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What determines large-scale patterns of species richness remains one of the most controversial issues in ecol-

ogy. Using the distribution maps of 11 405 woody species in China, we compared the effects of habitat

heterogeneity, human activities and different aspects of climate, particularly environmental energy, water–

energy dynamics and winter frost, and explored how biogeographic affinities (tropical versus temperate)

influence richness–climate relationships. We found that the species richness of trees, shrubs, lianas and all

woody plants strongly correlated with each other, and more strongly correlated with the species richness

of tropical affinity than with that of temperate affinity. The mean temperature of the coldest quarter was

the strongest predictor of species richness, and its explanatory power for species richness was significantly

higher for tropical affinity than for temperate affinity. These results suggest that the patterns of woody species

richness mainly result from the increasing intensity of frost filtering for tropical species from the equator/low-

lands towards the poles/highlands, and hence support the freezing-tolerance hypothesis. A model based on

these results was developed, which explained 76–85% of species richness variation in China, and reasonably

predicted the species richness of woody plants in North America and the Northern Hemisphere.

Keywords: freezing-tolerance hypothesis; niche conservatism; species richness patterns; water–energy

dynamics; winter temperature; woody plants of China and North America
1. INTRODUCTION
The mechanism underlying the large-scale patterns of

species richness is one of the most controversial issues in

ecology [1]. In the past two decades, with the increasing

availability of large-scale range maps of animals, consider-

able progress has been made for the continental and global

patterns in species richness of mammals [2,3], birds [4–6]

and amphibians [7]. Although vascular plants are one of

the most important components of terrestrial ecosystems,

continental and global patterns of plant richness have

been poorly investigated largely owing to the lack of precise

large-scale range maps [8].

To understand the mechanisms underlying the large-

scale patterns of species richness, many hypotheses

focusing on different aspects of contemporary climate

have been proposed [9]. For example, two energy hypoth-

eses state that species richness is primarily determined by

energy availability, but focus on different energy variables

(i.e. thermal versus chemical energy) [10]: (i) the species

richness-productivity hypothesis, where energy is usually

measured by net primary productivity (NPP) or annual

evapotranspiration (AET) [11–13], and (ii) the ambient

energy hypothesis, where energy is measured by mean

annual temperature or potential evapotranspiration

(PET) [2,14]. By contrast, the water–energy dynamics

hypothesis [15] proposed that species richness is deter-

mined by the combined effects of available water
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(measured by rainfall or water deficit (WD) in linear

form) and environmental energy (measured by minimum

monthly or annual PET in parabolic form) [16,17]. Two

global models based on this hypothesis have been

proposed: the Interim General Model (including IGM-1

and IGM-2), [15,17] and Francis & Currie’s model [16]

(F&C’s model for short). Besides, some other studies indi-

cated that climatic seasonality influences species richness

patterns by altering the allocation of energy use of individ-

uals [18] or the length of growing season for plants [19].

Alternatively, according to freezing-tolerance hypo-

thesis (or tropical conservatism hypothesis), species

richness is primarily determined by winter coldness

because most clades evolved in tropical-like climate and

hence could hardly disperse into cold, temperate regions

owing to their niche conservatism [20–22]. This hypo-

thesis integrates the effects of contemporary climate

with evolutionary history [22], which is one of the biggest

challenges facing ecologists. Given this hypothesis, we can

predict that winter coldness should affect the richness of

the species with tropical affinities more strongly than

those with temperate affinities. However, this prediction

remains poorly tested.

