
1 23

Plant Ecology
An International Journal
 
ISSN 1385-0237
 
Plant Ecol
DOI 10.1007/
s11258-011-9946-7

Phylogenetic signals in the realized
climate niches of Chinese grasses
(Poaceae)

Qing Liu, Paul M. Peterson & Xue-jun Ge



1 23

Your article is protected by copyright and

all rights are held exclusively by Springer

Science+Business Media B.V.. This e-offprint

is for personal use only and shall not be self-

archived in electronic repositories. If you

wish to self-archive your work, please use the

accepted author’s version for posting to your

own website or your institution’s repository.

You may further deposit the accepted author’s

version on a funder’s repository at a funder’s

request, provided it is not made publicly

available until 12 months after publication.



Phylogenetic signals in the realized climate niches of Chinese
grasses (Poaceae)

Qing Liu • Paul M. Peterson • Xue-jun Ge

Received: 25 January 2011 / Accepted: 1 July 2011

� Springer Science+Business Media B.V. 2011

Abstract Explaining relationships between species

richness and biogeographical patterns over a broad

geographic scale is a central issue of biogeography

and macroecology. We document the realized climate

niches for grasses in China’s nature reserves and

discuss its formation mechanism using grass richness

data combined with climatic, physiological, and

phylogenetic data. Our results suggest that climate

niche structure of grasses is phylogenetically conser-

vative for BEP (Bambusoideae, Ehrhartoideae, and

Pooideae) and PACMAD (Panicoideae, Arundinoi-

deae, Chloridoideae, Micrairoideae, Aristidoideae,

and Danthonioideae) clades along temperature gra-

dients and for Chloridoideae and Panicoideae along

precipitation gradients. At the national scale, the

divergence patterns of climate niches between two

major clades are more distinguishable than between

C3 and C4 grasses. High rates of climate niche

evolution are found in C4 clades in the subtropical

forest region. There appears to be a strong association

between elevation gradients and grass diversity: the

specific environmental conditions (e.g. energy) and

the rapid shifts of climate conditions drive high grass

diversification. Evolutionary conservatism of climate

niches may be influenced by the specific adaptive

ability to changing environmental conditions within

NAD-ME/NADP-ME clades. Our results indicate

that adaptations to major climate changes may be

accomplished by C4 grass nodes of high climate niche

evolutionary rates in China’s nature reserves.

Keywords BEP and PACCMAD clades � C4 node �
Niche evolution � Phylogeny � Poaceae � Species

distribution model

Introduction

Among the Poaceae (grass family) there are two main

photosynthetic types, C3 and C4. In C3 photosynthe-

sis, CO2 is directly fixed by the oxygen sensitive

ribulose-bis-phosphate carboxylase/oxygenase (Rubi-

sco) and the first stable fixation product is the C3

compound phosphoglyceric acid (PGA). In C4 pho-

tosynthesis, CO2 is initially fixed by the oxygen-

insensitive phosphoenolpyruvate carboxylase (PEPC)

and the first stable fixation product is the C4
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compound, malic acid (Sage 2004). C4 photosynthe-

sis is a major evolutionary success and about � of the

species in the grass family utilize this pathway. The

grass family is economically and ecologically impor-

tant, accounting for about 25% of global gross

primary productivity (Sage 2004; Edwards et al.

2010) and about 23% of global grain production

(Monfreda et al. 2008). Grasses utilizing the C4

photosynthetic pathway dominate nearly all grass-

lands in tropical, subtropical, and warm temperate

zones, and rank among the world’s most important

crops, weed plants, and potential biofuels such as

corn, sugarcane, and sorghum (Sage et al. 1999a).

C4 grasses are dominant in warm-climate regions;

they rarely occur in cold-climate regions of the world.

