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Summary

¢ Morphological diversity (disparity) is a key component of biodiversity and increasingly a
focus of botanical research. Despite the wide range of morphologies represented by pollen
grains, to date there are few studies focused on the controls on pollen disparity and mor-
phospace occupation, and fewer still considering these parameters in a phylogenetic frame-
work.

¢ Here, we analyse morphospace occupation, disparity and rates of morphological evolution
in Asterales pollen, in a phylogenetic context. We use a dataset comprising 113 taxa from
across the Asterales phylogeny, with pollen morphology described using 28 discrete charac-
ters.

¢ The Asterales pollen morphospace is phylogenetically structured around groups of related
taxa, consistent with punctuated bursts of morphological evolution at key points in the
Asterales phylogeny. There is no substantial difference in disparity among these groups of
taxa, despite large differences in species richness and biogeographic range. There is also
mixed evidence for whole-genome duplication as a driver of Asterales pollen morphological
evolution.

e Our results highlight the importance of evolutionary history for structuring pollen mor-
phospace. Our study is consistent with others that have shown a decoupling of biodiversity
parameters, and reinforces the need to focus on disparity as a key botanical metric in its own

right.

Introduction

Morphological variety, and the evolutionary processes that create
and maintain it, is a fundamental component of biological diver-
sity (Roy & Foote, 1997). Understanding how morphological
diversity (termed disparity) is distributed and partitioned through
time and space, and how it relates to taxonomic, phylogenetic and
functional diversity (Foote, 1992; Roy & Foote, 1997; Chartier
etal, 2017; Mander eral, 2020; Cole & Hopkins, 2021), is
therefore a key goal of evolutionary (palaeo)biology, which can
provide insights into questions concerning the tempo and mode
of evolution, including gradual vs punctuated evolutionary models
(Gould & Eldredge, 1977; Hunt, 2007; Guillerme & Cooper,
2018), extinction selectivity and postextinction recovery dynamics
(Foote, 1993, 1996a; Lupia, 1999; Cole & Hopkins, 2021), and
extrinsic vs intrinsic constraints on the evolution of biological
form (Foote, 1994; Oyston ezal., 2015).

*These authors contributed equally to this work.
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While measurement of morphological change can focus on
individual traits (e.g. Hunt, 2007), greater insights are often
gained by analysing suites of characters that represent biological
units as a whole (Foote, 1997). In this way, morphology can be
described as multivariate data (typically as discrete characters,
measured continuous characters or landmarks), which are used as
the basis for an ordinated morphospace and the measurement of
the morphological disparity represented by a group of taxa
(Foote, 1997; Hetherington ez al., 2015; Hopkins, 2016; Lloyd,
2016, 2018; Guillerme & Cooper, 2018; Guillerme, 2018). Phy-
logenetic information can be integrated directly into such analy-
ses to provide a more detailed understanding of the drivers of
morphological evolution and disparity change within a clade
(Sidlauskas, 2008; Friedman, 2012; Sakamoto & Ruta, 2012;
Hopkins & Smith, 2015; Cooney etal., 2017; Lloyd, 2018;
Woutersen ezt al., 2018; Clark et al., 2019; Mander ez al., 2020).

To date, the majority of morphological disparity analyses
have centred on animals (e.g. Foote, 1992, 1993, 1999;
Wills etal, 1994; Sidlauskas, 2008; Sakamoto & Ruta,
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2012; Hopkins & Smith, 2015; Cooney eral, 2017; Cole
& Hopkins, 2021), although similar approaches are increas-
ingly being applied to both extant and fossil plant datasets.
These studies have revealed that disparity tends to accumu-
late quickly early in the history of a clade and is typically
decoupled from species richness (Lupia, 1999; Wellman
etal, 2013; Oyston etal, 2016; Mander, 2018; Chartier
etal, 2021) and that morphological variability is related to
both phylogeny (Chartier eral, 2017; Kriebel eral, 2017;
Clark & Donoghue, 2018; Woutersen ezal, 2018; Clark
etal., 2019; Mander etal., 2020; Bogoté—Angel etal, 2021)
and functional ecology (Chartier eral, 2017; Kriebel eral,
2017; Mander etal, 2020), similar to the trends recorded
previously in animal groups (e.g. Foote, 1993, 1994; Fried-
man, 2012; Hughes ezal, 2013; Hopkins & Smith, 2015).
While whole-genome duplication (WGD) has previously
been linked to plant diversification and morphological inno-
vation (Soltis & Soltis, 2016; Landis efal, 2018), there is
mixed evidence for WGD as
disparity or morphospace occupation among clades: although
Clark & Donoghue (2018) demonstrated a link between
WGD and morphological
Clark etal (2019) found that this was not supported in
horsetails.

a driver of variations in

innovation in  angiosperms,

Pollen grains and spores (collectively sporomorphs) have
evolved into a wide variety of shapes and sizes, with a range of
external ornamentation, wall structures and aperture styles (Tra-
verse, 2007; Mander, 2016). As the reproductive vectors of
plants, sporomorphs play a vital role in the transfer of genetic
material and the maintenance of plant populations (Traverse,
2007). The outer wall (exine) of sporomorphs also has an excel-
lent preservation potential in the geological record due to its con-
stituent biopolymer sporopollenin (Ariizumi & Toriyama, 2011;
Fraser eral, 2012; Mackenzie etal., 2015), making the fossil
sporomorph record one of the key indicators of plant macroevo-
lution, palacoecology and palacobiogeography (e.g. Jaramillo
etal., 2006; Wellman etal, 2013). Yet, there is considerable
uncertainty regarding the evolutionary processes that have gener-
ated the morphological diversity found across the sporomorphs
of extant plants, and in particular, the wide range of morpholo-
gies displayed by angiosperm (flowering plant) pollen (Mander,
2016). In particular, there are substantial knowledge gaps con-
cerning the links between pollen morphological evolution and
phylogeny, environment (including water stress and volumetric
responses to dehydration), function (including pollination ecol-
ogy), animal pollinator evolution and possible correlations with
morphological evolutionary dynamics of other plant organs (Tra-
verse, 2007; Kriebel ezal, 2017; Mander ezal., 2020). Knight
etal. (2010) demonstrated that genome size is a poor predictor of
pollen size, but to our knowledge, there have been no analyses of
how genome size or WGD events relate to pollen morphological
evolution and disparity.

