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Abstract. We analysed 1040 individual trees, located in 62 tion, we find that intrinsic values of most trait pairs coor-
plots across the Amazon Basin for leaf mass per unit arealinate, although different species (characterised by different
(M,), foliar carbon isotopic compositions¥C) and leaf trait suites) are found at discrete locations along a common
level concentrations of C, N, P, Ca, Mg, K and Al. All axis of coordination. Species that tend to occupy higher fer-
trees were identified to the species level with the dataset cortility soils are characterised by a low#f, and have a higher
taining 58 families, 236 genera and 508 species, distributedntrinsic [N], [P], [K], [Mg] and §13C than their lower fertil-
across a wide range of soil types and precipitation regimesity counterparts. Despite this consistency, different scaling
Some foliar characteristics such #5&,, [C], [N] and [Mg] patterns were observed between low and high fertility sites.
emerge as highly constrained by the taxonomic affiliationInter-relationships are thus substantially modified by growth
of tree species, but with others such as [P], [K], [Ca] andenvironment. Analysing the environmental component of
§13C also strongly influenced by site growing conditions. trait variation, we found soil fertility to be the most impor-
By removing the environmental contribution to trait varia- tant predictor, influencing all leaf nutrient concentrations and
813C and reducing’,. Mean annual temperature was neg-
atively associated with leaf level [N], [P] and [K] concentra-
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[C] and §13C, but with a negative impact on [Mg]. These growth rates (Malhi et al., 2004) and with higher rates of
results provide a first basis for understanding the relationtree turnover (Phillips et al., 2004). But how do key foliar
ship between the physiological functioning and distribution properties vary across evolutionary grouping of trees and re-
of tree species across Amazonia. late to these different environmental gradients? This is an
important question; both to help us understand the ecology
and dynamics of Amazonian rain forests and also to ratio-
nally parameterise the next generation of coupled vegetation
1 Introduction — climate models.
Recent developments in plant functional ecology have

Plants are the central link in the soil-plant-atmosphere conhighlighted suites of plant traits such as per area leaf mass
tinuum, utilising and cycling a range of atmospherically (C, (M,) and leaf nutrient concentrations, that can serve as pre-
H, O, and N) or geologically (P, Ca, K) derived elements dictors of individual plant growth and performance (Reich
(Jobbagy and Jackson, 2004). Plant growth is usually conet al., 1991; Garnier et al., 2004; Poorter and Bongers,
sidered to be either nitrogen- or phosphorus-limited (Aerts2006). Although considerable variability in these charac-
and Chapin, 2000), but with less abundant nutrients also beters has been reported, a global spectrum of coordination has
ing important for discrete ecosystem processes (Hungate eflso been proposed (Reich et al., 1997; Wright et al., 2004).
al., 2004, Kaspari et al., 2008). Foliar ratios of leaf level ni- One of the major axes of ecological variation is thought to be
trogen, phosphorus, calcium, and potassium concentrationSaptured by both leaf longevity and4 (or its inverse spe-
can indicate the nature of nutrient limitation (Koerselman cific leaf area, SLA), with these two traits well correlated at
and Meuleman, 1996; Jobbagy and Jackson, 2004). It hagoth a global and a tropical scale (Reich et al., 1991, 1997).
been argued, for example, that leaf N:P2.5 indicate a lim-  Species with lowM, tend to have short-lived leaves with
itation on ecosystem processes by P availability (Tessier an@ligh [N] and [P] (dry weight basis) and are usually found
Raynal, 2003). But different hypotheses have been proposedt the fast payback end of the “economic spectrum” (Wright
regarding the factors controlling the metabolic tissue con-et al., 2004). This combination of traits is usually found at
centration of the main nutrients related to plant growth (Re-species with fast growth rates (Poorter and Bongers, 2006).
ich and Oleksyn, 2004), especially N and P (Niklas, 2006).At the other end of the continuum, species characterised by
These hypotheses summarize a physiological, temperaturigigh M4, also generally have low leaf [N] and [P] and lower
or geochemical driven background of N and P cycling andgrowth rates, thus being considered to represent a more con-
have gained particular interest recently, as foliar C:N:P stoi-servative strategy of resource use and turnover (Reich et al.,
chiometry may be an important factor controlling the growth 2003). Wright et al. (2005b) examined the role of potas-
rate of a wide range of plants (Elser et al., 2000; Kerkhoff etsium within the “leaf economic spectrum”, concluding that
al., 2005; Niklas, 2006). Following on from the now widely although associated with/4, N and P, [K] might be more
accepted suggestion of Vitousek (1984) that tropical forestglosely associated with other cations such as calcium and
may generally be P rather than N limited, Reich and Oleksynmagnesium.
(2004) showed that tropical trees typically have higher N:P  All major cations are considered in this study, including
ratios than are observed at higher latitudes. NeverthelesgAl], along with an additional major potential component of
Townsend et al. (2007) also showed that for trees growing onhe leaf physiological spectrunvjz the extent of discrimi-
the more fertile tropical soils, foliar N:P ratios are generally nation against the heaviéfC isotope during photosynthetic
similar to those observed in the temperate and boreal zoneg 0, assimilation,A. This is indicated by a leaf’s carbon
Examining a range of potential edaphic and environmentalsotopic composition§13C, and can provide a measure of a
predictors, Quesada et al. (2009a) found total soil phosphoplant’s water use efficiency, WUE (Farquhar et al., 1989). It
rus to be the best predictor of above ground woody biomassas, for example, been proposed that leaves with a kgh
growth rates for a wide range of Amazon forest types grow-should also have a lower WUE (Lamont et al., 2002).
ing on a wide range of different soil types. Here, as well as considerint}3C we also examine the

The Amazon Basin is highly diverse in terms of climate integration into the plant physiological spectrum of leaf car-
(Sombroek, 2001; Malhi and Wright, 2004), soil physical bon content. Although often considered to be relatively in-
and chemical properties (Sombroek, 2000; Quesada et alvariant, differences i/4 should nevertheless be accompa-
2009b), and species composition (ter Steege et al., 2006hied by differences in leaf carbon composition. For example,
Such complexity hinders any attempt to accurately estimatehe greater proportion of dry matter invested in cell walls as
significant biogeochemical fluxes (Townsend et al., 2008) orexpected in highv/4 plants should also be associated with
to predict the Amazon carbon balance (Cox et al., 2000). Itincreased levels of carbon rich structural carbohydrate com-
is also now clear that a large scale gradient in Amazon forpounds such as lignin and cellulose (Niinemets, 1997). Al-
est tree dynamics exists, with forests growing on the generthough not reporting on the relationships between individ-
ally more fertile soils of the western Amazon having lower ual compounds or elements amt};, when investigating leaf
wood densities (Baker et al., 2004), higher above-groundchemical variations for 45 different French Guiana rain forest
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species, Httenschwiler et al. (2008) reported considerableknow if changes in traits observed at the community level
variation in foliar carbon contents (from 0.45 to 0.52 of leaf arise solely as a consequence of changes in species composi-
dry weight) with large inter-specific variations in different tion or whether factors such as dry-season length directly in-
carbon constituent compounds also noted. fluence physiological properties and their inter-relationships.
Along with the coordination of leaf functional characters,  This plasticity of traits and the potential for tree species
environmental factors, such as climate and/or soil may affechopulation to exhibit different trait combinations according
physiological linkages. Modifications of pair-wise relations to changing soil and climate conditions may be very impor-
(Wright et al., 2001) or systematic trends of a functional trait tant for understanding Amazon forest species distributions.
across environmental gradients should indicate trait plasticSo here we analyse nine key leaf traits of 1040 individuals
ity and/or adaptive potential (Sultan, 2000). These may havgyositioned in sixty-two plots distributed across the Amazon
important consequences for individual and community levelBasin. The traits reported and,, §13C, and leaf level con-
processes. Evaluating this plasticity is thus a key issue ircentrations of C, N, P, Ca, Mg, K and Al with 508 species
developing theoretical and computational schemes of the posampled across a wide range of Amazon soil types and pre-
tential vegetation response to changing environmental Condicipitation regimes_ An accompanying paper will investigate
tions. structural traits such as maximum tree height, individual leaf
At a global level, Wright et al. (2005a) have shown how grea, ratio of supported leaf area to xylem cross sectional
some photosynthetic tissue properties and their relationshipgrea, branch xylem density and seed size, also integrating
also vary across climate, but for the selected traifg (leaf  the dataset presented here with those components, and across
longevity, foliar [N] and photosynthetic capacity) climate ac- the edaphic and precipitation regimes observedipai al.,
counted for only 0.18 of the total variation. Nevertheless,2009).
such shifts were considere_d to be of significani importance The aims of this paper are first to partition variation in
for the global leaf economic spectrum. At regional scalesgy|iar properties into genetic and environmental components.
and along rainfall and soil phosphorus gradients, significanigecond to identify the extent to which traits are conservative
strategic shifts in leaf properties and functioning have alsogsrgss evolutionary grouping of tree species, and how these
been identified, with species found at drier sites exhibiting ayajts differ across taxonomic affinities. Third to explore if
lower photosynthetic capacity for a given foliar [N] and [P] there are differences in the trait combinations found under
and higher [N] and [P] concentrations at a give (Fon- ifferent environmental conditions. Ultimately, we attempt
seca et al., 2000; Wright et al., 2001). Niinemets and Kull g |ink environmental components of trait variation with key
(2003) suggested that the strength of the correlation betweegy;| and climate variables. We specifically hypothesised that:
foliar nutrient concentrations ard 4 were controlled by soil
nutrient availability, with the strongest associations between 1. Although genetically determined, many of the traits of