C4 grasses possess the biochemical characteristics

allowing them to concentrate CO2 and minimize

photorespiration; therefore, giving an advantage to

individuals that occupy regions of high temperatures

and high light intensities (Ehleringer et al. 1997; Still

et al. 2003). Many studies addressing climatic effects

on C4 grass distribution (Teeri and Stowe 1976;

Chazdon 1978; Vogel and Fuls 1978; Rundel 1980;

Hattersley 1983; Collins and Jones 1985; Klink and

Joly 1989; Paruelo and Lauenroth 1996; P’yankov

et al. 2000) reported the positive correlation between

growing season temperature and C4 grass abundance.

Whereas precipitation gradients seemed to have less

impact on C3 and C4 grass distribution globally (Sage

2004).

Explaining relationships between species richness

and biogeographical patterns over a broad geographic

scale is a central issue of biogeography and macroe-

cology. Traditionally, only climate factors were

considered as potential determinants (Hattersley

1983; Epstein et al. 1997; P’yankov et al. 2000).

Since the last decade, an increasing number of

phylogenetic frameworks have been reconstructed

for many groups of organisms, and these have been

integrated into studies of plant diversity (Tofts and

Silvertown 2000; Webb et al. 2002; Edwards and Still

2008; Edwards et al. 2010). Recent studies have

found that the conservation of characters occurred

during the evolutionary history, e.g. the autumn leaf

coloration of forests (e.g. Archetti 2009). For grasses,

some authors have found evidence for climate niche

conservatism among C4 species using phylogenetic

methods (Edwards and Still 2008; Webb et al. 2002),

whereas others have shown evidence for niche

divergence of C4 grasses (Tofts and Silvertown

2000; Edwards and Smith 2010). The contrasting

hypotheses suggest that rates of climate niche evo-

lution might be rapid in some C4 grass clades and

slow in others. Moreover, variation among C4 grass

clades is poorly documented and the concomitant

causes poorly understood.

There are three predominant C4 subtypes: nicotin-

amide adenine dinucleotide malic enzyme (NAD-

ME), nicotinamide adenine dinucleotide phosphate

malic enzyme (NADP-ME), and phosphoenolpyr-

uvate carboxy-kinase (PCK) (Hattersley 1992; Hat-

tersley and Watson 1992). Some studies indicate that

the range expansion of different C4 variants depend

on physiological tolerance to different climate con-

ditions (Taub 2000; Carmo-Silva et al. 2009). How-

ever, diversity patterns of different C4 variants may

depend on their adaptation abilities (Taylor et al.

2010). There is a strong association between C4

variants and their subordinate subfamilies. Almost all

C4 species of Chloridoideae are NAD-ME or PCK

subtype, while the vast majority of C4 species of

Aristidoideae, Arundinoideae, and Panicoideae are

NADP-ME subtype (Prendergast et al. 1987; Kellogg

1999; Taub 2000; Peterson et al. 2010). The presence

of NADP-ME panicoid species in one climatic type

might limit other NADP-ME panicoid species from

dispersing into that space, e.g. two sympatric species

occupying different elevation ranges (Sage et al.

1999b; Taub 2000). Thus, geographic overlap among

phylogenetically related species in different clades

may limit evolutionary rates of climate niches, and

geographic isolation among unrelated species may

accelerate these rates. Yet, the effects of geographic

isolation among clades of different C4 variants on the

rates of climatic-niche evolution have never been

explicitly tested (Webb et al. 2002).

The currently accepted phylogeny of Poaceae

shows two well-supported clades: Bambusoideae,

Ehrhartoideae, and Pooideae (BEP) and Panicoideae,

Arundinoideae, Chloridoideae, Micrairoideae, Aristi-

doideae, and Danthonioideae (PACMAD) (Sánchez-

Ken et al. 2007; Bouchenak-Khelladi et al. 2008;

Soreng et al. 2009; Peterson et al. 2010; Sánchez-Ken

and Clark 2010). Modern phylogenetic analyses show

that grass diversity is regulated by a complex set of

factors indirectly related to the photosynthetic path-

way at different spatial scales (Crisp et al. 2009;

Edwards and Smith 2010). On Hawaiian Islands,
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water-use efficiency conferred by the C4 pathway

determines C4 grass distribution along a precipitation

gradient within PACMAD clade (Edwards and Still

2008; Price 2004). On the continental (eastern Asia)

scale, China represents a large climate window with

variable climatic regions ranging from the subtropical

forest region to the cold temperate region within the

latitude range of 188350–488360N and longitude range

of 808180–1338420E. Significant relationships exist

between energy (temperature variants) and grasses at

the national scale and between elevation gradients

and C4 grasses in the subtropical forest region (Liu

et al. 2009). Except for floristic surveys and statistical

analyses of grass diversity (Yin and Li 1997; Sun

2004), little is known about the climate niche

structure and its formation mechanism for Chinese

grasses.