Here, we address these uncertainties by analysing Asterales pol-
len morphological evolution in a phylogenetic context, generat-
ing a pollen phylomorphospace and measuring morphological
disparity and rates of morphological evolution through time and
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across the Asterales phylogeny. Asterales, which includes the daisy
family (Asteraceae or Compositae) and bell flowers (Campanu-
laceae), is one of most diverse angiosperm orders, with a cos-
mopolitan biogeographic distribution that encompasses all
continents except Antarctica (Mandel ezal, 2019; McDonald-
Spicer etal, 2019). The evolutionary history of the Asterales
extends back to the Cretaceous, with a Gondwanan origin and
subsequent spread across the globe, and an explosive radiation of
lineages during the late Eocene to Miocene (Barreda ez al., 2010a,
2015; Mandel ez al., 2019; Palazzesi et al., 2022). The majority
of the taxonomic diversity in Asterales is concentrated in Aster-
aceae, and in Asteraceae within the subfamilies Asteroideae
(which includes daisies and sunflowers), Cichorioideae (which
includes lettuce and dandelions) and Carduoideae (thistles)
(Panero & Crozier, 2016; Mandel ez al,, 2019) (Fig. 1). Asterales
incorporates a wide variety of pollen morphologies, including
variations in size, shape, wall structure and ornamentation
(Wortley et al., 2007, 2008, 2012; Blackmore et al., 2009, 2010;
Katinas ez al., 2010; Barreda ez al., 2015; Inchaussandague et al.,
2018) (Fig.2), making them an ideal group for understanding
the drivers and constraints on pollen morphological evolution,
and through this obtaining insights into the generation and
maintenance of botanical diversity. While there have already been
many years of research into Asteraceae pollen morphology, and
more recently its evolution in the context of molecular phyloge-
nies (Wortley ez al., 2008; Blackmore ez al., 2009; Barreda et al.,
2015), this has not yet been considered in the framework of mor-
phospace occupation, disparity and evolutionary rates, or across
the Asterales as a whole.

Materials and Methods

Phylogenetic tree assembly

We used a backbone tree of Asterales derived from a calibrated
molecular analysis from Barreda eral (2015) with 33 tips and
included 80 additional taxa of the family Asteraceae from a more
recent calibrated phylogenetic tree from Mandel ezl (2019).
Both chronograms were grafted using the function ‘paste.tree’
from the R package pHYTOOLS (Revell, 2012). We pruned the
phylogenetic tree and kept 113 taxa that represent most of the
tribes within the order Asterales from which we could retrieve
pollen characters.

Morphological character coding

Pollen characters for 113 extant species were obtained either from
the examination of slides of acetolysed pollen grains housed at
herbaria (ALCB, B, BAF, C, CANB, CBG, FM, G, GOTT,
HAC, HAJB, HUT, K, LP, MO, S, US and WIS; Index Herbari-
orum http://sweetgum.nybg.org/science/ih/) or from the litera-
ture (Jiménez eral, 2004; Telleria & Katinas, 2004, 2009;
Telleria, 2008, 2017; Telleria ezal., 2010, 2013; Barreda ezal.,
2015). The morphological matrix comprises 28 binary and mul-
tistate discrete characters, details of which are provided in Sup-
porting Information Table S1.

© 2022 The Authors
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Fig.1 Molecular phylogeny of the Asterales taxa in this study. Branches are coloured by rates of morphological evolution. Whole-genome duplication
(WGD) events are from Barker et al. (2008, 2016) and Landis et al. (2018). Ma, million years ago.

Phylomorphospace and disparity analysis

We produced a phylomorphospace (i.e. with the taxa and phy-
logeny plotted in the same morphospace) (Sidlauskas, 2008;