Another set of hypotheses predict that habitat hetero-

geneity determines the patterns of species richness by its

influence on species turnover [23] and (or) species diversi-

fication rates [24]. Habitat heterogeneity in a region is

generally represented by topographic relief (e.g. altitude

range) [23] and local climatic heterogeneity (i.e. the

ranges of mean annual temperature (MAT) and mean

annual precipitation (MAP) [25]. Recently, rapidly growing

intensity of human activities has become a potential driver

of the large-scale patterns of species richness [26,27], and is

increasingly attracting the attention of ecologists.
This journal is q 2010 The Royal Society
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In the North Hemisphere, China harbours a much

richer flora and also a steeper species richness gradient

than North America and Europe, which makes China

immensely suitable for testing the hypotheses explaining

the large-scale patterns of species richness. Here, using

the distribution maps of woody plants in China [28,29],

we: (i) explored the geographical patterns in species rich-

ness of all woody plants, trees, shrubs and woody lianas

and their concordance, and identified the primary deter-

minant for the richness patterns by comparing between

the effects of factors representing different hypotheses;

(ii) evaluated the effects of biogeographic affinities on

species richness patterns and their relationships with

environmental factors; and (iii) developed models and

used them to predict the species richness patterns of

woody plants in the Northern Hemisphere.
2. DATA AND METHODS
(a) Species richness of woody plants

The species distribution maps were from the Database of

China’s Woody Plants (http://www.ecology.pku.edu.cn/

plants/woody/index.asp) [28,29], which contains 11 405

native woody species, including 3165 trees, 7205 shrubs

and 1035 lianas (see the electronic supplementary

material, table S1). Exotic species were excluded from

the database. The taxonomy of this database was updated

following the recently published Flora of China (http://

www.efloras.org/) and Species2000 (Checklist 2008,

http://www.sp2000.org/), where the taxonomy is current

and comparable with that used in other regions. The

species distributions in the database were compiled from

all national-level floras published before 2008, including

Flora Reipublicae Popularis Sinicae (126 issues of 80

volumes), Flora of China and Higher Plants of China (10

volumes) [30], more than 120 volumes of provincial

floras, and a great number of local floras and inventory

reports across the country. To improve the quality of

species range maps in the database, 21 experts from

different regions in China were invited to check and

supplement the species distributions in every region.

The database provides the species distribution maps at

two spatial resolutions: counties with a median area of

2081 km2 (skewness ¼ 9.93) and grids of 50 � 50 km.

To eliminate the influence of area on the estimation of

species richness [1], the maps based on equal-area grids

were used. As the grids located on the borders or along

coasts are usually incomplete, we excluded those with

land area smaller than 1250 km2. A total of 3794 grids

were finally used in our analyses. Species richness was

estimated for four species groups: all woody plants,

trees, shrubs and lianas. As spatial scale can potentially

influence the relationships between species richness and

environmental factors [4], we repeated all the analyses

using grids of 100 � 100 km, and found that the results

at the two spatial scales were consistent. Therefore, we

reported only the results for grids of 50 � 50 km.

To evaluate the effects of long-term evolution, we categor-

ized the species within each species group into three

biogeographic affinities. Based on the evolution of China’s

flora and its relationship with the floras of other major biogeo-

graphic regions, the regions where the genera and their

families are believed to have diversified, and also the global

distributions of the genera, Wu et al. [31] divided the
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genera of China’s vascular plants into three major biogeo-

graphic affinities: tropical, temperate and cosmopolitan

[32]. Following Harrison & Grace [33], we defined the bio-

geographic affinity of a species as that of its genus

(Harrison & Grace used family), and finally recognized

5682 (49.8%) tropical species, 4895 (42.9%) temperate

species and 666 (5.8%) cosmopolitan species (electronic

supplementary material, table S1). Then the species richness

patterns of the three biogeographic affinities were estimated

for all woody plants and the three lifeforms, respectively,

and were compared with the overall species richness of

each group. The influence of biogeographic affinities on the

relationships between species richness and climatic factors

was investigated. In our analyses, we focused on the compari-

sons between the richness patterns of tropical and temperate

species.
(b) Environmental factors

Climatic data with the resolution of 30 arc-second (ca

1 km at the equator) were obtained from the WorldClim

website [34]. The database includes mean monthly temp-

erature (MMT) and MAT (in 8C) and mean monthly

precipitation (MMP) and MAP (in mm), the mean temp-

erature of the coldest quarter (MTCQ, in 8C) and the

mean temperature of the warmest quarter (MTWQ,

in 8C), the precipitation of the driest quarter (PDQ, in

mm), the annual range of temperature (ART, in 8C)

and the seasonality of temperature (TSN, defined as the

standard deviation of MMT) and precipitation (PSN,

defined as the coefficient of variation of MMP).

