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ABSTRACT

Aim The influence of soil properties on photosynthetic traits in higher plants is
poorly quantified in comparison with that of climate. We address this situation by
quantifying the unique and joint contributions to global leaf-trait variation from
soils and climate.

Location Terrestrial ecosystems world-wide.

Methods Using a trait dataset comprising 1509 species from 288 sites, with
climate and soil data derived from global datasets, we quantified the effects of 20
soil and 26 climate variables on light-saturated photosynthetic rate (Aq..), stomatal
conductance (g), leaf nitrogen and phosphorus (Nye and Pu.,) and specific leaf
area (SLA) using mixed regression models and multivariate analyses.

Results Soil variables were stronger predictors of leaf traits than climatic vari-
ables, except for SLA. On average, Nyrea Parea and Ay, increased and SLA decreased
with increasing soil pH and with increasing site aridity. g declined and P,
increased with soil available P (Pyi). Narea was unrelated to total soil N. Joint effects
of soil and climate dominated over their unique effects on Ny and P, while
unique effects of soils dominated for A,.. and g. Path analysis indicated that
variation in A, reflected the combined independent influences of N,., and g, the
former promoted by high pH and aridity and the latter by low Pi.

Main conclusions Three environmental variables were key for explaining vari-
ation in leaf traits: soil pH and P,..i, and the climatic moisture index (the ratio of
precipitation to potential evapotranspiration). Although the reliability of global
soil datasets lags behind that of climate datasets, our results nonetheless provide
compelling evidence that both can be jointly used in broad-scale analyses, and that
effects uniquely attributable to soil properties are important determinants of leaf
photosynthetic traits and rates. A significant future challenge is to better disentan-
gle the covarying physiological, ecological and evolutionary mechanisms that
underpin trait—-environment relationships.

Keywords
Least-cost theory of photosynthesis, nitrogen, phosphorus, photosynthesis,
plant functional traits, soil fertility, soil pH, stomatal conductance.
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INTRODUCTION

Natural selection promotes coordination in plants between the
acquisition of soil-derived resources (water and nutrients),
capture of solar radiation and the uptake and fixation of CO,
from the atmosphere. The relative availability of key resources to
plants varies by orders of magnitude over biogeographical gra-
dients (e.g. Vitousek, 2004; Huston, 2012). Identifying how this
variation shapes the ecological strategies and key strategy traits
of plants is one of the central questions for ecology and bioge-
ography (Westoby & Wright, 2006).

Photosynthesis can be construed as an economic process
(Givnish, 1986). A trade-off between the substitutable costs of
maintaining the capacities for carboxylation (Vma,) and tran-
spiration was theoretically predicted and then confirmed by
experimental observation along an Australian aridity gradient
with annual precipitation ranging from c. 400 to 1100 mm
(Prentice et al., 2014). From dry to wet habitats, plants maintain
comparable photosynthetic rates by increasing their water use
with high stomatal conductance (g;) while reducing investment
in photosynthetic proteins resulting in low leaf N and Vi
(Wright efal., 2003). Analogously, along a gradient from
nutrient-poor to nutrient-rich habitats, plants were shown to
rely increasingly on high leaf N while reducing water use by
operating at lower g (Wright et al., 2001). However, along the
gradient studied by Wright et al. (2001), covariation of soil
texture, cation exchange capacity, organic matter content and
total N and P concentrations precluded a more differentiated
analysis of soil effects.

Moreover, the impact of soil on photosynthetic traits has
rarely been studied at a global scale (Ordonez etal., 2009;
Ordonez & OIff, 2013). Investigation of this relationship is chal-
lenging because climate is both a major control of photosyn-
thetic traits (e.g. Reich & Oleksyn, 2004) and an important
driver of soil development. According to Albrecht’s conceptual
model (Huston, 2012), soil total exchangeable bases, soil pH, soil
total P and N content and plant productivity should all decline
along a gradient from intermediate to high rainfall and from
young high-latitude soils to older, low-latitude well-weathered
soils (Walker & Syers, 1976). Soil fertility, sometimes defined by
exchangeable base cations or soil pH (Quesada et al., 2010),
might thus be expected to be inversely related to water availabil-
ity, and this trade-off might be reflected in both increasing
stomatal conductance and decreasing carboxylation capacity
towards warm and wet climates.

However, this one-dimensional view of covariation between
soils and climate is likely to be an oversimplification. Soil fertil-
ity can also be defined in several other ways. Conceptual models
of long-term ecosystem development have tended to focus on
the negative covariation between time trajectories of the avail-
ability of P and N in soils, with the highest productivity at
intermediate N : P ratios (Vitousek, 2004). In such schemes N is
assumed to be more limiting in young soils, often at higher
latitudes, since it accumulates mainly via atmospheric fixation
of N, and becomes available to plants mainly via decomposition
of organic matter. However, in old and deep soils, mostly at
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lower latitudes, P is provided mainly by the parent rock chem-
istry and its weathering rates becomes a limiting factor for plant
growth (Reich & Oleksyn, 2004; Peltzer et al., 2010). In this
scheme the relative cost associated with the maintenance of
carboxylation should increase at the extremities of time trajec-
tories for soil development, either limited by soil and leaf N or
by soil and leaf P (Niinemets et al., 1999; Reich et al., 2009;
Maire et al., 2012). Finally, biogeochemical models of ecosys-
tems have tended to adopt a narrow definition of fertility,
focused on the ability of soils to release plant-available forms of
nutrients from litter and soil organic matter (SOM), the decom-
position of which is supposed to be mainly a function of the
initial SOM and temperature (Hakkenberg et al., 2008), as well
as which microorganisms are present (Fontaine et al., 2011).
The implications of this scheme for photosynthetic costs are less
clear. Globally, these differing concepts of soil fertility continue
to exist side-by-side in the literature but, to date, none of the
broad concepts has been embedded in a global, predictive
framework for plant traits. Indeed, shifting and ambiguous defi-
nitions of ‘fertility’ may have hindered the development of such
a framework. With sufficient data, however, it should be possible
to tease apart the effects of the various edaphic drivers on pho-
tosynthetic traits and to separate influences of edaphic and cli-
matic determinants of photosynthesis.

Recently, a global soil dataset with consistency, reliability and
resolution approaching those available for climate has become
available with SoilGrids (ISRIC, 2013), which is complementary
to the ongoing update of the conventional Harmonised World
Soil Database (FAO et al., 2012). These soil data can be linked
with global datasets containing climate variables and plant
traits, making it possible for the first time to quantify the unique
contribution of soil variables to leaf traits across the range of
global ecosystem types. We performed such an analysis, with the
following questions.

1. How do leaf photosynthetic traits vary with different facets of
soil fertility?

2. What are the most individually important soil and climate
variables in terms of explaining variation in these leaf traits?

3. What proportions of leaf trait variation can be accounted for
by joint effects of soils and climate, as opposed to the unique
effects of soils and of climate? As climate and soil covary, the
soil-climate joint effect may dominate the unique effects of
climate and soil separately (Reich & Oleksyn, 2004). As different
soils are encountered in a given climatic envelope, a significant
unique effect of soils may be expected.

4. Variation among species in photosynthetic rates depends
both on variation in leaf N and in g. Are these two independent
trait dimensions promoted by independent climate and soil
dimensions?

5. Finally, what is the minimum set of environmental and trait
variables needed to represent interrelationships between photo-
synthetic rates and associated traits?

To answer each question, a step-by-step statistical approach
was followed (described below), with the ultimate aim of disen-
tangling soil and climate effects on leaf traits and photosynthetic
rates.
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MATERIAL AND METHODS

Trait data

The ‘Glopnet’ dataset (Wright et al., 2004) provided the starting
point for the present analyses. Data on field-measured photo-
synthetic capacity (Aue, mol m™ s™"), stomatal conductance to
water vapour (g, mmol m™s™), N and P per unit leaf area (Nyea
and Py, g M2, respectively) and specific leaf area (SLA, cm? g™)
were supplemented by other sets of georeferenced observations
of these traits (Appendix S1 in Supporting Information). The
final database (Appendices S2 & S3, doi:10.5061/dryad.j42m7)
consisted of 2400 species X site combinations including 288
sampled sites and 1509 species from 165 families. Three
hundred and twenty-five species occurred at more than one site.
The dataset contained a variety of growth forms (661 trees, 399
shrubs, 313 herbs, 88 grasses, 32 ferns and 16 vine species),
phenologies (316 deciduous, 14 semi-deciduous and 735 ever-
green species) and physiologies (i.e. Cs and C, species, N,-fixing
and non-fixing species). Au., varied 190-fold across the dataset
(from 0.34 to 65.05 umol m™ s7'; n = 2337), g, varied c. 110-fold
(from 21 to 2272 mmol m™ s7'; 1= 1035), Nyrea and P,y varied
by c. 40-fold (from 0.26 to 9.47 g N m™% n = 1643) and 50-fold
(from 0.017 to 0.923 g P m™% n=512), respectively, and SLA
varied c. 50-fold (from 12.8 to 608 cm™ g'; n = 1965). By com-
parison, the 2004 Glopnet dataset had A... data for 825
species X site combinations and g data for 500.

Environmental data

Climatic drivers

Photosynthetically active quantum flux density, temperature,
rainfall and aridity are key climatic determinants of plant pro-
cesses. Twenty-six climate variables representing these aspects of
climate were considered (Table S3-1 in Appendix S3). When
available, mean annual temperature and precipitation data were
taken from the source publications for the leaf data. Otherwise,
climate data were extracted from a global, three-dimensionally
interpolated 10" x 10" data set for 1961-90 (Climatic Research
Unit, CRU CL2.0; New et al., 2002). We obtained monthly and
annual means of temperature, rainfall, fractional sunshine dura-
tion and relative humidity. We also considered maximum and
minimum values, seasonal variability and growing-season mean
values (defined alternatively based on a 0 °C and a 5 °C basis) of
temperature, precipitation and sunshine duration. Next, several
bioclimatic variables were calculated following Wang et al.
(2014): annual global radiation, total annual incident radiation
during the growing season and annual equilibrium evapotran-
spiration (a function of net radiation and temperature). Aridity
was (inversely) described by the moisture index (MI; the ratio
between precipitation and potential evapotranspiration, PET),
with PET calculated in two ways: PET: (using the Penman—
Monteith formulation; FAO, 2004) and PET, (using equilibrium
evapotranspiration to represent potential evapotranspiration;

Wang et al., 2014), yielding MI; and Mlq, respectively (see
Table $3-1 in Appendix S3 for a full list of descriptions).

Edaphic drivers

Soil variables that express long-term pedogenetic characteristics,
to which plants adapt over generations, can be contrasted with
those reflecting more rapid within-season changes (Peltzer et al.,
2010). We considered only the former type, choosing to avoid
fast-changing variables like N' mineralization rate. Key edaphic
determinants of plant processes include the texture and structure
of soils, ion exchange capacity and macronutrient content of the
top soil layer (see Table S3-1 in Appendix S3 for a full list). Soil
data were extracted using the ‘raster’ package in R 3.0.1 (R Core
Team, 2013) from three spatially interpolated global datasets.
SoilGrids (0-22.5 cm layer, ISRIC, 2013) — an automated system
that produces soil datasets derived from digital soil mapping
(Hengl et al., 2014) — and the Harmonized World Soil Database
(0-30 cm layer, FAO et al., 2012) are interpolated at 30” x 30”
resolution and provide the majority of soil variables (organic
matter content, pH, cation exchange capacity, texture and struc-
ture of soils). Soil N content and C : N ratio, aluminium satura-
tion and the available water holding capacity of the 0-20 cm layer
were extracted from the 5 x 5" ISRIC-WISE dataset (Batjes,
2012). If several soil types occurred within a grid cell, soil prop-
erty estimates correspond to the area-weighted profile mean.

We also constructed a dataset for soil available P concentra-
tion (P..1) based on information from several sources (see
Appendix S4 for details). In brief, we first assembled geolocated
soil profiles from several soil phosphorus datasets (e.g. Batjes,
2011a; Shangguan et al., 2013; Té6th et al., 2013). When the dis-
tance from the nearest profile was less than 100 km we recorded
the nearest soil profiles for each site in the plant trait dataset.
Otherwise, we did a literature survey to search for data from
closer locations. The values for P,y were harmonized to a single
chemical extraction method (Bray & Kurtz, 1945) based on
published conversion factors. The broad-scale reliability of the
harmonized P, data was confirmed using categorical informa-
tion: the global distribution of soil P retention potential (Batjes,
2011b) and the weathering stage associated with the soil orders
of plant trait sites (Appendix S4).

Climate conditions varied widely among the 288 study sites:
mean annual temperature ranged from —21.4 to 27.3 °C, annual
precipitation from 23 to 5406 mm and mean annual MI from
0.09 to 6.54, covering most of the temperature—rainfall space in
which higher plants are found. Soil conditions also varied
widely: total exchangeable bases (TBA) ranged from 75 to
1801 cmol kg™, soil pH from 3.5 to 8.4, total soil N (Niy) from
0.3 to 16.7 g kg™, Py from 0.2 to 960 mg P,Os kg™ and clay
fraction from 2 to 42% (Fig. S3-2 in Appendix S3).

Data analysis

Data selection and transformation

Being right-skewed, all plant traits were log-transformed. Envi-
ronmental variables were subjected to the Yeo—Johnson trans-
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formation (‘car’ package; R core team, 2013); this provides a
powerful way of reducing skewness and can be applied to vari-
ables that include negative values (see details in Table S6-1 in
Appendix S6).

Five methodological steps were defined, each one dedicated to
one of the five questions presented in the introduction. The
details, benefits and limitations of each step are described in
Table S6-2 in Appendix S6.

Step 1. Defining key dimensions of soil fertility and quantifying
their relationships with leaf traits

A general theoretical approach based on existing conceptual
models of soil and ecosystem development over geological time-
scales (Vitousek, 2004; Peltzer et al., 2010; Huston, 2012) was
used to predict relationships between soil pH and each of several
main facets of soil fertility, i.e. TBA, organic C content (Coy),
Niov Pavail and available water holding capacity (AWHC). We
compared the observed relationships with the predicted ones,
first fitting quadratic regressions (to accommodate nonlinear-
ity) and then linear models whenever the square term of the
quadratic model was non-significant (see Appendix S8 for more
details). A systematic analysis of the impact of each soil and
climate variable on each trait was realized (Figs 2 & S8 in Appen-
dix S8). In mixed models, the fixed-effect term was the soil or
climate variable allocated to each site; site and species were
considered as random intercepts (making standard assumptions
of normality, independence and homoscedasticity). The site and
species effects were included to reflect the hierarchical structure
(multiple species at multiple sites) and the unbalanced and
nested structure (different number of samples/species between
sites) in the sampling design. Models were fitted using the R
package ‘Ime4” and adjusted r* values (1) were calculated fol-
lowing Moles et al. (2009).

Step 2. Selecting the most important climatic and soil variables
for explaining leaf trait variation

Next, for each trait we used a stepwise multiple mixed regression
model to select up to four explanatory variables from among the
various available climate and soil variables (Table S3-1 in
Appendix S3), by minimizing the Akaike information criterion
(Legendre & Legendre, 2012). Site and species effects were
treated as random factors. The R packages lme4’ and ‘MuMIn’
were used.

Step 3. Quantifying unique and joint effects of soils and climate
for explaining variation in each leaf trait

In this step we used variation partitioning and Venn diagrams
(Legendre & Legendre, 2012) to partition the total variation
explained in each leaf trait into components explained uniquely
by the matrix of soil variables, uniquely by the matrix of climate
variables or (jointly) explained by the combined soil and climate
matrices. For these analyses we used the soil and climate vari-
ables identified as part of Step 2 (see Table 1 for the selected soil
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and climate variables) and multiple mixed regression models.
The unique effect of soil (or climate) was calculated as the 77
difference between the full model and the climate (or soil)
model. The joint effect of soil and climate was calculated as the
difference between the summed 7 of soil and climate models
and the 7 of the full model.

Step 4. Quantifying the explanatory power of soils and climate
for the matrix of leaf traits

Photosynthetic rates can be understood as the outcome of coor-
dinated investments in water transport capacity, needed to
support a high rate of g, versus Rubisco carboxylation capacity,
indexed by Rubisco activity (Vemax) — potentially related to both
Nuea (e.g. Wright et al., 2003) and Py, (e.g. Niinemets et al.,
1999). To test whether and how soil and climate variables can
distinctively promote these different drivers of leaf photosyn-
thesis it is important to consider the relationships among leaf
traits in the same analysis (Steps 4 and 5). First, we used redun-
dancy analysis (the ‘vegan’ package; R Core Team, 2013) to
quantify how much of the variation in the matrix of leaf traits
could be explained by the matrices of the most important soil
and climate variables selected at Steps 2 and 3. For leaf traits we
used Aurear g6 Narea and SLA (giving a dataset of 647 species from
99 sites). Puea, With its considerably smaller sample size, was left
out of this analysis.

Step 5. Disentangling direct and indirect effects of leaf traits, soil
and climate on photosynthetic capacity

We used path analysis (the ‘lavaan’ package; R Core Team, 2013)
to explore how variation among species in A,., can best be
understood as driven by both direct and indirect effects of g,
Nurear SLA and the key environmental drivers identified in pre-
vious steps, selecting the model that was the least different from
the observations (P-value > 0). Note that Steps 4 and 5 are com-
plementary (Table S6-1 in Appendix 6), with Step 4 testing the
relationships between matrices without a priori constraints,
while Step 5 allowed us to evaluate possible causal effects of soil
independent of climate on leaf traits (Legendre & Legendre,
2012).

RESULTS

Step 1a. Two dimensions of soil ‘fertility”

Figure 1(a)—(e) summarizes expected relationships between soil
pH and each of several dimensions of soil fertility. From high to
low soil pH (right to left), i.e. conceivably from young soils
where the parent rock supplies cations and phosphorus to older
and more highly weathered soils, remote from the parent
material but enriched in SOM, Fig. 1 indicates the following.
1. A decrease of total exchangeable bases, but an increase in Al
and Fe content (Fig. 1a).

2. An increase in total C and N and AWHC, due to the accu-
mulation of SOM (Fig. 1b—d). In addition, soil available nitro-
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Table 1 Multiple mixed regression relationships between area-based leaf functional traits (A, leaf photosynthetic rate; g, stomatal
conductance; N, leaf nitrogen content; P,.,, leaf phosphorus content; and SLA, specific leaf area) and soil and climate subsets of
environmental variables.