The software Phylocom (Webb et al. 2008),

which measures phylogenetic signals and evolution

of ecological traits using the standard deviation of

descendant clades (including polytomies), has pro-

vided an easy way to integrate phylogenetic infor-

mation into the study of climate niches (Swenson

2009; Yan et al. 2010). The evolutionary rates have

changed during the evolutionary history, and testing

the rate shifts is a critical step in constructing causal

hypotheses. The program Brownie (O’Meara et al.

2006) can help resolve rate shifts by using maxi-

mum likelihood ratio estimation and likelihood ratio

tests to measure the lability of temperature and

precipitation niches in different nodes within the

phylogeny.

Some studies argued that few grass lineages have

successfully diversified outside the tropics (Edwards

and Still 2008; Edwards and Smith 2010; Edwards

et al. 2010), leaving open questions to debate reasons

for the dominant distribution of C4 grasses in

subtropical and temperate regions, and the high

evolutionary rates of climate niches in subtropical

lineages over a broad geographic scale. The present

study aims to: (1) ascertain climate niche structure at

the national scale by reconstructing the phylogeny for

grasses in China’s nature reserves and (2) assess the

evolutionary lability of climate niches among nodes

of C4 grass variants. We also compare differences in

climate niche structure and evolution between con-

tinental (Chinese) and insular (Hawaiian) grass floras,

and suggest a mechanism underlying subtropical and

tropical C4 grass distribution.

Methods

Data collection

We used the diversity database for 145 grass species

collected from 115 nature reserves in China (Liu

et al. 2009). Even though there are taxonomic

inconsistancies (i.e., misidentifications) with the

species determinations in the original database (29

out of 145 are not reported in the Flora of China;

Chen et al. 2006), the ecological signal is not

diminished or compromised. These nature reserves

cover a total area of 1,312,445 km2, which accounts

for 13.6% of the country’s area (Yin and Li 1997).

Distribution range of the 115 nature reserves covers

the major biomes and floristic phyla in China. In our

analysis, we excluded those nature reserves smaller

than 5 km2 or larger than 500,000 km2 to avoid

spatial overlap (Palmer and White 1994).

Mean annual temperature (�C) and mean annual

precipitation (mm) for each nature reserve were

obtained from the China Meteorological Data Sharing

Service System (http://cdc.cma.gov.cn/shuju/), and

these were based on polygons of each reserve

boundary, compiled from the 1961–1999 database

with a resolution of 0.1� 9 0.1� from 480 meteoro-

logical stations in China (Fig. 1a). The temperature

and precipitation data of each taxon were obtained by

averaging parameter values from those nature

reserves where each taxon was distributed. The fun-

damental climate niches would be the range of cli-

matic variables where a species could potentially

exist (Austin et al. 1990), and estimates of funda-

mental climate niches for large numbers of species

are difficult to obtain. For practical reasons, we had to

rely on surrogates estimated by the combination of

mean climatic variables that best described a species’

geographical range and realized climate niches (Roe

and Baker 2007; Hof et al. 2010).

Reserves occupied by species are listed in Fig. 1b.

Native or alien status for each species was deter-

mined by consulting Chen et al. (2006) and many

other floristic treatments. Literature sources for the

photosynthetic types (Hattersley 1986; Renvoize

1987; Sage et al. 1999b; Ueno et al. 2005; Ueno

and Sentoku 2006; P’yankov et al. 2010) are listed in

Appendix 1 (supplementary material). Probabilities

for climatic variables of six categories (C3, C4, BEP,

PACMAD, Chloridoideae, and Panicoideae) were
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analyzed by cumulative distribution function in SPSS

version 17.0 (Norušis 2009).

