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Australia was predominantly tropical for most of the Early Cenozoic, then transitioned to a cooler and drier climate in the Oligocene. In response
to this increasing aridity, some lineages either adapted to xeric ecosystems, contracted to increasingly fragmented mesic refugia, or went extinct.
However, the lack of macroevolutionary studies at a continental scale precludes a better understanding of Australian biodiversity patterns and
processes during the Cenozoic. Here, we infer a robust, dated phylogenomic tree for a radiation of Australian endemic butterflies, the Trapezitinae
skippers, to test the impact of biotic and abiotic drivers on Cenozoic diversification dynamics in Australia. These butterflies originated during
the Eocene (c. 42 Mya) in the mesic biome of Australia. Trapezitinae exploded in diversity during a cool, dry period in the Late Oligocene and
Early Miocene, then experienced a sharp deceleration in speciation. Xeric ecosystems appear to have been colonized more recently, supporting
the hypothesis of arid and semi-arid biomes as evolutionary sinks. Temperature-dependent and phytophagy-dependent diversification models
received little support. Instead, we find evidence for diversity-dependent processes with declining diversification in Trapezitinae likely linked to
limited ecological opportunities following a rapid initial burst of diversification.

ADDITIONAL KEYWORDS: Australian biogeography; biome shifts; butterfly evolution; Hesperiidae; Lepidoptera; target-capture
phylogenomics; Trapezitinae.

INTRODUCTION to other areas of the world in the Cenozoic, but has experienced
dramatic climate shifts in the past 40 Myr (Weston et al., 2017).

Major progress has been made towards better understanding
From the Eocene to the Oligocene, Australia was a warm and

Australian biogeographic and evolutionary diversity patterns i ’ X 7
(Byrne et al,, 2008, 2011, 2018; Bowman et al., 2010). However, humid tropical landmass with flourishing forests and abundant
water bodies (Martin, 2006; Byrne et al., 2008, 2011; Weston

et al, 2017). The final separation of the Australian landmass
from southern Gondwana (Antarctica-South America) approxi-
mately 35-30 Mya was the first step of this progressive climate
change. Following this break-up and the continuous expansion
of the Tasman Seaway, the Antarctic Circumpolar Current es-
tablished and contributed to decreased regional temperatures

studies examining biotic and abiotic drivers at the continental
scale remain scarce, particularly for invertebrates. Ongoing de-
velopment of model-based comparative methods and the greater
availability of robust phylogenetic timetrees enable discrimin-
ation of the potential impacts of many factors on diversification
dynamics. Australia was relatively geologically stable compared
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(Pillans, 2018). This cooling was intensified by the simultan-
eous global decrease in atmospheric CO, levels associated with
the Early Oligocene glacial maximum (Zachos et al., 2008). As
a result, mesic forested biomes contracted and became progres-
sively fragmented, giving rise to vast sclerophyllous and grass-
land ecosystems (Martin, 2006; Byrne et al., 2008, 2011; Weston
et al,, 2017). Although these more arid-adapted floral elements
existed during the Eocene, they became more widespread in the
Oligocene, before becoming dominant in the Miocene with the
expansion of Casuarina and Eucalyptus ecosystems and the de-
velopment of open woodlands and shrublands (Martin, 2006;
Byrne et al, 2008, 2011). A climatic pulse in the Pliocene
briefly allowed more mesic ecosystems to back-colonize some
regions. This was quickly followed by an increasingly drier cli-
mate starting in the Pleistocene and extended to the present with
the emergence of truly arid environments (Byrne et al., 2008).
Because Australia harboured mostly mesic ecosystems up to the
Oligocene-Miocene, it has been proposed that most ancestral
lineages were likely mesic-adapted and later colonized more arid
ecosystems (Byrne ef al., 2008, 2011). Although some lineages
adapted to the new xeric ecosystems, others remained in increas-
ingly fragmented mesic refugia. The isolation of these refugia
might have led to allopatric diversification (e.g. in Southwest
Australia, the Pilbara, Kimberley and Top End regions), fostered
colonisation of surrounding landmasses where mesic conditions
persisted (e.g. New Guinea, Solomon Islands) or caused extinc-
tion (Byrne et al., 2008, 2011).

Numerous studies have investigated the drivers of diversifica-
tion of Australian lineages at local or regional scales, particularly
in the Australian monsoon tropics, Australian Arid Zone and
Australian Wet Tropics (Bell et al., 2007; Bowman et al., 2010;
Pepper et al., 2014; Moreau et al., 2015; Rix et al., 2015, Boyer et
al.,2016; Oliver et al,, 2019). At the continental scale, few studies
have provided insights into understanding Australian biodiver-
sity assembly through space and time (e.g. Rix & Harvey, 2012;
Marin et al., 2013; Toussaint et al., 2015; Braby et al., 2020; Rix
etal,, 2021). As a result, evolutionary questions pertaining to an-
cestral colonization and diversification in mesic vs. arid biomes,
the role of climatic refugia and global responses to climate or
floristic change on herbivorous lineages remain open.