© 2022 The Authors
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Sakamoto & Ruta, 2012; Hopkins & Smith, 2015; Hopkins,
2016; Lloyd, 2016, 2018; Clark & Donoghue, 2018;
Woutersen etal., 2018) following the workflow outlined in
Lloyd (2016, 2018). First, we reconstructed the ancestral
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character states for the nodes of the phylogeny using maximum
likelihood estimation (Lloyd, 2018) and then ordinated both
the tips and the nodes of the phylogeny using principal coordi-
nates analysis (PCO) of an arcsine square root transformed
Maximum Observable Rescaled Distance (MORD) distance
matrix (Lloyd, 2016, 2018). This corresponds to the ‘pre-
ordination ancestral state estimation’ (pre-OASE) approach of
Lloyd (2018). Eleven of the 28 characters (principally those that
related to size and shape; see Table S1) were treated as ordered
in the analysis, although preliminary data exploration suggested
that treating all characters as unordered did not substantially
alter the result. Seven characters were treated as secondary char-
acters sensu Hopkins & St John (2018); that is, whether they are
coded as applicable or inapplicable for each taxon will depend
on the state of their associated primary character (characters
relating to colpi morphology depend on the taxon being coded
as colpate rather than porate, for example, and for porate taxa,
the colpi morphology character would be treated as inapplica-
ble; see Table S1). The primary characters were scaled by setting
the parameter o to 0.5 (see Hopkins & St John (2018) for fur-
ther information). The PCO was carried out with Cailliez cor-
rection to ensure that only non-negative eigenvalues were
produced (Cailliez, 1983). We also produced a chronophylo-
morphospace (Sakamoto & Ruta, 2012) by plotting the first
two PCO axis scores against a third time axis, using the esti-
mated tip and node ages to plot the taxa and the phylogeny.
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Fig. 2 Scanning electron microscopy (SEM)
images of selected asteralean pollen grains
(a) Alseuosmia macrophylla
(Alseousmiaceae); (b) Corokia cotoneaster
(Argophyllaceae); (c) Campanula barbata
(Campanulaceae); (d) Cuttsia viburnea
(Rousseaceae); (e) Stylidium albolilaceum
(Stylidiaceae); (f) Nymphoides indica
(Menyanthaceae); (g) Anthotium humile
(Goodeniaceae); (h) Boopis anthemoides
(Calyceraceae); (i) Schlechtendalia
luzulaefolia (Asteraceae Barnadesioideae);
(j) Chuquiraga erinacea (Asteraceae
Barnadesioideae); (k) Gochnatia spectabilis
(Asteraceae Gochnatioideae); (I) Mutisia
pulcherrima (Asteraceae, Mutisioideae);
(m) Carduus thoermeri (Asteraceae
Carduoideae); (n) Wunderlichia cruelsiana
(Asteraceae Wunderlichioideae);

(0) Porophyllum ruderale (Asteraceae
Tageteae); and (p) Picris echioides
(Asteraceae Cichorieae). Scale bars: 5 pm (b—
k, p); 10 um (a, I, m, n); 2 um (o).

We estimated the phylogenetic signal of the tip scores on each
ordination axis using Blomberg’s K (Blomberg ez al., 2003), with
statistical significance assessed via a permutation test with 1000
randomizations. Blomberg’s K equals 1 under a Brownian
motion model of trait evolution, with values higher than 1 indi-
cating that closely related tips are more similar to each other than
expected under Brownian motion (high phylogenetic signal), and
values lower than 1 indicating that closely related tips are less
similar than expected under Brownian motion (low phylogenetic
signal).

Principal coordinates analysis applied to discrete character data
often suffers from the variance in the data being diffused over
many axes, rather than being concentrated on the first few
(Lloyd, 2016). This means a (phylo)morphospace constructed
from the first two PCO axes may only account for a small per-
centage of the variance in the data (Lloyd, 2016). We therefore
explored other multivariate techniques for visualizing these data,
specifically a phylomorphospace constructed from a two-axis
nonmetric multidimensional scaling (NMDS) ordination solu-
tion, cluster analysis and a Neighbor-Net phylogenetic network
(Bryant & Moulton, 2004). All were applied to an arcsine square
root transformed MORD distance matrix as described earlier,
with the NMDS ordinating both the tips and the reconstructed
ancestral states for the nodes (as with the PCO, above), and the
cluster analysis and Neighbor-Net applied to just the intertaxon
pairwise distances (i.e. just the tips of the phylogeny). Finally, we

© 2022 The Authors
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followed previous authors (Hopkins & Smith, 2015; Woutersen
etal., 2018) in carrying out a PCO of the intertaxon distances,
and using the PCO axis scores as new continuous characters to
reconstruct ancestral states for the nodes of the phylogeny, before
adding these to the ordination to produce a phylomorphospace
(this corresponds to the ‘postordination ancestral state estima-
tion” or post-OASE approach of Lloyd (2018)).

We tabulated morphological disparity both within clades and
through time. For the within-clades analysis, the genera were
divided into four groups: ‘Campanulaceae/Rousseaceae’, which is
the sister clade to the rest of the Asterales; ‘Core Asterales’, com-
prising the Asterales
Rousseaceae and Asteraceae; ‘Asteraceae 1°, comprising the sub-
families that diverged before transcontinental dispersal of Aster-
aceae out of South America (Panero & Crozier, 2016), which
include Barnadesioideae, Famatinanthoideae, Stifftioideae, Muti-

families excluding Campanulaceae,

sioideae, Gochnatioideae, Wunderlichioideae and Hecastoclei-
doideae; and ‘Asteraceae 2’, comprising the subfamilies that
diverged after this transcontinental dispersal out of South Amer-
ica, which include Carduoideae, Gymnarrhenoideae, Cichori-
oideae, Corymbioideae and Asteroideae (Fig. 1). The Asteraceae
2 group is synonymous with the African Asteraceae Dispersion or
AAD clade of Panero & Crozier (2016) and corresponds to the
Asteraceae clade that underwent an explosive diversification and
near-global dispersal ¢. 40 Ma (Panero & Crozier, 2016; Mandel
eral., 2019). Disparity within each clade was measured as the
sums of variances of the PCO axis scores and the median distance
to the multivariate centroid, and as an ordination-free compar-
ison as the mean pairwise MORD distance (Lloyd, 2016). In
each case, just the tips of the phylogeny were included in the cal-
culation, with 1000 bootstrapped replicates to generate a distri-
bution of values (Guillerme, 2018). To check the influence of
group membership on the results, disparity was also measured
with Carduoideae included in the Asteraceae 1 clade, and with
the Campanulaceae/Rousseaceae and Core Asterales groups com-
bined into one ‘Ancestral Asterales’ group.

