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As Earth’s climate has varied strongly through geological time, studying the impacts of past climate change on
biodiversity helps to understand the risks from future climate change. However, it remains unclear how paleo-
climate shapes spatial variation in biodiversity. Here, we assessed the influence of Quaternary climate change on
spatial dissimilarity in taxonomic, phylogenetic, and functional composition among neighboring 200-kilometer
cells (beta-diversity) for angiosperm trees worldwide. We found that larger glacial-interglacial temperature
change was strongly associated with lower spatial turnover (species replacements) and higher nestedness (rich-
ness changes) components of beta-diversity across all three biodiversity facets. Moreover, phylogenetic and
functional turnover was lower and nestedness higher than random expectations based on taxonomic beta-di-
versity in regions that experienced large temperature change, reflecting phylogenetically and functionally se-
lective processes in species replacement, extinction, and colonization during glacial-interglacial oscillations. Our
results suggest that future human-driven climate change could cause local homogenization and reduction in

taxonomic, phylogenetic, and functional diversity of angiosperm trees worldwide.

INTRODUCTION

One of the main challenges for ecology in the Anthropocene is to
understand how ongoing and near-future climate change reshapes
the distribution of biodiversity and ecosystem functioning (I, 2). As
Earth's climate has varied strongly through geological time, study-
ing the impacts of past climate change on current biodiversity pat-
terns provides an opportunity to understand the risks emerging
from ongoing anthropogenic climate change (3-5). Notably,
Earth has experienced major glaciations over the past 2.6 million
years (the Quaternary), which have left lasting imprints on many
organismal groups, including trees, through effects on speciation,
extinction, and range shifts [as reviewed in (6)]. Although an in-
creasing number of studies have assessed the impacts of paleocli-
mate change on biodiversity, most of these studies focused on
patterns of taxonomic diversity of local assemblages (alpha-diver-
sity) [e.g., (7—10)]. Biodiversity, however, includes other comple-
mentary dimensions, namely, phylogenetic and functional
diversity, and also encompasses variation in assemblage composi-
tion across sites (beta-diversity) (11-14). Taxonomic, phylogenetic,
and functional beta-diversity provide information on how compo-
sitions of species identities, evolutionary history, and functional
traits vary across spatial gradients (Fig. 1). There is limited
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knowledge about the impacts of past rapid climate change on
spatial patterns of these multiple facets of beta-diversity at large
scales (5, 13—15). Examining and comparing paleoclimatic legacies
on taxonomic, phylogenetic, and functional beta-diversity are
crucial for understanding the effects of ongoing climate change
on future biodiversity patterns.

In previous studies, taxonomic beta-diversity was usually de-
composed into two additive components: spatial species turnover
and nestedness of assemblages (16). Variation in these two compo-
nents is considered to be the consequence of different ecological
and evolutionary processes (16—20). Spatial species turnover reflects
species replacement between sites, while nestedness shows how de-
pauperate assemblages are subsets of richer ones, reflecting species
losses or gains across sites (16). Compared to regions that experi-
enced unstable climates over glacial-interglacial cycles, regions
with a relatively stable climate (usually low-latitude areas) have
many more species persisting in situ and experience lower rates of
species extinction and higher rates of speciation (21), which has led
to more species with small ranges (22-25). As a result, spatial
species turnover is expected to be the dominant component of
beta-diversity in regions with stable past climates (Fig. 1B). By com-
parison, regions with unstable past climates experience higher local

10f 18

€202 ‘92 8UNC U0 }[esseH 1B1SRAIUN T B.10°80UB 05 MMM//SA1Y WoJ4 papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

extinctions during climatically harsh periods such as glaciations,
and many extant species are colonizers from glacial refugia (5,
21). Because species’ postglacial recolonization may lag the emer-
gence of suitable climatic conditions (26-28), some sites, particular-
ly those far from the glacial refugia, are likely to lose more species
than other sites during range expansion and contraction through
glacial-interglacial cycles, leading to patterns of nestedness in as-
semblage compositions (Fig. 1B) (17, 19, 29).

Alternatively, spatial patterns of both turnover and nestedness
components of beta-diversity may be shaped by contemporary en-
vironmental conditions (Fig. 1B) (17, 18, 29, 30). In tropical areas
with warm and wet conditions, a large number of species have ac-
cumulated, and these species are generally specialized with small
range size favored by low climatic seasonality (31), leading to a
high spatial species turnover (13, 32). Topographic heterogeneity
may also drive high species turnover through geographical isolation
limiting dispersal (12). In addition, environmental heterogeneity,
including topography-driven heterogeneity, can drive species turn-
over by selecting species with different environmental requirements
at each local site (termed “habitat filtering”) (18, 33, 34). This filter-
ing would be more apparent when species have narrow niche
breadths [usually in tropical regions (35)]. Alternatively, environ-
mental gradients can drive the nestedness structure of assemblages
by gradually filtering out species by tolerance limits along gradients
of increasingly stressful conditions (termed “species sorting”;

Fig. 1B) (33, 34). Furthermore, human pressures can decrease
species turnover by reducing the distributions of small-ranged
species and expanding the distributions of large-ranged species
(36). They may also increase the nestedness of assemblages when
a high proportion of species is lost due to habitat conversion in a
subset of sites within a region.

There is some evidence for the paleoclimatic legacies on conti-
nental and global patterns of both turnover and nestedness compo-
nents of taxonomic beta-diversity in multiple organismal groups,
e.g., amphibians, freshwater fish, mammals, birds, and plants (14,
15, 17-19, 29, 37). However, only a few studies have simultaneously
assessed paleoclimatic legacies on large-scale patterns of taxonomic,
phylogenetic, and functional beta-diversity (14, 15, 37-39), partic-
ularly for megadiverse organismal groups, such as trees. Specifically,
it remains unclear whether phylogenetic and functional beta-diver-
sity have been influenced by paleoclimate change through processes
beyond those affecting taxonomic beta-diversity. Like taxonomic
beta-diversity, phylogenetic and functional beta-diversity can be de-
composed into turnover and nestedness components. Phylogenetic
and functional turnover reflects the replacement of evolutionary
lineages and traits, and the nestedness captures losses/gains in lin-
eages and functions across sites (14, 15, 37-41). Because species re-
placements or losses/gains among assemblages can occur among
species that are either closely related and have similar traits or are
distantly related and dissimilar in traits (40, 41), regions with the
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Fig. 1. Hypothetical effects of past climatic stability and current environmental conditions on spatial turnover and nestedness components of taxonomic,
phylogenetic, and functional beta-diversity. (A) Beta-diversity was measured as intraregional multiple-site dissimilarity within each moving window of 25 (5 x 5)
grid cells of 200 km by 200 km worldwide. Total taxonomic, phylogenetic, and functional beta-diversity were decomposed into spatial turnover and nestedness com-
ponents, respectively. Phylogenetic and functional turnover and nestedness were further compared with random expectations based on observed taxonomic beta-di-
versity and site-specific regional species pools and measured as deviations. The map shows the temperature anomaly since the LGM. (B) The turnover component is
expected to be high in regions with stable past climate and/or benign current environmental conditions. In contrast, the nestedness component is expected to be high in
regions with unstable past climate and/or stressful conditions, owing to both evolutionary and ecological processes. (C and D) Even if two regions have the same mag-
nitudes of species turnover or nestedness, their phylogenetic and functional turnover or nestedness can be different because species replacements or losses/gains can
occur among species that are closely related and similar in traits or distantly related and dissimilar in traits. In regions with unstable past climate and/or stressful con-
ditions, deviations of phylogenetic and functional turnover from random expectations based on taxonomic beta-diversity are expected to be low if the replaced species
come from closely related young lineages (shallow branches) and have similar trait values (colors) (C), and deviations of phylogenetic and functional nestedness are
expected to be high if species losses/gains are phylogenetically and functionally selective, targeting closely related species and affiliated specific trait values (D). For

clarity, only two sites are illustrated in each example region. Geometric shapes represent species and colors of dots functional trait values.

