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Across the globe, tree species are under high anthropogenic pressure. Risks of
extinction are notably more severe for species with restricted ranges and
distinct evolutionary histories. Here, we use a global dataset covering 41,835
species (65.1% of known tree species) to assess the spatial pattern of tree
species’ phylogenetic endemism, its macroecological drivers, and how future
pressures may affect the conservation status of the identified hotspots. We
found that low-to-mid latitudes host most endemism hotspots, with current
climate being the strongest driver, and climatic stability across thousands to
millions of years back in time as a major co-determinant. These hotspots are
mostly located outside of protected areas and face relatively high land-use
change and future climate change pressure. Our study highlights the risk from
climate change for tree diversity and the necessity to strengthen conservation
and restoration actions in global hotspots of phylogenetic endemism for trees
to avoid major future losses of tree diversity.

Trees are pivotal to the biosphere and human well-being, e.g., via
carbon sequestration and habitat provision for plants and animals'™.
However, globally, the majority of tree species are under pressure
from anthropogenic activities®’, notably habitat conversion and loss,
overexploitation, and biological invasions® ™. Although about half of
the average tree species’ ranges are protected in existing protected
areas, only about a quarter of the range-restricted tree species’ ranges
are protected on average, among which, more than 6000 species’
ranges are entirely outside of existing protected areas’. Due to their
unique ecological and evolutionary characteristics”®, range-restricted

species, or endemics, are often used to guide conservation prioritiza-
tion because of their inherent high risk of extinction**¢,
Geographically rare and evolutionarily irreplaceable lineages have
a relatively high likelihood of possessing unique functional attributes,
thus are crucial for multidimensional (i.e., taxonomic, functional and
phylogenetic) biodiversity, ecosystem function and services™". To
capture the evolutionary rarity within a given area, it has recently been
proposed to quantify the degree to which phylogenetic diversity®" is
restricted to a particular geographic area, i.e., phylogenetic endemism
(PE)***?, In addition to not always exhibiting similar geographic
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patterns to species endemism***, by capturing additional evolu-

tionary information of the biodiversity patterns, PE can be used to
distinguish whether taxa are ancient or recently diverged, i.e., paleo- or
neo-endemism, based on an approach called categorical analysis of
neo- and paleo-endemism (CANAPE)**. Specifically, areas of paleo-
endemism represent potential biodiversity centers that harbour
lineages, which diverged or immigrated relatively deep into the past,
but became extinct elsewhere while persisting within these regions. In
contrast, neo-endemism characterizes biodiversity centers where
recently diverged lineages are concentrated'®”*”. For instance,
Mesoamerica and the South American Atlantic Forest act as neo-
endemism or paleo-endemism centers for butterflies, respectively®,
while for leaf beetles, tropical forests in general are centers for both
paleo- and neo-endemism, i.e., mixed endemism centers?”. Overall,
areas with high PE, whether paleo- or neo-endemism centers, are
important to consider in conservation planning”*, Paleo- and neo-
endemism centers have been studied for well-examined major
organism groups such as vertebrates®, as well as narrower taxonomic
groups of certain special interest within trees, e.g., Australian
eucalypts® and acacias®. However, so far, the global occurrence of
paleo- and neo-endemism centers for tree species overall remain
poorly known™.

Previous studies have emphasized the importance of current cli-
mate conditions as critical determinants of species diversity and
endemism (e.g.,” **). However, current patterns of biodiversity may
also reflect legacies of past climates that influenced speciation,
extinction, and dispersal***°, and thereby left imprints on PE¥*, Over
geological time scales, Earth’s climate has undergone dramatical
changes®, such as cooling or warming trends and episodes, including
major climatic transitions that have coincided with global ecosystem
shifts***¢. Regions characterized by long-term climatic stability over
geological time scales have played a substantial role in driving high
rates of speciation and low rates of extinction****. These conditions, in
turn, increase the likelihood of immigration, resulting in higher levels
of PE and the presence of either paleo-endemism or neo-endemism
centers”?**0¥4748 Conversely, regions that have experienced pro-
nounced climate oscillations, such as those occurring during glacial-
interglacial cycles, are expected to exhibit both high speciation and
extinction rates*. This dynamic leads to substantial species turnover,
and reduced chance for immigration, thereby could contribute to the
formation of neo-endemism centers®**”*4474%5°_ Up to now, an explicit
test of these hypotheses for global tree PE centers is missing, limiting
our understanding of the vulnerability of tree PE hotspots, areas of
long-term importance for tree survival and diversification, to current
human”' and future climate change threats’*, and our ability to
develop efficient conservation planning.

