


PLANT ECOLOGY

Global climatic drivers of leaf size
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Leaf size varies by over a 100,000-fold among species worldwide. Although 19th-century
plant geographers noted that the wet tropics harbor plants with exceptionally large leaves,
the latitudinal gradient of leaf size has not been well quantified nor the key climatic drivers
convincingly identified. Here, we characterize worldwide patterns in leaf size. Large-leaved
species predominate in wet, hot, sunny environments; small-leaved species typify hot,
sunny environments only in arid conditions; small leaves are also found in high latitudes
and elevations. By modeling the balance of leaf energy inputs and outputs, we show that
daytime and nighttime leaf-to-air temperature differences are key to geographic gradients
in leaf size. This knowledge can enrich “next-generation” vegetation models in which leaf
temperature and water use during photosynthesis play key roles.

L
eaf temperature is a key control on plant
metabolic rates. Photosynthetic carboxyla-
tion increases strongly with temperature,
but so too do catabolic processes such as
dark respiration and photorespiration (1).

Thus, net photosynthetic rate tends to peak at
intermediate temperatures, with the optimum
temperature typically higher in species from
warmer regions (2, 3). Very high or low temper-
atures can impair enzyme function, disrupt mem-
branes and cellular processes, and if sufficiently
extreme, cause irreparable tissue damage (1).
Plants show a variety of adaptations for increas-
ing the proportion of the day that leaves can
operate in near-optimal temperature ranges

for photosynthesis and for avoiding tempera-
ture extremes (4, 5). Pendulous leaves with re-
flective leaf surfaces may avoid high midday
temperatures (6), for example, whereas clumped
canopy arrangements in alpine plants help to
avoid extreme cold (7). Nonetheless, the most
conspicuously varying trait that affects leaf tem-
perature is the size of individual leaves.
Across the plant kingdom, leaves vary from

less than 1 mm2 to greater than 1 m2 in area (8).
Larger leaves have a thicker boundary layer that
slows sensible heat exchange with the surround-
ing air, meaning that—all else equal—they devel-
op larger leaf-to-air temperature differences than
that of smaller leaves (9, 10). All leaves are cooled
by transpirational water loss, but this is partic-
ularly critical for large leaves, which face greater
risk of potentially serious heat damage at high
air temperatures and high irradiance, especially
when soil water is limiting (2). These principles
are central to well-known theories for optimal
leaf size based on daytime leaf energy budgets
(2, 9, 11–14), which predict disadvantages to being
large-leaved at hotter, drier, and high-irradiance
sites. In support of these predictions, many studies
have shown smaller mean leaf sizes at sites with
lower mean annual precipitation (MAP) (15–19)
and higher irradiance (6, 20). However, two re-
cent broad-scale surveys of leaf size versus mean
annual temperature (MAT) (18, 19) have shown
the opposite pattern to that predicted from these
daytime energy budget considerations: mean
leaf size clearly increases rather than decreases
with MAT (21). These results pose a substantial
challenge to accepted understanding based on
“classic” energy budget theory. In other studies,
large-leaved species have been shown as uncom-
mon at cold, high-elevation sites (7, 22). This pattern
instead accords with control by the nighttime en-
ergy balance—an under-appreciated influence—
which indicates substantial disadvantage for
large leaves in cold regions; they are more prone

to frost damage because a thicker boundary layer
slows sensible heat exchange with the soil, air,
and surrounding vegetation, which is required to
offset long-wave radiation losses to the nighttime
sky (23, 24).
In this study, our first goal was global-scale

quantification of how leaf size varies with site
climate, allowing us to analyze the potentially
interactive effects of site temperature, irradiance,
and moisture and to provide robust tests of pre-
dictions from classic optimality-based theories
for leaf size (2, 9, 11–14). Our second objective was
to model the upper limit to viable leaf sizes in
relation to the risks of night-chilling as well as
daytime over-heating. By combining analysis of
a large worldwide data set with a mechanistic ap-
proach to predicting maximum leaf sizes as a
function of site climate, we sought to explain the
latitudinal gradient in leaf sizes first noted by
19th-century plant geographers (25, 26)—a long-
standing ecological conundrum, whose persist-
ence has prevented realistic embedding of this
key trait in global vegetation and Earth system
models.
We compiled a leaf size data set for 7670 species

from 682 nonagricultural sites worldwide, with
sampling spread across all vegetated continents,
climate zones, biomes, and major growth forms
(figs. S1 and S2). At each site, leaf size data were
aggregated to a single mean value per species,
yielding 13,705 species-site combinations. “Leaf
size” here refers to the one-sided projected area
of single leaves, leaflets (for compound-leaved
species), or leaf analogs (such as phyllodes and
cladodes) for otherwise leafless species. Annual
and growing-season climate data for each site
were derived from source publications or from
global climate data sets. Leaf size varied among
species by more than five orders of magnitude.
On average, trees had larger leaves than shrubs,
herbs, or grasses (fig. S2), but very substantial
variation could be observed within each growth
form. There was also strong taxonomic patterning;
for example, families such as Dipterocarpaceae
and Magnoliaceae were characterized by many
large-leaved species, whereas many small-leaved
species were found in Cupressaceae, Ericaceae,
and Fabaceae.
Leaf size was on average larger in equatorial

regions and smaller toward the poles. A quad-
ratic regression fit to latitude explained 28% of
global variation (Fig. 1A), with near-identical
trends in simple-leaved and compound-leaved
species (fig. S3). Similar or even higher explana-
tory power was observed within major clades (fig.
S4). Common climate metrics associated with
latitude explained smaller but still substantial
proportions of leaf size variation (Fig. 1 and table
S2): MAP (Fig. 1B) and MAT explained 22 and
15% of the global variation, respectively (larger
leaves at wetter or warmer sites). Other variables
related to site moisture explained less variation
than did MAP [such as moisture index (MI), the
ratio of annual precipitation to potential evapo-
transpiration, coefficient of determination (R2) =
0.12 (Fig. 1C)]. For site temperature, the strongest
relationships to leaf size, all positive in sign, were

RESEARCH

Wright et al., Science 357, 917–921 (2017) 1 September 2017 1 of 5

1Department of Biological Sciences, Macquarie University,
NSW 2109, Australia. 2Centre for Past Climate Change and
School of Archaeology, Geography and Environmental
Sciences (SAGES), University of Reading, Whiteknights, RG6
6AH Reading, UK. 3Université du Québec à Trois-Rivières,
Trois-Rivières, QC G9A 5H7, Canada. 4AXA Chair in Biosphere
and Climate Impacts, Department of Life Sciences, Imperial
College London, Silwood Park Campus, Buckhurst Road, Ascot
SL5 7PY, UK. 5Instituto Multidisciplinario de Biología Vegetal
(IMBIV), Consejo Nacional de Investigaciones Científicas y
Técnicas and Facultad de Ciencias Exactas, Físicas y Naturales,
Universidad Nacional de Córdoba, Casilla de Correo 495,
5000 Córdoba, Argentina. 6Roy M. Huffington Department of
Earth Sciences, Southern Methodist University, Dallas, TX
75275, USA. 7School of Biological Sciences, University of
Queensland, St Lucia, QLD 4072, Australia. 8Institute of
Agricultural and Environmental Sciences, Estonian University
of Life Sciences, Kreutzwaldi 1, Tartu 51014, Estonia.
9Department of Forest Resources, University of Minnesota,
St. Paul, MN 55108, USA. 10Hawkesbury Institute for the
Environment, Western Sydney University, Penrith 2751, NSW,
Australia. 11Department of Ecology and Evolutionary Biology,
University of California, Los Angeles, CA 90095, USA.
12Área de Ecología, Facultad de Ciencias, Universidad de
Córdoba, 14071 Córdoba, Spain. 13State Key Laboratory of
Soil Erosion and Dryland Farming on the Loess Plateau,
College of Forestry, Northwest A & F University, Yangling
712100, China. 14Department of Geosciences, Pennsylvania
State University, University Park, PA 16802, USA.
*Corresponding author. Email: ian.wright@mq.edu.au

on A
ugust 31, 2017

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://science.sciencemag.org/


with climate variables expressed on a growing
season basis [mean growing season tempera-
ture, R2 = 0.21 (Fig. 1D); mean temperature of
the coldest month during the growing season,
R2 = 0.24]. Leaf size was statistically correlated
with irradiance, but with little explanatory power
(R2 < 0.01, P = 0.002) (Fig. 1E). In general, rela-
tionships between leaf size and individual cli-
mate variables were tighter in woody than in
nonwoody species and, among woody taxa, tighter
in evergreen than in deciduous species (tables
S3 and S4).
Combinations of climate variables explained

the most variation in leaf size. Site temperature
[most notably, mean temperature during the
warmest month (TWM)], irradiance, and mois-
ture (MAP or MI) showed strong interactive ef-
fects, with best-fit surfaces being twisted planes
(Fig. 2 and fig. S5). At the driest sites (MAP <
~800 mm or MI < ~0.5), leaf size weakly de-
creased with TWM, whereas across wetter sites,
leaf size increased with TWM (R2 = 0.34) (Fig. 2).
This coupling with site temperature was increas-
ingly steep and tight at higher MAP (fig. S6A).
Similarly, leaf size was unrelated to MAP at colder
sites (TWM in the range from 0° to 15°C) but was
positively related to MAP at warmer sites, and
increasingly so the higher the TWM (fig. S6C).
Qualitatively similar patterns with similar expla-
natory power were found when substituting ir-
radiance for TWM in these analyses (figs. S5 and
S6, B and D), or MI for MAP (R2 = 0.33): Leaves
were smaller at drier sites only in warm regions,
smaller at hotter or higher irradiance sites
only in dry regions, and smaller at colder sites,
especially under wetter conditions. That is, each
of the individual predictions from previous leaf
energy balance theory was supported under spe-
cific conditions, but none was universally true.
Our empirical analyses indicated that the up-

