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* Background and Aims Ongoing global warming is a challenge for humankind. A series of drastic climatic
changes have been proven to have occurred throughout the Cenozoic based on a variety of geological evidence,
which helps to better understand our planet’s future climate. Notably, extant biomes have recorded drastic envir-
onmental shifts. The climate in southern Asia, which hosts high biodiversity, is deeply impacted by the Asian mon-
soon. The origins and evolutionary dynamics of biomes occurring between the tropics and sub-tropics in southern
Asia have probably been deeply impacted by climatic changes; however, these aspects remain poorly studied. We
tested whether the evolutionary dynamics of the above biomes have recorded the drastic, late Cenozoic environ-
mental shifts, by focusing on Magnolia section Michelia of the family Magnoliaceae.

* Methods We established a fine time-calibrated phylogeny of M. section Michelia based on complete plastid
genomes and inferred its ancestral ranges. Finally, we estimated the evolutionary dynamics of this section through
time, determining its diversification rate and the dispersal events that occurred between tropical and sub-tropical

areas.

* Key Results The tropical origin of M. section Michelia was dated to the late Oligocene; however, the diversifi-
cation of its core group (i.e. M. section Michelia subsection Michelia) has occurred mainly from the late Miocene
onward. Two key evolutionary shifts (dated approx. 8 and approx. 3 million years ago, respectively) were identi-
fied, each of them probably in response to drastic climatic changes.

* Conclusion Here, we inferred the underlying evolutionary dynamics of biomes in southern Asia, which prob-
ably reflect late Cenozoic climatic changes. The occurrence of modern Asian monsoons was probably fundamental
for the origin of M. section Michelia; moreover, the occurrence of asymmetric dispersal events between the tropics
and sub-tropics hint at an adaptation strategy of M. section Michelia to global cooling, in agreement with the trop-

ical conservatism hypothesis.
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INTRODUCTION

Humans are facing global warming, which has been caused
by an increase of human-made greenhouse gas emissions
since the start of the industrial era (Hansen et al., 1998) and
is posing a major threat to biodiversity (Dawson et al., 2011).
Understanding the effects of past climatic changes could help
us to learn about future biodiversity. During the Cenozoic era,
corresponding to the past 65 million years, a series of drastic
climatic changes (Guo et al., 2008; Beerling and Royer, 2011)
have occurred. These trends have been reconstructed based on
both geological (An et al., 2001; Zachos et al., 2001; Guo et al.,
2002; Westerhold et al., 2020) and paleontological evidence
(Cerling et al., 1997; Sun and Wang, 2005).

The Asian continent has experienced complex and con-
tinuous environmental changes (e.g. the occurrence of mon-
soon climate and inland aridity) during the Cenozoic era (Guo

et al. 2008), which have been exacerbated by the uplift of the
Himalaya and Tibetan plateau since the Eocene (Liu er al,
2015; Li et al., 2021). Other factors (e.g. the retreat of the
Paratethys Sea, the opening of the South China Sea and the
decrease of atmospheric CO, concentration) have also progres-
sively affected this climatic evolution (Ramstein et al., 1997;
Licht et al., 2014). Monsoon systems are among the most spe-
cific Asian climatic systems. Modern Asian monsoon systems
have probably originated in the late Oligocene—Early Miocene
[25-22 million years ago (Ma)], although monsoon-like cli-
mates in Asia have occurred since the Eocene (but were mainly
restricted to southern Asia) (Guo et al., 2008; Licht et al., 2014,
Spicer, 2017; Spicer et al., 2017; Su et al., 2020; Bhatia et al.,
2021; Wambulwa et al., 2021).

Drastic paleoenvironmental changes have occurred in Asia
especially in the late Cenozoic. For example, the modern East
Asian monsoon system strengthened approx. 8 Ma after being

© The Author(s) 2022. Published by Oxford University Press on behalf of the Annals of Botany Company.
All rights reserved. For permissions, please e-mail: journals.permissions @oup.com.

2202 KB\ 1 UO Jasn seouslog Jo AWspedy asauly) ‘Uspies) [eoluejog euly) Ynos Aq /G158G9//G00BIW/qo/SE01 01 /10P/8|0IB-80UBAPE/(O./WO02 dNo™olWapeoe//:sdiy Wol) papeojumo(


mailto:yanhaifei@scbg.ac.cn?subject=
mailto:amborella@sungshin.ac.kr?subject=

2 Zhao et al. — Fingerprints of climatic changes in Magnolia section Michelia

established: around the Oligocene—Miocene boundary (approx.
22 Ma) (Guo et al., 2002; Sun and Wang, 2005). Afterwards, it
weakened, and has intensified again since the Plio—Pleistocene
transition (approx. 3 Ma) (Wang, 2004; Clift e al., 2014). In the
meanwhile, our planet has experienced global cooling, which
has resulted in a late Miocene carbon isotope shift (7-8 Ma,
related to major changes in the carbon cycle) and the Plio—
Pleistocene transition (driven by the entire establishment of ice
sheets in the Northern Hemisphere) (Westerhold er al., 2020).
Accordingly, there was a temporary coupling of the atmos-
phere—ice sheet—tectonic movements in Asia over the Cenozoic
era (Liu et al., 1998; Tada et al., 2016).

The dynamics of the global and Asian monsoon climates
(and/or mountain orogeny) have probably been the cause of
high biodiversity, rapid diversification and biological inter-
changes in Asia (Spicer, 2017; Kong et al., 2017, 2022; Spicer
et al., 2017; Xing and Ree, 2017; Yu et al., 2017; Ding et al.,
2020). Meanwhile, the evolutionary history of extant biomes
could reflect past climatic changes at different time scales
(Arakaki et al., 2011; Klaus et al., 2016; Xing and Ree, 2017;
Ding et al., 2020; Kong et al., 2022). For example, previous
studies have found that the evolutionary history of biota (flora
or fauna) in the Tibet—-Himalaya—Hengduan region in Asia is
genetically linked to the uplift of mountains in this same region
and to the intensification of the Asian monsoon (Klaus et al.,
2016; Xing and Ree, 2017; Ding et al., 2020; Xu et al., 2020).