Here, we use a recently compiled global tree distribution
dataset™, covering 41,835 species or 65.1% of the known tree species
globally”, to map tree PE and explore its macroecological drivers, its
conservation status, and exposure to future pressures. We analysed
the relative roles of present climate conditions and past climate
variability at various time scales in shaping global tree PE patterns. To
assess the potential effects of paleoclimatic change on PE, we exam-
ined the relative importance of two paleoclimatic time frames while
accounting for a broad range of likely contemporary drivers, such as
current climate and topography (Table S1). Specifically, we explored
the influence of paleoclimate of the late Cenozoic - the time period
where current species diversity in large part originated®***~° via cli-
mate estimates for two epochs: the warm and humid late Miocene, ca.
11.63 - 7.25 Mya; and the cold and dry Pleistocene glaciations (repre-
sented by the Last Glacial Maximum, LGM - 21 kya) (Table S2, Figs. S1
and S2). A link between hotspots of PE (i.e., areas with high PE) and
long-term climate variability would support that tree diversity can be
expected to be sensitive to future climate change, if the stability in
these hotspots is not maintained. In addition, we investigated how

current human activity intensity and future climate change (Figs. S1
and S2) impact tree PE hotspots, where human activity intensity was
represented via the Human Modification Index, a cumulative spatial
layer integrating 13 different types of human activities, such as human
population density, pathways, and croplands®.. Finally, we determined
how well tree PE hotspots are covered by the existing protected areas
as well as three tree-specific diversity conservation prioritization
frameworks’, i.e., the top 17%, top 30%, and top 50% tree diversity
priority areas, which were developed by prioritizing multiple-
dimensional (i.e., taxonomic, phylogenetic, and functional dimen-
sions) tree diversity globally’. Each of the top 17%, top 30%, and top
50% priority areas corresponds to the Convention on Biological
Diversity (CBD) 2020 protected areas target, the COP15 30x30 target
agreed by 188 governments on 19 December 2022, aiming to conserve
at least 30% of Earth’s surface by 2030, and the Half-Earth target®, a
global goal in the 2050 Vision for Biodiversity agreed at COP15.

In this work, we reveal that regions with high phylogenetic
endemism among tree species are primarily located at low-to-mid
latitudes, and these endemism hotspots are not only linked to cur-
rent environmental conditions, but also associated with regions
characterized by long-term climate stability. We show that these
hotspots currently receive insufficient protection from existing
protected areas and are already under significant human pressure,
while also facing substantial risks from impending climate change.
These results highlight the urgency of an ambitious expansion of
global protected areas to mitigate these rising risks and enhance
overall conservation efforts for safeguarding the diversity of tree
species worldwide.

Results

Global patterns of tree phylogenetic endemism and rarity
hotspots

Angiosperm trees (broadleaved trees) and gymnosperm trees (mostly
conifers) exhibit distinct spatial PE patterns, besides New Guinea and
New Caledonia, where PE is high for both groups (Fig. 1 and S3). High
angiosperm PE mainly occurs in Central America, northern Andes, the
east coast of Madagascar, southwestern China, and northern Borneo
and Peninsula Malaysia (Fig. 1a). In contrast, high gymnosperm PE
areas occur primarily in southern China, northeastern Borneo, Japan,
Tasmania, and Fiji (Fig. 1b).

About 24.3% of angiosperm (1508 of 6198) and 12.0% of gym-
nosperm (145 of 1200) distribution grid cells (at a 110 x110 km reso-
lution) were identified as PE hotspots, i.e., centers of neo-, paleo-, and
mixed PE (Fig. 2). Within the 24.3% PE hotspots for angiosperm trees,
22.9% (1419 cells) are mixed centers with both neo- and paleo-ende-
mics, distributed in the Andean region of South America, Africa, South
Asia, and Australia. Angiosperm centers for only neo- or only paleo-
endemism are relatively rare—0.8% (49 cells) and 0.7% (40 cells),
respectively, and mostly scattered around the mixed-endemism cen-
ters (Fig. 2a). The same is true for gymnosperms. For gymnosperms,
centers of only paleo-endemism account for just 0.7% (8 cells) of
gymnosperm global distribution, mainly occurring in southeastern
China. Sites dominated by neo-endemism, accounting for 1.2% (14
cells) of the gymnosperm global distribution, are scattered in the
mountainous areas of southwestern China (Fig. 2b). Mixed-endemism
gymnosperm centers are more frequent (10.3%, 123 cells) and occur
predominantly in southern China, Japan, northern Borneo, Papua New
Guinea, the east coast of Australia, and New Zealand. In total, 128 grid
cells of PE hotspots are shared by angiosperm and gymnosperm spe-
cies, consisting each of 8.5% and 88.3% of angiosperm and gymnos-
perm endemism hotspots (Fig. 2c, d), i.e., gymnosperm endemism
hotspots are mostly also angiosperm PE hotspots, but not vice versa.
The shared hotspots are located in Southeast Asia, southwest moun-
tainous areas of China, northern Borneo, Papua New Guinea, the east
coast of Australia, and New Zealand (Fig. 2c). Globally, 20.8% of grid
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Fig. 1| Observed phylogenetic endemism for global tree species. (a) angiosperm and (b) gymnosperm trees. Pictograms courtesy of PhyloPic (www.phylopic.org):

(a) Tracy A. Heath; (b) T. Michael Keesey.

cells (with more than five tree species) were detected as PE hotspots
for angiosperms, gymnosperms, or both (Fig. 2c, d).