per limits to leaf size showed marked trends
both with latitude (quantile regression slopes in
Fig. 1A and fig. S4) and climate (fig. S6, A to D;
quantile regressions in Fig. 1, B to D, and fig. S5;
and table S2). To explore this upper-limit issue
more deeply, we developed a simple but robust
approach to energy-balance modeling for both
daytime and nighttime leaf-to-air temperature
differences (fig. S8). Energy balance theory (2, 4)
predicts that the net radiation at the leaf surface
in steady state must be equal to the sum of sen-
sible and latent heat exchanges with the sur-
rounding air, the former being proportional to
the leaf-to-air temperature difference (DT ), the
latter to the transpiration rate. On the basis of
this theory, we applied a generic calculation to
predict upper bounds on leaf size during the day-
time, for each study site. We assumed that plants
cannot transpire faster than at the maximum rate
allowed by the net radiation balance of the leaf
and the temperature of the air, and that the tran-
spiration rate is progressively reduced as soil
moisture availability declines. Using the well-
established relationship between leaf boundary-
layer conductance (gb) and size (4, 9), we can
then derive for any given set of climatic conditions
the maximum leaf size that keeps leaf temper-

ature below a specified upper limit throughout
the year.
We also considered the energy balance of leaves

during the nighttime, when net radiation is neg-
ative and the extent to which this is compen-

sated by sensible heat exchange determines DT
(23, 24). For this calculation of maximum ex-
pected leaf size, we specified a lower tempera-
ture limit below which active leaves would be
expected to suffer serious damage. We considered
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Fig. 1. Global trends in leaf size (LS) in relation to latitude and climate. (A) Species are coded as
simple-leaved (blue circles) or compound-leaved (orange squares; for which “leaf size” refers to that of
the leaflets). Solid fitted line (quadratic regression, all species), logLS = 1.37 + 0.006 Lat – 0.0004 Lat2;
R2 = 0.28, P < 0.0001. Shown in fig. S3, A and B, are equivalent graphs, with slopes fitted separately
to simple- and compound-leaved species, and when considering leaf size of compound leaves to be
that of the entire leaf rather than that of the leaflets. (B) Mean annual precipitation (logLS = 1.02
logMAP – 2.18; R2 = 0.22, P < 0.0001). (C) Annual equilibrium MI (logLS = 0.70 logMI + 1.00; R2 = 0.12,
P < 0.0001). (D) Mean temperature during the growing season (logLS = 0.07 Tgs – 0.28; R2 = 0.21,
P < 0.0001). (E) Annual daily radiation (logLS = 0.002 RAD + 0.54; R2 = 0.002, P = 0.002). In (A) to
(E), fitted slopes were estimated by using linear mixed models (site and species treated as random
effects); further details of leaf size–climate relationships are given in table S2. In (A) to (E), sample
n = 13,641 species-site combinations and dashed lines show the 5th and 95th quantile regression fits.
Further analysis by using quantile regression is presented in fig. S7.
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only temperatures encountered during the ther-
mal growing season, on the basis that leaves
in the coldest part of the year in cold-winter
climates will be shed or cold-hardened and dor-

mant. On the basis of these two constraints—
applying an upper leaf temperature limit of 50°C
(27, 28), and a lower temperature limit of –5°C
(29)—we derived two predictions of maximum

viable leaf size for each of the 682 sites in our
data set. From these data, we derived general pre-
dictions for latitudinal trends in maximum leaf size
and compared them with observed data (Fig. 3
and figs. S9 to S12).
At arid sites (MI < 0.5) (Fig. 3A), the upper

boundary of leaf size is almost universally con-
sistent with estimated daytime constraints (Fig. 3,
red dashed line) because rapid transpiration is
impossible when water supply is limited, and
large leaves are disadvantaged by reaching dam-
agingly high temperatures. At intermediate-MI
sites (Fig. 3B), daytime constraints appear more
limiting between ~20° S and 20° N, but night-
time constraints dominate outside this zone. At
wet sites (MI > 1.5) (Fig. 3C), daytime constraints
are predicted to be unimportant because suffi-
cient water is generally available for effective tran-
spirational cooling, with nighttime constraints
dominating at all latitudes.
These results can be generalized in the form

of global maps showing geographic trends in
maximum leaf size (Fig. 4) and its determinants
(fig. S13). Maximum viable leaf sizes are shown
to be especially small both in warm deserts and
cold, high-elevation regions (such as Tibet and
the Andes), but for different reasons relating to
daytime and nighttime constraints, respectively.
Steep gradients of predicted maximum leaf size
can be found, for example, where arid subtropics
transition into wet tropics. In very warm (day and
night), ever-wet climates, there may be no effec-
tive thermal constraint on leaf size (figs. S4, deep
blue shade, and S13, “unlimited” category). In these
situations, it is likely that other limits to leaf size
come into play, such as the biomechanics of sup-
port (6) or whole-plant hydraulic architecture (30).
We estimate that these situations represent 4.3%
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Fig. 2. Global variation in leaf size as a function of site temperature and precipitation. Considering
leaf size (LS) as a function of mean temperature of the warmest month (TWM) and mean annual
precipitation (MAP), the best-fit surface estimated by multiple mixed-model regression was a twisted
plane with the form logLS = – 0.27 TWM – 1.32 logMAP + 0.10 TWM × logMAP + 4.01 (all parameters P =
0.001; R2 = 0.34; n = 13,641 species-site combinations). Similar results were found in analyses involving
irradiance rather than TWM, or annual moisture index (MI) rather than precipitation (figs. S5 and S6).
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Fig. 3. Latitudinal trends in maximum leaf size as predicted by modeling
leaf energy budgets.Theoretical constraints on maximum leaf size were
modeled for each of the 682 sites in our global data set, based both on the risk
of day-overheating and on the risk of night-chilling. Results are illustrated with
sites grouped by annual moisture index (MI). (A) Arid sites (MI < 0.5).
(B) Intermediate-aridity sites (0.5 < MI < 1.5). (C) Wet sites (MI > 1.5). Median
trends through model output are indicated in red (day-overheating) and blue
(night-chilling). Observed leaf sizes are shown in gray, with mean and 5th/95th
quantile quadratic regressions shown in black (solid and dashed lines,
respectively). Calculations made by using alternative values of key parameters
resulted in slight upward or downward shifts of the constraint functions,
without altering their general form (figs. S9 to S12).
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of global land area, whereas nighttime constraints
provide the dominant control for 51%, daytime
constraints 38%, and night and day constraints
colimit leaf sizes for 6.7% of land (fig. S13).
Our model is based on a first-order empirical

approximation to transpiration that can be de-
rived in terms of boundary-layer theory (31, 32).
It is likely to be more accurate for canopy spe-
cies. All else being equal, lower energy inputs in
shaded situations may allow for larger leaf sizes
than predicted (6, 11–13, 33), whereas shallow-
rooted species with restricted access to water
might have smaller leaf sizes than predicted (34).
More explicit modeling of leaf-level energy bal-
ance is possible. However, consideration of, for
example, vertical gradients of leaf size would also
entail modeling of within-canopy humidity and
wind speeds, which is a more complex task.
What are the selective advantages that favor

large leaves under conditions when they are
physiologically possible? This is not well under-
stood, but two prospective explanations seem
most promising. First, by deploying a given leaf
mass as fewer, larger leaves, the associated twig
costs tend to be lower (13, 35), even if within-leaf
structural costs are higher (36). All else being
equal, this should lead to a growth advantage (37).
Second, the wider leaf-to-air temperature differ-
ences possible for larger leaves may allow them
to more quickly heat up to favorable tempera-
tures for photosynthesis during cool mornings,
leading to substantially higher photosynthetic
returns (5). In addition, under sufficiently hot
and high-irradiance conditions, wider leaf-to-air
temperature differences may allow larger leaves
to operate at temperatures substantially lower
than that of the surrounding air (and more fa-
vorable for photosynthesis), provided sufficient
soil water is available to support the necessary
transpiration (9, 38, 39).