With the term ‘Southern Asia’ we refer to Asian tropical and
sub-tropical regions at low latitudes (<32°N) that are deeply
influenced by the Asian monsoon systems [i.e. the East Asian
Monsoon (EAM), the South Asian Monsoon (SAM) and the
Western North Pacific Monsoon (WNPM)] (Wang and Ho,
2002; Spicer et al., 2017). These regions host incredible bio-
diversity, the largest evergreen broad-leaved forest (EBLF) in
the world (Song and Da, 2016), several biodiversity hotspots
(Myers et al., 2000; Ying, 2001) (e.g. Indo-Burma, South-
Central China, Nanling, Sundaland, and the Philippines) and
the refugia of many relict plants (Qiu et al., 2011; Tang et al.,
2018). Notably, southern Asia seems to be the main source of
the total floristic diversity of East Asia (Axelrod et al., 1996;
Qian, 2002). A recent study found that 9 % of the East Asian
flora (mainly in the sub-tropics of southern Asia) have a trop-
ical Asian origin (Chen et al., 2017), indicating the importance
of biological interchanges between the tropics and sub-tropics
in southern Asia. Despite the importance of biodiversity in
southern Asia, the local flora’s origin and evolutionary dy-
namics have not yet been well studied.

Under the theory of niche conservatism (Wiens and
Donoghue, 2004; Wiens and Graham, 2005), asymmetries in
both the in situ diversification rate and the migration directions
are expected between the source (i.e. mild environment) and
sink (i.e. harsh environment) in the context of climatic changes
(i.e. global cooling and Asian monsoon development through
the Cenozoic). Southern Asia is a good model for examining
the imprints of the evolutionary dynamics of biomes, especially
since this region was impacted by the cooling of global climate,
the intensification of Asian monsoons and the Pleistocene cli-
mate oscillations. For taxa that originated in tropical areas, we
should expect a gradual decrease in the number of dispersal
events from the tropics to the sub-tropics, but an increase in
the opposite direction in response to the establishment of harsh

conditions (i.e. cool and/or arid climate). To our knowledge,
there is still little information on the detailed evolutionary dy-
namics (e.g. biotic interchanges and in sifu diversification rates)
that have occurred between the tropics and the sub-tropics in
southern Asia.

In this study, we investigated whether the evolutionary dy-
namics of Magnolia section Michelia (L.) Baill. of the family
Magnoliaceae reflect the drastic environmental shifts that have
occurred in the late Cenozoic. Magnolia section Michelia in-
cludes four subsections according to the classification system of
Figlar and Nooteboom (2004): subsection Michelia (L.) Figlar &
Noot., subsection Elmerrillia (Dandy) Figlar & Noot., subsection
Maingola Figlar & Noot. and subsection Aromadendron Figlar &
Noot. The group contains a total of approx. 73 species, all dis-
tributed in southern Asia (i.e. tropical and sub-tropical forests in
East Asia, Indochina, southern India, Sri Lanka and the Malay
Archipelago, Xia et al., 2008; www.magnoliasociety.org; Fig. 1).
As the core group in M. section Michelia, subsection Michelia
has the highest species richness (it includes 57 species) and is
distributed in both tropical and (mainly) sub-tropical southern
Asia. The other three subsections are instead mainly distributed
in tropical areas of southern Asia. A robust backbone phylogeny
of the Magnoliaceae has been recently reconstructed based on
plastid genomes and nuclear single nucleotide polymorphisms
(SNPs) (Y. Wang et al., 2020; Dong et al., 2022), demonstrating
that M. section Michelia is closely related to Magnolia section
Yulania (Spach) Dandy, and that both belong to Magnolia sub-
genus Yulania (Y. Wang et al., 2020). Additionally, based on
previous dating results, M. section Michelia should have been
strongly impacted by late Cenozoic environmental changes (Nie
et al.,2008; Dong et al., 2022).

With the rapid growth of genomic data, the incongruence
between nuclear and plastid trees has increasingly become
clearer through plastid capture via (ancient or recent) hybrid-
ization or introgression (Wang et al., 2021; Dong et al., 2022):
the analysis of plastid DNA can provide a more detailed evo-
lutionary history than that of nuclear data alone (e.g. Baldwin
et al. 2021). Here, we established a fully resolved phylogeny
for M. section Michelia based on whole plastid genomes and
a dense taxon sampling (i.e. considering 37 species belonging
to the section). Then, the evolutionary dynamics were ana-
lysed by multiple phylogenetic approaches: we tested whether
the evolutionary history of this section reflects past climatic
changes. Specifically, we (1) reconstructed the phylogeny,
ages and ancestral ranges of M. section Michelia, (2) inves-
tigated the diversification rate and dispersal event patterns of
the section throughout its evolutionary history and (3) inferred
the potential causes for its dynamic patterns. The results of this
case study were expected to shed light on the underlying evolu-
tionary patterns of biodiversity in southern Asia and their past
environmental driving forces.

MATERIALS AND METHODS

Taxon sampling

We sampled 96 accessions assigned to the genera Magnolia
and Liriodendron, of which 41 were newly collected in this
study (Supplementary data Table S1). Among the sampled
accessions, we identified 37 species belonging to M. section

2202 KB\ 1 UO Jasn seouslog Jo AWspedy asauly) ‘Uspies) [eoluejog euly) Ynos Aq /G158G9//G00BIW/qo/SE01 01 /10P/8|0IB-80UBAPE/(O./WO02 dNo™olWapeoe//:sdiy Wol) papeojumo(


https://www.magnoliasociety.org
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac057#supplementary-data

Zhao et al. — Fingerprints of climatic changes in Magnolia section Michelia 3

Magnolia lacei
doltsopa
laevifolia
floribunda
fulva
sumatrae
masticata
sphaerantha

compressa
figo
guangxiensis
shiluensis
crassipes

foveolata
odora
opipara

Sub-tropics

Tropics

fujianensis
maudiae
cavaleriei var. platypetala
macclurei
guangdongensis

ernestii

coriacea

subsect. Michelia

Sub-tropics and tropics ‘

—

chapensis
martini
champaca
sirindhorniae
hypolampra

CIaML’il

L:il

baillonii
viridipetala
balansae
montana

1 rm

Clade Il

lanuginosa
tsiampacca

subsect. Elmerrillia

ovalis

Clade IV

cathcartii  subsect. Maingola

M. elegans subsect. Aromadendron

175 15 125 10 7.5

5 25 0

FiG. 1. Divergence time estimation for Magnolia section Michelia and reconstruction of the ancestral distribution area through the BioGeoBEARS package in
RASP (Yu et al., 2015). The inset map shows the biogeographical areas of Magnolia section Michelia.

