electronic
supplementary material,
figure S1a)

not supported—rates of

megafaunal fruit evolution
are higher during the
PMHG (figure 3d),
whereas small fruit
evolution is lower during
the PMHG (electronic
supplementary material,
figure S1d)

support from armature

evolution

supported (figure 2)

partly supported—rates of v
lineages with (figures 3b,c)
or without (electronic
supplementary material,
figures S1b,STc) armature
are lower during the PMHG

partly supported—rates of
armature evolution are lower
(figure 3e) or higher (stem
armature) (figure 3f) during
the PMHG, whereas the loss
of armature is equal
(electronic supplementary
material, figure STe) or
higher (stem armature)
(electronic supplementary
material, figure S1f) during

of species-level genetic and taxonomic information [38]. Diversi-
fication analyses were performed on a random sample of 100
phylogenetic trees from the posterior distribution to account
for the effects of phylogenetic uncertainty on the results. Further-
more, we performed phylogenetic simulations to evaluate the
robustness of results with respect to trait evolution and phylo-
geny (see electronic supplementary material, methods for
details). By including all extant palm species and their traits,
we maximized the number of independent evolutionary events
while reducing pseudo-replication [39].

(c) Palm fruit and seed fossil data

To infer fruit size evolution in palms (H1), we combined phylo-
genetic data with fruit and seed fossil data. We searched the
literature for palm fossil fruits and seeds following a review of
the palm fossil record by ref. [40], with additional records from
more recent palm fossil assessments [41,42]. This resulted in
90 observations for which we assembled the taxonomy of
the fossil and its nearest living relatives (tribe, genus and
species), fossil site location, fossil age, and length and/or width

the PMHG

of the fossil fruit or seed. Although seed size differs from fruit
size, they are strongly correlated in palms [33] as most fruits
bear a single or a few seeds. Seed size thus provides a minimum
size estimate of fruit size for a particular taxon and time period.

(d) Ancestral reconstructions

To assess whether megaherbivore traits (large fruits and armature)
were present in the Cretaceous and thus originated in the presence
of megaherbivorous dinosaurs (H1, table 1), we performed ances-
tral state reconstructions on the palm maximum clade credibility
(MCCQ) phylogenetic tree. Using continuous, log-transformed fruit
length data, we reconstructed ancestral states for each node (ances-
tor) using a maximume-likelihood approach. We re-rooted the tree at
all internal nodes and computed the contrast state at the root of the
tree each time, and then interpolated the states along each edge of
the tree. This was done with the "fastAnc’ function in the R package
‘phytools’ [43]. Based on this reconstruction, we plotted a traitgram
[44] which is a projection of the phylogenetic tree in a space defined
by a continuous trait—here fruit size—on the y-axis, and time on
the x-axis. This shows how fruit size ‘trait space’ has evolved
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over time. Within this traitgram, we visualized the seed and fruit
fossil data using the midpoint of the epoch the fossil was found,
to evaluate whether fossil seed and fruit size fall within the recon-
structed fruit size space based on the molecular data, at that
respective point in time. We additionally explored how the recon-
struction was affected when including the large (approx. 17 cm
long) Palaeocene fossil fruits of extinct Nipadites [45], by constrain-
ing the fruit size of the ancestral lineage of extant Nypa fruticans
(subfamily Nypoideae) at the time of the fossil age. Such constraints
were not possible for the other fossils due to uncertainty in the phy-
logenetic placement or mismatch between divergence time and
fossil age [42]. Several large-fruited palm species are not currently
animal-dispersed (i.e. Cocos nucifera, Nypa fruticans and Lodoicea
maldivica). Although their fruit size may therefore not necessarily
have been adaptive to selection pressures exerted by mega-
herbivores, removing them from the analysis would give an
incomplete and possibly biased inference of fruit size evolution
across ancestral palms and their descending animal-dispersed
lineages. We therefore decided to include them in the analysis.
For the armature data, it was not possible to reconstruct a
traitgram, as the data are binary instead of continuous. Therefore,
we reconstructed ancestral leaf and stem armature (present/
absent) by sampling 500 stochastic character maps and assessed
the posterior probability of ancestral armature types at the
internal branches and nodes of the palm phylogenetic tree. Sto-
chastic character mapping was conducted wusing the
make.simmap function in the R package ‘phytools” [43].