Phylogenetic analysis

Plastid DNA sequences (ndhF, rbcL, and matK) of

145 grass species and two outgroup species were

downloaded from the National Center for Biotech-

nology Information (NCBI; http://wwwncbinlmnih

gov/) and used to reconstruct phylogeny of grasses in

China’s nature reserves (see Appendix 2 in supple-

mentary material). Flagellaria indica (Flagellaria-

ceae) and Joinvillea ascendens (Joinvilleaceae) were

chosen as outgroups (Bouchenak-Khelladi et al.

2008). We purged duplicate sequences using SCaFoS

(Roure et al. 2007) by selecting the longest sequence

for the same taxon. Alignments of each plastid gene

sequence matrix were performed with the online

MAFFT version 6 (http://alignbmrkyushu-uacjp/mafft/

software/), then three aligned matrixes of plastid genes

were combined with WinClada version 1.00.08 (Nixon

2002). The final matrix consisted of 4,969 characters

of 147 taxa (see Appendix 3 in supplementary

material).

Bayesian analyses were conducted using BEAST

version 1.5.3 (Drummond and Rambautx 2007), the

software employed a Bayesian Markov chain Monte

Carlo (MCMC) to co-estimate topology, and branch

lengths were proportional to the relative divergence

time among nodes. The analysis was performed using

the GTR ? G ? I model with a fixed substitution

rate of 1.0, a gamma distribution, and four rate

categories. Tree prior model was implemented as

Yule process with rate variation across branches

assumed to be uncorrelated with lognormal distribu-

tion (Drummond et al. 2006). Posterior distributions

of parameters were estimated using two independent

MCMC analyses of 20,000,000 generations with

(a)

Fig. 1 Data collection of a the locations of 115 nature reserves

and 480 meterological stations and b nature reserves contain-

ing each grass species in China (Liu et al. 2009). Black circle
the percentage of C4 grass species higher than 50%; White

circle the percentage of C3 grass species higher than 50%;

Gray square meterological station; Green bar C3 grass; Red
bar C4 grass. (Color figure online)
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sampling every 1,000 generations. Statistics of each

run were checked by Tracer version 1.5 (http://

beastbioedacuk/Tracer). A majority rule consensus

tree was generated (c. 36,000) after removing 10%

burn-in samples.

Climate niche divergence

The AOT (analysis of traits) module was used to

calculate the divergence of mean annual temperature

and mean annual precipitation among nodes in

Phylocom version 4.1 (Webb et al. 2008). Based on

the photosynthetic traits of terminal taxa, 103 nodes

include: 35 C3 nodes, 55 C4 nodes, and 13 C3/C4

nodes. The C4 photosynthesis subtypes of terminal

taxa were manually mapped on the majority rule

consensus tree. The independent-samples T test in

SPSS version 17.0 (Norušis 2009) was used to

analyze differences in root mean square deviation

of climatic traits derived from node i (Di) of C3 and

C4 nodes, BEP and PACMAD nodes, and Chloridoi-

deae and Panicoideae nodes.

Rates of climatic-niche evolution were analyzed

using Brownie version 2.0b7 (O’Meara et al. 2006).

We rejected the null model if both an Akaike

Information Criterion (AIC) difference larger than

7.00 and a chi-squared P value smaller than 0.05 were

encountered (http://www.brianomeara.info/brownie).

The node divergence widths of climate parameters

within different photosynthetic types and C4 photo-

synthetic subtypes were analyzed using box plot

graphs in SPSS version 17.0. The bottom and top lines

in the box were the first and the third quartiles, and the

horizontal line was the mean value.