Michelia. A limited number of taxa belonging to three small
groups (i.e. M. section Michelia subsections Elmerrillia,
Maingola and Aromadendron) were sampled; nevertheless, 42
accessions represented 33 taxa of M. section Michelia subsec-
tion Michelia. Notably, we only considered validly published
species belonging to M. section Michelia. The richness of spe-
cies belonging to this section in each area and their sampling
fractions are summarized in Table 1.

Genome sequencing, plastid genome assembly and annotation

Total genomic DNA was extracted from the silica-
dried leaf material of each sampling through the modified
cetyltrimethylammonium bromide (CTAB) method (Porebski
et al., 1997). Paired-end (PE) Illumina sequencing libraries
were constructed and sequenced on an Illumina HiSeq 2500
platform (Illumina, San Diego, CA, USA) and MGISEQ-2000
(MGI, Shenzhen, China) at the Beijing Genomics Institution
(BGI, Wuhan, China). Two methods were used for the plastid
genome assembly. In one case, the clean PE reads were mapped
against the publicly available plastid genome of Magnolia odora
(Chun) Figlar & Noot. (GenBank accession no. JX280398)
using BWA v(.7.15 (Li and Durbin, 2009) and SAMtools v1.5
(Li et al., 2009) to generate consensus sequences. In the other
case, the clean PE reads were used to assemble the plastid
genome in NOVOPlasty v2.5.9 (Dierckxsens et al., 2017)

using a seed-and-extend algorithm. The consensus sequences
obtained by the above two methods were checked by carrying
out a new mapping with clean PE reads using Geneious v11.0.4
(Kearse et al., 2012). Unexpected degenerate bases in the se-
quence were manually adjusted to generate the complete
plastomes.

The assembled plastome sequences were annotated using
the online program GeSeq (https://chlorobox.mpimp-golm.
mpg.de/geseq.html; Tillich et al., 2017). The positions of the
start and stop codons and of the exon—intron boundaries were
determined manually based on their alignments against the
plastome of M. odora in MAFFT v7.407 (Katoh and Standley,
2013). Furthermore, the tRNA genes were annotated using
ARAGORN (Laslett and Canback, 2004).

Phylogenetic reconstruction

Seventy-nine protein-coding genes and 89 non-coding re-
gions (corresponding to 12 introns and 77 intergenic regions)
of protein-coding genes were extracted from the assem-
bled plastomes and aligned separately using MAFFT v7.407
(Katoh and Standley, 2013) under default settings. The aligned
sequences and non-coding regions were hence concatenated.
The best-fitting substitution models for each dataset were evalu-
ated with PartitionFinder v2.1.1 (Lanfear et al., 2017) under
the corrected Akaike information criterion (AICc). Maximum
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TABLE 1. Species richness within Magnolia section Michelia in the tropics and sub-tropics

Groups Species richness (sampled species) Distribution Stem age Crown age
Tropics (sampled species) Sub-tropics (sampled species)

Section Michelia 73 (37) 61 (28) 24 (21) 25.52 16.26

Subsection Michelia 57 (33) 45 (24) 24 (20) 11.49 10.82

Subsection Elmerrillia 4(2) 4(2) 0 (0) 11.49 4.37

Subsection Maingola 7(1) 7(1) 1(D) 12.54 No data

Subsection Aromadendron 5(1) 5(1) 0(0) 12.54 No data

likelihood (ML) analyses were conducted in RAXML v8.2.1
(Stamatakis, 2014) with a rapid bootstrap (BS) of 1000 rep-
licates. Additionally, Bayesian inference (BI) analyses
were performed with MrBayes v3.2.6 according to the best
PartitionFinder scheme (Ronquist ez al., 2012). In these ana-
lyses, two Markov chain Monte Carlo (MCMC) runs, each with
four chains (i.e. three heated and one cold), were conducted for
10 million generations. Each run began with one random tree,
and the trees were sampled every 1000 generations. The con-
vergence was assessed using TRACER v1.7.1 (Rambaut et al.,
2018), considering effective sample size (ESS) values >200.
The first 25 % of trees of each run were discarded as burn-in,
while the remainder were used to calculate the consensus top-
ology and the posterior probability (PP) values. The tree file
was then visualized in Figtree v1.4.3 (Rambaut, 2009).

For critical nodes with poorly supported values, we quantified
the phylogenetic conflicts among different plastid loci following
the methods of Shen et al. (2017), Zhang et al. (2020) and Xiao
et al. (2020). A constrained tree search was performed via the ‘-g’
option in IQ-TREE (Nguyen et al., 2015) to obtain the ML trees
supporting three different topologies. The site-wise log-likelihood
differences for the three constrained ML trees were calculated via
the ‘-f G” option in RAXML v8.2.1 (Stamatakis, 2014). The site-
wise values were finally converted to locus-wise log-likelihood
differences in R v3.6.2 (R Core Team, 2018).

