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Electronic supplementary material A (table 2)
Species-specific data 
 
List of study species together with taxonomical and growth form affiliation, and data source 
provenance (table 2). Also, scores of several estimated parameters and means of 
variables of interest to the study. β is the scaling exponent of the power relation of leaf mass 
and leaf area (LM = α LAβ, calculated β and  95% CI limits are shown). R2 is the goodness-of-
fit of the RMA regression between (log)LA and (log)LM used to estimate β. Sample size is 
the number of leaves where LA and LM were measured separately. LM, LA and SLA 
(specific leaf area, LA/LM) are the arithmetic means of those variables for each species. 
LAVAR  is the ratio of LA of the largest to the smallest leaf of each species. SLAVAR shows the 
proportional change of  SLA that would occur across the range of observed leaf sizes of each 
species (based on the ratio of the largest to the smallest leaf ) calculated from the RMA 
regression parameters (α and β) obtained for each species. Growth form categories: T, tree; S, 
shrub; V, vine; H, herb; G, grass. Leaf habit in parentheses: (d), deciduous; (e), evergreen; 
(sd), semi-deciduous. See table 1 for full reference of each data source. 
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8 R. Milla & P. B. Reich Scaling of leaf mass to leaf area
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Electronic supplementary material B 
Statistics to calculate the effects of growth form, ecosystem of origin and phylogeny on beta scores 
 
To investigate whether β differs between growth forms, we divided our set of species into 
trees, vines, shrubs, forbs and grasses, and each group was subsequently split into evergreen 
and deciduous leaf habit type. Owing to significant heteroscedasticity and unbalanced sample 
size between groups, we used a parameter-free Kruskal–Wallis ranks analysis to compare 
scaling exponents among growth forms. Similarly, we grouped our dataset as a function of the 
ecosystem of origin (wetlands, tundra-alpine, tropical seasonal forest, tropical rainforest, 
temperate forest, mediterranean shrublands or gardens) and compared the scaling exponents 
of each habitat by a Kruskal–Wallis test. All other statistics were performed with SPSS v.13.0. 
 
Species are not independent observations and are related to each other through shared 
ancestry. To investigate the effect of common ancestry on β scores we proceeded as follows. 
Nomenclature and family affiliation of our study species were checked against the Missouri 
Botanical Garden’s VAST nomenclatural database (W3Tropicos, 
http://mobot.mobot.org/W3T/Search/vast.html). We then built a pruned phylogenetic tree of 
the seed plants with the study species as terminal tips using the maximally resolved seed plant 
tree available in Phylomatic (http://www.phylodiversity.net/phylomatic/). The resulting tree 
lacks an estimation of accurate distances between related nodes (i.e. assumes equal branch 
lengths) assuming equal branch lengths can result in biased estimates of phylogenetic 
distances between taxa when intervening terminal taxa are missing. Although phylogenetic 
independent contrasts are robust to the equal branch lengths assumption, phylogenetic signal 
tests are not (Ackerly 2000). Thus, we calibrated the tree by dating the nodes with the Branch 
Length ADJustment function (BLADJ) of the PHYLOCOM package (Webb et al. 2006). 
BLADJ assigns branch lengths on the basis of clade age estimates (Wikstrom et al. 2001), 
with undated nodes assigned equal branch lengths between nodes for which age estimates are 
available. We thus obtained a node-dated tree, calibrated in millions of years, which was used 
as the input tree in a phylogenetic signal analysis. 
 
To test for phylogenetic inertia in the evolution of β scores, we used the analysis of traits 
(AOT) module of PHYLOCOM. AOT calculates divergence–convergence degree at each 
internal node of the tree. Trait means of daughter nodes are computed from the arithmetic 
mean of the tips of the tree that are linked by ancestry to the daughter node. Then the standard 
deviation between trait means of daughter nodes is used as a proxy of the degree of 
divergence at the focal node (i.e. divergence size). High standard deviations between daughter 
node arithmetic means indicate divergence, whereas the opposite indicates phylogenetic 
conservatism at that particular bifurcation. Significance of divergence size is estimated by 
randomly permuting trait values across the tips of the phylogeny. In total, 10 000 
randomizations were conducted, and the placement of each node-level divergence size score 
within the distribution of the scores of the 10 000 randomizations was used to qualify 
divergence size at each node as either significant divergence (node-level divergence size at 
the 5% higher tail of the 10 000 values), significant conservatism (node-level divergence size 
at the 5% lower tail of the 10 000 values) or nonsignificant change. AOT computes tree-wide 
conservatism by averaging the node-level scores of divergence size, and tests its statistical 
significance as explained above. Phylogenetic uncertainty and the presence of polytomies in 
the input tree may cause biases in phylogenetically explicit analyses. Therefore, although 
AOT procedures are assumed to be robust to the presence of ‘soft’ polytomies (Webb et al. 
2006), we resolved polytomies in the tree by randomly generating 100 fully resolved trees 
using MESQUITE  (Maddison & Maddison 2006). We then re-sampled 50 of the 100 fully 
resolved trees randomly and run AOT again separately for each of those 50 trees. This 
allowed us to check the robustness to phylogenetic uncertainty of our tree-wide conservatism 
estimate. 
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comparatively more nutrients per unit dry mass and thus