We calculated disparity through time using the time slicing
method of Guillerme & Cooper (2018). This approach uses a
time-calibrated phylogeny to estimate lineage presence through
time, which allows disparity to be measured at equidistant time
slices. As with the within-clades analysis, we used the sums of
variances of the ordination axis scores, the median distance to the
multivariate centroid and the mean pairwise MORD distance as
measures of disparity. These were calculated at 5-million-year
intervals, with the median, 2.5% and 97.5% percentiles of 1000
bootstrapped replicates giving the disparity estimate and associ-
ated confidence intervals. When branches of a phylogeny are used
for calculating disparity, it is necessary to select either the ances-
tral node or the descendent node/tip, which are chosen according
to a predetermined model of character evolution (Guillerme &
Cooper, 2018). We assumed a gradual evolutionary model, using
the ‘gradual splits’ model of Guillerme & Cooper (2018), which
selects either the ancestor or descendent for each bootstrap repli-
cate with a probability calculated as the distance between the
ancestor and the time slice as a proportion of the total branch
length. For comparison, we also calculated disparity through time

© 2022 The Authors
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using the ‘acctran’ (accelerated transformation, which always uses
the descendent) and ‘deltran’ (delayed transformation, which
always uses the ancestor) models of Guillerme & Cooper (2018).

Evolutionary rate measurements

Evolutionary rates were measured as the mean number of charac-
ter state changes per million years, following the procedure of
Lloyd (2016). Rates were measured for each branch of the phy-
logeny, and through time via the sum of character state changes
across the phylogeny within 22 evenly spaced time bins. For the
branch rates, statistically significant high or low values on each
branch relative to the rest of the tree were identified following
Lloyd eral. (2012). For each branch in turn, this approach uses a
likelihood ratio test to assess whether a one-rate model (with one
overall rate for the whole tree) or a two-rate model (with one rate
for the branch in question and one rate for the rest of the
branches pooled together) is preferred, with the Benjamini—
Hochberg correction (Benjamini & Hochberg, 1995) applied to
the P value to account for multiple comparisons and an alpha
value of 0.01 used to determine a statistically significant result
(Lloyd eral., 2012; Lloyd, 2016). For the rates through time, the
timing of the character state changes on each branch was drawn
at random from a uniform distribution, and the calculation
repeated 1000 times (Lloyd ez al., 2012; Lloyd, 2016). The time
bin medians and 2.5% and 97.5% percentiles were then extracted
to produce an estimate of evolutionary rates with a 95% confi-
dence interval.

Phylogenetic diversity and lineages through time

Phylogenetic diversity was measured for each of the four clades
(see earlier) to provide an estimate of the amount of evolutionary
history encompassed by each clade (Chao ez al., 2010). We mea-
sured phylogenetic diversity using Faith’s phylogenetic diversity
(PD), which is calculated as the sum of the branch lengths con-
necting the tips (taxa) within each clade (Faith, 1992), and is a
phylogenetic generalization of species richness (Chao ez al., 2010,
2014). We also tabulated lineages through time (LTT) to give an
estimate of temporal patterns in species richness represented by

the phylogeny.

Biogeography and whole-genome duplication data
compilation

We compiled the biogeographic distribution of the taxa used in
this study from Kadereit & Jeffrey (2007). The position of
WGD events on the Asterales phylogeny was taken from Barker
etal. (2008, 2016) and Landis ez al. (2018).

Software and reproducibility

Data analysis was carried out in R v.4.0.4 (R Core Team, 2021)
with RStubio v.1.4.1717 (R Studio Team, 2021), using the
packages APE v.5.4-1 (Paradis & Schliep, 2019), CrApDIS v.0.6.3
(Lloyd, 2016), pispRitY v.1.5.0 (Guillerme, 2018), DPLYR v.1.0.7
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(Wickham et al., 2021), GGTREE v.3.0.4 (Yu etal, 2017), PHANG-
ORN v.2.8.0 (Schliep, 2011), pHYTOOLS v.0.7-70 (Revell, 2012),
PICANTE v.1.8.2 (Kembel etal, 2010), rLor3D v.1.3 (Soetaert,
2019), RCOLORBREWER v.1.1-2 (Neuwirth, 2014), SCATTERPIE
v.0.1.7 (Yu, 2020), VEGAN v.2.5-7 (Oksanen et al., 2020) and VE-
LOCIRAPTR v.1.1.0 (Zaffos, 2019). The Neighbor-Net phyloge-
netic network was produced using SPLITSTREE4 v.4.17.1 (Huson
& Bryant, 2006), using a MORD distance matrix exported from
R. All data files and R code used in this analysis are available for
download from figshare (Jardine ez al., 2022).

Results

Arrangement of taxa in morphospace

The arrangement of taxa on the first two principal coordinates of
the phylomorphospace shows three main clusters, arranged
according to the Asterales phylogeny (Figs 1, 3). The lower left

cluster incorporates the ancestral Asterales (i.e. the Asterales
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excluding Asteraceae), including the monophyletic Campanu-
laceae/Rousseaceae clade and the paraphyletic group of other
non-Asteraceae families (‘Core Asterales’) (Fig.3). The lower
right cluster comprises Asteraceae 1 clade, with Barnadesioideae
transitional between these taxa and the ancestral Asterales. The
third cluster, which occurs at higher values on PCO 2, comprises
the Asteraceae 2 clade with subfamilies Asteroideae, Corym-
bioideae, Cichorioideae and Gymnarrhenoideae, with Car-
duoideae as morphologically transitional between the Asteraceae
1 and 2 groups (Fig. 3). Exceptions to this general pattern are
Barnadesia (Barnadesioideae), which is placed with the Asteraceae
2 cluster, and the Asteroideae tribe Anthemideae, which occurs
closer to the Asteraceae 1 cluster. The first two principal coordi-
nates contain a strong and statistically significant phylogenetic
signal (for PCO 1 K=2.31, P=0.001, and for PCO 2 K=1.24,
P=0.001; »=113 in each case; see also Fig. S1).