same magnitude of taxonomic turnover or nestedness can have dif-
ferent phylogenetic and functional turnover or nestedness (Fig. 1, C
and D). If species replacements or losses/gains are phylogenetically
and functionally selective, then species that are replaced or lost/
gained would be more closely (or distantly) related and similar
(or dissimilar) in functional traits compared to those expected
based on random processes. In this study, we propose a null
model to calculate random expectations of phylogenetic and func-
tional turnover and nestedness (i.e., expectations when a random
group of species are replaced or lost/gained) for each given region
based on its observed taxonomic beta-diversity and species pool
(see the “Null model” section in Materials and Methods for
details). By comparing observed and randomly expected beta-diver-
sity, we can reveal whether phylogenetically and functionally
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selective processes are involved in species replacements, losses,
and gains, which cumulatively shape phylogenetic and functional
turnover and nestedness among assemblages (Fig. 1).

Past climatic stability can drive phylogenetic and functional
turnover and nestedness to deviate from those randomly expected
given taxonomic beta-diversity (Fig. 1, C and D). Regions with
stable climates over glacial-interglacial cycles are usually the
centers of paleoendemic species (42, 43), which would lead to
higher phylogenetic turnover than randomly expected from taxo-
nomic beta-diversity. In contrast, few and relatively young
endemic species are expected to be distributed in regions with un-
stable past climates (43, 44), which would result in lower phyloge-
netic turnover than random expectations (Fig. 1C). These
neoendemic species are expected to have similar functional trait
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values if trait divergence is slow (45). Therefore, regions with unsta-
ble past climates may have lower functional turnover than random
expectations, particularly when traits are phylogenetically con-
served. However, because certain traits may not necessarily be phy-
logenetically conserved, functional turnover may show a different
pattern than phylogenetic turnover. At the same time, because
certain functional traits, e.g., specific leaf area in plants, are
closely associated with species adaptation to environmental condi-
tions (46), deviations of functional turnover from random expecta-
tions may also be strongly influenced by contemporary
environmental conditions. For example, species from different as-
semblages in stressful conditions tend to share similar functional
trait values that can improve plant performance under local envi-
ronmental conditions (47). By comparison, regions with unstable
past climates may have higher phylogenetic and functional nested-
ness than random expectations (Fig. 1D). This pattern can emerge
when glaciation-driven extinction and postglacial colonization are
phylogenetically and functionally selective, targeting species that
are closely related and affiliated with specific functional trait
values (48, 49). For instance, extinctions of temperate trees during
glaciation periods are disproportionately common among cold-in-
tolerant species (48, 50), while species’ dispersal capacity has been
shown to determine the extent to which they recolonize their cli-
matically suitable areas after glaciations (27). These and other phy-
logenetically and functionally selective processes should drive a
larger difference in phylogenetic and functional diversity (i.e.,
stronger nestedness structure) between species-rich and species-
poor assemblages than those expected based on random species
gain and loss processes (Fig. 1D).

While both past climate stability and contemporary environ-
mental conditions may shape taxonomic, phylogenetic, and func-
tional turnover and nestedness, whether and how these processes
operate and their relative importance are poorly understood. No
studies have so far simultaneously explored global patterns of
these three facets of beta-diversity and assessed if phylogenetic
and functional beta-diversity have been influenced by paleoclimate
change through processes beyond those affecting taxonomic beta-
diversity. Because trees and tree diversity play crucial roles in terres-
trial ecosystems, global biodiversity, and people (51, 52), it is partic-
ularly important to clarify global patterns of tree beta-diversity and
their drivers. Here, we combined the most extensive global database
of angiosperm tree species’ distributions (53) with information
about their phylogenetic relationships and functional traits to quan-
tify intraregional compositional dissimilarity patterns within
moving windows of 25 (5 x 5) grid cells of 200 km by 200 km.
We used Serensen-based multiple-site dissimilarity to calculate
the total beta-diversity and partition it into components of turnover
(Simpson-based dissimilarity) and nestedness (difference between
Serensen and Simpson dissimilarities) for all three biodiversity
facets (16, 54). We then used a null model to calculate the deviations
of observed phylogenetic and functional turnover and nestedness
from random expectations given the observed taxonomic beta-di-
versity and site-specific regional species pools. Last, we used differ-
ences in annual temperature and precipitation between the present
and the Last Glacial Maximum (LGM; ~21,000 years ago) (temper-
ature and precipitation anomalies) to represent past climate stability
and current climatic, topographic, and human pressure variables to
represent contemporary environmental conditions and ultimately
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assessed their relative roles in shaping present patterns of beta-di-
versity in angiosperm trees.

We hypothesize that both past climate stability and contempo-
rary environmental conditions affect spatial patterns of both turn-
over and nestedness components of beta-diversity across three
biodiversity facets, as illustrated in Fig. 1. We expect a strong influ-
ence of temperature anomaly since the LGM because of the impor-
tance of temperature for species distributions and the large
temperature change during glacial-interglacial oscillations. We
also hypothesize that phylogenetic and functional turnover would
be lower, and the nestedness would be higher than randomly ex-
pected from taxonomic beta-diversity in regions with unstable
past climates as a result of phylogenetically and functionally selec-
tive processes in species replacement, extinction, and colonization
during glacial-interglacial oscillations (Fig. 1, C and D).

RESULTS

Global patterns of taxonomic, phylogenetic, and functional
beta-diversity in angiosperm trees

Globally, the total beta-diversity and its turnover and nestedness
components exhibited strikingly different spatial patterns across
all three biodiversity facets (Fig. 2). There was relatively low
spatial variation in total beta-diversity, with low values mainly con-
centrated in the eastern United States, southwestern Europe, and
eastern South America (Fig. 2, A to C). By contrast, turnover and
nestedness components showed clear but opposing latitudinal pat-
terns (Fig. 2, D to I, and fig. S1). The turnover component decreased
toward the poles, whereas the nestedness component increased
toward the poles. On average, the turnover component contributed
more to total beta-diversity (Fig. 2, J to L). However, the nestedness
component contributed more than half in high latitudinal areas in
North America and Eurasia, as well as in smaller areas elsewhere,
mostly in the vicinity of deserts. This pattern was especially pro-
nounced for phylogenetic and functional beta-diversity (Fig. 2, ]
to L).

Across three biodiversity facets, spatial patterns of total beta-di-
versity and its components of turnover and nestedness are generally
consistent (Fig. 2), as indicated by strong positive correlations
between taxonomic, phylogenetic, and functional beta-diversity
(fig. S2). On average, the total taxonomic beta-diversity was
greater than the total phylogenetic beta-diversity, which, in turn,
exceeded the total functional beta-diversity; the same pattern was
observed for the turnover component (fig. S2, A to F). However,
phylogenetic and functional nestedness were greater than taxonom-
ic nestedness, resulting in a higher relative contribution of the nest-
edness component to total phylogenetic and functional beta-
diversity as compared to taxonomic beta-diversity (fig. S2, J to L).