Among Australian butterflies, few groups are both largely
endemic and comparatively species rich, thereby being
good candidates to study the above-mentioned questions
(Kodandaramaiah et al., 2018; Braby et al., 2020). One such
group is the Trapezitinae skippers, largely endemic to Australia
except for a few species found in New Guinea. The 79 described
species are small butterflies feeding mostly on Poaceae, al-
though a few species feed on other monocot families including
Asparagaceae, Cyperaceae and Iridaceae (Braby, 2000). A recent
phylogenetic study (Toussaint et al., 2022) suggested a rapid
radiation near the crown of the group, but robust estimates for
both the phylogeny and divergence times are lacking. Because
of their continental distribution, herbivorous diets and poten-
tially explosive diversification, these skippers are an ideal candi-
date to test historical biogeographic hypotheses about evolution
of the Australian biota. In this study, we use a target sequencing
approach to generate data for a robust, dated phylogenomic tree
of Trapezitinae, estimate ancestral ranges, and test the impact of

biotic and abiotic drivers on the macroevolutionary history of
this lineage in Australia and New Guinea.

MATERIAL AND METHODS

Taxon sampling and DNA sequencing

We obtained hybrid enrichment sequence data from 70
Trapezitinae species collected in the field or sampled from mu-
seum collections. This dataset is significantly more comprehen-
sive than the one used in Toussaint et al. (2022) that was based on
a selection of five gene fragments. We also added whole-genome
data from two additional species, and added COI barcodes from
four additional species. These 76 described species represent
c. 96% of the species richness in the subfamily and includes all
genera and species-groups. Three rare New Guinea endemics
Prada maria, Prada papua and Toxidia arfakensis could not be
sampled. Taxa representing all other described subfamilies as
well as three Hedylidae and one Nymphalidae were selected as
outgroups (Supporting Information, Table S1).

DNA was extracted using an OmniPrep DNA extraction kit
(G-Biosciences, St Louis, MO, USA). Quantified DNA extracts
were submitted to RAPiD Genomics (Gainesville, FL, USA) for
library preparation, hybridization enrichment and sequencing.
Random mechanical shearing of DNA was conducted with
an average size of 300 bp, followed by an end-repair reaction
and ligation of an adenine residue to the 3-end of the blunt-
end fragments to allow ligation of barcode adapters and PCR-
amplification of the library. Following library construction,
solution-based anchored hybrid enrichment (AHE) of Agilent
SureSelect probes (Santa Clara, California, USA) was conducted
in a pool containing 16 libraries. These libraries were enriched
with the SureSelect Target Enrichment System for Illumina
Paired-End Multiplexed Sequencing (Santa Clara, California,
USA). Paired-end 150-bp reads were sequenced from each li-
brary on an Illumina HiSegsequencing system.

We used the BUTTERFLY2.0 probe set (Kawahara et al.,, 2018)
to capture 13 gene regions including those often used in studies
on butterfly phylogenetics, and the BUTTERFLY1.1 probe set
(Toussaint ef al., 2018) to capture 383 gene regions including
all loci captured with the BUTTERFLY2.0 probe set. The final
matrix comprised 111 taxa including 76 described Trapezitinae
species and up to 383 concatenated loci totalling up to 164 099
aligned nucleotides (Supporting Information, Table S2).

AHE data assembly and clean-up

The bioinformatic pipeline allowing to generate the final
phylogenomic datasets from the raw Illumina reads followed
Breinholt ef al. (2018). Paired-end Illumina data were cleaned
with Trim Galore! v.0.4.0 (www.bioinformatics.babraham.
ac.uk), allowing a minimum read size of 30 bp, and bases were
removed with a Phred score below 20. The loci were assembled
with iterative baited assembly (IBA, Breinholt et al, 2018) in
which only reads with both forward and reverse reads that passed
filtering were included. Assembled reads from the probe region
were blasted against the reference genome of Danaus plexippus
and BLAST results were used for single hit and orthology fil-
tering. Loci were screened for orthology with a single hit
threshold of 0.9 and genome mapping following Breinholt et
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al. (2018). Orthologous sequences were screened for contam-
ination by identifying and removing sequences that were nearly
identical at the family and genus level (Breinholt ef al.,, 2018).
Loci were aligned with MAFFT v.7.24S (Katoh & Standley,
2013) and concatenated with FASconCAT-G v.1.0.4 (Kiick &
Meusemann, 2010).

Datasets, model partitioning and phylogenetic analysis

The best partitioning scheme and substitution models were es-
timated using PartitionFinder2 (Lanfear et al,, 2017) using the
rcluster algorithm and ModelFinder as implemented in IQ-TREE
v.2.1.2 (Minh et al., 2020). In IQ-TREE, 100 maximum likeli-
hood (ML) searches were conducted with two metrics of branch
support: ultrafast bootstrap (UFBoot, 1000 replicates) and
SH-aLRT tests (1000 replicates).