Trait Factors n r AIC F, factor 1 F, factor 2 F, factor 3 F, factor 4
Climate model

Awea MIq + TMPyynge + SUNpmax 2337 0.098*** -886 1208+ l5.6* T3.5(%) -

& TMPpyax + TMPOy, + PPTcion 1035 0.102%* -38 T8.7%% 15.4% T7.9%+ -

Narea Mg+ TMP, g 1643 0.178*** -1726 153.9%% 15.5% - -

Pirea Ml + RH 512 0.312%%* -353 127,900 T16.30% - -

SLA SUNiax + TMPny + TMPO, 1965 0.146*%* ~1474 a1, 100 T13.6%% 130.8%+* -

Soil model

Auea pH + Ny + CECS 2337 0.195%%* 928 T90.0%%* T19.1%04% 125.6%+% -

& PH + Ny + CECS + Py 1035 0.241%* -128 T28.00%+ T24.8%4* J19.3%4% L67.00%*
Nirea pH + Ny + SALT 1643 0.193*** -1736 138.0%* 15.5¢ T, -

Pirea PH + Pyt + SALT + SAND 512 0.440%%* -361 T8.8%* T19.5%0%% T6.7* 17.0%¢
SLA PH + Ny + SILT + BULK 1965 0.159%%* ~1461 L1540 T3.2(%) T14.4%%% 15.0%

(*)P<0.1; *P < 0.05; **P < 0.01; ***P < 0.001.

Following a stepwise procedure criterion selecting the most important variables among 26 climate or 20 soil variables (see Materials and Methods and
Table S3-1 in Appendix S3 for details) based on an Aikaike information criterion (AIC), linear mixed regression models were used to measure the impact
of environmental variables on each trait. Site and species were treated as random factors (intercepts). The adjusted r* and AIC are provided for each
regression model (see Materials and Methods for details of r* calculation). F- and P-values for Type III error models are specified for each fixed soil factor.
Factors 1 to 4 correspond to the rank of each fixed factor that was selected in the regression model. Leaf trait variables were log-transformed and
environmental variables were power-transformed as described in Materials and Methods. Arrows indicate the sign of the coefficient estimate. See
Tables S8-4 & 8-5 in Appendix S8 for equation details.

MlIq, moisture index representing the ratio between annual precipitation and equilibrium evapotranspiration; TMPr.ns., mean diurnal temperature
range; SUN . maximum monthly fractional sunshine duration; TMP,,., maximal monthly temperature; TMPO,,, number of days with daily tem-
perature above 0 °C; PPTcu0n, seasonality of precipitation; RH, relative humidity; pH, soil pH; Ny, soil total nitrogen content; CECS, cation exchange

capacity, Py, available soil phosphate content; SALT, soil salinity; SAND, soil sand content; SILT, soil silt content; BULK, soil bulk density.

gen (Nuai) is expected to follow Ny, up to a maximal value at
intermediate pH, where optimal conditions for microbial
nitrogenase activity are reached. Thereafter, Ny decreases
steeply with increasing pH (Walker & Syers, 1976).

3. A decrease in Py (Lambers et al., 2008; Fig. 1e) with increas-
ing distance (and time) to the parent rock, where P is sourced.
However, P..i may show a humped distribution as P can
co-precipitate with Ca at high pH and with Fe and Al at low pH.

Our data substantially matched these predictions (Fig. 1f-i).
As soil pH increased, so did TBA, soil base saturation and, to a
lesser extent, soil carbonate content, while Al saturation
decreased (correlations given in Table S7-3 in Appendix S7).
Quadratic relationships accounted for the relationships between
pH and C,, and between pH and Ny (Fig. 1g,h). AWHC and the
climatic MI decreased linearly with pH (Fig. 1i). Contrary to
expectation, however, no relationship was found between pH
and Py (Fig. 1j). High P..i was encountered at high-pH sites
that were characterized by a low carbonate content, but also at
low pH sites characterized by low Al saturation.

These relationships suggested the existence of two principal
dimensions of soil fertility. Soil pH indexes a first dimension
along which exchangeable bases, N, Corgpy Norg and AWHC
covary, and the availability of micronutrients and N trade off
with the availability of water. A second, largely independent,
dimension is indexed by Pyv.i, which covaries negatively with Al
saturation, soil depth and clay content, and positively with
gravel content (Table S7-3 in Appendix S7).

Step 1b. Relationships between individual leaf traits
and soil variables

We quantified bivariate relationships between the five photosyn-
thetic traits and five soil variables (P,.; and four variables from
fertility dimension 1: soil pH, Corg, Niot and AWHC). Aurea> Narea
and Py all increased linearly with soil pH (r*=0.12-0.17;
Fig. 2), while SLA decreased (r*=0.06). Note that the corre-
sponding mass-basis traits also increased with soil pH, but with
notably lower 7* than on an area basis (all 7* < 0.03, P < 0.002;
not shown).

As expected from their negative covariation with soil pH
along fertility dimension 1 (Fig. 1), Corg, Nt and AWHC affected
SLA, Ny Pauea and Ay in the directions opposite to the
pH-related effects (Fig. 2). The pH-leaf trait relationships all
remained significant after accounting for covariation with mean
annual temperature and precipitation (dashed lines in Fig. 2).
However, this was not the case for relationships involving Ci,
Nyt and AWHC.

Stomatal conductance, g, showed little patterning along fer-
tility dimension 1, the strongest relationship being a very weak
dependence on soil N (r*=0.02; Fig. 21). By contrast, both g
(negative) and Py (positive) showed strong patterning along
fertility dimension 2 (i.e. varying with Pyy.i). These relationships
were little changed by concurrently accounting for climate
(dashed fitted lines, Fig.2v,x). Unexpectedly, P..i was the
strongest single environmental predictor of g (the strongest
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(g) log(CH"‘gzl: 1.09 _((})1.)0;1_13&2 ) %-}’ 100 ‘oung shal ow\s;u ] ] ~ 0 Low HCO, content
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=0.001 level. OM, organic matter; TBA, 0.1 precipitation precipitation 1 High Al content content
total exchangeable bases; AWHC, avail- 3 4 5 6 7 8 9 3 4 5 6 7 8 9

able water holding capacity.

climate predictor being precipitation seasonality, r*=0.06;
Fig. S8-1 in Appendix S8). Indeed, the single strongest predictor
for each leaf trait was a soil variable (pH for Aureas Narea and SLA;
Pyvail for g and Py,; full details in Fig. S8-1 in Appendix S8).

Step 2. Selection of the most important soil and
climate variables

As in bivariate relationships (Figs S8-1 & S8-2 in Appendix S8)
but using stepwise multiple regressions, soils did a better job
than climate for explaining variation in each trait, and in the
case of A and g soils explained more than twice as much
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Soil pH (dimensionless, 0-14)

Soil pH (dimensionless, 0-14)

variation as climate (> =0.195 and 0.241 vs. 0.098 and 0.102,
respectively; Table 1). As judged by F-values, soil pH and Payq
were the two soil variables that had the greatest effect on leaf
traits, while MI, was the most important climate variable
(Table 1).

Step 3. Quantification of unique and joint effects of
soil and climate on leaf traits

Using variation partitioning, 21-31% of variation was explained
for each trait except Py (54%) (Fig. 3). Overall, soils explained
more variation in leaf traits than did climate, with this effect
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Figure 2 Relationships between area-based leaf photosynthetic traits and soil variables considered in the theoretical soil development
model (Fig. 1). Leaf photosynthetic rate (n = 2400; a, f, k, p, u), stomatal conductance (n=1070; b, g, 1, q, v), leaf nitrogen content
(n=1704; ¢, h, m, r, w), leaf phosphorus content (n=532; d, i, n, s, x) and specific leaf area (n=1964; ¢, j, 0, t, y) regressed on soil pH
(a—e), soil organic C content (f—j), soil total nitrogen content (k—o0), soil available water holding capacity (p—t) and soil available phosphate
content (u—y) according to linear relationships using mixed regression models with site and species as random factors. Solid lines
correspond to the significant regressions for which statistical information from mixed regression models (r,;> and P-value) are reported on
each caption. Equations are reported below. Dashed lines correspond to the impact of the soil variable in multiple mixed regression models,
including two important climatic variables that can affect leaf traits (mean precipitation, PPT pean, and TMPye.n, Wright et al., 2004). These
conditional slopes (‘visreg’ package; R Core Team, 2013) indicated the bivariate soil-trait relationship calculated while holding constant
(at their median) the two climate variables. Significance of the soil variable and its relative importance, ri (‘relaimpo’ package, R Core
Team, 2013), in the multiple mixed regression model is reported on each caption. Statistical significance is indicated using asterisks:

*P <0.05; **P < 0.01; ***P < 0.001. Equations of bivariate relationships: (a) 10g(Auea) = 0.49 + (8.09 x 107%)-pH; (c)

10g(Nyrea) = —0.18 + (7.47 x 107*)-pH; (d) 10g(Parea) = —1.45 + (9.02 X 107%)-pH; (e) log(SLA) = 2.26 — (4.26 x 107)-pH; (f)

log(Aure) = 1.15 = 0.13-10g(Corg); (h) 10g(Nurea) = 0.48 — 0.16-10g(Corg); (j) log(SLA) = 1.84 + 0.12:10g(Cor,); (1) log(gs) = 2.29 + 0.18-10g(N.o1);
(m) 10g(Nirea) = 0.28 — 0.15-10g(Nio); (0) log(SLA) = 1.99 + 0.11-10g(Niw); (q) log(gs) = 2.57 — 0.24-10g(Pvait);

(s) log(P,) =—1.16 + 0.1910g(Pai); (W) 10g(Nurea) = 0.66 — 0.34-1og(AWHC); (x) log(P,) =—0.37 — 0.47-log(AWHC). AWHC,

available water holding capacity; SLA, specific leaf area.
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Figure 3 Partitioning of the respective variation in leaf
photosynthetic rate (A,..), stomatal conductance (g), leaf
nitrogen content (Ny.), leaf phosphorus content (P,.,) and
specific leaf area (SLA) between the unique effect of soil, the
unique effect of climate and the joint effect of soil and climate
variables. Multiple mixed regressions were used to compute the
adjusted 7* of the fixed effects (climate and soil variables). Site and
species were considered as random factors. The soil and climate
variables used in these analyses were the ones revealed to be most
relevant by a stepwise model selection procedure: MIy, SUN
TMP ax; TMP5 ., PPT seasony RH, TMPranges PH, Niots Pavaits SILT,
SAND, BULK, CECS and SALT, are respectively moisture index,
maximum monthly fractional sunshine duration, maximal
monthly temperature, number of days with daily temperature
above 5 °C, seasonality of precipitation, relative humidity, mean
diurnal temperature range, soil pH, soil total nitrogen content,
available soil phosphate content, soil silt and sand contents, soil
bulk density, cation exchange capacity and soil salinity. Statistical
significance is indicated using asterisks: **P < 0.01.

being strongest for Ay, and g. For the other traits (Nuea, Parea
and SLA), about half the total variation explained was accounted
for by the common patterns of variation in climate and soils (the
‘joint’ effects).

Step 4. Multidimensional covariation between soils,
climate and leaf traits

We used redundancy analysis to better understand how the
structure in the matrix of leaf traits could be explained using the
structure in the matrix of the most important soil and climate
variables (selected at Step 2). Note, first, that A, ., covaried sig-
nificantly with g, Nyrea, Parea and SLA (1% = 0.76, 0.14, 0.07, 0.01,
respectively). Thirty per cent of the variation in the four-trait
matrix was explained by soils and climate (Fig. 4). Vectors rep-
resenting variation in Ny, and g were orthogonal and clearly
associated with a number of environmental variables, while the
vectors for Au., and SLA were also orthogonal to each other, and
less clearly associated with environmental variables. In this
analysis Ny, was mainly explained by soil pH and by MIq, with

Effects of soil and climate on photosynthetic traits

high values of Ny, found in arid sites on soils with high pH. g
was mainly explained by P,q, bulk density, sand content and
growing season temperature, with high values of g found in
warm sites on compact soils with low values of Py

Step 5. Interdependences between key site variables
and photosynthetic traits

Three environmental variables were repeatedly shown to be key
for explaining variation in leaf traits: soil pH, soil available P,
and MI. We used path analyses to explore the interdependences
between these variables and the key photosynthetic traits Aqrea
Nuea and g. The most parsimonious path analysis model
explained 64% of the variation in A, (Fig. 5). Figure 5 shows
that high MI promotes acid soils. High MI and acid soils both
(independently) promote 1ow Nyeo. High Payen and arid climate
both (independently) promote low g. Both g and Ny (inde-
pendently) determine Aqre,, in accord with theory (Wright et al.,
2003). There are also significant direct effects of MI and pH on
Aurea that are in the same direction as, but not accounted for by,
the effects of Ny, and g. Note that when SLA was added (con-
sidering its impact on Nires, & and Ao, and depending on M,
and pH), the models were consistently far weaker; hence they are
not presented.

DISCUSSION

Climate plays a key role in soil development (Jenny, 1941); this
leads to correlations among present-day soil and climate vari-
ables, and interactive effects of soils and climate on plant traits.
We identified two main dimensions of environmental variation,
key to understanding variation in leaf photosynthetic traits,
which we discuss in relation to concepts of soil and ecosystem
development.

A soil pH-aridity dimension

The first dimension was most strongly associated with soil pH
(and exchangeable cations) decreasing with increasing precipi-
tation and MIq. Higher values of Nyrea, Parea and Aqrea were found
in more arid sites and on soils with a higher pH, but g, was
unrelated to this dimension.

The tendency for species to have higher N,.. (and, less so,
P,..) at drier sites is well known (Field et al., 1983; Schulze et al.,
1998), and accords with theory which predicts the predomi-
nance of high-N,.. strategies as a means to economise on water
use during photosynthesis (Farquhar et al., 2002; Wright et al.,
2003, discussed further below). By contrast, broad-scale pattern-
ing of leaf traits with soil pH has rarely been reported (but see
Han et al., 2011) and is correspondingly less well understood.
These pH-related relationships were not simply secondary cor-
relations flowing from the well-documented regional negative
relationships between soil pH and precipitation, but probably
relate to non-climatic determinants of soil pH, like parent rock
and topography (Jenny, 1941). Soil pH is implicated in many soil
chemical, enzymatic and microbial processes that affect the

Global Ecology and Biogeography, 24, 706717, © 2015 John Wiley & Sons Ltd 713



V. Maire et al.

1.5

1.0

0.5

Trait ~ Environment RDA, Axis 2 (12%)
-1.0 0.0

-1.5

Figure 4 Redundancy analysis
predicting the composition and structure
of leaf photosynthetic traits (Aueas Narea> g5
and SLA) from the composition and
structure of the most important soil and
climate variables (selected by a stepwise

Trait ~ Environment RDA, Axis 1 (18%)

X2(6.0,n= 830)=4.4,
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Figure 5 Path analysis depicting the direct and indirect effects of
the main environmental predictors of leaf photosynthetic rate A e,
through its covariation with stomatal conductance (g;) and leaf
nitrogen content (N,.,). Environmental variables were selected
based on the results of Fig. 4 and were soil pH (pH), moisture
index (Mlq) and soil available phosphorus content (P,.1). The
path coefficients are the simple standardized regression
coefficient. The goodness-of-fit and the unexplained variance of
Aurear Narea and g; are given. A Pearson correlation between Niye,
and g was tested and was not significant.

availability of micronutrients and nutrients (for a review see
Sinsabaugh & Follstad Shah, 2012), and therefore so are Ny
and P,.... Considered across a broad gradient of soil types, higher
pH should generally equate to faster and/or higher availability of
nutrients held in SOM and reduce the overall acquisition costs
of N and thus the costs of achieving a given biochemical capacity
for photosynthesis.

Conversely, higher SOM concentration (indexed by Ce or
Nit) does not necessarily denote higher N availability. In acid
conditions SOM becomes recalcitrant, and N availability is cor-
respondingly low (Jenny, 1941). Hence, here and elsewhere
(Santiago et al., 2005; Ordofiez et al., 2009) we found the

‘ procedure, see caption to Fig. 3).
Abbreviations are defined in the caption
to Fig. 3.

counterintuitive result that leaf N decreased with increasing soil
total N.

Interestingly, the first dimension of soil fertility partially asso-
ciated with the variation of A.. seems to be unrelated to g.
Thus, the tendency of plants sampled locally to be strongly
co-varying in Ay, and g and hydraulic properties (Reich, 2014)
does not hold in the same fashion across very broad climate and
soil gradients, supporting the hypothesis that trade-offs between
water and nutrient use predominate at larger scales.

The soil available P dimension

The second key environmental dimension was represented by
P,y in the topsoil horizon, covarying with the sand content and
bulk density of soil and the site temperature (Fig. 4; Tables S7-3
& 7-4 in Appendix S7). Both leaf P,., and g, showed strong
patterning with this dimension, with higher P,., but lower g
(but not A.) on soils with higher P,y

Our study sites represented a broad range of soil types and
Poyi, from highly weathered soils where P limitation is wide-
spread (representing 33% of our sites, e.g. Oxisols; Table S4-4 in
Appendix $4), to less (low) weathered soils with typically higher
Payait (21% of our sites, e.g. Inceptisols). While the Py part of
our soil dataset was unavoidably underpinned by fewer soil
profile data than for variables such as pH and Cey, our confi-
dence in these data was boosted by observing positive relation-
ships of Py with Py, altitude and latitude, and its negative
relationships with clay content, soil depth and Al saturation
(Table S7-4 in Appendix 7) — echoing relationships known from
regional field studies (Walker & Syers, 1976; Vitousek, 2004).

We have various prospective explanations for the observation
that species on soils with higher P tend to team their maximum
photosynthetic rates with lower stomatal conductance, but as yet
no clear way to identify the most likely explanation, nor to place
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them into an optimality framework as has been done for
climate-related effects on g (e.g. Medlyn et al., 2011).

Experimentally lowering soil nutrient availability is known to
stimulate higher root : shoot ratios (see Poorter et al., 2012, for
a comprehensive analysis), which may in turn improve plant
water balance and hence allow for a higher g, Conversely, at a
given root : shoot ratio, an increase in g in response to nutrient
deficiency has been proposed as an evolutionary mechanism to
improve plant nutrition, through an increase in the transpira-
tion rate and the mass-flow of water from the surrounding soil
(Edwards et al., 1998; Cramer et al., 2009). This ‘mass-flow’
hypothesis is generally thought to apply more to soil inorganic
N than to the less mobile P (Cramer et al., 2009), but higher g,
has also been observed under P deficiency for some species
(Raven et al., 2004).

