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ABSTRACT

Large-scale patterns of plant diversity and their determinants are central issues in macroecology and biodiversity
conservation. Previous studies have shown that late Quaternary and contemporary climates can affect plant diversity at
large scale. The main objective of our study was to explore the effects of late Quaternary and contemporary climates on
ecoregional plant diversity (EPD). Here, we used global ecoregions to examine characteristic and geographically distinct
features of plant diversity and quantified the joint and independent explanatory power of late Quaternary and
contemporary climates to account for EPD across different biomes. Then, we tested environmental mean and
heterogeneity hypotheses and found that both late Quaternary and contemporary climates (temperature and precipitation)
can affect plant diversity at ecoregional scales. Furthermore, environmental heterogeneity (i.e., the heterogeneity of late
Quaternary and contemporary climates) may have stronger explanatory power than environmental mean for EPD.
However, climatic effects on EPD may depend on biome variation. The effects of late Quaternary and contemporary
climates on EPD can persist widely in forest biomes and Temperate Grasslands, Savannas & Shrublands. The results of
the current study inform the prediction of plant diversity under future climate change, and support long-term monitoring
of plant diversity at ecoregional scales.
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INTRODUCTION the known mechanisms driving the relationships between

environmental changes and biodiversity.
Plant diversity makes a large contribution to the Plant diversity Qisplays distinct ' large-scale
conservation of ecosystem functions and the maintenance geographic patterns, which in turn are.determl.n.ed by late
of ecosystem services that are important to human beings Quaternary and contemporary climatic conditions, both

(Hooper and Vitousek, 1997; Grime, 1998; Isbell et al., together and independently (e.g., Svenning, 2003; Kreft
2011; Wan et al., 2014). Ecoregions cover relatively large and Jetz, 2007; Sommer et al., 2010; Sandel et al, 2011;
areas of land and, in their natural state, include Wang et Cfl-, 29123; Liu et al,, 2018). Af:ore hypothes1§ of
characteristic, geographically distinct features of plant biodiversity s that. contemporary climates determine
diversity (Olson et al., 2001; Wang and Wan, 2018). current plant diversity (O'brien et al, 2000; Ackerly et
Many studies (Kier ef al., 2005; van Vuuren et al., 2006; al., 2010; Kimball et al., 2010). In other words, there are

Blarquez et al., 2014; Wan et al., 2018a; 2019) have significant relationships between contemporary climates
explored mechanisms of geographical influence on and plant diversity at large scale. However, these patterns
ecoregional plant diversity (EPD). Climate change may are only indicative of the equilibrium of climate and plant
increase plant species richness across different temporal diversity spanning spatial and temporal scales (Svenning

and spatial scales (Suggitt et al., 2019), and Kier et al. et al., 2015; Wang and Wan, 2019)~ Numerous StUdif}S
(2005) have indicated that human influence may be the (e.g., Sandel ez al., 2011; Svenning anq Sa.lndel, 2013; Liu
driver of plant diversity in terrestrial ecoregions at large et al., 2018; Wan et al., 2018b) have indicated that there

scale due to the loss and degradation of natural habitats may be lags in the migration of species at continental to
and ecosystems. Wan ef al. (2018) have shown that soil landscape scales under past climat; change (S.Ve.nning et
variation can be a good indicator of EPD around the al., 2015). For example, tree species may exhibit a time
world. Using these studies on mechanisms driving EPD delay in range response to climatic change due to time-
through climate change and human activities, it is lagged dispersal and extended lifecycles (Sandel et al.,
possible to inform biodiversity conservation and 2011; Svenning et al., 2015; Wan et al., 2017). Instability
ecological modeling. For example, current and future in the climate of the late Quaternary may have influenced
plant diversity could be projected at large scales based on contemporary plant diversity, which could have led to the
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time-delay observed in relationships between climates
and plant diversity at large scales (Sandel et al., 2011;
Svenning et al., 2015; Wang and Wan, 2019). However,
few studies have paid attention to the effects of Late
Quaternary and contemporary climates on EPD.
Therefore, we first asked whether late Quaternary and
contemporary climates affect the pattern of plant
diversity, together and independently, at large scale.