M4 and the most Ii_miting nL_Jtrient. Similar results were re- interest would be modified by the growth environment
ported for Amazonian species, but with wedly -[N] rela- — as has been demonstrated recently, for example, by
tionships in what were considered to be P limited stands (Re- Poorter et al. (2009) fob 4

ich and Walters, 1994). At a pan-tropical scale Townsend et
al. (2007) found that leaf N:P ratios vary with soil order, and
suggested that species diversity may be an important factor <
controlling this ratio.

Different tropical tree species may have markedly differ-
ent foliar nutrient concentrations (Drechsel and Zech, 1991;
Townsend et al., 2007) and, at least at the landscape level,
different species tend to be associated with soils of different
fertility (Phillips et al., 2003; John et al., 2007). Given that
even for the same species, natural variations in soil fertility
may also serve to modify foliar seedling nutrient concentra-
tions along with other leaf physiological characteristics such
asM, (Veenendaal et al., 1996; Kanowski, 2001), we were

That species which occur in the faster growing stands on
the more fertile soils of the Amazon Basin (Quesada et
al., 2009a) would be characterised by leaf traits associ-
ated with a faster growth potential — for example a lower
M 4 and intrinsically higher [N] and [P] than species oc-
curring on the less fertile substrates. Although it has
long been assumed that this should be the case for plants
in general (Lambers and Poorter, 1992), we know of few
demonstrations that this is actually the case and none at
a spatial scale similar to that of the Amazon Basin.

also interested to ascertain whether differences in foliar nu- 3.

trient concentrations sampled across Amazonia represented
directly different levels of soil fertility and/or intrinsic dif-
ferences in physiological leaf traits of the different species
growing in different plots. Likewise, although there may be
large scale changes in physiological traits with rainfall or
temperature when a range of species are considered (San-
tiago et al., 2004a; Wright et al., 2005a) it is important to

www.biogeosciences.net/6/2677/2009/

That the strong dependence of Amazon forest growth
on soil available phosphorus concentrations (Quesada
et al., 2009a) would also be reflected in much higher
concentrations of foliar P (as well as possible other ele-
ments) for stands growing on more fertile soils — this be-
ing above and beyond that expected on the basis of dif-
ferences in species composition (as in 2. above) alone.
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1000 - Previous work has shown tropical forest soil type to sig-
nificantly influence foliar trait interactions, for example the
slope of the foliar N versus foliar P relationship (Townsend
etal., 2007). Similarly, Kattge et al. (2009) examined photo-
synthesis versus nitrogen relationships for tropical trees also
finding distinctions between fertile (“oxisol”) versus infer-
tile (“non-oxisol”) soils. To provide some linkage with these
studies, soil chemical and physical data for 0-0.3m depth,
collected and analysed as described in Quesada et al. (2009¢)
were thus assembled to allow a classification of plots accord-
ing to soil fertility groups and thus a differentiation of foliar
traits and their relationships between low and high fertility
sites. Our differentiation into low and high fertility soils was
more quantitative, however, being based on the measured
“total reserve basesEgpg, from 0.0 to 0.3m depth, which
provides a quantitative estimate of the extent of soil weath-
ering as described in Quesada et al. (2009c). A “breakpoint”
Soil total reserve bases (mmol_ kg") in the linear relationships of different soil variables such as
phosphorus content (Fig. 1), pH and others with 08 z 5),
Fig. 1. Broken line regression and breakpoint identification in was identified using broken line regression models (Muggeo,
the linear relationship between soil total P content andidog  2008), with this breakpoint almost inevitably occurring at a
transformed total reserve bases. See also Quesada et al. (2009¢).meany. 3 around 130 (mmol kgl). Using the World Ref-
erence Base for Soil Resources Classification System (IlUSS
Working Group WRB, 2006),% zz < 130 mmolkg?® en-
compasses nutrient poor soils such as arenosols, podzols and
ferralsols along with any dystrophic acrisols, alisols, cam-
bisols gleysols and plinthisols. On the other habig,p >
130 mmol kg?! defines the usually fertile cambisols, along

For 62 of the RAINFOR network plots described in detail with the more fertile alisols, nitisols, fluvisols, lixisols and
in Patfio et al. (2009), we utilised foliar nutrient arid,  Plinthisols. Xz is an easily measured soil property which
data from upper canopy sun-exposed leaves from trees reli$ often determined in soil science studies, both in the trop-
ably identified at the species level, with data collected andcS a@nd elsewhere (e.g. Federer et al., 1998; Barthold et al.,
analysed as described in detail in Lloyd et al. (2009). The2008; Quesada et al., 2009c).

elements of interest were leaf level concentrations of C, N, P, Climate, temperature and precipitation datasets were ob-
Ca, Mg, K, all expressed here in mgy with leaf mass per  tained from the free access web sitéep://www.worldclim.

unit area,M 4, expressed in units of g™ ands13C as per  Org. This set of global climate layers, “WorldClim”, includes
mil (%o). As in Lloyd et al. (2009), [C] as shown and analysed annual time series with mean monthly data for precipitation,
here, has been adjusted for variations in mineral content byand mean, minimum and maximum temperatures obtained
subtracting the measured concentrations of the major cation§0m over 4000 weather stations between 1950 and 2000
viz [Ca]+[Mg]+[K]+[Na]. This allows variations in [C] to be  (Hijmans et al., 2005). Solar radiation data is from New et
better interpreted in terms of variations in foliar carbohydrateal- (2002).

chemistry, as opposed to variation in [C] simply reflecting o )

differences in mineral concentrations. 2.2 Statistical analysis

Some sample plots included in Hadi et al. (2009) i i .
are not considered in this analysis, due to less than! Ne analysis here focuses on genetic and plot-environmental

complete species identification (APG I, 2003). These COMponents of trait variation, as estimated from a multilevel
include ALF-01, MAN-03, SIN-01, SUC-04, zAR- Mmodeland discussed below. _ _ _
01,02,03,04). Data from some plots have been aggre- Preliminary tests included: analysis of normality (Shapiro-
gated (ex. TAP-01 & TAP-02 & TAP-03>TAP-123, CAX- Wilk), and homogeneity of variances (Fligner-Killeen) for
03 & CAX- 03.1—> CAX-03) where they were located ©&ch foliar property. This showed [C], [N], [P], [Ca], [Mg]
in close proximity and having all but identical topogra- [K] and M4 to all not be normally distributed and these pa-
phy, soils and climatic conditions (see Supplementary infor-fameters were thus lagtransformed prior to analyses. Fo-

mation I, Table SIL:http:/www.biogeosciences.net/6/2677/ liar §*°C was approximately normally distributed, but we
2009/bg-6-2677-2009-supplement)zip logio-transformed the absolute values in order to consistently

analyse the full dataset, taking the negative values of the
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2 Methods