Results

Climate niches of Chinese grasses

Eighty-six percent of the nature reserves (54/63)

south of 30� N latitude and 65% of the nature

reserves (28/43) between 30� N and 40� N latitude

contained 50% or more C4 grasses, whereas 55% of

the nature reserves (11/20) north of 40� N latitude

contained 50% or more C3 grasses (Fig. 1a). The total

number of nature reserves for each species is given in

Fig. 1b. The most widespread grass, Setaria italica

was found in 95 nature reserves. The following 12

species (singletons), Aira caryophyllea, Arrhenathe-

rum elatius, Chionachne koenigii, Dinebra retroflexa,

Ehrharta calycina, Eragrostiella brachyphylla,

Lepturus repens, Melinis repens, Molinia caerulea,

Phacelurus digitatus, Pseudechinolaena polystachya,

and Stipagrostis acutiflora, were found in a single

nature reserve. Five species (doubletons), Briza

erecta, Eustachys mutica, Spartina sp., Stipagrostis

plumosa, and Stipagrostis zeyheri, were found in only

two nature reserves. Phylocom analysis was initially

conducted excluding singletons and doubletons; the

result (available from authors) showed that the niche

characterizations were roughly concordant with the

findings involving all species. Therefore, they are

included in our study without systematic bias.

The difference between BEP and PACMAD clade

was the most pronounced along temperature gradients

(Fig. 2a), and the difference between Chloridoideae

and Panicoideae was the most pronounced along

precipitation gradients (Fig. 2b). Distinct differences

in average temperature ranges were observed between

BEP and PACMAD clades (12.7�C vs. 17.5–18.6�C)

and were more distinguishable than the ranges between

C3 and C4 species (12.7–17.5�C vs. 18.6�C) and

between Chloridoideae and Panicoideae (15.6 vs.

17.0�C). Differences in average precipitation ranges

between Chloridoideae and Panicoideae (956.9 vs.

1175.6 mm) were more distinct than ranges between

C3 and C4 species (956.9–1318.9 mm vs. 1279.7 mm)

and between BEP and PACMAD clade (969.0 mm vs.

1318.9–1279.7 mm) (Table 1). Our database of grass

diversity yielded the same ecological pattern reported

in previous publications (Chazdon 1978; Rundel 1980;

Epstein et al. 1997). Therefore, any potential biases of

sampling inherent in data collection seem not to have

affected the assessment of climate niche divergence

between C3 and C4 species, BEP and PACMAD clades,

and Chloridoideae and Panicoideae, respectively.

Climate niche divergence

The ten nodes having the largest divergences of

climate niches across the phylogenetic tree were

identified using Phylocom (Table 2). Nine nodes of

PACMAD clade and one node of BEP clade were

marked by temperature niche divergence; the largest

temperature niche divergence was found in a single

C3/C4 PACMAD node AZ. Seven nodes of
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PACMAD clade and three nodes of BEP clade were

marked by precipitation niche divergence; the largest

precipitation niche divergence was found in a single

C3 PACMAD node AM (Fig. 3). The divergence

patterns of temperature niche between BEP and

PACMAD clades (P \ 0.001) and between C3 and C4

species (P = 0.039) were significant. The divergence

patterns of precipitation niche between BEP and

PACMAD clade (P \ 0.001) were significant, while

precipitation niche divergence patterns between C3

and C4 species were insignificant (P = 0.054)

(Table 3).

Among box plots of mean annual temperature

(Fig. 4a), the divergence widths in C3 nodes were the

widest, the divergence widths in C4 nodes were the

narrowest, and differences of divergence widths

within each kind (C3, C4, or C3/C4) of nodes were

significant (Table 3). Among box plots of mean

annual precipitation (Fig. 4b), the divergence widths

in C3 nodes were the widest, the divergence widths in

C4 nodes were the narrowest, whereas divergence

widths within C3 or C4 nodes were significantly

different except for C3/C4 nodes (Table 3). The

significant rate changes of climate niche evolution

were determined by AIC difference and chi-square

test in Brownie (Fig. 3). The significant increase of

temperature niche evolution was marked in node AP,

which represents the C3/C4 node in Panicoideae. The

significant increase of precipitation niche evolution

was marked in node AX, which represents the C3/C4

node of all investigated species in Panicoideae. We

reject the null model when it applies to multiple rates
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Fig. 2 Cumulative

distribution curves of

a mean annual temperature

and b mean annual

precipitation of investigated

grass species
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for these two nodes (see Appendix 4, in supplemen-

tary material).

