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Abstract

Both historical and contemporary environmental conditions determine present
biodiversity patterns, but their relative importance is not well understood. One way to
disentangle their relative effects is to assess how different dimensions of beta-
diversity relate to past climatic changes, i.e., taxonomic, phylogenetic and functional
compositional dissimilarity, and their components generated by replacement of
species, lineages and traits (turnover) and richness changes (nestedness). Here, we
quantify global patterns of each of these aspects of beta-diversity among neighboring
sites for angiosperm trees using the most extensive global database of tree species-
distributions (43,635 species). We found that temperature change since the Last
Glacial Maximum (LGM) was the maor influence on both turnover and nestedness
components of beta-diversity, with a negative correlation to turnover and a positive
correlation to nestedness. Moreover, phylogenetic and functional nestedness was
higher than expected from taxonomic beta-diversity in regions that experienced large
temperature changes since the LGM. This pattern reflects relatively greater losses of
phylogenetic and functional diversity in species-poor assemblages, possibly caused by
phylogenetically and functionally selective species extinction and recolonization
during glacia-interglacial oscillations. Our results send a strong warning that rapid
anthropogenic climate change is likely to result in a long-lasting phylogenetic and
functional compositional simplification, potentially impairing forest ecosystem

functioning.

I ntroduction

Understanding spatial variation in biodiversity and how biodiversity responds to
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climate change are critical issues in ecology *®. Several studies focusing on these
issues examine paleoclimatic legacies in current biodiversity patterns . These
studies have shown that past climate changes have affected present species
distributions and biodiversity patterns by driving extinctions, colonizations, range
shifts, and diversification (as reviewed in ref. *°). However, these findings are
primarily based on analyses of spatial patterns of local species richness (alpha
diversity), spatial variability in species composition among sites (beta-diversity) at
large scales have received less attention **'**°, Because species richness is strongly

determined by contemporary climatic conditions %

, Which are usually correlated
with paleoclimates, the extent to which historical environmental conditions shape
present-day biodiversity is still under debate %%, Compared to alpha-diversity, beta-
diversity considers not only the number of species but aso their identities, it thus
provides a way to examine how biodiversity changes across space and can enhance

understanding of processes shaping biodiversity patterns "%,

To detect processes of past climate change shaping beta-diversity, it isimportant to
partition beta-diversity into two additive components: spatial species turnover and

nestedness of assemblages 9%

. Spatial species turnover reflects species
replacement between sites, while nestedness describes the extent to which
depauperate assemblages are subsets of richer ones, reflecting species [0ss across sites
% Compared to regions with unstable climates, climatically stable regions (such as
the southwest of China in Fig. 1a) have experienced lower rates of species extinction
and higher rates of speciation ®, which leads to more species with small ranges .
As a result, spatial species turnover is expected to be the dominant component of

beta-diversity in climatically stable regions (Fig. 1b). In contrast, climatically unstable

regions have experienced more local extinctions, and many extant species are
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recolonizers from neighboring regions after glaciations °

. Because postglacial
recolonization lags behind the change in suitable climatic conditions 3%, species
richness tends to decrease from glacial refugia towards glaciated regions, leading to
nestedness patterns in community compositions >#**%_ Therefore, the nestedness

component of beta-diversity is likely to be high in climatically unstable regions (Fig.

1c).

While a taxonomic measure of beta-diversity (TBD) and its components can
indicate how species composition changes among assemblages, incorporating
phylogenetic and functional information into analyses of beta-diversity provides a
further process-based understanding of how biodiversity patterns are shaped
141819283638 phylogenetic beta-diversity (PBD) measures how deep in evolutionary
time species from different assemblages have been separated, and functional beta-
diversity (FBD) measures the extent to which species are functionally dissimilar
among assemblages **%*. Similar to taxonomic beta-diversity, phylogenetic and
functional beta-diversity can also be decomposed into their turnover component due
to replacement of lineages and traits; and nestedness component due to losses in
lineages and functions across sites ****. Simultaneously considering these multiple
dimensions of beta-diversity and their turnover and nestedness components can
provide insights into the contemporary ecological and historical evolutionary

mechanisms that structure spatial variation in biodiversity %3,

There is much evidence that past climate change influences phylogenetic and
functional diversity, reflecting differential impacts on species according to their
phylogenetic positions or functional traits (see review in ref. %). Glaciation-driven
extinction of temperate trees has been shown to be most common among cold-

intolerant species **%. Due to time-lagged migration, dispersal capacities determine
8
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the extent to which species recolonize their climatically suitable areas after glaciations
844 Because plant traits are often strongly correlated ““°, species extinction and
recolonization may also be related to other traits besides cold tolerance and dispersal-
related traits. These nonrandom effects may cause lower functional diversity in
regions that experienced strong glacial-interglacial oscillations . When cold

tolerance and dispersal-related traits are phylogenetically conserved 4%

, Species
extinction and recolonization during glacial-interglacial oscillations would show a
strong phylogenetic signal, leading to larger than random losses of phylogenetic
diversity °. Among communities where nestedness is the dominant beta-diversity
component, differences in phylogenetic and functional diversity between species-rich
and poor assemblages would be higher than those expected based on random
processes when surviving and recolonizing species in depauperate sites are
phylogenetically closely related or functionally similar (Fig. 1d). The phylogenetic

and functional nestedness relative to the random expectation is therefore expected to

be higher in climatically unstable regions (Fig. 1€).