Effects of past climate stability and current environmental
conditions

The environmental variables affecting total beta-diversity differ
from those affecting the turnover and nestedness components
(Fig. 3, fig. S3, and table S1). Across all three biodiversity facets,
total beta-diversity was positively associated with precipitation sea-
sonality and negatively associated with mean annual precipitation
(Fig. 3). Precipitation seasonality showed the strongest correlation
with total beta-diversity (table S1). The turnover and nestedness
components of all three biodiversity facets were most strongly
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Fig. 2. Global patterns of taxonomic, phylogenetic, and functional beta-diversity of angiosperm trees. Total beta-diversity (A to C) and its components of turnover
(D to F) and nestedness (G to I) and the proportion of total beta-diversity contributed by nestedness (J to L) are shown for three biodiversity facets, respectively. In (J) to
(L), the grid cells with more than 50% of total beta-diversity contributed by nestedness are shown in red.

influenced by temperature anomaly since the LGM and mean
annual temperature (Fig. 3, fig. S3, and table S1). However, turnover
and nestedness components presented contrasting associations
(Fig. 3, fig. S3, and table S1). Consistent with our predictions, the
turnover component was negatively associated with the LGM tem-
perature anomaly and positively with mean annual temperature,
whereas the nestedness component was positively associated with
the LGM temperature anomaly and negatively with mean annual
temperature (Fig. 3 and fig. S4). Both turnover and nestedness com-
ponents of all three biodiversity facets had a stronger correlation
with the LGM temperature anomaly than with mean annual tem-
perature (table S1). In addition, human modification, as a
measure of human pressures, had negative effects on the turnover
component and positive effects on the nestedness component
across all three biodiversity facets (Fig. 3). The nestedness compo-
nent also had a weak positive relationship with precipitation
anomaly since the LGM and a weak negative relationship with
mean annual precipitation across all three biodiversity facets
(Fig. 3). Temperature and precipitation seasonality also had weak
effects on the nestedness component, but these effects were incon-
sistent across three biodiversity facets (Fig. 3). For the proportion of
total beta-diversity contributed by the nestedness, the important as-
sociated factors were similar to those for the nestedness compo-
nent (Fig. 3).

Across six continents, beta-diversity was primarily influenced by
different environmental variables, which could be attributed to dif-
ferences in environmental gradients among these continents (fig.
S5). Despite this geographic variation, the effects of past climatic
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stability on both turnover and nestedness components of beta-di-
versity were largely consistent with our predictions (fig. S5). For
the turnover component of beta-diversity, the LGM temperature
anomaly had negative effects in Europe, North America, and
Asia, and the LGM precipitation anomaly had negative effects in
Australia and North America. For the nestedness component, the
LGM temperature anomaly had positive effects in Europe, North
America, Asia, and Australia, and the LGM precipitation anomaly
had positive effects in Australia and North America. Although we
did not detect significant associations between beta-diversity com-
ponents and the LGM temperature or precipitation anomaly in two
continents (South America and Africa), no associations were oppo-
site to our predictions in any continents (fig. S5).

Deviations of phylogenetic and functional beta-diversity
and associated factors

Null model analyses showed that deviations of the observed phylo-
genetic and functional turnover and nestedness from random ex-
pectations based on observed taxonomic beta-diversity and site-
specific regional species pools were not evenly distributed across
space (Fig. 4). Positive deviations of phylogenetic and functional
turnover were primarily concentrated in low-latitudinal and moun-
tainous areas, particularly in southwest China and the Andes
region, indicating that species replacement among assemblages
largely occurred at deep phylogenetic branches and in species
with dissimilar functional trait values. Meanwhile, most areas in
North America had negative deviations in turnover, indicating
the replacement of relatively recently evolved lineages and species
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Fig. 3. Effects of past climate stability and current environmental conditions on taxonomic, phylogenetic, and functional beta-diversity of angiosperm trees.

Total beta-diversity and its components of turnover and nestedness and the nested

ness proportion were indicated with different shapes and colors. The averaged es-

timates of standardized coefficients (points) and the 95% confidence intervals (bars) were obtained from spatial simultaneous autoregressive models. Nonsignificant
variables are shown in gray. Temperate and precipitation anomaly: The differences in annual temperature and precipitation between the present and the LGM. MAT, mean

annual temperature; MAP, mean annual precipitation.

with similar functional trait values. By contrast, positive deviations
of phylogenetic and functional nestedness were mainly concentrat-
ed in high latitudinal areas, particularly in North America and some
areas in Northern Europe. This pattern suggests phylogenetic and
functional selection for closely related species and those with similar
functional trait values in species losses (e.g., glaciation-driven ex-
tinction) or gains (e.g., postglacial recolonization). Nestedness de-
viations were usually close to zero for most other regions, suggesting
phylogenetically and functionally random species losses or gains.
Geographic variation in phylogenetic and functional turnover
and nestedness deviation was most strongly associated with the
LGM temperature anomaly (Fig. 5, fig. S6, and table S1). Consistent
with our predictions, deviations of phylogenetic and functional
turnover decreased with increasing LGM temperature anomaly,
whereas deviations of phylogenetic and functional nestedness in-
creased with increasing LGM temperature anomaly (Fig. 6). Specif-
ically, there were negative turnover deviations and positive
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nestedness deviations in regions with large Quaternary temperature
change. In contrast, no significant associations were detected
between current climatic variables and deviations in phylogenetic
turnover and nestedness. Deviations of functional turnover and
nestedness were significantly associated with mean annual temper-
ature and precipitation. Deviation of functional turnover was neg-
atively associated with mean annual temperature and positively
associated with mean annual precipitation, whereas deviation of
functional nestedness was positively associated with mean annual
temperature and negatively associated with mean annual precipita-
tion (Fig. 5). Elevational range also had a weak positive relationship
with both phylogenetic and functional nestedness (Fig. 5). Across
continents, we found large variation in the effects of environmental
variables on deviations of phylogenetic and functional turnover and
nestedness (fig. S7). Consistent with global-scale analyses, the LGM
temperature or precipitation anomaly was negatively associated
with deviations of phylogenetic or functional turnover and
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and site-specific regional species pools.
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gional species pools. The blue lines were fitted with linear regressions. Significance
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cient of determination. *P < 0.05 and **P < 0.01.

positively associated with deviations of phylogenetic or functional
nestedness in North America, Europe, and Asia (fig. S7).

Sensitivity analyses

Patterns of functional beta-diversity shown in this study were robust
to trait imputation despite a large proportion of species requiring
missing traits to be imputed based on correlation structure
among traits and phylogenetic information. Functional beta-diver-
sity and its components of turnover and nestedness that were qual-
ified based on all species had similar spatial patterns as those based
on only species that have measured data for at least one or five traits
(figs. S8 and S9), with Pearson'’s correlations higher than 0.98 and
0.75, respectively (fig. S10). A reduced correlation between func-
tional beta-diversity based on all species and those based on only
species with at least five measured traits was likely the consequence
of only a small subset of species within some grid cells being used in
calculating beta-diversity (fig. S11). In addition, functional and
phylogenetic beta-diversities were strongly correlated even when
only species with at least one or five measured traits were used in
calculating beta-diversity (fig. S12). Specifically, functional turnover
was generally lower than phylogenetic turnover, and functional
nestedness was similar to phylogenetic nestedness in magnitude;
these patterns were consistent with the patterns based on all
species (fig. S12). Furthermore, the functional and phylogenetic
beta-diversity relationship based on all species was largely consis-
tent across six continents (fig. S13). The correlation between func-
tional and phylogenetic beta-diversity was not consistently weaker
across beta-diversity metrics in Europe and North America, which
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had a higher trait data availability (figs. S11 and S13). This suggested
that a strong correlation between functional and phylogenetic beta-
diversity was not merely the consequence of trait imputation con-
sidering phylogenetic information.

