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ABSTRACT

 

Aim

 

Our aim was to quantify climatic influences on key leaf traits and relationships
at the global scale. This knowledge provides insight into how plants have adapted
to different environmental pressures, and will lead to better calibration of future
vegetation–climate models.

 

Location

 

The data set represents vegetation from 175 sites around the world.

 

Methods

 

For more than 2500 vascular plant species, we compiled data on leaf
mass per area (LMA), leaf life span (LL), nitrogen concentration (N

 

mass

 

) and photo-
synthetic capacity (A

 

mass

 

). Site climate was described with several standard indices.
Correlation and regression analyses were used for quantifying relationships between
single leaf traits and climate. Standardized major axis (SMA) analyses were used for
assessing the effect of climate on bivariate relationships between leaf traits. Principal
components analysis (PCA) was used to summarize multidimensional trait variation.

 

Results

 

At hotter, drier and higher irradiance sites, (1) mean LMA and leaf N per
area were higher; (2) average LL was shorter at a given LMA, or the increase in LL
was less for a given increase in LMA (LL–LMA relationships became less positive);
and (3) A

 

mass

 

 was lower at a given N

 

mass

 

, or the increase in A

 

mass

 

 was less for a given
increase in N

 

mass

 

. Considering all traits simultaneously, 18% of variation along the
principal multivariate trait axis was explained by climate.

 

Main conclusions

 

Trait-shifts with climate were of sufficient magnitude to have
major implications for plant dry mass and nutrient economics, and represent
substantial selective pressures associated with adaptation to different climatic regimes.
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INTRODUCTION

 

Plant ecologists have long been interested in quantifying how

leaf morphology and physiology vary with climate. For example,

plants adapted to low rainfall tend to have thick, leathery leaves

(Schimper, 1903; Maximov, 1929; Turner, 1994; Fonseca

 

et al

 

., 2000) and a high concentration of nitrogen per unit

leaf area (Cunningham 

 

et al

 

., 1999; Wright 

 

et al

 

., 2001). Many

plants growing in high irradiance habitats share these traits

also (Niinemets, 2001). For some decades now, ecologists have

also been aware that key leaf properties tend to show predictable

relationships with one another. In particular, species with

high leaf mass per area (LMA) tend to have long average leaf

life span (LL), low nutrient concentrations and slow maximum

photosynthetic and dark respiration rates (Field & Mooney,

1986; Reich 

 

et al

 

., 1992, 1997; Turner, 1994; Enriquez 

 

et al

 

.,

1996; Diemer, 1998; Niinemets, 1999). Together, these traits

form a spectrum of ‘leaf economics’ (Wright 

 

et al

 

., 2004),

running from species with potential for quick returns on invest-

ments of nutrients and dry mass in leaves (e.g. species with

low LMA, such as many herbs, grasses and deciduous trees)

to species with a slower potential rate of return in terms of

carbon acquisition (e.g. many evergreen shrubs and trees with

high LMA).
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Quantifying correlations among leaf traits and how traits dif-

fer between growth forms and plant functional types (PFTs) not

only gives insight into the selective pressures that have shaped the

evolution of the world’s vegetation, but is also crucial for reliable

calibration of models designed to predict vegetation and produc-

tivity shifts with climate and land use change. Most vegetation–

climate models represent the vegetation in any grid-square with

a frequency distribution of PFTs. Each PFT is assigned a set of

typical properties, often including leaf traits such as LMA (or its

inverse, SLA), LL, leaf N concentration (N

 

mass

 

) and photo-

synthetic rate. Modellers have begun using trait correlations

from broad, comparative studies for assigning trait values. For exam-

ple, the Lund-Potsdam-Jena Dynamic Global Vegetation Model

(DGVM) (Sitch 

 

et al

 

., 2003) calculates SLA for each PFT from

an assigned LL value using the SLA –LL relationship reported by

Reich 

 

et al

 

. (1997), whereas the Ecosystem Demography model

(Moorcroft 

 

et al

 

., 2001) calculates both leaf N concentration and

SLA from LL, again following Reich 

 

et al

 

. (1997). Naturally,

model output is considerably affected by the choice of trait values

assigned to each PFT. In one of the few published sensitivity analyses

that we are aware of, the relative importance of parameter varia-

tion for predicting annual net primary production (NPP) was

assessed for the BIOME-BGC model (White 

 

et al

 

., 2000). All

biomes were strongly affected by variation in leaf and fine root

C:N ratios. In addition, woody biomes were strongly affected by

leaf traits such as the percentage of leaf N in Rubisco, maximum

stomatal conductance, and SLA.

One issue in assigning relevant leaf trait values to PFTs is that

the magnitude of variation within PFTs may be greater than the

difference in trait-means among them (Wright 

 

et al

 

., 2005).

Another is that the relationships between key leaf traits may shift

predictably with climate. For example, both regionally and globally,

LL–LMA relationships tend to be shifted such that species from

lower rainfall sites have shorter LL at a given LMA (Reich 

 

et al

 

., 1999;

Wright 

 

et al

 

., 2002, 2004). And, among woody perennials from

eastern Australia, species from lower rainfall sites achieve lower

maximum photosynthetic rate (A

 

mass

 

) at a given N

 

mass

 

 (Wright

 

et al

 

., 2001). We suggest that this sort of information should be

incorporated into future vegetation–climate models.