A wide range of leaf sizes exists at any given
climate or latitude (Fig. 1). Leaf size is coordi-
nated with many other features of plant archi-
tecture, canopy display, and plant hydraulics
(6, 7, 13, 30, 35, 40), apparently leading to many
equally viable leaf size strategies for a given
climate. Additional factors are known to influ-
ence leaf size; most notably, low-nutrient soils are
characterized by smaller-leaved species (6, 17),
smaller-leaved species seemingly suffer less her-
bivory (41), and as already noted, larger leaves
may be favored under deep shade (6, 11–13, 33).
Nonetheless, it appears that climate provides the
dominant control on the global geographic limits
to leaf size, acting both through daytime and
nighttime constraints. The nighttime constraint
on leaf size in seasonally cold climates has fea-
tured in literature on alpine regions and on frost
risks in agriculture (23, 24), but its generality has
not previously been noted.
Our analyses have moved beyond considera-

tion of bivariate leaf size–climate relationships
(6, 7, 15–22), and in doing so, they show simple,
interpretable patterns that had not emerged from
previous analyses of more limited sets of obser-
vations. By pairing broad-scale data synthesis with
a simple and robust approach to leaf energy bal-
ance modeling, we have shown that the key to
understanding geographical limits to leaf size
is the leaf-to-air temperature difference, which re-
flects the balance of energy inputs and outputs.
This approach provides a quantitative explana-
tion for the latitudinal gradient in leaf size, one
of the oldest observations in ecology (25, 26),
for which no general theory existed previously.
This knowledge has the potential to enrich “next-
generation” vegetation models, in which leaf tem-
perature and water use during photosynthesis
play key roles, and to constrain predictions from
species distribution models in relation to climate

change. It will aid reconstruction of paleoclimate
from leaf macrofossils (15, 16, 19, 21), an enterprise
that also dates back more than a century (42) but
which, until now, has relied entirely on empirical
relationships between leaf traits and climate.
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Materials and Methods 
Data compilation 

Our leaf size data compilation is site-based; i.e., built from datasets describing non-
agricultural vegetation to which we could reasonably assign geographic coordinates, and thus 
elevation and climate data. Sources of trait data included existing trait databases (43-45), 
relevant literature (journal articles, book chapters and published floras; from 1932 to present-
day), and previously unpublished data provided by colleagues and coauthors of this article. “Leaf 
size” was defined as the one-sided projected area of mature, primary photosynthetic organs 
(including cladodes and phyllodes), measured on a projected-area basis. For compound-leaved 
species we considered leaflets as the primary photosynthetic organ (46), but also recorded the 
area of entire leaves, if known, and reported the latitudinal pattern for those data also. Note, the 
quantity that we refer to here as “leaf size” is also known as “leaf area” (8, 47-49). 

Source studies varied in their underlying species-selection criteria. In some studies the 
species were chosen randomly; others considered the most abundant species only; many studies 
were restricted to particular growth forms or plant functional types (e.g., to woody species only), 
and some to particular taxonomic groups. Any data for seedlings and juvenile plants were 
excluded. Source studies also varied in how leaves were chosen. Quite commonly sampling was 
restricted to outer-canopy leaves, but in other cases leaves were chosen randomly, or without 
regard to canopy position or light exposure, or no information was given regarding leaf selection. 

Various methods were used to measure leaf size. In more recent studies leaf area was 
typically measured using a flat-bed scanner. Methods from older studies included: use of a grid 
system such as a dot planimeter, or tracings on graph paper; weighed paper cut-outs; regressions 
on weight, length or width measurements – including species-specific regressions, site-specific 
regressions, and more generalized regressions such as length × width adjusted by a correction 
factor for leaf shape (50), or length × width by 2/3 (51). In one literature lineage stretching back 
almost a century (46), species are assigned to leaf size categories (nanophyll, leptophyll, 
microphyll, mesophyll, macrophyll, megaphyll), with successive categories differing by a 
constant multiplier. For these datasets we assigned all species in a given category the geometric 
mean point of the category cut-offs. We included 1189 data rows of this type (ca. 8.5% of 
dataset). Given concerns about the potential for systematic underestimation of leaf area in such 
datasets (52) we ran preliminary analyses both with and without these data, but no qualitative 
effects were noted. Consequently these data were retained in the compilation and used in all final 
analyses.  

 
Taxonomy. Taxonomic information was standardised as follows: angiosperm families 

follow the APG (Angiosperm Phylogeny Group) schema, ferns follow that of Smith et al.(53). 
Wherever possible, species names follow The Plant List (www.theplantlist.org; accessed May 
2017).  
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Priority data types. Where, in a given study, multiple values of leaf size were reported for a 
given species from a given site, preference was given to data measured on outer-canopy (“sun”) 
leaves over data from inner- or lower-canopy “shade” leaves. Some sites occurred in more than 
one source dataset; where so, the datasets were merged. However, when the same species-site 
combination occurred in different studies, priority was given in relation to measurement type: 
direct measurement types (e.g. scanning or grid-based methods) were used in preference to 
indirect measurements (e.g. length by width calculations), and measurements made on samples 
were prioritized from those calculated from herbarium or flora data. Where samples with 
equivalent measurement types existed, these were given equal priority, and the data averaged. 
Finally, data were aggregated to mean leaf size values per species, for each of the 682 sites. For 
many sites source data were reported as species-at-site means, with no within-species 
information recorded, and so no aggregation was necessary. Conversely, this meant that we 
could not calculate uncertainty estimates associated with each species-at-site leaf size value. 

 
Error checking. Various approaches were used to detect erroneous data. Graphical 

approaches included inspecting boxplots of leaf size from each site in relation to all other sites. 
For species with multiple data points we flagged any species that had conspicuously high 
maximum/minimum ratios, maximum-minimum sums, standard deviations, or coefficients of 
variation. Flagged species were checked one at a time, for data entry mistakes, and for unit errors 
– e.g. by comparison with data from published floras or online herbarium specimens. Corrections 
were made where possible. Some recurring cases of extreme variation for which valid reasons 
could be found were (1) Varying application of the definition of “leaf” or “leaflet”. (2) 
Measurement of ferns and other plants in which microclimate/growth conditions can produce 
notably variable leaf sizes. (3) Species with highly variable leaves such as (a) Herbs with 
morphologically different basal rosette and stem leaves; (b) Species with differing juvenile and 
mature leaves; (c) Species with extreme leaf heterogeneity (e.g. Parsonsia heterophylla). 

 
Leaf type. Species were classified as having either simple or compound leaves based on 

information given in source publications, other trait databases; e.g., TRY (48), authoritative 
genus- or family-level descriptions (54), descriptions of individual species from relevant 
published and online floras and, as a last resort (but quite commonly), from images of leaves 
located via internet search engines. Data checking ensured internal consistency within the current 
dataset, but we assume that there must be some percentage of erroneous classifications. Note that 
we chose to follow a strict definition of “compoundness” (i.e., only including species with 
distinct leaflets), meaning that some modest number of species with functionally-compound, 
deeply-lobed leaves would have been classified as having simple leaves. Ferns and fern allies 
were considered somewhat differently: some were clearly simple-leaved, others clearly pinnate. 
In contrast to angiosperms, ferns with deeply divided, pinnatifid leaves were generally 
categorized as having compound leaves, as measurements usually only took in a portion of the 
frond (and because data were reported for pinnae by the original authors).  
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Life form. Species were described as being either woody or non-woody, or as having a 

particular growth form, based on information in source publications, floras, genus- or family-
level descriptions (where appropriate), and from individual species descriptions. We defined 
growth forms as functional types not entirely constrained by phylogeny; for example 
Xanthorrhoea (monocot “grass trees”) were categorized as “shrubs”. “Graminoids” included true 
grasses (Poaceae) plus sedges (Cyperaceae), Restionaceae and Typhaceae (two species from 
each), Eriocaulaceae and Xyridaceae (one species from each). Each of these families is in Poales; 
but so too are Bromeliaceae (8 species; classified variously as herbs or epiphytes) and 
Flagellariaceae (one species with multiple occurrences, a vine). “Herbs” (or forbs) included non-
graminoid herbaceous species. Climbing, twining and scrambling species  were classified as 
“vines” if non-woody, and “lianas” if woody. Finally, “woody” species included all trees, shrubs, 
lianas and hemi-epiphytes, plus a small number of special cases, e.g. Xanthorrhoea, and palms 
(Arecaceae).  “Non-woody” species included all graminoids, herbs, ferns, vines, succulents, and 
all epiphytes except Poikilospermum suaveolens, which is woody. 

 
Phenology. Where possible, woody species were further classified as being deciduous or 

evergreen based on information available from the same data sources listed above for leaf type 
and life form. No information on phenology could be located for approximately 10% of woody 
species. We also attempted to classify all non-woody species as either annual, biennial or 
perennial, but were only able to locate information for ca. 40% of species, and so did not use this 
information further. 

 
List of data sources for leaf size dataset 

Previously unpublished or otherwise unavailable data were contributed by the authors of 
this article (SD, RK,MRL, RV, MW, PW, IJW) and by colleagues listed in Acknowledgments. 
Published data sources are listed in References and Notes as reference numbers 15, 17, 20, 37, 
43-45, 69-178. All leaf size data used in our analyses are included in Database S1 (“Global leaf 
size dataset”).  

 
  
Climate data  

Location. Site locations (latitude, longitude) were taken from source publications or 
estimated from information given therein (WGS84 datum adopted as standard). Where published 
coordinates did not fall in the correct country or fell in water not on land (based on the climate 
raster layers), new coordinates were estimated (e.g. from Google Earth) based on site 
descriptions or simply moved to the nearest terrestrial suitable grid-cell on the Worldclim v1.3 
raster layer (55), matching source and model elevation as best as possible. Site elevations were 
taken from source publications or, when unknown, by matching site coordinates to high-
resolution digital elevation models underpinning the Worldclim v1.3 (55) and CRU CL2.0 (56) 
climatologies. 
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Climate data used for empirical analyses. As first preference we used temperature and 

precipitation data from source publications or from publicly available weather station data, 
where measured at the site itself (e.g. from biological station websites). Where climate was not 
known it was estimated from either Worldclim v1.3 (30 arc-second spatial resolution) or CRU 
CL2.0 (10’ spatial resolution) following the rule-set: 

(a) Mean annual precipitation (MAP): if site elevation is already known, use precipitation 
data from the climatology which assumes the elevation most closely matching this 
known elevation. Otherwise, use Worldclim v1.3 by default. 

(b) Mean annual temperature (MAT): if both elevation and precipitation already known, use 
temperature data from climatology that best matches these (with stronger weighting on 
the match for precipitation). If only elevation known, use temperature data from 
climatology with closest matching assumed elevation, scaled if necessary using an 
altitudinal lapse rate of -0.6oC /100m (57). 

