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How coniferous forests evolved in the Northern Hemisphere
remains largely unknown. Unlike most groups of organisms that
generally follow a latitudinal diversity gradient, most conifer species
in the Northern Hemisphere are distributed in mountainous areas
at middle latitudes. It is of great interest to know whether the
midlatitude region has been an evolutionary cradle or museum for
conifers and how evolutionary and ecological factors have driven
their spatiotemporal evolution. Here, we investigated the macro-
evolution of Pinus, the largest conifer genus and characteristic of
northern temperate coniferous forests, based on nearly complete
species sampling. Using 1,662 genes from transcriptome sequences,
we reconstructed a robust species phylogeny and reestimated diver-
gence times of global pines. We found that ~90% of extant pine
species originated in the Miocene in sharp contrast to the ancient
origin of Pinus, indicating a Neogene rediversification. Surprisingly,
species at middle latitudes are much older than those at other lat-
itudes. This finding, coupled with net diversification rate analysis,
indicates that the midlatitude region has provided an evolutionary
museum for global pines. Analyses of 31 environmental variables,
together with a comparison of evolutionary rates of niche and
phenotypic traits with a net diversification rate, found that to-
pography played a primary role in pine diversification, and the
aridity index was decisive for the niche rate shift. Moreover, fire
has forced diversification and adaptive evolution of Pinus. Our
study highlights the importance of integrating phylogenomic and
ecological approaches to address evolution of biological groups at
the global scale.
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U nderstanding what determines species diversity and its dis-
tribution pattern is one of the great challenges in evolutionary
biology and ecology (1, 2). Gymnosperms and angiosperms are the
two major groups of extant seed plants with extreme differences in
species diversity and distribution. Compared to angiosperms with
~300,000 species that dominate most of Earth’s terrestrial eco-
systems, extant gymnosperms comprise only 13 families and a little
more than 1,000 species (3). Although greatly outnumbered by
angiosperms, conifers, the most diverse group of gymnosperms
with around 615 extant species worldwide (4), are prominent
components in north temperate biomes and constitute over
39% of the world’s forests (5). Unlike woody angiosperms that
generally follow a latitudinal diversity gradient (LDG) in the
Northern Hemisphere (6, 7), most conifer species are distributed
in the mountainous areas at middle latitudes. It remains unknown
whether the midlatitude region has been an evolutionary cradle or
museum for conifers.

The mechanisms underlying the high species diversity of co-
nifers in the midlatitude region are also poorly studied, while the
LDG can be explained by latitudinal variation in ecological limits,
diversification rates, and time for species accumulation (2). Sun-
daram et al. (8) suggested that the formation of conifer hotspots
can be attributed to the accumulation of regional diversity over
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evolutionary time scales in mountainous areas with long-term
climate stability, and topographically heterogeneous environments
may play a primary role in hotspot formation. Nevertheless, Rueda,
Godoy, and Hawkins (7) used a trait-based approach to test the
effects of environmental stressors, evolutionary relatedness, and
phylogenetic conservatism on conifer distribution in the conter-
minous United States and found that a strong trade-off between
drought and shade tolerance might be the simplest explanation
for the distribution. It is of great interest to investigate how evolu-
tionary and ecological factors have worked together to drive the
spatiotemporal evolution of conifers in the Northern Hemisphere
based on a solid phylogenetic framework and, in particular, whether
conifers have retained or shifted their environmental niche space
over time.

Pinus provides an ideal example to explore the mechanisms
underlying the spatiotemporal evolution of conifers and test
whether the midlatitude region is an evolutionary cradle or mu-
seum for conifers. This genus, comprising about 113 species, is the
largest genus of conifers and, arguably, is the most important
genus of trees in the world (4, 9-11). It has a wide distribution in
the Northern Hemisphere that coincides with the overall distri-
bution of conifers (4). In addition, Pinus has a long evolutionary
history dating back to the late Jurassic or early Cretaceous (12)
and therefore participated in the historical dynamics of the Cre-
taceous and Cenozoic forests. Moreover, many pines have evolved
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morphological and life history adaptations to fire (13-18), an
important ecological factor modulating the terrestrial ecosystem
composition and distribution when climate changes (19). To
disentangle the mechanisms driving the large-scale distribution
of pine species diversity, evolutionary and ecological approaches
should be jointly used. However, previous evolutionary studies
focused mainly on phylogenetic reconstruction, divergence time
estimation, biogeographic history, and fire adaptation of pines at
long temporal scales (10, 16, 20-23), while ecological studies often
investigated the species distribution dynamics at short temporal
scales and ignored historical biogeography (24, 25). The accuracy of
any evolutionary or ecological inference is heavily dependent on a
fully resolved phylogeny and reliable estimates of species divergence
times. Unfortunately, due to the slow evolutionary rates of conifers
(3), the phylogenetic relationships of most subsections and species
of pines are far from being resolved (10, 20-23, 26-28), which
hinders us from studying their spatiotemporal evolution.

In this study, we reconstructed a robust transcriptome-based
phylogeny and reestimated divergence times of Pinus based on
an extensive sampling of nearly all species of the genus. With this
phylogenetic framework, we further investigated the biogeo-
graphic history, temporal trend of diversification, and patterns of
niche and trait evolution to reveal the factors driving the evo-
lution and spatiotemporal dynamics of Pinus. We aimed to test
whether the midlatitude region in the Northern Hemisphere has
been an evolutionary cradle or museum for pines and to address
whether phylogenetic or ecological conservatism or both have
played important roles in shaping the global patterns of pine
species richness. We also discussed the evolution of fire syndromes
and its importance in the evolution of pine species diversity.