To detect potential gene tree incongruence, we inferred a
phylogenetic tree under the multispecies coalescent model
(MSC). We first inferred individual locus trees using IQ-TREE
2.2.1. We estimated the best substitution model for each locus
using ModelFinder and computed ultrafast bootstrap branch
support. All resulting locus trees were then gathered in a single
file that served as an input for species tree reconstruction in
wASTRAL from the ASTER family of optimization algorithms
(Zhang & Mirarab, 2022). This method is a reimplementation of
ASTRAL-III (Zhang et al., 2018) allowing to take into account
phylogenetic uncertainty by relying on branch length and
branch support across locus trees. We used the astral-hybrid_pre-
cise algorithm to estimate the species tree of Trapezitinae under
the MSC based on unrooted IQ-TREE locus trees with attached
branch length and support information.

All analyses were conducted on the University of Florida
HiPerGator High Performance Computing Cluster. Raw data,
datasets and appendices from this study can be found on Dryad
(https://doi.org/10.5061/dryad.5tb2rbp75).

Divergence time estimation

We estimated divergence times with BEAST 1.10.4 (Suchard et
al., 2018). Because the full concatenated dataset of 383 loci was
too large to be analysed, we used a ‘gene shopping’ approach im-
plemented in SortaDate (Smith et al., 2018). Single locus trees
were estimated in IQ-TREE and the best-scoring ML tree from
the concatenated dataset was used as the reference species tree.
Loci were filtered in the order of the following three criteria: (i)
clock-likeness, (ii) reasonable tree length, and (iii) least topo-
logical conflict with the species tree. We selected the 50 best loci
based on this filtering to produce a new nucleotide matrix of 44
384 bp for BEAST analyses.

The best partitioning scheme and substitution models were
estimated with PartitionFinder2 (Lanfear et al.,, 2017) using the
greedy algorithm. We implemented clock partitioning by con-
ducting analyses with: (i) two clocks, one for the mitochon-
drial locus and one for all nuclear loci, and (ii) one clock for
each partition recovered in PartitionFinder (14 in total). We
assigned a Bayesian lognormal relaxed clock model to the dif-
ferent clock partitions. We also tested different tree models by
using a Yule (pure birth) or a birth-death model in different ana-
lyses. Analyses consisted of 100 million generations with par-
ameter and tree sampling every 5000 generations. We estimated
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marginal likelihood estimates (MLE) for each analysis using
stepping-stone sampling, with 1000 path steps, and chains run-
ning for 1 million generations with a log likelihood sampling
every 1000 cycles. Maximum Clade Credibility (MCC) trees
were generated in TreeAnnotator v.1.10.4 (Suchard et al., 2018)
after removing the first 20 million generations as burn-in.

We used secondary calibrations derived from Espeland et
al. (2018) to estimate divergence times because there are few
skipper fossils. We constrained ten nodes with soft lognormal
prior densities encompassing the 95% credibility intervals es-
timated in Espeland et al. (2018) (with mean and standard
deviation inreal space in BEAUti): root (= Nymphalidae+Hedy-
lidae+Hesperiidae) (mean = 118.8, SD = 20.0, offset = 2.88),
crown of Hedylidae+Hesperiidae (mean = 106.01, SD = 18.62,
offset = 2.6), crown of Macrosoma hyacinthina+Macrosoma
rubedinaria (mean = 30.71, SD = 7.525, offset = 0.42), crown
of Hesperiidae (mean = 76.13, SD = 13.09, offset = 1.9), stem
of Euschemoninae (mean = 67.12, SD = 11.44, offset = 1.71),
stem of Eudaminae (mean = 59.69, SD = 10.134, offset = 1.41),
stem of Heteropterinae (mean = 53.01, SD = 9.034, offset =
1.29), crown of Heteropterinae (mean = 34.12, SD = 7.412,
offset = 0.41), stem of Hesperiinae (mean = 48.48, SD = 8.32,
offset = 1.18) and crown of Hesperiinae (mean = 43.9, SD =
7.447, offset = 1.09).

Ancestral range estimation

We used the R package BioGeoBEARS v.1.1.2 (Matzke, 2018)
to estimate ancestral ranges. Analyses were performed under
the DEC and DIVALIKE models on the BEAST chronogram.
Geographic distributions of Trapezitinae species were inferred
from the literature (e.g. Parsons, 1998; Braby, 2000, 2016). We
used area coding largely following Ebach (2015): New Guinea
(G), Northern (N), Euronotian (E), Southwest Australia (S),
Northern Desert (D) and Eremaean (R).