2.1 Study sites and leaf minerals, xylem density and en-
vironmental data
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transform and then returning the values to the original sign.partitioning the trait variation between species and plots in
One way analysis of variance (ANOVA) was used to explorethe presence of substantial residual “noise”. As is shown in
for differences between fertility groups, as well as for differ- Supplementary Information SllI, the hierarchical model was
ences between families, genera within a family and speciesble to adequately extract both the variance structure and the
within a genus. All analyses were performed with the R sta-magnitude of the species/plot effects. Most importantly, it
tistical platform (R Development Core Team, 2008). also provided unbiased estimates of the slopes of the bivari-

A multilevel model (Snijders and Bosker, 1999; McMahon ate relationships existing between the various traits of inter-
and Diez, 2007) was first fitted for each foliar trait according est for both the genetic and plot-environmental effects.
to In what follows we consider the derived environmental

term to represent the combined influences of climate, soil
T=n+p+f/gls+e, (1) and Iocati(?n. The genetic term (estimated here as the sum
whereu is the overall mean value of each trdit)( p is the of the family, genus and species effects) represents the phy-
plot effect, i.e. the effect of the location at which each in- logenetic structure of the dataset. We note that this taxo-
dividual was found (soil and climate);/g/s represents the nomically based multilevel model does not have as input val-
genetic structure of the data, i.e. that each individual be-ues the species means for the one species calculated at single
longs to a speciess), nested in a genug), nested in a and/or multiple sites as is sometimes the case (e.g. Baker et
family (f), ande is the residual term which includes both al., 2004; Wright et al., 2004). But rather, it incorporates
natural within-species variability as well as any measure-the full range of available information, taking into account
ment error. All parameters were estimated by the Residuathe observed intra-specific variation in foliage characteristics
Maximum Likelihood (REML) method with thene4library and allowing for all traits to vary systematically across the
(Bates and Sarkar, 2007). The multilevel model Eq. (1), indifferent plots sampled, as well as allowing for intra-species
a similar way to taxonomically based nested ANOVAs, canvariability within any one plot.
be used to partition the variance from species up to the fam- Bivariate relationships of foliar properties were first as-
ily level. Itis particularly useful for not fully resolved plant sessed with Pearson’s correlation coefficient @nd with
supertrees (Kerkhoff et al., 2006; Watanabe et al., 2007) an&tandardised Major Axis (SMA) line fits (Legendre and Leg-
it can be used to estimate group- or individual-level regres-endre, 1998; Warton et al., 2006) subsequently applied where
sion coefficients and their variation in unbalanced datasets was significantly different from zero. SMA regression lines
(Gelman and Hill, 2006; pp. 246) with even one observationrepresent the first axis of a principal component analysis (of
per group (Gelman and Hill, 2006; pp. 276). In our casea correlation matrix) and are often used in plant allometry
the estimated components of variance can be distinguishestudies. It is common for variables to be logarithmically
into both a{“plot” — “environmental’} and a “genetic” term.  transformed with the regression log€log(8)+alog(x), this
Recognising that our study represents an incomplete and, to@xpressing a power law of the forgegx*. The slope or
large extent, under-represented sampling of the edaphic anscaling exponeni, quantifies the rate of increase ofin
climatic variability of Amazonia, as well as only a selection relation tox, indicating an isometrica(~ 1) or allometric
of the many trees species living there, all terms in the mul-(« # 1) scale. The intercept or elevatignof the regression
tilevel model were treated as random (as opposed to fixedline expresses the magnitudeyoper unit ofx (Kerkhoff and
effects (McCulloch and Searle, 2001). Random effects wereEnquist, 2006). SMA regressions were used for both the ge-
quantified through the best linear unbiased predictor (BLUP)netic (f/g/s) and the plot-environmentap§ component of
method, providing shrunken estimates of the differences bedifferent trait pairs. For the genetic component we further
tween terms and the overall means (Galwey, 2006). The rantested for differences in elevation and shift across the major
dom genetic and the plot effects were then used for furtheraxis for high and low fertility oriented species using the R
analysis as described below. smatrlibrary (Warton et al., 2006).

Due to the highly unbalanced nature of our dataset we The plot effect trait estimates were further explored with
verified the efficiency of the hierarchical/multilevel model in three different statistical methods; one of them presented
both partitioning the variance and in providing accurate es-here and two of them in Appendix A and Supplementary
timates of the genetic and plot level dependencies of the obinformation 3 pttp://www.biogeosciences.net/6/2677/2009/
served foliar properties through a simulation study (Supple-bg-6-2677-2009-supplement.Zip Initially multiple linear
mentary Information SllI). In these simulations a predefinedregressions (OLS) of plot contribution to trait variation
pattern of variance partitioning as well as species and plotigainst a set of key soil and climate variables were per-
level effects was imposed (along with significant residual ef-formed. For this, a matrix of soil variables was assembled
fects) with the sampling of individual species undertaken in ausing data from Quesada et al. (2009c) i.e. total soil C and
highly unbalanced manner similar to that of our actual sam-N concentration, exchangeable Ca, Mg, K, Na and Al, total
ple. We then retrieved the genetic and environmental effect&xtractable phosphoruXE gz, effective cation exchange ca-
for the artificially generated population using the REML ap- pacity, base saturation and the sand and clay fraction. To
proach, also testing the efficacy of the REML procedure inreduce dimensions and avoid multicollinearity we applied
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Family Genus Species  Residual Plot mean temperature, total annual precipitation, precipitation
- during the three driest months of the year and mean annual
- - | ‘ ‘ ‘ - radiation (Appendix A). Simplification of the full model was
****** explored following a stepwise elimination of the less signifi-
cant terms, based on Akaike’s Information Criterion (AIC) to
derive the minimum adequate model (Crawley, 2007). Addi-
tionally, simultaneous autoregressive models (SAR) includ-
ing a spatial error term at two scales were also fitted (Ap-
pendix A). Our spatial analysis was not designed to fully dis-
entangle the scales where different environmental variables
control the observed variation of the leaf properties studied.

[P] -:— Rather, we have tried to filter the most important environ-

*********

mental predictors and to investigate if the trends identified
by the OLS were biased and if the identified important en-
vironmental variables from OLS remained significant after
accounting for spatial patterns in our models (Lichstein et
al., 2002).

Finally as some plot effect versus environmental predic-
tor relationships did not show a simple linear trend and/or
normally distributed homoscedatic errors, we used Kendall's

T 7 as a non-parametric measure of association. Though less
(Al , , :
-:— common than Spearmans Kendall's = has slightly bet-

******

ter distributional properties and also has the advantage that

it can be interpreted in terms of probabilities of observing

concordant and discordant pairs (Conover, 1980). Specifi-

cally, t =n.—m4, wherer . is the probability of concordant

pairs andr; is the probability of discordant. For example,

if t=0.5, then 0.75 of the ranked pairs are concordant and

0.25 are discordant. Kendallisalso has the advantage that

it can be generalised to a partial correlation coefficient (Leg-

Ma] - endre and Legendre, 1998; pp. 202). As is discussed in Leg-

endre and Legendre (1998) it is, however, difficult to assess

[ | [ | : the statistical significance of the partiahnd so here we as-

0.0 0.2 0.4 0.6 08 1.0 sess likely significance levels of our calculated partidly

numerical simulation as described in Maghsoodloo and Las-

zlo Pallos (1981). Although not allowing spatial patterns to

] o ] ) be taken implicitly into account, this approach does allow

Fig. 2. Partitioning of the total variance for each foliar property e inter-relationships between environmental predictors to

into genetic (family/genus/species), environmental (plot) and an ®he explicitly included in the analysis of environmental fac-

ror (residual) components. Foliar properties are sorted from less t({ infl ina the studied plant bhysioloaical ties i
more phylogenetically constrained. Significance of each variance0'S Influencing the studied plant physiological properties in

component was tested with a likelihood ratio test (Faraway, 20042 non-parametric manner.
Galwey, 2006). Significance codes: *#0.001, **<0.01, *<0.05.