Results

Transcriptome Data Processing and Phylogenetic Analyses. An aver-
age of 68,167 transcripts were de novo assembled for each sample
with an average N50 scaffold length (size) of 1,534 base pairs (bp).
A summary of the assembly statistics is shown in Dataset S1. For the
1,662 orthogroups (OGs) used in phylogenetic analyses, the coding
sequence (CDS) and CDS (first + second) (the first and second
codon positions) alignments ranged from 300 to 3,057 bp and from
200 to 2,038 bp in length, respectively. The concatenated CDS
and CDS (first + second) alignments consisted of 2,146,620 and
1,431,080 bp, respectively.

The phylogenies inferred from the CDS and CDS (first + second)
datasets, using either concatenation or coalescent methods, are
highly resolved (ultrafast bootstrap [UFBoot] > 95% and local
posterior probability [LPP] > 95% for most nodes) and topo-
logically consistent, except that Pinus nelsonii and a few species
within subsections show discordant placements (Fig. 1 and S/
Appendix, Figs. S1-S4), which could be attributed to incomplete
lineage sorting, hybridization among closely related species, or
other unknown factors (22, 27-29).

Our study highly supported two subgenera (Pinus and Strobus),
four sections (Trifoliae, Pinus, Quinquefoliae, and Parrya) and
13 subsections (Australes, Contortae, Attenuatae, Ponderosae,
Sabinianae, Pinus, Pinaster, Strobus, Krempfianae, Gerardianae,
Cembroides, Balfourianae, and Nelsoniae) in the genus Pinus
(Fig.1 and SI Appendix, Figs. S1-S4). Among the 11 subsections
proposed by a widely recognized study (10), with the exception
of Ponderosae and Australes, the other nine subsections were
recovered as monophyletic with high support (UFBoot = 100%)
(Fig. 1). In particular, the phylogenetic positions of nine sub-
sections (Ponderosae, Australes, Contortae, Strobus, Krempfianae,
Gerardianae, Cembroides, Balfourianae, and Nelsoniae), which
remained controversial in previous studies (10, 20-22, 27, 28),
were well resolved in this study (Fig. 1).

Notably, our results strongly support the monophyly of sub-
sections Sabinianae (30) and Attenuatae (9) in sect. Trifoliae, a
strictly North American section. Subsect. Sabinianae includes the
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Californian big-cone pines, that is, Pinus coulteri, Pinus jeffreyi,
Pinus sabiniana, and Pinus torreyana, and subsect. Attenuatae
includes three closed-cone (serotinous) species of California and
Baja California, that is, Pinus attenuata, Pinus muricata, and Pinus
radiata. The two subsections were previously assigned to subsect.
Ponderosae and subsect. Australes, respectively (10). In this study,
subsect. Sabinianae was sister to the remaining lineages of sect.
Trifoliae. This contrasts with previous studies based on chloroplast
DNA (10, 20, 21), which placed subsect. Contortae sister to the
remaining lineages. Within sect. Quinquefoliae, subsect. Gerardianae
diverged first, and the monotypic subsect. Krempfianae with
unique, flattened leaves was sister to subsect. Strobus. In addition,
the monospecific subsect. Nelsoniae endemic to northeastern Mexico,
with several unique features, was resolved as a sister of subsect.
Balfourianae in sect. Panrya (Fig. 1).

The transcriptome-based phylogeny was also highly resolved at
the species level, which is important for reconstructing the evo-
lutionary and biogeographic histories of the pine genus. For
example, we found that in subsect. Gerardianae, Pinus bungeana,
a species restricted to the central and northern China, was sister
to a clade comprising the other two species of the subsection, that
is, the western Himalayan Pinus gerardiana and Pinus squamata, an
extremely rare species endemic to northeastern Yunnan, China.
Within subsect. Strobus, the European Pinus peuce was sister to a
clade composed of two lineages, one comprising the strictly North
American white pines and the other including the Eurasian species
and Pinus albicaulis from western North America. The subtropical
Asian white pines formed a monophyletic group sister to the
Japanese Pinus parviflora. Within subsect. Pinus, the two southern
Asian species Pinus merkusii and Pinus latteri, which represent the
southernmost distribution of the genus close to the equator,
branched off first, followed by Pinus resinosa, a species from
northeastern North America. Within subsect. Pinaster, a mainly
Mediterranean lineage, Pinus canariensis from the Canary Islands
was sister to Pinus roxburghii from the Himalayas.