Drivers of global tree phylogenetic endemism and rarity
hotspots

Accounting for spatial autocorrelation, simultaneous autoregressive
models (SARs) explained more than 90% (angiosperm) or 84% (gym-
nosperm) of the variation in PE (Tables S3 and S4). Present-day annual
precipitation (AP) emerged as a dominant factor, with either the
strongest or the second strongest standardized effect, with a positive
relation to PE for both gymnosperms and angiosperms (Fig. 3a, b).
However, present-day mean annual temperature (MAT) had an even
stronger, positive association with PE in the case of angiosperms.
Furthermore, the elevation range also has consistent positive

associations with PE for both angiosperms and gymnosperms. With
respect to the paleoclimatic variables, LGM AP and MAT anomalies
(i.e., LGM AP/MAT minus present AP/MAT) showed consistent positive
relations to PE for both groups, indicating that high PE is associated to
relatively warm and wet LGM conditions. Both Miocene anomalies
show no relation to gymnosperm PE. On the other hand, Miocene MAT
and AP anomaly exhibited positive and negative associations with
angiosperm PE, respectively, indicating warmer regions with less pre-
cipitation during the Miocene than at present have higher angios-
perm PE.

Comparing the combined endemism hotspots (i.e., neo-, paleo-,
and mixed endemism centers, as shown in Fig. 2a, b) to non-hotspots
(not significant regions in Fig. 2a, b), both angiosperm (Fig. 3c) and
gymnosperm (Fig. 3d) hotspots exhibited greater elevation ranges,
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Fig. 2 | Global distribution of tree endemism types. (a) angiosperm, (b) gym-
nosperm trees, and (c) their overlap. Centers of neo-endemism (Neo, i.e., con-
centrations of rare short branches), paleo-endemism (Paleo, i.e., concentrations of
rare long branches), and mixed neo- and paleo-endemism (Mixed) were identified
using a randomization analysis [categorical analysis of neo- and paleo-endemism
(CANAPE)] conducted separately for angiosperm and gymnosperm trees. (d) Venn
diagram showing the area and percentage overlap of the significant endemism

regions (i.e., hotspot, including centers of either neo-endemism, paleo-endemism,
or mixed neo- and paleo-endemism) between angiosperm and gymnosperm trees.
Numbers are sum of the hotspot cells, and the percentages in brackets correspond
to the percentages of non-overlapping cells in each of the angiosperm and gym-
nosperm hotspots. Pictograms courtesy of PhyloPic (www.phylopic.org): (a) Tracy
A. Heath; (b) T. Michael Keesey.
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Fig. 3 | Determinants of global tree phylogenetic endemism. (a) angiosperm and
(b) gymnosperm trees. Error bars represent estimates (standardized slopes) and
95% confidence intervals (C.L.s) which were obtained from the best spatial auto-
regressive models. Grey indicates non-significant estimates, i.e., their 95% C.Ls
overlapping with zero. Results from non-spatial linear regression analyses are
presented in Fig. S4. (c) and (d) represent significance tests between endemism
hotspots (i.e., combined neo-, paleo-, and mixed endemism centers in Fig. 2a, b,
n=1536 & 151 for angiosperms and gymnosperms, respectively) and non-hotspots

(not significant regions in Fig. 2a, b, n=5820 & 1341 for angiosperms and gym-
nosperms, respectively) for each of the environmental variables. Significance tests
were carried out using the two-sample Fisher-Pitman permutation test (100,000
permutations, *** represents p < 0.001; ** represents p < 0.01; ns, not significant).
Black line in each subplot represents the mean value of the group, and the dashed
line is the mean for the two groups combined. LGM Last Glacial Maximum, MAT
mean annual temperature, AP annual precipitation. Pictograms courtesy of Phy-
loPic (www.phylopic.org): (a) Tracy A. Heath; (b) T. Michael Keesey.

Nature Communications | (2023)14:6950


http://www.phylopic.org

Article

https://doi.org/10.1038/s41467-023-42671-y

higher MAT and AP, and less anomalies in seven out of the eight
paleoclimatic variables (p<0.001, Fisher-Pitman permutation test).
These findings suggested that these hotspot areas tend to have
experienced lower climatic variability over geological time. Further-
more, the three types of hotspots presented varied patterns across the
seven tested variables (Figs. S5 and S6). The mixed- and pure paleo-
endemism hotspots showed greater likeness to each other, and gen-
erally resembled the patterns observed in the combined hotspots
(Fig. 3¢, d ¢f. Figs. S5 and S6). Despite sharing many similarities with the
other hotspot types when compared to non-hotspots, pure neo-
endemism hotspots also contained distinct environmental features.
They tended to have smaller MAT, AP, and colder LGM MAT, and
higher Miocene AP (for angiosperms) in comparison to other hotspot
types (p <0.05), suggesting that neo-endemism hotspots represent
areas with relatively unstable climates in the past compared to the
other types of PE hotspots. In addition, for gymnosperms, neo-
endemism centers demonstrated the lowest MAT, aligning with the
facts that most gymnosperm trees are conifers and that conifer
diversity tends to peak at mid- rather than low latitudes (Fig. S6a, g).