(e) Time-dependent diversification rate analyses

To evaluate changes in speciation (H2) and trait evolution (H3) rates
in response to the changed selective regime associated with the
PMHG (table 1), we applied time- and trait-dependent diversifica-
tion models implemented in the R package ‘diversitree’ [46]. The
time-dependent version of the binary state speciation and extinction
(BiSSE) model allows the inference of speciation, extinction and
transition rates of palm lineages with trait states associated with
megaherbivores (e.g. megafaunal fruits and armature) compared
to lineages lacking those traits (i.e. small fruits, no armature) through
time. We performed our initial model selection by using cut-off
values at 66 Ma and 40 Ma, creating three time slices: before 66 Ma
(non-avian dinosaur megaherbivore period), 66-40 Ma (PMHG)
and 40 Ma to present (mammal megaherbivore period). Although
the evolution of mammalian megaherbivores was probably a
more gradual process initiated ca 40-30 Ma, the cut-off value is a
requirement for these time-dependent diversification models.

We used a step-wise model selection approach to fit up to 18
diversification rate models to the datasets (electronic supplemen-
tary material, tables S1-S4). These models contained different
combinations of constrained and free parameters, namely specia-
tion, extinction and/or transition rates were constrained to be
equal for lineages with small versus megafaunal fruits, for lineages
with armature versus no armature, and/or for lineages evolving in
the three geological time periods, or they were allowed to differ
freely. We address recent criticism on diversification inferences
[47] by identifying the most likely diversification scenarios out of
the set of suitable alternative scenarios, specifically designed to
test our predictions (table 1; electronic supplementary material,
tables 51-54). We compared these models using likelihood-ratio
tests and selected the best-fitting models given the fewest number
of parameters without significantly decreasing model fit. A Baye-
sian Markov chain Monte Carlo (MCMC) was run for the best-
fitting model for 10 000 generations on the 100 palm phylogenetic
trees. We plotted the posterior distributions (95% Bayesian credi-
bility intervals) of the parameter estimates for the speciation and
transition rates during the three geological time periods. Last, we
repeated the armature diversification analyses for stem and leaf
armature types separately, to evaluate whether their diversification
response in relation to the PMHG was equivalent.

3. Results

(a) Ancestral reconstructions

Ancestral state reconstructions supported the hypothesis (H1)
that Cretaceous palm lineages probably had megafaunal
fruits and that stems were covered with spines, thorns or
prickles (figures 1 and 2). The traitgram without fossil con-
straints (figure 1a) shows a gradual expansion of fruit size
trait space with rapid increases from the Early Oligocene
(ca 30 Ma) onwards with the diversification of several large-
fruited lineages in the Borasseae tribe (including the double
coconut, Lodoicea maldivica) [48], whereas fruit size increase
(based on molecular data only) was much slower in the Cre-
taceous and Early Cenozoic. The fruit and seed sizes of most
fossils fall within the size ranges predicted by the molecular
reconstructions based on the maximume-likelihood estimates
at the internal nodes (figure 1, in blue), with the exception
of some Cretaceous and Early Cenozoic fossils, mainly
belonging to ancestors of Nypa fruticans and Cocoseae
(Cocos, Tripylocarpa [49]). When including the Nipadites fossils
in the reconstruction (figure 1b), fruit size trait space expands
much earlier in the Cretaceous with the evolution of the Nypa
lineage and its large fossil fruits [45].