M, denotes leaf mass per unit aré43C represents the dry matter

13¢/12¢ composition (per mil) with all other symbols representing 3 Results

the elemental composition of the leaves (dry weight basis). All val-

ues had been lgg transformed prior to analysis. 3.1 Partitioning of the variance

Proportion of total population variance

Through fitting the multilevel model of Eq. (1), a partition-
principal components analysis (PCA), using thextR4li- ing of the variance to genetic and plot level components was
brary (Chessel et al., 2004), to the correlation table of theachieved with results presented in Fig. 2. This shows that,
soil matrix with most variables log-transformed (Quesada etnot only does the proportion of the variance attributable to
al., 2009b) and derived the main axes of variation. Multiple the nested taxonomy (genetic) component differ for differ-
regressions for each trait's “plot effect” were then computedent traits, but also that the level of genetic variation, partic-
on the first three principal components (Legendre and Legenularly at the species level, contrasts greatly between traits.
dre, 1998) with four climate variables also included; annualFor example, forM4 the genetic component accounts for

Biogeosciences, 6, 2672708 2009 www.biogeosciences.net/6/2677/2009/
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Fig. 3. Probability density histograms of raw data per fertility group. Red bars represent low and blue bars high soil fertility plots, as defined
by the quantitative determinations of the level of total reserve bases from 0—30 cm depth (see Fig. 1 and text). Also given the overall mean,

range and variance for each property.

approximately 0.38 of the total variance (with half of this variance in the dataset attributable to intra-species variability
attributable to species effect) and with the variability asso-as well as any measurement error.

ciated with tree location, the “plot effect”, being only 0.15
of the total variance. A little less than half the variance in
the dataset is attributable to an error term. As mentione

In contrast toM4, the principle source of variation in
P] was the “plot effect” (accounting for 0.47 of the to-
al variance) with only 0.23 of the observed variance at-

previously, the “error term” represents the proportion of the \iputable to a genetic component and with the species

www.biogeosciences.net/6/2677/2009/
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specific component of the variation being less significant.tary Information I, Table SI2:http://www.biogeosciences.
The “plot effect” was similarly very high for [Ca] and [K] net/6/2677/2009/bg-6-2677-2009-supplemen}.ipterest-
(0.42 and 0.47 of the total variance respectively), whilst theingly, the [P] vs. [N] relationship and all bivariate relation-
lowest plot contribution of 0.1 was observed for [Mg]. Along ships including [K], showed statistically significant differ-
with M4, partitioning of the variance to the genetic compo- ences in slope between low and high fertility sites (apart
nent was highest for [Mg] (0.48) and [C] (0.40). Also of note from [K] vs. [N]). In what follows we therefore retained

is the high proportion of the variance in [Al] attributable at our consideration of the effects of soil fertility on trait varia-
the family level (0.32), consistent with independent phyloge-tion, probing differences between our fertile and infertile soil
netic analyses (Jansens et al., 2002).#8€, the attributed  classes on the nature of the bivariate relationships for the ge-
genetic variation was less than for any of the elemenid or  netic components of the overall variation observed. Some of
but still with an appreciable “plot effect”, suggesting that ge- the raw data bivariate relationships are presented in Fig. SI1.
ographic variations in either soil or climate exert significant

effects on the extent of photosynthetRCO, discrimination ~ 3.4 Bivariate relationships (Genetic component)

across Amazonia.

The ability of the REML model to accurately re- The genetic component of the multilevel model (i.e. the

trieve the correct partitioning of the variance for the ;‘atr.""wgﬁngf sgeue}'; dsdr:owed nlumgrous S|gnt|'f|cant cqrre-t
various traits is demonstrated in Supplementary In_alons( able 1 — middle panel). By separating species to

formation Il (http://www.biogeosciences.net/6/2677/2009/ low and high fertility oriented ones, most relationships iden-
bg-6-2677-2009-supplement.zignd, for the interested tified as significant in the raw dataset, retained their impor-
reader, some aspects of the inferred taxonomic variation O}ancE (Table 2)' As s aljo shovt\)/.n n Fig. |4a. an?].b, us-
the examined foliar properties is presented and discusseld e ccljnyentlrc])_ryex tg e_?otc(iaf |var|a]:/1e re a_tlonos 4'(?; a
in Appendix B, including a consideration of differences be- strong relationship was identified for [W} M, (r = —0.

tween N-fixing and non-N fixing members of the Fabaceae. and—0.407 on low and high fertility soils respectively) and
N g N g [P]«<> M4 (r =—0.388 and—0.433). There was also a rea-

sonably strong relationship betwegfy and [K] but this was
considerably weaker for [Mg] for both soil types (Table 2,

Trait distributions for the complete dataset divided into the 9"@Ph not shown)M, showed a weak correlation with [Ca]

low and high soil-fertility groups are shown in Fig. 3, with and was stronger associated with [C] in species found at low

the overall arithmetic mean, range and variances also showrt©!l fertility sites. The genetic component of [SN] was

Significant differences across mean plot values were iden®NlY marginally significant on low fertility sites, while strong
tified for all foliar properties as summarised in the Supple- negative associations were found between leaf carbon and

mentary Information I, Table SI1. Figure 3 shows that al- cations (Ca, K & Mg) content on both fertile and infertile

though M, and [C] had similar statistical distributions for PIOtS: _
both low and high fertility plots, for the other traits exam- Very strong correlations were also observed between some

ined the distributions for trees growing on the more fertile Of the individual nutrients, with [Rp[N] (r = 0.648 and
soils were shifted to the right, apart from [Al] (shifted to 0'698 on low and h'gh fert.|I|ty soils respec.t|vely) being es-
the left). Mean leaf N:P ratio was 3G:D.5 for the low soil pecially well associated (Fig. 4c). The relationships between

fertility plots, this being significantly higher 7s=388.6, <] and [P] (-=0.394 and 0.507; Fig. 4e), [Mg] and [Ca]
p <0.001) than the 19:65.6 observed on high fertility soils, (" = 0.643 and 0.660; Fig. 4f) and between [K] and [Ca]

Thus, the natural variations in rain forest soil fertility that oc- (_’ =0.447 and Q'450)_ are also of note, as _iS the obs_erva-
cur within the Amazon Basin, exert a strong effects on p|amt|on that the relationship between [K] and [N] is substantially

nutrient concentrations artd3C, but do not strongly influ- weaker than for [K}>[P]. Though not Sh‘?W” in Fig. 4, of in-
enceM, and [C]. terest were the generally strong correlations between all three

base cation pairs and with P.
A comparison of SMA slopes for alM, <>[nutrient]
relationships showed no difference between low and high

A preliminary analysis of the raw data foliar properties fertility sites (Table 2). This was also true for between
showed significant correlations between most of the examfutrient pairs such as [R}N], [K] <[P], [Ca]«[K] and

ined trait pairs as shown in Table 1 (left panel), where welCal<>[Mg]. This suggests that the intrinsic (genetically de-
also summarise the SMA regression estimates for the whol@n€d) way My is linked with leaf nutrient concentrations,

dataset (no separation into low and high fertility plots). Nev- &5 Well as the way in which different nutrients are related
ertheless, when low and high fertility sites were considered© €ach other is to a large degree common for species found

separately, most of the pairwise associations remained im@cross the Amazon and independent of the fertility of the soil
portant, but with significant differences in slope or elevation Where they usually grow.
and shift of the SMA axis being identified (see Supplemen-

3.2 Statistical distribution of measured traits

3.3 Bivariate relationships (raw data)

Biogeosciences, 6, 2672708 2009 www.biogeosciences.net/6/2677/2009/
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Fig. 4. Relationship between genetic effect terms for selected pairs of foliar properties. These curves are reconstructed following the footnote
on Table 1 (analysis originally done on Iggtransformed variables, but here back transformed to the original scale) and with the overall
geometric mean for each foliar property subtracted. Red dots indicate species found on low fertility sites and blue circles indicate species
found on high fertility sites. Species found on both soil fertility groups are illustrated with black dots (see text for details). Common slope
SMA lines are shown, though shifts along the SMA axis with fertility were also common (Tahlé 2ilenotes leaf mass per unit area with

other symbols representing the elemental composition of the leaves (dry weight basis).
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As there was no effect of soil fertility on the SMA slopes, ten had different slopes. For example the SMA slope for
for each bivariate relationship exhibiting a common scalingthe [K]<«[P] relationship was equal to 1.40, almost identical
exponent, further tests for difference in elevation and/or shiftwith the one estimated for the genetic component pair (1.54).
were subsequently applied (Warton et al., 2006). AlthoughOn the other hand the slope for the {2[N] plot effect re-
in no case were significant differences in elevation (inter-lationship was 2.69 as compared to 1.17 when genotype was
cept) identified between SMA regression lines of low andthe source of variation and with no overlapping confidence
high fertility oriented species, all of the# 4 <>[nutrientfand  interval limits (Table 2). Clearly then, althougdi4, [N] and
[P]<>[N], [K] «>[P], [Cal«>[K] pairs presented significant [P] are closely linked in a consistent way when examined
shifts along the\ 4 axis (Table 2). Thus species found on fer- across different species, the relationships betwegnand
tile soils are shifted towards the upper end of Mig vs. [nu- [P] and between [N] and [P] for tropical trees can both be
trient] scaling line, tending to have inherently lowdyand  substantially modified by the environment in which they are
inherently higher leaf nutrient concentrations (Fig. 4a, b).growing.