Using MMT and MMP, the following variables were

calculated: monthly/annual PET (mm) and AET (mm;

calculated using the method of [35]), moisture index

(Im), WD (mm), warmth index (WI, 8C) and annual rain-

fall (RAIN, mm). PET is widely used as a measure of

ambient (or thermal) energy [2]. We used both annual

and minimum monthly PET (PET and PETmin, respect-

ively) to evaluate the water–energy dynamics hypothesis

[15–17]. AET reflects the amount of water that plants

can actually use, and is usually used as a surrogate of

NPP [13]. Im represents the environmental humidity

[35], whereas WD represents the aridity and is defined

as the difference between PET and AET [16]. WI has

been widely used to determine the distributions of species

and vegetation in eastern Asia [36], and is defined as:

WI ¼ sum of ðMMT� 5Þ; MMT . 5oC;

where MMT is mean monthly temperature. RAIN is the

sum of the MMP when MMT . 08C [15,19].

All climatic variables were grouped into three cat-

egories: (i) environmental energy, including MAT,

MTCQ, MTWQ, WI, PET and PETmin; (ii) water avail-

ability, including MAP, PDQ, RAIN, Im, AET and WD;

and (iii) climatic seasonality, including ART, TSN and

PSN. The value of a grid for each variable was estimated

by averaging all cells in that grid. For comparison with

previous studies [12,13], we included both MAP and

RAIN in our analysis.

Three variables were used to estimate habitat heterogen-

eity: the ranges of altitude (TOPO), MAT (RMAT) and

MAP (RMAP) within grids. Altitudinal range was

calculated as the difference between the maximum and

minimum elevations of a grid using a GTOPO30 digital
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Figure 1. Geographical patterns in the species richness of woody plants in China estimated in equal-area grids of 50 �
50 km. (a) All woody plants; (b) trees; (c) shrubs; (d) woody lianas; (e–g) the species with tropical, temperate and cosmo-
politan affinity, respectively.
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elevational model, and was used to represent topographic

relief. RMAT (or RMAP) was calculated as the difference

between the maximum and minimum MAT (or MAP) in

a grid, and was used to represent the heterogeneity of

climatic conditions. For comparison with previous studies

[15,17,19,37], these variables were log-transformed.

Finally, human population density (HPD), gross dom-

estic product (GDP) and area of cropland per grid

(CROP) were used to represent human activities. The aver-

age HPD and GDP of 2003–2005 in 2408 counties of

China were from the China Statistical Yearbook for Regional

Economy (2003–2005), and were interpolated into raster

files of 5 � 5 km, which were used to calculate the mean

HPD and GDP in each grid. CROP was extracted from

the 1 : 1 000 000 vegetation atlas of China [38].

The statistics of the above variables for China and the

Northern Hemisphere, and the correlation coefficients of
Proc. R. Soc. B (2011)
the variables against each other are presented in the elec-

tronic supplementary material, appendix S1. Most

climatic variables in China cover ca three-quarters of

their ranges in the entire Northern Hemisphere,

suggesting that China is the proper representative for

the Northern Hemisphere in terms of climate.
(c) Data analysis and model development

Correlation analyses were conducted to evaluate the con-

cordance between the species richness patterns of all

woody plants and the three lifeforms, and also between

the overall species richness and the richness of species

with tropical, temperate and cosmopolitan affinities

within each species group.