Despite many efforts to understand spatial distributions of tree diversity, only a few
recent studies have mapped global patterns of species richness, phylogenetic and
functional diversity of trees “***. To better understand the drivers of spatial variation
of tree diversity and determine the potential impacts of ongoing climate change, it is
essential to evaluate the influence of past climate change on global present-day
patterns of tree beta-diversity. Here, we combined the most extensive global database
of tree species’ distributions with information about their phylogenetic relationships
and functional traits to quantify intrarregional compositional dissimilarity of
angiosperm trees within 3x3 grid-cells of 200 km in three biodiversity dimensions

(taxonomic, phylogenetic and functional), using a multiple-site dissimilarity approach
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°2 We partitioned all three dimensions of beta-diversity into their turnover and
nestedness components. We then used temperature anomaly between the present and
the Last Glacial Maximum (LGM; ~21,000 yr ago) and current climatic and
topographic variables to explain the spatial variation in beta-diversity. To evaluate
whether past climate change non-randomly affected species driving a higher
phylogenetic and functional nestedness, we use a null model to calculate the deviation
of the observed from a random expectation given the observed taxonomic beta-
diversity and the regional species pool. We hypothesized that temperature anomaly
since the LGM has a mgor influence on spatial patterns of both turnover and
nestedness components of beta-diversity, but that it is negatively correlated with
turnover and positively with nestedness. We also hypothesized that the observed
phylogenetic and functional nestedness would be higher than expected from
taxonomic beta-diversity in regions strongly affected by climate change since the

LGM.

Results

Global patterns of tree beta-diversity. We first mapped global patterns of beta-
diversity for angiosperm trees as Sgrensen multiple-site dissimilarity among 3x3 grid-
cells, the turnover component as Simpson multiple-site dissimilarity, and the
nestedness component as the difference between Sgrensen and Simpson
dissimilarities **. Globally, total beta-diversity and its turnover and nestedness
components exhibited different spatial patterns for all three evaluated biodiversity
dimensions (Fig. 2 and Supplementary Fig. 1). High total beta-diversity was mainly

concentrated in southern Eurasia, Africa, the Andes, and the western United States

10
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(Fig. 2a-c). The turnover component decreased towards the poles, and its spatial
patterns matched those of total beta-diversity (Fig. 2d-f and Supplementary Fig. 1d-f).
By comparison, spatial patterns of the nestedness component diverged from those of
the turnover component, increasing towards the poles (Fig. 2g-i and Supplementary
Fig. 1g-i). Overal, the turnover component contributed more on average to total beta-
diversity (Fig. 2j-1). However, the proportion of total beta-diversity contributed by the
nestedness component was more than half in regions that were glaciated during the
LGM, especialy for phylogenetic and functional beta-diversity (Fig. 2j-1). This
resulted in a positive association between the nestedness proportion and latitude

(Supplementary Fig. 1j-1).

Comparison among taxonomic, phylogenetic and functional beta-diversity.
Spatial patterns of total beta-diversity and its turnover and nestedness components
were generally congruent among the three dimensions of biodiversity (Fig. 2),
consistent with strong positive correlations between taxonomic, phylogenetic and
functional beta-diversity (Supplementary Fig. 2). On average, taxonomic beta-
diversity was higher than phylogenetic beta-diversity, which in turn exceeded
functional beta-diversity; the same pattern was observed for the turnover component
(Supplementary Fig. 2a-f). However, the nestedness component of phylogenetic and
functional beta-diversity was dslightly higher than that of taxonomic beta-diversity
(Supplementary Fig. 2g-i), resulting in a higher relative contribution of the nestedness
component for phylogenetic and functional beta-diversity than for taxonomic beta-

diversity (Supplementary Fig. 2j-).
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Associations with environmental variables. Precipitation seasonality explained
most of the variation in total beta-diversity for three biodiversity dimensions (Table 1).
Total taxonomic beta-diversity was also negatively associated with the temperature
anomaly since the LGM, and total phylogenetic and functional beta-diversity was
positively associated with mean annual temperature (Table 1). Both the turnover and
nestedness components were most influenced by temperature anomaly and mean
annual temperature, but they presented contrasting associations (Fig. 3; Table 1). The
turnover component was negatively associated with temperature anomaly and
positively with mean annual temperature for al three beta-diversity dimensions. In
contrast, the nestedness component was positively associated with temperature
anomaly for taxonomic and phylogenetic beta-diversity and negatively with mean
annual temperature for phylogenetic beta-diversity. The relative contribution of the
nestedness component showed a consistent and positive relationship with temperature
anomaly and a negative association with mean annual temperature across all three

dimensions of beta-diversity (Table 1).