Here, we quantified late Quaternary and
contemporary climates at ecoregional scales based on
environmental mean and heterogeneity hypotheses. The
environmental mean hypothesis indicates that the mean
climatic conditions over a specific area (e.g., an
ecoregion) filter for a set of plant species by optimizing
their growth and distribution (Kraft ef al., 2015; Stark et
al., 2017). In contrast to the environmental mean
hypothesis, large-scale environmental heterogeneity can
affect the ability of different plant species to persist under
environmental change within a specific area. EPD may
instead be related to the degree of climatic heterogeneity
in ecoregions around the world (Lundholm, 2009; Tamme
et al., 2010; Stein et al., 2014; Stark et al., 2017).

Biomes are distinct plant communities that have
formed in response to particular climates and they shape
different distribution patterns of plant diversity at large
scale (Olson et al., 2001). The environmental mean (i.e.,
one consistent physical climate) may be related to plant
diversity across different biomes (Kier et al., 2005; Kraft
et al., 2015; Jiang et al., 2017). By contrast, Stein et al.
(2014) have shown that environmental heterogeneity may
be a universal driver of species richness across taxa,
biomes, and spatial scales. Plant diversity may depend in
particular on the heterogeneity of climate and vegetation
differences (Stein et al., 2014; Stein and Kreft, 2015).
Hence, our second question was whether biome changes
can affect the relationships between late Quaternary and
contemporary climates and plant diversity at ecoregional
scales. To address these questions, we used data on EPD
and late Quaternary and contemporary climates across
different biomes. Then, we quantified the explanatory
power of climates for EPD across a variety of biomes.
This explanatory power was compared across late
Quaternary and contemporary climates in different
biomes. Our study could support the establishment of a
long-term monitoring system for plant diversity at large
scales.

MATERIALS AND METHODS

Ecoregional plant diversity and biome: We
downloaded the map of 867 ecoregions from the study of
Olson et al. (2001;
https://www.worldwildlife.org/publications/terrestrial-

ecoregions-of-the-world). = These  ecoregions  are
delineated by consistent environmental conditions. Kier
et al. (2005) used published records to quantify vascular
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plant species richness across global ecoregions. In our
study, we used vascular plant species richness as an
indicator of EPD, downloaded from the study by Kier et
al. (2005). Plant species richness data with good or
moderate quality was used to address the research
questions in this study. Based on the study of Kier et al.
(2005), the 206 ecoregions with good or moderate data
quality, representingll biomes, were included in the
analyses. Ecoregion area effects were excluded from the
analysis, based on findings by Kier et al. (2005). Details
of ecoregion and biome data are shown in Fig. 1.

Climate data: We obtained contemporary climate
projections (1950-2000 AD averages) for mean annual
temperature (MAT) and mean annual precipitation (MAP)
at 5.0 arc-minutes resolution from the Worldclim
database  (http://www.worldclim.org/). We obtained
paleoclimate data from the CCSM4 general circulation
model. The CCSM4 model consists of a coupled
atmospheric, ocean, and sea ice model with
noninteractive vegetation
(http://www.cesm.ucar.edu/models/ccsm4.0/). The model
includes variations in orbital configuration, greenhouse
gases, ice-sheet topography, and coincident sea level
changes and bathymetry for paleoclimates
(http://www.cesm.ucar.edu/models/ccsm4.0/). The grid
size used for paleoclimate data was the same as for the
contemporary climate, and the MAT and MAP of the
paleoclimate were also downloaded from the Worldclim
database (http://www.worldclim.org/). We computed the
mean and standard deviation (SD) values of grids within
each ecoregion according to the MAT and MAP of
contemporary climates and paleoclimates, respectively
(Stark et al, 2017), to test the hypotheses that EPD is
related to environmental mean and heterogeneity.