Divergence time estimation

Rate heterogeneity and topological conflicts across genes
can cause model mis-specification in divergence time esti-
mates. To avoid this, we used the SortaDate package (Smith
et al., 2018) to filter most clock-like gene regions out from
coding and non-coding genes. This method was based on three
criteria: (1) clock-likeness; (2) reasonable tree length; and
(3) least topological conflict with a focal species tree (Smith
et al., 2018). The most clock-like gene regions were concat-
enated to estimate the divergence time using BEAST v1.10.4
(Suchard et al., 2018): the birth—death tree prior was used with
the uncorrelated log-normal (UCLN) relaxed molecular clock.
We ran 100 million generations of MCMC and sampled every
1000 generations. Convergence was assessed using TRACER
v1.7.1 (Rambaut et al., 2018), based on the likelihood of the
ESS exceeding 200 for each parameter. The maximum clade
credibility (MCC) tree was generated after discarding the ini-
tial 25 % of trees with TREEANNOTATOR v1.10.4 (Suchard
et al., 2018). Moreover, the median nodal heights and the age
estimation 95 % confidence time intervals were displayed using
Figtree v1.4.3 (Rambaut, 2009).

The earliest fossils of Magnoliaceae are from the mid-
Cretaceous (Friis et al., 2011). The selection of fossils con-
sidered in this study mostly corresponds to that described by
Nie et al. (2008). Many Cretaceous fossils of Magnoliaceae
may be closely related to Liriodendron rather than to extant
Magnolioideae (Friis et al., 2011). The oldest fossil seed
(Liriodendroidea alata Frumin & Friis) of Magnoliaceae,
which is similar to extant Liriodendron seeds, was assigned
to the Cenomanian—Turonian (100.5-93.9 Ma) and was
collected in north-western Kazakhstan. Another probable
liriodendroid fossil (i.e. Achaeanthus) was described from
the Dakota Formation (latest Albian—earliest Cenomanian:
approx. 100.5 Ma) (Friis et al., 2011; Huang et al., 2020).
The observed fossils were hence assigned to the crown
age of the family based on a log-normal prior distribution
with g =0.01, 0 = 1 and an offset of 93.9 Ma: they roughly
matched the range of 93.9-100.5 Ma (called ‘Calibration A’
hereafter).

The second robust fossil within Magnoliaceae [Magnolia
latahensis (Berry) Brown] considered in this study was found
in the Clarkia fossiliferous beds in Idaho, USA (Miocene,
17-20 Ma). This was morphologically similar to Magnolia
grandiflora L. and was grouped in the same clade as M. grandi-
flora and M. guatemalensis Donn. Sm. through the phylogeny
analysis of ndhF sequence data (Golenberg et al., 1990; Kim
et al., 2004). The fossil calibration was previously conducted
by Nie et al. (2008) to calibrate the genus Magnolia. Nie et al.
(2008) assigned the calibration point to the crown age of M.
section Magnolia (corresponding also to the age of M. grandi-
flora and M. guatemalensis). Those authors applied a normal
distribution, while we applied a log-normal prior distribution.
In particular, we considered u = 0.01, 0 = 0.6 and an offset
of 17 Ma to yield a 95 % credible interval (CI) of 17-20 Ma
(‘Calibration B’ hereafter), which is congruent with the hy-
pothesized age (17-20 Ma).

The oldest fossil wood of Magnolia section Michelia (i.e.
Michelia oleifera Suzuki) has been reported from the Oligocene
in the Tsuyazaki Formation, Japan (Suzuki, 1976). A newly
discovered mummified fossil wood (of the species Magnolia
nanningensis Huang, Jin & Oskolski) has also been reported
from the upper Oligocene (approx. 23.03 Ma) in South China
(Huang et al., 2020). This fossil belongs to M. subgenus Yulania
(Huang et al., 2020), but cannot be ascribed to any extant spe-
cies within M. section Michelia. The two fossils described
above were then used as the third fossil calibration point, which
was assigned to the stem age of M. section Michelia based on
a log-normal distribution (u = 0.01, 0 = 1.21 and offset = 23.03
Ma), roughly matching the range 33.9-23.03 Ma (‘Calibration
C’ hereafter).
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Here, we implemented four strategies to test whether the
fossil selection criteria greatly affected our dating results: di-
vergence time estimates were achieved by using (1) the three
above fossil calibrations (A + B + C), (2) only the oldest fossil
taxa of Magnoliaceae and M. nanningensis (A + C), (3) only
the oldest fossil taxa of Magnoliaceae and M. latahensis (A +
B) (as in Nie et al., 2008) and (4) only the first calibration point
(A) (which constrained the crown age of Magnoliaceae). More
details are available in Supplementary data Table S2.

Ancestral geographical range analysis

The extant distribution of M. section Michelia was obtained
from Flora of China (Xia et al., 2008), the Chinese Virtual
Herbarium (CVH; http://www.cvh.ac.cn/) and the Global
Biodiversity Information Facility (GBIF; https://www.gbif.
org/). Based on Wu et al. (2011), two regions were defined:
(1) the sub-tropics (including Sino-Japan and Sino-Himalaya)
and (2) the tropics (including the southern Yunnan, Guangxi
and Hainan provinces in China, as well as Indochina, southern
India, Sri Lanka and the Malay Archipelago).

The BioGeoBEARS package (Matzke, 2013), implemented
in RASP 4 (Yu et al., 2015), was used to infer the ancestral
distribution of M. section Michelia. Notably, the MCC tree
previously generated with BEAST was used as the input tree
in the Dispersal-Extinction-Cladogenesis (DEC), Dispersal
Vicariance-Analysis (DIVALIKE) and Bayesian inference of
historical biogeography for discrete areas (BAYAREALIKE)
models (which included the parameter J, or ‘jump dispersal’)
in both independent and dependent runs. The model selec-
tion was accomplished based on the AICc and AICc weights
(AICc_wt).