The deviation of phylogenetic and functional beta-diversity. Null model analyses
showed that deviations of the observed phylogenetic and functional nestedness from
random expectation were not evenly distributed across space (Fig. 4ac). North
America, northern Australia, and northern and western Europe showed the largest
positive deviations (yellow to red colors in Fg. 4ac), meaning strong
phylogenetically and functionally selective processes. The deviations of both
phylogenetic and functional nestedness were positively correlated with temperature
anomaly since the LGM (Fig. 4b,d). Temperature anomaly was the most important

predictor on the spatial variation in the deviations of phylogenetic and functional
12
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nestedness (Table 2). Moreover, the deviations of phylogenetic and functional
nestedness showed a strong and positive relationship with the deviations of averaged
absolute differences in phylogenetic and functional diversity between all intra-
regional pairwise cells (R* = 0.622 and 0.633, respectively; Supplementary Figs. 3
and 4). This association suggests that higher-than-expected phylogenetic and
functional nestedness in climatically unstable regions were attributed to higher
differences in phylogenetic and functional diversity among intra-regional grid-cells

due to nonrandom processes (Fig. 1c-d).

Discussion

Using comprehensive data on angiosperm tree distributions, phylogeny, and
functional traits, we showed contrasting spatial patterns of the two components of
beta-diversity across three biodiversity dimensions in global tree assemblages, with
the turnover component being dominant in tropical regions, and the nestedness
component dominating in temperate regions. These patterns are consistent with spatial
variations of beta-diversity in multiple organisms >1%2"%3441% Bqth patterns of the
turnover and nestedness components have strong associations with temperature
anomaly since the LGM, but the two relationships are in opposite directions, which

reflects contrasting processes driven by past climate change on species distributions.

The high nestedness component of beta-diversity in climatically unstable regions is
consistent with strong local species extinction during glaciation and incomplete
postglacial recolonization from ice-age refugia *>*"**. Several studies have shown that
geographic accessibility from glacia refugia accounts for much of the variation in tree

13,55

diversity across Europe . In addition, the time since deglaciation is strongly

13


https://doi.org/10.1101/2020.11.14.382846
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.14.382846; this version posted November 17, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

positively associated with regional species richness of vascular plants in the Arctic *°.
These patterns are consistent with the evidence that the current distributions of many
species are not in equilibrium with current climate, often due to postglacial dispersal
limitation 3%, Plant species with lower dispersal capacity tend to fill lower
proportions of their potential ranges, and their current distributions have stronger

associations with accessibility to glacial refugia %>’

. Such postglacial migration lags
are aso evident in the steeper latitudina richness gradients of the more poorly
dispersed European beetle taxa *. Differential and limited dispersal capacity would
result in steep rates of species losses from glacial refugia towards higher latitudes,

leading to strong nestedness of community compositions in regions strongly affected

by past climate change %.

In contrast, the high turnover component observed in climatically stable regions
could result from favored species persistence in situ, and the prevalence of species
with small ranges °. By comparison, disproportionate extinctions of small-ranged
species in climatically unstable regions result in a high proportion of large-ranged
species in these regions **, decreasing the replacement of species within a given
neighborhood. Therefore, many more different species would be observed among
assemblages in climatically stable regions compared to those in unstable regions,
resulting in higher turnover component of beta-diversity. The contrasting impacts of
Quaternary climatic instability on turnover and nestedness have been reported for
taxonomic beta-diversity of vertebrate groups, such as freshwater fish, amphibians,
birds and mammals #"**%. By simultaneously considering taxonomic, phylogenetic
and functional beta-diversity, our global analysis of trees develops previous findings

and shows consistent results across three biodiversity dimensions.

Consistent with our expectation, the nestedness components of phylogenetic and
14
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functional beta-diversity are higher than the random expectation in climatically
unstable regions since the LGM, reflecting nonrandom impacts of past climate change
among species. This suggests that glaciation-driven local-extinction and post-glacial
recolonization are most likely phylogenetically and functionaly selective. Cold
tolerance and dispersal capacity are thought as two important attributes affecting
species survival during glaciations and recolonization to the postglacial suitable areas,
respectively 33", These attributes are shown to have strong phylogenetic signals
94748 and may be correlated with other functional traits as a result of biophysical
constraints and trade-offs among traits “>*. Within a region strongly influenced by
past climate change, species-poor assemblages would have lower phylogenetic and
functional diversity relative to the random expectation from the regional species pool
when the extant species come from specific clades that are characterized with similar
functions due to phylogenetically and functionally selective processes. The intra-
regional differences in phylogenetic and functional diversity between species-rich and
poor assemblages are thus expected to be higher, which is supported by our results
(Supplementary Fig. 3). Because of the direct link between the intra-regional
differences in phylogenetic and functional diversity and the nestedness component of
beta-diversity (Supplementary Fig. 4), the higher observed differences in phylogenetic
and functional diversity result in higher nestedness components of phylogenetic and
functional beta-diversity in the regions that were strongly affected by Quaternary

climate change.