Alternatively, in ‘least-cost’ photosynthetic optimality theory
(Wright et al., 2003), water and nitrogen supplies are considered
as substitutable resources to secure carbon, and the optimiza-
tion of A, involves minimizing the sum of costs for acquiring
and using N and water in photosynthesis. At higher soil N avail-
ability, where the costs of N acquisition are lower and therefore
costs of water acquisition are relatively higher, plants are
expected to operate at a given Ay, with a higher Ny, and lower
g It is conceivable that soil P and leaf P also fit into this frame-
work, for example that higher leaf P enables a higher
carboxylation capacity for a given leaf N (Niinemets et al., 1999;
Reich et al., 2009). The same prediction (a higher Ny, and/or a
lower g, for a given A,..) would be made for a scenario where
costs of N acquisition were lower because of higher N availabil-
ity due to more alkaline soil. Perhaps all of these effects could
come into play in understanding the general trade-off between
Vemax and water use (Farquhar et al., 2002; Wright et al., 2003;
Prentice et al., 2014).

Limitations of our analyses

Underpinning the use of gridded soils data, we made the
assumption of a high signal-to-noise ratio and an overall good
match between ‘actual” and spatial dataset values. Our observa-
tions of geography—soil, climate—soil and trait—soil relation-
ships, which were in agreement with many of those observed in
the literature with in situ soil variables measured at various
scales (see details in Appendix S5 and Table S7-4 in Appendix
S7), supported this. Nonetheless, we stress that local-scale vari-
ation in soil properties can certainly be large (Yemefack et al.,
2005) and that for more detailed assessments, values measured
in situ at the respective plant trait sites would be ideal.

While one’s ability to reliably tease apart the independent
roles of soil and climate is limited in various ways in any statis-
tical analysis (and especially since climate and soils covary) we
chose path analysis as the most suitable for identifying causal
structures (Legendre & Legendre, 2012). In combination with
and complementary to the other approaches used (see
Table S6-2 in Appendix 6 for the benefits and limitations of each
statistical method), we provided evidence that soils modify A,re,
g and Ny, independently of climate. That said, we must not

Effects of soil and climate on photosynthetic traits

forget the possibility that these patterns may just be (or also be)
markers of longer-term and more important factors associated
with soil development, like parent rock, topography, soil age and
vegetation (Jenny, 1941).

Conclusion

A key result of our study is that, in a multivariate trait—
environment space (Fig.4), there are two distinguishable
dimensions of soil-climate variables influencing the two leaf
traits (Nue. and g) that, together, largely constrain photosyn-
thetic activity. Soil pH and available P emerged as the best soil
predictors of variation along these gradients and, indeed, overall
we found stronger patterning of photosynthetic traits according
to unique effects of soils than to those of climate. Plant geogra-
phers have long recognized that plant traits vary in concert with
soil properties (e.g. Schimper, 1903), but only rarely have such
patterns been quantified at a broad spatial scale. This work
represents an important step towards a better understanding of
geographic variation in leaf photosynthetic strategies, and to
progress towards more reliable modelling of global vegetation
function.

ACKNOWLEDGEMENTS

We thank the many data contributors, including Claudia Keitel,
Fernando Valladares and Margaret Barbour; Allyson Eller, Sean
Gleason, Pedro Peres-Neto, Mark Westoby and the Wright lab
for stimulating discussions; and Bjorn Reu and one anonymous
referee who challenged us to clarify our analytical approach. The
research was supported by ARC grants DP120103600 to I.C.P.
and LJ.W. and FT100100910 to LJ.W.,, and by funding from
Macquarie University. This paper is a contribution to the AXA
Chair Programme in Biosphere and Climate Impacts and the
Imperial College initiative on Grand Challenges in Ecosystems
and the Environment.

REFERENCES

Batjes, N.H. (2011a) Overview of soil phosphorus data from a
large international soil database. ISRIC Report 2011/01. Plant
Research International (PRI), Wageningen UR, and ISRIC —
World Soil Information, Wageningen. Available at: http://
www.isric.org.

Batjes, N.H. (2011b) Global distribution of soil phosphorus reten-
tion potential. ISRIC Report 2011/06 Plant Research Interna-
tional (PRI), Wageningen UR, and ISRIC — World Soil
Information, Wageningen. Available at: http://www.isric.org.

Batjes, N.H. (2012) ISRIC-WISE derived soil properties on a 5 by
5 arc-minutes global grid (ver. 1.2). ISRIC Report 2012/01.
ISRIC — World Soil Information, Wageningen. Available at:
http://www.isric.org.

Bray, R.H. & Kurtz, L.T. (1945) Determination of total, organic,
and available forms of phosphorus in soils. Soil Science, 59,
39-45.

Global Ecology and Biogeography, 24, 706717, © 2015 John Wiley & Sons Ltd 715


http://www.isric.org
http://www.isric.org
http://www.isric.org
http://www.isric.org

V. Maire et al.

Cramer, M., Hawkins, H.-J. & Verboom, G. (2009) The impor-
tance of nutritional regulation of plant water flux. Oecologia,
161, 15-24.

Edwards, D., Kerp, H. & Hass, H. (1998) Stomata in early land
plants: an anatomical and ecophysiological approach. Journal
of Experimental Botany, 49, 255-278.

FAO (2004) Global map of monthly reference evapotranspiration
— 10 arc minutes. FAO, Rome. Available at: http://www.fao.org/
geonetwork/srv/en/main.home.

FAO, ITASA, ISRIC, ISSCAS & JRC (2012) Harmonized World
Soil Database (version 1.2). FAO, Rome and ITASA, Laxenburg,
Austria. Available at: http://webarchive.iiasa.ac.at/.

Farquhar, G.D., Buckley, T.N. & Miller, J.M. (2002) Optimal
stomatal control in relation to leaf area and nitrogen content.
Silva Fennica, 36, 625-637.

Field, C., Merino, J. & Mooney, H.A. (1983) Compromises
between water use efficiency and nitrogen use efficiency in 5
species of California evergreens. Oecologia, 60, 384—389.

Fontaine, S., Hénault, C., Aamor, A., Bdioui, N, Bloor, J., Maire,
V., Mary, B., Revaillot-Saccomano, S. & Maron, P.-A. (2011)
Fungi mediate long term sequestration of carbon and nitro-
gen in soil through their priming effect. Soil Biology and Bio-
chemistry, 43, 86-96.

Givnish, T.J. (1986) On the economy of plant form and function:
Proceedings of the Sixth Maria Moors Cabot Symposium. Cam-
bridge University Press, Cambridge.

Hakkenberg, R., Churkina, G., Rodeghiero, M., Borner, A,
Steinhof, A. & Cescatti, A. (2008) Temperature sensitivity of
the turnover times of soil organic matter in forests. Ecological
Applications, 18, 119-131.

Han, W.X., Fang, J.Y.,, Reich, PB., lan Woodward, E &
Wang, Z.H. (2011) Biogeography and variability of eleven
mineral elements in plant leaves across gradients of
climate, soil and plant functional type in China: biogeo-
graphy and variability of leaf chemistry. Ecology Letters, 14,
788-796.

Hengl, T., Mendes De Jesus, J., Macmillan, R.A., Batjes, N.H.,
Heuvelink, G.B.M., Ribeiro, E.C., Samuel-Rosa, A., Kempen,
B., Leenaars, J.G.B., Walsh, M.G. & Gonzalez, M.R. (2014)
SoilGrids1 km — global soil information based on automated
mapping. PLoS ONE, 9, 8, e105992.

Huston, M.A. (2012) Precipitation, soils, NPP, and biodiversity:
resurrection of Albrecht’s curve. Ecological Monographs, 82, 3,
277-296.

ISRIC (2013) SoilGrids: an automated system for global soil
mapping, ISRIC — World Soil Information, Wageningen Avail-
able at: http://soilgridslkm.isric.org.

Jenny, H. (1941) Factors of soil formation: a system of quantitative
pedology. Dover, New York.

Lambers, H., Raven, J., Shaver, G. & Smith, S. (2008) Plant
nutrient-acquisition strategies change with soil age. Trends in
Ecology and Evolution, 23, 95-103.

Legendre, P. & Legendre, L. (2012) Numerical ecology, 3rd Engl
edn. Elsevier Science, Amsterdam.

Maire, V., Martre, P., Kattge, J., Gastal, E, Esser, G., Fontaine, S.
& Soussana, J.-E (2012) The coordination of leaf photosyn-

thesis links C and N fluxes in C; plant species. PLoS ONE, 7, 6,
€38345.

Medlyn, B.E., Duursma, R.A., Eamus, D., Ellsworth, D.S,,
Prentice, 1.C., Barton, C.V.M., Crous, K.Y., De Angelis, P,
Freeman, M. & Wingate, L. (2011) Reconciling the optimal
and empirical approaches to modelling stomatal conduct-
ance: reconciling optimal and empirical stomatal models.
Global Change Biology, 17, 2134-2144.

Moles, A.T., Warton, D.I., Warman, L., Swenson, N.G., Laffan,
S.W,, Zanne, A.E., Pitman, A., Hemmings, FA. & Leishman,
M.R. (2009) Global patterns in plant height. Journal of
Ecology, 97, 923-932.

New, M., Lister, D., Hulme, M. & Makin, I. (2002) A high-
resolution data set of surface climate over global land areas.
Climate Research, 21, 1-25.

Niinemets, U., Tenhunen, J.D., Canta, N.R., Chaves, M.M., Faria,
T., Pereira, J.S. & Reynolds, J.E. (1999) Interactive effects of
nitrogen and phosphorus on the acclimation potential of
foliage photosynthetic properties of cork oak, Quercus suber,
to elevated atmospheric CO, concentrations. Global Change
Biology, 5, 455-470.

Ordonez, A. & Olff, H. (2013) Do alien plant species profit more
from high resource supply than natives? A trait-based analysis.
Global Ecology and Biogeography, 11, 6, 648—658.

Ordonez, J.C., van Bodegom, P.M., Witte, J.-P.M., Wright, L],
Reich, PB. & Aerts, R. (2009) A global study of relationships
between leaf traits, climate and soil measures of nutrient fer-
tility. Global Ecology and Biogeography, 18, 137—149.

Peltzer, D.A., Wardle, D.A., Allison, V.J., Baisden, W.T., Bardgett,
R.D., Chadwick, O.A., Condron, L.M,, Parfitt, R.L., Porder, S.,
Richardson, S.J., Turner, B.L., Vitousek, PM., Walker, J. &
Walker, L.R. (2010) Understanding ecosystem retrogression.
Ecological Monographs, 80, 509—529.

Poorter, H., Niklas, K.J., Reich, P.B., Oleksyn, J., Poot, P. &
Mommer, L. (2012) Biomass allocation to leaves, stems and
roots: meta-analyses of interspecific variation and environ-
mental control. New Phytologist, 193, 30-50.

Prentice, 1.C., Dong, N., Gleason, S.M., Maire, V. & Wright, L].
(2014) Balancing the costs of carbon gain and water trans-
port: testing a new theoretical framework for plant functional
ecology. Ecology Letters, 17, 82-91.

Quesada, C.A., Lloyd, J., Schwarz, M. et al. (2010) Variations in
chemical and physical properties of Amazon forest soils in
relation to their genesis. Biogeosciences, 7, 1515—1541.

R Core Team (2013) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria.Available at: http://www.R-project.org/.

Raven, J.A., Handley, L.L. & Wollenweber, B. (2004) Plant nutri-
tion and water use efficiency. Water use efficiency in plant
biology (ed. by M.A. Bacon), pp. 171-197. CRC Press, Boca
Raton, FL.

Reich, P.B. (2014) The world-wide ‘fast-slow’ plant economics
spectrum: a traits manifesto. Journal of Ecology, 102, 275-301.

Reich, P.B. & Oleksyn, J. (2004) Global patterns of plant leaf N
and P in relation to temperature and latitude. Proceedings of
the National Academy of Sciences USA, 101, 11001-11006.

716 Global Ecology and Biogeography, 24, 706717, © 2015 John Wiley & Sons Ltd


http://www.fao.org/geonetwork/srv/en/main.home
http://www.fao.org/geonetwork/srv/en/main.home
http://webarchive.iiasa.ac.at/
http://soilgrids1km.isric.org
http://www.R-project.org/

Reich, P.B., Oleksyn, J. & Wright, 1.J. (2009) Leaf phosphorus
influences the photosynthesis—nitrogen relation: a cross-
biome analysis of 314 species. Oecologia, 160, 207-212.

Santiago, L.S., Schuur, E.A.G. & Silvera, K. (2005) Nutrient
cycling and plant-soil feedbacks along a precipitation gradi-
ent in lowland Panama. Journal of Tropical Ecology, 21, 461—
470.

Schimper, A.EW. (1903) Plant geography upon a physiological
basis. Clarendon Press, Oxford.

Schulze, E.-D., Williams, R.J., Farquhar, G.D., Schulze, W.,,
Langridge, J., Miller, .M. & Walker, B.H. (1998) Carbon and
nitrogen isotope discrimination and nitrogen nutrition of
trees along a rainfall gradient in northern Australia. Australian
Journal of Plant Physiology, 25, 413—425.

Shangguan, W., Dai, Y., Liu, B. et al. (2013) A China data set of
soil properties for land surface modelling. Journal of Advances
in Modeling Earth Systems, 5, 212-224.

Sinsabaugh, R.L. & Follstad Shah, J.J. (2012) Ecoenzymatic
stoichiometry and ecological theory. Annual Review of
Ecology, Evolution, and Systematics, 43, 313—343.

Té6th, G., Jones, A. & Montanarella, L. (2013) The LUCAS
topsoil database and derived information on the regional vari-
ability of cropland topsoil properties in the European Union.
Environmental Monitoring and Assessment, 185, 7409-7425.

Vitousek, PM. (2004) Nutrient cycling and limitation. Hawaii as
a model system. Princeton University Press, Princeton, NJ.

Walker, T.W. & Syers, J.K. (1976) The fate of phosphorus during
pedogenesis. Geoderma, 15, 1-19.

Wang, H., Prentice, I.C. & Davis, T.W. (2014) Biophysical con-
straints on gross primary production by the terrestrial bio-
sphere. Biogeosciences, 11, 5987-6001.

Westoby, M. & Wright, 1.]. (2006) Land-plant ecology on the
basis of functional traits. Trends in Ecology and Evolution, 21,
261-268.

Wright, 1.]., Reich, P.B. & Westoby, M. (2001) Strategy-shifts in
leaf physiology, structure and nutrient content between
species of high and low rainfall, and high and low nutrient
habitats. Functional Ecology, 15, 423—434.

Wright, 1]., Reich, P.B. & Westoby, M. (2003) Least-cost input
mixtures of water and nitrogen for photosynthesis. The
American Naturalist, 161, 98—111.

Wright, L]., Reich, P.B., Westoby, M. et al. (2004) The world-
wide leaf economics spectrum. Nature, 428, 821-827.

Effects of soil and climate on photosynthetic traits

Yemefacka, M., Rossiter, D.G. & Njomgang, R. (2005) Multi-
scale characterization of soil variability within an agricultural
landscape mosaic system in southern Cameroon. Geoderma,
125, 117-143.

SUPPORTING INFORMATION

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.

Appendix S1 Literature used to extend the GLOPNET
database.

Appendix S2 Dataset.

Appendix S3 Details on soil and climate variables and their
biogeographic representation.

Appendix S4 Details on soil available phosphorus data.
Appendix S5 Discussion on the quality of soil and climate data.
Appendix S6 Details on data analysis

Appendix S7 Details on soil-soil, climate-climate and soil-
climate analyses.

Appendix S8 Details on plant traits — environment analyses.

DATA ACCESSIBILITY

Additional references to the data sources used in this study can
be found in Appendices S1 & S2 at the DRYAD Digital
Repository (http://datadryad.org/) with the following doi
address:10.5061/dryad.j42m?7.

BIOSKETCHES

This research team aims to develop a better under-
standing of trait—environment interactions, particularly
for use in ‘next-generation’ vegetation models based on
plant functional traits. Expertise within the team
extends from plant ecology to physiology to soil science
and ecological theory.

Author contributions: V.M., I.J.W. and I.C.P. conceived
the ideas and drafted the article; I.J.W. assembled the
dataset with help from A.O. and V.M. V.M. performed
the analyses. All authors contributed to the writing.

Editor: Greg Jordan

Global Ecology and Biogeography, 24, 706717, © 2015 John Wiley & Sons Ltd 717


http://datadryad.org/

Appendix S1 - Literature used to extend the GLOPNET database (Wright et
al., 2004)

Abrams, M.D. & Mostoller, S.A. (1995) Gas exchange, leaf structure and nitrogen in contrasting successional
tree species growing in open and understory sites during a drought. Tree Physiology, 15, 361-370.

Aiba, M. & Nakashizuka, T. (2005) Sapling Structure and Regeneration Strategy in 18 Shorea Species Co-
occurring in a Tropical Rainforest. Annals of Botany, 96, 313-321.

Baltzer, J. L., Thomas, S.C., Nilus, R. & Burslem, D.F.R.P. (2005) Edaphic Specialization in Tropical Trees:
Physiological Correlates and Responses to Reciprocal Transplantation. Ecology, 86(11), 3063-3077.

Berry, S.C., Varney, G.T. & Flanagan, L.B. (1997) Leaf d13C in Pinus resinosa trees and understory plants:
variation associated with light and CO, gradients. Oecologia, 109, 499-506.

Bhaskar, R., Valiente-Banuet, A. & Ackerly, D. D. (2007) Evolution of hydraulic traits in closely related species
pairs from mediterranean and non-mediterranean environments of North America. New Phytologist,

176, 718-726.

Bonal, D., Barigah, T.S., Granier, A. & Guehl, J.-M. (2000) Late-stage canopy tree species with extremely low
delta C-13 and high stomatal sensitivity to seasonal soil drought in the tropical rainforest of French Guiana.
Plant, Cell and Environment, 23(5), 445-459.

Bond, B.J., Farnsworth, B.T., Coulombe, R.A. & Winner, W.E. (1999) Foliage physiology and biochemistry in
response to light gradients in conifers with varying shade tolerance. Oecologia, 120, 183-192.

Brites, D. & Valladares, F. (2005) Implications of opposite phyllotaxis for light interception efficiency of
Mediterranean woody plants. Trees, 19, 671-679.

Castell, C. & Terradas, J. (1995) Water relations, gas exchange and growth of dominant and suppressed shoots
of Arbutus unedo L. Tree Physiology, 15, 405-409.

Cavender-Bares, J., Kitajima, L. & Bazzaz, F.A. (2004) Multiple trait association in relation to habitat
differentiation among 17 Floridian Oak species. Ecological Monographs, 74(4), 635-662.

Cernusak, L.A., Farquhar, G.D. & Pate, J. (2005) Environmental and physiological controls over oxygen and
carbon isotope composition of Tasmanian blue gum, Eucalyptus globulus. Tree Physiology, 25, 129-146.
Cernusak, L.A., Mejia-Chang, M., Winter, K. & Griffiths, H. (2008) Oxygen isotope composition of CAM and
C3 Clusia species: non-steady-state dynamics control leaf water 180 enrichment in succulent leaves. Plant,

Cell and Environment, 31, 1644-1662.