Diversification rate analyses

To estimate the diversification rate shifts, we used the
Bayesian analysis in the macroevolutionary mixtures (BAMM)
program v.2.5 (Rabosky et al., 2014), although this method
remains controversial (Moore et al., 2016; Meyer and Wiens,
2018; Meyer et al., 2018). BAMM explores many candidate
models of lineage diversification by applying the reversible
jump MCMC method. The MCMC analysis was run for 300
million generations and sampled every 1000 generations based
on the MCC tree generated by BEAST. The ‘setBAMMpriors’
function of the ‘BAMMTOOLS’ package in R v3.6.2 (R Core
Team, 2018) was chosen to determine the prior values and con-
duct the post-run analyses. The convergence (ESS >200) was as-
sessed by plotting the log-likelihood trace of the MCMC output
file. The speciation, extinction and net diversification rates were
then analysed and plotted using the ‘plotRateThroughTime’
function. These same parameters were also calculated using
the RPANDA package v1.9 (Morlon et al., 2016). In this case,
the MCC tree sampled from the dating analyses was used to
evaluate five time-dependent birth—death models and two null
models. Notably, we used the ‘fit_bd’ function to fit the time-
dependent birth—death models and then selected the best-fit
model based on the AICc values.

In addition, semi-logarithmic lineage-through-time (LTT)
plots were calculated using APE v3.5 (Paradis et al., 2004), and
1000 random trees from the converged BEAST trees were used
to calculate the 95 % CI.

Notably, the choice of the sampling method can strongly
impact the diversification estimates: a moderately incomplete
sampling in BAMM was found to provide the most robust es-
timates (Sun et al., 2020). To avoid the impacts of biased sam-
pling among clades on any diversification inference during the
BAMM, RPANDA and LTT analyses, we only included a mod-
erately sampled group [i.e. 33 out of the 57 sampled species
(approx. 58 %) were assigned to M. section Michelia subsec-
tion Michelia] and excluded the other three subsections [which
collectively were represented by four out of the 17 (approx. 24
%) sampled species]. In addition, we accounted for the incom-
plete sampling of the subsection Michelia by applying a sam-
pling fraction (Table 1) in BAMM and RPANDA. Although
SSE methods (e.g. GeoSSE and BiSSE) have been widely used
to estimate the diversification (i.e. speciation and extinction
rates) and dispersal rates among traits (e.g. Goldberg et al.,
2011; Lagomarsino et al., 2016), they cannot provide the tem-
poral dynamics of the diversification rates and of the dispersal
events. Therefore, no SSE methods were used in this study.

In situ diversification and dispersal events through time

BAMM and RPANDA should be used very carefully when
inferring shifts in the diversification rates over time, as dis-
cussed by previous authors (Moore et al., 2016; Meyer and
Wiens, 2018; Meyer et al., 2018). Here, we applied the method
of Xu et al. (2020) and, based on the results of the ancestral
range analysis (Fig. 1), we identified ‘in sifu diversification
events’ in both the tropics and sub-tropics, ‘dispersal events
into the sub-tropics’ and ‘dispersal events into the tropics’.
When the distribution of descendants was out of their ances-
tral ranges, we assigned a dispersal event to the ancestral node
and identified an in situ diversification event. Based on the di-
vergence time Cls [with highest posterior density (HPD) = 95
%], we estimated the maximum number of observed in situ di-
versification events (MDivE) (Klaus et al., 2016) and dispersal
events (MDisE) per million years (Xu et al., 2020). We then
counted the MDivE or MDisE at the ancestral node for each
slice (i.e. per million years). Notably, all the in situ diversifi-
cation and dispersal events were considered to be independent
of each other. Finally, the data were smoothed using the
Savitzky—Golay method with three sliding windows to avoid an
overinterpretation of smoothing.

RESULTS

Phylogenetic inferences

The whole plastid genome matrix (containing one large single-
copy region, one small single-copy region and one inverted re-
peat region) was 142 646 bp, with 73 415 bp corresponding
to the protein-coding region matrix and 69 231 bp to the
non-coding region matrix. The dataset of the whole plastome
matrix was used to reconstruct the phylogenetic trees through
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both the ML and BI methods. Since the ML and Bl trees yielded
almost identical topologies, in Supplementary data Fig. S1 we
show the ML tree with the BI PP values based on the whole
plastome matrix.

Overall, our phylogenetic analyses demonstrated that
Magnolia section Michelia (Figlar and Nooteboom, 2004) is
monophyletic and includes four main clades, with full BS and
PP, and that it is a sister of M. section Yulania (Supplementary
data Fig. S1). The relationships between the four subsections
were well resolved (BS = 100, PP = 1.00): M. section Michelia
subsections Michelia (clade I + clade II) and Elmerrillia (clade
III) formed a group (BS = 100, PP = 1.00), followed by clade
IV, which was composed of M. section Michelia subsections
Maingola and Aromadendron (BS = 100, PP = 1.00). Relatively
short internal branches frequently occurred at the early stage of
diversification of the two main clades (i.e. clade II and, espe-
cially, clade 1) of M. section Michelia (Fig. 1; Supplementary
data Fig. S1).

Within M. section Michelia subsection Michelia, two main
clades (clades I and II) were identified, although the subsec-
tion was weakly supported (BS =42, PP = 0.74, Supplementary
data Fig. S1). Notably, poor relationships could not be resolved
based on non-coding or protein-coding datasets (results not
shown). The analysis of the phylogenetic conflicts among dif-
ferent plastid loci demonstrated that three of them (i.e. ndhC—
atpE, ndhJ-ndhK and psal-ycf4) had strong but significantly
conflicting phylogenetic signals (Supplementary data Fig. S2).

Divergence time estimation

After searching for the clock-like gene regions, we esti-
mated the divergence time for the whole Magnoliaceae family
using the three clock-like regions (i.e. ycfl, rpsl6—psbK and
psbM-psbD) (Supplementary data Fig. S3). The topology was
constrained based on the results of the complete plastome ML
analysis.

The (similar) divergence times estimated through three dif-
ferent calibration strategies are listed in Supplementary data Table
S3 and Figs S3-S6. A chronogram, created based on the three
fossil calibrations (A + B + C; Fig. 1;Supplementary data Fig.
S3), was used for the remaining analyses of this study. Based on
the results, the crown age of the family Magnoliaceae was esti-
mated to be 94.86 Ma, with 95 % HPD = 94.93-98.56 Ma; more-
over, the crown age of the subfamily Liriodendroidae was 28.75
Ma (95 % HPD = 14.73-45.46 Ma), while that of the subfamily
Magnolioideae was 36.04 Ma (95 % HPD = 28.69—46.11 Ma).