The strong paleoclimatic legacies detected in this study imply that anthropogenic
climate change is likely to have long-lasting effects on compositions of tree
assemblages and thereby aso on ecosystem structure and functioning *. The
projected geographic pattern of ongoing climate change, however, differs
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considerably from that during the Quaternary °. The regions that are stable in
paleoclimatic conditions harbouring many rare species will experience relatively

faster future climate change than the past change >>

. Species extinction events are
projected to be more common in tropical regions due to limited dispersal and
adaptation to future climate changes ®. Anthropogenic activities are also likely to be
strong in the regions with many rare species *°, making climate tracking more difficult
for these species. This highlights the importance of conservation tools such as assisted

migration ®* and a well-designed network of protected areas to help species dispersal

and tracking climates .

To conclude, our study shows that global patterns of tree beta-diversity in all
taxonomic, phylogenetic and functional dimensions are strongly influenced by
Quaternary climate change. The turnover and nestedness components of beta-diversity
display distinct geographic patterns, reflecting contrasting legacies of past climate
change. Further, there are higher phylogenetic and functional nestedness compared to
the random expectation from taxonomic beta-diversity in regions that experienced
strong past climate change, possibly caused by phylogenetically and functionally
selective glaciation-driven extinction and post-glacial recolonization ®'°. These
findings highlight the importance of climatic stability on tree diversity and suggest
that anthropogenic climate change is likely to result in strong and long-lasting effects.
Moreover, if species responses to anthropogenic climate changes are also
phylogenetically and functionally dependent, much more phylogenetic and functional
diversity will be lost than expected from the number of species going extinct,

potentially leading to reduced or impaired forest ecosystem functioning *.
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M ethods

Treedistributions. In this study, we used the global tree species list and distributions
compiled in ref. ®. The tree species checklist came from the Global TreeSearch ®,
which was assembled from a range of botanical publications and extended by many
botanical experts. Taxonomic names were standardized using the Taxonomic Name

Resolution Service (TNRS®), resulting in 58,100 tree species.

Tree species occurrences were compiled from five major comprehensive
biodiversity infrastructures, including the Global Biodiversity Information Facility

(GBIF; https://www.gbif.org), the Botanical Information and Ecological Network v.3

(BIEN®®®":  http://bien.nceas.ucsb.edu/bien), the Latin American Seasonally Dry

Tropical Forest Floristic Network (DRY FLOR®; http://www.dryflor.info), RAINBIO

database (https://gdauby.github.io/rainbio/index.html®®) and the Atlas of Living

Australia (ALA; https:.//www.ala.org.au). These records were then assessed and

labeled using a quality control workflow considering geographic coordinates,
duplications, native ranges, geographical and environmental outliers . In this study,
we used the high-quality occurrences and those records without geographic bias,
which were labeled as AAA, AA, A and C in ref. ®. The final dataset had 46,752

species with 7,066,785 occurrences at 30 arcsec resolution.

Using the species occurrence points, we estimated species ranges based on the
number of records. For species with 20 or more occurrences, ranges were estimated
with alpha hulls using the R package alphahull °. The alpha hull is a generalization of
the convex hull ™ and allows the constructed geometric shape from a set of points to
be several discrete hulls dependent on the value of the parameter alpha. For species
with less than 20 occurrences or with disjunct records, a 10-km buffer was built

around each point and then combined with alpha hulls. We used four alphalevels (2,
17
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4, 6 and 10) to construct alpha hulls following recommendations in previous studies
273 Because the results based on these alpha hulls were consistent (Supplementary
Figs. 5-8), our main results were based on ranges using the apha parameter of 6 in
this study. The species richness based on the range maps was strongly correlated with
the prediction using forest plots and regional checklists (see ref. ™ for details). We
noted that ranges could also be estimated by species distribution modeling using
occurrences and environmental variables (e.g. ref. *°). In this study, we did not use the
model-based ranges to avoid circular reasoning because environmental variables
would be included to explain patterns of beta-diversity.

Species ranges were then rasterized to grid-cells in a resolution of 200 km with an

equal-area Behrmann projection

. 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 under-
sampling. However, we acknowledged that the patterns of beta-diversity based on
these coarse tree distributions present the heterogeneity in assemblage compositions at
broader spatial scales, neglecting the heterogeneity at small spatial scales. We only
included angiosperms in this study, excluding gymnosperms to avoid possible
divergent effects on phylogenetic and functional beta-diversity due to their striking
differentia evolutionary history and functional traits. We also removed grid-cells with
fewer than five species to avoid potential unreliable estimates of beta-diversity. A

total of 2,319 assemblages and 43,635 species were kept and used in subseguent

analyses.