Our results were also robust to the approach used to model tree
ranges from distribution occurrences and to the size of moving
windows used to calculate intraregional beta-diversity (figs. S14 to
S21). Geographic patterns of taxonomic, phylogenetic, and func-
tional beta-diversity shown in the main text were based on alpha-
hull ranges estimated with an alpha value of 6 (see the "Tree distri-
butions” section in Materials and Methods for details). These were
very similar to those based on alpha-hull ranges estimated with dif-
ferent alpha values (i.e., 2, 4, and 10; figs. S14 to S16), as indicated by
strong correlations (Pearson's r > 0.95; fig. S17). Regarding the in-
fluence of sizes of moving windows, intraregional beta-diversity
within moving windows of nine (3 x 3) grid cells (fig. S18)
showed similar spatial patterns to those within moving windows
of 25 (5 x 5) grid cells shown in the main text. There were also
similar spatial patterns for phylogenetic and functional turnover de-
viations and nestedness (fig. S19). The effects of environmental var-
iables on both observed beta-diversity and deviations of
phylogenetic and functional turnover and nestedness based on
moving windows of nine grid cells (figs. S20 and S21) were qualita-
tively consistent with those reported in the main text. Specifically,
the LGM temperature anomaly was consistently associated with
both turnover and nestedness components of all three biodiversity
facets, i.e., a negative relationship with turnover and a positive rela-
tionship with nestedness (fig. S20). Although we did not detect a
significant relationship between the LGM temperature anomaly
and deviations of phylogenetic and functional turnover, a positive
relationship remained between temperature anomaly and devia-
tions of phylogenetic and functional nestedness (fig. S21).

DISCUSSION

Our results demonstrate that Quaternary climate change plays a
major role in shaping present-day patterns of the turnover and nest-
edness components of taxonomic, phylogenetic, and functional
beta-diversity in angiosperm trees worldwide. Among the environ-
mental variables examined here, temperature anomaly since the
LGM had the strongest relationship with beta-diversity patterns,
particularly for phylogenetic and functional biodiversity facets
(see Figs. 3 and 5 and table S1). Consistent with our hypotheses
(Fig. 1), the temperature anomaly showed a negative relationship
with the turnover and a positive relationship with the nestedness
components of beta-diversity, reflecting different ecological and
evolutionary processes driven by Quaternary climate change. The
effects of temperature anomaly were also clear at the continental
scale, particularly in the Northern Hemisphere, which experienced
alarge temperature decrease during the LGM. These results are gen-
erally consistent with previous regional and global studies that
mostly focused only on turnover and nestedness components of tax-
onomic beta-diversity in other organisms (e.g., amphibians, fresh-
water fish, mammals, and birds) (17-19, 29), expanding the idea of
the fundamental role played by past climate change in shaping bio-
diversity patterns to angiosperm trees worldwide. By extending this
recognized relation to angiosperm trees, one of the ecologically
most important organismal groups worldwide, our results highlight
that strong climate change has the potential to notably influence
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global biodiversity and ecosystem properties not only via direct
effects but also via its effects on this ecosystem-defining group. Al-
though few large-scale studies have analyzed taxonomic beta-diver-
sity together with phylogenetic and/or functional beta-diversity,
they usually directly compared the observed values of different
facets of beta-diversity (14, 15, 37-39). Our study differs from pre-
vious analyses by comparing phylogenetic and functional turnover
and nestedness with those randomly expected given taxonomic
beta-diversity. Using this novel approach, we found lower phyloge-
netic and functional turnover and higher nestedness than random
expectations in regions that experienced large Quaternary temper-
ature changes (Figs. 4 to 6), patterns that have not been reported
before. This finding suggests that processes such as species replace-
ment, extinction, and colonization during glacial-interglacial oscil-
lations are phylogenetically and functionally selective. For instance,
species from specific lineages or with specific traits are more likely
to experience glaciation-driven extinction or lags on their postgla-
cial recolonization.

There is a high nestedness component of beta-diversity in angio-
sperm trees in regions with large Quaternary climate change. Pre-
vious studies at smaller scales or for other organisms often
explained this by strong local species extinction during glaciations
and incomplete postglacial recolonization from ice-age refugia (17,
19, 29). These factors also provide a likely explanation for angio-
sperm trees. For instance, several studies have shown that geograph-
ic accessibility from glacial refugia accounts for much of the
variation in tree diversity across Europe (55, 56). In addition,
time since deglaciation is strongly positively associated with region-
al species richness of vascular plants in the Arctic (57). These pat-
terns are consistent with the evidence that the current distributions
of many tree species in Europe and North America are not in equi-
librium with the current climate, often due to postglacial dispersal
limitations (26, 58). Plant species with lower dispersal capacity tend
to occupy lower proportions of their potential ranges, and their
current distributions have stronger associations with accessibility
to glacial refugia (27, 59). Differential and limited dispersal capacity
would result in steep rates of species loss from glacial refugia toward
higher latitudes, leading to strong nestedness of assemblagecompo-
sitions in regions strongly affected by Quaternary climate
change (60).

Because species differ in functional traits and evolutionary
history, they may have differential capacities to survive during gla-
ciations and to recolonize postglacial suitable areas (27, 50, 59, 61).
Specifically, cold tolerance and dispersal capacity are regarded as
important species attributes affecting species survival during glaci-
ations and recolonization to suitable postglacial areas, respectively
(27, 50, 59, 61). These attributes have also been shown to be phylo-
genetically conserved (48, 62, 63). Therefore, species from specific
lineages with strong cold tolerance are more likely to survive during
glaciations, and those from lineages with strong dispersal capacity
are more likely to recolonize their postglacial climatically suitable
areas (27, 48). Because many traits are correlated with each other
because of biophysical constraints and trade-offs among traits (64,
65), species with strong cold tolerance and dispersal capacity are
probably also affiliated with specific trait values for some other
functional traits such as those used in this study (e.g., maximum
height and seed dry mass), which would be selected during
glacial-interglacial oscillations. The contemporary functional com-
position of plant assemblages measured with five traits (specific leaf
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area, plant height, seed mass, stem specific density, and leaf nitrogen
concentration) is still influenced by the Quaternary climate in
North and South America (66). This functionally selective process
has also been shown in patterns of functional diversity of plants in
Europe, with regions that experienced large Quaternary climate
change usually associated with low fractions of maximum potential
functional diversity based on current environmental conditions
(49). Together, the phylogenetically and functionally selective pro-
cesses will cause a lower phylogenetic and functional diversity than
randomly expected from species richness for species-poor assem-
blages and drive a larger difference in phylogenetic and functional
diversity (i.e., stronger nestedness structure) between species-rich
and species-poor assemblages.