Bivariate regressions were used to evaluate the explana-

tory power of each predictor for the species richness of the



Table 1. Correlation coefficients between species richness

patterns of different species groups and biogeographic
affinities. (The p-values of all correlation coefficients tested
using a bootstrap method (see §2) are smaller than 0.05.)

trees shrubs lianas

all woody plants 0.99 0.99 0.97
trees — 0.96 0.98
shrubs — — 0.93

tropical temperate cosmopolitan

all woody plants
overall 0.93 0.87 0.93
tropical — 0.61 0.74
temperate — — 0.96

trees

overall 0.94 0.88 0.65
tropical — 0.63 0.42
temperate — — 0.80

shrubs
overall 0.91 0.85 0.94

tropical — 0.51 0.77
temperate — — 0.87

lianas
overall 0.94 0.84 0.78
tropical — 0.50 0.46
temperate — — 0.71
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four species groups. Additionally, following the water–

energy dynamics hypothesis [15–17,19], we also evaluated

the explanatory power of the water–energy dynamics

functions combining optimal energy with linear water vari-

ables (i.e. PETmin 2 PETmin
2 þ RAIN and PET 2

PET2 2 WD) using multiple regressions. Because species

richness data usually satisfy Poisson distribution, general-

ized linear models (GLMs) with Poissonian residuals

were used for all regression analyses [39]. The coefficients

of determination (r2) of the models were estimated as: r2 ¼

100 � (1 2 residual variation/null variation). For multiple

regressions, adjusted r2 was used.

We conducted partial regressions [40] to compare the

effects of climate with habitat heterogeneity and human

activity. By partial regressions, the total variation of

species richness was partitioned into: (i) independent

components; (ii) covarying component; and

(iii) unexplained variation.

Then, we developed combined models for the species

richness of all woody plants and the three lifeforms

using the following methods: (i) the best individual pre-

dictor for the species richness of a species group was

kept in its model; (ii) to avoid the multi-collinearity

between the predictors of the same environmental cat-

egory, only one variable from each category was allowed

to enter the model. Because the variables of human activi-

ties were not significant for most species groups (see §3),

they were not included in the models; and (iii) all the

possible combinations of predictors following the above

criteria were examined, and the model with the lowest

akaike information criterion (AIC) was selected for each

species group. Adjusted r2 was given for the selected

models. Variance inflation factors (VIFs) were also calcu-

lated for all models to evaluate the significance of multi-

collinearity [40]. Generally, if VIF is greater than five,

the multi-collinearity is considered as significant.

We tested the combined models using the species richness

of trees in North America. First, the tree species richness in

grids of 50 � 50 km was estimated using an Atlas of United

States Trees [28], and predicted by our model using the

environmental data of North America. It is noteworthy that

the predicting method of GLMs with Poisson residuals is

different from those of ordinary least-square linear

regressions [39]. Second, the predictions were plotted against

the observations. The distances between the predictions and

1 : 1 line (a line with intercept ¼ 0, slope¼ 1) were calcu-

lated, which represented the errors in the predictions and

were used to evaluate the model performance: the distances

of a better model should have a symmetric frequency distri-

bution with the average closer to zero and smaller standard

deviation.

Finally, using our model, we predicted the species

richness patterns of all woody plants and the three

lifeforms in the Northern Hemisphere.

For comparison, IGM2 [17] and F&C’s model [16]

were re-fitted using China’s data, which were referred to

as the water–energy dynamics model and refitted F&C’s

model, respectively, and were used to predict the species

richness of North American trees.

Preliminary analyses indicated significant spatial auto-

correlations in the raw data of species richness (electronic

supplementary material, figure S1), which can inflate type

I errors and hence the significance level of models and

correlations because of the dependency in samples [41].
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Therefore, in our analyses, we used a bootstrap method

to test the significance of all correlation coefficients and

models [41]. To do this, we first randomly re-sampled

ca 8 per cent of all grids for each species richness variable

to perform the correlation (or GLM) analysis, and this

was repeated 1000 times. Only if more than 95 per cent

of the repeats were significant, the correlation (or

GLM) was considered as significant.