Phylogenetic tree. The phylogenetic information for the tree species were extracted

from the largest available phylogeny for seed plants . This comprehensive
18
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phylogeny was constructed by combining sequence data from GenBank with a
backbone tree reflecting deep relationship ”* and adding species without molecular
data but found in the Open Tree of Life (tree release 9.1 and taxonomy version 3)
based on previous knowledge about phylogenetic relationships °. We then reduced
this phylogeny by removing any species absent in tree species list (46,752 spp.). We
added some species with distributions but missing in the phylogeny using the same
approach as ref. "°. The generated phylogeny was then pruned to contain only the

angiosperm species that were used in this study.

Functional traits. In this study, we selected eight main functional traits related to
growth, survival and reproduction for functional analyses, i.e. specific leaf area, leaf
area, leaf dry matter content, leaf nitrogen content, leaf phosphorus content, wood
density, seed dry mass, and plant maximum height *°. Originally, we compiled 21
functional traits (Supplementary Table 1) from three databases, including TRY Plant

Trait Database (https:.//www.try-db.org™®), BIEN®*®" and TOPIC™. However, many

species were missing in trait values. The trait gaps were filled by Bayesian
hierarchical probabilistic matrix factorization (BHPMF), which is a robust machine
learning approach imputing trait values based on the taxonomic hierarchy and
correlation structure among traits ®. To improve estimation of missing trait values,
phylogenetic information in the form of phylogenetic eigenvectors was also used as
predictors ®. These phylogenetic eigenvectors were extracted from a principal
coordinate analysis on phylogenetic distance matrix . To determine the number of
phylogenetic eigenvectors included in the trait imputation, we performed preliminary
analyses with increasing number of phylogenetic eigenvectors added as predictors and

caculated the Root Mean Squared Error (RMSE). The RMSE was minimized as
19
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0.087 when the first six phylogenetic eigenvectors were included in the imputation
(see ref. ™ for details). To avoid outliers in the estimation of missing values, the
maximum and minimum observed trait values were used as thresholds to constrain
imputed data. 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 Globa TreeSearch
database ®. We used all of the 21 functional traits in the imputation to maximize

benefits from the correlation structure among traits.

We noted that the dataset of functiona traits is limited with substantial gaps
(Supplementary Table 1), which may introduce noise in the estimated functional beta-
diversity. This might be the reason why lower spatial variation in functional beta-
diversity was explained by environmental variables than that for phylogenetic beta-
diversity in this study (Table 1). However, we believe that the functional dimension of
beta-diversity can provide additiona information to the phylogenetic dimension,
exemplified by the detected generally lower functional turnover than phylogenetic

turnover in this study.

Beta-diversity. We used a moving window of 3x3 grid-cells of 200 km to measure
intra-regional compositional heterogeneity as beta-diversity for each focal cell 8%
Here, we used the multiple-site dissimilarity, rather than the average pairwise
dissimilarity between focal cell and its adjacent cells because the average pairwise
dissimilarity cannot reflect patterns of co-occurrence among more than two sites %2,
Because differences in the number of adjacent sites could affect the multiple-site
dissimilarity and some cells in the idands and along the margins of continents have

few adjacent cells, we only include grid-cells having at least five adjacent occupied

cells.
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We calculated taxonomic, phylogenetic and functional beta-diversity using the

253 Sgrensen

indices from the family of Serensen dissimilarity measures
dissimilarity index is one of the most commonly used taxonomic dissimilarity indices
8 measuring the proportion of exclusive species among assemblages. The analogues
of Serensen dissimilarity index for phylogenetic and functional beta-diversity
measure the proportion of exclusive branch lengths in a phylogenetic tree or
functional dendrogram for the species among assemblages ®. We then partitioned
these three dimensions of Sgrensen dissimilarity (TBDsor, PBDsor and FBDsoR) into
two additive components due to turnover (TBDgm, PBDsw and FBDgwv) and
nestedness (TBDnes, PBDnes and FBDnes) 2>*°. The turnover component, which is
the Simpson dissimilarity, reflects the effect of replacement of species or branches in
aphylogeny or functional dendrogram without the impacts from differencesin species
richness, phylogenetic and functional diversity among sites »*. The nestedness
component, which is the difference 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 %, All calculations of beta-diversity were performed with the R

package betapart >,

Although functional beta-diversity can be calculated based on functional space
our calculation was based on a functional dendrogram, because it had similar data
structure with the phylogenetic tree, making functional and phylogenetic beta-
diversity comparable ®. To remove the correlation structure among traits, we
performed principa component analysis on al eight log- and z-transformed trait
values. The first three principal components (PCs) explained a high amount (83.6%)

of the total variation. We thus used these three PCs to calculate the Euclidean
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distances among species and performed hierarchical clustering to generate the

functional dendrogram.