In contrast with the nestedness component, the turnover com-
ponent of beta-diversity in angiosperm trees is high in regions with
large Quaternary climate stability, reflecting the prevalence of
species with small ranges (22-25). Long-term stable climatic condi-
tions can benefit species persistence in situ and could increase spe-
ciation rates due to increased opportunities for regional niche
differentiation (21, 32). The accumulated species are expected to
be generally specialized and have small ranges (21, 32), leading to
a high turnover of species across sites. By comparison, small-
ranged species in regions with large Quaternary climate change ex-
perience disproportionate extinctions because they usually have low
vagility and poor adaptation to changed conditions (21). Therefore,
regions with large Quaternary climate change have a high propor-
tion of large-ranged species (22-25), decreasing species replace-
ment among neighboring sites. Our global analyses of
angiosperm trees support the above theoretical expectations and
are generally consistent with previous studies of other organisms
or smaller scales (17-19, 29), suggesting a prevalent paleoclimatic
legacy on spatial turnover in biodiversity.

This worldwide study using angiosperm trees shows lower phy-
logenetic and functional turnover than randomly expected from
taxonomic beta-diversity in regions with large Quaternary climate
change. This suggests that species replacements between sites in
regions with large Quaternary climate change usually stem from
closely related young lineages with similar functional trait values
(Fig. 1C). This finding is consistent with evidence that floras in en-
vironmentally unstable regions usually have more recent evolution-
ary divergence times (44). These floras also tend to be
phylogenetically clustered, meaning that species are closely related
to each other (44, 67). Similarly, assemblages in regions with large
Quaternary climate change usually have low functional dispersion,
reflecting species compositions with similar functional trait values
(49). However, the associations of Quaternary temperature change
with deviations of phylogenetic and functional turnover were
weaker than with deviations of phylogenetic and functional nested-
ness (Fig. 6), and these associations became insignificant in sensi-
tivity analyses using the moving window size of nine grid cells (fig.
S21). These differences suggest that the phylogenetically and func-
tionally selective processes leading to higher phylogenetic and func-
tional nestedness than random expectations (see above) are the
main glaciation-driven processes that result in a departure of phy-
logenetic and functional beta-diversity from the taxonomic beta-
diversity.

In addition to paleoclimate change, contemporary environmen-
tal conditions also play important roles in explaining global patterns
of beta-diversity in angiosperm trees. Consistent with the major role
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of temperature in shaping plant beta-diversity across the Americas
(13), annual temperature is the strongest current climatic variable to
explain the turnover component of beta-diversity, with high turn-
over in regions with warm conditions. By comparison, the nested-
ness component is high in regions with cold conditions, likely
reflecting strong filtering of species under stressful conditions,
because most lineages probably originate in tropical climates and
are difficult to adapt in freezing conditions [“tropical niche conser-
vatism” hypothesis (68)]. The nestedness component also tends to
be higher when annual precipitation is lower, likely because water
availability is critical for trees, and species would be gradually fil-
tered out in areas with limited water availability. In addition,
while controlling for other variables, human pressures significantly
impact tree beta-diversity patterns, decreasing the turnover compo-
nent but increasing the nestedness component. This decreased
turnover reflects the pattern of biotic homogenization driven by
human activities as a consequence of the replacement of narrow-
ranged species by widespread species (36, 69). The increased nested-
ness probably suggests greater species losses in some sites than
others, which reflect landscapes being differentially influenced by
human activities such as deforestation (70).

Although generally similar, there were clear differences in spatial
patterns of phylogenetic and functional beta-diversity and associa-
tions with environmental variables. First, functional turnover was
generally lower than phylogenetic turnover, particularly in
regions with high phylogenetic turnover (usually tropical regions;
Fig. 2, E and F, and fig. S2F), suggesting that tree species among
neighboring sites are more similar in functional trait values than
in phylogenetic relationship. This pattern reflects functional redun-
dancy among regional co-occurring species, which may result from
environmental filtering selecting functionally similar species (71)
and/or evolutionary convergence leading to similar traits among in-
dependent lineages (72). Second, we found significant effects of
mean annual temperature and precipitation on deviations of func-
tional turnover and nestedness but no effects of current climatic
conditions on deviations of phylogenetic turnover and nestedness
(Fig. 5). These differences suggest a stronger functional beta-diver-
sity response to contemporary environmental conditions compared
to phylogenetic beta-diversity. Although we observed differences in
the phylogenetic and functional beta-diversity patterns, we note
that these two measures are not independent in this study,
because phylogenetic information was used in the imputation of
missing functional traits. Increasing the amount of measured trait
data is expected to result in greater differences between these two
diversity dimensions. Because trait data coverage was not evenly dis-
tributed across regions, with higher coverage in Europe and North
America (fig. 11), the functional beta-diversity could be more re-
dundant with phylogenetic beta-diversity due to trait imputation
in regions with poor trait coverage, leading to spatial uncertainties
in spatial patterns of functional beta-diversity. This concern,
however, is unlikely to be a major issue, because our sensitivity anal-
yses using only species with at least one and five measured traits
showed similar spatial patterns of functional beta-diversity as
those using all species (figs. S8 to S10) and because a strong corre-
lation between functional and phylogenetic beta-diversity was prev-
alent across continents regardless of trait coverage (fig. S13).

In summary, our results show that Quaternary climate change
has left a strong legacy in current global patterns of taxonomic, phy-
logenetic, and functional beta-diversity for angiosperm trees, a
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keystone organismal group in terrestrial ecosystems. Notably, high
levels of Quaternary temperature instability are associated with
marked gradients in species, lineage, and trait diversity across
sites, reflecting severe past losses, incomplete recolonization, and
low levels of replacement in all three diversity facets. Furthermore,
strong Quaternary climate change is also associated with lower phy-
logenetic and functional turnover and higher nestedness than ran-
domly expected from taxonomic beta-diversity, reflecting
phylogenetically and functionally selective processes during
glacial-interglacial oscillations. These findings suggest that large
Quaternary climate changes resulted in the reduction and homog-
enization of the diversity of angiosperm tree across large landscapes
worldwide, with particularly severe effects on phylogenetic and
functional composition. These diversity reductions are likely to
affect ecosystem functions, such as plant productivity in forests
and woodlands, because of the critical ecological importance of
tree diversity (51, 73). Our results highlight that future human-
driven climate change is likely to have strong and long-lasting
effects on tree assemblages globally via strong reduction and ho-
mogenization of taxonomic, phylogenetic, and functional diversity,
potentially leading to impaired forest ecosystem functioning.

MATERIALS AND METHODS

Tree distributions

In this study, we used the global tree species list and distributions
compiled in the TREECHANGE database (53). The tree species
checklist came from the GlobalTreeSearch v.1.2 (74), which was as-
sembled from a range of botanical publications and extended by
many botanical experts. Taxonomic names were standardized
using the Taxonomic Name Resolution Service (75), resulting in
54,020 tree species.

Tree species occurrences were compiled from five major com-
prehensive biodiversity infrastructures, including the Global Biodi-
versity Information Facility (GBIF; www.gbif.org) (76), the
Botanical Information and Ecological Network v.3 (BIEN; http://
bien.nceas.ucsb.edu/bien) (77), the Latin American Seasonally
Dry Tropical Forest Floristic Network (DRYFLOR; www.dryflor.
info) (78), the RAINBIO database (https://gdauby.github.io/
rainbio/index.html) (79), and the Atlas of Living Australia (www.
ala.org.au). These records were assessed using a quality control
workflow considering geographic coordinates, duplications, native
ranges, and geographical and environmental outliers and labeled
from AAA (high geographic precision and low environmental un-
certainty) to E (missing coordinates) (53). In this study, we used
high-quality occurrences and those records without geographic
bias distributed in native ranges, which were labeled as AAA, AA,
A, and C [see (53) for further information]. The final dataset had
46,752 species with 7,066,785 occurrences at a resolution of 30 arc
sec (fig. S22).