Low variance accounting on the highest principal coordinates
is a common problem with discrete character morphospace analy-
sis (Lloyd, 2016). Here, the first two principal coordinates
account for <10% of the variance in the dataset, with the
remaining variance spread over 221 principal coordinates. The
higher axes are less easy to explain in terms of within- and
among-clade relationships (Fig. S2a,b), and there is a lower phy-
logenetic signal beyond the first two axes (for most axes K<0.5;
Fig. S1). Alternative multivariate methods such as NMDS
(Fig. S2¢), cluster analysis (Fig. S3) and Neighbor-Net (Fig. $4),
as well as a post-OASE PCO (Fig. S2d), reveal a similar pattern
to that shown on the first axes of the pre-OASE PCO (Fig. 3).
Therefore, the two-axis phylomorphospace presented here
(Fig. 3) captures the main signal in the data, despite the high pro-
portion of variance distributed over the remaining principal coor-
dinates.

The first principal coordinate is explained by variations in pol-
len size and shape, with smaller, more oblate (equatorial
axis > polar axis) grains on the left of the morphospace (negative
PCO values, the ancestral Asterales cluster and the Asteraceae 2
cluster), and larger, more prolate (equatorial axis < polar axis)
grains on the right (positive PCO values, comprising the Aster-
aceae 1 cluster) (Figs 2, S5). There is also a gradient of pollen wall
complexity on the first principal coordinate, with thinner, sim-
pler walled taxa having more negative PCO values, and thicker,
more complex walled taxa (i.e. with an internal tectum, more
ectexinal layers and more clearly distinguishable columellae) hav-
ing more positive PCO values (Fig. S5). The second principal
coordinate is primarily related to sculpture, with genera at the
upper end of the axis (the Asteraceae 2) being echinate and genera
at the lower end of the axis representing a range of sculptural
types. Specifically, the Asteraceae 1 are dominated by microechi-
nate grains, and the ancestral Asterales comprise a range of differ-
ent sculptural forms including rugulate, striate, verrucate and
microechinate grains (the Campanulaceae/Rousseaceae clade is
more sculpturally variable, while the other non-Asteraceae fami-
lies are predominantly microechinate) (Figs 2, S5).

This distribution of character scores across morphospace
explains why some taxa occur outside of the main clusters occu-
pied by their close relatives. For example, Anthemideae occurs
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closer to the Asteraceae 1 cluster because these taxa possess
thicker exines with a more complex internal structure, and in the
case of Artemisia (mugwort or sagebrush), smaller echinae. Simi-
larly, Barnadesia is both cavate and lophate, in common with taxa
in Cichorioideae such as Lactuca (lettuce) and Taraxacum (dan-
delions), and as such occurs closer to the Asteraceae 2 cluster.

Morphological disparity

Morphological disparity is lowest in the Campanulaceae/
Rousseaceae clade, and similar in the core Asterales, the Aster-
aceae 1 and the Asteraceae 2 (Figs 4a, S6a), although measuring
disparity as the mean pairwise MORD distance (i.e. using the
distance matrix directly, rather than working with the axis scores
of the ordination) leads to a lower disparity in the Asteraceae 2
clade (Fig.S6b). A similar pattern is demonstrated if Car-
duoideae are combined with the Asteraceae 1 (Fig. S6¢), and if
the Campanulaceae/Rousseaceae clade is combined with the
other non-Asteraceae Asterales to form an ancestral Asterales
group, with all three groups incorporating a similar disparity
(Fig. S6d). Phylogenetic diversity (measured as Faith’s PD) is also
lowest in the Campanulaceae/Rousseaceae relative to the other
three clades, with the Asteraceaec 2 having the highest PD
(Fig. 4b). There is no relationship between within-clade disparity
and species richness (Fig. 4).
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Fig. 4 Within-group morphological disparity (a) and phylogenetic diversity
(b). Morphological disparity in (a) was calculated via the sums of variances
of the ordination axes, and the boxplot shows the distribution of values
from 1000 bootstrapped replicates. For the boxplots, the thick horizontal
bars show the median, the edges of the boxes show the lower and upper
quartiles, error bars (whiskers) show the extent of values up to 1.5 times
the interquartile range, and the circles show the outliers beyond this limit.
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Asterales morphological disparity through time shows a rapid
increase at the start of the timeseries, followed by a gradual
increase from ¢. 100 Ma to ¢ 50 Ma, at which point the curve
begins to level off and disparity accumulates more slowly through
to the present (Fig. 5a). This pattern is robust to using other evo-
lutionary models (acctran and deltran) or measuring disparity as
the median distance to centroid rather than sums of variances,
although the mean pairwise MORD distance suggests a more
gradual accumulation of disparity in the first part of the timeseries
(Fig. S7). Adding a temporal axis to the 2-dimensional mor-
phospace in Fig. 3 to produce a chronophylomorphospace shows
the large increase in morphospace occupation in the first half of
the timeseries with the appearance of the Asteraceae 1 cluster
(Fig. 6), which coincides with the accumulation of disparity early
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Fig.5 Morphological disparity (a), rates of morphological evolution (b)
and number of lineages (c) through time. Dashed lines in (a, b) are 95%
confidence intervals. Ma, million years ago.
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in the Asterales evolutionary history (Fig. 5a). The subsequent
appearance of the Asteraceae 2 cluster as another punctuated shift
in morphospace occupation ¢. 40-50 Ma shows that this group
diversified in a relatively restricted area of morphospace (Figs 3, 6)
and without a substantial contribution to total disparity (Fig. 5a).