In order to understand better how site properties affect leaf

traits and trait relationships at the global scale, we have drawn

together trait information for more than 2500 vascular plant

species from 175 sites around the world. The coverage of traits,

species and sites is substantially greater than previous data com-

pilations (Field & Mooney, 1986; Schulze 

 

et al

 

., 1994; Reich 

 

et al

 

.,

1997; Diemer, 1998; Niinemets, 2001), extends to all vegetated

continents and represents a wide range of vegetation types. In

previous papers, we summarized broad-scale patterns from the

data set such as patterning of leaf traits and trait relationships

according to growth form, plant functional type and sample size

(Wright 

 

et al

 

., 2005), and the patterning of LL–LMA relation-

ships by site rainfall (Wright 

 

et al

 

., 2004). Here we present a

number of more comprehensive analyses concerning the effect of

climate on leaf traits and leaf trait relationships. The traits con-

sidered were LMA, LL, leaf N concentration per unit leaf mass

and area (N

 

mass

 

, N

 

area

 

) and photosynthetic ‘capacity’ (measured

under ambient CO

 

2

 

 concentration, near-saturating light and

relatively well watered conditions; A

 

mass

 

, A

 

area

 

). Site climate was

described with standard indices: temperature, rainfall, global

radiation, potential evapotranspiration and vapour pressure deficit.

We asked three types of questions:

(1) How do the leaf traits vary with climate, at the global scale?

These relationships were quantified using (i) individual species

at each site and (ii) site means as the unit of replication.

(2) To what extent are bivariate trait relationships modulated by

climate?

(3) How much variation does climate explain along the first two

principal component axes summarizing multivariate variation in

LL, LMA, N

 

mass

 

 and A

 

mass

 

?

We report the effect of climate on only a subset of all the

possible pairwise leaf trait relationships: those between LL and

each of LMA and A

 

mass

 

, and those between photosynthetic capacity

and each of LMA and leaf N concentration. The LL–LMA rela-

tionship is thought to reflect a trade-off, with lower LMA indic-

ating greater potential for fast growth (more leaf area deployed

for a given dry mass investment), but longer LL indicating longer

duration of the revenue stream from that investment, and

enhanced nutrient conservation (Escudero 

 

et al

 

., 1992; Westoby

 

et al

 

., 1998; Eckstein 

 

et al

 

., 1999; Aerts & Chapin, 2000). The linkage

between LL and A

 

mass

 

 has been emphasized in models seeking to

understand the costs and benefits of different leaf phenologies,

with A

 

mass

 

 being a major determinant of the time taken to pay

back the construction cost of a leaf (Kikuzawa, 1991; Poorter,

1994; Kikuzawa & Ackerly, 1999; Givnish, 2002). Variations in

both leaf structure and leaf N content have been shown to affect

photosynthetic capacity (Field & Mooney, 1986; Reich 

 

et al

 

.,

1998; Wright 

 

et al

 

., 2001). Thus, each of these relationships is

important for the dry mass and nutrient economics of vegeta-

tion. We also ran a subset of analyses for evergreen species con-

sidered on their own, and (less commonly) for deciduous

species, these being commonly used PFTs. These results were

then compared to those seen across the whole data set.

 

METHODS

Leaf and climate data

 

Data were compiled from both published and unpublished sources.

A data set was considered suitable providing that it contained

data for at least two leaf traits of interest for at least four species

co-occurring in the field. Only site-based data sets were used;

that is, those to which we could reasonably attach climate data.

The total database consists of 2548 species/site combinations

from 175 sites: 2021 different species in total, with 342 species

occurring at more than one site. Data sources and the data set

itself are available in online Appendices associated with Wright

 

et al

 

. (2004). Site mean annual temperature (MAT) ranged from

 

−

 

16 

 

°

 

C to 27.5 

 

°

 

C; mean annual rainfall ranged from 133 to 5300

mm per year. This covers most of the range of MAT–rainfall

space in which higher plants are found (Whittaker, 1975).

Mean annual and monthly temperature and precipitation data

were compiled for each site. For a small number of sites (< 20),
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climate data were available from the sites themselves. Otherwise,

data were taken from the source publications from which leaf

data were obtained (where given) or from the nearest weather

stations, with temperature data scaled where necessary by an

altitudinal lapse rate of 0.6 

 

°

 

C per 100 m (Körner, 1999). Climate

data were also extracted from a global, interpolated 0.5 

 

×

 

 0.5

 

°

 

data set containing monthly means (1961–90) for temperature,

rainfall, water vapour pressure (VP) and global radiation (New

 

et al

 

., 1999). Temperature and rainfall from the global data set

were used for sites where we were unable to obtain suitable

weather station data ourselves. MAT and rainfall estimates from

the global data set agreed closely with site-specific or nearby-

station data in most cases, giving us confidence in the VP and

irradiance estimates also. Neighbouring grid-squares in the global

data set were explored for better-matching data for sites where

the MAT and rainfall estimates differed by > 10% (mostly moun-

tain sites). When a close match was found, VP and radiation data

were taken from that grid-square. Otherwise, VP for mountain

sites was scaled using an empirical formula expressing the expo-

nential decrease of VP with altitude (Barry, 1981). Monthly

means of vapour pressure deficit (VPD) were estimated as the

difference between the saturation VP of air (at the monthly mean

temperature) and VP taken from the global data set. Saturation

VP was calculated using the Tetens formula (Campbell &

Norman, 1998). Irradiance data were not adjusted for altitude

because increases in cloud cover with elevation tend to offset the

increase in radiation that would be observed in clear air, though

this may not always be true for high elevation sites in arid regions

(Barry, 1981; Körner, 1999). Penman–Monteith potential

evapotranspiration (PET) was also estimated for each site,

sourced from a global 0.5 

 

×

 

 0.5

 

°

 

 data set calculated for the

period 1987–88 (Choudhury, 1997). The albedo and surface

resistance constants used for calculating PET in this data set

were for actively growing, well-watered grass, so PET should be

thought of as a reference value rather than as accurately describ-

ing the evapotranspiration of the vegetation at each site. PET was

estimated for the problematic mountain sites from a regression

equation fitted to all other sites, considering PET as a function of

MAT and annual rainfall (

 

r

 

2

 

 = 0.71).