For the evolution of armature, stochastic character maps
indicated a high probability of stem armature in the ancestral
palm (figure 2, i.e. a posterior probability [PP] of approxi-
mately 0.9 for stem armature), but not for leaf armature
(PP = approximately 0.5). Furthermore, the first diverging
lineage, subfamily Calmoideae, is characterized by armature
in both leaves (all species) and stems (several lineages), and
these may thus date back to the Cretaceous (at least 66 Ma,
but probably older). Armature evolved at least eight times
within palms (see asterisks in figure 2), in all subfamilies
except for Nypoideae and Ceroxyloideae, and most of these
origins happened after 40 Ma. Interestingly, in all four cases
in which lineages possess both leaf and stem armature,
both types of armature seem to have evolved more or less
simultaneously (see double asterisks in figure 2).

(b) Diversification dynamics of palms
Our model selection indicated that for traits associated with
megaherbivores (megafaunal fruits, armature [leaf and stem
combined], stem armature), a time-dependent model in
which speciation, extinction and/or transition rates of palm
lineages showed a significant shift during the PMHG fitted
better than a constant-rate (time-independent) model (elec-
tronic supplementary material, tables S1-S3). An exception
was the evolution of leaf armature, for which there was no
support for temporal changes in diversification rates (elec-
tronic supplementary material, table S4). The best models
for each trait indicated distinct diversification scenarios for
megafaunal versus small fruits, and for armature versus no
armature (electronic supplementary material, tables S1-S3).
Specifically, for fruit size, we did not find support for the
hypothesis (H2) that speciation rates decreased for lineages
with megafaunal fruits during the PMHG. Instead, the best
model indicated constant rates through time (figure 3a),
whereas speciation rates of lineages with small fruits
decreased during the PMHG compared to rates before or
after the PMHG (electronic supplementary material, figure
Sla). For armature, we found support for the hypothesis
that speciation slowed down during the PMHG for lineages
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Figure 1. Traitgrams illustrating the evolution of log-transformed fruit lengths in palms (Arecaceae) over geological time. (a) Without fossil fruit size constraint; (b)
including the constraint of fossil fruits belonging to ancestral Nypa palms in genus Nipadites. The traitgram relies on maximum-likelihood ancestral state reconstruc-
tion and is a projection of the phylogenetic tree in a space defined by fruit size (n = 2054 species). Confidence intervals of the maximum-likelihood estimates at the
internal nodes are indicated with the blue colour. Only names of extant species with some of the largest and smallest palm fruits are indicated at the tips. Red
triangles (n = 45) and squares (n = 45) illustrate, respectively, (maximum) seed and fruit fossil size, using the midpoint of the epoch the fossil was found in. This
figure supports the hypothesis that Cretaceous palms already possessed large, megafaunal fruits >4 cm (H1, table 1). The grey bar (between stippled lines) reflects

the megaherbivore gap (PMHG). (Online version in colour.)

with any type of armature or only stem armature (H2,
figure 3b,c). However, lineages without armature also
showed a speciation slowdown during the PMHG (electronic
supplementary material, figure S1b and Slc). This suggests
that the speciation slowdown may not exclusively depend
on the presence or absence of armature.

Concerning trait evolution rates (H3), fruit size evolution
did not support the hypothesis that the PMHG was associated
with decreased rates of megafaunal fruit evolution. Instead,
we detected increased transition rates to megafaunal fruits
(from small fruits) during the PMHG, compared to rates
preceding or following the PMHG (H3, figure 3d). In compari-
son, the evolution of small fruits (from megafaunal fruits)
was generally low, and even slightly decreased during
the PMHG compared to rates preceding or following the
PMHG (electronic supplementary material, figure S1d). For
armature, our results supported the hypothesis that armature
evolution (leaf and stem combined) slowed down during the
PMHG (H3, figure 3e), but not for stem armature only
(figure 3f). For the latter, the best model indicated increased
transition rates during the PMHG. Interestingly, and in com-
parison, the loss of armature (leaf and stem combined)
remained constant through time (electronic supplementary
material, figure Sle), whereas the loss of stem armature also
increased during the PMHG (electronic supplementary
material, figure S1f), thus supporting the hypothesis that a
lack of megaherbivore selection pressures for plant defence
during the PMHG may have led to a slowdown in armature
evolution (table 1).