Divergence Time and Ancestral Range Estimation. The divergence
time estimates with or without the fossil of Pinuxylon sp. are very
close. In addition, the time estimates based on 16 fossils (S
Appendix, Table S1), following ref. 23, are slightly younger than
those based on the four fossils (SI Appendix, Figs. S5 and S6). We
found that the older estimates of ref. 23 were caused by the use
of the FBD (fossilized birth—death with 21 fossils) method, and
their estimates with the ND (node dating with 15 fossils) method
were very close to ours. Therefore, we used the estimates based
on the four fossils (SI Appendix, Fig. S5). The stem age of Pinus
was dated to 155.3 (177 to 135) Ma in the late Jurassic. Its two
subgenera were estimated to have diverged at 98.77 (116 to 83)
Ma, the four sections at 58.04 to 56.13 Ma in the late Paleocene,
and the subsections at 43.99 to 22.84 Ma from the middle Eo-
cene to the early Miocene. About 10% of the extant pine species
originated in the late Eocene to Oligocene, and nearly all the
others originated in the Miocene (SI Appendix, Fig. S5).
Despite that our data best fit the DIVALIKE+J model
(LnL = -114.7, AICc = 235.7) (SI Appendix, Table S2), a similar
result was obtained using the DIVALIKE model (SI Appendix,
Figs. S7 and S8). According to the ancestral range estimation
(Fig. 2A4), Pinus widely expanded across the Northern Hemi-
sphere in the late Cretaceous, but it is difficult to determine
exactly where the genus originated. Within Pinus, three vicari-
ance events were inferred to have occurred in its early evolu-
tionary history. An initial vicariance event separated subg. Pinus
and subg. Strobus in the late Cretaceous. The other two occurred
almost simultaneously within the two subgenera during the late
Paleogene, leading to the divergence of four sections (Pinus,
Trifoliae, Quinquefoliae, and Parrya). Subsequent intercontinental
migration and expansion were mainly via the Bering land bridge,
except for P. resinosa, which reached eastern North America
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through the North Atlantic land bridge during the early Oligocene.  speciation (76%) and dispersals (21%, including 19% events of
The biogeographic stochastic mapping (BSM) results indicate that ~ founder-event speciation). Only a few events involved vicariance
most biogeographical events can be explained by within-area  (3%) (SI Appendix, Table S3).
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Ancestral Character and Fire Syndrome Reconstructions. The ancestor
of Pinus could have one, two, three, or five needles per fascicle
and articulate seed wings. The state three needles per fascicle
evolved at least four to five times, and the seed wings were lost
(or rudimentary) mainly in subg. Strobus (SI Appendix, Fig. S9 A
and B). In addition, the ancestor of Pinus was not fire adapted
(avoider) (SI Appendix, Fig. S10). After the split of its two sub-
genera in the late Cretaceous, the resister (species adapted to low-
intensity surface fires by thick bark and lower branch shedding)
syndrome initially evolved in subg. Pinus, possibly in the Paleocene,
followed by the evader (adults are killed during high-intensity crown
fires, but seeds are stored in either soil or the canopy with the trait
of serotiny and released after fire disturbance) and endurer (species
survived fires through resprouting) strategies that evolved during
the Oligocene to the middle Miocene. Although some Eurasian
hard pines lost the fire-adapted syndromes, most species of subg.
Pinus adapted to different fire intensities. In particular, the evader
syndrome mainly occurred in the American sect. Trifoliae and some
Mediterranean species of sect. Pinaster. In contrast, in subg. Strobus,
most species are not fire adapted, and only eight species, including
six from western North America and two from Asia, exhibit the
resister fire syndrome (SI Appendix, Fig. S10).

Macroevolutionary Rates. Net diversification rate estimated by
Bayesian Analysis of Macroevolutionary Mixtures (BAMM) (v.2.5.0)
(31) showed no shift and decreased slowly from 98.77 (116 to 83)
Ma to present in Pinus (Fig. 2B and SI Appendix, Fig. S11 A and
D). However, evolutionary rates of both niche and phenotypic
traits experienced a strong increase toward the present, beginning
around the early Miocene (Fig. 2B and SI Appendix, Fig. S12). In
addition, needles per fascicle, fire syndromes, and aridity index are
the most important variables by the primary loadings on ordinated
phenotype traits and niche data (SI Appendix, Tables S4 and S5).
We also found that the evolutionary rate variation had signifi-
cantly different timing between number of needles per fascicle and
fire syndrome. The rate of fire syndrome increased much later,
showing a gradual increase from the Eocene (>50 Ma) to the early
Miocene and then followed by a quick acceleration to the present.
In contrast, the rate of number of needles per fascicle increased
from the late Cretaceous (SI Appendix, Fig. S13). Notably, the
aridity index was likely decisive for the rate shift of niche evolu-
tion. When all the 31 environmental variables were analyzed as a
whole, or when the aridity index was analyzed separately, similar
results were observed. However, when the aridity index was ex-
cluded, the rate of niche evolution was generally constant through
time (SI Appendix, Fig. S14).

We also explored the association of diversification rates with
global paleotemperature by fitting likelihood models of time and
temperature dependence in RPANDA (v.1.9) (32). The linear
speciation without extinction with temperature dependence is
the best model (AICc = 856.891) (SI Appendix, Tables S6 and
S7), and the diversification rate decreased with the decrease of
temperature, which was consistent with the results of BAMM (SI
Appendix, Figs. S11 and S15).

Niche and Phenotype Conservatism. The values of Blomberg’s K are
0.358 and 0.354 with P < 0.005, and Pagel’s A are 0.619 and 0.669
with P < 0.001 for niche and phenotype, respectively (SI Appendix,
Table S8). Both measures indicate that significant phylogenetic
signals exist in niche and phenotypic traits of Pinus.