Among box plots of mean annual temperature

(Fig. 4c), the divergence widths in NAD-ME nodes

were wider than those in NADP-ME nodes; the

widest divergence width was found in node BL (from

Enteropogon dolichostachyus to Kengia songorica in

Fig. 3). Divergence widths within nodes of C4

photosynthesis subtypes were significantly different

(P \ 0.001). Among box plots of mean annual

precipitation (Fig. 4d), the divergence widths in

NADP-ME nodes were wider than NAD-ME nodes

with the widest divergence width exhibited in node H

(Sorghum bicolor and Phacelurus digitatus in Fig. 3).

Divergence widths within nodes of each C4 subtype

were also significantly different (P \ 0.001)

(Table 3).

Discussion

Climatic-niche structure

The realized climate niches of Chinese grasses is

characterized by the following four points: (1) the

temperature niche is phylogenetically conservative for

BEP and PACMAD clades, and the precipitation niche

is phylogenetically conservative for Chloridoideae

Table 1 Descriptive statistics of photosynthetic pathways and

phylogenetic compositions along climatic gradients in Chinese

grass flora

Node

category

No.

of total

species

No.

of

native

species

Mean

annual

temperature

(±SD)

Mean

annual

precipitation

(±SD)

C3 BEP 41 34 12.7 (±5.3) 969.0

(±415.3)

C3 PACMAD 16 16 17.5 (±3.1) 1318.9

(±229.2)

C4 PACMAD 88 74 18.6 (±2.4) 1279.7

(±240.5)

Chloridoideae 27 9 15.6 (±3.7) 956.9

(±247.1)

Panicoideae 63 29 17.0 (±3.3) 1175.6

(±212.2)

SD Standard deviation

Table 2 Ten nodes of the largest divergences of climatic niches from phylogeny of Poaceae in China’s nature reserves

Mean annual temperature Mean annual precipitation

Node name Photosynthesis clade Vi Ai Di Node name Photosynthesis clade Vi Ai Di

AZ C3/C4 PACMAD 3 7.005 8.603 AM C3 PACMAD 7 391.188 723.864

BV C4 PACMAD 5 4.496 7.409 AZ C3/C4PACMAD 3 459.988 556.282

U C4 PACMAD 4 4.826 7.258 BY C3 BEP 2 524.616 524.617

AM C3 PACMAD 7 3.456 6.469 CN C3 BEP 25 271.009 486.698

D C4 PACMAD 3 5.736 5.736 X C4 PACMAD 7 183.453 376.853

CN C3 BEP 25 3.400 5.568 AH C3 PACMAD 2 368.388 368.388

X C4 PACMAD 7 5.487 5.562 CA C3 BEP 5 358.341 358.341

Z C4 PACMAD 3 4.099 5.12 H C4 PACMAD 2 351.926 351.927

BA C3/C4 PACMAD 69 3.396 4.785 BS C4 PACMAD 27 247.731 343.041

M C4 PACMAD 23 3.188 4.613 BQ C4 PACMAD 6 216.342 321.928

Vi Number of species descended from parent node i; Ai climatic trait value at node i; Di Root mean square deviation of climatic trait

values of species descended from node i

Fig. 3 Majority rule consensus tree of three chloroplast genes

of Poaceae with the constraint of a strict molecular clock in

BEAST. Scale bar mean substitutions per site; Number above
branches posterior probabilities; Blue line C3 grass; Red line
C4 grass; Yellow circle reversal nodes from C4 to C3 species;

Green circles 10 largest divergences in precipitation niches;

Red circles 10 largest divergences in temperature niches;