Cernusak, L.A., Pate, J.S. & Farquhar, G.D. (2002) Diurnal variation in the stable isotope composition of water
and dry matter in fruiting Lupinus angustifolius under field conditions. Plant, Cell and Environment, 25,
893-907.

Cernusak, L. & Marshall, J.D. (2001) Responses of foliar d13C, gas exchange and leaf morphology to reduced
hydraulic conductivity in Pinus monticola branches. Tree Physiology, 21, 1215-1222.

Clearwater, M.J., Susilawaty, R., Effendi, R. & van Gardingen, P.R. (1999) Rapid photosynthetic acclimation of
Shorea johorensis seedlings after logging disturbance in Central Kalimantan. Oecologia, 121(4), 478-488.

Cordell, S., Goldstein, G., Meinzer, F.C. & Vitousek, P.M. (2010) Regulation of leaf life-span and nutrient-use
efficiency of Metrosideros polymorpha trees at two extremes of a long chronosequence in Hawaii.
Oecologia, 127(2), 198-206.

Cornwell, W.K., Bhaskar, R., Sack, L., Cordell, S. & Lunch, C.K. (2007) Adjustment of structure and function
of Hawaiian Metrosideros polymorpha at high vs. low precipitation. Functional Ecology, 21, 1063-1071.

Crous, K.Y, Quentin, A.G., Lin, Y.-S., Medlyn, B.E., Williams, D.G., Barton, C.V.M. & Ellsworth, D.S. (2013)
Photosynthesis of temperate Eucalyptus globulus trees outside their native range has limited adjustment to
elevated CO, and climate warming. Global Change Biology, 19, 3790-3807.

Davies, S.J. (1998) Photosynthesis of nine pioneer Macaranga species from Borneo in relation to life history.
Ecology, 79(7), 2292-23.

Dawson, T.E., Ward, J.K. & Ehleringer, J.R. (2004) Temporal scaling of physiological responses from gas
exchange to tree rings: a gender-specific study of Acer negundo (Boxelder) growing under different
conditions. Functional Ecology, 18, 212-222.



DeLucia, E.H. & Schlesinger, W.H. (1991) Resource-Use Efficiency and Drought Tolerance In Adjacent Great
Basin and Sierran Plants. Ecology, 72(1), 51-58.

DeLucia, E.H. & Thomas, R.B. (2000) Photosynthetic responses to CO, enrichment of four hardwood species in
a forest understory. Oecologia, 122(1), 11-19.

Deng, X., Ye, W.-H., Feng, H.-L., Yang, Q.-H., Cao, H.-L., Xu, K.-Y. & Zhang, Y. (2004) Gas exchange
characteristics of the invasive species Mikania micrantha and its indigenous congener M. cordata
(Asteraceae) in South China. Botanical Bulletin of Academia Sinica, 45, 213-220.

Domingues, T.F., Berry, J.A., Martinelli, L.A., Ometto, J.P.H.B. & Ehleringer, J.R. (2005) Parameterization of
Canopy Structure and Leaf-Level Gas Exchange for an Eastern Amazonian Tropical Rain Forest (Tapajos
National Forest, Para, Brazil). Earth Interaction, 9, 1-23.

Donovan, L.A. & Ehleringer, J.R. (1991) Ecophysiological differences among juvenile and reproductive plants
of several woody species. Oecologia, 86, 594-597.

Durand, L.Z. & Goldstein, G. (2001) Photosynthesis, Photoinhibition, and Nitrogen Use Efficiency in Native
and Invasive TreeFerns in Hawaii. Oecologia, 126(3), 345-354.

Eamus, D., Myers, B., Duff, G. & Williams, R. (1999) A cost-benefit analysis of leaves of eight Australian
savannah tree species of differing leaf life-span. Photosynthetica, 36(4), 575-586.

Eamus, D., Prichard, H. (1998) A cost-benefit alysis of leaves of four Australian savannah species. Tree
Physiology 18, 537-545.

Ehleringer, J.R., Comstock, J.P. & Cooper, T.A. (1987) Leaf-twig carbon isotope ratio differences in
photosynthetic-twig desert shrubs. Oecologia, 71(2), 318-320.

Ellsworth, D. S., Reich, P. B., Naumburg, E. S., Koch, G. W., Kubiske, M. E. & Smith, S. D. (2004)
Photosynthesis, carboxylation and leaf nitrogen responses of 16 species to elevated pCO, across four free-air
CO, enrichment experiments in forest, grassland and desert. Global Change Biology, 10, 2121-2138.

Ellsworth, D. S., Thomas, R., Crous, K. Y., Palmroth, S., Ward, E., Maier, C., DeLucia, E. & Oren, R. (2012),
Elevated CO, affects photosynthetic responses in canopy pine and subcanopy deciduous trees over 10 years:
a synthesis from Duke FACE. Global Change Biology, 18, 223-242.

Estrada-Medina, H., Santiago, L.S., Graham, R.C., Allen, M.F. & Jimenez-Osornio, J.J. (2013) Source water,
phenology and growth of two tropical dry forest tree species growing on shallow karst soils. Trees-Structure
and Function, 27(5), 1297-1307.

Feng, Y.-L., Auge, H. & Ebeling, S.K. (2007) Invasive Buddleja davidii allocates more nitrogen to its
photosynthetic machinery than five native woody species. Oecologia, 153, 501-510.

Flanagan, L.B., Cook, C.S. & Ehleringer, J.R. (1997) Unusually low carbon isotope ratios in plants from
hanging gardens in southern Utah. Oecologia, 111, 481-489.

Flexas, J., Gulias, J., Josson, S., Medrano, H. & Mus, M. (2001) Seasonal pattern and control of gas exchange in
local populations of the Mediterranean evergreen shrub Pistacia lentiscus L. Acta Oecologica, 22, 33-43.

Franco, A.C. & Luttge, U. (2002) Midday depression in savannah trees: coordinated adjustments in
photochemical efficiency, photorespiration, CO, assimilation and water use efficiency. Oecologia, 131, 356—
365.

Franco, A.C., Bustamante, M., Caldas, L.S., Goldstein, G., Meinzer, F.C., Kozovits, A.R., Rundel, P. &
Coradin, V.T.R. (2005) Leaf functional traits of Neotropical savanna trees in relation to seasonal water
deficit. Trees, 19(3), 326-335.

Friend, A.D., Woodward, F.I. & Switsur, V.R. (1989) Field Measurements of Photosynthesis, Stomatal
Conductance, Leaf Nitrogen and 613C Along Altitudinal Gradients in Scotland. Functional Ecology, 3(1),
117-122.

Funk, J.L. (2008) Differences in plasticity between invasive and native plants from a low resource environment.
Journal of Ecology, 96, 1162—-1173.

Gamage, H.K., Ashton, M.S. & Singhakumara, B.M.P. (2003) Leaf structure of Syzygium spp. (Myrtaceae) in
relation to site affinity within a tropical rain forest. Botanical Journal of the Linnean Society, 141, 365-377.

Givnish, T.J., Montgomery, R.A. & Goldstein, G. (2004) Adaptive radiation of photosynthetic physiology in the
Hawaiian lobeliads: Light regimes, static light responses, and whole-plant compensation points. American
Journal of Botany, 91(2), 228-246.



Gower, S.T., Reich, P.B. & Son, Y. (1993) Canopy dynamics and aboveground production of five tree species
with different leaf longevities. Tree Physiology, 12, 327-345.

Gratani, L. & Bombelli, A. (2001) Differences in leaf traits among Mediterranean broad-leaved evergreen
shrubs. Annales Botanici Fennici, 38, 15-24.

Gratani, L. & Varone, L. (2004) Leaf key traits of Erica arborea L., Erica multiflora L. and Rosmarinus officilis
L. co-occurring in the Mediterranean maquis. Flora, 199, 58-69.

He, J.-S., Wang, Z., Wang, X., Schmid, B., Zuo, W., Zhou, M., Zheng, C., Wang, M. and Fang, J. (2006) A test
of the generality of leaf trait relationships on the Tibetan Plateau. New Phytologist, 170, 835-848.

Heroult, A., Lin, Y.-S., Bourne, A., Medlyn, B. E. and Ellsworth, D. S. (2013) Optimal stomatal conductance in
relation to photosynthesis in climatically contrasting Eucalyptus species under drought. Plant, Cell &
Environment, 36, 262-274.

Hiremath, A.J. (2000) Photosynthetic nutrient-use efficiency in three fast-growing tropical trees with differing
leaf longevities. Tree Physiology, 20(14), 937-944.

Holscher, D. (2004) Leaf traits and photosynthetic parameters of saplings and adult trees of co-existing species
in a temperate broad-leaved forest. Basic Applied Ecology, 5, 163-172.

Holscher, D., Leuschner, C., Bohman, K., Juhrbandt, J., Tjitrosemito, S. (2004) Photosynthetic characteristics in
relation to leaf traits in eight co-existing pioneer tree species in Central Sulawesi, Indonesia. Journal of
Tropical Ecology, 20, 157-164.

Holscher, D., Leuschner, C., Bohman, K., Hagemeier, M., Juhrbandt, J. & Tjitrosemito, S. (2006) Leaf gas
exchange of trees in old-growth and young secondary forest stands in Sulawesi, Indonesia. Trees, 20(3),
278-285.

Huc, R., Ferhi, A. & Guehl, J.-M. (1994) Pioneer and late stage tropical rainforest tree species (French Guiana)
growing under common conditions differ in leaf gas exchange regulation, carbon isotope discrimination and
leaf water potential. Oecologia, 99, 297-305.

Jiang, G.M., Tang, H.P., Yu, M., Dong, M. & Zhang, X.S. (1999) Response of photosynthesis of different plant
functional types to environmental changes along Northeast China Transect. Trees-Structure and Function,
14, 72-82.

Jokela, A., Sarjala, T., Kaunisto, S. & Huttunen, S. (1997) Effects of foliar potassium concentration on
morphology, ultrastructure and polyamine concentrations of Scots pine needles. Tree Physiology, 17, 677-
685.

Juhrbandt, J., Leuschner, C. & Holscher, D. (2004) The relationship between maximal stomatal conductance and
leaf traits in eight Southeast Asian early successional tree species. Forest Ecology and Management, 202,
245-256.

Karst, A. L. & Lechowicz, M. J. (2007) Are correlations among foliar traits in ferns consistent with those in the
seed plants? New Phytologist, 173, 306-312.

Katahata, S., ramoto, M., Kakubari, Y. & Mukau, Y. (2005) Photosynthetic acclimation to dynamic changes in
environmental conditions associated with deciduous overstory phenology in Daphniphyllum humile, an
evergreen understory shrub. Tree Physiology, 25, 437-445.

Kazda, M., Salzer, J. & Reiter, 1. (2000) Photosynthetic capacity in relation to nitrogen in the canopy of a
Quercus robur, Fraxinus angustifolia and Tilia cordata flood plain forest. Tree physiology, 20, 1029-1037.

Keith, H., Leuning, R., Jacobsen, K.L., Cleugh, H.A., van Gorsel, E., Raison, R.J., Medlyn, B.E., Winters, A. &
Keitel, C. (2009) Multiple measurements constrain estimates of net carbon exchange by a Eucalyptus forest.
Agricultural and Forest Meteorology, 149, 535-558.

Kitajima. K, Mulkey, SS & Wright, S.J. (2005) Variation in crown light utilization characteristics among
tropical canopy trees. Annals of Botany, 95(3), 535-547.

Kloeppel, B.D., Gower, S.T., Vogel, J.G. & Reich, P.B. (2000) Leaf-level resource use for evergreen and
deciduous conifers along a resource availability gradient. Functional Ecology, 14(3), 281-292.

Kogami, H., Haba, Y.T., Kibe, T., Terashima, I. & Masuzawa, T. (2001) CO, transfer conductance, leaf
structure and carbon isotope composition of Polygonum cuspidatum leaves from low and high altitudes.
Plant, Cell and Environment, 24, 529-538.

Kolb, K.J. & Davis, S.D. (1994) Drought Tolerance and Xylem Embolism in Co-Occurring Species of Coastal
Sage and Chaparral. Ecology, 75(3), 648-659.



Kolb, T.E., Holmberg, K.M., Wagner, M.R., Stone, J.E. (1998) Regulation of ponderosa pine foliar physiology
and insect resistance mechanisms by basal area treatments. Tree Physiology, 18, 375-381.

Laisk, A., Eichelmann, H., Oja, V., Rasulov, B., Padu, E., Bichele, 1., Pettai, H. & Kull, O. (2005) Adjustment
of leaf photosynthesis to shade in a natural canopy: rate parameters. Plant, Cell and Environment, 28(3),
375-388.

Lee, T., Barrott, S.H. & Reich, P.B. (2011) Photosynthetic responses of 13 grassland species across 11 years of
free-air CO, enrichment is modest, consistent and independent of N supply. Global Change Biology, 17,
2893-2904.

Eichelmann, H., Oja, V., Rasulov, B., Padu, E., Bichele, 1., Pettai, H., Mand, P., Kull, O. & Laisk, A. (2005)
Adjustment of leaf photosynthesis to shade in a natural canopy: reallocation of nitrogen. Plant, Cell and
Environment, 28(3), 389-401.

Liu, X., Ellsworth, D.S. & Tyree, M.T. (1997) Leaf nutrition and photosynthetic performance of sugar maple
(Acer saccharum) in stands with contrasting health conditions. Tree Physiology, 17, 169-178.

Llorens, J., Penuelas, J. & Fillela, I. (2003) Diurnal and seasonal variations in the photosynthetic performance
and water relations of two co-occurring Mediterranean shrubs, Erica multiflora and globularium alpinum.
Physiologia Plantarum, 118, 84-95.

Lovelock, C.E., Feller, 1.C., Mckee, K.L., Engelbrecht, B.M.J. & Ball, M.C. (2004) The effect of nutrient
enrichment on growth, photosynthesis and hydraulic conductance of dwarf mangroves in Panama.
Functional Ecology, 18(1), 25-33.

Lusk, C.H., Wright, I.J. & Reich, P.B. (2003) Photosynthetic differences contribute to competitive advantage of
evergreen angiosperm trees over evergreen conifers in productive habitats. New Phytologist, 160(2), 329-
336.

McPherson, S., Eamus, D. & Murray, B.R. (2004) Seasonal impacts of leaf attributes of several tree species
growing in three diverse ecosystems in south-eastern Australia. Australian Journal of Botany, 52:293-301.

Mediavilla, S. & Escudero, A. (2003) Photosynthetic capacity, integrated over the lifetime of a leaf, is predicted
to be independent of leaf longevity in some tree species. New Phytologist, 159, 203-211.

Mediavilla, S. & Escudero, A. (2003) Relative growth rate of leaf biomass and nitrogen content in several
mediterranean woody species. Plant Ecology, 168, 321-332.

Meinzer, F.C., Rundel, P.W., Goldstein, G. & Sharifi, M.R. (1992) Carbon isotope composition in relation to
leaf gas exchange and environmental conditions in Hawaiian Metrosideros polymorpha populations.
Oecologia, 91(3), 305-311.

Midgley, G. F., Aranibar, J. N., Mantlana, K. B. & Macko, S. (2004) Photosynthetic and gas exchange
characteristics of dominant woody plants on a moisture gradient in an African savannah. Global Change
Biology, 10, 309-317.

Mitchell, A.K. (1998) Acclimation of Pacific yew (Taxus brevifolia) foliage to sun and shade. Tree Physiology,
18, 749-757.

Mitchell, A.K. (2001) Growth limitations for conifer regeneration under alternative silvicultural systems in a
coastal montane forest in British Columbia, Canada. Forest Ecology and Management, 145, 129-136.

Nagel, J.M. & Griffin, K.L. (2004) Can gas-exchange characteristics help explain the invasive success of
Lythrum salicaria? Biological Invasions, 6, 101-111.

Nagel, J.M., Griffin, K.L., Schuster, W.S.F., Tissue, D.T., Turnbull, M.H., Brown, K.J. & Whitehead, D. (2002)
Energy investment in leaves of red maple and co-occurring oaks within a forested watershed. Tree
Physiology, 22, 859-867.

Niinemets, U., Wright, I.J. & Evans, J.R. (2009) Leaf mesophyll diffusion conductance in 35 Australian
sclerophylls covering a broad range of foliage structural and physiological variation. Journal of
Experimental Botany, 60(8), 2433-2449.

Nygren, P. (1995) Leaf CO, exchange of Erythri poeppigia (Leguminosae: Phaseolae) in humid tropical field
conditions. Tree Physiology, 15, 71-83.

Oleksyn, J., Karolewski, P., Giertych, M.J., Zytkowiak, R., Reich, P.B. & Tjoelker, M.G. (1998) Primary and
secondary host plants differ in leaf-level photosynthetic response to herbivory: evidence from Altus and
Betula grazed by the alder beetle, Agelastica alni. New Phytologist, 140(2), 239-249.



Oleksyn, J., Zytkowiak, R., Reich, P.B., Tjoelker, M.G. & Karolewski, P. (2000) Ontogenetic patterns of leaf
CO, exchange, morphology and chemistry in Betula pendula trees. Trees, 14, 271-281.

Poorter, L. & Bongers, F. (2006) Leaf traits are good predictors of plant performance across 53 rain forest
species. Ecology, 87, 1733-1743.

Porte, A. & Loustau, D. (1998) Variability of the photosynthetic characteristics of mature needles within the
crown of a 25-year-old Pinus pinaster. Tree Physiology, 18, 223-232.

Resco, V., Ewers, B.E., Sun, W., Huxman, T.E., Weltzin, J.F. & Williams, D.G. (2009) Drought-induced
hydraulic limitations constrain leaf gas exchange responses to precipitation pulses in the C3 woody legume,
Prosopis velutina. New Phytologist, 81, 672-682.

Richards, A.E. & Schmidt, S. (2010) Complementary resource use by tree species in a rain forest tree plantation.
Ecological Applications, 20, 1237-1254

Rundel, P.W., Gibson, A.C., Midgley, G.S., Wand, S.J.E., Palma, B., Kleier, C. & Lambrinos, J. (2003)
Ecological and ecophysiological patterns in a pre-altiplano shrubland of the Andean Cordillera in northern
Chile. Plant Ecology, 169, 179-193.

Ryan, M.G., Hubbard, R.M., Pongracic, S., Raison, R.J. & McMurtrie, R.E. (1996) Foliage, fine-root, woody
tissue and stand respiration in Pinus radiata in relation to nitrogen status. Tree Physiology, 16: 333-343.
Sanquist, D.R. & Cordell, S. (2007) Functional diversity of carbon-gain, water-use, and leaf-allocation traits in

trees of a threatened lowland dry forest in Hawaii. American Journal of Botany, 94(9), 1459-69.