We then estimated species ranges using alpha hulls for species
with 20 or more occurrences using the R package alphahull (80).
The alpha hull is a generalization of the convex hull and allows
the constructed geometric shape to consist of several discrete
hulls dependent on the value of the parameter alpha (81). For
species with fewer than 20 occurrences or disjunct records, a 10-
km buffer was built around each point and then combined with
alpha hulls. Following recommendations in previous studies (82),
we used the alpha value of 6° to construct alpha hulls. To test the
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sensitivity of our results to alpha values, we also constructed alpha
hulls using other alpha values and repeated analyses based on dif-
ferent range estimates (see the “Sensitivity analyses” section).
Species ranges were then rasterized to grid cells in a resolution of
200 km with an equal-area Behrmann projection using the R
package letsR (83). Species assemblages in each grid cell were
defined as all species with ranges falling within the grid cell. We
chose the resolution of 200 km because biodiversity assessment at
a coarse resolution can reduce the undersampling of species distri-
butions. Although biodiversity patterns based on coarse species dis-
tributions probably underestimate the variation in species
compositions at small spatial scales, this study focuses on global var-
iation in beta-diversity at broad spatial scales and how past and con-
temporary macroclimate gradients determine these changes. We
excluded gymnosperms from our analyses because including
them can strongly influence plant phylogenetic structure due to
deep split time between gymnosperms and angiosperms, which
means whether there is a gymnosperm in a grid cell can strongly
influence its phylogenetic diversity, obscuring patterns within an-
giosperms (84). We did not perform analyses for gymnosperms sep-
arately because there were only 579 gymnosperms in our dataset
and 792 grid cells worldwide that had at least five gymnosperms
(fig. S23). We removed grid cells with fewer than five species to
avoid potentially unreliable beta-diversity estimates (see fig. S23
for spatial pattern of species richness). A total of 2319 assemblages
and 43,635 species were kept and used in subsequent analyses.

External validation of tree distributions

We performed three types of external validations to validate the
alpha-hull ranges constructed in this study. The details of these ex-
ternal validations have been published in (85), which used the same
range maps as those used in this study. First, we compared global
patterns of species richness based on our range maps with predicted
richness from an independent study that integrated 1336 forest plots
and 282 regional checklists (86). Our estimated richness shows a
similar spatial pattern to those predicted based on plots and region-
al checklists, although the predicted richness was generally higher
than our estimates. Second, we compared our range maps with
ranges from two external datasets: EU-Forest (87) and Little's
“Atlas of the United States trees” (88). EU-Forest includes range
maps of 242 tree species in Europe based on 1,000,525 occurrence
records, and Little's Atlas includes ranges of 680 tree species in
North America based on botanical lists, forest surveys, field notes,
and herbarium specimens. There were 120 and 536 species in our
dataset matched to EU-Forest and Little’s Atlas. We calculated a co-
occurrence index to measure the extent to which range maps from
our dataset and external datasets overlapped. The co-occurrence
index varies from 0 (no overlap) to 1 (complete overlap). For the
matched tree species between our dataset and EU-Forest and
Little's Atlas, 73 and 85% of species had co-occurrence values
higher than 0.8, and the mean co-occurrence values were 0.84
and 0.92, with the SD as 0.16 and 0.11, respectively. This suggests
that the range maps are well matched between our dataset and two
external datasets. Third, we compared the species richness of 459
geographic regions worldwide based on our range maps with
those based on subnational species lists (89). The two richness es-
timates were highly correlated (Pearson's r = 0.89), and the map of
residuals from their relationship showed that the two richness esti-
mates were similar in most regions.
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Phylogenetic tree

The phylogenetic information for the tree species was extracted
from the largest seed plant phylogeny currently available [the
“"ALLBM" tree in (90)]. This synthesis phylogeny was constructed
by combining sequence data from GenBank with a backbone tree
reflecting deep relationships (91) and adding species not found in
GenBank based on their placement in the Open Tree of Life, which
reflects previous knowledge about phylogenetic relationships and
taxonomy (90). Because there were 5791 tree species (10.7% of a
total of 54,020 species) missing in the phylogeny due to different
taxonomic backbone lists, these missing species were manually
added into the phylogeny based on the most recent common ances-
tor using “add.species.to.genus” function in the R package phytools
(92), following the same approach used in (90) to add missing
species. We then reduced this phylogeny by removing any species
absent in our list of tree species with distribution data (46,752
species). The generated phylogeny was further pruned to contain
only the angiosperm species used in this study. Although the gen-
erated phylogeny contains some polytomies, this is unlikely to bias
the global analyses of phylogenetic beta-diversity. Generating a phy-
logeny for a group of species by pruning from a synthesis tree, such
as "ALLBM" used in this study, has been widely used in ecological
analyses, and it has been shown that the common community phy-
logenetic analyses based on a synthesis tree and a purpose-built re-
solved tree can produce consistent results (93).

Functional traits

We used the trait product for trees from (85). Specifically, we used
eight functional traits related to plant growth, survival and repro-
duction (64), including specific leaf area, leaf area, leaf dry matter
content, leaf nitrogen concentration, leaf phosphorus concentra-
tion, wood density, seed dry mass, and plant maximum height.
These traits are often used in functional diversity analyses of
plants and have relatively good data coverage (49, 64, 66, 94).
These traits were selected from a total of 20 traits that were compiled
for the TREECHANGE project (85) (see table S2 for all trait names).
Trait observations were compiled from three databases, including
TRY Plant Trait Database (www.try-db.org) (94), BIEN (77), and
TOPIC (95). However, only 11,659 species (21.6% of 54,020 tree
species) had data for at least one functional trait. The trait gaps
were filled by Bayesian hierarchical probabilistic matrix factoriza-
tion (BHPMF), which is a robust machine learning approach im-
puting trait values based on the taxonomic hierarchy and
correlation structure among traits (96). Following the suggestion
of the BHPMF approach, trait values were log-transformed before
imputation, and imputed trait values were back-transformed. All of
the 20 functional traits were used in the imputation to maximize
benefits from the correlation structure among traits. To improve
the estimation of missing trait values, phylogenetic information in
the form of phylogenetic eigenvectors was also used as predictors
(97). These phylogenetic eigenvectors were extracted from a princi-
pal coordinate analysis on the genus-level phylogenetic distance
matrix (98). To determine the number of phylogenetic eigenvectors
included in the trait imputation, an increasing number of phyloge-
netic eigenvectors were added as predictors. The predicted trait
values were then evaluated using the root mean squared error
(RMSE) (96). When the first six phylogenetic eigenvectors were in-
cluded in the imputation, the RMSE was minimized to 0.087, which
means a high overall prediction accuracy [see (85) for more details].
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The maximum and minimum observed trait values were used as
thresholds to constrain imputed data to avoid outliers in the impu-
tation of missing values. For plant maximum height, a height of 2 m
was used to replace imputed values lower than that, considering the
definition of trees in the GlobalTreeSearch database (74).