All statistical analyses were carried out using R (http://

www.r-project.org/).
3. RESULTS
(a) Geographical patterns of species richness

Species richness of all woody plants ranged from 2 to

2837, with an average of 358 species per grid (electronic

supplementary material, table S1). The average species

richness per grid for trees, shrubs and lianas was 104

(1–1028), 224 (2–1528) and 38 (1–327), respectively.

The species richness of the four species groups was all

highly right-skewed (skewness . 1.5, see the electronic

supplementary material, table S1 and figure S2).

The patterns in the species richness of all woody plants,

the three lifeforms and the three biogeographic affinities all

matched the topographic structure in China: richness was

high in mountains, but low in deserts, plains and basins

(figure 1). The species richness patterns of all woody plants

and the three lifeforms were highly concordant with each

other (r . 0.93, p , 0.05; table 1), suggesting that they are

plausibly determined by the same factors.

For the four species groups, the correlation coefficients

between the overall and tropical species richness were

0.91–0.94, and were consistently higher than those

between the overall and temperate species richness

(0.84–0.88; table 1). Moreover, within each group, the

richness patterns of temperate and cosmopolitan species
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Table 3. Regression coefficients for the combined models developed in this study. (p-values for all models were , 0.001.)

plant groups

coefficients

adj. r2 (%) AICintercept MTCQ WD TSN log (RMAT) log (TOPO)

all woody plants 4.2416 0.1033 20.0016 0.1255 0.5354 — 80.3 365 248
trees 2.5787 0.1242 20.0027 0.1752 0.5430 — 83.2 120 556
shrubs 1.5974 0.0848 20.0011 0.0847 — 0.4934 75.9 243 339

4.0233 0.0877 20.0011 0.0952 0.5254 — 75.8 244 752
liana 1.2627 0.1466 20.0037 0.1874 0.5697 — 84.9 49 360

climate  = 90.2
H + H = 41.8

climate  = 75.8
H + H = 48.4

climate  = 83.0
H + H = 47.4

climate  = 79.9

a(a)

(b)

(c)

(d)

b c d

H + H = 48.8

Figure 2. Comparisons between climatic effects and the
effects of habitat heterogeneity and human activities on
species richness by partial regressions. (a) all woody plants;

(b) trees; (c) shrubs; (d) woody lianas. The variation of
species richness is partitioned into (a) the independent com-
ponents of climate and (c) habitat heterogeneity þ human
activities, (b) the covarying component and (d) residual vari-

ation. (a) a, 37.5; b, 42.4; c, 6.4; d, 13.7. (b) a, 40.8; b, 42.1;
c, 5.3; d, 11.7. (c) a, 34.8; b, 41.0; c, 7.4; d, 16.9. (d) a, 48.4;
b, 37.2; c, 4.6; d, 9.8.
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were strongly correlated with each other, but both were

moderately correlated with the richness of tropical species

(table 1), which suggests that the determinants of tropical

species richness may be different from those of temperate/

cosmopolitan species richness.
(b) Relationships between species richness and

environmental variables

Among all variables, the MTCQ was consistently the

strongest single predictor of species richness for all

woody plants and the three lifeforms, and its r2 was

60–73%, which was 10–15% higher than that of

MAT, 28–35% higher than PET (table 2). Additionally,

the r2 of MTCQ was also 10–30% higher than the

quadratic functions of PET and PETmin and the com-

bined water–energy dynamics functions despite their

higher numbers of predictors (table 2). Annual rainfall

was the best single water-related predictor for the species

richness of all woody plants and shrubs, while AET was

the best one for trees and lianas. The r2 of annual rain-

fall was consistently higher than that of MAP, but the

difference was small (table 2). The ART was the stron-

gest predictor among the variables of climatic

seasonality, while the range of annual precipitation was

the strongest among the variables of habitat heterogen-

eity. By contrast, the variables of human activities were

not significant for the species richness of most species

groups (table 2).
Proc. R. Soc. B (2011)
Partial regressions indicated that climate indepen-

dently accounted for 35–48% of richness variation

after the effects of habitat heterogeneity and human

activities were controlled. By contrast, habitat hetero-

geneity and human activities independently explained

much less (5–7%) when climatic effects were controlled

(figure 2).