Our simulation of neutral traits on the palm phylogeny
showed that most of the empirical diversification rate infer-
ences did not result from methodological artefacts related
to the palm phylogenetic tree shape (distribution of branch
lengths) (compare figure 3 and electronic supplementary
material, figures S1, S2 and S3). More details are provided
in the electronic supplementary material, results.

4. Discussion

We predicted changes in selective regimes after the non-
avian dinosaur extinctions during the megaherbivore gap
(PMHG) from approximately 6640 Ma, with consequences for
the diversification and trait evolution of megaherbivore-
associated plant lineages. We therefore studied the evolution of
megaherbivore traits in the palm family, and show that some
are consistent with the predictions, while others are not (table 1).

(a) Cretaceous megaherbivore-associated plant traits

We found support for the hypothesis (H1) that large fruits and
armature—typical megaherbivore traits—originated in the
Cretaceous (figures 1 and 2). The evolution of these two
traits is possibly correlated due to the interplay between,
respectively, mutualistic and antagonistic interactions with
megaherbivores [50]. Our finding is consistent with the large
size of some of the Cretaceous palm fossil fruits [41,51,52],
and with previous phylogenetic inferences of palm fruit size
based on a binary fruit size classification (i.e. a high probability
of megafaunal fruits in the ancestral palm ca 110 Ma [32]). This
suggests that herbivorous non-avian dinosaurs may have been
(occasional) seed dispersers of these large fruits [6]. Further-
more, we show that stem armature in palms dates back to the
Cretaceous. This pattern is primarily driven by the early-diver-
ging Calamoideae, which are highly spinescent, but are also
typical forest climbers. It is therefore possible that spinescent
structures (such as hooks in Calamoideae) initially evolved to
facilitate climbing [53,54]. Subsequently, they may have either
been a genetic or developmental precursor for the evolution
of defence spines (e.g. longer spines on trunks), or were later
put to new use, as defence against mammalian browsers,
thus making them exaptive to this new function [55]. Although
spiny or thorny leaves/stems or other forms of mechanical
defence were probably present in Jurassic and Cretaceous
seed plants [14], it remains puzzling to what extent structural
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Figure 2. Evolution of leaf and stem armature in palms (Arecaceae). Ancestral state reconstructions were performed using stochastic character mapping. The pos-
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(PMHG). For the evolution of stem and leaf armature combined, see electronic supplementary material, figure S4. (Online version in colour.)

defences in angiosperms initially evolved in response to
dinosaur grazing or browsing.

(b) Palm diversification in the megaherbivore gap

We also found support for the hypothesis that speciation rates
slowed down in lineages with armature during the PMHG, but
not in those with large fruits (H2, figure 3). However, a similar
pattern of speciation slowdown was observed in lineages lack-
ing armature (electronic supplementary material, figure S1),
suggesting that speciation rates of palms were generally low
during the PMHG, regardless of their megaherbivore traits.
This shift in speciation rate after the non-avian dinosaur extinc-
tions is consistent with the K-Pg mass extinction event leading
to turnover of lineages as exemplified by both fossils [27] and
molecular phylogenies [28]. However, it contradicts previous
diversification inferences for palms, which indicated a gradual
accumulation of diversity from the Early Cretaceous onwards
[56]. Although Couvreur ef al. [56] inferred net diversification
rates (i.e. speciation minus extinction) whereas we focused on
speciation rates, our models suggest a PMHG drop in net diver-
sification rates as well, for all palm lineages except for those
with large fruits (electronic supplementary material, figure S5).

() Palm trait evolution in the megaherbivore gap

We also detected a distinct trait evolution regime during the
PMHG. Specifically, we found support for the hypothesis
(H3) that the absence of megaherbivore selection pressures cre-
ated an environment in which armature did not provide an
evolutionary advantage, illustrated by decreased innovation
of armature (figure 3) and increased loss of stem armature
(electronic supplementary material, figure S1) during the
PMHG. Most innovations of armature in palms occurred at
the end of or after the PMHG (figure 2). This is consistent
with the frequent origins of spinescence across woody African
savanna lineages from ca 40 Ma onwards, with most origins in
the mid-Miocene in concordance with the radiation of
medium- to large-bodied browsers (especially bovids) [11].
Our results thus suggest that spinescence in forest palms may
be much older than in savanna plants (figure 2), but the explo-
sive innovation of spinescence across angiosperms was more
likely a late Cenozoic than Cretaceous phenomenon [11].