Rates of morphological evolution

Rates of morphological character change increase sharply at the
beginning of the timeseries, and then are broadly stable through to
the present, aside from a possible slight decrease ¢. 60 Ma and a
slight increase from ¢. 20 Ma onwards; the 95% confidence inter-
val is also wider between ¢. 110 and 60 Ma, indicating greater
uncertainty in the reconstruction and the potential for higher or
lower rates though the Late Cretaceous relative to the Cenozoic
(Fig. 5b). Morphological rates are broadly stable across the
Asterales phylogeny, with no clades or lineages showing markedly
higher rates than others (Fig. 1). Only two branches show statisti-
cally significandy higher rates of morphological evolution com-
pared to the rest of the phylogeny. One is the branch leading to
the Cichorioideae, Corymbioideae and Asteroideae clades, which
correspond to a pronounced shift in morphospace occupation
(Figs 3, 6) and the highest branch rates across the phylogeny (8.00
character state changes/Ma, P =1.80 x 107, Benjamini—
Hochberg corrected alpha=4.46 x 107) (Fig. 1). The other is the
terminal branch leading to Grindelia (Asteroideae and Astereac)
(1.41 character state changes/Ma, P =3.22 x 10>, Benjamini—
Hochberg corrected alpha=28.93 x 107°), which differs from the
rest of the Astereae taxa in possessing rounded rather than acute
colpi ends, scabrate rather than psilate apertural membranes, a psi-
late rather than scabrate or microperforate tectal surface among the
major sculptural elements, a relatively thinner exine at the grain
equator and a lower nexine : sexine (inner : outer exine) ratio.

Morphological evolution and whole-genome duplication
events

Reconstructed WGD events are located at the split between
Calyceraceae and Asteraceac ¢. 90 Ma, at the base of the

New
Phytologist

Stylidiaceae ¢. 65 Ma, at the split between the Carduoideae tribe
Cynareae (the thistles) and the Gymnarrhenoideae/Cichori-
oideae/Corymbioideae/Asteroideae clade ¢. 40 Ma, and within
the Asteroideae supertribe Helianthodae ¢. 20 Ma (Fig. 1). The
WGD events at the Asteraceae/Calyceraceae split and within the
Carduoideae occur at or close to shifts in morphospace occupa-
tion and the appearance of the Asteraceae 1 and Asteraceae 2
groups, respectively (Figs 3, 6), with an associated increase in lin-
eage richness in the case of the Carduoideae WGD event
(Fig. 5¢). However, the WGD events at the base of the Stylidi-
aceae and within the Helianthodae do not appear to be linked to
any obvious changes in morphospace occupancy or evolutionary
rates (Figs 1, 3), and there is no obvious relationship between
within-clade morphological disparity and the location of WGD
events on the Asterales phylogeny (Fig. 4).

Morphological evolution and biogeography

The ancestral Asterales taxa (Fig.3) occur predominantly in
Oceania, although Campanulaceae has a cosmopolitan distribu-
tion, and Calyceraceae is limited to South America (Fig. S8). The
Asteraceae 1 taxa are mostly limited to South America, while the
Asteraceae 2 are much more widely spread, including some indi-
vidual taxa with cosmopolitan distributions (Fig. S8). Car-
duoideae occur as an intermediate group, with some taxa (e.g.
Brachylaena, Cloiselia and Oldenburgia) being limited to Africa,
while others (members of the thistle tribe Cynareae such as
Carthamus and Cirsium) have a wider distribution (Fig. S8).
These biogeographic results are in good agreement with previous
analyses of ancestral ranges and dispersal routes, with a Gond-
wanan origin of the Asterales, and the spread to Africa and subse-
quent diversification and dispersal of the derived subfamilies c.
40 Ma (Panero & Crozier, 2016; Mandel ez al., 2019) (Fig. 6).

Discussion

Variations in morphospace occupation can manifest themselves
either as differences in the region of morphospace occupied by

of taxa, the amount of morphospace occupied

groups

Fig. 6 Chronophylomorphospace, showing
the phylomorphospace from Fig. 3 with a

third time axis, and palaeogeographic maps
showing the positions of the continents at
key points in Asterales evolutionary history
(the first appearance of the Asterales c. 110
million years ago (Ma), the first appearance
of Asteraceae c. 80 Ma and the first
appearance of the Asteraceae 2 clade c.

0.0

40 Ma). Point colours and styles in the
chronophylomorphospace are the same as
for Fig. 3, with grey squares denoting the
non-Asteraceae Asterales, and the coloured
circles denoting Asteraceae taxa (coloured by
subfamily). PCO, principal coordinates

-0.5 pcO
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(i.e. disparity), or both (these parameters are also referred to as
location vs scale effects, see Warton etal (2012) for details).
Our results from Asterales pollen demonstrate considerable evi-
dence for the former, with a partitioning of morphological space
into distinct groupings of taxa based on major clades, leading to
a phylogenetically structured pattern of morphospace occupation
(Fig. 3). There is limited support for differences in disparity
among the clades examined here, aside from a slightly lower dis-
parity in the Campanulaceac/Rousseaceae clade, despite substan-
tial variations in species richness, phylogenetic diversity and
biogeographic range (Figs4, S8). Similarly, there are no clear
clade-based variations in rates of morphological evolution across
the Asterales phylogeny (Fig. 1).