The r2 of the predictors was substantially different

between biogeographic affinities (table 2). For all woody

plants, trees and lianas, MTCQ was consistently the

strongest predictor of the richness of tropical species,

whereas RMAP, annual rainfall and precipitation season-

ality were the strongest predictors for the richness of

temperate species, respectively. For shrubs, the ART

and MTCQ were the strongest predictors for tropical

species, and the difference in the r2 of the two variables

was only 0.5 per cent. By contrast, RMAP was the stron-

gest predictor for the richness of temperate shrub species.

(c) Models for woody plant richness

The combined GLMs for the species richness of all

woody plants and the three lifeforms selected consistent

climatic variables (table 3): MTCQ, WD and tempe-

rature seasonality, representing the effects of

environmental energy, water availability and climatic sea-

sonality, respectively. As an indicator of habitat

heterogeneity, RMAT was selected in the models for all

woody plants, trees and lianas, while elevational range

(TOPO) was selected in the model for shrubs. As

RMAT and TOPO were strongly correlated (r ¼ 0.98,

p , 0.001; see the electronic supplementary material,

appendix S1), replacing TOPO by RMAT in the model

for shrubs reduced the r2 only by 0.1 per cent (table 3).

Therefore, we finally chose the model with RMAT for

shrubs to get a consistent model for all woody plants

and the three lifeforms:

species richness ¼ aþ b1 �MTCQþ b2 �WD

þ b3 �TSNþ b4 � RMAT;

where a, b1–b4 were regression coefficients. The VIFs for

the four variables in all models were smaller than five

(electronic supplementary material, table S2), indicating

insignificant multi-collinearity in the models.

The models reasonably predicted the species richness

of China’s woody plants, and the r2 was 76–85% for all

woody plants and the three lifeforms, which was 14–

23% higher than those of the water–energy dynamics

model and the refitted F&C’s model (table 3; electronic

supplementary material, figure S3 and table S3). The

Moran’s I of the richness patterns of the four species

groups was all dramatically reduced by our models
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(electronic supplementary material, figure S1). In par-

ticular, the first-order Moran’s I (distance ¼ 200 km)

declined from 0.71–0.76 for species richness to 0.18–

0.21 for model residuals. At larger distances, the residual

Moran’s I was negligible and consistently lower than

those of the other two models. Therefore, our model

accounted for the major spatial structures in richness

patterns.

Our model successfully predicted the species richness

patterns of trees in North America (figure 3). The predic-

tions were 36 (range: 1–238) per grid averagely, which

was very close to the observations (average: 32; range:

1–145) [12,28,37]. The frequency distribution of the dis-

tances between the predictions and 1 : 1 line was

symmetric (skewness ¼ 0.88) and centred at five (s.d. ¼

24.2; figure 3), suggesting an average error of five species

in the predictions. A special case is the Florida peninsula,

where our model greatly overestimated the species

richness (figure 3c). In contrast to our model, the

water–energy dynamics model and the refitted F&C’s

model strongly overestimated the tree species richness in

North America (electronic supplementary material,

figure S4): the averages of their predictions were 52

(range: 0–1334) and 43 (range: 2–371) per grid, respect-

ively. The frequency distributions of the distances

between the predictions of these two models and 1 : 1

lines were highly right skewed (skewness ¼ 9.83

and 2.74, respectively), with the averages being 20

(s.d. ¼ 43.3) and 38 (s.d. ¼ 46.9), respectively.