We generated two time slices (0-15 Mya and 15-25 Mya)
with different dispersal rate scalars representing the enhanced
connectivity between Australia and New Guinea in the Mid-
Miocene. The dispersal rate scalar values were selected according
to terrain and water body positions throughout the evolutionary
timeframe of the group (Supporting Information, Table S3). The
maximum number of areas per ancestral state was set to four. We
compared results of these analyses (M1) with null models (MO)
that excluded the dispersal rate scalar and adjacency matrices,
thereby relaxing all constraints derived from available geological
data. We also designed a model, M2, in which colonization of
New Guinea is not possible before 15 Mya to test the hypothesis
of proto-New Guinea colonization [i.e. M1 allows the coloniza-
tion of a proto-New Guinean archipelago sensu Toussaint ef al.
(2021) before 15 Mya whereas M2 disallows it].

Ancestral host plant estimation

We estimated ancestral larval host plant preferences across
Trapezitinae using the function make.simmap (SYM model and
1000 simulations) in the R package phytools 0.7-80 (Revell,
2012). Host plant records were aggregated from the literature
and unpublished data. All host plant observations were summar-
ized at the family level, as follows: Poaceae (A); Cyperaceae (B);
Asparagaceae (C); Arecaeae (D); Iridaceae (E); Haemodoraceae
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(F); Flagellariaceae (G); and Hemerocallidaceae (H). Character
states were unordered in the phytools analyses.

Diversification dynamics

We performed diversification rate analyses within Trapezitinae
and within Trapezitinae+Barcinae using BAMM 2.5.0 (Rabosky,
2014) with four reversible jump Markov chains Monte Carlo
running for 6 million generations and sampled every 2000 gen-
erations. Initial parameters were optimized using the function
setBAMMpriors in the R package BAMMtools v.2.1.6 (Rabosky
et al., 2014). We also used different priors (0.1, 1, 2 and S) for
the parameter controlling the expected number of shifts. The
global sampling fraction was setup to 0.96 for both chronograms
(including or excluding Barcinae).

We used LS-BDS (Hohna et al, 2019) implemented in
RevBayes (Hohna et al., 2016) to test for clade-specific shifts in
diversification rates and compare results with BAMM estimates
using the same two chronograms. We used three different rate
categories (2, 6 and 10) and analysed the outputs of the LS-BDS
runs (2500 generations with a tuning = 200) in the R package
RevGadgets 1.0.0 (Tribble et al.,, 2022).

Using RPANDA 1.8 (Morlon ef al,, 2016) and the dd_ML
function from the R package DDD 4.3 (Etienne et al.,, 2012),
we fitted different models (constant-rate, time-dependent,
temperature-dependent,  diversity-dependent)  to  the
Trapezitinae chronogram [see Condamine et al. (2019) for more
details]. Missing taxon sampling at the species level was set to
0.96 in all analyses. We tested the fit of the following models: (1)
speciation is constant through time with no extinction (BCST),
(2) speciation and extinction are constant through time
(BCSTDCST), (3) speciation varies exponentially through time
with no extinction (BtimeVarEXPO), (4) speciation varies lin-
early through time with no extinction (BtimeVarLIN), (S) speci-
ation varies exponentially through time with constant extinction
(BtimeVarDCSTEXPO), (6) speciation varies linearly through
time with constant extinction (BtimeVarDCSTLIN), (7) ex-
tinction varies exponentially through time with constant spe-
ciation (BCSTDtimeVarEXPO), (8) extinction varies linearly
through time with constant speciation (BCSTDtimeVarLIN),
(9) speciation and extinction vary exponentially through time
(BtimeVarDtimeVarEXPO), (10) speciation and extinction
vary linearly through time (BtimeVarDtimeVarLIN), (11) spe-
ciation varies exponentially with temperature with no extinction
(BtempVarEXPO), (12) speciation varies linearly with tem-
perature with no extinction (BtempVarLIN), (13) speciation
varies exponentially with temperature with constant extinction
(BtempVarDCSTEXPO), (14) speciation varies linearly with
temperature with constant extinction (BtempVarDCSTLIN),
(15) extinction varies exponentially with temperature with
constant speciation (BCSTDtempVarEXPO), (16) extinc-
tion varies linearly with temperature with constant speciation
(BCSTDtempVarLIN), (17) speciation and extinction vary
exponentially with temperature (BtempVarDtempVarEXPO),
(18) speciation and extinction vary linearly with temperature
(BtempVarDtempVarLIN), (19) speciation varies linearly with
diversity without extinction (DDL), (20) speciation varies lin-
early with diversity with constant extinction (DDL+E), (21)
speciation varies exponentially with diversity with constant

extinction (DDX+E), (22) extinction varies linearly with diver-
sity (DD+EL), (23) extinction varies exponentially with diver-
sity (DD+EX), (24) speciation and extinction vary linearly with
diversity (DDL+EL).

In these models, speciation and extinction (respectively A and
1) were allowed to vary as a continuous (linear or exponential)
function of time, past temperature or diversity. Parameters o and
[ measure the sign and rapidity of variation for speciation and
extinction rates, respectively. Positive values of ot or 3 can be in-
terpreted as an indicator of speciation or extinction slowdown,
whereas negative values indicate an acceleration of speciation or
extinction. The parameter K measures the carrying-capacity in
diversity-dependent models. These 24 models were compared
with the AICc and AAIC to determine best-fit to the time-
calibrated phylogeny.