To reflect the relative importance of components due to turnover and nestedness,
we aso calculated the ratio of the nestedness-resultant component relative to the total
beta-diversity for all three evaluated biodiversity dimensions (TBDaio, PBDraio and
FBDyaio) *>2"%. Therefore, values < 0.5 indicated that beta-diversity was determined
mostly by turnover, whereas values > 0.5 suggested that the dissimilarity due to

nestedness was the main component.

Null models. As the three-dimensional beta-diversities were strongly correlated, the
processes driving taxonomic beta-diversity probably also affect phylogenetic and
functional beta-diversity 23%*. To investigate whether phylogenetic and functional
beta-diversity were affected by processes beyond those shaping taxonomic beta
diversity, we constructed null models to calculate the random expectations of
phylogenetic and functional beta-diversity given the observed taxonomic beta
diversity and regional species pool. The site-specific regional species pool was
defined as all speciesin each focal cell and its eight adjacent cells. In the null model,
the identities of species were randomly shuffled among the species pool in the
phylogenetic tree and functional dendrogram. Therefore, species richness of each cell,
intra-regional taxonomic beta-diversity and its turnover and nestedness components,
and the pool of species, branches in the phylogenetic tree and functional dendrogram

were kept constant with the observed in the null model.

Because this study focused on the processes of phylogenetically and functionally

selective extinction and recolonization that could cause stronger intra-regiona
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nestedness patterns in phylogenetic and functional compositions than expected by
chance, we calculated the randomly expected phylogenetic and functional nestedness.
We also calculated the observed and expected values of averaged maximum and
minimum phylogenetic and functional diversity and their differences between all
intra-regional pairwise cells to examine associations between phylogenetic and
functional nestedness and differences in phylogenetic and functional diversity. This
null model was repeated 999 times and null distributions of the phylogenetic and
functional nestedness and averaged maximum and minimum phylogenetic and
functional diversity and their differences were produced. We then calculated the
deviations of phylogenetic and functional nestedness as the differences between the
observed and the average expected values. Here, we did not use the standardized
effect size because the standard deviations of expected values were strongly
negatively correlated with species richness (Supplementary Fig. 9), which largely
changes across the world. We aso calculated the deviations of the averaged
maximum and minimum phylogenetic and functional diversity and differences
between pairwise cells by dividing the differences between the observed and the

average expected by the observed values.

Environmental data. To measure Quaternary climate change, we calculated the
change in mean annual temperature between the present and the LGM. The mean
annual temperature of the LGM was measured as the average of two estimates from
GCM models CCSM4 * and MIROC-ESM #’ to account for variation of models.
Precipitation anomaly since the LGM, however, was not used in this study because
the paleoclimatic reconstruction for precipitation still remains uncertain and thus

precipitation anomalies estimated from the above two GCM models differed
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substantially (Pearson’s r = 0.470).

Besides past climate change, contemporary climatic conditions and topography
were also expected to shape the spatial variaion of beta-diversity 323488 e
included mean annual temperature and precipitation because of their important roles
affecting species distribution (Supplementary Fig. 10). Temperature seasonality and
precipitation seasonality were also considered (Supplementary Fig. 10), as they were
important drivers of species range size, which was directly related with beta-diversity
332 Temperature seasondlity defined as the standard deviation of monthly
temperature (bio4) and precipitation seasonality defined as the coefficient of variation
of monthly precipitation (biol5). Topography was measured as elevational range

within a cell using elevation data with a spatial resolution of 1 km? (Supplementary

Fig. 10).

All of the climate and elevation data used in this study came from the WorldClim
1.4 database with a resolution of 2.5 arc-min for climate ®. To match the scale of
beta-diversity and environmental variables, environmental conditions for each cell

were measured as the average of the focal cell and all of its adjacent cells *2.

Statistical analyses. We used Pearson correlations to check pairwise relationships
among environmental variables and also among multiple dimensiona beta-diversities.
To account for spatial autocorrelation in variables, amodified t-test was used to assess
statistical significance *. Following suggestions in ref. 3*°*, we performed piecewise
regressions to examine latitudinal patterns of beta-diversity and its turnover and

nestedness components.

We then used bivariate linear regressions to investigate relationships of each metric
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of beta-diversity (total TBD, PBD and FBD and their turnover and nestedness
components) and the deviation of phylogenetic and functional nestedness against
environmental variables. We calculated the coefficient of determination (R?) to
measure the importance of environmental variables. Then, multiple ordinary least
squares (OLS) linear regressions were used to calculate standardized regression
coefficients and determine the relative importance of environmental variables. Due to
a strong correlation between mean annua temperature and temperature seasonality
(Pearson’s r = 0.90; Supplementary Fig. 11), we excluded temperature seasonality in
the multivariate analyses to avoid multicollinearity. However, residuals of all OLS
models showed strong spatial autocorrelation (Supplementary Fig. 12), which could
affect significance test and bias parameter estimates *. To account for spatial
autocorrelation, we used spatia simultaneous autoregressive (SAR) models that
include a spatial weight matrix as an additional error term . A preliminary analysis
was performed with a range of neighbor distances from 200 km to 1000 km in a step
of 100 km and row-standardized coding style to define the spatial weight matrix. For
all of our SAR models, a neighbor distance of 200 km produced a minimal Akaike
information criterion value and residual spatial autocorrelation. The final SAR models
successively removed spatial autocorrelation in residuals (Supplementary Fig. 12). As
a supplement, the results from OLS models were provided in Supporting Information

(Supplementary Table 2 and 3).