Human and future climate threats to tree phylogenetic ende-
mism hotspots

Phylogenetic endemism hotspots are exposed to more pronounced
anthropogenic pressures than other areas: these hotspots generally
have higher levels of human modification (HMI) values than nonhot-
spots regions, with gymnosperm-only hotspots being particularly
affected (p < 0.001, Fisher-Pitman permutation test; Fig. 4a). Further-
more, angiosperm-only hotspots are forecasted to be exposed to
substantially higher levels of warming (p <0.001) than all the other
three groups, which show no significant differences (Fig. 4b). Addi-
tionally, both the separate and joint angiosperm-gymnosperm tree
endemism hotspots are anticipated to experience greater future
increases in rainfall than non-hotspots (p < 0.001, Fig. 4c¢).

Current and future protection status of tree phylogenetic
endemism hotspots

Existing protected areas have limited protection capacity to tree
phylogenetic endemism hotspots. Only 7.4% and 8.7% of angiosperm-
only and joint PE hotspots are located in grid cells with existing pro-
tected areas (Fig. 5). In addition, no gymnosperm-only hotspots are
protected by existing protected areas. Implementing the three con-
servation prioritization frameworks for tree species diversity’ would
strongly enhance the protection level for all PE hotspots (Fig. 5). By
focusing conservation efforts on the top 17% priority areas, substantial
increases in protection percentages can be achieved. Specifically, the
protection percentage would increase to 67.9%, 36.0%, and 78.6% PE
hotspots for angiosperm-only, gymnosperm-only, and joint hotspots
encompassing both angiosperm and gymnosperm, respectively.
Expanding the conservation scope to include the top 30% priority
areas would result in greater protection percentages: 90.4%, 68%, and
92.1% PE hotspots for angiosperm-only, gymnosperm-only, and joint
hotspots, respectively. Notably, by safeguarding the top 50% priority
areas, these hotspots would be almost entirely protected (=96%;
Fig. 5). Meanwhile, these priority frameworks would strongly increase
the protection status of non-hotspot areas from 6.1% (existing pro-
tected areas) to 60.9% (top 50% priority areas) as well.

Discussion

Using global distributions of over 41,000 tree species, we found that
high phylogenetic endemism (PE) levels in low- and mid-latitude
regions, with these mainly caused by angiosperm species (Fig. 1a).
Gymnosperms have high PE in more restricted areas, especially at mid-
latitudes plus in the Indo-Malayan-Australasian area (e.g., New Guinea,
Tasmania, Japan, and southern China). Both angiosperm and gym-
nosperm phylogenetic endemism hotspots are associated not only to

(a) Human modification index
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a b b b
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b b a c
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Human modification index
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(3]
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-5

Mean annual temperature (°C)
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Annual precipitation (mm)

=1000-

Joint Non—hbtspot

Fig. 4 | Human threats and future climate change pressure for tree phyloge-
netic endemic hotspots. Comparisons of (a) current human threats, (b) future
(2070) mean annual temperature (MAT) anomaly (i.e., future MAT minus present
MAT), and (c) future (2070) annual precipitation (AP) anomaly for unique phylo-
genetic endemism hotspots (i.e., centers of neo-, paleo-, and mixed endemism in
Fig. 2c) for angiosperms (n =1410) and gymnosperms (n = 25) separately, joint
hotspots for the two groups (n =126), and non-hotspots (not significant regions in
Fig. 2c, n=15945). Significance tests were carried out using the K-sample Fisher-
Pitman permutation test (100,000 permutations) and the method “Tukey” for the
multiple post-hoc tests. Different letters indicate significant differences among
groups (p < 0.05 at least). MAT mean annual temperature, AP annual precipitation.

current environmental conditions, but also to long-term climate sta-
bility. In addition, tree phylogenetic endemism hotspots are subject to
relatively high anthropogenetic and future climate change pressure,
and poorly protected. Expanding of global protected areas ambi-
tiously based on the tree diversity conservation prioritization
framework” would greatly increase their protection level.

The positive associations between current mean annual tem-
perature, annual precipitation and elevation range and angiosperm
tree PE (Fig. 3a, b) and significantly elevated temperature, precipita-
tion, and elevation range for PE hotspots (Fig. 3c, d) reflect that high PE
regions primarily exist in the mountainous tropics (Figs. 1 and 2). The
relatively stable environment there, as indicated by the anomaly vari-
ables presented in Figs. 3c, d, S5 and Sé6, likely have resulted in low
extinction rates, leading the tropics both species diversifying®*® and
persistence centers of tree species, as shown by the presence of large
areas of both paleo- and mixed-endemism hotspots (Fig. 2), that is, a
combination of ancient lineages that have persisted through time and
recently diverging lineages®**"*%*%¢°, Furthermore, our findings indi-
cate that neo-endemism centers are located in regions experiencing
moderate environmental changes, with significantly higher Miocene
AP and lower LGM MAT levels compared to the other PE centers,
supporting the hypothesis that moderate environmental instability
may promote recent specification®*****_ In line with the high
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Fig. 5 | Protection status of tree phylogenetic endemism hotspots and non-
hotspots. The grouped bars and the numbers above represent the protected
percentage of phylogenetic endemism hotspots (i.e., centers of neo-, paleo-, and
mixed endemism) for angiosperm-only, gymnosperm-only, hotspots for both (joint
hotspots), and non-hotspots (not significant regions in Fig. 2c) by existing pro-
tected areas, prioritized conservation areas for 17% of Earth’s surface target (Top
17% priority areas), the COP15 30x30 target (Top 30% priority areas) and Half-Earth
target (Top 50% priority areas), respectively.