Global Patterns of Pine Species Diversity and Mean Divergence Times.
The distribution of grid cell mean species diversity of Pinus showed
strong geographical variation with higher diversity in the middle
to low latitudes of North America, the Mediterranean, and East
Asia in contrast to the lower diversity in the high latitudes of the
Northern Hemisphere (Fig. 34). The highest diversity occurred
in Mexico and adjacent areas. In general, species in the middle
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latitudes, particularly in the Mediterranean and northeastern
North America, were much older (38.15 to 15.39 Ma) than those
in the lower and higher latitudes such as in Mexico and northern
Eurasia (10.51 to 6.07 Ma) (Fig. 3B).

Environmental Variables Driving the Global Distribution of Pine Species
Diversity. According to the multiple regression analysis, a total of
nine environmental variables were sizgniﬁcantly correlated with the
species richness of global pines (R = 0.53) (Fig. 4 A-I and SI
Appendix, Fig. S16 A-I and Table S9). The five variables, including
annual mean temperature, mean diurnal range, elevation range,
evergreen/deciduous needleleaf trees, and mixed/other trees, were
positively correlated with species richness, while the other four
variables, including precipitation of wettest quarter, soil pH, vol-
umetric fraction of coarse fragments, and proportion of silt par-
ticles, were negatively correlated with species richness. Among
these variables, topography played the most important role, fol-
lowed by temperature, soil, and landcover variables, and precipi-
tation was the weakest factor (Fig. 4/ and SI Appendix, Table S9).
In addition, there was obvious variation in the two subgenera and
all regional models (Fig. 4 K-R and SI Appendix, Fig. S17 A-H and
Table S9) except that topography was always the strongest pre-
dictor of species richness.

Discussion

Phylogeny of Global Pines and Their Evolution at Middle Latitudes. A
highly resolved species tree with reliable estimates of divergence
times is the prerequisite for understanding evolutionary histories
and large-scale distribution patterns of worldwide plant genera. Our
present study has reconstructed a completely resolved transcriptome-
based phylogeny of Pinus comprising almost all extant species
using 1,662 OGs. Importantly, the phylogenetic positions of nine
out of the 11 widely recognized subsections (Ponderosae, Australes,
Contortae, Strobus, Krempfianae, Gerardianae, Cembroides, Bal-
fourianae, and Nelsoniae) of Pinus, which remained controversial
in previous studies (10, 20-22, 27, 28), have all been anchored by
our phylogenomic analysis (Fig. 1). Compared to previous plant
phylogenomic studies at higher taxonomic levels (33, 34), our re-
sults indicate that RNA sequencing is also highly efficient for tree
of life reconstruction at the species level, even for conifers with
large genomes, long generation times, and a slow molecular evo-
lutionary rate (3).

Most extant pine species have an origin in the Neogene in
sharp contrast to the ancient origin of the genus. Based on our
divergence time estimation, the origin of Pinus was dated to the
late Jurassic, but all subsections originated in the middle Eocene
to the early Miocene, and ~90% of extant pine species originated
in the Miocene (SI Appendix, Fig. S5). This indicates a rediversi-
fication of pines in the Cenozoic, especially in the Neogene. This
tempo is also consistent with the Cenozoic global climate changes
and tectonic activities. Earth’s climate transitioned from the
“greenhouse” warming to the cold “icehouse” beginning at about
34 Ma (35), which promoted a global vegetation shift from old
mesic lineages to those better adapted to cooler or drier envi-
ronments. Many lines of evidence indicate that the post-Eocene
climate deterioration shaped the biogeography of all conifer
families (36, 37).

Notably, we found that pine species at middle latitudes, par-
ticularly in northeastern North America and the Mediterranean
Basin, are much older than those at higher or lower latitudes
(Fig. 3B and SI Appendix, Fig. S18B). In addition, pine species
diversity has greatly increased since the early Cenozoic (SI Ap-
pendix, Fig. S15B), but the net diversification rate shows no shift,
with a very low extinction rate (Fig. 2B and SI Appendix, Fig.
S11C). The above evidence, together with the fact that most pines
are distributed at middle latitudes and middle elevations and only
a few species occur in boreal and high elevations (SI Appendix, Fig.
S18 A and C), leads us to infer that the midlatitude region has
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Fig. 3. The global patterns of species diversity (A) and mean divergence times (B) of pines plotted in grid cells of 100 km x 100 km.

acted mainly as an evolutionary museum for global pines. Our
inference is consistent with the finding of ref. 8 that mountainous
areas with long-term climate stability and heterogeneous envi-
ronments, rather than biological features, had a major role in
fostering lineage accumulation over evolutionary time scales, giv-
ing rise to regional diversity hotspots in conifers. However, the
rate of net diversification of pines peaked in the Cretaceous and
decreased gradually from 98.77 Ma to the present (Fig. 2B). This
pattern could also be explained by the ancient cradle model as
summarized in ref. 38, although the limited number of extant spe-
cies in Pinus and the widespread extinction of pine species during
the late Cretaceous and early Tertiary may affect the sensitivity
of the BAMM analysis, particularly the estimates of speciation
and extinction rates. Based on the earliest fossil records, in-
cluding Pinus yorkshirensis from the early Cretaceous Wealden
Formation in Yorkshire, United Kingdom (131 to 129 Ma) (39),
and Pinus mundayi from the Lower Cretaceous Chaswood For-
mation of Nova Scotia, Canada (Valanginian, 140 to 133 Ma)
(40), Pinus possibly originated in the middle latitudes of western
Europe and eastern North America, which were connected in the
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early to middle Mesozoic (https:/deeptimemaps.com/), but nearly
all ancient pines became extinct and most extant pine species
originated in the Miocene by rediversification as mentioned ear-
lier (SI Appendix, Fig. S5). The fossil record is consistent with a
widespread expansion of pines into many middle-latitude locations
from their Eocene refugia during the Oligocene and Miocene
(12). Although the middle and high elevations of many mountains
at the middle latitudes were covered by ice sheets during the
Quaternary ice ages (41), pine species might have survived glaci-
ations by elevational shifts as many other plants (41, 42).