Finally, we used the HiSSE model as implemented in the R
package hisse (Beaulieu & O’Meara, 2016) to examine whether
host plant shifts affected diversification dynamics. In total, we
compared 26 different models of HiSSE and BiSSE-like im-
plementations, accounting for hidden states to alleviate recent
concerns regarding the reliability of SSE models and the high in-
cidence of false positive results.

RESULTS AND DISCUSSION
Phylogeny and divergence times of Trapezitinae skippers

Maximum likelihood and multispecies coalescent inference
approaches yield highly similar phylogenies (Supporting
Information, Figs S1-S2, Files S1-S2). All inter-subfamily rela-
tionships and major nodes along the Hesperiidae backbone are
identical, suggesting low conflict across locus trees and a high
congruence of these alternative approaches. Only three nodes
differ along the backbone of Trapezitinae, the other ones are
restricted to intrageneric relationships within Hesperilla and
Mesodina. Branch support for the backbone in wASTRAL ana-
lyses is low (all three conflicting nodes have a local posterior
probability < 0.70), and therefore these discrepancies are not
statistically significantly supported. Because the IQ-TREE re-
construction offers a more robust resolution of the backbone,
we base our discussion on this evolutionary tree. Our analyses
recover Trapezitinae as sister to the Oriental Barcinae (two ex-
tant species endemic in Assam and Tibet/Yunnan) with robust
branch support. The clade formed by these two families is sister
to the Malagasy Malazinae (three extant species) (Fig. 1).

We recover a well-supported phylogeny within Trapezitinae
except for a few nodes that appear to represent a rapid radiation
along the backbone of the subfamily tree (Fig. 1). Although the
composition of the largest clades within Trapezitinae remains
largely unchanged, relationships between these lineages difter
from those of Toussaint et al. (2022) that were based on a sig-
nificantly smaller dataset and are thus less reliable. The genus
Mesodina (clade I) is recovered with robust branch support as
sister to the rest of the subfamily which is split into two large
lineages. We recover a species-rich clade restricted to Australia
(including Tasmania) comprising the Anisynta-group (clade
II) as sister to the Proeidosa-group (clade III) and the genus
Hesperilla (clade IV). The second diverse clade comprises two
subclades: (1) Hewitsoniella, Rachelia, Felicena, Timoconia and
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Figure 1. Phylogeny and historical biogeography of Trapezitinae skippers. BEAST maximum credibility tree with horizontal grey bars
representing 95% credibility intervals. Node coloured circles indicate most likely ancestral ranges. Major clades are numbered as follows: clade

I (Mesodina), clade 11 (Anisynta-group), clade I1I (Proeidosa-group), clade IV (Hesperilla), clade V and clade VI ( Trapezites-group). Photograph
of Anisynta sphenosema by Fred Hort. Abbreviations: PLI, Pliocene; PLE, Pleistocene.
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Toxidia (clade V), and (2) Prada and Trapezites (clade VI). We
infer the New Guinean Felicena as sister to Timoconia and Toxidia
in clade V. The second subclade consists of the New Guinean
genus Prada recovered as sister to the species-rich Australian
genus Trapezites. Despite some regions of the tree presenting
moderate branch support, our phylogenomic hypothesis is more
robust than that of Toussaint et al. (2022) and serves as a founda-
tion for exploring macroevolutionary trends in this group.

We infer a stem age for Trapezitinae at c¢. 42 Mya in the
Late Eocene, and a crown age at c. 23 Mya (Fig. 1; Supporting
Information, File S3, Table S4), indicating a lag of c. 20 Myr
between the origin of this lineage and the diversification of the
extant fauna. Most lineages in Trapezitinae originated 3-4 Myr
after the crown age, indicating rapid diversification in the Early
Miocene. Most remaining diversification began approximately
in the mid-Miocene when major climatic turnovers occurred in
this region.

Historical biogeography of Trapezitinae skippers

‘We recover a split between Barcinae and Trapezitinae c. 42 Mya.
Palaeogeographic reconstructions of this period suggest that
Wallacea, which connected the Australian and Indomalayan re-
gions, did not yet exist, even though the two landmasses were
close (Hall, 2013). Since Apostictopterus and Barca are currently
confined to India and Tibet, this pattern supports the view that
Barcinae diverged from Trapezitinae after dispersing over water
from Australia and New Guinea, where Trapezitinae are en-
demic. The relatively long stem branches in both subfamilies
could represent extinction signatures, and we cannot reject the
hypothesis of a widespread ancestor giving rise to northern (e.g.
Asian) and southern (e.g. Australian) lineages in the Eocene.
However, we believe that this scenario is unlikely.