proportion of gymnosperm hotspots (128 of 145 cells, or 88.3%)
overlapping with angiosperm hotspots (Fig. 2d), the estimated links to
the tested environmental variables for gymnosperms are similar to
those for angiosperms. In summary, our findings provide support that
paleoclimatic change, in conjunction with the current climate, have
played a crucial role in shaping both tree PE and the distribution of PE
hotspots on a global scale. Importantly, these relations are not solely
limited to the Pleistocene glaciations, but extend to deeper time scales
(in line with®**%), emphasizing the complex interplay between past and
present climatic conditions in shaping the current patterns of
biodiversity.

In agreement with studies on other organisms'®?>?»48¢L our
study revealed that mixed-endemism centers constituted the pre-
dominant type of endemism hotspots for both angiosperm (94.1%) and
gymnosperm (84.9%) trees. The notable overrepresentation of the
mixed-endemism centers reinforces the critical role of stable envir-
onments over long periods in both the preservation of ancient lineages
and the diversification of new lineages®>*’*%, For example, the rela-
tively high gymnosperm PE observed in Chile and Tasmania, both of
which are mixed-endemism hotspots, offers additional support for the
explanation mentioned above. In Chile, the unique environmental
conditions, including the diverse range of habitats and the presence of
ancient mountain ranges, have likely contributed to the high levels of
gymnosperm PE®>%, Similarly, Tasmania’s complex topography and
relatively stable climate across the late Cenozoic may have fostered the
evolution and persistence of gymnosperm lineages*®***, These find-
ings underline the importance of long-term environmental stability in
facilitating the coexistence of diverse and evolutionary distinct linea-
ges within these hotspot regions.

Generally, tree PE hotspots face higher levels of threat from
human pressures than the non-hotspots (Fig. 4a), although both hot-
spots and non-hotspots alike receive inadequate protection from the
existing protected areas (Fig. 5). Notably, gymnosperm-only hotspots
are entirely situated outside of existing protected areas and experi-
ence relatively higher levels of human pressures than the other two
types of hotspots. These are consistent with previous findings that tree
species, particularly those with narrow ranges, are significantly
impacted by high levels of human pressure’, including habitat loss,
degradation, and deforestation®**®, The alignment strengthens the

evidence for the urgent need to address these human-induced threats
and prioritize conservation efforts in tree PE hotspots. It highlights the
importance of understanding the specific pressures faced by narrow-
ranged tree species (i.e., endemics) and implementing targeted con-
servation measures to mitigate their impacts, such as the above-
mentioned Chile and Tasmania, among the others.

Angiosperm-only PE hotspots or all types of tree PE hotspots will
be exposed to either higher temperature or rainfall increases in the
future than non-hotspots, respectively. Although increased pre-
cipitation may partly alleviate rising warming and associated eva-
porative demand, they may nevertheless drive changes in vegetation
structure and habitat suitability, and the magnitude and rapidity of
changes expected within a relatively short timeframe (less than 50
years) in itself poses a risk to the PE hotspots®’, even if all of the
identified hotspots are effectively conserved under the prioritized
conservation framework that covers the top 50% priority areas.
Hence, the potential adverse effects of climate change, featured by
altered precipitation regimes and temperatures, intertwined with the
ongoing and increasing human activities that result in shifts in
habitat suitability, collectively pose important threats to the long-
term persistence and ecological functioning of these unique eco-
systems. This highlights the need to ensure protected areas are
effectively implemented as well as to consider additional actions to
help safeguard the hotspots’ small-range species representing mil-
lions of years of unique evolutionary history, e.g. assisted
colonization’®” or ex-situ conservation””,

The identified tree spatial PE hotspots were analogous to those
found for other taxonomic groups using the CANAPE approach, e.g.,
global land vertebrates® and Neotropical snakes'®. The congruence of
PE hotpots between tree species and other organisms is likely in part
reflect the fundamental functions that trees provide, particularly
creating suitable habitats for other organisms>”7’>’*, In addition, the
same environmental factors could also shape the similar PE patterns
between different organisms in the same region, e.g., as also seen
between subsets of trees such as Australian eucalypts®’ and acacias®.
The similarity in PE hotspots for trees to those for other taxonomic
groups indicate the utility of tree-targeted protection activities to
preserve much of biodiversity and entire ecosystems in many settings
(Fig. 5)’, albeit likely less so in drier and colder biomes, where trees are
less diverse or play less important ecological roles.