Santiago, L.S. & Dawson, T.E. (2014) Light use efficiency of California redwood forest understory plants along
a moisture gradient. Oecologia, 174, 351-363.

Santiago, L.S., Kitajima, K., Wright, S.J. & Mulkey, S.S. (2004) Coordinated changes in photosynthesis, water
relations and leaf nutritional traits of canopy trees along a precipitation gradient in lowland tropical forest.
Oecologia, 139, 495-502.

Santiago, L.S. & Wright, S.J. (2007) Leaf functional traits of tropical forest plants in relation to growth form.
Functional Ecology, 21, 19-27.

Smith, M.D. & Knapp, A.K. (2001) Physiological and Morphological Traits of Exotic, Invasive Exotic, and
Native Plant Species in Tallgrass Prairie. International Journal of Plant Sciences, 162(4), 785-792.

Sobrado, M. A. (1994) Leaf, age effects on photosynthetic rate, transpiration rate and nitrogen content in a
tropical dry forest. Physiologia Plantarum, 90, 210-215.

Springer, C.J., DeLucia, E.H., Thomas, R.B. (2005) Relationships between net photosynthesis and foliar
nitrogen concentrations in a loblolly pine forest ecosystem grown in elevated atmospheric carbon dioxide.
Tree Physiology, 25, 385-394.

Sullivan, J.H., Bovard, B.D., Middleton, E.M. (1997) Variability in leaf-level CO, and water fluxes in Pinus
banksia and Picea mariana in Sasketchewan. Tree Physiology, 17, 553-561.

Sullivan, P.F. & Welker, J.M. (2007) Variation in leaf physiology of Salix arctica within and across ecosystems
in the High Arctic: test of a dual isotope (d13C and d180) conceptual model. Oecologia, 151(3), 372-386.

Takagi, M. & Gyokusen, K. (2004) Light and atmospheric pollution affect photosynthesis of street trees in
urban environments. Urban Forestry & Urban Greening, 2, 167-171.

Thomas, S.C. & Bazzaz, F.A. (1999) Asymptotic height as a predictor of photosynthetic characteristics in
Malaysian rain forest trees. Ecology, 80, 1607-1622.

Tissue, D.T., Barbour, M.M., Hunt, J.E., Turnbull, M.H., Griffin, K.L., Walcroft, A.S. & Whitehead, D. (2006)
Spatial and temporal scaling of intercellular CO, concentration in a temperate rainforest dominated by
Dacrydium cupressinum in New Zealand. Plant, Cell and Environment, 29, 497-510.

Tissue, D.T., Griffin, K.L., Turnbull, M.H. & Whitehead, D. (2005) Stomatal and non-stomatal limitations to
photosynthesis in four tree species in a temperate rainforest dominated by Dacrydium cupressinum in New
Zealand. Tree Physiology, 25, 447-456.

Tjoelker, MG., Craine, .M., Wedin, D., Reich, P.B. & Tilman, D. (2005) Linking leaf and root trait syndromes
among 39 grassland and savannah species. New Phytologist, 167, 493-508.

Turnbull, M.H., Whitehead, D., Tissue, D.T., Schuster, W.S.F., Brown, K.J., Engel, V.C. & Griffin, K.L. (2002)
Photosynthetic characteristics in canopies of Quercus rubra, Quercus prinus and Acer rubrum differ in
response to soil water availability. Oecologia, 130(4), 515-524.



Valladares, F., Zaragoza-Castells, J., Sdnchez-Gémez, D., Matesanz, S., Alonso, B., Portsmuth, A., Delgado. A.,
Atkin, O.K. (2008) Is Shade Beneficial for Mediterranean Shrubs Experiencing Periods of Extreme Drought
and Late-winter Frosts? Annals of Botany, 102(6), 923-933.

Vincent, G. (2001) Leaf photosynthetic capacity and nitrogen content adjustment to canopy openness in tropical
forest tree seedlings. Journal of Tropical Ecology, 17, 495-509.

Warren, C.R., Livingston, N.J., Turpin, D.H., Grant, N.J., Turpin, D.H., Harrison, D.L. & Black, T.A. (2003)
Transfer conductance in second growth Douglas-fir (Pseudotsuga menziesii (Mirb.)Franco). Plant, Cell and
Environment, 26(8), 1215-1227.

Warren, C.R. & Adams, M.A. (2001) Distribution of N, Rubisco and photosynthesis in Pinus pinaster and
acclimation to light. Plant, Cell and Environment, 24, 597-609.

Warren, C.R., Tausz, M. & Adams, M.A. (2005) Does rainfall explain variation in leaf morphology and
physiology among populations of red ironbark (Eucalyptus sideroxylon subsp. tricarpa) grown in a common
garden? Tree Physiology, 25, 1369-1378.

Whitehead, D., Boelman, N.T., Turnbull, M.H., Griffin, K.L., Tissue, D.T., Barbour, M.M., Hunt, J.E.,
Richardson, S.J. & Peltzer, D.A. (2005) Photosynthesis and leaf reflectance indices for rainforest species in
ecosystems undergoing progression and retrogression along a soil fertility chronosequence in New Zealand.
Oecologia, 144, 233-244.

Williams, D.G. & Ehleringer, J.R. (1996) Carbon isotope discrimination in three semi-arid woodland species
along a monsoon gradient. Oecologia, 6, 455-460.

Williams, D.G. & Ehleringer, J.R. (2000) Carbon isotope discrimination and water relations of oak hybrid
populations in southwestern Utah. Western North American Naturalist, 60, 121-129.

Xiong, F.S., Mueller, E.C. & Day, T.A. (2000) Photosynthetic and Respiratory Acclimation and Growth
Response of Antarctic Vascular Plants to Contrasting Temperature Regimes. American Journal of Botany,
87(5), 700-710.

Zheng, S.X. & Shangguan, Z.P. (2007) Spatial patterns of photosynthetic characteristics and leaf physical traits
of plants in the Loess Plateau of China. Plant Ecology, 191, 279-293.



Appendix S2 — Dataset

The “global Amax” trait-soil-climate dataset is available at the DRY AD Digital Respository
(http://datadryad.org/) with the following details:

Title: Global leaf photosynthesis database

Data identifier: doi:10.5061/dryad.j42m7



Appendix S3 — Details on soil and climate variables and their

biogeographic representation

Table S3-1: Description of soil and climate variables used in this study.

Variable Description Unit Database

Complex driver

ELEV Elevation m oS

LAT Latitude ° oS

Temperature

TMP:ean Mean annual temperature °C OS > CRU

TMP i Minimal monthly temperature °C CRU

TMP,.x Maximal monthly temperature °C CRU

TMP,, Cumulative daily temperature above 0°C (TMPOy,) or 5°C (TMP5,;) °C Calculated

TMP,, Number of days with daily temperature above 0°C (TMPO,;,) or 5°C (TMP5,,,) # Calculated

TMPnge Mean diurnal temperature range (X (TMPpux ~TMPyin) / 12) °C Calculated

TMPj, Isothermality (TMPiange/(TMP ax =TMPpi)) *0 - Calculated

Precipitation

PPTean Mean annual precipitation mm OS > CRU

PPT.in Minimum monthly precipitation mm CRU

PPT . Maximum monthly precipitation mm CRU

PPT., Coefficient of variation of monthly precipitation mm CRU

PPTcason Seasonality of precipitation: seasonal concentration of precipitation over the year 0-1 Calculated
(PPTyeason = 1, all the precipitation are concentrated on one month)

Radiation

SUNnean Mean annual fractional sunshine duration (measured sunshine hours / theoretical % CRU
maximum duration of sunshine hours)

SUNmnin Mean monthly fractional sunshine duration % CRU

SUNnax Maximum monthly fractional sunshine duration % CRU

SUNrange Range of monthly fractional sunshine duration X (SUNpax-SUNpin) / 12 % CRU

PAR Cumulative photosynthetically active radiation with daily temperature above 0 °C W m? Calculated
(PARO) or 5°C (PARS)

RAD Global radiation W m? Calculated

Aridity

RH Relative humidity % CRU

PETr Potential evapotranspiration (Penman Monteith equation) mm month™ FAO 2004

PETq Equilibrium evapotranspiration (Prentice equation) mm month™! Calculated

MIg Moisture index (MIg = PPTe.n / PETE) mm mm’ FAO 2004

Mlq, Moisture index (Ml = PPTyean / PETg) mm mm’ Calculated

Soil structure - texture

BULK Bulk density kg dm™ SoilGrids

AWHC Auvailable water holding capacity (-33 to -1500 kPa; USDA standard) mm m™ ISRIC

CLAY Clay content Jowt SoilGrids

SILT Silt content Jowt SoilGrids

SAND Sand content Jowt SoilGrids

GRAVEL Gravel content Jowt SoilGrids

DEPTH Depth to the parent rock cm SoilGrids

Soil ion exchange capacity

pH Soil pH measured in H,O solution 0-14 SoilGrids

TBA Total exchangeable bases cmol kg! HWSD > ISRIC

SBA Base saturation as percentage of CECS % HWSD > ISRIC

CECS Cation exchange capacity cmol. kg™ SoilGrids

CECC Cation exchange capacity of clay size fraction, corrected from contribution of cmol® kg! HWSD > ISRIC
organic matter

SALT Salinity measured by the electrical conductivity of the soil dS m™ HWSD > ISRIC

SODIUM Sodicity measured by the exchangeable sodium percentage % of ECEC HWSD > ISRIC

ALU Exchangeable aluminium percentage % of ECEC ISRIC

CARB Calcium carbonate content g kg HWSD > ISRIC

Soil chemistry

Core Organic carbon content eC kg SoilGrids

Niot Total nitrogen content eN kg’l ISRIC

CN CN ratio 2C gN*! ISRIC

Pvail Available soil phosphate content mgP,0s kg'1 see App. S4

For the 288 sites of our study we obtained the variables from the following climate and soil
international databases: Global map of monthly reference evapotranspiration (FAO, 2004); Climatic



Research Unit (CRU, New et al., 2002); Harmonised World Soil Database (HWSD, FAO et al.,
2012); ISRIC-WISE database (ISRIC, Batjes, 2012); SoilGrids (ISRIC, 2013). Latitude and altitude
were obtained from original sources (OS). For most of the sites, mean annual temperature and
precipitation were also obtained from the original sources. Otherwise, they were obtained from the
CRU dataset, with TMP,,..., corrected where necessary assuming an altitudinal lapse rate of 0.6°C per
100m. The symbol ‘>’ indicates the order of database utilisation to obtain a full site-matrix of values.
Some climatic variables were calculated (indexed ‘calculated’ in the table) using monthly values of
temperature, sunshine duration and precipitation (originated from the CRU database) and formulae
from Wang et al. (2014).
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Figure S3-1: Geographical distribution of the 288 study sites on the Earth map representing the
variation of soil pH at a 30°’*30°” geographical resolution (SoilGrids, ISRIC 2013).
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Figure S3-2: Representation of the 288 study sites within (a) the Whittaker (1975)’s temperature-
precipitation diagram; (b) the Albrecht (1957 in Huston, 2012)’s conceptual model of soil
development and degradation; and (c) the soil texture triangle.



Table S3-1: Representation of soil types encountered in the plant trait dataset. Soil information was
extracted from SoilGrids (ISRIC, 2013) and corresponded to the soil taxonomy from the world
reference base (WRB) and the United State Department of Agriculture (USDA)

WRB USDA
Soil group site # Soil order site #
Acrisols 35 Alfisols 53
Alisols 7 Andisols 17
Andosols 18 Aridisols 18
Anthrosols 1 Entisols 16
Arenosols 6 Gelisols 2
Calcisols 2 Histosols 1
Cambisols 59 Inceptisols 25
Chernozems 1 Mollisols 58
Cryosols 13 Ocxisols 53
Ferralsols 16 Spodosol 12
Fluvisols 2 Ultisols 32
Gleysols 3 Vertisols 1
Histosols 1
Kastanozems 5
Leptosols 22
Luvisols 28
Nitisols 3
Phaeozems 5
Planosols 1
Podzols 21
Regosols 32
Solonchaks 3
Umbrisols 2
Vertisols 1
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Appendix S4 — Details on soil available phosphorus data

1. Method

We assembled different sources of soil profile data to obtain a global representation of soil
phosphorus. We first assembled geo-located soil profiles from (i) ISRIC-WISE v1.1 (South-
African and South-American soils, Batjes, 2002), (i1) a large international soil P database
(North American soils, Batjes, 2011a), (iii) an European topsoil survey (LUCAS, Téth et al.,
2013), (iv) a Chinese soil dataset (Shangguan et al., 2013) and (v) an Amazonian soil survey

(Quesada et al., 2010).
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Figure S4-1: Representation of the different datasets used to get P data for our plant trait sites (red
circles). ISRIC 2002 (orange); ISRIC 2011 (grey); LUCAS 2009 (blue); Quesada 2010 (purple);
Shangguan 2013 (black square).

Using the ‘Point Distance’ tool in ArcGis 10.1, we recorded the nearest soil profiles for each

site in the plant trait dataset. We did a literature survey to search for data from closer

locations when the distance from the nearest profile was more than 100 km.

Table S4-1: Sources of soil available phosphorus data used in our study. In the literature survey,
phosphorus data were extracted either from the original sources (OS) where the plant traits were
measured or from other resources / studies (OR) that included soil available P measurements at the
proximity of the site where plant traits were measured.

Row Labels Number of sites
ISRIC11 97
ISRICO02 55
Shangguanl3 35
LUCA09 43
Original Source (OS) 29
Other resource (OR) 28

Quesadal( 1




Despite issues of scale, as described further in Appendix S5, this protocol yielded a relatively

accurate soil phosphorus dataset (Figure S4-2).
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Figure S4-2: Distance between plant trait sites and soil available P sites, before and after the literature
survey.

A limited availability of soil P to plants may be due to deficiency and/or severe P-retention.
Therefore it is unlikely that a single extractant for measuring soil available P will suit all soils
and ecosystems (Fairhurst et al., 1999). Indeed, the data for plant available soil P held in the
above-mentioned databases were measured using a variety of chemical extraction methods,
with methods normally chosen as most appropriate for local conditions (e.g. pH). Table S4-2
shows that five different methods were used of which the Bray I method most frequently. Soil
properties (e.g. pH, soil mineralogy) affecting the selection of the appropriate P-test and

recommended methods are described elsewhere (Elrashidi, 2010).

Table S4-2: Chemical extraction procedures to measure plant available soil phosphorus. Mean pH
and Max pH are the average and the maximum values of soil pH observed for the respective P-
analysis methods in our dataset. Abbreviation Si:St means soil to solution ratio.

Row Labels Brief protocol of the chemical extraction Sites # Mean pH  Max pH
Bray I 0.03M NH,F, 0.025M HCI, 1:10 SiSt, Smin 139 59 7.7
Olsen 0.5M NaHCO;, pH 8.5, , 1:20 SiSt, 30min 98 6.3 8.4
Bray II 0.03M NH,F, 0.080M HCI, 1:10 SiSt, Smin 15 53 6.4
Colwell 0.5 M NaHCO;, pH 8.5, , 1:100 SiSt, 16h 18 5.8 7.9
Mehlich IIT  0.2M CH;COOH, 0.25M NH,NO;, 0.015M NH,F, 18 59 7.7

0.013M HNO;, 0.001M EDTA, , 1:10 SiSt, Smin

For our study, global in scope, these data were harmonized to the Bray I method based on
published conversion factors. In view of the range in chemical extraction protocols (Table
S4-2), we had to harmonize the various values to a common ‘standard’. Several conversion
factors are available for this (e.g. Mallarino, 1995), but these are often region specific. As the

Bray I method is most widely used in our dataset we selected it as the “target” method to



which all P-values should be converted. Based on a literature survey and some initial
analyses we opted to use a mean conversion factor. That is, we could not consider a globally
consistent pH-threshold for this (see Table S4-3); there simply is no consensus for this in the

literature.

Table S4-3: Conversion factors between Bray I method and other chemical extraction methods used
to measure soil P values. Among studies, linear equations (Bray 1 = b*P.method + a) are used
considering either the intercept a different of zero or not. To avoid calculation issues (negative values)
linked with the value of the intercept, we calculated a new slope value (new b) considering no
intercept (a = 0).

Bray I - Mehlich I11 b a new b Comment

Mallarino 1995 1.14 -6.25 1.06 North Dakota soils, pH < 7.5
Kleinman 2001 0.89 -0.84 0.88 Comparison of 9 labs and states, USA soils
Wolf 1985 2 2.00 USA soils, pH < 7.5

Alvey 2013 0.9 -8.4 0.79 North America soils, pH < 7.5
Cade-Menun 2008 0.88 0.88 Canada soils, spodosols, pH < 7.5
Ayodele 1981 1.04 1.04 African savannah soils

Mickaelson 1991 1 -4 0.95 Alaska soils

Gutierrez 2011 0.77 0.77 Argentina, pampean soils, Mollisols
Sawyer 1999 1.05 -2 1.02 America soils, pH < 7.3

Waunschler 2013 1.25 1.25 Austria, Germany soils, 6.1 <pH < 8
Sabbe 1998 0.94 -1.13 0.90 Arkansas soils

Mallarino 1997 1.03 -3.09 0.91 Towa soils, pH < 7.5

Michaelson 1987 0.76 -1.21 0.74 Alaska soils

Matejovic 1994 1.74 -3.14 1.68 Slovakia soils

Average 1.06

Bray I - Olsen b a new b Comment

Mallarino 1995 2.27 -7.05 2.22 North Dakota USA, pH < 7.5
Kleinman 2001 1.34 13.5 1.43 Comparison of 9 labs and states, USA
Wolf 1985 2.5 2.5 USA,pH< 7.5

Ayodele 1981 1.34 1.34 African savannah soils

Magyar 2011 1.37 10.2 1.44 Hungary soils

Sawyer 1999 1.74 -2 1.73 America soils, pH < 7.3

van Lierop 1988 243 1.95 2.39 British Columbia soils

da Silva 1999 1.25 2.14 1.21 Brazil soils

Average 1.78

Bray I - Bray 11 b a new b Comment

Wunschler 2013 0.855 0.86 Austria, Germany 6.1 < pH < 8
Bray I - Colwell b a new b Comment

Moody 2013 0.62 1.81 0.63 Australia pH < 7.5

Moody 2013 1.27 -11.29  1.20 Australia, pH > 7.6

Average 0.92

2. Evaluation of the P dataset
The broad-scale reliability of the harmonised P data was confirmed using categorical

information: the global distribution of soil P retention potential (Batjes, 2011b) and the
weathering stage associated with the soil orders of plant trait sites. As indicated in Appendix

S5, the assumption here (as for all the soils data) is that the overall correlations between



“actual” and dataset values should be robust and probably without strong systematic bias,

although the accuracy of individual estimates presumably varies rather widely.