Letters ‘‘A–CY’’: nodes for climatic-niche evolution test; Red
node multiple rates of temperature niche evolution; Green node
multiple rates of precipitation niche evolution; Black triangle
NAD-ME subtype including PCK subtype; Black rhombus
NADP-ME subtype; BEP (Bam Bambusoideae; Ehr Ehrharto-

ideae; Poo ooideae) and PACMAD (Pan Panicoideae; Aru
Arundinoideae; Chl Chloridoideae; Mic Micrairoideae; Ari
Aristidoideae; Dan Danthonioideae). (Color figure online)
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and Panicoideae owing to the tendency of climate

niches to be more similar for these two pairs of

phylogenetic groups (Table 1; Fig. 2); (2) the diver-

gence patterns of temperature niche between BEP and

PACMAD clades and between C3 and C4 species are

distinguishable (Table 3); (3) the temperature niche

evolutionary pattern for multiple rates is found in the

C3/C4 node AP (Panicoideae) and the precipitation

niche evolutionary pattern for multiple rates is found

in the C3/C4 node AX (Panicoideae); and (4) the widest

divergence width of climate niches is among C3 nodes,

while the narrowest divergence width of climate

niches is among C4 nodes.

A clear difference of average temperature range is

found between BEP and PACMAD clades. The

difference in mean annual temperature between C3

BEP and C3 PACMAD are greater in China (12.7 vs.

17.5�C) than in Hawaii (17.0 vs. 18.4�C; Edwards

and Still 2008). Therefore, temperature gradients

seem to have more impact on BEP and PACMAD

clade distribution. In China, the phylogenetic pattern

indicates that additional preadaptive characteristics

(e.g. capacities of different species for resource

acquisition) other than functional differences of

photosynthesis pathways, enable the BEP clade to

be dominant in cold-climate regions and the

PACMAD clade to be dominant in warm-climate

regions. However, the striking difference in precip-

itation between C3 PACMAD and C4 PACMAD

nodes (3361 vs. 1,404 mm) in Hawaii indicates that

precipitation may have more impact on the distribu-

tion of BEP and PACMAD species (Cabido et al.

2008). Higher water-use efficiency conferred by C4

PACMAD nodes may play a critical role in C3 and C4

grass distribution along a precipitation gradient

within the PACMAD clade in Hawaii.

Some conservative traits will determine the ability

to occupy a realized climate niches for grasses

(Donoghue 2008). The difference of niches may be

big enough to reduce competition with other species

under stable conditions. However, it is more likely

that taxa experienced intermittent interactions with

other taxa in different niches accompanying the

environmental shifts. Hence, interspecific interactions

between ecologically similar allopatric species, as

opposed to the edaphic environment, promote phylo-

genetic clustering when many traits across the

phylogeny are investigated (Kozak and Wiens

2007). The ancestors of the C3 BEP and C4

PACMAD lineages possessed such traits, thereby

enabling their descendants to succeed in a similar

type of habitat. As a result, descendants of a lineage

will tend to be most successful in an appropriate

climate niche due to interspecific competition, thus

these ecological traits would be preserved in allopat-

ric species within these two major clades (Lord et al.

1995; Edwards and Smith 2010).

Climate niche divergence

Our results may have some implications for explain-

ing the strong association between elevation gradients

and grass diversity in the subtropical forest region

(Liu et al. 2009). First, our previous study suggested

that high-energy (e.g., mean annual sunshine hours,

mean annual temperature, annual potential evapo-

transpiration, and annual actual evapotranspiration)

drives greater grass diversity in the subtropical forest

region. Here, we show that multiple rates of temper-

ature and precipitation niche evolution underlie this

pattern in two grass nodes AP and AX (see Appendix

4 in supplementary material). In the field, regional

species diversity of these two nodes peaks at lower

elevations (e.g., 1,435 m), where energy and produc-

tivity are greater. Therefore, high grass diversification

Table 3 Independent-samples T test of root mean square

deviation of climatic trait values (Di) of species descended

from node i

Climatic factor Di divergence value

Nodes P value

Mean annual temperature C3 0.011*

C4 0.000*

C3/C4 0.039*

BEP 0.000*

PACMAD 0.000*

NAD-ME 0.000*

NADP-ME 0.000*

Mean annual precipitation C3 0.000*

C4 0.000*

C3/C4 0.054

BEP 0.000*

PACMAD 0.000*

NAD-ME 0.000*

NADP-ME 0.000*

* P value \ 0.05 considered to be statistically significant
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rates in the subtropical forest region seem to be

associated with the greater carrying capacities of

subtropical ecosystems, as predicted by previous

publications (Belsky et al. 1993; O’Brien et al. 2000;