Improving our understanding of where the phylogenetic rarity of
trees is concentrated, how much land use pressure these phylogenetic
endemism hotspots are exposed to, and whether they will be main-
tained under future climate changes is indispensable for efficient
conservation of Earth’s tree species. We addressed these questions
using a comprehensive occurrence dataset and phylogenetic data on
41,835 tree species. Globally, high phylogenetic endemism of tree
species occurs mainly at low-to-mid latitudes and significantly asso-
ciated to areas of long-term climate stability, highlighting that if
anthropogenic warming causes such areas to lose their climatic sta-
bility this would be a major risk. Concerningly, our findings indicate
that these hotspots are particularly exposed to strong changes in cli-
mate anticipated in the coming half-century. Moreover, the phyloge-
netic endemism hotspots are not well covered by existing protected
areas and already face high human pressure at present, showing a
major risk from land-use-driven ecosystem loss and degradation.
Implementing proposed protected area expansion frameworks for
prioritizing conservation efforts of tree species’ high diversity areas
would substantially improve the protection level of not only tree
phylogenetic endemism hotspots, but the ecosystem on a whole given
the essentially equivalent phylogenetic endemism hotspot patterns in
other groups. As these hotspots are of particular importance for bio-
diversity and ecosystem functioning, their effective conservation and
restoration is crucial to reduce the risk to their many endemic species
with high evolutionary uniqueness.
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Methods

Tree species and their range maps

We used the world tree species list” and species range maps compiled
by’**. The world tree species checklist (GlobalTreeSearch, GTS, v.1.6,)
was used to extract the global tree species list for the current study.
Tree species included in the GTS are based on the definition by the
IUCN’s Global Tree Specialist Group (GTSG), i.e., “a woody plant with
usually a single stem growing to a height of at least two meters, or if
multi-stemmed, then at least one vertical stem five centimeters in
diameter at breast height””>. The Taxonomic Name Resolution Service
(TNRS) online tool® was used to remove synonyms and to tax-
onomically standardize the list. The occurrence records of the selected
species were collated from five widely used and publicly accessible
databases, namely: the Global Biodiversity Information Facility (GBIF;
the derived dataset summarizing the used occurrence records from
2070 datasets in GBIF can be viewed and accessed via https://doi.org/
10.15468/dd.4jvnmv), the public domain Botanical Information and
Ecological Network v.3 (BIEN; http://bien.nceas.ucsb.edu/bien/**”’),
the Latin American Seasonally Dry Tropical Forest Floristic Network
(DRYFLOR; http://www.dryflor.info/’®), the RAINBIO database (http://
rainbio.cesab.org/”®), and the Atlas of Living Australia (ALA; http://
www.ala.org.au/). The compiled occurrence data was assessed** and
the high-quality records were then used to generate range maps based
on the alpha hull algorithm® via the Alphahull package® in R (ver.
4.1.1%). We further validated the range maps using three external
independent continental and global datasets*****°°, and our observed
tree diversity pattern fitted well to those obtained from each of the
external datasets’. The estimated range maps of the 41,835 tree species
were rasterized to 110 km equal-area grid cells (-1 degree at the
Equator), a resolution commonly used in global diversity studies (e.g
ref. 91), using the letsR package®. See ref. 7 for detailed information on
the range map estimations and three types of external validations. To
reduce the potential bias of low-species cells, we only used cells with >
five species for further analyses.

Phylogeny

We constructed a dated phylogenetic tree for tree species using the
most comprehensive seed-plant phylogeny (the ALLMB tree’®). This
megatree combines a backbone tree’, which was built using
sequence data from public repositories (GenBank) to reflect deep
relationships, with previous knowledge of phylogenetic relationships
and species names from the Open Tree of Life (Open Tree of Life
synthetic tree release 9.1 and taxonomy version 3, https://tree.
opentreeoflife.org/about/synthesis-release/v9.1). As 5,791 species in
our 54,020 tree species dataset were missing from the megatree,
they were manually added according to its genus or family, a method
widely applied in similar studies”****”, We then pruned the phylo-
geny to contain only species with distribution data (i.e., 41,835).
Although the generated phylogeny contains some polytomies, this is
unlikely to bias the global analyses of phylogenetic patterns here, as
previous study had found that a phylogeny generated by pruning
from a synthesis tree has consistent results in community phyloge-
netic analyses with those based on a purpose-built phylogeny based
on gene sequence data”. As angiosperm and gymnosperm tree
species have remarkably different evolutionary histories and dis-
tributions (Fig. 1 and S3)°¢, we separated them as two independent
groups in the study. Hence, the global tree species phylogeny was
divided into two, one for angiosperm species (n = 41,275) and one for
gymnosperm species (n=560).

Spatial phylogenetic diversity and endemism analyses

We used the BIODIVERSE software (version 3.1.0)”” in R using the
“Biodiverse pipeline” (https://github.com/NunzioKnerr/biodiverse_
pipeline) to perform all the following metric calculations and
randomization tests.

Phylogenetic endemism (PE) was calculated as the sum of phylo-
genetic branch length spanned by species present in each of the 110 x
110 km grid cell, with each branch length divided by the global range
size of its descendant clade®. Here, PE is scaled to represent the pro-
portion of variation within the tree represented by the given taxa in the
grid cell and the total tree length™””. We then calculated relative
phylogenetic endemism (RPE), which is the ratio of PE measured on the
original phylogeny (PEoriginal) and estimated from a comparison phy-
logeny with equally distributed branch lengths (PEequa)”.