Model M1 DEC was the best fit to the timetree of Trapezitinae
(Table 1; Supporting Information, Figs S3—-S14), suggesting that
the ancestor of Trapezitinae was widespread in southern and
eastern Australia (i.e. Euronotian region) as well as New Guinea
inthe Late Oligocene. The early geological history of New Guinea
is poorly understood, but it is possible that several subaerial
terranes formed a proto-Papuan archipelago in the Palaeogene
until the Miocene when massive orogenies formed the current
rugged, mountainous landscape (Toussaint ef al.,, 2014, 2021).
Other groups of invertebrates colonized New Guinea as early
as the Oligocene and Miocene [e.g. Exocelina diving beetles
(Toussaint et al., 2014, 2021); Trigonopterus weevils (Tanzler

Table 1. Results of the BioGeoBEARS analyses

et al,, 2016; Letsch et al, 2020a, b); mayflies (Cozzarolo et al.,
2019)]. Trapezitinae probably followed a similar evolutionary
path and colonized proto-Papuan terranes around the Late
Oligocene-Early Miocene (Fig. 1), likely facilitated by their cap-
acity to fly. However, unlike most New Guinean invertebrates,
they did not diversify while new habitats were forming rapidly
in the Miocene (Toussaint et al., 2014, 2021; Cozzarolo et al,
2019). Indeed, the genera Felicena, Hewitsoniella, Rachelia and
Prada are comparatively species-poor despite having originated
in the Early Miocene. Interestingly, these New Guinean lineages
shifted from Poaceae to other plant families (e.g. Hewitsoniella
possibly feeding on Arecaeae, Rachelia extrusa feeding on
Flagellariaceae) which, we hypothesize, may have resulted in re-
duced ecological opportunities because of the limited diversity
and distributions of these plant families at the time.

The common ancestors of several early diverging clades
were likely widespread in Australia and New Guinea before
the appearance of Australian or New Guinean endemic an-
cestral lineages (Fig. 1). Our best-fit model indicates that the
Euronotian region was probably the first to be colonized. Other
insect groups including Hydroporini diving beetles are hy-
pothesized to have first colonized this region within Australia
too (Toussaint ef al., 2015). At the time, this part of Australia
was likely tropical and humid, harbouring vast mesic forests
(Martin, 2006; Byrne et al., 2008). This biogeographic pattern
is consistent with the hypothesis that arid lineages occupying
xeric habitats are largely derived from mesic ancestors (Byrne
et al., 2008; Crisp ef al., 2009). The northern Australian region,
largely monsoonal, appears to have been re-colonized from New
Guinea by ancestors of clade V, a pattern rarely seen in butter-
flies (Braby et al., 2020), and by Trapezites from the Euronotian
region during the Miocene. Trapezitinae skippers mostly col-
onized and diversified in mesic regions of Australia between
the Oligocene and Mid-Miocene, probably flourishing in the
relative climatic stability of these ecosystems in an otherwise in-
creasingly dry mainland. Rhamphotyphlops blind snakes (Marin
et al,, 2013) and Pauropsalta cicadas (Owen et al,, 2017) show
a similar pattern. The rest of the Australian mainland was more
arid (e.g. Eremean and Southwest Australia), and was colonized
more recently between the Late Miocene and Pleistocene. This
colonization was synchronous with the aridification of Australia,
which was associated with the establishment of dry woodlands,
grasslands and shrublands, except for coastal and mountainous
regions (Martin, 2006; Byrne et al., 2008). The frequent pattern

Analysis Time Strat.* Proto-Papuan Arch.§ LnL Extinction Dispersal Crown Trapezitinae
MO DEC No Yes 17472 0.001 0.0103 GE (rel. prob. < 50%)
MO DIVALIKE No Yes -188.96 0.000 0.0132 GES (rel. prob. > 50%)
M1 DEC Yes Yes -164.90 0.001 0.0152 GE (rel. prob. > 50%)
M1 DIVALIKE Yes Yes -179.38 0.000 0.0192 GES (rel. prob. > 50%)
M2 DEC Yes No -175.77 0.007 0.0160 NE (rel. prob. < 50%)
M2 DIVALIKE Yes No -190.73 0.009 0.0205 NES (rel. prob. < 50%)

Crown Trapezitinae, ancestral range estimated for this node (letters correspond to region codes, see methods).
*Time Strat., time stratification.
§Proto-Papuan Arch,, ancestral range comprising New Guinea allowed (or not) before 15 Mya.
GE, New Guinea + Euronotian; GES, New Guinea + Euronotian + Southwest Australia; NE, Northern + Euronotian; NES, Northern + Euronotian + Southwest Australia
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of biome transition from mesic to arid ecosystems has been in-
terpreted as evidence that the latter are evolutionary sinks (e.g.
Rix et al., 2021; Heimburger ef al., 2022), and our results are
consistent with this view. The diversity of Trapezitinae skippers
in Western Australia remains comparatively low, which may be
due to the vagility of these butterflies and potentially low in situ
diversification, which has been observed in other invertebrates
(Rix et al., 2015), or to extinction. Western Australian habitats
have undergone major periods of expansion and contraction
during the Pleistocene that may have caused extirpation of some
species.