We also used Akaike-based model selection and multi-model inference to qualify
the relative importance of each environmental variable by assessing all subsets of full
SAR models #. The Akaike weights of each model were first calculated. Then, we
averaged the standardized regression coefficients for each variable across al

evaluated models by weighting each value with the Akaike weight of the model that
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contained it. We also measured the importance of each environmenta variable by

summing the weights of all models including that variable.

To explore whether the regions having higher phylogenetic and functional
nestedness relative to the random expectation can be attributed to their higher
differences in phylogenetic and functional diversity between intra-regional pairwise
cells, we investigated the bivariate linear relationships between deviations of
phylogenetic and functional nestedness and deviations of differences in phylogenetic

and functional diversity.

To improve linearity of regressions and normality of model residuals, mean annual
precipitation and elevational range were logio-transformed. Although temperature
anomaly was strongly right-skewed, we did not log-transform it because the residuals
of models with raw anomaly closely followed normal distributions and the raw
variable can explain more variation than the log-transformed variable for most metrics

of beta-diversity.

All analyses were performed in R using the packages spdep and spatialreg for SAR

models, MuMIn for multimodel inference and Spatial Pack for modified t-test.
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Tables

Table 1 | Relationships of five environmental predictors to total taxonomic,
phylogenetic and functional beta-diversity (BDsor) and the components attributable to
spatial turnover (BDgv) and nestedness (BDnes), and the proportion of total beta-
diversity contributed by nestedness. (BDraio).

R SAR,,  Weights R SAR,,  Weights R SAR,,  Weights
Taxonomic Phylogenetic Functional
BDsor
Full model 0.927 0.912 0.918
Anomaly 0.104 -0.195* 0.732 0.083 0.003 0.282 0.080 -0.123 0.455
MAT 0.063 0.170 0.701 0.050 0.233** 0.983 0.057 0.201** 0.877
MAP 0.003 -0.058 0.446 0.006 -0.036 0.329 0.002 0.053 0.407
PS 0.254 0.114* 0.683 0.241 0.124* 0.721 0.252 0.098 0.559
EleR 0.037 0.080 0.698 0.036 0.128** 0.975 0.049 0.137** 0.982
BDsim
Full model 0.893 0.888 0.88
Anomaly 0.236 -0.354*** 0.999 0.326 -0.220** 0.917 0.268 -0.252** 0.962
MAT 0.177 0.190* 0.846 0.284 0.321*** 0.999 0.238 0.266** 0.986
MAP 0.002 -0.102* 0.751 0.013 -0.017 0.287 0.011 0.042 0.352
PS 0.169 0.183** 0.973 0.164 0.157** 0.960 0.158 0.152** 0.939
EleR 0.026 0.004 0.284 0.017 0.066 0.539 0.029 0.067 0.538
BD NES
Full model 0.774 0.802 0.808
Anomaly 0.110 0.319** 0.960 0.141 0.227* 0.800 0.044 0.195 0.654
MAT 0.106 -0.174 0.603 0.163 -0.259* 0.891 0.054 -0.181 0.638
MAF 0.020 0.055 0.365 0.052 -0.034 0.316 0.029 -0.017 0.292
PS 0.001 0.029 0.292 0.005 0.099 0.527 0.041 0.102 0.503
EleR 0.000 0.101 0.655 0.004 0.077 0.494 0.009 0.113* 0.730
BDratio
Full model 0.814 0.84 0.823
Anomaly 0.222 0.434*** 1.000 0.324 0.317*** 0.998 0.239 0.317*** 0.995
MAT 0.203 -0.206* 0.814 0.343 0.330*** 0.999 0.269 0.286*** 0.984
MAF 0.019 0.077 0.488 0.054 -0.024 0.293 0.047 -0.038 0.322
PS 0.023 -0.047 0.331 0.027 0.015 0.277 0.008 0.040 0.315
EleR 0.002 0.062 0.429 0.000 0.005 0.271 0.000 0.035 0.321

R, coefficient of determination from bivariate regressions; SAR,,, averaged standardized regression
coefficients from spatial simultaneous autoregressive (SAR) models; Weights, summed Akaike weights
of all subsets of full SAR models containing one specific variable; R? of full model, squared Pearson
correlation between observed values and predictions (both the non-spatial trend and spatial signal) of
full SAR models. Anomaly, temperature anomaly since the Last Glacial Maximum; MAT, mean
annual temperature; MAP, mean annual precipitation; PS, precipitation seasonality; EleR, elevational
range within grid-cells. *, P < 0.05; **, P < 0.01; ***, P <0.001.
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Table 2 | Relationships of five environmental predictors with the deviations of
nestedness component of phylogenetic (PBDnes) and functional (FBDnes) beta-

diversity from the random expectation controlling for taxonomic beta-diversity.