(c) Retrieve monthly temperature and precipitation trends from the respective climatology 
used for MAP or MAT. Scale monthly totals so that implied MAT or MAP matches that 
chosen in previous steps. That is, monthly temperatures were adjusted by the arithmetic 
difference between the model and original mean annual temperatures; monthly 
precipitation was adjusted by the proportional difference between the original and 
modelled annual precipitation. 

Other climate variables retrieved from CRU CL2.0 were relative humidity (%) and the 
coefficient of monthly precipitation totals. 

 
Solar radiation. Solar radiation was calculated following standard procedures (58, 59) to 

calculate top-of-atmosphere radiation from solar declination angle, and then top-of-canopy 
radiation following the Ångström-Prescott equation. This assumes that the optical thickness of 
air is constant over a wide range of latitudes and that 75% of top-of-atmosphere radiation reaches 
the canopy on completely sunny days, and 25% on completely cloudy days. Monthly mean 
fractional sunshine hours were derived from CRU CL2.0.  

 
Moisture Index. A widely used moisture index (whether monthly or annual) is the ratio of 

precipitation to PET (potential evapotranspiration). There are various methods used for 
estimating PET. Here we use equilibrium evapotranspiration (ETq) for this purpose, which is a 
function of net radiation and temperature only (59): 

 
λ ETq = Rn s/(s + γ)        (1) 
 

where λ is the latent heat of vaporization of water (2.45 MJ/kg), Rn is net radiation (W m–2), s is 
the slope of the Clausius-Clapeyron relationship (relating saturated water vapour pressure to 
temperature, evaluated at the ambient temperature; Pa K–1) and γ is the psychrometer constant, 
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here taken as 65 Pa K–1. Note, each of these constants show temperature and/or pressure 
dependencies, so more exact formulations are possible (58, 59). We calculated site Moisture 
Index (MI) as the ratio of summed annual precipitation to summed annual ETq (or, when needed, 
on a growing season basis: see below). Temperature data were derived from CRU CL2.0. Net 
radiation was estimated from solar radiation following the approximations first described by 
Linacre (60) and adopted and evaluated in the SPLASH v1.0 program (59). The method yields 
estimates of the balance of net shortwave and net longwave radiation at the leaf surface during 
daytime, and of the (negative) net longwave radiation during night-time.  

 
Growing Season. We defined the growing season as being the set of consecutive months 

that satisfied the conditions (61): (1) Monthly mean temperature ≥ 5 oC AND (2) Monthly 
precipitation / ETq ≥ 0.05. Exceptions were some very cold sites which by this definition would 
have no growing season at all: (i) “KornerMtWilhelm”. For this site no mean monthly 
temperatures satisfied criterion 1, but since the site is on a tropical mountain with an 
approximately aseasonal temperature pattern, we simply used data from all months as the 
“growing season”. (ii) “Moles Zackenberg Hill and Salix”. For this high latitude site no months 
satisfied criterion 1; here we defined growing season as being one month long (July, the warmest 
month). 

 
Final list of climate variables. The final list of climate variables used, with abbreviations 

and units, was as follows: MAT: mean annual temperature (oC); TCM: mean temperature of 
coldest month (oC), TWM: mean temperature of warmest month (oC); Tgs: mean temperature 
during growing season (oC); TCMgs: mean temperature of coldest month during the growing 
season (oC); cvPPT: coefficient of variation of monthly precipitation (mm); RHann: mean annual 
daytime relative humidity (%); RHgs: mean daytime relative humidity during the growing season 
(%); ETq: annual equilibrium evapotranspiration (mm); ETqgs: growing season equilibrium 
evapotranspiration (mm); RADann: annual mean daily irradiance, annual (W m-2); RADgs: 
growing season mean daily irradiance (W m-2); MAP: mean annual summed precipitation (mm); 
PPTgs: mean growing season summed precipitation (mm); MIann: annual moisture index (mm 
mm-1); MIgs: growing season moisture index (mm mm-1). 

 

Statistical analyses.  
This study is a data synthesis: the leaf size data come from many studies, each with their 

own individual research question, and in our analysis the data are being fused and applied to a 
new question. It is in the nature of global data syntheses that the sampling is not random. It is 
theoretically possible to investigate the non‐randomness in relation to any particular variable, but 
not possible to investigate in relation to all possible variables, or adjust for the non‐randomness 
in any comprehensive way. We believe that the more conservative approach is to accept the non‐
randomness in the available data, and to assess it in relation to any particular conclusion ‐‐ is 
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there reason to think the conclusion could be an artefact of the non‐randomness? For example, 
above we describe analyses that confirmed that including data from studies that used leaf size 
categories, rather than a continuous scale, did not affect the conclusions of the study.  

 
Analyses. Leaf size data were log-transformed for analyses, both for statistical reasons 

(transformation corrected the right-skew and approximately equalized variance in relation to the 
mean) and for logical reasons: it makes more sense to consider size-related biological variables 
on a multiplicative scale rather than on an arithmetic scale (62). Strongly right-skewed climate 
variables (MAP, MI, MIgs, MAPgs) were also log-transformed. 

Global geographic patterns in leaf size are expected to reflect both the different ecological 
competences that distribute species with different leaf sizes selectively across environments in 
the present day, and also phylogenetically-conserved differences between major clades in leaf 
size and habitat preference. (These are complementary rather than competing accounts). In this 
study we focus on present-day competence, noting taxonomic patterning along the way. 

Relationships between leaf size, latitude and climate were quantified using linear mixed 
regression models using the R package lme4, which fits models based on restricted maximum 
likelihood. We treated climate variables as fixed effects, site as a random effect (to account for 
site-to-site variation not explained by climate variables), and species as a random effect (because 
many species occurred multiple times in the database, at different sites). We note that, by 
including site as a random effect, spatial autocorrelation in model residuals was rendered non-
significant in key analyses such as Fig. 2 (leaf size as a function of MAP, TWM and their 
interaction; spatial analyses not shown). 

For these linear mixed models we calculated r2 values following Moles et al. (63). Those 
authors partitioned r2 into the component explained by site climate (using the reduction in 
residual sum of squares on inclusion of fixed effects only), the between-site component that 
remained unexplained (using the change in residual sums of squares on inclusion of random 
effects terms), and the within-site component (i.e., the remaining unexplained variation). Here 
we report just the first of these three possible values, since our primary interest was in the 
explanatory power of site climate. That is, the r2 values are identical to those calculated in 
analyses incorporating fixed effects only (or nearly so). By contrast, the fitted coefficients differ 
from those that would be calculated using models with fixed effects only, because we included 
the site and species random effects. Standard assumptions of linear regression were made for the 
reported analyses (homogeneity of variance, approximately normal distribution of data and 
residuals). 

When exploring interactive climate effects on leaf size (e.g. Fig. S5) we coded species into 
categories based on MAP, RADann and TWM, largely for purposes of illustration. While we 
considered the primary results to be the multiple regression equations reported in the figure 
caption, the group-coded analyses better emphasized the finding that relationship r2 values were 
higher among wetter, hotter and higher irradiance sites. In choosing group definitions, for each 
variable we chose several sets of category cut-off points, both by splitting the data into 4-5 
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equally-sampled groups (e.g. for MAP, Figs S6A,B), and by defining 4-5 groups with equal bin-
width (e.g. for TWM, and RADann; Figs S6C,D). The choice of bin-type made no qualitative 
difference to the results. Consequently, we used a mixture of equally-sampled and equal-width 
types. 

 
Modelling leaf energy budgets 

The leaf energy balance is classically represented as a function of net radiation, air 
temperature, stomatal and boundary-layer conductances and vapour pressure deficit (2, 4). 
Optimality treatments for leaf size have varied these factors one at a time (sometimes in a 
factorial design) and quantified their effects on photosynthesis and transpiration, or their ratio 
(water-use efficiency), or the arithmetic difference of their unit costs (2, 9, 11-14, 33, 64, 65). 
We apply a reduced form of the standard energy balance calculation making use of the Priestley-
Taylor approximation for evapotranspiration (ET), which can be derived from boundary-layer 
theory (31, 32). This approximation states that total ecosystem evapotranspiration (ET) under 
well-watered field conditions is approximately proportional to ETq as defined above, the constant 
of proportionality (α0) commonly being taken as 1.26 (66) although there is some (observed and 
predicted) variation around this value. The product of ETq and α0 (hereafter, PETq) is a practical 
and widely used definition of PET. It can be interpreted as representing the atmospheric demand 
for ET, and as such it is independent of leaf and canopy conductances. Under well-watered 
conditions, actual ET is well approximated by the Priestley-Taylor potential rate. However, as 
water supply declines, stomatal closure and (where relevant) leaf shedding progressively reduce 
ET (32). We have assumed that well-watered plants transpire at this potential rate, and that this 
rate is reduced by a factor κ = (α/α0)1/4,, where α is the monthly Cramer-Prentice moisture index 
(67) calculated as in SPLASH v1.0 (59), and α0 = 1.26. 