Rahbek and Graves 2001). Second, stable tropical

climates may promote selection for narrow ranges of

climatic tolerances of tropical species, leading to

greater turnover of species along elevation gradients

(Janzen 1967). Our study demonstrates that shifts

between climate conditions occur more rapidly in the

subtropical region, where climate fluctuates (includ-

ing glaciation) seasonally (Ying 2001; Shen et al.

2005).

The evolution rate of climate niches may depend

on the evolution rate of physiological tolerances to

extreme climates (e.g. heat or drought) for NAD-ME

grasses. For example, the greater drought tolerances

may constrain the NAD-ME nodes (rather than the

NADP-ME nodes) dispersing from tropical forests to

temperate desert regions (P’yankov and Mokronosov

1993; Ghannoum et al. 2002), and hence increased

aridity tolerances might allow for rapid changes in

NAD-ME grass distribution (Hattersley 1992). Fur-

thermore, NAD-ME species with larger geographic

distributions may exhibit wider temperature niche

divergence (e.g. node BL in Fig. 3).

The correlation between two major C4 variants

(NAD-ME and NADP-ME) and two major subfam-

ilies (Chloridoideae and Panicoideae) was confirmed

(Carmo-Silva et al. 2009). Seventy-nine percent of

NAD-ME grasses are members of Chloridoideae and

87% of NADP-ME grasses are members of Panicoi-

deae. In other words, if the pattern of NAD-ME/

NADP-ME abundance really reflects patterns of C4

Chloridoideae/Panicoideae abundance, the adaptive

ability of species to environmental changes appears

Fig. 4 Box plots of divergence width of mean annual

temperature (left y-axis) and of mean annual precipitation

(right y-axis): a, b among photosynthetic types; c, d among C4

subtypes. Horizontal line median value; Vertical lines 95%

confidence intervals; Circles outliers; Asterisk extreme outlier

larger than [third quartile ? 2 9 (third quartile - first quar-

tile)]; Letter ‘‘A’’: the insignificant difference (P \ 0.05)
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to contribute considerably to the climate niche

evolution (Hattersley and Watson 1992). For exam-

ple, chloridoid node BI with widest divergence of

temperature niche exhibits more geographic isolation

than other chloridoid nodes, while panicoid node H

with narrowest divergence of precipitation niche

exhibits overlap with other panicoid nodes. The

result indicates that NAD-ME/NADP-ME nodes

display the phylogenetic signals in their climate

niches (Prinzing et al. 2001; Roalson 2008).

China represents a larger climate window with

four climatic regions and 51% (74/145) of grasses are

native (Liu et al. 2009). Rapid species diversification

is associated with rapid climate (especially tempera-

ture) niche evolution in the subtropical forest region

where few nodes overlap geographically. These

patterns are important for explaining continental

(eastern Asia) scale patterns of grass richness, climate

niche evolution, and conservatism. However, Hawaii

represents a small climate window with a single

tropical climatic type and 70% (106/152) of grasses

are introduced (Edwards and Still 2008). Current

Hawaiian grass distribution is interpreted as the

product of climatic sorting (especially precipitation)

processes in an insular scale (Juvik and Juvik 1998).

At Hawaii, the climate niche evolution of a given

species is the result of intrinsic ecological preferences

and interspecific competitive abilities (Edwards and

Still 2008). Our results indicate that adaptation to the

climate changes has occurred in C4 grass nodes of

high climate niche evolutionary rates (e.g. nodes AP

and AX) in China (Giambelluca and Schroeder 1998).
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