Modeling and statistical analysis: First, we used partial
linear regression modeling to analyze, respectively, the
joint explanatory power of late Quaternary climates, the
contemporary climate, and both late Quaternary and
contemporary climates for EPD, including the mean and
SD values of MAT and MAP of grids within each
ecoregion (Graham, 2003). This analysis was conducted
across 11 biomes. The explanatory power of both late
Quaternary and contemporary climates was estimated as
the adjusted R%j (%) value of partial linear regression
modeling. The R%,q (%) values of partial linear regression
modeling were considered significant only when P-values
< 0.05 (Nagelkerke, 1991).

Linear regression modeling was used to explore
the independent explanatory power of late Quaternary
and contemporary climates (i.e., the mean and SD of
MAT and MAP) for EPD across 11 biomes (Graham,
2003; Liu et al, 2018). The R%gj (%) values with P-
values < 0.05 were used to quantify the independent
explanatory power of each climate variable for EPD.
Finally, we compared those average R%; (%) values with
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P-values < 0.05 among the 11 biomes (Nagelkerke,
1991). All analyses were conducted in JMP 11.0 (SAS
Institute Inc., Cary, NC, USA) and R software
(https://www.r-project.org/).

RESULTS

The explanatory power of the late Quaternary
climate, the contemporary climate, and the late
Quaternary and contemporary climates together was
30.2%, 36.7%, and 36.5%, respectively (P < 0.05; Table
1). These three climate scenarios exhibited significant
relationships with the EPD of Tropical & Subtropical
Moist Broadleaf Forests, Topical & Subtropical Dry
Broadleaf Forests (significantly related only to
contemporary climates and the combination of both
climates), Tropical & Subtropical Coniferous Forests,
Temperate Broadleaf & Mixed Forests, Temperate
Conifer Forests (significantly related only to
contemporary climates and the combination of both
climates), Boreal Forests/Taiga, and Temperate
Grasslands, Savannas & Shrublands (Table 1). The late
Quaternary climate was most significantly related to the
EPD of Boreal Forests/Taiga (41.8%; P < 0.05; Table 1).
The contemporary climate was most significantly related
to the EPD of Temperate Grasslands, Savannas &
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Shrublands (50.4%; P < 0.05; Table 1). The combination
of late Quaternary and contemporary climates was most
significantly related to the EPD of Tropical & Subtropical
Dry Broadleaf Forests (70.6%; P < 0.05; Table 1).

For EPD, the average independent explanatory
powers of the SD of climates (i.e., MAT and MAP) were
larger than those of mean climate for both late
Quaternary and contemporary climate scenarios (Table
2). We found that the mean MAT of the late Quaternary
and contemporary scenarios explained 13.9% and 6.4%
(P < 0.05) of the EPD in Tropical & Subtropical Moist
Broadleaf Forests, and the independent explanatory
power of the mean MAP of the late Quaternary and
contemporary scenarios was 7.2% and 20.6% (P < 0.05)
for the EPD of Boreal Forests/Taiga and Temperate
Broadleaf & Mixed Forests, respectively (Table 2). The
SD of the MAT of late Quaternary and contemporary
scenarios significantly predicted the EPD of Tropical &
Subtropical Moist Broadleaf Forests, Temperate
Broadleaf & Mixed Forests, Boreal Forests/Taiga, and
Temperate Grasslands, Savannas & Shrublands (P <
0.05), and the SD of the MAP of late Quaternary and
contemporary scenarios significantly predicted the EPD
of Tropical & Subtropical Moist Broadleaf Forests and
Temperate Grasslands, Savannas & Shrublands (P < 0.05;
Table 2).

Table 1. Joint explanatory power of late Quaternary and contemporary climates for ecoregional plant diversity

(EPD).
Late Quaternary Contemporary Both
R2(%) P-values R2(%) P-values R2(%) P-values
TSMBF 30.30 0.00 28.60 0.00 49.50 0.00
TSDBF 0.00 0.77 19.60 0.24 70.60 0.02
TBMF 28.80 0.00 49.20 0.00 56.10 0.00
TCF 13.80 0.12 34.40 0.00 35.60 0.02
BF 41.80 0.01 48.60 0.00 64.60 0.00
TSGSS 42.90 0.04 35.00 0.08 44.20 0.15
TGSS 40.50 0.00 50.40 0.00 44.80 0.01
MGS 6.20 0.52 10.70 0.45 58.50 0.58
TD 5.20 0.39 13.70 0.17 23.10 0.14
MFWS 0.00 0.88 0.00 0.82 0.00 0.94
DXS 8.90 0.20 0.00 0.58 20.30 0.09
Overall 30.20 0.00 36.70 0.00 36.50 0.00