The common ancestor of M. sections Michelia and Yulania
should have evolved 25.52 Ma (95 % HPD = 23.05-32.85 Ma);
furthermore, M. section Michelia split into two main clades
16.26 Ma (95 % HPD = 11.96-21.69 Ma), suggesting a middle
Miocene origin. The division between M. section Michelia sub-
sections Maingola and Aromadendron should have occurred
instead 12.54 Ma (95 % HPD = 7.67-17.94 Ma), while the
divergence of M. section Michelia subsections Michelia and
Elmerrillia should have occurred 11.49 Ma (95 % HPD = 8.25—-
15.44 Ma). Furthermore, the split of M. section Michelia sub-
section Michelia into two subclades should have occurred 10.82
Ma (95 % HPD = 7.76—14.44 Ma), followed by an immediate
and symmetrical diversification in each.

Ancestral distribution estimation

The results of the biogeographical model test are shown
in Supplementary data Table S4. The DEC+J model with the
smallest AICc value and the largest AICc_wt value was iden-
tified as the best-fitting model for our data. The ancestral area
reconstructions obtained through this model indicated only the
most likely states (Fig. 1). Based on the results, we can infer
that M. section Michelia and its four subsections originated in
the tropics in the late Oligocene and middle Miocene, respect-
ively. Notably, the core group of M. section Michelia (i.e. M.
section Michelia subsection Michelia) originated in the tropics.

Diversification analyses

The phylorate plot in BAMM showed a smooth curve,
indicating no shifts in the diversification rates of M. section
Michelia subsection Michelia. Moreover, the BAMM analyses
conducted for each branch of the subsection Michelia provided
information on their speciation rate dynamics (Supplementary
data Fig. S7): the speciation rates varied from fast (indicated by a
warm colour) to slow (indicated by a cool colour); moreover, both
the speciation and net diversification rates declined smoothly,
while the extinction rates remained constant. These data indicate
that the subsection Michelia had an early burst. The RPANDA
results indicated that the best-fit model was the one in which the
speciation rate varied exponentially over time under a constant
extinction rate (Model 4, AICc = 158.12, Supplementary data
Table S5). The rates of speciation, extinction and net diversifi-
cation (Supplementary data Fig. S8) showed similar patterns in
BAMM (Supplementary data Fig. S7). Finally, the LTT results
indicated an accumulation of lineages and the occurrence of a
shift approx. 8 Ma (Supplementary data Fig. S9).

In situ diversification and dispersal events

In situ diversification events in the tropics increased in
number until approx. 8 Ma, following a decreasing trend after-
wards. Those in the sub-tropics occurred instead mainly at the
beginning and peaked (or shifted) after approx. 3 Ma (Fig.
2). The dispersal events peaked approx. 8—10 Ma out of the
tropics, but approx. 3 Ma between the sub-tropics and tropics
(Fig. 2). These results were confirmed when considering only
the dynamics of M. section Michelia subsection Michelia
(Supplementary data Fig. S10), indicating that unsampled spe-
cies of M. section Michelia subsections Elmerrillia, Maingola
and Aromadendron did not essentially impact the dynamic
trends detected in this study.

DISCUSSION

In this study, we reconstructed a robust backbone phylogeny of
Magnoliaceae, which is identical to that presented by Y. Wang
et al. (2020). Notably, a close relationship was confirmed be-
tween M. sections Michelia and Yulania (Nie et al., 2008;
Kim and Suh, 2013; Y. Wang et al., 2020). Furthermore, the
tropical origin of M. section Michelia was dated to the late
Oligocene (when it diverged from M. section Yulania), while
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the diversification of the core group (i.e. M. section Michelia
subsection Michelia) happened mainly from the late Miocene
onwards. The BAMM and RPANDA analyses indicated a
smooth decline of the speciation and net diversification rates
of M. section Michelia, while the extinction rates were con-
stant (Supplementary data Figs S7 and S8). A similar scenario
was previously reconstructed for Primulina (which includes en-
demic taxa of northern Vietnam and sub-tropical China), which
was explained by a combination of global cooling and the
onset of the East Asian monsoon (Kong ef al., 2017). Although
traditional approaches (e.g. BAMM and RPANDA) have been
widely applied to determine the diversification rate shifts of
animals and plants (e.g. Shi and Rabosky, 2015; Condamine
et al., 2019), problems arise when trying to analyse these shifts
over time (Moore ef al., 2016; Meyer and Wiens, 2018; Meyer
et al., 2018). Newly developed approaches based on biogeo-
graphic reconstructions proved to be more effective in this

regard (Klaus et al., 2016; Xing and Ree, 2017; Ding et al.,
2020; Xu et al., 2020). Here, the MDivE and MDisE (Klaus
et al., 2016; Xu et al., 2020) were estimated to reconstruct the
evolutionary dynamics of M. section Michelia. In this way, two
pronounced shifts were identified across the evolutionary his-
tory of M. section Michelia: one in the late Miocene (approx.
8 Ma) and another at the Plio—Pleistocene boundary (approx. 3
Ma) (Fig. 2). These dynamics probably reflect drastic environ-
mental changes that occurred over the late Cenozoic.