Climate variables were summed (rainfall) or averaged (other

variables) across all months of the year, and across those months

with mean temperature of 

 

≥

 

 5 

 

°

 

C, giving an estimate of climate

during the growth season. Results using yearly and growth-

season climate indices were similar; hence for brevity, we only

report results relating to yearly climate averages. Naturally,

climate variables were cross-correlated to an extent. Across the

175 sites, VPD, PET and solar irradiance were more closely associated

with MAT than with mean annual rainfall (Table 1) although,

clearly, both MAT and rainfall affect a property such as VPD.

Means of leaf traits were calculated for each species at a site

where this was not already reported. Where traits were reported

separately for sun leaves and shade leaves, sun–leaf data were

used. If data were presented separately for recently matured and

old leaves, recently matured leaves were used. That is, data for

leaves closer to their ‘peak’ physiological stage were used where

there was a choice (i.e. prior to significant age- or light-related

decline in nutrient contents and photosynthetic capacity).

Photosynthesis and leaf N source data were variously reported

on a leaf mass or on a leaf area basis. Both formulations are of

interest, and these were interconverted via LMA where this was

reported as well.

 

Data analysis

 

All leaf traits were approximately log-normally distributed across

the data set, as were site rainfall and VPD. Accordingly, these

variables were log

 

10

 

-transformed for all analyses. MAT, PET and

global radiation were left untransformed because their distribu-

tion was approximately normal. Pearson correlation and ordinary

least squares (OLS) regression were used for quantifying rela-

tionships between individual leaf traits and climate. Bivariate

relationships between leaf traits were described with standard-

ized major axis slopes (SMAs; also known as reduced major axis

slopes, Sokal & Rohlf, 1995) because our primary aim was to

summarize relationships between trait-pairs rather than calcu-

lating predictive regression equations (although, see below). On

log–log axes, the SMA describes the best-fit ‘scaling’ (propor-

tional) relationship between the traits. The effect of climate on

SMA relationships was quantified by using the SMA analogue of

standard analysis of covariance (

 



 

), as follows. Species

were pooled into climate bands (see Tables 3, 4 & 5) and an SMA

was fitted to each band. Next, the resulting set of slopes was

tested for heterogeneity. Where non-heterogeneity was demon-

strated (

 

P

 

 > 0.05), a common slope (

 

b

 

) was estimated. Elevation

differences between individual SMAs were then tested for by

comparing the species–groups for differences in mean 

 

Y

 

′

 

, where

 

Y

 

′

 

 is 

 

Y

 

 transformed by the common slope (i.e. 

 

Y

 

′

 

 = 

 

Y

 

 

 

−

 

 

 

bX

 

).

Multiple comparisons of 

 

Y

 

′

 

 were made using the Tukey–Kramer

test when variance was homogeneous among groups and the

Games–Howell test when variance was heterogeneous (Day &

Quinn, 1989). Both tests maintain an experimentwise signi-

ficance level of 0.05, hence no posthoc correction is needed.

Homogeneity of variance among groups was assessed with

Levene’s test. SMA routines were run using the DOS-based

MAT VPD PET Irradiance

Rainfall 0.34 (< 0.001) −0.05 (0.474) 0.03 (0.697) −0.01 (0.928)

MAT 0.70 (< 0.001) 0.81 (< 0.001) 0.65 (< 0.001)

VPD 0.77 (< 0.001) 0.84 (< 0.001)

PET 0.75 (< 0.001)

Table 1 Correlations (r and P values) 
between climate variables assigned to each of 
the 175 sites. Abbreviations: MAT, mean 
annual temperature, VPD, vapour pressure 
deficit; PET, Penman–Monteith potential 
evapotranspiration; irradiance, daily mean 
global radiation
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computer package (S)

 



 

 (Falster 

 

et al

 

., 2003). Further details of

the statistical routines are described in the supporting documenta-

tion, available online at http://www.bio.mq.edu.au/ecology/

SMATR/.

While SMA analyses are appropriate for summarizing the

relationship between two variables in terms of a single slope, OLS

linear regression should be used if one wants to create equations

for 

 

predicting

 

 one trait from one or more other traits (Sokal &

Rohlf, 1995; Draper & Smith, 1998). Accordingly, the effect of

climate on bivariate trait relationships was also assessed using

multiple regression. There was close qualitative agreement between

the main trends from the SMA and regression analyses; hence,

for brevity, only SMA results are reported here.

Climate variables were treated as continuous variables in

regression analyses but as ordinal variables in SMA analyses.

Describing climate on a continuous scale is clearly the more

desirable approach, but no SMA analogue of multiple regres-

sions has yet been well described. Instead, principal components

analysis (PCA) was used to reduce multivariate variation in LL,

LMA, N

 

mass

 

 and A

 

mass

 

 down to two orthogonal axes, enabling

the strength of correlation between climate variables and species

scores along these axes to be assessed. A significant correlation

between a climate variable and species’ scores along the first axis

(the principal axis, ‘PCA1’) indicates that species shift along the

axis with climate. Identifying correlated variation with scores

along the second axis (‘PCA2’) is roughly analogous to identify-

ing elevation shifts between SMAs in the bivariate case (strictly, it

would be analogous to identifying group shifts along the stand-

ardized 

 

minor

 

 axis, rather than vertical ‘elevation’ shifts). Indeed,

an SMA slope simply describes the slope of the principal axis

from a PCA run on standardized bivariate data (i.e. based on the

correlation rather than the covariance trait matrix; Sokal &

Rohlf, 1995). Other than SMA analyses, all statistical procedures

were carried out with SPSS for Windows version 11.01. For PCA

analyses, species scores along PCA1 and PCA2 were calculated

using the Anderson–Runin method, giving two sets of orthogonal

scores, each with mean of 0, SD of 1.