Table S4-4: Representation of soil types encountered in the plant trait dataset and their corresponding
weathering stage. Soil taxonomical information was extracted from Soilgrids (ISRIC 2013) and is
defined according to the soil taxonomy from the United State Department of Agriculture (USDA, Soil
Survey Staff, 2010). Subsequently, the weathering stage of each soil type has been attributed
following Cross & Schlesinger (1995) and Yang & Post (2011).

Soil order Site # Weathering stage Soil order Site # Weathering stage
Alfisols 53 Intermediate Inceptisols 25 Low
Andisols 17 Low Mollisols 58 Intermediate
Aridisols 18 Intermediate Oxisols 53 High
Entisols 16 Low Spodosol 12 High
Gelisols 2 Low Ultisols 32 High
Histosols 1 Low Vertisols 1 Intermediate
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Figure S4-4: Soil available P data (after resolution improvement and method harmonization) among
the 288 sites grouped according to the inferred soil P retention class (Batjes, 2011) resp. soil
weathering stage (Yang et al., 2011).

Soil P and soil P retention
Recent studies based on analyses of a large soil profile database have concluded that it is not

yet possible to derivate meaningful/accurate values of soil available phosphorus at the global
scale (Batjes, 2010, Batjes, 2011a). Alternatively, it is possible to classify the ability of soils
to retain P based on their mineralogy, pH and clay content (Batjes, 2011b). Four classes,
rated from low to very high, have been proposed for this at the global scale. For the present
study, we have extracted the P-retention class at the 288 trait sites to evaluate if our new soil
P continuous (i.e. harmonised) data are in accordance with the categorical P retention classes.
Overall, we expected lower soil available P in soils with a very high P retention and higher

values for available P in low P retention soils.



Soil P and soil weathering
Soil orders following the soil taxonomy of the United State Department of Agriculture

(USDA) were extracted for our 288 sites from SoilGrids (ISRIC, 2013). This information has
been be used to determine the weathering stage according to rules published by Cross &
Schlesinger (1995) and Yang & Post (2011). Then, we could evaluate if our soil available P
data follow the decrease in soil available P that is expected along the weathering process.

As expected, Figure S4-4a shows that soils with a high inferred potential for P-retention ,
overall, have lower soil available P levels than soils belonging to the high and low P-retention
classs (p < 0.01, Tukey test). Similarly, as we can expect from soil development models
(Walker and Syers, 1976), Figure S4-4b shows that soil available P levels tend to increase
from low to intermediately soil weathering class, while it decreases significantly in the
highly weathered soil class (p < 0.05, Tukey test) leading to lower soil available P values
compared with slightly and intermediately weathered soil class. Considering proximal and
distal soil P sites from plant trait sites, results slightly changed as shown in Fig. S4-5.
Overall, our selection of soil available phosphorus data is in accord with what we could

expect from chemical and soil development characteristics of the soil.
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Figure S4-5: Soil harmonized available P data among the 288 sites, grouped according to soil P-
retention class (Batjes, 2011) and soil weathering class (Yang et al., 2011), clustered according to
proximity of plant trait sites (Upper panel: < 25 km; Lower panels:>=25 km).



3. Linking soil P with leaf photosynthetic traits
The covariation of the harmonised available soil P data with the stomatal conductance and the

leaf P content is shown in Figure S4-6.
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Figure S4-6: Relationship between soil harmonized available phosphorus and leaf stomatal
conductance and between soil harmonized available phosphorus and leaf phosphorus content. log g, =
-0.24 10g Py + 2.58, p < 0.001, 7* = 0.18; 1og Pyyey = -0.19 log P,y -1.17, p < 0.001, 7* = 0.18.

The covariation of P,y,i; with the stomatal conductance and leaf P, split between the different
sources the soil P values, is show in figure S4-6. Importantly, the significance of the
relationships observed above are not only driven by the original sources (OS, see Table S4-

1), where available soil P was measured in-situ.
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Figure S4-7: Relationship between soil harmonized available phosphorus and leaf stomatal
conductance, observed for the different data sources.
LUCAS : 12 =0.44, log Yt =-0.25 log X + 2.78, p < 0.001
OR :12=0.04,log Yt=-0.14log X + 2.29, p =ns
0S : 12 = 0.40, log Yt = -0.60 log X + 3.14, p < 0.001
ISRICO2 : r2 = 0.04, log Yt =-0.06 log X + 2.34, p=ns
ISRIC11: 12 = 0.20, log Yt = -0.19 log X + 2.53, p < 0.001
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Figure S4-8: Relationship between harmonized soil available phosphorus and leaf P content,
observed for the different data sources.

LUCAS : 12 =0.07,log Yt=0.19 log X - 1.10, p=ns

OR :12=0.07,1log Yt=-0.151og X -0.92, p=ns

0S:12=0.32,log Yt=0.18 log X -1.23, p < 0.01

China: 12 = 0.03, log Yt =0.10 log X -1.08, p = ns

ISRICO2 : 12 =0.44, log Yt =0.55log X -1.47, p < 0.05

ISRIC11: 12 =0.32,log Yt=0.37 log X -1.18, p < 0.001

The covariation of P,y,;; with the stomatal conductance (Fig. S4-9) and leaf P split (Fig. S4-

10) between the different methods used to measure soil P is shown below.
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Figure S4-9: Relationship between soil harmonized available phosphorus and leaf stomatal
conductance, observed for the different data sources.
Mehlich IIT : 12 = 0.19, log Yt =-0.18 log X + 2.43, p=ns
Olsen : 12 =0.39, log Yt =-0.31 log X + 2.75, p < 0.001
BrayI:12=0.18, log Yt =-0.22 log X + 2.54, p < 0.001
Bray II: 12 = 0.02, log Yt =0.06 log X + 2.28, p = ns
Colwell: 12 =0.29, log Yt =-0.34 log X + 2.71, p=ns
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Figure S4-10: Relationship between soil harmonized available phosphorus and leaf P content,
observed for the different data sources.
Mehlich IIT : 12 = 0.68, log Yt=0.39 log X - 1.14, p=ns
Olsen : 12 = 0.00, log Yt =0.03 log X — 0.92, p=ns
BrayI:12=0.27,log Yt =0.31 log X -1.29, p < 0.001
Colwell: 12 = 0.05, log Yt=1.11 log X -1.90, p = ns



Figures S4-11 and S4-12 present the covariation of soil harmonized available P (P,y,i) with
the stomatal conductance and leaf P content for different distances proximity classes between
the sites where soil P information has been measured and the plant trait sites. Irrespective of
site proximity, the figures show that P,,,; is negatively related with stomatal conductance and

positively related with leaf phosphorus.
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Figure S4-11: Relationship between soil harmonized available phosphorus and leaf stomatal
conductance, considering different selection of soil data based on the distance between plant
trait sites and soil P sites.
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Figure S4-12: Relationship between soil harmonized available phosphorus and leaf P
content, considering different selection of soil data based on the distance between plant trait
sites and soil P sites.
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Appendix S5 - Quality of soil data

Underpinning the use of gridded soils data in soil-trait analyses is the assumption that, while
the various individual estimates of “actual” site properties must surely vary widely in
accuracy, the overall correlations between “actual” and gridded values should be robust and
without strong systematic bias — especially when considering sites that vary so broadly in soil
properties. Of course, the same assumption is made when using climate data from gridded
datasets. Soil data were extracted from global soils datasets for each location where trait data
had been measured. These soil datasets vary in spatial resolution (SoilGrids and HWSD: 30
arc-second; ISRIC-WISE v1.2: 5 arc-minute) but have in common that they are interpolated
GIS surfaces underpinned by analyses of large soil profile datasets. Despite the relatively
high spatial resolution datasets of this kind inherently imply some level of generalisation;
further, their reliability and accuracy are determined by the availability and quality of the
underlying spatial and attribute data, which itself may vary from region to region, as well as
the adopted mapping approach (Cambardella & Karlen, 1999; Sanchez et al., 2009; Omuto et
al., 2012; Hengl et al., 2014).

Different relationships can be considered to evaluate the reliability and quality of our
soil data. The relationship observed between soil variables and geographical coordinates of
the plant trait sites can be considered as a first test in regards to the theoretical models of soil
/ ecosystem development (e.g. Peltzer et al., 2010; Huston, 2012). We observed that lower
latitude and altitude soils tend to be more acidic and have lower P,y,; (Table S7-4). This is in
agreement with the geographic history of the Earth locating, on average, younger and thinner
soils with higher soil pH and higher soil P content at high latitude and altitude (Sanchez,
1976; Huston, 2012).

Relationships observed between soil and climate variables that were extracted from
independent datasets can provide a second way to evaluate the suitability of our soil data for
the present analyses. Following well-known regional or global relationships (e.g. Jenny,
1941; Post et al., 1982; Jobbagy & Jackson, 2000), soil pH was strongly, negatively related
with precipitation and moisture index, while accumulation of soil organic C was positively
related with precipitation and negatively related with temperature (Table S7-4).

Third, some relationships between soil variables and leaf traits observed in our study
were in line with previous studies, where soil variables were measured in-situ. As such,
several regional studies in Africa and South America show that TBA (and soil pH) increase

Narea and Py, (Mantlana et al., 2008; Patino et al., 2012). Moreover, it has been already



observed that soil total nitrogen content negatively covaries with Ny, (Santiago et al., 2005;
Ordoiez et al., 2009). The highest accumulation of soil OM is observed in soils where
precipitation is high, temperature is low and soil pH is acidic, and where water-saturated, low
oxygen environments are unfavourable to microbial activity and organic matter
decomposition, such as in Histosols.

Finally, despite the soil P data being at lower spatial resolution than other variables,
and only representing available inorganic P (not, e.g. organic fractions), Py, was positively
related with Py, and with absolute latitude and altitude (Table S7-4; Kitayama et al., 2002;
Buendia et al., 2010), suggesting the data were of sufficient quality to encompass the main
geological difference found at the global scale that can impact leaf traits. Appendix 4 deals

with soil P data in more details.
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Appendix S6 Details on data analysis

This appendix includes details on the data analyses section of the main text. First, we detail
the power transformation that had been applied to each of the soil and climate variable before
statistical analysis. Second, we present in details the methods, their benefits and limitations to
answer the different questions tackled by our study.

1. Power transformation of environmental variables
Environmental variables were subjected to the Yeo-Johnson transformation using the ‘car’
package (R core team, 2013):
Y= [(Y+D)" —11/A [Eq. 1]
The transformation provides a powerful way of reducing skewness and can be applied to
variables that include negative values (e.g. temperature). Values of A for each variable are
given in Table S6-1.

Table S6-1: Value of lambda A for the transformation of the environmental variables. See table S3-1
for abbreviations.

Climate Lambda Soil lambda
Ml -0.833 ALU 0.500
Ml, -0.717 AWHC -1.000
PARO 1.588 BULK 6.467
PARS5S 1.472 CARB 0.330
PETE 1.000 CECC 0.771
PPT,, -1.343 CECS 0.330
PET, 1.184 CLAY 0.894
PPT .« 0.140 CN 0.000
PPTcan 0.067 Core -0.153
PPT i, 0.082 DEPTH 0.274
PPT pon  -1.546 GRAV 0.093
RAD 2.831 Niot -1.281
RH 2.492 P,ail -0.160
SUN,ax 1.000 pH 1.000
SUNnean 1.000 SALT -2.097
SUNpin 1.232 SAND 0.500
SUNiange 0.000 SBA 1.000
TMPO, 0.640 SILT 1.000
TMP5 0.500 SODIUM  -0.767
TMP;,, -0.205 TBA 0.122
TMP .« 2.138 ALU 0.500

TMPpen 1073
TMP,;,,  1.000
TMPO,,  7.556
TMP5,,  4.417
TMPrgee __0.500




2. Step-by-step statistical approach

Our study asks the following questions: (1) How do leaf traits vary together with facets of
soil fertility? (2) What are the most important soil and climate variables to explain the
variation of leaf traits? (3) How is leaf trait variation shared between soil and climate? As
climate and soil covary, the joined effect of soil-climate may dominate the pure effects of
climate and soil (Reich & Oleksyn 2004). As different soils are encountered in a given
climatic envelop, a significant pure effect of soils may be expected. (4) Photosynthetic rates
depends both on leaf N and gs, two strategic independent dimensions. Are these two
dimensions promoted by independent climate and soil dimensions? (5) Finally, what is the
minimal set of environmental and trait variables to represent the hypothesis structure for
photosynthetic rate and associated traits? To answer each question, a step-by-step statistical
approach has been followed and is presented in Table S6-2 with the ultimate aim to
disentangle soil and climate effects on leaf traits and photosynthetic rates. Teasing apart the
independent role of soil from the one of climate is certainly limited by the causality linking
soil to climate in such broad scale investigation. The use of path analysis is appropriate in
that exercise, while multiple mixed regressions were not but allowed accounting for the
unbalanced structure of the dataset (Table S6-2). Together, our overall approach showed that
an independent role of soil on leaf traits can be fairly considered.

Table S6-2 Step-by-step summary of statistical methods including the form of the underlying
statistical models, and the benefits and limitations of each analysis type.

Aim: Determine and quantify the role of key environmental variables on leaf photosynthetic traits and
rates

Step Model Benefit Limitation

1. Defining key dimensions of soil fertility and quantifying their relationships with leaf traits (using mixed
regression models)

Y=X - Accounts for the hierarchical - Does not account for collinearity between
structure of the data explanatory variables

2. Selecting the most important climatic and soil variables for explaining leaf trait variation (stepwise
procedure using multiple mixed regression models)

Y= - Accounts for the hierarchical - Does not account for causality between
[X1, X2, ..., Xn] structure of the data explanatory variables

3. Quantifying unique and joint effects of soils and climate in explaining variation in each leaf trait (using
variation partitioning with the most important environmental variables selected at step 2)

Y= - Accounts for the hierarchical - Does not account for causality between
[X1, X2, ..., Xn] structure of the data explanatory variables

4. Quantifying the explanatory power of soils and climate (selected at step 2) for the matrix of leaf traits (using
redundancy analysis)

[Y1,Y2,...,Yn]= - With no a-priori, allows one to - Does not account for causality between
[X1, X2, ..., Xn] explain covariance structure in a explanatory variables
trait matrix with covariance - Does not account for the hierarchical
structure of soil and climate structure of the data
matrices

5. Disentangling direct and indirect effects of leaf traits, soil and climate (selected at step 4) on photosynthetic
rate ‘Ag.e,’ (using path analysis)

[Y1,Y2,...,Yn] = - Accounts for the causality between - An a-priori approach, i.e. one linked with
[X1, X2, ..., Xn] Y1 and Yn, between X1 and Xn and the knowledge limits of the scientist.
between Yn and Xn. - Does not account for the hierarchical

structure of the data




Appendix S7 Ordination analyses of climatic and edaphic variable

This appendix includes the different analyses between environmental variables. Principal
component analyses identified the principal dimensions among climate variables, and those
among soil variables. The matrices of correlation between environmental variables are also
given.

1. Correlations between environmental variables

a. Principal component analyses of climatic and edaphic variables

Table S7-1: Principal component analyses of climate variables and soil variables. Each PCA included
20 variables that were power-transformed (Table S6-1) and was based on the correlation matrix and
considered a Varimax rotation. PCA has been computed with the ‘psych’ R package (R core team,
2013). The proportion of the variation explained by each axis and its corresponding eigenvalues are
given. For each variable, bold text denotes its highest contribution among the PCA axes. Note that
PETg, MIg TMPO,,, TMPO,,, PARO, PPT,, as being highly redundant with PET,, Ml, TMPS,,
TMP5,,, PARS, PPT..50n, respectively (Table S7-3). See table S3-1 for abbreviations.

PCA of climatic variables PCA of soil variables
Axis1 Axis2 Axis3 Axis1 Axis2 Axis3 Axis4 Axis5

40 % 32 % 8% 21% 18% 13% 11% 9%

Variable 8.0 6.8 1.3 Variable 4.7 3.3 2.4 1.6 1.2
TMP 1 ean 0.91 0.16 -0.05 ALU 0.15 -0.20 -0.14 -0.69 -0.02
TMP i, 0.93 0.29 0.02 AWHC 0.83 0.04 0.12 0.03 -0.01
TMP ax 0.82 -0.12 -0.21 BULK -0.46 0.27 0.04 0.05 -0.68
TMP 4nee -0.09 -0.76 0.17 CARB -0.17 0.53 -0.23 -0.28 0.51
TMPi50 0.81 0.20 0.20 CECC 0.40 0.66 -0.13 0.19 -0.07
TMP5,, 0.95 0.15 -0. CECS 0.29 0.69 0.34 -0.07 0.11
TMP5,;, 0.88 0.16 -0. CLAY -0.50 -0.31 0.52 -0.28 0.02
PPT can 0.43 0.80 0.00 CN 0.71 -0.25 -0.19 -0.16 -0.03
PPT in 0.18 0.70 -0.55 Corg 0.84 -0.12 0.11 0.00 0.26
PPT 0.48 0.75 0.28 DEPTH 0.01 -0.13 0.34 -0.56 0.08
PPT.a0n -0.07 -0.26 0.91 GRAV 0.05 -0.05 0.11 0.20 0.62
RH 0.15 0.88 -0.18 Niot 0.81 0.06 0.06 0.00 0.01
PET, 0.90 -0.26 0.18 | S 0.12 0.01 -0.13 0.71 0.37

Ml 0.07 0.91 -0.09 pH -0.42 0.77 -0.11 0.14 -0.1
SUN ean 0.41 -0.84 0.17 SALT -0.32 -0.04 0.11 0.00 0.33
SUN in 0.48 -0.72 0.01 SAND 0.06 -0.03 -0.96 0.13 -0.04
SUN nax 0.29 -0.83 0.26 SBA -0.45 0.70 0.15 0.34 -0.16
SUNange -0.30 0.25 -0.24 SILT 0.34 0.33 0.74 0.07 0.05
PARS 0.95 -0.18 -0.03 SODIUM -0.43 0.23 -0.17 0.32 0.16
RAD 0.74 -0.47 0.28 TBA -0.21 0.76 0.17 0.34 -0.17




b. Correlation matrix between climatic variables

Table S7-2: Pearson correlation matrix between the 26 climate variables (n = 288). All variables were power-transformed (see Table S6-1). Latitude and
altitude are also considered here. See table S3-1 for abbreviations. *, p < 0.05; **, p < 0.01; ***, p <0.001; ns, not significant.