There were 33 species found at both low and high fertility
sites, overlapping the two soil groups which were not in- 3.6 Environmental predictors of the plot effects
cluded in the calculation of the above effects.

Finally for §13C there was a strong positive relationship The results from the ordination of the soil variables are il-
with both [N] and [P] only and with soil fertility affecting the lustrated in Table 3 with the first three PCA axes explaining
elevation of (rather than a shift in) the SMA regressions (Ta-0.74 of the total variance. The first axis which accounted
ble 2). This suggests that although there is a general tendend@r 0.45 of the variance was mainly related with variations in
for species with intrinsically higher [N] and [P] to also have exchangeable basegq Ca, K and Mg), total extractable P,
an intrinsically lower photosynthetic discrimination against total reserve base&(s) and effective cation exchange ca-
13C0O, (A), the magnitude of this effect is offset because Pacity, thus reflecting variations in soil fertility (denoted).
species on the more fertile soils also have a highehan ~ The second axisyr, explained 0.18 of the variance and was

those typically found under less fertile conditions. mostly associated with variations in exchangeable Al and soil
texture, with the thirdgc, (accounting for 0.11 of the vari-
3.5 Bivariate relationships (plot-environmental ance) mostly associated with variations in total soil C and
component) N. These principal components were used as non-collinear

predictor variables, along with mean annual temperature, an-

The aggregated SMA regressions of the plot (environmen-nual total precipitation, precipitation during the dry months
tal) component are summarised in the right panel of Table 1and incoming solar radiation in a multiple linear regression
Although a substantially smaller sample size was used (numagainst the plot level effect as derived from the multilevel
ber of plotsgknumber of species) many significant linear re- model of Eq. (1).
lationships were identified. However in some cases, relation- As is outlined in Appendix A, important environmental
ships identified as important for the genetic component werepredictors of trait variation were identified using both or-
weak for the plot level effects and vice versa. For example,dinary regression and simultaneous autoregressive models
although the relationships between {€M4 and [N« M4 (SAR). However, some OLS analyses (especially for [P],
(Fig. 5a) were significant for the plot level effects and with a [Ca], [K], [Al] and §13C) suggested that data normality and
similar slope to the genetic level effects, this was not the casédvomoscedacity did not always occur. Thus, we utilised the
for the [Pk> M4 (Fig. 5b) and the [K}> M4 pairs. Thissug- rank-based Kendall's to evaluate the relationships between
gests that the often observed relationship betws&anand plot-level trait effects and environmental predictors (i.e. us-
[P] does not reflect some sort of fundamental physiologicaling the gz axis and the climatic variables) that retained the
imperative. The correlation between plot level [N] and [P] strongest significance in the OLS-SAR comparative analysis.
contribution was significant (Fig. 5¢) and the same was trueThese relationships are illustrated in Figs. 6 and 7 along with
for the [Cak->[N] pair (Fig. 5d), although for the latter no their associated and level of significance.
significant association was identified for the genetic compo- Bearing in mind that any spatial autocorrelation will lead
nent. The strongest association was found betwees-[R] to an overestimate of the level of significance, Fig. 6a thus
(Fig. 5e). suggests that the relationship showing a decline between

Another point of interest was the comparison of the SMA M, and ¢f, is weak, but that the decrease in [C] plot ef-
slopes, for the genetic and plot component which describdect with ¢z (Fig. 6b) and the increasing [N] effect withy
the functional relationship across and within species respecfFig. 6¢) are both much more likely to be significant, with
tively (though note that our “residual” component must also the very strong relationship between [P] plot effects apd
contain some aspects of within-species variability). Out of (Fig. 6d) even more so. Of the cations, the relationships
the 17 cases where pairwise relationships were importanbetweengrand both the [Ca] (Fig. 6e) and [K] plot effect
both for the genetic and the plot component, seven had overtFig. 6f) were both also quite strong, but as is shown in
lapping slope confidence intervals, i.e. similar slopes, andrig. 6g this was much less the case for the [Mg], for which,
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Fig. 6. Relationships between plot-environmental effects and the PCA first PCA (fertility) @xidor key foliar properties. Red dots
indicate low fertility plots and blue circles indicate high fertility ones. Full Kendallgong with its significance is also givem 4 denotes
leaf mass per unit area13C represents the dry matté?C/12C composition (per mil) with all other symbols representing the elemental
composition of the leaves (dry weight basis).
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indicate low fertility plots, blue circles indicate high fertility ones and black dots plots with no soil fertility data. Full Kendalbsmg with

its significance is also givenM 4 denotes leaf mass per unit aréa3C represents the dry matt&*C/22C composition (per mil) with all

other symbols representing the elemental composition of the leaves (dry weight basis).
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Table 1b. Table of geometric means.

My [C] IN] [P] [Ca] K] [Mg] [Al] 1813
@m2? (mgghH (mgghH (mggH (mgghH (mgghH (mggH (magghH (%)
Overall geometric mean 94.85 471.53 20.69 0.91 5.48 5.38 2.26 0.044 31.33
(logy o estimate) (1.97) (2.67) (1.31) —0.04) (0.74) (0.73) (0.35) 1.357) (1.50)

Table 2. Pairwise relationships between the genetic components of key foliar properties of species found in low and high fertility plots. The
genetic component is computed by summingRamily+Genus+Speciesffect as estimated from the multilevel mod8lopeof the SMA,
Pearson’s- correlation coefficientsig the significance of the correlation, andhe number of cases used. Boldface indicates significant
difference p < 0.05) in slope or elevation and/or shift across the SMA axis. The (-) sign indicates that the respective test cannot be applied.
sig: *** <0.001, **<0.01, *<0.05, —<0.1. M4 denotes leaf mass per unit aréa3C represents th&C/12C carbon isotopic composition

with all other symbols representing the elemental composition of the leaves(dry weight basis). All values had pdesmisfgrmed prior

to analysis.