 

RESULTS

Patterning of leaf traits with climate

 

Leaf life span was positively correlated with each of MAT, rainfall,

VPD, PET and irradiance (Table 2). Irradiance showed the

strongest relationship, explaining 10% of variation in LL. The

positive relationship between rainfall and LL was unexpected —

if anything, one would expect LL to be longer in species from

drier sites. However, when either MAT or irradiance was con-

trolled in a multiple regression, the effect of rainfall on LL

became non-significant (

 

P =

 

 0.451, 

 

P

 

 = 0.196, respectively). That

is, the (weak) rainfall effect seen across all species was apparently

the result of the cross-correlation of rainfall with other climate

variables.

LMA increased with increasing site MAT and showed only a

weak tendency to be higher at lower rainfall (

 

r = 

 

−

 

0.04,

 

P

 

 = 0.032; Table 2). This was surprising because there have been

many reports from smaller studies that LMA tends to be higher

at drier sites. However, once variation in MAT was controlled in

a multiple regression, LMA increased more strongly as rainfall

decreased (

 

P <

 

 0.001), in line with previous findings. LMA was

more strongly (positively) correlated with VPD, PET (both

 

r

 

 = 0.38) or site irradiance (

 

r =

 

 0.42) than with either MAT or site

rainfall alone.

Evergreen and deciduous species showed rather different pat-

terns in LL and LMA with rainfall and MAT. Along a gradient of

decreasing MAT, both LL and LMA increased in evergreens but

decreased in deciduous species, with this difference more pro-

nounced in LL than in LMA (Figs 1a,b). Along a gradient of

Table 2 Global correlations between leaf traits and site climate. Two sets of results are reported: (1) correlations between site climate and 
individual species trait values (‘Species’); and (2) correlations between site climate and site mean trait values (‘Sites’). Leaf traits for individual 
species were log10-transformed before analysis, and before site means were calculated. Site rainfall and vapour pressure deficit (VPD) were also 
log10-transformed. n: sample sizes for Species and Sites analyses, respectively
 

MAT Rainfall VPD PET Irradiance 

Species Sites Species Sites Species Sites Species Sites Species Sites

LL r 0.29 0.22 0.17 0.18 0.26 0.18 0.19 0.14 0.32 0.28

(n = 749, 55) P < 0.001 0.109 < 0.001 0.178 < 0.001 0.195 < 0.001 0.319 < 0.001 0.038

LMA r 0.31 0.28 −0.04 −0.25 0.38 0.50 0.38 0.44 0.42 0.57

(n = 2370, 163) P < 0.001 < 0.001 0.032 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Nmass r −0.21 −0.22 0.01 0.14 −0.27 −0.33 −0.25 −0.29 −0.33 −0.44

(n = 2061, 145) P < 0.001 0.008 0.689 0.093 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Narea r 0.12 0.06 −0.21 −0.46 0.20 0.27 0.22 0.25 0.21 0.25

(n = 1975, 144) P < 0.001 0.449 < 0.001 < 0.001 < 0.001 0.001 < 0.001 0.002 < 0.001 0.003

Amass r −0.18 −0.07 −0.13 −0.32 −0.17 −0.16 −0.07 0.05 −0.20 −0.18

(n = 770, 65) P < 0.001 0.566 < 0.001 0.009 < 0.001 0.213 0.056 0.714 < 0.001 0.143

Aarea r −0.08 −0.04 −0.34 −0.52 0.09 0.10 0.12 0.20 0.03 0.07

(n = 824, 72) P 0.020 0.744 < 0.001 < 0.001 0.010 0.398 0.001 0.100 0.453 0.575

http://www.bio.mq.edu.au/ecology/
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decreasing rainfall, mean LMA increased sharply in evergreens,

whereas no trend was evident in LL (Figs 1c,d). Along the same

gradient, both LL and LMA decreased slightly among deciduous

species.

Nmass showed no trend with rainfall, but decreased with

increasing MAT, VPD, PET or irradiance (Table 2). Narea tended

to show the opposite pattern, being higher at higher MAT,

VPD, PET or irradiance, and higher at lower rainfall. Narea is

the product of Nmass and LMA. Therefore, it must have been the

underlying trends in LMA rather than Nmass that led to higher

Narea at hotter/drier/higher irradiance sites. Narea increased

with irradiance with rainfall held constant, and increased with

decreasing rainfall at any given level of irradiance (Fig. 2). That is,

the rainfall and irradiance effects were independent of each other.

Amass decreased with increasing MAT, rainfall, VPD, PET

(marginally) or irradiance. Whereas Aarea decreased with increas-

ing MAT (weakly) and rainfall (more strongly), it was positively

correlated with VPD and PET. Aarea is the product of Amass

and LMA; therefore, it must have been underlying trends in

LMA rather than in Amass that drove the positive Aarea–VPD and

Aarea–PET relationships.