R SARq Weights

Deviation of PBDygs

Full model 0.783

Anomaly 0.225 0.338*** 0.999

MAT 0.166 -0.036 0.297

MAP 0.049 -0.132* 0.886

PS 0.062 -0.090 0.521

EleR 0.000 0.025 0.298
Deviation of FBDyges

Full model 0.747

Anomaly 0.110 0.192* 0.799

MAT 0.050 0.009 0.332

MAP 0.020 -0.125* 0.754

PS 0.018 -0.112 0.566

EleR 0.000 0.053 0.374

R?, coefficient of determination from bivariate regressions; SAR,,, averaged standardized regression
coefficients from spatial simultaneous autoregressive (SAR) models; Weights, summed Akaike weights
of all subsets of full SAR models containing one specific variable; R? of full model, squared Pearson
correlation between observed values and predictions (both the non-gpatial trend and spatial signal) of
full SAR models. Anomaly, temperature anomaly since the Last Glacial Maximum; MAT, mean

annual temperature; MAP, mean annual precipitation; PS, precipitation seasonality; EleR, elevational
range within grid-cells. *, P < 0.05; ***, P < 0.001.
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Fig. 1 | Hypothetical associations between taxonomic, phylogenetic or functional beta-
diverdity and past climate change. a, Global map of temperature anomaly since the Last
Glacial Maximum (LGM). Beta-diversity was measured asintra-regional compositional
dissimilarity among 3x3 grid-cells of 200 km using Sagrensen multiple-site dissimilarity. It
was partitioned into the turnover component as Simpson multiple-site dissimilarity, and the
nestedness component as the difference between Sgrensen and Simpson dissimilarities. b, The
turnover component captures the replacement of species, lineages or traits from one site to the
other. It is predicted to decrease with past climate change. ¢, The nestedness component
captures the losses of species, lineages or traits between assemblages. It is predicted to
increase with past climate change. d, Differences in the experienced past climatic change
between site A and B result in relatively stable sites (A) having a higher richness than
unstable areas (B). However, how differences in species losses affect phylogenetic and
functional nestedness depends on the selectiveness of lineages (branches) and traits (colours)
in the losses of species (geometric shapes). e, If glaciation-driven extinctions and post-glacia
recolonization are phylogenetic and functional selective, the deviations of observed
phylogenetic and functional nestedness from a random expectation are thus positive, and

increase with the magnitude of past climate change.
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Fig. 2 | Geographic patter ns of beta-diversity. a-c, Total beta-diversity for the

taxonomic (TBDsor), phylogenetic (PBDsor), and functional (FBDsor) dimensions;
d-f, the component attributable to spatial turnover (TBDgwm; PBDsim, FBDsiv); o-i,
the component attributable to nestedness (TBDnes; PBDnes, FBDnes); j-I, the
proportion of total beta-diversity contributed by nestedness component (TBD;aio;
PBD:4i0, FBDraio). Black linesin j-I showed grid-cells with over half of its area
covered by ice during the Last Glacial Maximum, calculated with updated Quaternary

glaciation coverage maps °

cellsare shown in gray.
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Fig. 3 | Relationships of temperature anomaly since the Last Glacial Maximum
with beta-diversity. a,ei, Relationships for total beta-diversity for the taxonomic
(TBDsor), phylogenetic (PBDsor), and functional (FBDsor) dimensions; b,f,j,
relationships for the component attributable to spatial turnover (TBDgm; PBDsim,
FBDsim); C,0,K, relationships for the component attributable to nestedness (TBDnes;
PBDnes, FBDnes); d,h,l, relationships for the proportion of total beta-diversity
contributed by nestedness component (TBD:aio; PBDratio, FBDraio). The red lines were
fitted with linear regressions. Significance was tested using modified t-test to control
for spatia autocorrelation. The solid and dashed lines indicated significant and
insignificant relationships, respectively. *, P < 0.05; **, P < 0.01; ***, P <0.001; ns,

not significant.
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Fig. 4 | Geographic patterns of the deviation of phylogenetic and functional
nestedness (a, ¢) and relationshipswith temperature anomaly since the L ast
Glacial Maximum (b, d). The deviation of nestedness component of phylogenetic
(PBDnes, a-b) and functional (FBDnes, c-d) beta-diversity was calculated as the
differences between the observed and the random expectation from taxonomic beta-
diversity. Thered linesin b and d were fitted with linear regressions. Significance was
tested using modified t-test to control for spatial autocorrelation. Both relationships
were significant (P < 0.05). Grid-cells with fewer than five species or five adjacent

cellsare shown in gray inaand c.
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