Interestingly, our results contrast with other lineages in
which dispersal into climatic refugia fostered allopatric speci-
ation (i.e. most extant diversity in these lineages postdates the
Mid-Miocene) (e.g. Fujita ef al, 2010; Marin et al,, 2013). In
Trapezitinae skippers, examples of relatively recent diversifica-
tion appear decoupled from the refugium hypothesis as these
lineages are mostly found in arid regions (Fig. 1).

Diversification dynamics and host plant evolution

TreePar diversification analyses supported a model with two
shifts throughout the evolution of the subfamily (Supporting
Information, Table SS; Fig. 2). The initial diversification rate of
Trapezitinae was high (A = 0.661) as indicated by the accumu-
lation of short branches near the backbone of the tree (Fig. 1).
Following this fast diversification in the Early Miocene, we esti-
mate a sharp decrease in diversification rate (A = 0.0268) at c. 20
Mya, followed in the Late Miocene ¢. 7 Mya by a small increase
in diversification (A = 0.0619) until the present. Our results,
combined with the low endemicity of Trapezitinae skippers in
focal areas, largely reject the hypothesis that refugia during the
Pliocene to Quaternary fuelled diversification, as observed in
other invertebrates (Bell et al., 2007; Moreau et al., 2015; Boyer
etal,2016).

All but one of the BAMM analyses conducted on the
Barcinae+Trapezitinae chronogram favoured a model with a
single shift towards increased diversification at the crown of
Trapezitinae, corresponding to a significant increase in speci-
ation rates. This shift is followed by a continuous decrease in
speciation rates toward the present. Al BAMM analyses con-
ducted only on Trapezitinae recovered as best configuration a
model with no rate shift and a pattern of continuous declining
speciation rate toward the present. The LS-BDS analyses all con-
verged on a pattern of constant decline in net diversification to-
ward the present, in accordance with the BAMM and TreePar
analyses. These results are consistent with the similar diversity
within each main clade of Trapezitinae and associated diver-
gence time estimates (Fig. 1). These results suggest that adap-
tation to a particular biome (mesic, monsoonal, arid) did not
affect Trapezitinae diversification rates.

The best-supported models in RPANDA analyses all pointed to
a decrease of speciation rates over time (Supporting Information,
Table S6). The DDL model in RPANDA analyses received the
highest statistical support, suggesting a diversity-dependent scen-
ario without extinction in which diversification is a linear function
of clade diversity. We estimate a clade-level carrying-capacity of
109 species, indicating that diversification is still likely occurring
because the extant diversity in the clade is c. 80 species. However,
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declining diversification of Trapezitinae might indicate a near-
plateau stage in which diversity becomes saturated in some bi-
omes and/or regions as exemplified by the lack of short branches
in some clades and the lack of clade-specific shifts in diversifica-
tion (Figs 1-2). Three models were close in statistical support to
the DDL. First, the DDL+E model was recovered as a good fit
with a clade-level carrying-capacity of 104 species, largely con-
gruent with the scenario of the DDL model. Second, we recovered
the BTimeVar_LIN model as a good fit as well, suggesting a de-
crease in speciation rate as a linear function of time in agreement
with all above-mentioned models from different methods. Third,
we recovered the BtempVar_LIN model as a good fit, suggesting a
decrease in speciation rate as a function of temperature, suggesting
that the drastic changes in climatic conditions between the end
of the Oligocene and the end of the Miocene might have nega-
tively affected the diversification of these butterflies. This pattern
is consistent with other studies finding temperature-dependent
decreases in diversification, for instance in Pauropsalta cicadas
(Owen et al, 2017). Models including variable extinction rates
were significantly less supported statistically, suggesting that ex-
tinction was probably not a fundamental force shaping the diver-
sification of Trapezitinae since the Late Oligocene unlike other
insect clades (Owen et al., 2017).

Our phytools analyses recovered Poaceae as the ancestral host
plant family on which Trapezitinae fed in the Oligocene (Fig.
2). Unfortunately, larval host plants for both Barcinae genera,
Apostictopterus and Barca, are unknown, so we cannot infer
Trapezitinae larval host plants in the Eocene. We hypothesize
that Trapezitinae colonized Poaceae when grasslands became
more common in the Oligocene but were likely feeding on other
plant families before, when most ecosystems in Australia were
covered with rainforest. Host plant shifts were rare and occurred
mostly during the Early Miocene, primarily to Asparagaceae,
Cyperaceae and Iridaceae.