A substantial proportion of the total variation among species

in their leaf traits tends to occur between coexisting species

(Poorter & De Jong, 1999; Wright et al., 2004). One consequence

of this is that the trait–climate relationships were in many cases

stronger when site means were considered as replicates rather

than individual species (Table 2). For example, rainfall explained

6% of variation in site-mean LMA vs. 0.2% at the species-level,

whereas irradiance explained 33% of variation in site-mean

LMA vs. 18% at the species-level. Notable exceptions were leaf

life span and photosynthetic capacity, for which most trait–

climate correlations were of similar or weaker strength (correla-

tion r) when considered for sites rather than species. With

the much lower sample sizes for site-based analyses, relation-

ships with similar r values were statistically non-significant

(Table 2).

Figure 1 Relationships between leaf life span 
(LL) and leaf mass per area (LMA) with each of 
MAT and annual rainfall for evergreen (open 
circles) and deciduous (filled circles) shrubs 
and trees. Linear regression lines are shown for 
illustrative purposes even when not statistically 
significant. (a) Log LL vs. MAT. Evergreen: 
b = −0.01, r 2 = 0.10, P < 0.001, n = 363. 
Deciduous: b = 0.01, r 2 = 0.42, P < 0.001, 
n = 157. (b) Log LMA vs. MAT. Evergreen: 
b = −0.01, r2 = 0.02, P < 0.001, n = 894. 
Deciduous: b = 0.01, r2 = 0.08, P < 0.001, 
n = 522. (c) Log LL vs. log rainfall. Evergreen: 
b = 0.05, r2 = 0.003, P = 0.330, n = 363. 
Deciduous: b = 0.22, r2 = 0.08, P < 0.001, n = 157. 
(d) Log LMA vs. log rainfall. Evergreen: b = −0.41, 
r 2 = 0.22, P < 0.001, n = 894. Deciduous: 
b = 0.03, r 2 = 0.002, P = 0.322, n = 522.

Figure 2 Leaf N per area (Narea; g m−2) increases as a function of 
increasing irradiance and decreasing annual rainfall (mm year−1). 
The best-fit plane from the following multiple regression is shown: 
log Narea = 0.0015 irradiance − 0.182 log rainfall + 0.563 
(all coefficients P < 0.001, model r2 = 0.11, n = 1975). Data from 
144 sites.
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Modulation of leaf trait relationships by climate

Leaf life span–LMA relationships

Leaf life span and LMA were positively correlated, both across all

species (r2 = 0.43, n = 678) and within each growth form (Wright

et al., 2005). SMAs fitted within rainfall bands did not differ in

slope (test for SMA heterogeneity, P = 0.970) but they did differ

clearly in elevation, such that the average leaf life span achieved at

a given LMA was shorter at lower rainfall (Fig. 3a). At grand

mean LMA (104 g/m2), mean LL was 8-fold higher in the wettest

than in the driest rainfall class (Table 3). The slope of LL–

LMA relationships became flatter with increasing MAT, VPD,

PET or site irradiance, dropping from log–log slopes of 2.3 or

more in the lowest MAT, VPD, PET or irradiance classes to 1.3 or

Table 4 Trends in LL–LMA and Amass–Nmass relationships for species grouped into climate classes. Data shown are the SMA slope and 95% 
confidence interval (CI), coefficient of determination (r2) and sample size. Climate classes are log10-classes in the case of VPD, and arithmetic 
classes for the other variables
 

Climate band

LL–LMA Amass–Nmass

SMA (95% CIs) r 2 n SMA (95% CIs) r 2 n

MAT (°C) −10–0 2.3 (2.0, 2.6) 0.61 114 2.0 (1.7, 2.2) 0.75 65
0–10 1.9 (1.7, 2.2) 0.49 157 2.1 (1.9, 2.4) 0.41 178

10–20 1.4 (1.3, 1.5) 0.46 269 1.7 (1.6, 1.8) 0.60 348
20–30 1.3 (1.1, 1.6) 0.09 138 1.3 (1.1, 1.5) 0.30 121

VPD (kPa)  0.1–0.2 2.3 (2.0, 2.6) 0.57 104 1.9 (1.7, 2.2) 0.86 40
 0.2–0.4 1.9 (1.7, 2.0) 0.64 158 1.7 (1.5, 1.8) 0.56 184
 0.4–0.8 2.0 (1.8, 2.1) 0.29 297 1.7 (1.6, 1.8) 0.50 353
 0.8–1.6 1.1 (0.92, 1.2) 0.49 119 1.6 (1.4, 1.8) 0.47 135

PET (mm y−1) 200–500 2.5 (2.2, 2.9) 0.56 89 2.0 (1.6, 2.5) 0.69 25
500–800 2.0 (1.8, 2.3) 0.67 93 2.0 (1.8, 2.3) 0.60 116
800–1100 2.3 (2.0, 2.5) 0.49 183 1.9 (1.7, 2.1) 0.52 214

1100–1400 1.3 (1.1, 1.4) 0.45 225 1.6 (1.5, 1.8) 0.57 282
1400– 1700 0.83 (0.67, 1.0) 0.09 88 1.4 (1.1, 1.6) 0.36 75

Irradiance (W m−2) 60–90 2.6 (2.2, 3.0) 0.54 86 2.0 (1.6, 2.5) 0.69 25
90–120 2.0 (1.7, 2.3) 0.62 63 2.3 (2.0, 2.7) 0.71 50

120–150 1.9 (1.7, 2.1) 0.45 184 1.9 (1.7, 2.1) 0.45 221
150–180 1.3 (1.2, 1.5) 0.25 267 1.7 (1.6, 1.8) 0.53 337
180–210 1.3 (1.1, 1.5) 0.55 78 1.4 (1.2, 1.6) 0.58 79

Figure 3 Modulation of leaf life span–LMA relationships by 
climate. Individual standardized major axis slopes are shown for 
species pooled into (a) rainfall classes and (b) MAT classes. Climate 
classes and associated statistics are given in Tables 3 and 4.