Two key evolutionary periods for the biome of southern Asia

Four main pieces of evidence indicated the occurrence of
diversification rate shifts in the late Miocene. First, we noted
very short internal branches among the two main clades (i.e.
clades I and II) of M. section Michelia between 8 and 11 Ma,
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indicating a rapid radiation of this section (Supplementary
data Fig. S1). The relationships between M. section Michelia
subsection Michelia and its relatives could not be solidly re-
solved in previous studies (Nie et al., 2008; Kim and Suh, 2013;
Y. Wang et al., 2020; Dong et al., 2022). Here, we found that
only three plastid regions (i.e. ndhC-atpE, ndhJ-ndhK and
psal-ycf4) have strong and conflicting phylogenetic signals
(Supplementary data Fig. S2). This indicates that incomplete
lineage sorting (ILS) might play an essential role in the case
of rapid radiation. Second, the LTT results demonstrated the
occurrence of a great shift approx. 8 Ma (Supplementary data
Fig. 9). Third, the peak of dispersal events in the sub-tropics oc-
curred between 8 and 10 Ma (Fig. 2), indicating that the studied
taxa lived in a climatically mild environment. Fourth, in situ
diversification accumulation events shifted from a rapid growth
to a gradual decrease since approx. 8§ Ma in the tropics (Fig.
2), but kept growing in the sub-tropics. A late Miocene shift in
the diversification rates had been previously reconstructed for
several plant groups in a similar area of M. section Michelia
[mainly the family Theaceae (Yu et al., 2017), the Quercus
section of the subgenus Cyclobalanopsis, family Fagaceae
(Deng et al., 2018), the Mahonia genus, family Berberidaceae
(Chen et al., 2020), and the family Lardizabalaceae (W. Wang
et al., 2020)]. One of the most remarkable inflections that
shaped the biome of southern Asia should have hence occurred
in the late Miocene (approx. 8 Ma).

Another drastic shift should have occurred at the Plio—
Pleistocene boundary (approx. 3 Ma, Fig. 2): the numbers of
in situ diversification events in the sub-tropical regions seem to
have increased quickly, peaking at the Plio—Pleistocene boundary
(Fig. 2). After that time, a higher number of diversification accu-
mulation events was identified in the sub-tropics compared with
the tropics (Fig. 2). In addition, we determined a peak in the ac-
cumulative dispersal events from the sub-tropical to the tropical
regions at the Plio—Pleistocene boundary (approx. 3 Ma, Fig. 2),
whereas a sustained decrease of such events was noted in the
reverse direction (Fig. 2). Notably, a rapid increase in the diversi-
fication rates of Asian tropical and alpine plants has been recog-
nized in the Plio—Pleistocene period (Janssens et al., 2009; Xing
and Ree, 2017; Ding et al., 2020), indicating that various biota
experienced an elevated diversification rate during that time.

Controls behind the observed dynamic patterns

Three temporally coupled parameters have driven envir-
onmental shifts in southern Asia during the late Cenozoic:
global cooling, the Tibetan orogenic growth (which involved
the Himalaya and the Hengduan Mountains) and the Asian
monsoonal regimes (Liu et al., 1998; Tada et al., 2016). Such
ecological and environmental shifts influenced the vegetation
and plant diversity in the area (Li ef al., 2021). For instance,
the rapid in situ diversification of alpine flora in the Tibet—
Himalaya—Hengduan region was profoundly linked to both or-
ogeny and climate change (Xing and Ree, 2017; Ding et al.,
2020). Unlike the alpine regions, the southern Asian tropical
and sub-tropical regions were mainly and directly impacted by
the Asian monsoon and the global climate cooling. Hence, in
this study, we considered only these two environmental aspects
in relation to the evolution of tropical and sub-tropical biomes.

The two identified evolutionary shifts, which occurred
approx. 8 Ma and approx. 3 Ma, coincided temporally with
drastic environmental changes (Sun and Wang, 2005; Guo
et al., 2008). The occurrence of profound ecological and en-
vironmental shifts in Asia in the late Miocene (approx. 8 Ma)
is supported by isotopic (Jia et al., 2003), paleomagnetic (An
et al., 2001; Guo et al., 2002) and palynological data (Sun and
Wang, 2005). Specifically, the environment in these regions
shifted from relatively wet to dry in response to an abrupt
weakening of the East Asian monsoon approx. 7.5 Ma (Steinke
et al., 2010; Clift et al., 2014; Miao et al., 2017). The monsoon
intensity gradually decreased, followed by an enhanced vari-
ability from approx. 3 Ma onward, which was associated with
the start of loess accumulation (Ding ef al., 2005) and vege-
tation changes (Ma et al., 2005; Sun and Wang, 2005) in the
Plio—Pleistocene. In particular, global climate cooling alone re-
sulted in landscape drying in the sub-tropics around the world
(Herbert et al., 2016, and references therein), in an increase of
C, plants biomass and in the radiation of succulent lineages in
the late Miocene (Cerling et al., 1997; Arakaki et al., 2011).

Decoupling the main causal factors for the dynamic evo-
lutionary patterns observed in this study is difficult, since we
did not consider any specific indices for monsoon intensity
(i.e. precipitation) and climate cooling (i.e. temperature).
However, we can assume that these two factors affected the
evolutionary history of M. section Michelia in specific ways.
In particular, we believe that monsoon intensity played a fun-
damental role in the evolutionary development of plants. In
general, the East Asian monsoon is known to have driven the
development of EBLFs (Li et al., 2021). The evolution of M.
section Michelia (i.e. one of the dominant plants in EBLFs) is
expected to have been heavily influenced by this same mon-
soon, since its first colonization age into sub-tropical areas
occurred between the early and middle Miocene (Fig. 1),
when modern Asian monsoons intensified (Sun and Wang,
2005; Clift et al., 2014; Farnsworth et al., 2019). In addition,
the oldest convincing fossil record of M. section Michelia
is dated to the late Oligocene (Suzuki, 1976; Huang et al.,
2020): our results (to which no fossil calibration was ap-
plied; Supplementary data Figs. S5 and S6) and those of
other studies (e.g. Nie et al., 2008; Dong et al., 2022) sup-
port this conclusion. As a matter of fact, monsoon-like cli-
mates in southern Asia would have occurred in the Paleogene
(Licht et al., 2014; Spicer et al., 2017; Su et al., 2020; Bhatia
et al., 2021), but would have significantly strengthened in the
late Oligocene—Early Miocene (25-22 Ma), probably in con-
junction with the establishment of the modern Asian mon-
soon systems (Guo et al., 2002; Sun and Wang, 2005). The
Oligocene origin of M. section Michelia suggests its diverged
adaptation to a wet/warm monsoon environment in southern
Asia (Tao, 2000; Herman et al., 2017), while its sister section
Yulania would have adapted to an arid/cool environment in
North-east Asia (Sun and Wang, 2005; Guo et al., 2008).
Consequently, we can infer that the occurrence of modern
Asian monsoons was fundamental for the origin of M. section
Michelia.