Values of R%(%) represent the adjusted R2%adj(%) of linear
regression modeling to determine the joint explanatory
power of late Quaternary and contemporary climates for
EPD. Late Quaternary, Contemporary, and Both
represents late Quaternary climate, contemporary climate,
and late Quaternary and contemporary climates together,
respectively. Overall represents the results of linear
regression modeling based on all the ecoregions. The
biomes used in this table are defined as follows:TSMBF:
Tropical & Subtropical Moist Broadleaf Forests; TSDBF:

Tropical & Subtropical Dry Broadleaf Forests; TBMF:
Temperate Broadleaf & Mixed Forests; TCF: Temperate
Conifer Forests; BF: Boreal Forests/Taiga; TSGSS:
Tropical & Subtropical Grasslands, Savannas &
Shrublands; TGSS: Temperate Grasslands, Savannas &
Shrublands; MGS: Montane Grasslands & Shrublands;
TD: Tundra; MFWS: Mediterranean Forests, Woodlands
& Scrub; DXS: Deserts & Xeric Shrublands. We
highlight significant variables (P < 0.05) with bold font.

482



Wang et al., The J. Anim. Plant Sci. 31(2):2021

Table 2. Independent explanatory power of late Quaternary and contemporary climates for ecoregional plant diversity (EPD) based on the
environmental mean and heterogeneity hypotheses.

Late Quaternary Contemporary
Mean MAT SD MAT Mean MAP SD MAP Mean MAT SD MAT Mean MAP SD MAP
Biome R? R? R? R? R? R? R? R?
(%) P-values (% P-values (%) P-values (% P-values (%) P-values (% P-values (%) P-values (% P-values

TSMBF 13.91 0.00 21.01 0.00 0.00 0.32 19.26 0.00 6.42 0.01 19.87 0.00 1.06 0.17 22.55 0.00
TSDBF 0.00 0.50 0.00 0.87 0.00 0.62 0.00 0.40 7.43 0.15 0.00 0.98 0.00 0.42 2.56 0.25
TBMF 0.00 0.94 18.49 0.00 3.54 0.11 0.00 0.35 0.00 0.47 42.37 0.00 7.22 0.04 0.00 0.66
TCF 7.14 0.07 2.54 0.18 0.00 0.86 0.00 0.67 1.91 0.21 24.43 0.00 0.00 0.99 0.00 0.77
BF 0.44 0.31 32.02 0.00 20.57 0.02 8.88 0.09 0.00 0.38 34.53 0.00 2.10 0.23 2.59 0.22
TSGSS 0.00 0.37 0.00 0.41 11.10 0.10 0.00 0.43 3.97 0.22 0.00 0.48 11.30 0.10 0.00 0.82
TGSS 0.00 0.88 31.21 0.00 2.76 0.20 22.59 0.01 0.00 0.59 49.26 0.00 7.65 0.08 25.32 0.00

MGS 8.63 0.16 0.00 0.83 0.00 0.43 0.00 0.88 9.37 0.15 0.00 0.79 0.00 0.61 0.00 0.79
TD 0.00 0.96 0.00 0.96 0.00 0.37 0.00 0.82 0.00 0.68 0.85 0.28 2.63 0.20 1.21 0.26
MFWS 0.00 0.34 0.00 0.67 0.00 0.92 0.00 0.46 3.52 0.25 0.00 0.62 0.00 0.93 0.00 0.41
DXS 0.00 0.10 2.75 0.16 0.00 0.42 0.97 0.25 2.35 0.18 0.23 0.31 0.00 0.86 0.00 0.53
(PA<V§'05) 13.91 25.68 20.57 20.93 6.42 34.09 7.22 23.94