The temporal pattern of disparity reconstructed here, with a
more rapid early increase followed by saturation, is consistent
with previous analyses of both extant and fossil organisms (Foote,
1994; Lupia, 1999; Oyston eral., 2015, 2016; Cooney ez al.,
2017), as is the discordance between morphological disparity and
taxonomic richness (Foote, 1993, 1996b; Lupia, 1999; Oyston
etal., 2016) (Fig.5). While the early increase in disparity and
evolutionary rates can in part be attributed to the appearance of
Asteraceae ¢. 85 Ma, the diversification of the subfamilies in the
Asteraceae 2 clade ¢. 40 Ma does not drive a further substantial
disparity increase (Figs 1, 5a, S7). Despite the lack of sustained
increase in disparity and the apparent saturation of morphologi-
cal space, there is no reduction in the rate of morphological evo-
lution, which has remained more or less stable through the
Cenozoic (Fig. 5b). These results suggest that the derived Aster-
aceae pollen types evolved in already occupied morphological
space (Cooney eral., 2017), using a recombination of existing
morphological traits (e.g. smaller pollen with a simpler wall struc-
ture that also occurs in the ancestral Asterales) as well as the
development of longer, more sparsely distributed spines (echinae)
on the pollen surface, and in the case of some members of the
Cichorioideae ridges (lophae) across the grain (Fig. 2).

A key question is whether the punctuated bursts of evolution
in pollen form identified here represent a genuine signal, and
therefore support a punctuated rather than gradual model of
morphological evolution, or are the result of extinction removing
intermediate morphologies (Gould & Eldredge, 1977; Deline
etal., 2018; Sauquet & Magallon, 2018). This question can only
be answered with the inclusion of fossil data, however, which is
beyond the scope of this study (see later for further discussion).
However, whether these shifts in morphospace occurred rapidly
or over longer time periods, they still represent macroevolution-
ary change, which demands an explanation for why they occur at
certain points in the Asterales phylogeny. One potential causal
mechanism is WGD events, which have been correlated with flo-
ral morphological evolution and taxonomic diversification in a
range of plant groups (Soltis eral, 2009; Soltis & Soltis, 2016;
Clark & Donoghue, 2018; Landis eral, 2018). Furthermore,
several WGD events have been identified within the Asterales
(Fig. 1) (Barker ez al., 2008, 2016; Landis ez al., 2018). The rela-
tionship between WGD events and the morphological develop-
ments reconstructed here is complicated, however. On one hand,
WGD events coincide with the formation of major groups in

© 2022 The Authors
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morphospace: WGD at the split between Asteraceae and Calycer-
aceae may have contributed to the appearance of the Asteraceae 1
cluster in the phylomorphospace, and proposed WGD within
the Carduoideae may have triggered or enabled the evolution of
smaller, echinate pollen grains with a simpler internal wall struc-
ture (and lophae in the Cichorioideae) within Asteraceae 2
(Figs 3, 6). On the other hand, the WGD event at the Aster-
aceae/Calyceraceae split did not drive changes in Calyceraceae
pollen morphology, and there was no obvious morphological
response following WGD events at the base of the Stylidiaceae or
nested within the Helianthodae supertribe of the Asteroideae.
Furthermore, the most pronounced morphological development
within the Asteroideae occurs at the base of the Anthemideae
tribe, which occurs closer to the Asteraceae 1 cluster in the phylo-
morphospace (Fig. 3), yet this change in pollen form does not
coincide with a WGD event (Fig. 1).

A particular challenge with predicting the likely response to
WGD events is understanding the genetic controls on pollen
morphological development and how genome duplication can
impact on this (Nadot ez al., 2008; Soltis ez al., 2009; Blackmore
etal., 2010; Matamoro-Vidal ezal., 2016). It may be that WGD
events provide the potential for morphological evolution in pol-
len, but do not have a predictable response or rely on interactions
with other variables, such as evolution in other morphological or
functional traits within the parent plants. Despite these complica-
tions, the occurrence of WGD events close to large-scale shifts in
morphospace occupation is interesting and suggestive enough to
warrant further investigation, especially since at least one of these
coincides with a large increase in diversification and dispersal
within the Asteraceae (Panero & Crozier, 2016; Mandel ez al.,
2019). More targeted analyses may therefore be able to uncover
whether there is a causal link between WGD and pollen morpho-
logical evolution, and how it operates to drive evolution in pollen
form in some cases but not others.