At the same time, however, the succession of different mon-
soon climates may have affected other aspects of this section.
For instance, we found an exponential growth of diversification
events in the sub-tropics over a dry period characterized by a
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weakening monsoon (i.e. 8—3Ma) (Clift et al., 2014; Farnsworth
et al., 2019). This suggests that the rates of the in situ diversifi-
cation events did not respond positively to the gradual and step-
wise weakening of the East Asian monsoon in the late Cenozoic
(Fig. 2). Magnolia section Michelia developed one of its special
traits (i.e. the helical thickenings on the vessel walls) as early as
in the late Oligocene (Huang et al., 2020). This trait probably
allowed this section of tropical origin to adapt to the dry sea-
sons typical of monsoon climates (Huang ez al., 2020) and gave
it a drought tolerance similar to that of its drought-adaptive
relative (i.e. M. section Yulania; Liu et al., 2015).

In addition, the patterns of asymmetric dispersal events be-
tween the tropics and sub-tropics in both directions suggest that
global cooling may have played an important role in the evo-
lution of M. section Michelia. It is well known that frequent
southward migrations of plants and animals occurred during
the Quaternary in the Northern Hemisphere in response to
cooling events (e.g. during the occurrence of glacial climate;
Hewiit, 2000). In addition, paleovegetation evidence indicates
that EBLFs presently inhabiting the sub-tropics and tropics
should have retreated southward during the last glacial max-
imum (Members of China Quaternary Pollen Database, 2000;
Yu et al., 2000; Harrison et al., 2001). In this scenario, it is
plausible for tropical regions to have received more immigra-
tion events detected during the colder period (approx. 3 Ma,
Fig. 2): at that time, a global cooling occurred in response to
the full establishment of ice sheets in the Northern Hemisphere
(Westerhold et al., 2020).

Conversely, a peak of dispersal events out of the tropics
occurred approx. 8—10 Ma (Fig. 2), following the tropical
conservatism hypothesis (Wiens and Donoghue, 2004). In
this view, species that originated in the tropics (e.g. M.
section Michelia of the family Magnoliaceae) would have
been unable to disperse northward (i.e. toward harsher,
temperate environments) because of niche conservatism.
Global cooling was also proposed as an explanation for the
diversification of Primulina (based on a best-fitting model;
Kong et al., 2017). Overall, it appears that the cooling of
the climate below a certain temperature threshold in the
late Miocene and late Pliocene may have helped in trig-
gering the observed asymmetric dispersal events between
the tropics and sub-tropics.

We acknowledge that unsampled species might have dis-
torted our estimates (e.g. those of the asymmetric dispersal
events), but they were unlikely to have overturned them. In fact,
an underestimation of both the tropical diversification accumu-
lation events and the patterns of dispersal events in the sub-
tropics is unlikely: our sampling fraction (approx. 88 %) in the
case of the sub-tropics was relatively high (only four species of
the sub-tropics were excluded, Table 1). Meanwhile, the incom-
plete sampling in the tropics, where the sampling fraction was
only approx. 46 % (Table 1), may have led to an underestima-
tion of the tropical diversification and dispersal events between
the tropics and sub-tropics. Nonetheless, the patterns of both
our estimates (based on the sampling group shown in Fig. 2)
agree with that of the limited sampling group (which did not in-
clude four tropical species, Supplementary data Fig. S10). This
supports the main conclusions of this study: two key shifts and
asymmetric dispersal events occurred between the tropical and
sub-tropical regions.

Conclusions

In this study, the tropical origin of M. section Michelia
was dated to the late Oligocene (i.e. when it diverged from
M. section Yulania). At the same time, the diversification of
the core group (i.e. M. section Michelia subsection Michelia)
should have occurred mainly after the late Miocene. Two key
shifts (approx. 8 and approx. 3 Ma) were identified and each of
them probably recorded a drastic climatic change. Based on our
results, it can be inferred that the occurrence of modern Asian
monsoons was a fundamental factor for the origin of M. section
Michelia. The pattern of the asymmetric dispersal events be-
tween the tropics and sub-tropics suggests (under the tropical
conservatism hypothesis) that the taxa in the two areas probably
adapted to global cooling.

Further synthesis studies will be needed to test whether the
patterns and hypotheses described in this study can be applied to
southern Asia. Overall, we provided a typical example of plants
whose evolution reflects past climatic changes in southern Asia.
This information might provide unique insights into the effects
of ongoing global warming (including biodiversity loss) and
suggest possible methods to tackle them.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.oup.
com/aob and consist of the following. Figure S1: phylogeny of the
family Magnoliaceae as inferred from the ML analysis of the whole
plastid genome sequences. Figure S2: difference of log-likelihood
among T1, T2 and T3 for 167 loci. Figure S3: median age esti-
mates of the family Magnoliaceae based on calibration strategy
I. Figure S4: median age estimates of the family Magnoliaceae
based on calibration strategy II. Figure S5: median age esti-
mates of the family Magnoliaceae based on calibration strategy
III. Figure S6: median age estimates of the family Magnoliaceae
based on calibration strategy I'V. Figure S7: time-dependent speci-
ation, extinction and net diversification rates estimated by BAMM.
Figure S8: time-dependent speciation, extinction and net diversifi-
cation rates estimated by RPANDA. Figure S9: semi-logarithmic
lineage-through-time plot for Magnolia section Michelia. Figure
S10: in situ diversification and dispersal rates of Magnolia section
Michelia subsection Michelia in the tropics and sub-tropics
through time. Table S1: information on the samplings conducted
for this study. Table S2: fossil calibration strategies applied in this
study. Table S3: crown ages estimated for several key nodes and
obtained by applying different fossil calibration strategies. Table
S4: models for the estimation of the ancestral geographic distribu-
tions, which were generated through BioGeoBEARS. Table S5:
model selection for the RPANDA analysis.
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