The steady-state temperature of leaves (which is reached within minutes) is determined by 
the necessary equality between the net radiation at the leaf surface and the sum of sensible and 
latent heat exchanges with the surrounding air, the former being proportional to the leaf-to-air 
temperature difference (ΔT), the latter to the transpiration rate. Whether ΔT is negative or 
positive, its magnitude depends on the leaf boundary-layer conductance (gb). Small leaves are 
highly coupled to the atmosphere, i.e. they have a large gb. Larger leaves are less well coupled to 
the atmosphere, i.e. they have a smaller gb and so tend to have a larger (negative or positive) ΔT. 
By specifying lower and upper thermal limits for leaf damage one can predict the maximum leaf 
size in any given climate as the smaller of two predicted values, one based on the night-time 
constraint (the risk of frost damage), the other on the daytime constraint (the risk of overheating). 
The former is calculated based on the night-time (negative) Rn  and the mean minimum 
temperature of the coldest month with a mean temperature > 0˚C. The latter is calculated based 
on the Rn at solar noon of the warmest month and the mean maximum temperature of the 
warmest month. The steady-state energy balance equation used for these calculations is (in molar 
units): 
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ΔT  =  (Rn – λE)/(cp gb)              (2)  
 

where λ is the latent heat of vaporization of water, E  =  α0 κ ETq, and cp is the heat capacity of 
air (1013 kg K-1). ΔT is negative at night (when Rn is negative and λE = 0), and in the day when 
λE > Rn – a situation that commonly occurs under conditions of high temperature and vpd. 
Equation (2) can be solved for the value of gb that yields a temperature (T + ΔT, where T is the 
ambient temperature considered) equal to the (low or high) lethal temperature. We have taken 
these temperatures to be –5˚C (29) and 50˚C (27, 28), respectively. In turn, we derive the leaf 
size corresponding to this value of gb (1), using: 
 

    gb = 0.00662 √(u/d)        (3) 
 
and 
         

AL =1.5 d2         (4) 
 

where gb is in units m s-1, u is wind speed (we have used a nominal value of  u = 0.1  m s-1: a low 
value since the largest ΔT occur under still conditions), d is the characteristic dimension of the 
leaf (m), and AL is the area of the leaf (m2).  

 
Fig. 3 shows latitudinal trends in maximum leaf size as predicted by modelling leaf energy 

budgets. As described above, for each of the 682 sites in the leaf size dataset we generated two 
sets of predictions of maximum potential leaf size, one based on daytime constraints, one on 
night-time constraints. For each set we created 2-degree width latitude bins and calculated the 
median leaf size value for each bin, then we illustrated the general trend through these values 
using LOESS regression (implemented using the standard function in R, using the default value 
0.66 for the smoothing parameter). Sites where the daytime prediction was for infinite leaf size 
were assigned the arbitrarily large value 100.5 m2, so that the data were still included in the 
LOESS regression. The latitudinal trend based on daytime constraints is illustrated using a red-
dashed line; that based on night-time constraints uses a blue-dashed line. Calculations using 
alternative values of key parameters resulted in slight upward or downward shifts of the curves 
relating predicted maximum leaf sizes to latitude, without altering their general form (Figs S9-
S12). 

Fig. 4 shows predicted global patterns in maximum leaf size. Calculations were made using 
the same approach as for the site-specific analysis (and with low and high lethal temperatures of 
–5˚C and 50˚C, respectively, and wind-speed of 0.1 m s-1), but using climate data from the CRU 
TS 3.24 dataset (68) for every terrestrial grid cell (0.5 degree spatial resolution). In Fig. 4 each 
cell is color-coded according to the final (i.e., smaller) of the two predictions for maximum leaf 
size (one for night-time, one for daytime). We assigned an arbitrarily large value of 100.5 m2 to 
cells where the final prediction indicated no effective thermal constraint (i.e., infinite size 
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predicted from daytime calculation; unfeasibly large leaves predicted from night-time 
prediction).  

Fig. S13 indicates for each grid cell whether the smaller prediction was derived from the 
night-time or daytime calculation, whether the two values were of similar magnitude (“co-
limited”), or whether there was no effective thermal limit (“unlimited”). Co-limitation was 
assigned to grid cells where the ratio of the night- and daytime predictions for maximum leaf size 
fell between 0.5 and 2.0. “Unlimited” cells were those where the final prediction for maximum 
leaf size was > 100.477 m2 (i.e. > 3 m2), which corresponds to the deepest shade of blue in Fig. 4.  
In Fig. S13 the total land area represented by night-limited, day-limited, co-limited and unlimited 
grid cells was calculated by projecting to a cylindrical equal-area projection, in which each grid 
cell represents 2311 km2 of land area and there are 58051 cells (134,155,861 km2 of land area). 
On that basis, 51 % of land area was included in the night-limited category, 38 % in the day-
limited category, 6.7 % was designated as co-limited and 4.3 % as unlimited. 

Our method could be applied to other locations of interest by following the approach 
outlined above (Equations 1-4 and accompanying text). To run SPLASH v1.0 (59) one needs 
information on latitude, elevation, monthly mean temperatures, monthly precipitation, and 
monthly cloudiness (or sunshine fraction, from which cloudiness can be estimated). In addition, 
mean monthly values of the daily maximum temperature are required for calculating daytime-
limited maximum leaf size, and mean monthly values of the daily minimum temperature are 
required for calculating night-limited maximum leaf size. All of these variables can be found in 
CRU climate datasets (56,68), but the same approach could be used at higher spatial resolution 
by using appropriate climate data from any reputable source. 
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Supplementary Figures 
 
 

 
 
 

Figure S1. Locations and basic climate information for the 682 study sites.  
(A) World map showing geographical location of each site. (B) Position of the study sites in 
MAP – MAT climate space. (C) Position of the study sites in irradiance – MAT climate space. 
Where data points overlap in panels (B) and (C) this is indicated with darker shading. 
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Figure S2. Box-and-whisker plots of leaf size with species categorized by common growth 
forms. 
Boxes indicate the interquartile range, whiskers the 5th and 95th percentiles, the full line is the 
median. Numbers of species-at-site mean values per growth form are shown at the bottom of the 
figure. Note:  “Herb” refers to herbaceous dicots (or forbs). Climbing and twining species were 
divided into herbaceous and woody species-groups (“vines” and “lianas”, respectively).  
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Figure S3. Leaf size – latitude relationships for simple- and compound-leaved 
species considered separately. 
For compound-leaved species we primarily defined “leaf” size as the average size of individual leaflets 
(panel A), but also considered the latitudinal trend with leaf size redefined as that of entire leaves (panel B). 
Note the very similar results for both leaf-types, and the approximately constant offset between trends for 
simple-leaved and compound-leaved species when considering leaf size of compound-leaved species as 
that of the entire leaf. 
 
Equations, panel (A). Compound-leaved (leaflets):  
LogLS = 1.22 + 0.006 Lat – 0.0003 Lat2, r2 = 0.21, n = 2523, P < 0.0001.   
Simple-leaved: logLS = 1.39 + 0.009 Lat – 0.0004 Lat2, r2 = 0.29, n = 10940, P < 0.0001. 
 
Equations, panel (B). Compound-leaved (entire leaves):  
LogLS = 2.13 + 0.006 Lat – 0.0005 Lat2, r2 = 0.18, n = 519, P < 0.0001.   
Simple-leaved: same equation as in panel A. 
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Figure S4. Leaf size – latitude relationships for selected taxonomic orders. 
Panels A to E show data for the orders most strongly represented in our dataset: Ericales 
(891 species-at-site mean values), Fabales (1147 values), Gentianales (934 values), 
Malpighiales (1163 values), Rosales (830 values). Panels F to H show data for three 
orders with markedly non-cosmopolitan distributions (Proteales and Myrtales: 
predominantly southern hemisphere; Fagales: bimodal). Species are coded as simple-
leaved (blue circles) or compound-leaved (orange squares; for which “leaf” size refers to 
that of the leaflets). Solid fitted lines correspond to quadratic mixed regressions for all 
species (grey lines) and specific plant orders (black lines). Dashed lines show the 5th and 
95th quantile quadratic regression fits. Details of quadratic mixed regressions: 
Ericales: logLS = 1.41 + 0.011 Lat – 0.0005 Lat2, P < 0.001, r2 = 0.46 
Fabales: logLS = 0.98 + 0.008 Lat – 0.0005 Lat2, P < 0.001, r2 = 0.23 
Gentianales: logLS = 1.52 - 0.0002 Lat – 0.0006 Lat2, P < 0.001, r2 = 0.47 
Malpighiales: logLS = 1.52 + 0.005 Lat – 0.0004 Lat2, P < 0.001, r2 = 0.25 
Rosales: logLS = 1.55 + 0.002 Lat – 0.0003 Lat2, P < 0.001, r2 = 0.26 
Proteales: logLS = 1.00 + 0.016 Lat, P < 0.001, r2 = 0.17 
Myrtales: logLS = 1.45 + 0.004 Lat – 0.0005 Lat2, P < 0.001, r2 = 0.29 
Fagales: logLS = 0.94 + 0.015 Lat – 0.0001 Lat2, P < 0.001, r2 = 0.48  

14 
 



Submitted Manuscript:  
Confidential 

 

 
 
 

Figure S5. Global variation in leaf size as a function of site irradiance and 
precipitation. 
Considering leaf size (LS) as a function of mean annual daily irradiance (RAD) and mean 
annual precipitation (MAP), the best-fit surface estimated by multiple mixed-model 
regression was a twisted plane with the form: 
 
logLS = – 0.05 RAD – 2.23 logMAP + 0.02 RAD × logMAP – 6.70 (all parameters P << 
0.001; r2 = 0.29, N = 13641). 
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Figure S6. Three-way leaf size – TWM – MAP and leaf size – irradiance – MAP 
relationships, illustrated as bivariate scatterplots with data classed by the third 
variable. 
(A) Leaf size (LS) in relation to mean temperature of the warmest month (TWM), with 
species coded into mean annual precipitation (MAP) classes. (B) Leaf size in relation to 
annual mean daily irradiance (RAD) with species coded into MAP classes. (C) Leaf size 
in relation to MAP, with species coded by TWM. (D) Leaf size in relation to MAP, with 
species coded by irradiance. 
 