We recovered a BiSSE-like model with equal extinction
and speciation rates but differing transition rates as the best-fit
model in our HiSSE analyses (Supporting Information, Table
S7; Fig. 2). This model suggests that host plants had no effect
on diversification and rejects the hypothesis of host plant-driven
diversification. Less strongly supported models with a lower
statistical support varied widely in their specifications, but even
models implementing host plant-driven diversification found
very little difference in speciation and extinction rates for the
two categories (Poaceae vs. non-Poaceae). Therefore, HiSSE
analyses unambiguously rejected the hypothesis that ancestral
feeding on Poaceae and subsequent host plant shifts influenced
diversification of Trapezitinae. These results are consistent with
other studies showing that herbivory seems decoupled from
macroevolutionary trends in skippers (Sahoo et al., 2017).

In summary, these macroevolutionary analyses suggest an
early burst of diversification in Trapezitinae skippers followed by
rapid attenuation of the diversification rate. This rate heterogen-
eity seems decoupled from abiotic factors such as climatic change
and landmass reconfiguration. Indeed, the RPANDA analyses
did not support palaeoclimatic models, instead favouring models
linked to diversity-dependence. Other Australian endemic groups
have experienced similar diversity-dependent patterns associated
with decreasing diversification rates. For instance, Toussaint et al.

€20z ey 91 uo Jasn ansuss) ap a|IA Aq ZZ9t 2 /9/1 00982/ L/ /oI1Ee/UBBUUI0AS/ WO dNO"OIWapeo.//:sdny WoJl papeojumoq


http://academic.oup.com/evolinnean/article-lookup/doi/10.1093/evolinnean/kzac001#supplementary-data
http://academic.oup.com/evolinnean/article-lookup/doi/10.1093/evolinnean/kzac001#supplementary-data
http://academic.oup.com/evolinnean/article-lookup/doi/10.1093/evolinnean/kzac001#supplementary-data
http://academic.oup.com/evolinnean/article-lookup/doi/10.1093/evolinnean/kzac001#supplementary-data
http://academic.oup.com/evolinnean/article-lookup/doi/10.1093/evolinnean/kzac001#supplementary-data
http://academic.oup.com/evolinnean/article-lookup/doi/10.1093/evolinnean/kzac001#supplementary-data
http://academic.oup.com/evolinnean/article-lookup/doi/10.1093/evolinnean/kzac001#supplementary-data
http://academic.oup.com/evolinnean/article-lookup/doi/10.1093/evolinnean/kzac001#supplementary-data

8 + EFA.TOUSSAINT ET AL.

Clade 1
Mesodina

Clade IT
Anisynta-group

Clade III

Proeidosa-group

Speciation rate
(BAMM)

@ Poaceae

@ Cyperaceae
(0 Asparagaceae
@ Arecaceae

@ TIridaceae

O Flagellariaceae
() Polyphagous

#*  Unknown
A~ -~
Clade IV Clade V
Hesperilla
Net diversification rate (TreePar) Log(Species)
4
A : \ ....000000..
0.7 i Al 9 o o
r '4" .. Y o .DOO.O e
0.6 i AN\ W ol 4 a”, ) Poaceae
b C A o 5
0.5 e ° L] <l o ~ ® Non-Poaceae
5 ] -} g o]
® e
0.4 ° 8.5 :- oA
@ e} @
03 Lo} '.. g GG ] @
pa > 'ec%% o5
@ o
0.2+ g @ L e
<} <] ® i -]
0.1 ee % - o ®
’ 9. o 0. @ ee .. Net div. rate
0 : 0 7 3 ® (HiSSE)
L5 1 : o o o
OLL MIOCENE [ PLL .Oo S o5 8% g :'. 0.12 0.12
| | T |
25 20 15 10 5 0 €dd ¥ 200° "
©0060000° ]
0 State 1

Figure 2. Summary of macroevolutionary estimations in Trapezitinae skippers. The main chronogram shows the phylorate of BAMM
analysis with a prior of 0.1 for the number of shifts with most likely host plant states as optimized in phytools. In the bottom left corner, the net
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(2015) inferred that diversification of Hydroporini diving beetles
was diversity-dependent and possibly linked to the aridification of
Australia in the Miocene, which would have triggered extinction in
this clade. The diversity-dependent pattern in Trapezitinae appears
to be decoupled from Miocene climatic shifts, and there is no signal
of rampant extinction. Although the saturation of ecological oppor-
tunities suggested by the DDL model could have been explained as
a dearth of host plant taxa, HiSSE analyses rejected a link between
diversification dynamics and host plants. We therefore hypothesize
that Trapezitinae skippers experienced diversity-dependent pro-
cesses after shifting to new host plant families (i.e. Asparagaceae,
Cyperaceae and Iridaceae) in the Early Miocene. Following a poten-
tial radiation of Trapezitinae skippers linked to early host plant shifts,
diversification dynamics in the different clades of Trapezitinae were
almost synchronous and homogeneous regardless of their newly
evolved diets. This indicates that other biotic and/or abiotic factors
such as competition and/or lack of ecological opportunities acted in
concert to foster diversity-dependent processes in these butterflies,
resulting in declining diversification dynamics since the Miocene.
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