Determinants of Global Patterns of Pine Species Diversity. Both
phylogenetic and ecological conservatisms have played important
roles in shaping the global patterns of pine species richness. Sig-
nificant phylogenetic signals exist in niche and phenotypic traits of
Pinus according to the measures of Blomberg’s K and Pagel’s A (ST
Appendix, Table S8). Although the distribution of pine species
diversity shows strong geographical variation globally (Fig. 4 A-R),
it has an overall high level of species richness at middle latitudes
and middle elevations (SI Appendix, Fig. S18 A and C), which is
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Fig. 4. Determinants of pine species diversity. (A-/) Relationships between predictor variables and species richness based on the global multipredictor model
across grid cells of 100 km x 100 km. (J-R) The relative importance of four types of variables (climate, topography, soil, and landcover) in explaining species
richness based on global, two subgenera, and six regional analyses. The bar plots were implemented in the “ggplot2” package (97) using R (v.3.6.2) (84). The
positive and negative correlations are indicated as + and —, respectively. MCAC represents Mexico, Central America, and Caribbean. Abbreviations and ex-

planations of predictor variables refer to S/ Appendix, Table S10.

quite different from the widely recognized biogeographic pattern
of LDG (2, 43, 44). This distribution pattern might reflect a ten-
dency of Pinus to retain ancestral climatic niche with a preference
for warm temperatures. Although our analysis indicates that pines
have experienced an acceleration of niche evolution (Fig. 2B), the
increase of niche rate was caused mainly by the strong impact of
aridity on the diversification of pines from the early Miocene (S
Appendix, Fig. S14). The cold habitats that proliferated in the
Neogene likely had less influence on pine diversification, which
contrasts with the pattern of Saxifragales, a major angiosperm clade
in temperate biomes (45). The polar and elevational expansions of
pines were likely constrained by their limited capacity for cold tol-
erance as indicated by the strong and positive correlation between
temperature and species richness (Fig. 4 4, B, and J).

The increasing rates of niche and trait evolution but slowly
decreasing net diversification rate imply that ecological divergence
has not played a primary role in pine diversification (Fig. 2B).
Instead, geography, in particular mountain building, probably had
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a profound impact, which is also corroborated by the strong
positive correlation between topography and species richness at
both global and local scales (Fig. 4 A-R). The orogenic events
and volcanic activities in the Rocky Mountains, the Himalayas,
and Mexican ranges probably have contributed significantly to
the diversification and expansion of pines. In addition, for wind-
pollinated pines, mountainous topography could be a good ex-
planation for the high proportion of within-area speciation events
we detected (ST Appendix, Table S3). It is noteworthy that Mexico
and adjacent regions harbor the highest species diversity of pines,
but compared to the Mediterranean pines, most of these species
have relatively much younger ages (Fig. 3 A and B), suggesting
recent diversifications during the mid- to late Miocene. Consid-
ering their close phylogenetic affinities to other New World pines,
the Mexican species were very likely derived from the southward
migrants from both west and east of the middle latitudes following
the climatic deterioration of the early Oligocene.
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Complex mountain systems usually indicate significant environ-
mental heterogeneity. Our analyses of 31 environmental variables
show that pine species richness is significantly positively correlated
with five variables (annual mean temperature, mean diurnal range,
elevation range, evergreen/deciduous needleleaf trees, and mixed/
other trees) (Fig. 4 A, B, D, and H-J and SI Appendix, Fig. S16 and
Table S9) but significantly negatively correlated with four variables
(precipitation of wettest quarter, soil pH, volumetric fraction of
coarse fragments, and proportion of silt particles) (Fig. 4 C, E-G,
and J and SI Appendix, Fig. S16 and Table S9), suggesting that
beyond a warm environment preference, pines may also prefer a
drier habitat and somewhat more acidic soil, especially for subg.
Pinus (Fig. 4K and SI Appendix, Fig. S174 and Table S9), despite
substantial variation among different regions (Fig. 4 M-R and SI
Appendix, Fig. S17 C-H and Table S9). We infer that the hot cli-
mate and high precipitation were the main factors limiting the de-
velopment of pine species diversity in low-latitude regions. This
inference is strongly supported by our finding that the aridity index
is decisive for the rate shift of niche evolution in Pinus (SI Appendix,
Figs. S14 and S19-S22). In Mexico, climate varies greatly, ranging
from arid to humid zones, with 56% land area in arid or semiarid
lands (northcentral and northwestern Mexico) and 37% in subhu-
mid terrain (temperate forested areas and coastal areas in the At-
lantic and Pacific sides) (46). The complex biotic and abiotic factors
may well explain why Mexico can sustain the highest pine species
richness. From what we learned about the historical dynamics of
Pinus, we infer that pines are generally resilient, and their prefer-
ence of warm and somewhat dry habitats could be helpful for their
adaptation to the Anthropocene climate warming, especially at high
latitudes and elevations.