We further ran randomization tests to assess grid cells showing
more statistical significance than expected, given the species richness
and range size per grid cell”. The randomization test was achieved by
shuffling the terminals of the phylogeny while retaining species rich-
ness per grid cell and range size. We ran 999 randomization iterations,
and the observed value was compared with the random values. We
assigned grid cells as significantly higher or lower than expected as
being > 97.5% or <2.5% of the random values, respectively (two-tailed
test, a=0.05). All other grid cells were regarded as not significantly
different than expected by chance. Next, PE and RPE were used to
classify grid cells relative to the amount of paleo- and neo-endemics
according to Categorical Analysis of Neo- and Paleo-endemism
(CANAPE analysis)”: paleo-endemism was recorded in cells where
RPE was significantly high while PEgina Was higher than PE.q, in the
97.5% of randomizations; neo-endemism, in contrast, was found in
cells where RPE was relatively high while PEyigina was lower than
PEcqual in the 97.5% of the randomizations; cells were classified as
mixed endemism (mixture of paleo-, and neo-endemism) if RPE was
not significantly high or low while both PEiginai and PEcqa Were sig-
nificantly high (97.5% of the randomizations); and cells with neither
significantly high PEriginai nor PEcqua were classified as not being
endemism centers. Thus, paleo-endemism represented areas with
significantly more range-restricted long branches, while neo-
endemism were areas with substantially more range-restricted short
branches. We then grouped the three endemism types (i.e., paleo-,
neo-, and mixed-endemism) as hotspots and non-endemism as non-
hotspots for each angiosperm and gymnosperm species, then checked
the overlap of PE hotspots between them.

We ran two parallel analyses using a 50 x 50 km resolution and a
220 x 220km resolution to evaluate the sensitivity of our results
(Figs. 7 and S8). However, we only managed to get the gymnosperm
analysis at the 50 x 50 km resolution done, as the angiosperm analysis
at this resolution was over the computation capacity. The results
showed that the spatial endemism hotspots were generally consistent
for the three resolutions, and the area ranking of the four types of
endemism groups were also largely maintained, with only minimal
changes (Fig. 2 cf. Fig. S7 and Fig. S8). Given the disparity in grid cell
numbers between the resolutions, we consider the varying percentage
numbers to be reasonable.

Environmental variables

To detect the potential drivers of global tree phylogenetic endemism,
we compiled a series of environmental variables, including current
climate, paleoclimate, and topographic heterogeneity (Table S1). Cli-
mate, both present-day and paleoclimate, is generally assumed to be a
vital predictor of species distribution and diversity patterns
(e.g., 0839499899 'We included two bioclimatic predictors commonly
used in relevant studies: annual mean temperature (MAT) and annual
precipitation (AP). Current climate variables were extracted from the
CHELSA database (www.chelsa-climate.org) at a resolution of 30 arc-
seconds (-1 km at the Equator)'®, averaging global climate data from
the period 1970-2000. We selected two paleo-time periods spanning
from ca. 11.6-7.2 Mya to ca. 21kya, representing warmer or cooler
climatic conditions compared to the present-day climate. Specifically,
the late Miocene climate (11.61-7.25 Mya) was used to represent the
warmer pre-glacial climate compared to the present day (hereafter
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Miocene)®. The Last Glacial Maximum (LGM, - 21kya) was used to
present the extreme cooling of the Pleistocene glaciations'”’. The LGM
data was extracted from the CHELSA database at a resolution of 30 arc-
seconds'®®. Mean values for all predictors were extracted for each grid
cell at a110 x110 km resolution. The variable extractions and averaging
were carried out in the letsR package’.

In addition to climate, topographic heterogeneity can also affect
plant distributions®**>'°>1% and is considered a universal driver of
biological diversities'**'®. As a proxy of topographic heterogeneity, we
computed the elevation range as the absolute difference between the
maximum and minimum elevation value within each 110 x 110 km grid
cell based on the digital elevation model at 90 m resolution (http://
srtm.csi.cgiar.org/).

Human and future climate threats

We used the human modification index® as a proxy of human activities.
The human modification index was modelled with 13 most recent
global-scale anthropogenic layers (with the median year of 2016) to
account for the spatial extent, intensity, and co-occurrence of human
activities, many of which show high direct or indirect impact on
biodiversity'”’. The index was extracted at 1km?.

We further extracted future climate variables to calculate future
climate anomalies. MAT and AP for 2071-2100 were obtained from the
most-updated CHELSA dataset (V2: CMIP6 model, https://chelsa-
climate.org/cmip6/)'°°. For CHELSA V2: CMIP6 scenarios, there are
only five general circulation models (GCM) available. For each model,
three SSP and GCM combinations were provided, i.e., SSP126, SSP370,
and SSP 585, reflecting different emission scenarios (Table S2). We
downloaded all the 15 scenarios (5 GCMs x 3 SSPs) at a resolution of 30
arc seconds and then aggerated to 110 x 110 km grid cells using either
mean or median values. We then averaged the five GCM models for
each of MAT and AP, and calculated future climate anomaly as the
future MAP/AP minus present MAP/AP. In total, 12 anomaly variables (6
MAT and 6 AP) were obtained. However, as the six MAP /AP anomaly
variables are highly correlated (Fig. S9), we selected SSP370 for each
MAT and AP to obtain the future MAT and AP anomaly (Figs. Sle, f
and S2).