probably allocate more nutrients to structural support

rather than productive tissues. However, the tendency

towards low leaf area per unit dry mass in larger leaves was

much more muted in the large interspecific comparison

(slope of 0.98 for (log)LA versus (log)LM, equivalent to a

slope of 1.02 for (log)LM versus (log)LA, as done in our

study), and was not observed at all for trees, as a subset of

the overall dataset. Hence, the tendency towards dimin-

ished leaf area display per g investment in larger leaves is

more pronounced as a phenotypic response within species

than as a genotypic pattern among species. This is not

necessarily surprising, as interspecific patterns (as in

Niklas et al. 2007) could result entirely from inverse

selection pressures for leaf size and SLA, and would not

require any intrinsic phenotypic allometry of LM to LA.

Our intraspecific results, therefore, suggest that there are

biophysical and physiological consequences of increasing

leaf size that are independent of current interspecific

differences in multiple leaf trait strategies that may have

arisen from selection in the past. Taken together, both

reports (Niklas et al. 2007 and our current paper) support

the idea of ‘diminishing return’ on mass investment with

increasing leaf size using light capture potential as a

measure of potential return, due to increased requirement

for costly material support for a given leaf area with

increasing leaf size.

At this point, it is important to highlight that, in spite of

the bZ1.10 central tendency, we found a remarkable

range of scaling exponents (from bZ1.764 to bZ0.776)

among the 157 study species. Thus, the size-dependent

proportional shift in SLA across the observed range of leaf

sizes (SLAVAR, see appendix A), although generally

smaller than 1 (averageZ0.87), is higher than 1 for a

fair amount of species. Surprisingly, this variation was

unrelated to leaf habit, growth form, ecosystem of origin

or climate, which are typical drivers of differences in plant

traits (Wright et al. 2004). Additionally, the range of the

LA and SLA spectra that each species occupies was not

related to variation in b among species (analyses not

shown). It is also important to reflect on the consequences

of changing LA on SLA from a quantitative viewpoint.

Doubling LA for the leaves of a given species, and

assuming bZ1.10, produces a 7% decrease in SLA. Small

as it may be, this drop in SLA increases constructions costs

at the leaf level, which, scaled to the whole-plant level (i.e.

multiplied per the number of leaves produced by an

individual plant), should imply a significant increase in the

pool of resources required to build light capturing leaf

area. In conclusion, we found that a given species could

possess almost any kind of LM–LA relationship. Never-

theless, there was a significant central tendency for larger

leaves to show lower SLA. Hence, more often than not, the

biomass (and related construction and maintenance) costs

of deploying light-absorbing leaf area are higher for larger

than for small leaves.

We profusely thank all researchers who kindly provided raw
data from their publications or unpublished material
(Christopher Baraloto, Bill Shipley, Ülo Niinemets, Lynda
Prior, Guadalupe Williams-Linera, Michael Roderick,
Catherine Roumet, Gaku Kudo and Pilar Castro-Dı́ez),
and to those who also sent data which, unfortunately, did not
go into the final compilation after applying some filtering to
the original dataset (Michael Morecroft, Diane Rowland,
Jacek Oleksyn and Susan Cordell). We also thank SMATR and
PHYLOCOM developers for making their products free soft-
ware, Jeannine Cavender-Bares and Rubén Torices for
assistance in phylogenetic analyses and Christopher Baraloto
and Lawren Sack for their in-depth reviews of earlier
manuscripts. R.M. was supported by the Minisiterio de
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Figure 5. Scatter plots of the b RMA slope, and p value of the
likelihood ratio test against bZ1, against log-scaled sample
size (n), range of leaf area variation (DLA) and goodness of fit
(r 2). Dots are species. Reference line in (a) and (b): bZ1.10
(mean b of the 157 species). No simple regression model
explained a significant fraction of any scatter.
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