low fertility high fertility sig. of difference in
logio(y) logio(x) slope slope 95%ci r sig n slope slope 95%ci r sig n slope elevation shift
[C] My 0.353 (0.307 0.407) 0.228 * 188 0.392 (0.349 0.440) 0.099 - 289 0.267 0.623 0.001
[N] My —1.045 (0.916—1.192) —0.403  *** 189 —-0.959 (0.863-1.065) —0.407 k203 0.313 0.994 0.003
[P] My —1.202 (1.052-1.373) —-0.388  *** 188 —-1.170 (1.054-1.298) —-0.433 ** 290 0.751 0.525 0.001
[Cal My —2.284 (1.980-2.635) -—0.134 - 188 ) ) —0.083 0.157 291 (=) ) )
[K] My —1.616 (1.408-1.855) —0.291  *** 188 —-1.703 (1.527-1.900) —-0.323 ** 291 0.559 0.272 <0.001
[Mg] My —2.082 (1.806—2.399) -0.179 * 188 —2.194 (1.957-2.461) -0.124 * 291 0.570 0.365 <0.001
[Al] My ) ) 0.087 0.232 190 6.775 (6.042 7.596) 0.133 * 201 (9 - )
s13¢c My 0.117 (0.101 0.135) 0.126 - 184 - &) 0.025 0.667 293 (-) - ~)
[N] [Cl 2.956 (2.562 3.411) 0.122 - 188 -) ) 0.064 0277 290 (-) -) )
[P [Cl ) ) 0.116 0.113 188 ) ) —0.086 0.146 289 (-) ) )
[Cq [C] —6.462 (-5.658—7.381) —0.387 ek 188 —-5.679 (5.154-6.257) —-0.546 **=* 290 0.123 0.182 <0.001
[K] [C] —4572 (3.998-5.228) —0.368  *** 188 —4.346 (-3.923-4.814) —0.467 ¥ 290 0.555 0.536 <0.001
[Mg] [C] —5.888 (5.147-6.737) —0.359  *** 188 —-5.608 (-5.063-6.212) —0.470 **=* 290 0.571 0.598 <0.001
s13c [C] 0.330 (0.286 0.381) 0.146 * 183 ) ~) —0.059 0.315 290 (9) “) @)
[P] [N] 1.150 (1.030 1.284) 0.648 rxx 188 1.217 (1.120 1.323) 0.698 289  0.419 0.387 0.002
[Cal [N] -) — —0.015 0.838 188 -) -) 0.090 0.127 290 (-) -) )
[K] [N] 1.547 (1.340 1.784) 0.127 - 188 1.767 (1.579 1.978) 0.230 ¥k 200 0.151 0.31& 0.001
[Mg] [N] ) ) —0.055 0.454 188 2.280 (2.032 2.559) 0.103 - 290 () -) -)
s13c [N] 0.111 (0.097 0.128) 0277 ™ 184 0.101 (0.090 0.113) 0.240  ** 203 0263 0.008 0.221
[Cal [P] ) & 0.046 0530 1838 1.896 (1.694 2.121) 0229 ** 291 (o) ~) &)
[K] [P] 1.345 (1.178 1.535) 0.394 Hohk 188 1.441 (1.305 1.592) 0.507 b 291 0.412 0.524<0.001
[Mg] [P] ) ) 0.067 0.363 1838 1.858 (1.661 2.079) 0242  ** 291 (o) ) )
s13c [P] —0.099 (0.087-0.114) —0.349 *=* 183 —0.082 (0.073-0.092) —0.242 ** 290 0.033 ) )
[Mg] [Cq 0.911 (0.816 1.018) 0.643 rxx 188 0.987 (0.905 1.076) 0.660 k292 0.266 0.311<0.001
s13¢c [Cal ) ) 0.095 0.201 183 0.043 (0.038 0.048) 0223  ** 291 (o) ) &)
[Ca [K] 1.413 (1.242 1.608) 0.447 rrx 188 1.307 (1.179 1.449) 0.450 k292 0.352 0.493< 0.001
[Mg] [K] 1.288 (1.140 1.455) 0.534 roxx 188 1.290 (1.175 1.415) 0.591 292 0.987 0.888<0.001
s13¢c K] ) ) 0.106 0.154 183 ) ) 0.085 0150 291 () ~) )
s13¢c [Mg] ) ) 0.065 0.386 183 0.044 (0.039 0.049) 0.146 * 201 (9 - )

after taking into account the likely spatial autocorrelation dis-tation, P,, with a strong positive relationship observed with
cussed in Appendix A, is probably not significantly related M4 (Fig. 7d), [C] (Fig. 7e) and a negative slope for [Mg]
to . Likewise fors13C the relationship withpr was rela-  (Fig. 7g). Figure 7f and h shows less dramatic, though po-
tively weak, though still of interest. tentially important relationships with precipitation for the [P]

. . . ands13C plot effects respectively.
In a similar manner, Fig. 7 illustrates the strongest re- P P Y

lationships found between the various plot effects and cli- Table 4 lists Kendall's partial rank coefficients() for the
mate. Three likely significant plot effects related to meanvarious plot effects examined as relatedgte, ¢r, Ty, P,
annual temperatureTy,) were observed, namely a decline and mean annual radiatiod,,. In all cases the coefficient
in leaf nitrogen (Fig. 7a), leaf phosphorus (Fig. 7b) and K given is for the one factor after controlling for the other four.
(Fig. 7c) with increasing temperature. Figure 7d—h showsBased on our numerical simulations of the partighmpling

the most important relationships with mean annual precipi-distribution quantiles and the issue of spatial autocorrelation
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Table 3. Summary of the Principal Components Analysis for selected soil variables averaged over 0.0—-0.3 m depth. Full details on methods
used for soil analysis are provided in Quesada et al. (2009c).

Eigenvalue 6.227 2.537 1.597
Proportion of total variance 0.445 0.181 0.114
pH —0.278 0.371 -0.082
log; oftotal reserve bases] —0.328 —0.072 0.050
logs g[total extractable —0.340 —0.103 —0.148
logsg[total N] —0.290 —0.095 -0.514
logyg[total C] —0.169 —0.044 —-0.667
logglexchangable Ca] —0.360 0.162 0.103
logglexchangable Mg] —0.367 0.083 0.202
logig[exchangable K] —0.286 —0.100 0.134
logyg[exchangable Na] —0.140 —0.135 -0.022
log;glexchangable Al 0.161 -0.359 -0.137
logyo(effective cation exchange capacity) —0.329 —0.202 0.109
logyo(base saturation) —0.204 0.410 0.237
fraction sand 0.199 0.442 -0.261
fraction clay —0.077 —0.491 0.187
Axis definition (in)fertility  texture &Al C&N

@ sum of both inorganic and organic fractions extracted by resin, bicarbonate and NaOH according to a modified Hedley extraction procedure
as detailed in Quesada et al. (2009c).

Table 4. Kendall’s partial correlatiorr for the environmental contribution (plot effect estimate) of each foliar property with the set of
environmental predictors. Kendallisare estimated as described in Legendre and Legendre (1998, pp. 202). Their significance is computed
based on Maghsoodloo and Laszlo Pallos (1981). Bold values indicate a very strong correlatio®Q1) and italics indicate significant
correlations ap < 0.01; see text for details\/ 4 denotes leaf mass per unit aré&3C represents th&3C/12C composition (per mil) with all

other symbols representing the elemental composition of the leaves (dry weight basis).

My [C] [N] [P] [Ca] Kl [Md] [Al] 313
Fertility o —-0.201 -0.233  0.204 0475 0475 0337 0220 0.097  0.203
Texturepr 0.048 0103  0.115 0.043 —0.272 -0.169 -0.178 —0.149  0.022

Temperaturdy, 0.107 0.051 -0.382 -0.256 —-0.081 —0.408 0.031 -0.176 —-0.133
PrecipitationP, 0.329 0.300 -0.178 0.171 -0.010 0.113 -0.306 0.016 0.244
RadiationQ, —0.058 0.152 0.018 0.117 —0.140 0.075 0.003 —0.139 0.119

discussed above, we suggest that- 0.23 (approximately  soil sandiness and/or higher soil pH. Of the climatic param-
relating to the probability of a Type Il erro?, being less  eters,Q,, showed no meaningful associations, but [N], [P]
than 0.01) should be taken as a minimum criterion for statis-and [K] were all negatively associated wilh. There were
tical significance withrp > 0.31 almost certainly indicating several strong relationships detected whj1 in particular
a meaningful correlative relationship (< 0.001). Neverthe- an increase in boti/4 and [C] with increasing precipita-
less, relationships with 0.X7#p < 0.23 cannot be entirely tion, and with significant declines in [Mg] and less negative
discounted. 813C asP, increased.

Table 4 shows that very strongly related¢e were the
plot effects for [P], [Ca] and [K], and, with the exception of
[Al], the other parameters examined also had close to signif4 Discussion
icant relationships with\/4, [C] declining somewhat with
increased soil fertility and’3C increasing. On the other Suites of plant traits are often used to infer the functioning
hand, only the [Ca] plot effect was significantly associatedand performance of different species (Westoby et al., 2002)
with ¢ although all other cations (including [Al]) did show as well as to identify potential evolutionary pathways of trait
trends in the same directionjz a decline with increasing variation (Reich et al., 2003; Ackerly, 2003). Among the

Biogeosciences, 6, 267Z#08 2009 www.biogeosciences.net/6/2677/2009/



N. M. Fyllas et al.: Foliar properties of Amazonian forest 2693

range of functional characters some are regarded as highlgvidence of similar transport mechanisms (Broadley et al.,
conservative while others are considered more plastic. Iden2008), Md¢*-specific transport genes also exist (Gardner,
tifying the variation of different functional traits among and 2003). This is consistent with the much greater plot effect
within different evolutionary affinities and exploring the way for calcium observed here (Fig. 2) with ¥ttruptake likely
these plant functional characteristics vary across environsubject to a much tighter physiological regulation via sym-
mental gradients should help us to understand the functioninglastic transport pathways and hence the relatively lower en-
of different ecosystems and their responses to global changeironmental effect.