We noted that although a large proportion of tree species is
missing in measured trait values, 55.8% of 4157 genera and 88.9%
of 253 families have data for at least one functional trait (table S2). In
addition, a lack of trait data for a large proportion of species did not
mean low coverage of trait data across regions. We thus calculated
the proportion of species in each grid cell that had measured data
for at least one, five, or all eight traits. Although all regions, except
Europe, had a low proportion of species with all eight traits, a con-
siderable proportion of species had at least one or five traits in most
regions, particularly Europe and North America (fig. S11). For 78%
of the grid cells (1818 of a total of 2319 grid cells), more than half
(>50%) of their species had at least one measured trait data. There-
fore, our functional trait dataset provides substantial information
about trait variation across species in most regions.

We further tested phylogenetic signals of eight traits for species
with measured trait data. We calculated phylogenetic signals as
Pagel’s A using the “phylosig” function in the R package phytools
(92). Pagel's A can range from zero to one, with zero indicating
no phylogenetic signal and one indicating the strongest phylogenet-
ic signal (99). We found that all eight traits had significant phylo-
genetic signals (P < 0.001), with lambda values ranging from 0.602
to 0.954 (table S3). This supported our approach using phylogenetic
relatedness to predict traits. We also tested phylogenetic signals of
traits using imputed trait data. Because all species had imputed
traits and the number of species may influence the phylogenetic
signal estimates, we calculated the number of species that had mea-
sured data for each trait and randomly sampled this number of
species from the imputed traits. We repeated this random sampling
200 times and calculated the mean and SD of phylogenetic signals
across iterations. All eight imputed traits had stronger phylogenetic
signals than the respective measured traits (table S3). This result was
not unexpected because phylogenetic information was used to
impute missing functional traits. This suggests that the imputed
traits contain some redundant information with the phylogenetic
tree, and thus the results of phylogenetic and functional analyses
would be dependent to some degree due to trait imputation. To
assess the influence of trait imputation, we performed sensitivity
analyses using only species that had measured trait data for calcu-
lating phylogenetic and functional beta-diversity and compared re-
lationships between phylogenetic and functional beta-diversity
across six continents (see the “Sensitivity analyses” section).

Beta-diversity

We used a moving window, containing 25 (5 x 5) grid cells of 200
km by 200 km, to measure intraregional compositional heterogene-
ity as beta-diversity for each focal cell (13, 29). As a sensitivity anal-
ysis, we further used a moving window of nine (3 x 3) grid cells to
measure intraregional beta-diversity (see the “Sensitivity analyses”
section). In this study, we used the multiple-site dissimilarity,
rather than the averaged pairwise dissimilarity between a focal cell
and its neighboring cells, because the averaged pairwise dissimilar-
ity cannot reflect co-occurrence patterns among more than two sites
(100). Because the number of grid cells within a region can affect the
multiple-site dissimilarity (16) and some cells on islands and along
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the margins of continents have few neighboring cells, we only in-
cluded grid cells with at least 13 neighboring cells as focal cells
(leaving a total of 1838 grid cells) to calculate beta-diversity. For
each focal cell, we further randomly sampled 13 cells from its 24
neighboring cells and used them together with the focal cell to cal-
culate multiple-site dissimilarity. We performed this resampling
200 times and calculated the average beta-diversity.

We calculated taxonomic, phylogenetic, and functional beta-di-
versity using indices from the family of Serensen-based multiple-
site dissimilarity measures (16, 40). As one of the most commonly
used taxonomic dissimilarity indices, Serensen dissimilarity index
was used to measure the proportion of exclusive species among as-
semblages. The analogs of Serensen dissimilarity index for phyloge-
netic and functional beta-diversity were used to measure the
proportion of exclusive branch lengths in a phylogenetic tree or
functional dendrogram for the species among assemblages (101).
We then partitioned the three facets of Serensen dissimilarity into
two additive components due to spatial turnover and nestedness
(16, 40). The turnover component, which is the Simpson dissimilar-
ity, reflects the effect of replacements of species or branches in a
phylogeny or functional dendrogram without the impact from dif-
ferences in species richness, phylogenetic, and functional diversity
among sites (16, 40). The nestedness component, which is the dif-
ference between Sgrensen and Simpson dissimilarities, reflects the
contribution due to differences in species richness, phylogenetic,
and functional diversity when species-poor assemblages are
nested in species-rich assemblages (16, 40). All calculations of
beta-diversity were performed using the R package betapart (54).
We noted that although some other indices can be used to
measure different patterns of dissimilarity between assemblages,
these indices were usually related to Serensen and Simpson dissim-
ilarity (102).

Although functional beta-diversity can be calculated based on
the volume of intersections between convex hulls in a multidimen-
sional functional space (41), our calculation was based on a func-
tional dendrogram because it has a similar data structure to the
phylogenetic tree, making functional and phylogenetic beta-diver-
sity comparable (103), and because the convex hull-based method
is sensitive to extreme trait values or outliers and requires very long
computation time, particularly for assemblages with many species
similar to ours (41, 104). We performed a principal components
(PCs) analysis on all eight log- and z-transformed trait values to
remove the correlation structure among traits. The first four PCs
explained a high amount (93.5%) of the total variation. We thus
used these four PCs to calculate the Euclidean distances among
species and performed hierarchical clustering to generate a func-
tional dendrogram based on the method of “complete” using the
R package fastcluster (105).

To reflect the relative importance of turnover and nestedness
components, we also calculated the proportion of total beta-diver-
sity contributed by the nestedness component for all three evaluated
biodiversity facets (15, 19, 39). Proportions lower than 0.5 indicate
that total beta-diversity is mainly determined by turnover, whereas
proportions higher than 0.5 suggest that the nestedness-resultant
dissimilarity is the main component.

Null model
Because the three facets of beta-diversity are not independent and
usually strongly correlated, the processes driving taxonomic beta-
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diversity also affect phylogenetic and functional beta-diversity (38—
41). To investigate whether phylogenetic and functional beta-diver-
sity are affected by processes beyond those shaping taxonomic beta-
diversity, we constructed a null model to calculate the random ex-
pectations of phylogenetic and functional beta-diversity based on
the observed taxonomic beta-diversity and site-specific regional
species pools. For each focal cell, we defined the site-specific region-
al species pool as all species in the 25-cell moving window that was
used to calculate the beta-diversity for the given focal cell. In the
null model, the identities of species were randomly shuffled
among the species pool in the phylogenetic tree and functional den-
drogram. Therefore, species richness of each grid cell, intraregional
taxonomic beta-diversity and its components of turnover and nest-
edness, as well as the pool of species branches in the phylogenetic
tree and functional dendrogram were kept constant with the ob-
served in the null model.

Because this study focused on whether there are some processes
driving stronger or weaker intraregional turnover and nestedness
patterns in phylogenetic and functional compositions than expected
by chance, we calculated the random expectations of phylogenetic
and functional turnover and nestedness. We repeated our null
model 200 times and calculated the average random expectations.
Then, we calculated the deviations of phylogenetic and functional
turnover and nestedness as the differences between the observed
and the average expected values.