Fire-Triggered Speciation and Adaptation of Pines. Many plants,
including pines, have evolved adaptive traits that enable them to
persist and reproduce in fire-prone environments (14-16, 47-50).
The Cretaceous had a flammable environment, as suggested by
abundant fossil charcoal/inertinite records (51, 52) and a markedly
higher concentration of atmospheric oxygen (52, 53), and there-
fore probably created new habitats and facilitated the divergence
of the two subgenera of Pinus, which have very different fire-
adaptation syndromes (SI Appendix, Fig. S10). The progressive
evolution of fire syndromes in pines from fire avoiders to fire
embracers, particularly in subg. Pinus, indicates that both fire
frequency and intensity greatly increased over time, especially
from the early Oligocene to the late Neogene (SI Appendix, Fig.
S10), synchronized with the global expansion of grasslands (54).
Increasing studies have demonstrated that fire played a pivotal
role in the rise of grassland ecosystems, especially the worldwide
expansion of C4 grasslands during the Miocene (55-57). This also
coincides well with the evolutionary rate of fire syndrome in pines,
which began increasing from the early Eocene, followed by an
acceleration from the late Neogene toward the present (SI Ap-
pendix, Fig. S13). Surprisingly, we find that the rate increase of fire
syndrome evolution began much later than the rate increase in
needle number per fascicle and dispersal regimes, which occurred
around the late Cretaceous (SI Appendix, Fig. S13). This lag could
be explained by the evolutionary complexity of fire syndromes,
while the needle and dispersal regime traits could react to fire
directly. For example, needle traits (e.g., needle number per fas-
cicle, needle length, and density) may affect flammability (58),
whereas wind-dispersed seeds increase dispersal and colonization
ability (18). Although this inference needs more evidence, clearly
fire has acted as a powerful selective force on evolution of both
reproductive and vegetative traits of pines and, thus, on pine
speciation and adaptation.

Moreover, fire regimes varied greatly in different continents.
In both the New World (especially the North American South-
west and Southeast) and the Old World (Mediterranean Basin),
more species adapted to intense fire since the early Miocene,
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likely suggesting increasingly flammable environments there.
This view is reinforced by the Miocene evolution of grassland
and/or Mediterranean-type ecosystems in these regions (54, 59).
In contrast, in East Asia, more fire-avoider species evolved from
their fire-adaptive ancestors (SI Appendix, Fig. S10), indicating
an environment with less fire activity. This difference could be
attributed to the establishment of the East Asian monsoon.
Associated with the uplift of the Qinghai-Tibetan Plateau, East
Asia progressively transitioned from a zonal climate pattern to a
monsoon-dominated pattern arguably beginning at the late Oli-
gocene to the early Miocene, about 25 to 22 Ma (60). This cli-
mate transition might have led to three independent rate shifts of
niche evolution associated with the diversification of East Asian
five-needle pines as well as the divergences of East Asian Pinus
taiwanensis/Pinus hwangshanensis and Southeast Asian P. mer-
kusii/P. latteri, respectively (SI Appendix, Figs. S19-S22). This
monsoon system has deeply impacted the East Asian biodiversity
and vegetation composition, which might have further affected
the fire regime. Different fire regimes in the New World and
East Asia probably could explain why Pinus reaches its greatest
diversity in Mexico and the United States and not in Southwest
China, where most of the diversity in the remainder of the pine
family is concentrated (61).

Materials and Methods

Sampling, Transcriptome Sequencing, and Data Processing. A total of 255 ac-
cessions representing 112 species of Pinus were included (Dataset S1). Among
them, 234 transcriptomes from 107 species were newly generated, and the
remaining data were retrieved from the National Center for Biotechnology
Information (NCBI). The raw sequencing reads are deposited in the Sequence
Read Archive of GenBank (Dataset S1). Cathaya argyrophylla and three spru-
ces, Picea abies, Picea breweriana, and Picea smithiana, were used as out-
groups based on the close relationships of the two genera with Pinus (62).

Total RNA was extracted from haploid megametophytes or young leaves
with RNAprep Pure Plant Kit (Tiangen). The complementary DNA libraries
were prepared using NEBNext Ultra Directional RNA Library Prep Kit for
Illumina and used for paired-end sequencing of a 2 x 100 bp run with an
Illumina HiSeq 2500 device. Raw reads were checked with FastQC (v.0.11.5)
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), trimmed us-
ing Trimmomatic (v.0.36) (63), and then assembled using Trinity (v.20140717)
(64). Redundant transcripts were removed by CD-HIT (v.4.6.5) (65, 66). Pu-
tative CDSs were predicted using TransDecoder_r20140704 (https:/github.
com/TransDecoder/TransDecoder/releases), and the isoform encoding the
longest peptide was selected as unigene.