_ ) o _ It is also intuitive that should an element be limiting for
4.1 Genetic and environmental variation in leaf foliar  ecosystem function then foliar concentrations should show
properties of Amazon trees a strong correlation with variations in its availability within
. ) the soil and with the associated environmental component of
Analyses of global (Wright et al., 2004) and regional (FON- 4 iation likely being high compared to any genetic compo-
seca et al., 2000; Wright et al., 2001) datasets have highpent | this respect the strong environmental components
lighted that a large portion of the variation observeddn,  gpserved for [P], [Ca] and [K] in Fig. 2 and their strong cor-
[N] and [P] is found between species within a common envi- o |ation with the fertility axis,or (Fig. 6), are especially
ronment. Data from north-west Amazonia presented a thirty5-tormative. It has, of course, long been argued that phos-
fold variation' in Iegf longevity andl a three-'fold variation in phorus may be the main element limiting tropical forest pro-
M, and [N] in adjacent communities (Reich et al., 1991) 4,ctivity (Vitousek, 1984) and analysing the relationship be-
with Townsend et al. (2007) highlighting the importance of yyeen above-ground growth rates and various soil fertility
local-scale species diversity as an important component COMeasures, Quesada et al. (2009b) have also found good ev-
trolling the variation of foliar N:P ratio. Our results place jence supporting this critical role for phosphorus in mod-
a special emphasis on this variability, covering considerablg,|ating tropical forest productivity. Nevertheless, from the
tre_e species diversity across an ecosy_ste_zm-Wlde _chma_t_e anghia presented here itis clear that foliar potassium in particu-
soil gradient. A ten-fold range of variation was identified |5 seems to always correlate strongly with foliar phosphorus
for M, covering a similar range (30 to 300g#) as a re- (Fig. 5), this also being observed for the genetically depen-

cent worldwide review (Poorter et al., 2009). At the same gen¢ relationship with a virtually identical slope (Fig. 4).
time [N] and [P] presented a six-fold and a seventeen-fold

range respectively. Significant differences in averafg

[N] and [P] exist between many families as well as varying
with genera within several of the more widely abundant ones
(Figs. B1 and B2).

In our dataset some properties lik&,, and leaf [C], [N], Scaling relationships were identified between all
[Mg] and [Al] seem to be more strongly genetically than en- M <>[nutrient] raw data pairs with the only exception
vironmentally constrained, with much of their variation at- being theM, <[Al] pair (Table 1). Additionally for the
tributable to their phylogenetic grouping (Fig. 2). For exam- genetic M4 <[nutrient] pairs common slope SMA axes
ple approximately 0.07, 0.11 and 0.19 of the total variation inwere identified, indicating similar scaling mechanisms
M, is apportioned to the family, genus and species comporegardless of edaphic conditions (Table 2). Thus at this level,
nent respectively (i.e. 0.37 of the total variance is attributablegeneral axes of leaf traits variation expressing the economic
to genotype) and only 0.15 is due to the location of an indi-Spectrum of fast and slow resource turnover are indeed valid
vidual. At the other end, traits such as [P], [Ca] and [K] had for Amazonian forests (Table 1, middle panel).

a much higher level of plasticity, with 0.47, 0.41 and 0.47 of However there is a clear distinction in the inherent phys-
the respective variation being attributed to the site at whichiological ranges that low and high fertility oriented species
the leaf was measured, and thus suggesting a strong enviroeperate (Paoli, 2006; Kraft et al., 2008) and this is illustrated
mental control. by the significant shifts across the common axis of variation

For the cations, significant genetic variation has been obidentified for the genetic component (Table 2). Thus species
served before for both herbaceous (Thompson et al., 1997Ayhich are found on fertile soils tend to be at the fast return
and woody (Dauer et al., 2007) plant communities (see alsdright hand) side of the intrinsi¢/4 <>[nutrient] continuum
Broadley et al., 2004). Much of the genetically controlled (Fig. 3). In the raw dataset this distinction was expressed
variation in [Ca] and [Mg] seems to be mediated through dif- both with significant difference in the intercept and/or shifts
ferences in cation exchange capacities of cell walls (Demartyof the principal axis or even more in some cases with differ-
et al., 1984; White and Broadley, 2003), which are them-ence is the SMA slope (Table SI2). This was also shown for
selves strongly influenced by genetic variations in pectin andN] vs. [P] by Townsend et al. (2007). Shifts in the intercept
galacturonic acid chemistry (Kirkby and Pilbeam, 1984; Sat-of the raw data SMA seem to be controlled by the environ-
telmacher, 2001). Nevertheless, even though the uptake ahental contribution of trait variation, as no such difference
both cations is clearly genetically controlled and with somewas identified in the genetic scaling. Thus the environment

4.2 Scaling relationships and species distributions
across the Amazon
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within which a plant is growing clearly affects the nature of combinations (e.g. Fonseca et al., 2000; Wright et al., 2004,
the M 4 <>[nutrient] relationship. 2005a; Townsend et al., 2007) all of these have treated the
Across the Amazon Basin there are two well-recorded gra-measured values of the traits examined as being genetically
dients of resource availability, namely a northeast to south-determined, often pooling several values into a single set of
west gradient of soil fertility (Quesada et al., 2009b) and avalues for the one species. We have taken a different ap-
northwest to southeast gradient in precipitation and dry seaproach here, allowing for the traits observed for any given
son length (Sombroek, 2001; Malhi and Wright, 2004). Treespecies to vary with location by utilising the REML method-
species distributions (ter Steege et al., 2006), diversity (teology. A similar statistical approach has been independently
Steege et al., 2006) and forest turnover (Phillips et al., 2004undertaken by Watanabe et al. (2007) in an analysis of evo-
all follow these gradients, with westerns forests being morelutionary controls of plant nutrient composition. They fitted
dynamic and with faster growth rates (Malhi et al., 2004; a REML model of a similar form, also using random terms
Phillips et al., 2004; Quesada et al., 2009b). Results here sugenly (in their case “site + clade/family/species”), though in
gest that these gradients are reflected in foliar characteristictheir study they were more interested in partialing out any
as well as other functional properties (Patiet al., in prepa-  site effects, rather than, as in our case, trying to quantify
ration; Baker et al., 2009). Specifically, species on richerand understand them. Our approach of quantifying both
soils tend to have intrinsically lowe¥f4, and intrinsically ~ the genetic and environmental components through REML
higher leaf nutrient concentrations compared with species ons a valid one despite the strongly unbalanced nature of the
poor soils. Of special interest are the identified shifts acrosglata set employed (see Supplementary Information 1) and
the principal axis of genetic variation, supporting the “habitat occurs because about half of the species in the dataset oc-
tracking” hypothesis (Ackerly, 2003). We suggest that spe-curred in more than one plot. This species/plot overlap al-
cific trait dimensions systematically change along soil fertil- lows for a direct estimate of plot-environmental effects as
ity gradients. well as estimates of the genetic effects of these species oc-
Our sampling strategy and subsequent analyses were ngurring in more than one plot. These plot effect estimates,
designed to specifically explore niche separation mechaonce subtracted from the raw observations, then allow for
nisms occurring across the RAINFOR plots. Nevertheless,'genetic effects” to be estimated for those species occurring
the clear shift in the genetic component of foliar traits as-only once in the dataset. A nested genetic variance structure
sociated with rich or poor soils implies that soil fertility used withina REML context to analyse the genetic variations
exerts a fundamental role in modulating community com-observed (in our case “family/genus/species”) has previously
position across Amazonia. As is also discussed in Fyllagoeen recognised by other workers and extensively applied in
and Lloyd (2009), it seems potential resourced-based tre@hylogenetic analyses (Broadley et al., 2004).
niche differentiation processes are accompanied by specific By combining the non-spatial and spatially explicit regres-
suites of functional foliar and other properties. The un-Sion models of the plot-level effects and then using this in-
balanced nature of our data-sampling with more than halfformation to help us interpret the partial Kendalt's soil
of the species (303) being measured only once, is unlikelyfertility emerges as a key axis of association between leaf
to have given rise to biased species effect estimates drivelevel nutrient variation and environmental factors. Soil fer-
by the environmental conditions of the site (Supplementarytility was positively related with leaf nutrient concentrations
Information I1: http://www.biogeosciences.net/6/2677/2009/ and negatively associated witth, and with leaf [C] (Fig. 6).
bg-6-2677-2009-supplement.xipHowever, these correla- Based on studies with soil nutrients and/or investigations on
tions could have arisen through a small number of ancienthe effects of variations in soil fertility on tropical tree leaf
events, and subsequent diversification from common ancegiutrient concentrations (Montagini, 2000; Webb et al., 2000;
tors that colonised rich and poor soils respectively. Alter- Specht and Turner, 2006), increased foliar nutrient concen-
natively, habitat specialisation may have repeatedly driverirations for any given species on more fertile soils are not all
diversification in a large range of clades, such as in the Bursthat surprising. What is more interesting is the coordinated
eraceae (Fine et al., 2005). Distinguishing these hypotheresponse of/4 and [C]. Clearly for any given species con-
ses will require mapping the genetic component of speciesiderable plasticity exists. Leaf structure and physiology can
traits onto their phylogenetic relationships and assessingary together with the wider ranging species investing fewer
whether the genetic component of these trait values showesources into structural carbon ahih under high nutrient
overdispersed or clustered distributions (Cavendar-Bares etonditions.