Equations for panels A and C:  
logLS = – 0.27 TWM – 1.32 logMAP + 0.10 TWM × logMAP + 4.01 (all parameters P << 
0.001; r2 = 0.34)  
 
Equations for panels B and D:  
logLS = – 0.05 RAD – 2.23 logMAP + 0.02 RAD × logMAP – 6.70 (all parameters P << 
0.001; r2 = 0.29) 
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Figure S7. Trends in quantile regression slopes fitted to various quantile ranges of 
the data clouds depicted in Figs. 1B-E (relationships between leaf size and key 
climate variables). 
Climate variables: A: mean annual precipitation; B: moisture index (annual mean); C: 
mean temperature during the growing season; D: daily solar radiation, annual mean. 
Quantile regression slopes and 95% confidence intervals were calculated using the 
quantreg package in R. For informal comparison purposes only, the slope and 95% 
confidence intervals from linear mixed model regressions are shown on each panel in red. 
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Figure S8. Illustration of key points in the leaf energy balance model 
In our simplified leaf energy balance model the only fluxes that we consider are (a) 

the net radiation at the leaf surface (Rn; itself the balance of shortwave RSW and longwave 
RLW fluxes) (b) sensible heat fluxes (Hsens), and (c) latent heat flux (from transpiration; 
λE). The relative magnitudes of fluxes during day and night are indicated by arrow sizes. 
We assume steady-state conditions and ignore several minor processes included in full 
models of leaf energy balance (e.g. (1, 9)), including the long-wave radiation (RLW) 
emitted by the ground and absorbed by the leaf, and the small effect on long-wave 
radiation emitted from the leaf when ΔT ≠ 0. ΔT is the difference between leaf and air 
temperatures, indicated by the vertical displacement from the 1:1 black dotted line in the 
graphs. 

Daytime. Rn is positive, the 
chief contributor being short-
wave radiation from the sun 
(RSW). The sign of ΔT depends on 
the balance of Rn and λΕ, which 
can exceed Rn at high 
temperatures, implying a 
negative sensible heat flux. The 
magnitude of ΔT depends on the 
leaf boundary-layer conductance 
(gb). At a given wind-speed 
smaller leaves have a thinner 
boundary layer and so larger gb. 
Consequently the temperature of 
small leaves tends to closely 
track that of the surrounding air. 
By contrast, larger leaves have a thicker boundary layer and a smaller gb, and so tend to 
have a larger ΔT, whether negative or positive. Under mid-day, warm, well-watered 
conditions, large-leaved species may exhibit positive ΔT at low Tair and  negative ΔT at 
high Tair (4, 39, 179). However, when low soil moisture limits transpiration and the air is 
warm, Tleaf may become damagingly high (red dashed line, indicating large ΔT). 

Night-time. Smaller leaves have larger gb, meaning that their Tleaf  closely tracks Tair 
(the magnitude of ΔT is only ever small). The lower gb of larger leaves hinders sensible 
heat exchange. Consequently, under clear night-time skies Tleaf may become damagingly 
low even if Tair is several degrees above freezing (23, 24, 180, 181). This tendency is 
strongly affected by wind-speed: on windy nights the boundary layers of leaves are 
sufficiently disrupted that frost damage rarely occurs. 
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Figure S9. Effect of varying the upper lethal temperature when modelling daytime 
constraints on maximum leaf size (risk of over-heating). 
In the main results (Figure 3) the upper lethal temperature was set to 50 oC (reproduced 
here as the middle column of panels). Here we show that the effect of choosing either 45 
oC (left column) or 55 oC (right column) for this parameter is mostly to decrease or 
increase the elevation of the median prediction line (red dashes), with little or no 
difference made to its general form. As in the main results the dataset is subdivided by 
annual moisture index (panels A-C, 0 < MI < 0.5; D-F, 0.5 < MI < 1.5; G-I, MI > 1.5), 
with mean and 5th/95th quantile quadratic regressions shown in black (solid and dashed 
lines, respectively). 
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Figure S10. Effect of varying the lower lethal temperature when modelling night-
time constraints maximum leaf size (risk of frost-damage). 
In the main results (Figure 4) the lower lethal temperature was set to – 5 oC (reproduced 
here as the middle column of panels). Here we show that the effect of choosing either – 8 
oC (left column) or – 2 oC (right column) for this parameter is mostly to decrease or 
increase the elevation of the median prediction line (blue dashes), especially at high 
latitudes. As in the main results the dataset is subdivided by annual moisture index 
(panels A-C, 0 < MI < 0.5; D-F, 0.5 < MI < 1.5; G-I, MI > 1.5), with mean and 5th/95th 
quantile quadratic regressions shown in black (solid and dashed lines, respectively).  
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Figure S11. Effect of varying daytime wind speed when modelling daytime 
constraints on maximum leaf size (risk of over-heating). 
In the main results (Figure 3), daytime wind-speed was set to 0.1 ms-1 (reproduced here 
as the left-hand set of panels). Here we show that the effect of choosing a higher wind-
speed (which has the effect of disrupting the leaf boundary layer) is simply to predict far 
larger possible leaf sizes at any given latitude, based purely on daytime considerations 
(red dashed lines, right-hand panels). As in the main results the dataset is subdivided by 
annual moisture index (panels A-B, 0 < MI < 0.5; C-D, 0.5 < MI < 1.5; E-F, MI > 1.5), 
with mean and 5th/95th quantile quadratic regressions shown in black (solid and dashed 
lines, respectively). 
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Figure S12. Effect of varying night-time wind speed when modelling night-time 
constraints on maximum leaf size (risk of night-chilling). 
In the main results (Figure 3), night-time wind-speed was set to 0.1 ms-1 (reproduced here 
as the left-hand set of panels). Here we show that the effect of choosing a higher wind-
speed (which has the effect of disrupting the leaf boundary layer) is simply to predict far 
larger possible leaf sizes at any given latitude, based purely on night-time considerations 
(blue dashed lines, right-hand panels). As in the main results the dataset is subdivided by 
annual moisture index (panels A-B, 0 < MI < 0.5; C-D, 0.5 < MI < 1.5; E-F, MI > 1.5), 
with mean and 5th/95th quantile quadratic regressions shown in black (solid and dashed 
lines, respectively).
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Figure S13. Global map indicating the basis for the prediction of maximum leaf sizes in Fig. 4. 
Each grid cell is color-coded so as to indicate whether the final (i.e., smaller) of the two predictions for maximum leaf size was based 
on daytime conditions (risk of over-heating, evaluated at solar noon of the warmest month of the year), on night-time conditions (risk 
of frost damage, evaluated for the coldest month with a mean temperature > 0˚C), on both day and night conditions approximately 
equally (“co-limited”), or whether there was no effective thermal limit on leaf size (predicted maximum leaf size > 3 m2; “unlimited”). 
Co-limitation was assigned to grid cells where the ratio of the day and night predictions for maximum leaf size fell between 0.5 and 
2.0.  
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Supplementary Tables 
 
 MAT TCM TWM Tgs TCMgs cvPPT RHann RHgs ETq ETqgs RADann RADgs logMAP logPPTgs logMIann 
MAT                
TCM  0.96***               
TWM  0.86***  0.70***              
Tgs  0.93***  0.87***  0.88***             
TCMgs  0.85***  0.87***  0.66***  0.93***            
cvPPT  0.11**  0.02ns  0.25***  0.09*  0.01ns           
RHann  0.11**   0.23*** -0.15***  0.13***  0.31*** -0.62***          
RHgs  0.16***  0.28*** -0.10*   0.18***  0.35*** -0.57***  0.99***         
ETq  0.83***  0.79***  0.72***  0.78***  0.73***  0.37*** -0.20*** -0.13***        
ETqgs  0.84***  0.81***  0.69***  0.77***  0.71*** 0.06ns -0.06ns -0.03ns  0.89***       
RADann  0.68***  0.61***  0.67***  0.60***  0.49***  0.53*** -0.47*** -0.41***  0.91***  0.77***      
RADgs  0.75***  0.71***  0.64***  0.61***  0.49***  0.11**  -0.24*** -0.21***  0.78***  0.92***  0.80***     
logMAP  0.34***  0.44*** 0.05ns  0.29***  0.40*** -0.59***  0.68***  0.69***  0.11**   0.25*** -0.12**   0.11**     
logPPTgs  0.58***  0.65***  0.32***  0.49***  0.51*** -0.47***  0.56***  0.59***  0.32***  0.48***  0.11**   0.39***  0.87***   
logMIann -0.03ns  0.09*  -0.27*** -0.04ns  0.10**  -0.71***  0.74***  0.73*** -0.31*** -0.13*** -0.51*** -0.24***  0.91***  0.68***  
logMIgs  0.19***  0.29*** -0.05  0.15***  0.25*** -0.59***  0.73***  0.74*** -0.13*** 0.01ns -0.33*** -0.09*   0.87***  0.86***  0.88*** 

 

Table S1. Pearson correlations among climate variables. The statistical significance is indicated as: *** P < 0.001; ** 0.001 < P 
< 0.01; * 0.01 < P < 0.05; ns P > 0.05. 
Abbreviations: MAT: mean annual temperature (oC); TCM: mean temperature of coldest month (oC), TWM: mean temperature of 
warmest month (oC); Tgs: mean temperature during growing season (oC); TCMgs: mean temperature of coldest month during growing 
season (oC); cvPPT: coefficient of variation of monthly precipitation (mm); RHann: mean annual daytime relative humidity (%); 
RHgs: mean daytime relative humidity during growth season (%); ETq: sum annual equilibrium evapotranspiration (mm); ETqgs: sum 
growing season equilibrium evapotranspiration (mm); RADann: mean daily irradiance, annual (W.m-2); RADgs: mean daily 
irradiance, growing season (W.m-2); logMAP: mean annual sum precipitation, log-transformed (mm); logPPTgs: mean growing 
season sum precipitation, log-transformed (mm); logMIann: annual equilibrium moisture index, log-transformed (mm.mm-1); 
logMIgs: growing season equilibrium moisture index, log-transformed (mm.mm-1). 
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Climate r2 slope s.e. 
(slope) intercept s.e. 