Phylogenetic Analyses. HaMStR (v.13.2.6) (67) was used to search for single-
copy OGs for phylogenetic analyses. After a series of rigorous analyses (S/
Appendix, Additional Methods), we finally obtained 1,662 OGs, each of
which had a length longer than 100 aligned amino acids and covered at least
110 species. Phylogenomic analyses were performed based on two datasets,
that is, CDS and CDS (first + second) of 1,662 OGs, using both concatenation
and coalescence methods. For the concatenation analysis, the OGs were con-
catenated by FASconCAT-G (v.1.04) (68) and used for the maximum likelihood
(ML) analysis by IQ-TREE v.2.0-rc1 (69). Branch supports were generated with
1,000 UFBoot replicates (70). For the coalescent analyses, to improve the ac-
curacy of individual gene trees, the sequences with gap characters more than
60% were removed from each OG (71), and then individual gene trees were
generated by IQ-TREE v.2.0-rc1 (69) with 1,000 UFBoot replicates (70) under
the best substitution model (72). We also contracted branches with very low
support (below 10% UFBoot support) from each gene tree to improve the
accuracy (73, 74). Based on these individual gene trees, we estimated the
species tree in ASTRAL (v.5.7.3) (74) with LPP (75).

Divergence Time Estimation. The concatenated CDS dataset and corre-
sponding ML tree were used for dating analysis. We used four fossils for the
calibration (more details in SI Appendix, Additional Methods). To test the
influence of Pinuxylon sp. (76). on divergence time estimates, we also con-
ducted the analysis by excluding this fossil. Considering that Saladin et al.
(23) used 12 to 21 fossils (different between the ND and FBD methods) as
calibration points to estimate the divergence times of Pinus, we used the 16
fossils following their study with the ND method to calibrate our phylogeny
(MCMCTree cannot perform FBD analysis) (S/ Appendix, Table S1).
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We estimated divergence times using the MCMCTree program in PAML
4.9j (77). The approximate likelihood method was conducted to speed up the
likelihood calculation for large datasets (78). The time unit was set to 100
Ma, and a maximum bound for the root was set to 153 Ma based on the
oldest fossil of Pinaceae (79). For the minimum and maximum bounds of all
calibration points, the default 2.5% tail probability was used. The ML esti-
mates of branch lengths, the gradient vector, and Hessian matrix were cal-
culated using MCMCTree and BASEML (in PAML) programs under the GTR+G
substitution models (model = 7). The overall substitution rate (rgene_-
gamma) and rate-drift parameter (sigma2_gamma) were set as G (1, 33.8)
and G (1, 10), respectively. The independent rates model (80) was used to
specify the prior of rates, while the posterior times were estimated by using
a MCMC algorithm in the MCMCTree program. Two independent MCMC
runs were conducted. Each run discarded the first 10 million iterations as
burn-in and then sampled every 500 iterations until it gathered 20,000
samples. The stationary state and convergence of each run were checked in
Tracer (v.1.7.1) (81) to ensure that all parameters had effective sample sizes
(ESS) above 200.

Ancestral Range Estimation. To trace the biogeographic history of Pinus, an
ancestral range estimation was conducted by BioGeoBEARS (v.1.1.2) (82, 83)
implemented in R (v.3.6.2) (84). The time-calibrated phylogenetic tree was
obtained from PAML 4.9j (77), and outgroups were excluded due to the
relict distribution of Cathaya. Six geographical regions were defined based
on the study of Badik, Jahner, and Wilson (16), climatic and tectonic histories
of continents, and extant distribution patterns of Pinus, including A (western
North America), B (eastern North America), C (Mexico, Central America, and
Caribbean), D (northern Eurasia), E (Mediterranean Basin, extending to
western Asia), and F (eastern Asia, including eastern and southern Asia, from
the southernmost of Northeast Asia to Southeast Asia and extending
westward along the Himalayas) (Dataset S2). We tested all six models pro-
vided by BioGeoBEARS, including a likelihood version of DIVA (“DIVALIKE"),
LAGRANGE’s DEC model, and BAYAREA as well as “+J” versions of these
models, which consider founder-event speciation (82). The maximum num-
ber of areas was set to four. AlCc was used for a posteriori test of models. To
estimate the number and type of biogeographical events, we also carried
out BSM implemented in BioGeoBEARS. Event frequencies were estimated
by taking the mean and SD of event counts from 50 BSMs.

Collection of Species Distribution Data and Environmental Variables. The dis-
tribution data of global pine species were collected from literatures (4, 85),
online databases (the global biodiversity information facility, https:/Awww.
gbif.org/), herbaria (PE, HAST, K, and TAI), and our field work. These data-
sets were carefully assessed, and some erroneous records (i.e., occurrences in
the oceans, ice sheets, and deserts), duplicates, and cultivation records were
removed. Finally, a total of 7,725 unique distribution records from 113
species, including 109 species that correspond to those in the phylogenetic
analysis (except Pinus discolor, Pinus georginae, and Pinus washoensis) and
other four species (Pinus amamiana, Pinus cubensis, Pinus occidentalis, and
Pinus tropicalis), were used in this study (Dataset S3).

We collected 31 environmental variables (Dataset S3), including 19 bio-
climatic variables and one topographical layer (elevation) (https:/www.
worldclim.org/data/worldclim21.html) (86), seven soil variables within 30 cm
of soil horizon, and two landcover classes (https:/swww.earthenv.org/landcover)
(87) as well as annual potential evapotranspiration and aridity index (https:/
cgiarcsi.community). The bioclimatic and topographical variables are at a res-
olution of 2.5 arc minutes, and the others are at a resolution of 30 arc seconds.
Mean values of the variables for each species were used in the subsequent
evolutionary rate estimation.