By contrast, we detected increased instead of decreased
innovation of large, megafaunal fruits during the PMHG,
thus rejecting H3 for fruit size. This contradicts the prediction
that megafaunal palm fruits exclusively relied on herbivores
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of >1000 kg for their seed dispersal. Indeed, in contemporary
ecosystems, large palm fruits of approximately 4 cm can also
be dispersed by smaller-bodied frugivores, seed predators
(e.g. parrots) or scatter-hoarders (e.g. rodents) [12]. Further-
more, the high rate of palm fruit size evolution during the
PMHG is consistent with the large palm fossil fruits from a
Palaeocene Colombian rainforest [49] and coincided with
the radiation of small to medium-sized arboreal frugivorous
birds and mammals [7,57] that were likely good dispersers
of palm fruits [30]. Wing & Tiffney [7] argued that without
the effect of large, generalized megaherbivores, competition
among plants in the PMHG increased, leading to denser veg-
etation promoting larger plants with larger seeds. This result
in palms (also see [48]) is thus consistent with the explosive
increase in fruit and seed sizes and biotic dispersal across
angiosperms during the PMHG [7,23]. Thus, the expansion
of rainforests [21,22], due to a lack of megaherbivore

disturbance and/or Late Palaecocene/Eocene greenhouse cli-
mates [20], may have triggered the changed fruit size
evolution regime during the PMHG, rather than the absence
of seed dispersal by megaherbivores [6].

(d) Extinction in the megaherbivore gap

It is important to note that lineages with typical megaherbi-
vore traits (e.g. large fruits and armature) may have
suffered extinction during the PMHG, especially if they
were specialized to interact with megaherbivores, and so
have been largely erased from the phylogenetic record. This
may have influenced our inferences of speciation and trait
evolution rates, and may thus explain why we did not find
exclusive support for our predictions (table 1). Potential
increases in extinction rates associated with the evolution of
megaherbivore traits (e.g. large fruits [32]) may also obscure
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inferences of speciation rates, because speciation and extinc-
tion can be correlated [58]. Finally, the palm fossil record
suggests that large palm fruits were more common during
the Cretaceous and PMHG than inferred from the molecular
phylogenetic ancestral trait reconstruction only (figure 1).
This illustrates the promising avenue of integrating fossil,
phylogenetic and morphological data directly in a total-
evidence phylogenetic approach to obtain more accurate esti-
mates of the timing of past diversification and the (mis)match
between fossils and molecules [59,60].

(e) Outlook and conclusions

The PMHG after the dinosaur extinctions is unique in angios-
perm evolution as it coincided with the absence of herbivores
greater than 1000 kg. Here, we show that trait evolution and
diversification of tropical palms were modified during this
period, exemplified by decreased speciation rates, decreased
innovation of leaf/stem armature and increased evolution
of large fruits. Our study provides a framework to further
explore how the changed selective regime in the PMHG
affected the evolution of megaherbivore-associated plant
and animal lineages. For example, besides armature, a release
from herbivory during the PMHG could be associated
with evolutionary change in lineages with plant escape,
architectural or resistance traits [54]. Similarly, a loss of
(specialized) megaherbivore interaction partners could have
led to speciation slowdowns in dung beetles (Scarabaeidae),
predators or large-bodied scavengers [61,62]. We therefore

formulated several theoretical PMHG predictions (table 2)
and encourage further testing of the consequences of the
PMHG on plant and animal diversification. This would
shed new light on evolution and adaptation during one of
the most enigmatic and unique periods in angiosperm
history—the megaherbivore gap.
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