(inter) P Q05 
slope 

Q05 
inter 

Q95 
slope 

Q95 
inter 

MAT 0.15 0.041 0.003 0.216 0.051 < 0.0001 0.079 -2.171 0.028 1.535 

TCM 0.16 0.029 0.002 0.582 0.03 < 0.0001 0.091 -1.779 0.017 1.826 

TWM 0.07 0.044 0.004 -0.051 0.096 < 0.0001 0.02 -1.263 0.044 1.05 

Tgs 0.21 0.065 0.003 -0.276 0.062 < 0.0001 0.115 -2.813 0.044 1.164 

TCMgs 0.24 0.054 0.002 0.163 0.037 < 0.0001 0.115 -2.126 0.028 1.622 

logMAP 0.22 1.015 0.054 -2.176 0.166 < 0.0001 0.859 -3.36 1.01 -1.175 

cvPPT 0.08 -0.006 0.001 1.365 0.055 < 0.0001 -0.008 -0.205 -0.007 2.533 

logPPTgs 0.19 0.871 0.05 -1.679 0.153 < 0.0001 0.966 -3.636 0.716 -0.188 

logMIann 0.12 0.698 0.059 1.003 0.021 < 0.0001 0.434 -0.739 0.972 2.061 

logMIgs 0.13 0.831 0.065 1.037 0.021 < 0.0001 0.516 -0.708 0.919 2.1 

RADann 0.002 0.002 0.001 0.541 0.137 0.002 -1.91E-18 -0.796 -1.21E-
03 2.386 

RADgs 0.01 0.003 0.001 0.436 0.1 < 0.0001 -0.796 -0.796 1.888 1.888 

RHann 0.16 0.026 0.002 -0.868 0.12 < 0.0001 0.021 -2.198 0.022 0.44 

RHgs 0.17 0.027 0.002 -0.973 0.118 < 0.0001 0.022 0.039 0.023 0.081 

ETq 0.07 0.001 0.0001 0.078 0.082 < 0.0001 4.32E-04 -1.428 3.89E-04 1.521 

ETqgs 0.09 0.001 0.0001 0.084 0.071 < 0.0001 4.05E-04 -1.371 3.99E-04 1.517 

 

Table S2. Bivariate relationships between log(leaf size, cm2) and individual climate 
variables. 
The r2, slope, intercept and P-values refer to linear mixed models in which site and species were 
treated as random effects; for all relationships sample n = 13461. Q05 and Q95 refer to 5th and 
95th linear quantile regressions fitted to the same dataset, as illustrated with dashed lines in 
Figure 2. Climate abbreviations and units follow those in Table S1. 

 



 

Table S3. Bivariate relationships between log(leaf size, cm2) and individual climate 
variables, for species grouped by major growth habit (woody / non-woody) and, for woody 
species, by phenology (evergreen/deciduous). 
The r2, slope, intercept and P-values were derived from linear mixed models in which site and 
species were treated as random effects. Climate abbreviations and units follow Table S1. 
 

Group Climate n r2 slope 
s.e. 

(slope) intercept 
s.e. 

(inter) P 

Non-woody MAT 2605 0.01 0.018 0.004 0.311 0.068 < 0.0001 

Woody MAT 10856 0.15 0.043 0.003 0.207 0.054 < 0.0001 

Woody, deciduous MAT 1726 0.02 0.011 0.003 0.984 0.049 < 0.0001 

Woody, evergreen MAT 7902 0.25 0.064 0.003 -0.278 0.063 < 0.0001 

Non-woody TCM 2605 0.008 0.014 0.003 0.473 0.039 < 0.0001 

Woody TCM 10856 0.16 0.030 0.002 0.591 0.032 < 0.0001 

Woody, deciduous TCM 1726 0.01 0.007 0.002 1.104 0.030 < 0.0001 

Woody, evergreen TCM 7902 0.30 0.049 0.002 0.230 0.036 < 0.0001 

Non-woody TCMgs 2605 0.08 0.041 0.004 0.132 0.056 < 0.0001 

Woody TCMgs 10856 0.23 0.054 0.002 0.175 0.039 < 0.0001 

Woody, deciduous TCMgs 1726 0.01 0.019 0.003 0.912 0.048 < 0.0001 

Woody, evergreen TCMgs 7902 0.34 0.067 0.002 -0.110 0.043 < 0.0001 

Non-woody Tgs 2605 0.05 0.039 0.005 -0.063 0.091 < 0.0001 

Woody Tgs 10856 0.20 0.066 0.003 -0.285 0.066 < 0.0001 

Woody, deciduous Tgs 1726 0.04 0.024 0.004 0.716 0.079 < 0.0001 

Woody, evergreen Tgs 7902 0.27 0.081 0.004 -0.656 0.074 < 0.0001 

Non-woody TWM 2605 0.009 0.017 0.005 0.215 0.114 0.001 

Woody TWM 10856 0.07 0.045 0.004 -0.049 0.103 < 0.0001 

Woody, deciduous TWM 1726 0.03 0.014 0.004 0.846 0.097 0.001 

Woody, evergreen TWM 7902 0.09 0.057 0.005 -0.412 0.119 < 0.0001 

Non-woody logMAP 2605 0.04 0.570 0.073 -1.112 0.220 < 0.0001 

Woody logMAP 10856 0.24 1.075 0.052 -2.322 0.161 < 0.0001 

Woody, deciduous logMAP 1726 0.10 0.512 0.060 -0.386 0.185 < 0.0001 

Woody, evergreen logMAP 7902 0.29 1.237 0.056 -2.908 0.177 < 0.0001 

Non-woody cvPPT 2605 0.02 -0.003 0.001 0.820 0.079 0.002 

Woody cvPPT 10856 0.09 -0.006 0.001 1.441 0.055 < 0.0001 

Woody, deciduous cvPPT 1726 0.05 -0.004 0.001 1.434 0.049 < 0.0001 

Woody, evergreen cvPPT 7902 0.12 -0.008 0.001 1.472 0.065 < 0.0001 

Non-woody logPPTgs 2605 0.03 0.406 0.068 -0.595 0.198 < 0.0001 

Woody logPPTgs 10856 0.22 0.940 0.049 -1.851 0.151 < 0.0001 

Woody, deciduous logPPTgs 1726 0.09 0.413 0.052 -0.043 0.156 < 0.0001 

Woody, evergreen logPPTgs 7902 0.29 1.197 0.054 -2.728 0.168 < 0.0001 

Non-woody logMIann 2605 0.02 0.372 0.068 0.632 0.031 < 0.0001 

Woody logMIann 10856 0.15 0.777 0.058 1.053 0.021 < 0.0001 

Woody, deciduous logMIann 1726 0.06 0.408 0.059 1.207 0.025 < 0.0001 

 



 

Woody, evergreen logMIann 7902 0.17 0.843 0.066 0.981 0.024 < 0.0001 

Non-woody logMIgs 2605 0.02 0.395 0.077 0.651 0.032 < 0.0001 

Woody logMIgs 10856 0.15 0.916 0.065 1.087 0.021 < 0.0001 

Woody, deciduous logMIgs 1726 0.06 0.458 0.067 1.233 0.027 < 0.0001 

Woody, evergreen logMIgs 7902 0.18 1.037 0.073 1.018 0.024 < 0.0001 

Non-woody RAD 2605 < 0.001 0.0005 0.001 0.499 0.147 0.548 

Woody RAD 10856 < 0.001 0.002 0.001 0.545 0.148 0.003 

Woody, deciduous RAD 1726 < 0.001 -0.0001 0.001 1.187 0.105 0.863 

Woody, evergreen RAD 7902 < 0.001 0.004 0.001 0.067 0.180 < 0.0001 

Non-woody RADgs 2605 < 0.001 0.0004 0.001 0.509 0.108 0.453 

Woody RADgs 10856 0.01 0.003 0.001 0.417 0.107 < 0.0001 

Woody, deciduous RADgs 1726 0.01 0.001 0.000 1.031 0.076 0.059 

Woody, evergreen RADgs 7902 0.01 0.006 0.001 -0.153 0.133 < 0.0001 

Non-woody RHann 2605 0.03 0.013 0.002 -0.268 0.146 < 0.0001 

Woody RHann 10856 0.18 0.028 0.002 -0.966 0.117 < 0.0001 

Woody, deciduous RHann 1726 0.02 0.011 0.002 0.377 0.147 < 0.0001 

Woody, evergreen RHann 7902 0.22 0.030 0.002 -1.189 0.129 < 0.0001 

Non-woody RHgs 2605 0.03 0.013 0.002 -0.308 0.146 < 0.0001 

Woody RHgs 10856 0.19 0.029 0.002 -1.069 0.115 < 0.0001 

Woody, deciduous RHgs 1726 0.03 0.011 0.002 0.353 0.149 < 0.0001 

Woody, evergreen RHgs 7902 0.23 0.032 0.002 -1.300 0.127 < 0.0001 

Non-woody ETq 2605 0.008 0.0003 0.000 0.220 0.097 < 0.0001 

Woody ETq 10856 0.07 0.001 0.000 0.040 0.090 < 0.0001 

Woody, deciduous ETq 1726 0.009 0.0001 0.000 1.027 0.074 0.048 

Woody, evergreen ETq 7902 0.10 0.001 0.000 -0.494 0.106 < 0.0001 

Non-woody ETqgs 2605 0.01 0.0002 0.000 0.272 0.085 < 0.0001 

Woody ETqgs 10856 0.09 0.001 0.000 0.037 0.077 < 0.0001 

Woody, deciduous ETqgs 1726 0.03 0.0002 0.000 0.932 0.065 0.0001 

Woody, evergreen ETqgs 7902 0.13 0.001 0.000 -0.501 0.090 < 0.0001 
  

 



 

Table S4. Bivariate relationships between log(leaf size, cm2) and individual climate 
variables, for species grouped by growth form. 
The r2, slope, intercept and P-values were derived from linear mixed models in which site and 
species were treated as random effects. Climate abbreviations and units follow Table S1. 
  