Table 3 Comparisons of LL–LMA relationships for species pooled 
into five rainfall classes. Classes were defined along a log-scale 
because rainfall was log-normally distributed. SMAs were deemed 
non-heterogeneous (P = 0.970), but clear elevation (intercept) 
differences were apparent, with shorter LL at a given LMA at drier 
sites. Multiple comparisons of SMA elevations all P < 0.015, except 
600–1200 vs. 1200–2400 mm rainfall classes, P = 0.181
 

Rainfall 

(mm) n r 2 Slope (95% CIs)

LL (month) at mean  

LMA (104 g/m2)

150–300 10 0.81 1.75 (1.24–2.47) 2.8
300–600 138 0.51 1.71 (1.52–1.93) 6.4
600–1200 322 0.48 1.65 (1.53–1.79) 8.2
1200–2400 146 0.38 1.74 (1.53–1.98) 9.6
2400–4800 62 0.50 1.69 (1.41–2.03) 23.6
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less in the hottest/driest/highest irradiance classes (Table 4;

MAT effect depicted in Fig. 3b). The same climate-related trends

were seen among evergreen species as for the full data set

(details not shown), indicating that the all-species trends were

not being driven by differences between evergreens and other

functional groups (e.g. grasses, herbs, deciduous trees and

shrubs).

LL–Amass relationships

Longer leaf life span was associated with lower Amass, both across

all species (r 2 = 0.69, n = 512) and within each major growth

form (Wright et al., 2005). Overall, there was relatively little

effect of site climate on SMAs describing LL–Amass relation-

ships. Neither VPD, PET nor irradiance had any clear effect

(details not shown). SMAs fitted within rainfall bands were non-

heterogeneous (P = 0.097), but the only significant differences in

SMA elevation were between the highest rainfall class and all

other classes (all significantly lower, P < 0.001; all other compar-

isons P > 0.1). SMAs fitted within MAT classes did not differ in

slope (P = 0.407) but did differ in elevation, with longer LL at a

given Amass in the two warmest classes than in the two coldest

classes (all P < 0.02). However, no elevation difference was

observed within each of these pairs of MAT classes (both

P > 0.095). Comparisons made among evergreen species yielded

similar results to the all-species analyses, except that there was no

MAT effect on LL– LMA relationships for evergreens (details not

shown).

Amass–LMA relationships

Amass and LMA were negatively correlated, both across all species

(r 2 = 0.50, n = 764) and within each growth form (Wright et al.,

2005). There was no effect of site rainfall on SMA slopes

(P = 0.108); rather, their elevation was clearly higher at drier

sites, with mean Amass around threefold higher at the driest

sites than at the wettest, at a given LMA (Fig. 4a; Table 5).

There was no clear patterning of Amass–LMA relationships with

respect to other climate variables: SMAs fitted within climate

bands were significantly heterogeneous in all cases, but without

clear trends.

Photosynthesis–leaf N relationships

Amass and Nmass were positively correlated, both across all species

(r 2 = 0.53, n = 712) and within each growth form (Wright et al.,

2005). Clear climate-related trends were observed for this trait-

pair, with SMAs becoming flatter with increasing MAT, PET or

irradiance. These shifts were quite substantial, with Amass increas-

ing to the square of Nmass in the coldest/ least arid climate bands

(log–log slopes of c. 2), dropping down to slopes of c. 1.4 in the

hottest/driest /highest irradiance regions (Table 4; MAT effect

depicted in Fig. 4b). By contrast, there was no clear effect of VPD

on either SMA slope or elevation.

Photosynthetic capacity and leaf N were more weakly related

on a leaf area than on a leaf mass basis (correlations across all

species, r 2 = 0.13 vs. 0.53; Wright et al., 2005). There was no clear

effect from any of the climate variables on either SMA slopes or

elevations for this trait-pair (details not shown).

Assessing patterning by climate in multivariate trait 
space

Principal components analysis was used to reduce multivariate

variation in LL, LMA, Nmass and Amass down to two orthogonal

Figure 4 Modulation of Amass–LMA and 
Amass–Nmass relationships by climate. Climate 
classes and associated statistics are given in 
Tables 4 and 5. (a) Amass vs. LMA, with individual 
SMA slopes shown for species pooled into 
rainfall classes. (b) Amass vs. Nmass, with individual 
SMA slopes shown for species pooled into 
MAT classes.

Table 5 Comparisons of Amass–LMA relationships for species pooled 
into five rainfall log-classes. SMAs were deemed non-heterogeneous 
(P = 0.108), but clear elevation (intercept) differences were apparent, 
with higher Amass at a given LMA at drier sites. Multiple comparisons 
of SMA elevations all P < 0.010 with the following exceptions: 
600–1200 mm class vs. the two lowest rainfall classes, both P > 0.10; 
comparison between the two lowest rainfall classes, P = 0.091; 
comparison between the 300–600 vs. 1200–2400 mm classes, P = 0.058
 

Rainfall 

(mm) n r 2 Slope (95% CIs)

Amass (nmol g−1 s−1) at 

mean LMA (103 g/m2)

150–300 9 0.85 −1.4 (−2.0, −1.0) 169

300–600 121 0.58 −1.3 (−1.5, −1.2) 106

600–1200 339 0.58 −1.2 (−1.3, −1.1) 109

1200–2400 201 0.39 −1.5 (−1.6, −1.3) 90

2400–4800 89 0.46 −1.2 (−1.4, −1.1) 56
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axes, PCA1 and PCA2. All four traits were known for 492 species

from 39 sites. PCA1 explained 84.4% of total trait variation

among these species, PCA2 a further 10.2%. PCA1 was positively

correlated with LL and LMA and negatively correlated with Amass

and Nmass (thus PCA1 represented the ‘leaf economics spectrum’;

Wright et al., 2004). The set of species scores along PCA1 was

positively correlated (all P ≤ 0.001) with each of irradiance

(r = 0.32), VPD (r = 0.31), MAT (r = 0.23) and PET (r = 0.17),

and negatively correlated with rainfall (r = −−−−0.10; P = 0.028).