In the continental North Hemisphere, the species rich-

ness patterns of the four species groups predicted by our

model were all consistent with the observed or predicted

richness patterns of trees and vascular plants in previous
Proc. R. Soc. B (2011)
studies [8,37,42]: species richness decreased from the

equator to the North Pole, and was the highest in Central

America, Southeast Asia and tropical Africa, but the lowest

in Sahara, central Asia and boreal regions (figure 4).
4. DISCUSSION
(a) Comparison among climate, habitat

heterogeneity and human activities

Strong correlations between species richness and climate

have been widely observed [7–9,13,28]. In our analyses,

partial regressions indicate that the independent explana-

tory power of habitat heterogeneity and human activities

is only ca 1/10 of those of climate, suggesting that climate

is potentially the primary driver of large-scale patterns of

species richness. In particular, our analysis showed that

less than 4 per cent of the variation in the species richness

of woody plants could be accounted for by individual

variables of human activities, and less than 5–7% by

the multiple models with all the human-activity variables

as predictors. Similar results have been observed in

Canada where the butterfly species richness is weakly

correlated with human activities [27]. Such a low expla-

natory power of human activities may be owing to the

influence of spatial scales. It has been suggested that the

effects of human activities on species richness decrease

with the expansion of study area [43].

Although the multiple regressions involving all the

variables of habitat heterogeneity provided considerable

explanatory power (46–54%) for the spatial variation in

woody species richness, the two aspects of habitat

heterogeneity, i.e. topographical relief and climatic

heterogeneity, contributed differently [25]. Partial
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regressions indicate that local climatic heterogeneity

(i.e. RMAP and RMAT) independently accounted for

31–35% of richness variation if the effects of elevational

range were first controlled, whereas elevational range

independently explained less than 1 per cent of richness

variation when the effects of local climatic heterogeneity

were first controlled. This suggests that local climatic het-

erogeneity has stronger explanatory power for species

richness than topographic relief. Similarly, previous

studies indicate that the bird richness patterns in the

mountains of the western Americas primarily reflected

the effects of altitudinal variation of climate [25].
(b) Freezing-tolerance hypothesis

Previous studies have indicated that energy, overwhelm-

ing water and climatic variability, is the most important

climatic factor in determining large-scale patterns of

species richness [2,11–14]. The hypotheses proposed to

explain the mechanisms underlying the energy effects

focus on different aspects of environmental energy,

including ambient energy, chemical energy and winter

coldness [2,11,20,21]. For example, Currie [2] found

that ambient energy, instead of chemical energy, was the

primary determinant for the diversity patterns of
Proc. R. Soc. B (2011)
vertebrates in North America, hence supporting the

ambient energy hypothesis. However, he did not incor-

porate the variables of winter coldness. Hawkins et al.

[13] compared the effects of ambient energy, chemical

energy and winter coldness on the global pattern of bird

diversity, and found that chemical energy had stronger

effects than the other two, which supported the species

richness-productivity hypothesis.

In contrast to previous studies, our analyses indicate

that winter coldness (represented by MTCQ) accounted

for much more variation in species richness than the

other individual energy variables. In addition, the effects

of winter coldness are stronger for species with tropical

affinities than those with temperate affinities (table 2).

More interestingly, although the two water–energy

dynamics functions both have three variables, their effects

on species richness are significantly lower than those of

MTCQ for most species groups. One of the energy vari-

ables used in these combined functions, PETmin, is

strongly correlated with MTCQ in the regions where

both variables are above zero (the Northern Hemisphere:

r ¼ 0.85, p , 0.001; China: r ¼ 0.93, p , 0.001), but is

constantly zero in the regions where MTCQ is below

zero (electronic supplementary material, figure S5).

Specifically, PETmin is zero in 73 per cent of the terrestrial
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lands in China and 82.4 per cent in North America.

Additionally, the two combined functions both strongly

suffer from multi-collinearity (electronic supplementary

material, appendix S1 and table S2) caused by the

strong correlations between water and energy variables.

These results may have reduced the performance of the

water–energy dynamics functions in explaining species

richness patterns [44]. Therefore, our results strongly

support the recently formalized freezing-tolerance

hypothesis (or tropical conservatism hypothesis) [20–22].