 



 

Group Climate n r2 slope intercept P Group Climate n r2 slope intercept P 

Fern MAT 312 0.08 0.057 -0.774 < 0.0001 Shrub MAT 2805 0.04 0.024 0.095 < 0.0001 

Fern TCM 312 0.07 0.045 -0.389 < 0.0001 Shrub TCM 2805 0.05 0.018 0.310 < 0.0001 

Fern TWM 312 0.07 0.060 -1.084 < 0.0001 Shrub TWM 2805 0.01 0.021 0.023 0.0001 

Fern Tgs 312 0.07 0.055 -0.768 < 0.0001 Shrub Tgs 2805 0.10 0.056 -0.490 < 0.0001 

Fern TCMgs 312 0.05 0.039 -0.365 0.001 Shrub TCMgs 2805 0.15 0.056 -0.214 < 0.0001 

Fern RHann 312 0.04 -0.009 0.686 0.034 Shrub RHann 2805 0.14 0.025 -1.220 < 0.0001 

Fern RHgs 312 0.03 -0.007 0.540 0.095 Shrub RHgs 2805 0.14 0.026 -1.247 < 0.0001 

Fern ETq 312 0.09 0.001 -0.736 < 0.0001 Shrub ETq 2805 0.03 0.0004 -0.121 < 0.0001 

Fern ETqgs 312 0.09 0.001 -0.738 < 0.0001 Shrub ETqgs 2805 0.03 0.0004 -0.064 < 0.0001 

Fern RAD 312 0.08 0.007 -1.147 < 0.0001 Shrub RAD 2805 0.001 0.001 0.334 0.367 

Fern RADgs 312 0.09 0.007 -1.106 < 0.0001 Shrub RADgs 2805 < 0.001 0.001 0.327 0.166 

Fern logMAP 312 < 0.001 0.159 -0.512 0.067 Shrub logMAP 2805 0.15 0.825 -1.975 < 0.0001 

Fern logPPTgs 312 < 0.001 0.258 -0.812 0.003 Shrub logPPTgs 2805 0.10 0.621 -1.324 < 0.0001 

Fern cvPPT 312 0.03 0.003 -0.133 0.198 Shrub cvPPT 2805 0.05 -0.006 0.922 < 0.0001 

Fern logMIann 312 < 0.001 0.063 -0.007 0.465 Shrub logMIann 2805 0.09 0.623 0.582 < 0.0001 

Fern logMIgs 312 < 0.001 0.154 -0.016 0.092 Shrub logMIgs 2805 0.08 0.656 0.605 < 0.0001 

Grass MAT 489 0.01 -0.014 0.665 0.035 Tree MAT 6559 0.12 0.032 0.678 < 0.0001 

Grass TCM 489 0.01 -0.009 0.524 0.066 Tree TCM 6559 0.11 0.021 0.993 < 0.0001 

Grass TWM 489 0.006 -0.019 0.873 0.028 Tree TWM 6559 0.09 0.037 0.432 < 0.0001 

Grass Tgs 489 0.002 -0.008 0.602 0.475 Tree Tgs 6559 0.15 0.043 0.443 < 0.0001 

Grass TCMgs 489 < 0.001 0.011 0.380 0.375 Tree TCMgs 6559 0.15 0.032 0.779 < 0.0001 

Grass RHann 489 0.007 0.014 -0.421 < 0.0001 Tree RHann 6559 0.08 0.017 0.072 < 0.0001 

Grass RHgs 489 0.01 0.014 -0.426 < 0.0001 Tree RHgs 6559 0.09 0.018 0.007 < 0.0001 

Grass ETq 489 0.005 -0.0003 0.800 0.023 Tree ETq 6559 0.04 0.0004 0.626 < 0.0001 

Grass ETqgs 489 0.006 -0.0002 0.772 0.013 Tree ETqgs 6559 0.06 0.0005 0.578 < 0.0001 

Grass RAD 489 0.003 -0.003 1.100 0.002 Tree RAD 6559 < 0.001 0.001 1.019 0.025 

Grass RADgs 489 0.008 -0.003 0.947 0.001 Tree RADgs 6559 0.01 0.003 0.791 < 0.0001 

Grass logMAP 489 0.03 0.450 -0.822 0.0001 Tree logMAP 6559 0.13 0.667 -0.799 < 0.0001 

Grass logPPTgs 489 0.01 0.192 -0.064 0.056 Tree logPPTgs 6559 0.13 0.665 -0.756 < 0.0001 

Grass cvPPT 489 0.02 -0.005 0.867 0.001 Tree cvPPT 6559 0.06 -0.005 1.653 < 0.0001 

Grass logMIann 489 0.02 0.392 0.548 < 0.0001 Tree logMIann 6559 0.07 0.486 1.320 < 0.0001 

Grass logMIgs 489 0.03 0.386 0.562 0.001 Tree logMIgs 6559 0.07 0.569 1.338 < 0.0001 

Herb MAT 1363 < 0.001 0.003 0.469 0.619 Liana MAT 1409 0.03 0.010 1.183 < 0.0001 

Herb TCM 1363 < 0.001 0.004 0.488 0.412 Liana TCM 1409 0.03 0.008 1.249 < 0.0001 

Herb TWM 1363 0.002 -0.002 0.548 0.806 Liana TWM 1409 0.02 0.009 1.182 0.001 

Herb Tgs 1363 < 0.001 0.021 0.181 0.019 Liana Tgs 1409 0.04 0.012 1.137 < 0.0001 

Herb TCMgs 1363 < 0.001 0.032 0.195 < 0.0001 Liana TCMgs 1409 0.04 0.010 1.223 < 0.0001 

Herb RHann 1363 0.12 0.019 -0.774 < 0.0001 Liana RHann 1409 0.03 0.004 1.128 0.002 

Herb RHgs 1363 0.12 0.020 -0.791 < 0.0001 Liana RHgs 1409 0.03 0.004 1.114 0.001 

Herb ETq 1363 0.009 -0.0001 0.592 0.523 Liana ETq 1409 0.01 0.0001 1.209 0.005 

Herb ETqgs 1363 0.002 -0.00001 0.527 0.872 Liana ETqgs 1409 0.02 0.0001 1.201 0.001 

Herb RAD 1363 0.04 -0.003 0.998 0.011 Liana RAD 1409 < 0.001 0.001 1.290 0.306 

 



 

Herb RADgs 1363 0.02 -0.001 0.746 0.073 Liana RADgs 1409 0.002 0.001 1.252 0.071 

Herb logMAP 1363 0.09 0.646 -1.366 < 0.0001 Liana logMAP 1409 0.03 0.179 0.832 < 0.0001 

Herb logPPTgs 1363 0.04 0.376 -0.551 < 0.0001 Liana logPPTgs 1409 0.03 0.171 0.862 0.0003 

Herb cvPPT 1363 0.10 -0.007 1.044 < 0.0001 Liana cvPPT 1409 0.01 -0.001 1.469 0.046 

Herb logMIann 1363 0.10 0.539 0.612 < 0.0001 Liana logMIann 1409 0.02 0.127 1.406 0.002 

Herb logMIgs 1363 0.08 0.538 0.634 < 0.0001 Liana logMIgs 1409 0.01 0.101 1.407 0.029 

Vine MAT 377 0.06 0.010 1.076 0.014         

Vine TCM 377 0.07 0.010 1.131 0.004         

Vine TWM 377 0.02 0.006 1.148 0.183         

Vine Tgs 377 0.06 0.010 1.082 0.018         

Vine TCMgs 377 0.08 0.011 1.112 0.003         

Vine RHann 377 < 0.001 0.003 1.080 0.182         

Vine RHgs 377 < 0.001 0.003 1.082 0.185         

Vine ETq 377 0.08 0.0002 0.930 0.003         

Vine ETqgs 377 0.08 0.0002 0.967 0.004         

Vine RAD 377 0.04 0.002 0.866 0.027         

Vine RADgs 377 0.04 0.002 0.975 0.042         

Vine logMAP 377 0.005 0.101 0.970 0.163         

Vine logPPTgs 377 0.003 0.074 1.056 0.366         

Vine cvPPT 377 < 0.001 -0.001 1.341 0.446         

Vine logMIann 377 < 0.001 0.029 1.289 0.680         

Vine logMIgs 377 0.002 -0.019 1.287 0.813               
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