The only climate variable significantly correlated with PCA2 was

rainfall (r = 0.10, P = 0.027). In other words, up to 10% of the

spread (0.322) of species along the primary axis of variation was

associated with individual climate variables, whereas very little of

the spread along the second axis was related to climate. Together,

MAT, rainfall, PET and irradiance explained 18% of variation

along PCA1 (multiple regression analysis; details not shown).

Climate correlations with PCA1 were almost identical when

the analysis was rerun for the same group of species but with just

LMA, Amass and LL (i.e. Nmass was excluded). In this analysis, PCA2

was strongly, positively correlated with rainfall (r = 0.44, P < 0.001)

and more weakly associated with MAT (r = 0.14, P = 0.003),

VPD and PET (both r = −0.12, P = 0.010). That is, once Nmass was

added to the analysis, the amount of variation orthogonal to the

primary axis that was explained by climate became much less.

Rerunning both of these analyses for evergreen species only

(n = 247 for these four traits), climate explained a similar propor-

tion of variation along PCA1 but substantially more variation along

PCA2, particularly by site rainfall (details not shown). That is,

climate-related patterning of multivariate trait relationships

along PCA1 was not simply due to sorting of growth forms or

PFTs across climate gradients, whereas to some degree, the scatter

in the orthogonal axis PCA2 was masked by sorting of PFTs.

DISCUSSION

The geographical coverage of our data set is broad, extending to

all vegetated continents. For traits such as leaf N and LMA, we

now have data for almost 1% of vascular plants. For traits such as

photosynthetic capacity or leaf life span, we have considerably

fewer data (c. 750 species), and we have very few data for any

leaf traits from large areas such as central and northern Africa,

Russia, China and Canada. Nonetheless, the coverage of traits,

species and sites is considerably greater than previous data

compilations. This enabled us to (1) confirm and generalize to global

scale some previously reported relationships between leaf traits

and climate; and (2) report a number of novel results, especially

concerning the modulation of leaf trait relationships by climate.

Relationships between individual leaf traits and 
climate

Ecologists have long recognized that species inhabiting arid

and semiarid regions tend to have leathery, high LMA leaves (e.g.

Maximov, 1929). Construction cost per unit leaf mass varies

relatively little between species (Villar & Merino, 2001); hence,

building high LMA leaves is more costly per unit leaf area. Leaf

traits associated with high LMA (e.g. thick leaf blade; small,

thick-walled cells) have been interpreted as adaptations that

allow continued leaf function under very dry conditions, or at

least postpone leaf death, at least in evergreen species. However,

at the global scale, we found that LMA was only very weakly

related to rainfall; it was not until variation in MAT was control-

led that the expected negative relationship between LMA and

rainfall was observed. This appeared to reflect the fact that both

LMA and MAT, and MAT and rainfall, were positively correlated.

For these relationships, the trends seen among evergreen trees

and shrubs differed from those seen among deciduous species:

among evergreens LMA was negatively correlated with both

MAT and rainfall, whereas among deciduous species LMA

increased with MAT and showed no relationship to rainfall. The

LMA–MAT trend in deciduous species can be best understood

as relating to leaf life span: growing season length decreases with

decreasing MAT, hence, on average, LL does too.

The strongest correlation between any single climate variable and

either LL or LMA was with site irradiance (see also Niinemets,

2001). The LMA trend also drove a trend of increasing Narea with

irradiance. High Narea in species from high irradiance sites is

generally thought to allow plants to take advantage of the high

light for photosynthesis, without significant internal self-shading

of chloroplasts (Mooney et al., 1978; Cunningham et al., 1999;

Farquhar et al., 2002).

Many high irradiance regions are also arid. However, across

the 175 sites in this study, the two variables were unrelated

because there were a number of cold sites that have both low

rainfall and low irradiance. Indeed, considering only the 127 sites

with MAT > 10 °C, rainfall and irradiance were negatively cor-

related (r2 = 0.16, P < 0.001). On average, Narea decreased with

increasing rainfall, this effect being independent of that with

irradiance. High Narea has previously been described as an ad-

aptation to low rainfall: in shrubs and trees from both Australia

and the USA, high Narea in low rainfall species has been linked to

greater CO2 drawdown during photosynthesis, leading to more

economic use of water for carbon fixation (Wright et al., 2001,

2003). In the eastern Australian low rainfall species, high Narea

was also associated with generally softer leaf tissue which, in

turn, was argued to lead to the observed trend of shorter leaf life

span at a given LMA with decreasing rainfall (Wright & Westoby,

2002). Here we have demonstrated a similar pattern in LL–LMA

relationships with rainfall, at the global scale. In addition, we

found that the slope of LL–LMA relationships became flatter with

increasing site MAT, VPD, PET and irradiance.