T™P,e., TMP., TMP., TMP,.. TMP,, TMPO, TMP5, TMPO, TMP5, PPT,., PPT, PPT,, PPT, PPT., SUN,.. SUN. SUN,, SUN... RAD  PAR0  PARS RH PET, PET, Mig Miq ELEV LAT
TMP
TMP,;, | 0.91%%*
TMP g | 0.81%*%  0.69%**
TMP, e | -0.23%%* -0.32%** 0,07
TMP,, | 0.72%** 0.86*** 0.42***  -0.06
TMPO,, | 0.94%** ~0.94%** 0.86%** -0.27*** 0.74***
TMPS,, | 0.93*** 0.02%** 0.88*** -0.27*** 0.70*** 1.00%**
TMPO,, | 0.74***  0.82%%* 0.55*** -0.26*** 0.62%** 0.76%*** 0.73***
TMPS,, | 0.84%**  0.88%%* 0.67%** -0.27%** 0,68*** 0.88*** 0.86*** 0.88***
PPToan | 0.47%%F  0.59%F%  022%%F _Q55¥**  04Q%%F  (50%F*  (48%*F  045*F*  (.45%%*
PP, | 0.23*** 0.34%%* 006  -0.53*** 026%%* 0.27%%* 027%** 032%** 026%** 0.71%**
PPT, | 0.50%*F  0.62%%*  022%%% -050%** 056%** 0.52%%% (50%F*  0.428*%  0.44%F*F  0.86**F  0,52%F*
PPT, | -008 ~ -010  -0.06 033*** 003 010 -011  -0.19%*  -0.13* -0.33*** .0.78***  .0,01
PPTupon| -010  -013*  -011  031*** 000  -013* -014% -021*** -0.16%* -0.30%** -0.77*** 001  0.07%**
SUNpeon | 0.19%* 0.1 0.36***  0.67*%* 0.22%**  020%%* 020%** 009  0.17%* -0.40%** -0.55%** .034%** (3grxx  (3%**
SUN, | 0.22%%%  0.18%%  0.30%%  054%F%  028%FF  026%F* 0.26%** 017%%  0.26%** -029%%* -036*** -025%** 023%%*  015%  0.88%**
SUNp, | 0.13* 003  031%* 064*** 010  012* 012* 004 011 -0.48%%* -0.67%*% -0.39%** (0.46*** 0.42%**  0.91%**  0,69%**
SUNpge | -0.14%  -0.25%** 011 0.13%  -0.28%** -0.23*%* -022%** -021%** -0.25%%* _031*** -0.45%** -027*%* 031*%* 035*** 005  -0.36*** 0.40***
RAD | 055*** (0.54%** (56¥** 030%%* 0.58%* 057%%* 056" 0.41%%* 053%* 003 -033*** 010  0.38%* 031%** 075*** 074%* 066  -0.09
PARD | 0.74*** 0.76%** 0.75*** 017*%  0.68*** 081*** 0.80*** 069*** 075*** 014* -008 018 011 0.05  0.65%** 0.64*** 056*** -012*  0.81%**
PARS | 0.82%** 0.83*** 079%** 002  0.69*** 0.89%** 089%** 076%** 0.86*** 023** 002 027*** 004 2002 0.52F%F 053K 0.44%*F  015% | Q75F*F  0.97%*
RH | 032%%*% 039%** 008  -0.74*%* 023%%* (,33%¥* (032%%*% (34%*% (031%** 0,68%** 0.68%** 0.63*** -0.41%** -036*** -075%** -0.61*** -0.73*** .019%* -038*** .014* 001
v

PET, | 0.73%%* (0.68*** 0.79%** 023*%* 0.63*%* 077%%* 077 052%* 063*** 005  -014* 011  0.14* 008  0.70"** 067*** 0.60"** -010 0.83*** 092%%* (0.88*** -0.20%**
PETq | 0.72%%% 0.77%%% 0.73*%*  0.14% Q.77+ 0.80%** 0.79%** 0.52%** 0.65%*** 020%**  -0.09  0.30%** 0.21*** 015%  0.62*** 0.62*** 0.50%** -017%* 0.84%** 092*** 0.88*** .014*  0.91%**
Mi, 0.15%  0.28%%*  -0.08 -0.63*** 020%%* 017  0.15%  0.23%%%  0I17%%  0.91%F  0.73%F%  075%FF .0.30%FF .034%FX Q67FFF -0.55¥KX LQ71FKK L026¥FX -0376%F 02306 012F  QT7F*F -0.34%*F  .0,18%*
Mig | 0.17%%  028***  .0.06 -0.63*** 0.17** 0.18*  0.16** 025%* 019%% 090%** 0.75***  0.72¥F* _044%F* 030%FF _0E7¥F* -0.55FFF 071¥KX 025¥¥F 037K L0.22%¥F 011  0.76%%* -0.31*%* -0.20%** 0,99%**

-0. -0. -0. . T 000 -0.49%F* -Q5IRRE L0A7FFE L048FFF L031%F* 035F*F 021K 040%F*  036%*F  0.27%*  025%*F  0.22%%*  -002 009  -0.17*% -031%** -0.52%%* -012* 005  -0.27*** -0.35***
ELEV | -0.55%** -0.37%%* -0.49%** (0.42%**
LAT | -047%%% -051%%* -0.19%* " 000  -0.56*** -0.45%%* .0.42%** -050%F* -0,58*** -032%%* .0.18** -035%** 0,03 0.02 011 -018%%  -0.01  0.26%*F -0.42¢%% 038 -0.44%F  .012* -036%** -0.36*** -0.16** -0.17%*  0.19**
alat | -0.74*** -0.80*** -0.59*** 0,08 -0.86*** -0.78*** _0.77*** -0.45*** _0.60*** -0.45*** -015% -0.56*** -0.15% 011 -027*** -0.32%** _0.16**  025%*** -0.64*** -0.68*** -0.69*** -0.16** -0.68*** -0.86*** -0.14* 009  -0.03  0.43***




C.

Correlation matrix between soil variables

Table S7-3: Pearson correlation matrix between the 20 soil variables (n = 288). All variables were power-transformed (see Table S6-1). See table S3-1 for
abbreviations. *, p < 0.05; **, p <0.01; ***, p <0.001; ns, not significant.

ALU AWHC BULK CARB CECC CECS CLAY CN Cor DEPTH  GRAV Niot Pavail pH SALT SAND SILT SODIUM
ALU
AWHC 0.11™
BULK -0.12%  -0.33%**
CARB 0.01™ -0.18%* 0.02™
CECC -0.14* 0.3 %% 0.01™ 0.13%*
CECS 0.09™ 0.31%** 0.04™ 0.24%%% (. 42%*+*
CLAY 0.10™  -0.31%** 0.05™ 0.05™  -0.50%** 0.06™
CN 0.21%#%  .52%k%  036%**  0.11™ 0.08™ 0.00™  -0.25%#*
Corg 0.17%%  0.62%** -0.55%**  0.05" 0.18%*  0.27*%*  Q.27%*k*%  (.53%**
DEPTH 0.29%** 0.03™ 0.07™ 0.06™ -0.17%* 0.03™ 0.23%%* 0.04™ 0.04™
GRAV 0.10™ 0.05™  -0.32%%  0.09™ 0.05™ 0.02"™ 0.09"™ 0.05™ 0.19%%* 0.02"
Niot 0.05™ 0.74%%%  -0.34%++  0.08"™ 0.34%%%  (.24%%%  0.28%F*  (.54%**  (.6]FF* 0.09™ 0.01™
Pavail -0.31%%* 0.03™ 0.10™ 0.10™ 0.12% 0.03"™  -0.26**%*  0.00™ 0.15%%  -0.20%**  (.]19%** 0.04™
pH -0.31F¥*  0.20%Fk Q. 42%xx  Q31FxF* 0.31FEE 0.35%F*F  -0.15%  -041%FF 0.57FEF -0.14% 0.06™  -0.28***  0.06™
SALT 0.06™ 0.09"™ 0.02" 0.08™ 0.04™ -0.13* 0.20%#%  0.21%**  -0.26%*%*  0.10™ 0.10™ 0.05™ 0.05™  0.05™
SAND 0.01™ 0.05™ -0.04 0.06™ 0.13*  -0.32%%%  -0.61%**  (0.17** 0.09™  -0.30%**  0.07™ 0.02™ 0.15%  0.09™  0.10™
SILT 0.09"™ 0.327%#* 0.02" 0.01™ 0.25%%% Q. 47*** 0.08™ 0.02" 0.35%%%  (.19%* 0.17*%  0.26% 0.05"  0.03"  0.05™ -0.74%%*
SODIUM  -0.25%*%  -(.22%%* 0.15% 0.16%* 0.05™ 0.01™ 0.07"  -0.31%%k -035%%% 027k (0,04  -0.25%%  0.14* 0.38*** 0.10™  0.10™ -0.17%*
TBA -0.44%%* 0.11™ 0.35%%*  0.21%**  (.39¥¥*  (.39%** 0.11™  -0.38%**  -0.28%** -0.25%*  (.06™ 0.11™ 0.07"™  0.70*** 0.02"™  -0.12* 0.24%%% — (.2]%**




d. Correlation matrix between key climate and key soil variables

Table S7-4: Pearson correlation between key soil and climate variables across sites (n = 288). The
correlation between soil and absolute latitude (aLAT) and altitude are also presented. For explanation
of variable abbreviations, see Table S3-1. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.

pH Corg SAND BULK P
TMP5g  -0.30%%% -027+%% 0.12%  0.14%  -0.45%%
MI, L0.74%%%  0.59%k%  _0.15% 0.48%* 0,02

PPTopon  0.20%%% 020%% 003" 003"  -0.07"

aLAT  037%%%  020%%F  0.15% 005"  031%
ELEV  0.20%%* 005" 000" -0.13* 0.24%%*




Appendix S8: Details on plant trait — environment analyses

In this appendix we present the various regressions of leaf photosynthetic rate (Ayea), leaf
nitrogen and phosphorus content (Nyeo and Py, respectively), stomatal conductance (gs) and
specific leaf area (SLA) on the soil and climate variables analysed in this study. First,
bivariate relationships between each functional trait and each environmental variable are
presented. We used mixed regression models (see main text) and test alternatively linear and
quadratic effect of the environmental variable on the plant trait.
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Figure S8-1: Bivariate models of linear mixed regression of A,ca, Narea and gs, and Agpeq, Parea and
SLA with each of the climatic and environmental variables. Variables are ranked from the highest to
the lowest coefficient of determination (rz) in the regression model explaining A,.,. Details on model
equations are given in Table S8-1. See table S3-1 for abbreviations.
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Figure S8-2: Bivariate models of quadratic mixed regression of A,ca, Nuwea and g, and Areq, Parea and
SLA with each of the climatic and environmental variables. Variables are ranked from the highest to
the lowest coefficient of determination (+%) in the regression model explaining A, Details on model
equations are given in Table S8-2. See table S3-1 for abbreviations.



Table S8-1: Details on the bivariate linear models presented in Fig S8-1.

Aurea 2 Narea Pirea SLA
r2 Slope Interc. r2 Slope Interc. r2 Slope Interc. r2 Slope Interc. r2 Slope Interc.

Climate

MI; 0.077 -3.75E-01 1.16 0.008  -2.02E-01 2.41 0.146  -3.54E-01 0.46 0.136  -2.59E-01 -0.76 0.057  2.23E-01 1.89
MI, 0.071 -3.41E-01 1.16 0.010 -2.02E-01 242 0.153  -3.20E-01 0.46 0.207 -2.99E-01 -0.73 0.046  1.83E-01 1.90
RH 0.064 -9.51E-06 1.14 0.001  3.10E-06  2.27 0.060 -1.37E-05  0.39 0.032  -3.04E-05 -0.84 0.034  1.01E-05 1.92
PPT 0.061  -3.82E-02 1.11 0.037 -4.15E-02  2.46 0.097 -2.57E-02  0.37 0.206 -1.96E-02 -0.79 0.022  1.39E-02 1.95
PPT 0 0.057 -5.56E-02 1.46 0.002 -1.71E-02 250 0.116 -4.25E-02 0.68 0.189 -1.03E-02 -0.62 0.028  1.85E-02 1.82
SUN s 0.054 4.41E-03  0.68 0.008 1.16E-04 2.5 0.092  1.34E-02 -0.13 0.079  3.02E-01 -2.17 0.080 -4.20E-02 2.61
SUN,ean 0.045  4.33E-03 0.74 -0.004 -1.75E-04  2.36 0.073  4.98E-03 -0.01 0.043  2.27E-01 -1.82 0.058 -5.45E-03 231
PPT 0.040 -3.48E-02 1.23 -0.001 -6.75E-03  2.37 0.067 -4.80E-02 0.57 0.143  -8.74E-03 -0.69 0.008 1.65E-02 1.90
PPT,, 0.022  3.85E-01  0.86 0.048  4.16E-01  2.18 0.033  2.08E-01  0.20 0.071  1.17E+00 -1.17 0.013  -1.60E-01  2.06
PPT is0n 0.019  4.28E-01 0.89 0.058  6.26E-01 2.19 0.024  2.21E-01 0.22 0.076  1.32E+00 -1.12 0.011 -1.89E-01 2.05
SUNunge 0.019  9.49E-02 0.68 0.020  4.88E-02 2.05 0.012  2.96E-02 0.17 0.134  5.17E-01 -1.91 0.018 -5.29E-02 2.17
RAD 0.014  1.31E-07  0.90 0.000 -1.05E-09 233 0.043  1.94E-07 0.16 0.001 -2.14E-08 -0.9 0.047  -3.40E-07 2.13
SUN i 0.013  8.32E-04 0.90 -0.004 -1.10E-03  2.41 0.037  1.24E-03 0.14 0.011  4.80E-04 -0.97 0.026 -1.50E-03 2.13
PET: 0.009  6.64E-05 0.90 0.009  7.58E-07 2.26 0.013  6.91E-05 0.19 0.016 -4.67E-06 -0.85 0.031 -1.11E-04 2.14
TMP;, 0.007 -1.96E-01  1.49 0.001 -4.20E-03 235 0.000  1.83E-02  0.23 0.081 -2.46E-02 -0.61 0.008  -9.54E-02  2.29
TMP3 0.005 -1.34E-03 1.02 0.007  1.01E-03 223 0.001 -1.95E-04  0.28 0.104 -8.71E-04 -0.81 0.002  -7.26E-04 2.05
TMPO,, 0.005 -6.82E-04 1.02 0.005  2.76E-04 2.24 0.001 -8.65E-05 0.28 0.104 -2.64E-04 -0.8 0.003 -3.57E-04 2.06
PARO 0.003  7.09E-07  0.94 0.000  6.97E-09 231 0.016  1.27E-07  0.19 0.005  4.67E-09 -0.96 0.034  -2.26E-07 2.15
PARS 0.002  1.16E-06 0.95 0.001  5.10E-08 2.29 0.014  3.11E-07 0.21 0.002 -3.01E-08 -0.9 0.038 -1.84E-07 2.11
TMP 0 0.002 -7.41E-04 0.99 0.004  1.93E-03 2.27 0.001 -3.89E-04 0.27 0.090 -3.85E-03 -0.84 0.003 -1.83E-03 2.04
TMP,;, 0.000 -1.85E-03  0.99 0.001  1.36E-03 230 0.001 -3.70E-04  0.27 0.111  -4.35E-03 -0.87 0.004 -1.62E-03  2.02
PET, 0.000  4.99E-07  0.97 0.008 5.98E-07 2.26 0.003  1.50E-05  0.20 0.003 -1.97E-08 -0.9 0.004 -1.26E-05  2.07
TMP -0.001 = 3.75E-05 0.96 0.028  2.60E-04 2.17 -0.001  8.63E-06 0.26 0.066 -8.35E-05 -0.84 -0.001 -2.98E-05 2.03
TMP nge -0.005  1.06E-02  0.77 0.002  -1.01E-02 251 -0.015  1.43E-02 -0.01 0.052  4.31E-03 -1.42 0.022  -3.48E-02 2.40
TMPO,, -0.002 -4.00E-08 1.01 0.008 -2.78E-12  2.38 0.000  1.19E-10 0.25 0.026 -1.40E-07 -0.86 0.045 -3.04E-07 2.13
TMP5,, -0.001 -4.00E-05 0.98 -0.002  1.99E-08 2.30 0.002  3.05E-06 0.26 0.083 -3.67E-04 -0.79 0.049 -2.82E-04 2.11
Soil

pH 0.123  8.10E-02 0.49 0.017  5.49E-03 2.18 0.172  4.00E-02 -0.10 0.162  5.66E-01 -1.99 0.061 -1.75E-02 220
SBA 0.066  2.00E-03  0.82 0.021  1.06E-03  2.25 0.065 3.00E-03  0.14 0.193  1.45E-01 -1.49 0.000  8.64E-05  2.01
TBA 0.053  5.20E-02 0.83 0.004  1.65E-02 2.28 0.072  4.80E-02 0.14 0.112  8.64E-02 -1.09 -0.001 = 2.60E-03 2.00
BULK 0.032  3.00E-03 0.85 0.041  2.13E-03 2.21 -0.009  2.00E-03 0.20 0.070  7.78E-03  -1.10 0.010  4.63E-04 1.99
Cone 0.028 -1.00E-01  1.22 0.006 -1.07E-01  2.52 0.064 -1.14E-01  0.56 0.035 -1.47E-01 -0.56 0.040  8.78E-02 178
SODIUM 0.023  2.80E-01 0.78 0.011 = 2.53E-01 2.16 0.033  2.75E-01 0.06 0.033  3.21E-01 -1.19 0.035 -2.12E-01 2.16
CARB 0.017  1.00E-02 0.90 -0.027 1.34E-02 2.26 0.054  1.30E-02 0.20 0.050 2.26E-02 -1.00 0.003 -1.55E-03  2.02
SAND 0.013  1.50E-02  0.79 0.029 -1.98E-02  2.56 0.000  0.00E+00  0.26 0.102  -1.43E-04 -0.72 0.032  -2.40E-02 229
GRAV 0.008 -3.30E-02 1.06 0.030 -4.84E-02 2.46 0.010  3.40E-02  0.18 -0.001  2.90E-02  -1.05 0.005 -2.86E-02  2.08
SILT 0.007 -1.00E-03 1.01 0.028  4.29E-03 2.20 0.004 -2.00E-03 0.30 0.047  6.34E-01 -2.18 0.058 5.86E-03 1.84
AWHC 0.005 -1.11E+00  2.01 0.000  8.99E-01 1.48 0.039  -2.60E+00  2.69 0.084 -2.17E-01 -0.31 0.005  1.32E+00  0.78
CECC 0.002  2.00E-03  0.93 0.001 -3.75E-04 2.33 0.000  0.00E+00  0.27 -0.002  8.93E-04  -0.94 0.005 -8.41E-04 2.03
Niot 0.002  5.20E-02 0.94 0.029  3.87E-01 2.10 0.026 -3.76E-01 0.46 0.059 -2.28E-01 -0.75 0.014  3.00E-01 1.85
CN 0.002  -2.01E-01 1.18 0.000  4.02E+00  0.32 -0.002 -4.16E-01  0.70 0.061 -7.00E+01 33.87 -0.006  3.79E+00  -0.24
CLAY 0.000  -3.00E-03 1.02 0.002 = 6.46E-04 2.30 0.017  2.00E-03 0.21 0.037  5.42E-03 -1.04 0.000 -2.17E-04 2.01
SALT 0.000  4.00E-02 0.96 -0.001  4.58E-02 2.31 -0.014  1.99E-01 0.23 -0.112  1.96E-01 -0.96 0.008 -1.98E-01 2.04
DEPTH -0.001 -4.00E-03  1.01 0.003  3.95E-02  2.03 0.017 -2.00E-02  0.44 -0.004 -1.13E-01 -0.64 0.010  1.50E-02  1.87
Pl -0.001  4.00E-03 0.96 0.176  -1.78E-01 2.70 -0.007  1.90E-02 0.22 0.214 8.82E-02 -1.19 0.000 -3.04E-03  2.02
ALU -0.001 -4.00E-03  0.99 -0.010  1.00E-02 2.23 0.023 -7.00E-03  0.33 0.139 -1.70E-02 -0.76 0.000  3.69E-04 2.01
CECS -0.001 -6.00E-03  1.00 -0.004 -5.44E-02 247 0.031 = 4.60E-02  0.13 0.059  3.57E-01 -1.45 -0.002  4.45E-03  1.99