The theoretical framework of this hypothesis combines

the effects of winter coldness with the niche conservatism

of species, and emphasizes the difference in the tolerance

of species which have evolved in different climates

[20–22]. Our results indicate that the overall species rich-

ness is more strongly associated with that of tropical than

temperate species for all woody plants and different life-

forms, which suggests that the latitudinal gradient of

species richness is mainly the results of the rapid decrease

in the species richness with tropical affinities. This finding

was confirmed by further comparisons between the pat-

terns of overall, tropical and temperate species richness

(figure 5). For all woody plants, with the increase of lati-

tude and decrease of MTCQ, the richness of species with

tropical affinity decreases much faster than that of the

temperate-affinity species. Specifically, the overall and

tropical species richness both dramatically decrease

towards the north, while the richness of temperate species

is the highest at latitudes ranging from 258 N to 308 N,

and decreases towards the south and north. Additionally,

the proportion of the species with tropical affinity in all

species rapidly declines with the decrease of MTCQ,

while the proportion of the species with temperate affinity

rapidly increases (figure 5c). Generally, there are more
Proc. R. Soc. B (2011)
tropical than temperate species in grids with MTCQ of

.58C, but more temperate ones in grids with MTCQ

of ,58C. Similar patterns are also observed for trees,

shrubs and lianas (figure 5).

The opposite trends in the proportions of tropical and

temperate species reflect their different tolerance of frost

[20–22]. Most clades with tropical affinities have no

traits of frost tolerance, and hence can be rapidly filtered

out from local floras by the increasing winter coldness

towards the poles. By contrast, the temperate clades are

much less sensitive to winter coldness. For example, pre-

vious studies have indicated that evergreen broad-leaved

trees in tropical and subtropical regions are very sensitive

to winter temperature. Most evergreen broad-leaved trees

in tropical rain forests cannot survive a temperature of

,08C, and those in subtropical forests would die at a

temperature of , 2 108C [45,46]. By contrast, most of

the tree species in temperate and boreal forests can toler-

ate the low temperature of 2458C to 2608C [45,46].

In summary, our results suggest that the changes in

species richness are mainly the result of winter-coldness

filtering for the species with tropical affinities that evolved

in an ancient tropical-like climate and are sensitive to frost

[22]. The control of winter coldness on species and veg-

etation distributions has long been observed in eastern

Asia [36,45].
(c) Models for predicting woody plant richness

Our model for the species richness of woody plants has

the same number of variables compared with the pre-

viously developed global model, IGM2 [17], and has

one more variable than F&C’s model [16]. However,

our model has much higher explanatory power than the
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other two models refitted in terms of China. In our

model, MTCQ is the most important variable, which rep-

resents the winter coldness and individually accounts for

60–73% of richness variation (table 2). The other three

variables, i.e. WD, temperature seasonality and the

RMAT, improve the model’s r2 by 10–20%. The effects

of winter coldness root in the evolution of species

[20–22]; therefore, our model combines the effects of

contemporary climate with the long-term evolutionary

history. This may explain why it, using the coefficients

developed in China, can successfully predict the species

richness of trees in continental North America and

woody plants in the North Hemisphere in spite of the

huge difference in evolutionary history between different

continents. WD was selected to represent the effects of

water availability on species richness, which is consistent

with F&C’s model for the global pattern of angiosperm

family richness [16]. However, the spatial correlograms

showed that some spatial structures at small scales

(distance , 200 km) can still be observed in the residuals

of the model (electronic supplementary material, figure

S1). These spatial structures may reflect the effects of

other factors (e.g. soil), which are not included in this

analysis. The overestimation of species richness in the

Florida peninsula (figure 3c) may also reflect the effects

of other factors. The low species richness of different

taxa in the Florida peninsula has been observed for sev-

eral decades, which may be caused by the peninsula

effects [47]. Moreover, in the future, testing the model

performance in the South Hemisphere will be helpful.
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