Modulation of trait relationships by site climate

The climate-related shifts in leaf trait relationships were quite

substantial. While there was no difference in LL–LMA relation-

ship slope with rainfall (with a common log–log slope of 1.7,

95% CIS, 1.6–1.8), at a given LMA mean LL was 8-fold shorter at

the lowest rainfall sites than at the highest rainfall sites. A different

type of trend was seen with the other climate variables: with

increasing MAT, VPD, PET or irradiance, LL–LMA relationships

became flatter, dropping from slopes of 2.3 or more in the lowest
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MAT, VPD, PET or irradiance classes to 1.3 or less in the hottest/

driest/highest irradiance classes. For a twofold increase in LMA,

this translates into a c. 5-fold increase in LL at the coldest sites vs.

a 2.5-fold increase in LL at the hottest sites. Similarly, the slope of

Amass–Nmass relationships tended to become flatter with increasing

MAT, VPD, PET or irradiance, dropping from slopes of c. 2 down

to c. 1.4 across the set of climate bands. Presumably, LL–LMA

and Amass–Nmass shifts of this magnitude (in either slope elevation

or slope) must have important consequences for the dry mass

and nutrient economics of plants, and reflect adaptation or plant

responses to substantial selective pressures.

All else being equal, a logLL–logLMA slope > 1 (e.g. Table 3)

implies that the ‘light capture area–months’ (leaf area × duration)

per gram leaf of high LMA species was greater than for low LMA

species. If this is translated directly into a fitness benefit, it might

lead to a runaway selection for ever increasing LMA and LL. So

why does this not happen? Suggested reasons favouring low

LMA, short LL species sufficiently to counteract the slopes being

> 1 (Westoby et al., 2000), include: (1) a compound-interest

effect (Harper, 1989), whereby low LMA species fix more carbon

earlier, with reinvestment of this carbon in new leaves then gen-

erating more total growth; (2) reduced revenue from older leaves

as a result of overshading by both surrounding vegetation and

the plant itself; (3) reduced revenue from older leaves, as a result

of damage from herbivores and the accumulation of algae, fungi,

debris, etc. on the leaf surface; and (4) the risk that the plant will

no longer be alive to benefit. But would any of these factors vary

systematically with MAT, VPD, PET or irradiance, providing a

prospective explanation for the trends in LL–LMA slopes that we

observed? It is likely that both the pace of overshading and the

accumulation of fungi and algae on leaf surfaces would be lower

in drier environments, where growth is generally slower for all

species. However, we are not aware of any direct measurements

comparing the relative importance of these possible factors, so

we are limited to conjecture at this stage.

Coordination of multiple leaf traits

All else being equal, the downwards shift in LL with decreasing

rainfall (at a given LMA) would lead to lower lifetime carbon

gain per unit leaf area. Yet with decreasing rainfall, we also

observed a concomitant upwards shift in Amass (again, at a given

LMA) which, all else being equal, should lead to higher lifetime

carbon gain per unit leaf area. Comparing species from the high-

est with those from the lowest rainfall classes, the 8-fold shift in

LL would be likely, on the face of it, to override the 3-fold Amass

shift. But Amass describes the photosynthetic rate achievable by

relatively young leaves, under high light and well-watered condi-

tions, rather than the average photosynthetic rate over the life-

time of a leaf. If low rainfall species have a slower age-related

decline in photosynthetic rates as a result of less self-shading (via

their generally more open canopies), this could at least partially

offset the downwards shift in leaf life span. Further investigation

of these sorts of trends would require a combination of detailed

field measurements and modelling of architecture and carbon

gain at the canopy-level (Naumburg et al., 2001).

To develop realistic models, we need to understand better the

way plants coordinate multiple leaf traits (Shipley & Lechowicz,

2000; Givnish, 2002). Were the slope shifts in LL–LMA and Amass–

Nmass relationships expressions of the same underlying factors or

of pressures? What about the elevation shifts with rainfall in LL–

LMA and Amass–LMA relationships? Considering three or more

traits at a time, we found that individual climate variables ex-

plained a similar amount of variation along the first multivariate

principal component axis whether or not Nmass was included

in the analysis. By contrast, climate explained considerably less

variation along the second principal component once Nmass was

added to the analysis after LL, LMA and Amass. This observation

builds on those of Reich et al. (1997), who found that differences

in the slope or elevation of leaf trait relationships between

biomes largely disappeared with the addition of additional leaf

traits as covariates to the regression models used in that study.

That is, shifts in one trait relationship may counteract shifts in

one or more other trait-pairs, leading to little apparent effect of

climate once several leaf traits are considered.

CONCLUSIONS

Here we have reported a number of very broad relationships

between leaf traits and climate, and climate-related trends in the

relationships among leaf traits. Of the trait relationships exam-

ined here, that between LL and Amass showed the least modulation

by climate, probably reflecting the fact that this trait-pair was

also the most tightly correlated, considered across all species. But

the climate-related trends in other trait-pairs were of sufficient

size to strongly influence predictions of how vegetation and eco-

system function will be affected by climate change. Still, scaling

up from leaf-level to the level of whole canopies or forests

remains a significant challenge. For example, leaf trait relation-

ships may also be modified by soil nutrients (Wright et al., 2001;

Niinemets & Kull, 2003), and relatively little is known about the

extent to which relationships among key root or whole-plant

traits are affected by site factors. Further, matching trait data with

information on the relative abundance of species and with eco-

system properties such as rates of nutrient cycling through com-

munities (Garnier et al., 2004) not only represents an exciting

challenge, but is also the sort of information that will greatly

enhance future vegetation–climate models.
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