Table S8-2: Details on the bivariate quadratic models presented in Fig S8-2

Aurea 3 Nurea Pira SLA
Variable r2 Slope X*  Slope X Inter. 2 Slope X*  Slope X Inter. r2 Slope X*  Slope X Inter. r2 Slope X*  Slope X Inter. r2 Slope X*  Slope X Inter.
C
Ml 0.076  8.00E-02 -4.60E-01 1.18 0.054 -1.30E+00 1.00E+00 2.18 0.189  7.10E-01 -1.10E+00 0.64 0.116 -827E-01 1.ISE+00 1.66 0.267  1.20E+00 -2.02E+00 -0.24
MI, 0.074  7.60E-02 -4.30E-01 1.18 0.058 -1.10E+00 9.10E-01 2.18 0.188  4.90E-01 -9.20E-01 0.61 0.084 -5.72E-01 8.65E-01 1.73 0.295  1.22E+00 -2.03E+00 -0.24
RH 0.069 -3.20E-10 1.20E-06 1.06 0.026 -8.50E-10 2.80E-05 2.12 0.066 1.10E-09 -3.30E-05 0.46 0.039  -5.95E-10 2.09E-05 1.87 0.031 1.26E-08 -9.38E-05 -0.77
PPT,;, 0.066 -2.10E-03 -2.30E-02 1.09 0.037  3.60E-04 -4.40E-02 2.47 0.098 -8.20E-04 -1.90E-02 0.36 0.023  1.95E-03 -2.70E-03 1.98 0229 2.26E-03 -5.50E-02 -0.71
PPT 0.061  -5.10E-03 3.50E-02 1.07 0.012  -3.60E-03 5.90E-02 2.11 0.13  7.40E-03 -1.90E-01 1.38 0.044  -6.26E-03 1.48E-01 1.17 0.290  1.56E-03 -1.05E-01 0.66
SUN,ue 0.056  3.50E-05 -1.60E-04 0.82 0.021 -9.20E-07 1.10E-03 2 0.108  1.20E-03 -5.40E-02 0.82 0112 -1.50E-02 3.78E-01 -0.29 0211 1.81E+00 -1.45E+01 27.96
SUN e 0.047  5.60E-05 -1.60E-03 0.89 0.003  -1.90E-06 7.60E-04 225 0.087  1.40E-04 -1.00E-02 0.39 0.061 -1.04E-04 5.76E-03 2.02 0.295  1.99E+00 -1.54E+01 28.78
PPT,., 0.038  4.70E-03 -1.00E-01 1.46 -0.001  2.60E-04 -1.10E-02 2.38 0.079  1.40E-02 -2.20E-01 1.08 0.023  -1.30E-02 1.84E-01 1.38 0.204  1.02E-03 -6.34E-02 -0.06
TMPy, 0.034  -7.60E-01 3.80E+00 -3.77 0.01 | 3.60E-02 -5.70E-01 4.54 0.034 -2.30E+00 9.90E+00 -0.4 0.072  1.I1E+00 -6.61E+00 11.75 0.086 -2.57E-03 4.10E-02 -1.02
TMP,;, 0.024  -1.10E-04 -8.80E-04 1.01 0.011 1.80E-04 -330E-03 2.29 0.005 -8.40E-05 4.00E-04 0.28 0.019  1.92E-04 -3.65E-03 1.9 0.113  -7.22E-05 -2.87E-03 -0.86
SUN;unge 0022 2.50E-02 -6.10E-02 0.91 0.021  2.10E-03 2.50E-02 2.11 0.027  8.50E-02 -5.00E-01 0.97 0.027 -1.49E-01 8.62E-01 0.80 0.161  1.66E+00 -5.71E+00 3.88
PPT cpon 0022 -9.30E-01 8.20E-01 0.85 0.118 -7.50E+00 3.90E+00 1.91 0.026  8.10E-01 -1.20E-01 0.25 0012 3.73E-01 -3.31E-01 2.06 0.149  1.24E+01 -2.28E+00 -0.90
PPT,, 0.021  4.40E-01 1.20E-01 0.89 0.091 -3.40E+00 2.80E+00 1.82 0.034  3.10E-01 7.40E-03 0.23 0.020  1.38E+00 -9.77E-01 2.16 0.131  9.25E+00 -2.71E+00 -0.80
RAD 0.015  1.90E-13 7.20E-08 0.92 0.005  7.20E-13 5.20E-07 0.92 0.057  3.10E-13 -1.30E-07 0.23 0.053  -6.86E-13 1.61E-07 2.06 0.102  2.42E-12 -1.78E-06 -0.63
TMPO,, 0.014 -2.90E-05 3.50E-03 0.9 0.011  230E-06 -1.10E-03 2.4 0.009  -6.60E-06 1.50E-03 0.2 0.044  1.80E-05 -4.89E-03 2.29 0.107 -3.13E-07 7.78E-06 -0.84
SUN,,, 0.013  2.40E-06 4.20E-04 0.92 <001 1.20E-05 -3.10E-03 2.48 0.054  1.80E-05 -2.30E-03 0.29 0.025  -1.07E-05 2.29E-04 2.07 0.210  6.24E-05 -1.42E-02 -0.23
PET; 0.013  1.00E-07 -1.70E-04 1.02 0.009 -6.40E-12 1.80E-06 2.2 0012 -1.60E-08 1.10E-04 0.16 0.030  8.67E-08 -3.20E-04 2.25 0.023  1.62E-10 -9.41E-06 -0.82
TMPS,, 0.013  -1.30E-04 6.50E-03 0.92 0.01 | 170E-05 -1.80E-03 234 0.009  -2.90E-05 2.60E-03 0.22 0.038  8.51E-05 -9.28E-03 221 0.107  -3.41E-06 -4.34E-05 -0.84
TMP 0.012  420E-04 -1.30E-02 1.03 0.001 ~ 2.00E-03 -1.40E-02 2.33 0.012  1.60E-03 -2.00E-02 0.31 0.024  3.41E-04 -1.28E-02 2.09 0.093  -6.66E-05 -1.11E-03 -0.85
PET, 0.01  -1.40E-04 3.40E-03 0.97 0.005  8.20E-05 -2.50E-03 231 0.002  -1.10E-04 3.00E-03 0.26 0.013  5.14E-09 -6.25E-05 2.18 0.030 1.87E-13 -3.00E-07 -0.82
PARO 0.01  -1.80E-08 1.20E-04 0.79 0.011 -1.00E-11 2.60E-06 2.17 0.003  -3.20E-09 4.10E-05 0.16 0.034  1.47E-13 -3.97E-07 2.19 0.196  2.44E-15 -5.48E-08 -0.72
PARS 0.003  2.60E-12 5.00E-07 0.95 0.007 -2.70E-13 3.50E-07 222 0.037  4.00E-13 -3.40E-07 0.3 0.045  3.55E-13 -5.57B-07 2.18 0.083  5.17E-13 -5.52E-07 -0.82
TMP e 0.003  6.40E-11 -1.00E-06 0.97 0.002  -1.30E-13 2.10E-07 225 0.028  3.10E-12 -6.30E-07 0.27 0.019  -7.72E-03 1.39E-01 1.43 0.148  1.14E-04 -227E-02 0.10
TMP,,, 0.002  2.10E-03 -6.80E-02 1.51 0.003 -5.70E-04 1.20E-02 23 0.014  5.50E-03 -2.00E-01 1.96 0.010  242E-07 -3.34E-04 2.10 0.065 -4.42E-08 4.26E-06 -0.86
Soil
pH 0123 1.26E-03 6.60E-02 0.531 0.025 -321E-04 2.17E-02 1.998 0.194  7.64E-03 -9.84E-02 0.5 0.081 -3.62E-03 632E-02 1.78 0.081 -3.62E-03 6.32E-02 1.78
SBA 0.071  4.71E-05 -3.45E-03 0.964 0.036  -5.63E-05 8.10E-03 2.073 0.075  1.80E-04 -9.18E-03 0.32 0.005  -1.03E-04 7.12E-03  1.90 0.005  -1.03E-04 7.12E-03 1.90
TBA 0.053  1.82E-02 -4.83E-02 0.953 0.052  1.59E-01 -7.14E-01 3.048 0.073  -2.98E-03 6.32E-02 0.124 0.004  8.41E-03 -4.07E-02 2.05 0.004 841E-03 -4.07E-02 2.05
SAND 0.033  -530E-03 1.41E-01 0.058 0.034  6.35E-03 -1.7SE-01 3.478 0.002  -4.68E-03 1.I2E-01 -0.4 0.031  7.81E-04 -4.28E-02 2.40 0.031  7.81E-04 -4.28E-02 2.40
BUILK 0.031  -1.25E-05 4.01E-03 0.838 0.034  -6.03E-05 8.46E-03 2.07 -0.011 138E-05 4.96E-04 0.219 0.011  6.53E-06 -1.71E-04 2.00 0.011  6.53E-06 -1.71E-04 2.00
Coe 0.031  3.82E-02 -2.90E-01 1.448 0.035 -435E-01 1.52E+00 1.04 0.090  8.05E-02 -5.29E-01 1.074 0.063 -7.01E-02 4.47E-01 1.34 0.063 -7.01E-02 4.47E-01 134
CARB 0.030  1.I6E-03 -3.41E-03 0.933 0.043 -221E-03 3.23E-02 2231 0.052  1.24E-03 1.30E-03 0.214 0.032 3.93E-03 -3.56E-02 2.07 0.032  3.93E-03 -3.56E-02 2.07
CECS 0.028 -226E-02 2.13E-01 0.489 0.013  1.76E-01 -1.05E+00 3.864 0.068 -2.18E-01 127E+00 -1.56 0.009  339E-02 -2.40E-01 2.42 0.009  3.39E-02 -2.40E-01 2.42
SILT 0.024 -1.13E-04 4.87E-03 0.933 0.030  1.I2E-04 -1.36E-03 2.262 0.006 -1.94E-04 4.14E-03 0.251 0.064 -1.84E-04 1.59E-02 1.72 0.064 -1.84E-04 1.59E-02 1.72
SALT 0.024 -2.81E+00 1.53E+00 0.844 0.005  1.14E+00 -5.95E-01 2364 0.080 -3.18E+00 1.96E+00 0.087 0.037  1.95E+00 -1.I8E+00 2.11 0.037  1.95E+00 -1.I8E+00 2.11
SODIUM 0.023  2.07E-01 3.84E-03 0.866 0.031 -1.72E+00 2.35E+00 1.551 0.076  8.31E-01 -9.28E-01 0.474 0.070  -8.26E-01 9.73E-01 1.76 0.070 -8.26E-01 9.73E-01 1.76
DEPTH 0.019  3.85E-03 -8.39E-02 1.408 0.018  9.92E-03 -1.04E-01 2.536 0.030  4.23E-03 -9.11E-02 0.723 0012 -3.69E-03 8.59E-02 1.54 0.012  -3.69E-03 8.59E-02 1.54
N 0.016 7.32E-01 -1.83E+00 2.1 0.008 -3.96E+00 8.65E+00 -2.4 0.003  3.03E+00 -7.10E+00 4.4 0.091  5.23E+00 -1.24E+01 6.33 -0.003 -7.35E-01 1.72E+00 1.72
GRAV 0.013  1.13E-02 -9.50E-02 1.138 0.026 -1.30E-02 2.40E-02 2.364 0.010  1.59E-03 2.60E-02 0.187 0.003 -1.57E-02 4.48E-02 2.00 0.003 -1.57E-02 4.48E-02 2.00
Nt 0.012 -9.58E-01 1.0SE+00 0.694 0.036 -6.68E-01 1.18E+00 1.878 0.027 -1.0SE-01 -2.65E-01 0.428 0.018 -1.I6E+00 1.59E+00 1.51 0.018 -1.16E+00 1.59E+00 1.51
AWHC 0.004  2.78E+00 -6.32E+00 4.441 0.000 1.57E+01 -2.85E+01 15.19 0.038  5.36E+00 -1.26E+01 7.37 0.006  -4.06E+01 7.73E+01 -34.70 0.006  -4.06E+01 7.73E+01 -34.70
P 0.000 -1.20E-02 533E-02 0.917 0.182  -1.17E-02 -1.29E-01 2.655 <0.015 -1.17E-02 7.23E-02 0.163 -0.002  3.73E-03 -1.90E-02 2.03 0.002  3.73E-03 -1.90E-02 2.03
ALU 0.000 -3.39E-04 -1.95E-04 0.983 0.007 -6.36E-04 222E-02 2.179 0.024  6.23E-04 -1.93E-02 0377 0.010  -1.33E-03 2.50E-02 191 0.010 -1.33E-03 2.50E-02 191
CECC -0.001 -9.91E-05 6.32E-03 0.883 -0.007 -5.86E-04 222E-02 2.139 -0.004 -1.01E-04 5.01E-03 0.207 0.007 1.25E-04 -6.30E-03 2.08 0.007 1.25E-04 -6.30E-03 2.08
CLAY -0.002 -5.04E-04 1.55E-02 0.871 0.003  -1.69E-04 §.74E-03 2218 0.018 1.72E-05 1.13E-03 0.222 0.001 -2.22E-05 8.40E-04 2.00 0.001 -222E-05 8.40E-04 2.00
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Details of multiple regression models

Table S8-4: Estimate, standard error, t-ratio and significance of the multiple regression models
between leaf functional traits (Agues, &5, Nareas Paea and SLA) and, climate variables (following a
stepwise procedure selecting among the 26 climate variables), which are presented in table 1.

10g Aurea

Term Estimate Std Error t Ratio Prob > ||
Intercept 1.28E+00 1.45E-01 8.8 <0.001
MIg -3.70E-01 8.11E-02 -4.6 <0.001
TMP, e -1.43E-02 6.03E-03 -2.6 <0.05
SUN jax 2.32E-03 1.24E-03 1.9 <0.1
log g,

Term Estimate Std Error t Ratio Prob > |
Intercept 2.15E+00 9.80E-02 22.0 <0.001
TMP ax 4.93E-04 1.67E-04 3.0 <0.001
TMPO,;, -4.43E-07 1.90E-07 2.3 <0.05
PPTocason 7.88E-01 2.80E-01 2.8 <0.001
10g Norey

Term Estimate Std Error t Ratio Prob > |
Intercept 5.64E-01 5.01E-02 11.3 <0.001
M, -4.37E-01 5.95E-02 -1.4 <0.001
TMPyy, -1.05E-02 4.46E-03 -2.4 <0.05
log Py,

Term Estimate Std Error t Ratio Prob > |
Intercept -7.09E-01 6.57E-02 -10.8 <0.001
MI, -1.13 2.14E-01 -5.3 <0.001
RH 2.63E-05 6.51E-06 4.0 <0.001
log SLA

Term Estimate Std Error t Ratio Prob > |
Intercept 2.44 6.23E-03 39.2 <0.001
SUN jax -5.81E-03 9.05E-04 -6.4 <0.001
TMP, ..« 2.98E-04 8.07E-05 3.6 <0.001
TMPO,;, -4.48E-07 8.07E-08 -5.6 <0.001
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Table S8-5: Estimate, standard error, t-ratio and significance of the multiple regression models
between leaf functional traits (Auess s> Narea Parea @and SLA) and, soil variables (following a stepwise

procedure selecting among the 20 soil variables), which are presented in table 1.

log Aarea

Term Estimate Std Error t Ratio Prob > |
Intercept 3.54E-01 9.39E-02 3.8 <0.001
pH 1.18E-01 1.25E-02 9.5 <0.001
Nt 4.69E-01 1.07E-01 4.4 <0.001
CECS -6.96E-02 1.38E-02 -5.1 <0.001
log g,

Term Estimate Std Error t Ratio Prob > |
Intercept 2.06 1.70E-01 12.1 <0.001
pH 1.10E-01 2.08E-02 5.3 <0.001
Niot 9.10E-01 1.83E-01 5.0 <0.001
CECS -1.04E-01 2.37E-02 4.4 <0.001
Povail -1.83E-01 2.24E-02 -8.2 <0.001
log Narea

Term Estimate Std Error t Ratio Prob > |
Intercept -5.96E-02 9.41E-02 -0.6 ns
pH 6.87E-02 1.11E-02 6.2 <0.001
Niot -2.31E-01 7.56E-02 2.3 <0.05
SALT 2.29E-01 7.57E-02 3.0 <0.01
log Parea

Term Estimate Std Error t Ratio Prob > |
Intercept -1.26 2.67E-01 -4.7 <0.001
pH 8.15E-02 2.47E-02 33 <0.01
Pavail 1.38E-01 3.13E-02 44 <0.001
SAND -4.41E-02 1.64E-02 2.7 <0.01
SALT 4.50E-01 1.73E-01 2.6 <0.05
log SLA

Term Estimate Std Error t Ratio Prob > |
Intercept 1.97 1.03E-01 19.5 <0.001
pH -5.01E-02 1.28E-02 -3.9 <0.001
Ntot 2.08E-01 1.15E-01 1.8 <0.001
SILT 5.20E-03 1.37E-03 3.8 <0.05
BULK 2.01E-03 9.02E-04 2.2 <0.1
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