In contrast to the findings of Clark & Donoghue (2018) on an
angiosperm-wide dataset, our results do not support a difference
in disparity among either the higher taxa analysed here (Fig. 4),
or the individual Asteraceae subfamilies (Fig. S9), and there are
no obvious changes in morphological variability following WGD
events. This is particularly remarkable in the derived Asteraceae,
and especially Asteroideae, which has a high diversity (comprising
>70% of Asteraceae species; Panero & Crozier, 2016) and a cos-
mopolitan distribution (Mandel eral, 2019) (Fig. S8), while
maintaining a relatively conserved pollen morphology with lim-
ited evidence for continued morphological innovation (Figs 20,
3). However, it is also the case that conserved pollen morpholo-
gies within plant taxa (typically genera or higher) are common,
which leads to the persistent problem of low taxonomic resolu-
tion in palynological studies (Traverse, 2007). Poaceae (grass)
pollen is a classic example of pollen morphological conservation,
with > 12 000 species of grasses having a highly similar morphol-
ogy that is consistent through the grass fossil pollen record, and
that precludes further taxonomic subdivision in palynological
studies (Mander ez al., 2013; Jardine ez al., 2019). It may be that
the limited functional role of pollen grains (successful transfer of
genetic material) means that continued morphological
New Phytologist (2022) 234: 1075-1087
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experimentation within lineages is not selected for. In the case of
the Asteraceae 2 clade, the evolution of a smaller, spiny pollen
form (Fig. 20) is thought to be advantageous for pollination rela-
tive to the larger, microechinate pollen of the Asteraceae 1
(Fig. 2i-1), because the stronger electrostatic attraction between
the pollen grain and the receiving stigma increases the chances of
successful pollen transfer from insect pollinator to flower
(Inchaussandague ez 4/, 2018). Small and spiny pollen appears to
have been highly successful ever since the Asteraceae 2 first diver-
sified in the Oligocene and Miocene, and as such there may be
limited scope for further refinement of this pollen type, with a
concomitant lack of further exploration through morphospace.

Pollination ecology may play a more general role in controlling
the arrangement of taxa in morphological space, via relationships
with pollen size and ornamentation (Traverse, 2007; Mander
eral., 2020). Differences in pollination strategy, such as insect
pollination in most Asterales vs bird, bat or wind pollination in
some taxa (Oberprieler ezal., 2009; Vogel, 2015), may explain
some aspects of morphospace occupation, although this requires
further study with a focus on evolutionary trends within animal
pollinators. Similarly, evolutionary developments in other plant
organs such as flowers or capitula (the composite flower possessed
by members of the Asteraceae) (Barreda ez al., 2010b; Roque &
Funk, 2013) may have triggered pollen morphological evolution,
and it would be interesting to investigate wider patterns of floral
evolution in the Asterales. A promising approach for further
research in this area would be analysis of floral morphospaces and
disparity (Chartier ezal, 2014, 2017; Clark & Donoghue,
2018), to compare with the results presented here and to test for
coordinated evolutionary changes through time.

This study has focused solely on extant taxa and as such likely
provides an overly conservative estimate of changes in mor-
phospace occupation through time. As noted earlier integrating
fossil morphotypes in future analyses of pollen disparity would
also help address whether the formation of distinct, clade-based
groups in morphospace represents genuine rapid shifts in pollen
morphology, or is due to the extinction of intermediate mor-
phologies (Hopkins & Smith, 2015; Deline ez al., 2018). It may
therefore resolve whether the evolution of pollen form has pro-
ceeded according to gradual or punctuated models of morpho-
logical evolution (Gould & Eldredge, 1977; Guillerme &
Cooper, 2018; Sauquet & Magallon, 2018), and which of these
should be preferred in future studies of pollen disparity. The fos-
sil record of the Asterales is currently sparse before the Oligocene
(Barreda eral, 2010a), and to date, there have been limited
attempts to directly integrate Asterales fossil pollen into a phylo-
genetic framework (although see Barreda eral, 2015). Further
work in this area may help to shed light on the drivers of Asterales
pollen morphological evolution, especially during the explosive
diversification and dispersal of the derived Asteraceae over the last
c. 40 Ma (Mandel et al., 2019; Palazzesi et al., 2022).

We also acknowledge that the 113 taxa used in this study rep-
resent just a small fraction of the ¢. 27 000 extant species within
the Asterales (Stevens, 2001). While the taxa were selected to be
representative of the pollen morphologies and phylogenetic diver-
sity within the Asterales, with the majority of families and tribes
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included in the dataset, additional sampling would permit a more
nuanced understanding of asteralean morphological evolution.
This would aid in disentangling the relative influences of phylo-
genetic and functional diversity, as well as developmental pro-
cesses and constraints, on Asterales pollen morphological
disparity.

Finally, we echo calls for additional analyses of morpho-
logical disparity in plants, both as an important facet of bio-
diversity in its own right, and as a complementary metric to
taxonomic, phylogenetic and functional diversity (Chartier
eral., 2014, 2017, 2021; Oyston eral, 2016; Clark &
Donoghue, 2018). Of particular interest is the distribution
and partitioning of morphological disparity across spatial gra-
dients and through time (Lupia, 1999; Wellman eral, 2013;
Mander, 2018; Chartier eral, 2021), both focusing on indi-
vidual organs or functional units (i.e. pollen grains and flow-
ers) or combining these into whole plant analyses (e.g.
Opyston etal., 2016; Clark & Donoghue, 2018). Incorporat-
ing fossil data into such analyses, especially if supported by
phylogenetic hypotheses, will enable a more nuanced under-
standing of disparity changes through the history of plant
clades (Chartier etal, 2017; Clark etal, 2019; Schonen-
berger ezal, 2020). Such an approach will allow questions
concerning the relationship between morphological disparity
and taxonomic diversity (Foote, 1993, 1994; Lupia, 1999;
Mander, 2018; Chartier eral, 2021; Cole & Hopkins,
2021), morphological selectivity during extinction events
(Foote, 1993; Lupia, 1999; Korn eral, 2013; Cole & Hop-
kins, 2021) and integrated evolution across suites of mor-
phological characters (Adams & Collyer, 2016; Chartier
eral, 2017), to be addressed, enhancing our understanding
of the broad-scale patterns and processes of plant evolution.
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