Existing and potential protected areas

The existing protected areas data were extracted from the November
2021 release of the World Database on Protected areas (WDPA) via the
wdpar package'®', Following ref. 7, we extracted the protected areas
from the WDPA database by selecting terrestrial areas belonging to
IUCN protected area categories | to VI and having a status “desig-
nated”, “inscribed”, or “established”, and areas not designated as
UNESCO Man and Biosphere Reserves, and protected areas repre-
sented as points were excluded too. The final extracted protected
areas were then resampled at the 110 x 110 km grid cell level.

The three tree diversity priority areas were obtained from ref. 7.
Using the same dataset here, we considered tree species’ taxonomic,
phylogenetic, and functional diversity simultaneously and applied a
complementary analysis to identify priority tree species diversity areas
for conservation. Specifically, we set three targets of top priority areas:
top 17%, top 30%, and top 50%, representing the CBD 2020 target, the
COP15 30x30 target, and the Half-Earth proposal®®, respectively.

Statistical analyses

To represent the amplitude of the climate changes within each time
scale, we calculated the anomaly for MAT and AP between the two
paleo-time periods and the present-day, i.e., past minus present (Figs.
Sla-d and S2)*¢*°°91% QOn average, the mean annual temperature
(MAT) was much higher in the Miocene and much lower in the LGM
compared to the present-day (Fig. S2a). In contrast, the Miocene and
LGM had slightly higher and lower precipitation than current pre-
cipitation, respectively (Fig. S2b). The paleo-time periods selected,

thus, represent (on average) cold and warm paleoclimates compared
to present-day conditions. Pearson correlation coefficients showed
low correlations between MAT, AP, and their respective anomaly
variables (Fig. S9).

To evaluate the relative importance of the predictor variables in
determining the variation in species' phylogenetic endemisms, we
used ordinary least squares models (OLSs) and spatial simultaneous
autoregressive models (SARs). We tested for predictor collinearity,
which could affect our analysis by computing the variance inflation
factors (VIFs). All VIFs in each model were smaller than 4, i.e., multi-
collinearity was not an issue in the analyses. We used the SAR error
model because of its superior performance compared to other SAR
model types™ . The SAR error model adds a spatial weights matrix to an
OLS regression to account for SAC in the model residuals. A series of
spatial weights, i.e., k-means neighbor of each site, were tested. Resi-
dual SAC was examined in all models (both OLS and SAR) using Mor-
an’s / test, and Moran’s / correlograms were also used to visualize the
spatial residuals of the models. Model explanatory power was repre-
sented by adjusted R? (OLSs) and Nagelkerke pseudo-R? (SARs)", while
the Akaike Information Criterion (AIC) and Bayesian information cri-
terion (BIC) were used to compare the models'™. SARs and Moran’s /
tests were carried out using the spdep and spatialreg packages™".
Both OLS and SAR models were run by including current MAT and AP,
the four anomaly variables, and the nonclimate predictor, i.e., eleva-
tion range, to investigate their relative contributions to each pattern.
Before running the models, we inspected the normality of all pre-
dictors and log;o-transformed variables if needed. All response vari-
ables were logo-transformed. Subsequently, we standardized all
predictor variables by transforming all variables to a mean of zero and
a standard deviation of one to derive more comparable estimates'™.
We found that SAR models performed better than the corresponding
OLS models regarding AIC, BIC, and R? (Tables S3 and S4), and both
SAR models successfully accounted for SAC in model residuals
(p>0.05, Fig. S10). Thus, we only represented the results from SARs
models in the text, even though the significance of some predictors
varied between OLS and SAR models (Fig. S4).

We performed a two-sample Fisher-Pitman permutation test
(10,000 permutations) using the coin package" to compare differ-
ences in the variables used in the above models between hotspots and
non-hotspot regions for each angiosperm and gymnosperm species. In
addition, to represent the human and future climate threats on
angiosperm and gymnosperm PE hotspots, k-sample Fisher-Pitman
permutation test (10,000 permutations) was carried out, and multiple

comparisons were further tested using the rcompanion package'’.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The tree occurrence data are openly available from the TREECHANGE
(https://github.com/wyeco/TC_conservation). The data related to
analyses are available on Github (https://github.com/wyeco/tree_PE_
conservation) and mirrored on Zenodo (https://zenodo.org/record/
8418763)"8, Current and future climate data were extracted from the
CHELSA database (https://chelsa-climate.org/); paleoclimate data were
obtained from the Paleoclim database (http://www.paleoclim.org) and
ref. 45; the human modification index was from ref. 51. The world
protected areas were downloaded from https://www.protectedplanet.
net/en/thematic-areas/wdpa.

Code availability

The R codes for the analyses are available on Github (https://github.
com/wyeco/tree_PE_conservation) and mirrored on Zenodo (https://
zenodo.org/record/8418763)":
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