Environmental data
To measure past climate stability, we calculated the change in mean
annual temperature and precipitation between the present and the
LGM, defined as the temperature anomaly and precipitation
anomaly. Contemporary environmental conditions were represent-
ed by current climatic conditions, topography, and human pressure.
We note that topography may also capture the effects of past climate
stability because topographic heterogeneity favors species to track
climate change by shifting short altitudinal ranges (23). We includ-
ed mean annual temperature and precipitation because of their roles
in determining species distributions (106). Temperature and pre-
cipitation seasonality were also included because they were impor-
tant drivers of species range size (24, 25), which was directly related
to beta-diversity. Temperature seasonality was measured as the SD
of monthly temperature (bio4), and precipitation seasonality was
measured as the coefficient of variation of monthly precipitation
(biol5). Topography was measured as the elevational range
within a grid cell using elevation data in a spatial resolution of 1
km. Human pressure was represented with the human modification
index, which was modeled based on 13 anthropogenic stressors,
considering different types of human activities (e.g., human settle-
ment, agriculture, and energy production) (107). Human modifica-
tion values range from 0 to 1, with higher values indicating stronger
human pressures.

The temperature and precipitation data at the LGM were extract-
ed from the PaleoClim database with a resolution of 5 arc min (108).
The contemporary climate and elevation data were downloaded
from the WorldClim v1.4 database, with a resolution of 5 arc min
for climate (109). The human modification map was accessed from
(107), with a resolution of 1 km. We first calculated the mean values
of all climatic variables and human modification for each grid cell of
200 km. To match the scale of beta-diversity and environmental
variables (13), the environmental conditions for each cell were
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further measured as the average of the focal cell and its 24 neighbor-
ing cells (fig. S24).

Statistical analysis

We used the Pearson correlation to check pairwise relationships
among environmental variables and also among multiple dimen-
sional beta-diversity. To account for the spatial autocorrelation of
these variables, a spatially corrected ¢ test was used to assess statis-
tical significance (110). Following suggestions in (29), we per-
formed piecewise regressions to examine latitudinal patterns of
beta-diversity and its turnover and nestedness components.

We then tested the effects of environmental variables on the
global-scale variation in each of the beta-diversity variables (three
facets of total beta-diversity and turnover and nestedness compo-
nents, and deviations of phylogenetic and functional turnover and
nestedness). First, we evaluated relationships between beta-diversity
and eight environmental variables using bivariate linear regressions
and the Pearson correlation. We log-transformed elevational range
and square root—transformed human modification to improve these
variables' normality and the regressions' linearity. Significances
were assessed using a spatially corrected t test (110). Then, multiple
ordinary least squares (OLS) linear regressions were used to calcu-
late standardized regression coefficients and determine the relative
importance of environmental variables using both the scaled beta-
diversity and environmental variables. Residuals of OLS models,
however, showed strong spatial autocorrelation, which could
affect significance test and bias parameter estimates (111). To
account for spatial autocorrelation, we used spatial simultaneous
autoregressive (SAR) models that include a spatial weight matrix
as an additional error term (112). We run SAR models with a
range of neighbor distances from 200 to 1000 km in a step of 100
km and row-standardized coding style to define the spatial weight
matrix and used the minimum residual spatial autocorrelation
(minRSA) to select the most appropriate SAR model for each re-
sponse variable (112). The criteria of minRSA is to minimize the
summed absolute values of Moran's I of the first 20 distance
classes in the model residuals. For all beta-diversity variables, the
SAR model with a neighbor distance of 300 km produced a
minimal residual spatial autocorrelation and a lowest Akaike infor-
mation criterion value. The final SAR models substantially reduced
spatial autocorrelation in residuals relative to the OLS models (table
S4). In the multiple regression models, we included all eight envi-
ronmental variables to estimate their relative importance. Because
of a strong correlation between mean annual temperature and tem-
perature seasonality (fig. S25), we also fit models without tempera-
ture seasonality in a preliminary analysis. These models estimated a
very similar coefficient for the mean annual temperature with that
from models with all environmental variables, suggesting that our
models were not sensitive to the strong correlation between envi-
ronmental variables.

We also used Akaike-based model selection and multimodel in-
ference to qualify the relative importance of each environmental
variable by assessing all subsets of full SAR models (113). The
Akaike weight of each model was first calculated. Then, we averaged
the standardized regression coefficients for each variable across all
evaluated models by weighting each value with the Akaike weight of
the model that contained it. We also measured the importance of
each environmental variable by summing the weights of all
models including that variable.
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To assess the variation in the effects of environmental variables
on beta-diversity across continents, we further fit SAR models re-
gressing each of beta-diversity variables against eight environmental
variables within each of six continents (Africa, Asia, Australia,
Europe, North America, and South America). We calculated the av-
eraged standardized regression coefficients based on multimodel
inference to estimate the relative effects of environmental variables.
All analyses were performed in R using the packages spatialreg and
spdep (114) for SAR models, MuMIn (115) for multimodel infer-
ence, and SpatialPack (116) for the spatially corrected ¢ test.

Sensitivity analyses

To test the influence of trait imputation on functional beta-diversity
and its relationship with phylogenetic beta-diversity, we repeated
the calculation of functional and phylogenetic beta-diversity using
only species that have measured data for at least one or five traits.
Because only 114 species had measured data for all eight traits, we
did not perform a sensitivity analysis using only these species. We
calculated correlations of functional and phylogenetic beta-diver-
sity based on all species with those based on species with at least
one or five measured traits. We also analyzed the relationship
between functional and phylogenetic beta-diversity using values
based on all species and only species with at least one and five mea-
sured traits, respectively, and assessed whether the relationship
based on all species was consistent with that based on only
species with some measured trait data. Because Europe and North
America had higher trait coverage than other continents (fig. S11),
the functional beta-diversity within these continents was less likely
influenced by trait imputation. Thus, its relationship with phyloge-
netic beta-diversity tends to reflect their intrinsic association rather
than the consequence of trait imputation. We, therefore, performed
an analysis by comparing relationships between phylogenetic and
functional beta-diversity within each of the six continents (Africa,
Asia, Australia, Europe, North America, and South America) to test
whether they were less strongly correlated in Europe and
North America.

We then tested the sensitivity of our results to the values of the
parameter alpha in constructing alpha-hull ranges. The alpha pa-
rameter determines the resolution of constructed alpha hulls, with
a smaller value representing a higher resolution (81, 82). When
alpha approaches zero, the constructed shape is close to the original
point set, whereas the constructed alpha hulls will be the typical
convex hull when alpha takes infinite values. In the main text, we
reported results based on alpha-hull ranges estimated with the
alpha value of 6°. As a sensitivity analysis, we calculated beta-diver-
sity based on alpha-hull ranges estimated with alpha values of 2°, 4°,
and 10° and compared them with beta-diversity values reported in
the main text.

To test the sensitivity of our results to the sizes of moving
windows to define regions, we repeated analyses using a moving
window of nine (3 x 3) grid cells. To control for different
numbers of cells within regions, we only included grid cells with
at least five neighboring cells as focal cells to calculate beta-diversity.
For each focal cell, we resampled five grid cells from its eight neigh-
boring cells 200 times and calculated the average values for all
metrics of beta-diversity. We also calculated the deviation of phylo-
genetic and functional turnover and nestedness from their random
expectations using the null model in our main analyses. Here, the
site-specific regional species pool needed for the null model was all
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species in the nine-cell moving window for each focal cell. Effects of
environmental variables on spatial variation in beta-diversity were
then assessed using the same methods used in our main analyses.

Supplementary Materials
This PDF file includes:

Figs. S1 to S25

Tables S1 to S4
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