Ancestral State Reconstruction of Morphological Traits and Fire Syndromes.
Three important morphological characters related to the adaptation of
Pinus, including the number of needles per fascicle (one to seven), seed wing
(wingless, adnate, and articulate), and seed dispersal regime (wind, animal,
and wind and animal) (Dataset S2), were analyzed in this study. Fire is an
important disturbance factor that has generally favored Pinus throughout
its natural range in the Northern Hemisphere (88). Rowe (89) divided the
response of plants to fire into five strategies and, with the exception of
invader, the other four exist in Pinus (16, 88), including avoider (species
without any adaptation to fire), resister (species with adaptation to low-
intensity surface fires by thick bark and lower branch shedding), endurer
(species that survive fires through resprouting), and evader (adults are killed
during high-intensity crown fires, but seeds are stored in either the soil or
the canopy with the trait of serotiny and released after fire disturbance).
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Mesquite (v. 3.61) (90) was used to reconstruct the evolutionary histories of
the morphological traits and fire syndromes.

Macroevolutionary Rate Estimation. Diversification rates were estimated with
BAMM (v.2.5.0) (31), which uses a reversible-jump MCMC to sample a large
number of possible diversification regimes from a given time-calibrated
phylogeny. We ran the BAMM analysis using the time-calibrated phylog-
eny without outgroups obtained from the MCMCTree analysis in PAML 4.9j
(77). The MCMC was run for two million generations and sampled every
1,000 generations. Prior values were selected using the “setBAMMpriors”
function. Postrun analysis and visualization used the R package BAMMtools
(v.2.17) (91) in R (v.3.6.2) (84). The initial 25% of samples of the MCMC run
were discarded as burn-in, and the remaining data were assessed for con-
vergence using CODA package (92) in R (v.3.6.2) (84) to ensure that the ESS
values are above 200.

To estimate evolutionary rates of niche and phenotypic traits in Pinus, we
firstly ordinated all environmental variables and phenotypic data using
phylogenetic principal component analysis (PCA) implemented in phytools
(v.0.7-70) package (93) with the “phyl.pca” function. Then, we conducted
complementary runs using the BAMM trait model on the first axis of the
phylogenetic PCA of niche and phenotypic traits data. For niche lability, we
ran the analysis for 10 million generations with a 25% burn-in based on the
time-calibrated tree obtained from the MCMCTree analysis. For lability in
phenotypic traits, we ran the analysis for 200 million generations with a 50%
burn-in. Other settings followed those in the diversification analysis.

To explore the effects of global paleotemperature on pine diversification,
we also used RPANDA (v.1.9) (32) to fit a series of time- and temperature-
dependent likelihood diversification models (S/ Appendix, Tables S6 and S7).
The global paleotemperature data set was obtained from ref. 94. Speciation
and extinction dependences were modeled as all possible combinations of
constant, linear, and exponential relationships as well as pure-birth models.
We compared the likelihood supports, and the model with the smallest AlCc
value was chosen as the best diversification model.

Detection of Phylogenetic Signals of Niche and Phenotypic Traits. Blomberg's K
(95) and Pagel’s A (96) are two measures of phylogenetic signals. We esti-
mated both for the niche and phenotypic traits of pines using “phylosig”
function in the phytools (v.0.7-70) package (93).

Analyses of Global Patterns of Pine Species Diversity and Mean Divergence
Times. To mitigate the effects of area on diversity estimation and poten-
tial sampling incompleteness, we projected Behrmann Equal-Area Cylindrical
for the entire land of the world and divided the land area into grid cells of
100 km x 100 km. The global distribution dataset above was spatially
matched to the grid cells in ArcGIS 10.6, and then the species richness within
each grid cell was calculated. To study the global pattern of the divergence
times of pines, we extracted the divergence time of each species estimated
by molecular dating and calculated the mean divergence time within each
grid cell of 100 km x 100 km (Dataset S4).

The Impact of Environmental Variables on the Global Pattern of Pine Species
Diversity. To explore the underlying driving forces of the distribution pattern
of pine species diversity, all 31 environmental variables were extracted as
mean values within each 100 km x 100 km grid cell (Dataset S4). To reduce
collinearity among variables, the initial set of 31 environmental variables
was finally reduced to 13 variables with weak pairwise correlation (|r| < 0.7),
including five bioclimatic variables (BIO1, annual mean temperature; BIO2,
mean diurnal range; BIO8, mean temperature of wettest quarter; BIO15,
precipitation seasonality; and BIO16, precipitation of wettest quarter), one
topographical variable (elevation range), five soil variables (phh2o, soil pH;
cfvo, volumetric fraction of coarse fragments; clay, proportion of clay par-
ticles; silt, proportion of silt particles; and cec, cation exchange capacity), and
two landcover variables (consensus1, evergreen/deciduous needleleaf trees
and consensus4, mixed/other trees) (S Appendix, Table S10).

Multiple regression models (ordinary least squares) and spatial simulta-
neous autoregressive models were built for the global pines and for the two
subgenera (Pinus and Strobus) and six biogeographic regions of Pinus, with
pine species richness as the response variable and 13 environmental vari-
ables as predictors (SI Appendix, Table S10). Additional details of the
methods are available in S/ Appendix, Additional Methodss.

Data Availability. Transcriptome data have been deposited in the NCBI da-
tabase under BioProject accession no. PRINA703422. Alignments, phyloge-
netic trees, and other files generated during analyses have been deposited
at Dryad (https://doi.org/10.5061/dryad.pc866t1nq) (98).
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