Values of R? (%) represent the adjusted R?adj (%) of linear regression modeling to determine the independent explanatory power of late Quaternary and contemporary climates for
EPD. Late Quaternary and Contemporary represents late Quaternary and contemporary climates, respectively. Avg. (P < 0.05) represents average adjusted R%qj(%) values with P-
values < 0.05 among the 11 biomes. Codes of biomes used in this table are defined as follows: TSMBF: Tropical & Subtropical Moist Broadleaf Forests; TSDBF: Tropical &
Subtropical Dry Broadleaf Forests; TBMF: Temperate Broadleaf & Mixed Forests; TCF: Temperate Conifer Forests; BF: Boreal Forests/Taiga; TSGSS: Tropical & Subtropical
Grasslands, Savannas & Shrublands; TGSS: Temperate Grasslands, Savannas & Shrublands; MGS: Montane Grasslands & Shrublands; TD: Tundra; MFWS: Mediterranean
Forests, Woodlands & Scrub; DXS: Deserts & Xeric Shrublands. We highlight significant variables (P < 0.05) with bold font.
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- Tropical & Subtropical Mecist Broadleaf Forests
Tropical & Subtropical Dry Broadleaf Forests
Temperate Broadleaf & Mixed Forests
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Boreal Forests/Taiga
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- Temperate Grasslands, Savannas & Shrublands
Il Montane Grasslands & Shrublands

& Shrublands

Forests, Woodlands & Scrub

0 Deserts & Xeric Shrublands

Fig. 1. Ecoregions included in this study, representing 11 biomes (Olson et al., 2001).

DISCUSSION

Our results, that the explanatory power of the
late Quaternary climate, contemporary climate, and late
Quaternary and contemporary climates together was
30.2%, 36.7%, and 36.5%, respectively (P < 0.05; Table
1), indicated that both the late Quaternary and
contemporary climates (represented as MAT and MAP)
are significant predictors of plant diversity at ecoregional
scales (Tables 1 and 2). Furthermore, such EPD patterns
may differ by biome because R? varied largely depending
on variables and biomes (Tables 1 and 2). It may be that
1) the large-scale pattern of plant diversity is determined
by contemporary climates, or 2) historical climates may
affect the pattern of plant diversity at large scale; our
study supports both of these hypotheses. Some previous
studies (e.g., O'brien et al., 2000; Ackerly et al., 2010;
Kimball et al.,, 2010) have suggested that equilibrium in
response to contemporary climatic conditions is plausible
for large-scale patterns of plant diversity. Although
contemporary climates exhibited a strong relationship
with EPD, we should take both the late Quaternary and
contemporary climates into consideration when
evaluating EPD, depending on biome, due to the high
joint explanatory power of both late Quaternary and
contemporary climates together.

Our study tested the environmental mean and
heterogeneity hypotheses for EPD across different
biomes. The mean MAT of the late Quaternary and
contemporary scenarios explained 13.9% and 6.4% (P <
0.05) of the EPD in Tropical & Subtropical Moist
Broadleaf Forests, and the independent explanatory
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power of the mean MAP of the late Quaternary and
contemporary scenarios was 7.2% and 20.6% (P < 0.05)
for the EPD of Boreal Forests/Taiga and Temperate
Broadleaf & Mixed Forests, respectively (Table 2).
According to the environmental mean hypothesis, mean
climatic conditions over a given area can filter for a set of
plant species. However, such filtering effects may be
extremely weak at large scales (e.g., ecoregions)
compared to small scales (i.e., communities; Kraft et al.,
2015; Stark et al., 2017; Harrison et al., 2020). Plant
diversity is determined by environmental filtering of the
regional flora; local resource heterogeneity, resource
partitioning, nutrient stoichiometry, or soil fertility may
play small roles in realized patterns of plant diversity
(Wang et al., 2009; Laliberté et al., 2014; Xu et al., 2018;
Wan et al., 2018a; 2020). However, variation in climates
may affect EPD within any specific ecoregion. Stein et
al. (2014) have shown that environmental heterogeneity
(e.g., annual seasonality in water availability, long-term
climatic fluctuations) can drive plant diversity across
different biomes. Although both the environmental mean
and heterogeneity hypotheses may be supported by
patterns of EPD, environmental heterogeneity (i.e., the
MAT and MAP of the Quaternary and contemporary
scenarios) may have stronger explanatory power for EPD
than environmental mean.

We found that late Quaternary and
contemporary climates were predictive of the EPD of
most forest biomes except for Temperate Grasslands,
Savannas & Shrublands, indicating that late Quaternary
and contemporary climates could drive plant diversity of
forest biomes at ecoregional scales. Previous studies
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(e.g., Wang et al., 2009; Wang et al., 2012b; Xu et al.,
2018) have shown that geographical extent has a large
potential to affect the distribution pattern of tree diversity.
With increasing geographical extent, the explanatory
power of climate (i.e., water availability and temperature)
increased for tree diversity, while the explanatory power
of habitat heterogeneity and human activities decreased
(Wang et al., 2012b; Wan et al., 2020). Human activities
are the main determinant of EPD (Kier et al, 2005;
Fedele et al, 2020). This, in combination with our
results, indicates that, across increasing geographical
extents up to ecoregional level, the explanatory power of
climates could be strong for the EPD of forest biomes,
but human activities may have a larger effect on EPD in
biomes other than Temperate Grasslands, Savannas &
Shrublands.

Even longer time lags can occur for tree growth
and migration under Quaternary glacial-interglacial
climate change from local to global scales (Svenning,
2003; Svenning and Skov, 2007). Meanwhile,
contemporary water availability plays an important role
in tree diversity at large scales, and tree spring growth,
water use, and successional strategy are very sensitive to
contemporary temperature changes (O'brien et al., 2000;
Kreft and Jetz 2007; Wang et al., 2012b; Stein et al,
2014). Hence, late Quaternary and contemporary climates
could contribute to patterns of EPD across forest biomes.
Two factors may lead to the particularly strong effects of
climates on the EPD of Temperate Grasslands, Savannas
& Shrublands: 1) disturbance by wildfire and growth
responses to changing CO; levels may increase grass
dominance in some shrublands under late Quaternary to
contemporary climate change (Midgley and Bond, 2015;
Li et al., 2020); and 2) the climatic spaces of Temperate
Grasslands, Savannas & Shrublands could be particularly
closely related to annual mean temperature and total
precipitation (Jiang et al, 2017; Garcia Criado et al.,
2020).

We should pay attention to the influence of late
Quaternary temperature and precipitation on EPD across
different biomes (e.g., Boreal Forests/Taiga). At large
scales, plant species ranges may response slowly to
glacial-interglacial climate cycles, and could be heavily
influenced by extinction and immigration lags in forest
biomes (e.g., Temperate Broadleaf & Mixed Forests and
Tropical & Subtropical Moist Broadleaf Forests;
Svenning, 2003; Svenning and Skov, 2007; Svenning and
Sandel, 2013). Furthermore, a time lag would be
expected before plant richness in the novel condition
reaches an equilibrium, via in situ diversification and
adaptation to late Quaternary climates (Svenning et al.,
2015). The heterogeneity of late Quaternary climates
could lead to a variety of habitats within ecoregions.
Ecoregions with multiple habitat types could lead to rich
plant diversity in forest biomes (e.g., Tropical &
Subtropical Moist Broadleaf Forests; Amici et al., 2015).
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In conclusion, our study provided evidence that
the temperature and precipitation of late Quaternary and
contemporary scenarios are related to EPD across global
forest biomes, with particularly strong relationships to the
EPD of Temperate Grasslands, Savannas & Shrublands.
Furthermore, the heterogeneity of late Quaternary and
contemporary climates plays an important role in patterns
of EPD across different biomes. Hence, it is necessary to
take both late Quaternary and contemporary climates into
consideration for future studies of plant diversity at
ecoregional scales. Our study will help to provide
accurate prediction of the responses of plant species
assemblages to future climate change. We provide
theoretical underpinnings for the conservation of plant
diversity at ecoregional scales, and our study supports the
establishment of a long-term monitoring system for plant
diversity at large scales.
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