al., 2006). Plot level variation inM4 and leaf [C] also showed a
strong positive trend with increasing precipitation, with a sig-

4.3 Environmental predictors of foliage properties nificant decline in leaf [Mg] also observed (Fig. 7). This in-
variation crease inM 4 with increased moisture availability contrasts

with the generally accepted pattern for evergreen species
Although there have been several previous studies investiwhere M4 declines with increasing rainfall (Wright et al.,
gating effects of climate and/or soil conditions on foliar trait 2005a). Nevertheless, it might be explicable on the basis
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of higherM 4 leaves being structurally more robust and thus for [P] from the partial Kendall’s analysis (Table 4).

more resistant to the increased intensities of pathogen and

herbivore attack which would be expected in the less sea4.4 Amazonian axes of trait coordination in a global
sonal and higher rainfall environments. Consistent with this context

idea is the increase in [C] also observed with increasing pre-

cipitation, pointing to an increased investment of carbon inConcentrating on the genetic component, it is interesting to
constitutive compounds, as has been reported, for exampleompare the slopes of the bivariate relationships we have ob-
to occur for lignin and phenolics (though in this case acrossserved with those proposed to operate globally (Wright et al.,
different life forms and with a reduction rather than an in- 2004). Here we note that for the (aggregated) genetic com-
crease iM4) in northern Patagonia (Bertiller et al., 2006).  ponent of trait variation we observed [N] M4 slopes (with

More difficult to explain is the observed decrease in [Mg] confidence intervals in brackets) €0.99 (-0.91 to—1.07)
with increasing precipitation. Perhaps there are changes islightly steeper than that of Wright et al. (2004), who (tak-
cell wall carbohydrate chemistry associated with increasedng reciprocal values from thé/, <»[N] slopes, their Ta-
foliar defences (Vorwerk et al., 2004) at higher precipita- ble 1) reported a value 0£0.78 (-0.76 to—0.81). If we
tion sites. This would likely be achieved through changesaccept that the negative [N} M4 scaling relationship oc-
in cell wall structure as mediated, for example, by pectincurs because highe¥/4 leaves invest a greater proportion
methylesterase (Pelloux et al., 2007). If so, such difference®f their biomass in structural rather than metabolic compart-
would be expected to give rise to substantial changes in celnents (Reich et al., 1999), then this suggests that higher
wall ionic properties and, in particular, associated changes in4 tropical tree species may retain a lesser amount of ni-
foliar magnesium contents (Pilling et al., 2004). trogen in structural compartments such as cell walls. It is

It is also interesting to note that the three foliar propertieswell known that cell wall N contents can vary substantially
showing significant changes with precipitatiatiz M4, [C] (Lamport, 1965; Takashima et al., 2004) with several classes
and [Mg], are also those for which the overall environmental of cell wall protein with an important role in disease resis-
contribution to the observed variance were all but the lowesttance (Showalter, 1993; de Bruxelles and Roberts, 2001).
but with a substantial genetic contribution to the variation ob-It is, however less likely that this nitrogen-based defensive
served (Fig. 2). This suggests that rather than being directlgtrategy, would be employed for species characteristic of the
caused by precipitation per se, the “precipitation effect” asmore infertile soils (including white sands) as some evidence
calculated might actually reflect phenotypically distinct pop- for N-deficiency exists (Quesada et al., 2009c). According to
ulations. Such intraspecific variation has been observed bethe Carbon: Nutrient Balance Hypothesis (CNB: Bryant et
fore for woody species. For example, in a “common garden”al., 1993), C-based constitutive defences would be expected
experiment using fifteen distinct populations of red ironbarkto be more prevalent as has shown to be the case by Fine et
(Eucalyptus sideroxylosubsp tricarpa) in Australia, War-  al. (2006). Consistent with this idea is the significant pos-
ren et al. (2005) found considerable between inter-populatioritive [C]<«<> M4 relationship observed for species found on
variability (i.e. phenotypic plasticity) for boti¥4 and [N] low fertility soils. This may be accountable for in terms of
and with some of this variation attributable to seed-sourcehigh M4 leaves having a greater investment in carbon based
precipitation regime. Despite the notoriously high biodiver- defensive compounds such as phenols, lignin and tannin, all
sity of Amazon forest (Hubbell et al., 2008) there is no rea- of which have a relatively high carbon content (Poorter and
son why such intra-specific variation should not occur for atVillar, 1997). A critical discussion of the CNB and other
least some of the species growing there, as has been showalevant plant defence hypotheses as related to plant geno-
for different populations of Costa Ric&edrela odoratdor typic characteristics and edaphic limitations may be found in
example (Gillies et al., 1997; Navarrro et al., 2002). Stamp (2003).

Environmental effects on leaf N concentration were neg- In contrast to [N}> M4 our genetic scaling slopes for
atively related with annual mean temperature (Fig. 7). This[P]<> My, of —1.17 (~1.08 to—1.27) are all but identical
result is in agreement with the global scale prediction of leafto the Wright et al. (2004) global estimate 6f..22 (—1.16
nitrogen decreasing with temperature (Reich and Oleskynto —1.28) suggesting stronger similarities between Amazon
2004), supporting the “Temperature-Plant Physiology Hy-forest trees and other terrestrial plants. The steeper negative
pothesis” (Woods et al., 2003) which argues that plants aslope for the [P{ M4 relationship as compared to that for
lower temperatures should show higher concentrations ofN]<«> M4 may be explained by the presence of still apprecia-
physiologically relevant compounds in order to compensateble amounts of N, but not P, in structural tissues such as cell
for repressed rates of fundamental biochemical processesvalls (Showalter, 1993; Gabriel and Kesselmeir, 1999; White
Even after removing the genetic N component of speciesand Hammond, 2008), the proportion of which should gen-
adapted and established to more fertile environments and aerally increase as/4 increases. Also important may be the
counting for the potential existence of spatial autocorrelationability for low P requiring species to exhibit a more conser-
phenomena, the negative effect of temperature on foliar [N]vative use of phosphorus in their metabolically active tissues,
remained highly significant (Table Al) as was also the casdor example, through employing organic acids rather than
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inorganic phosphate to maintain ionic balance in the vacuole[P] with a higher exponent than is generally observed. No-
and through substitution of phospholipids with galactolipids tably the [K]<>[N] genetic relationship was markedly less
and sulpholipids in thylakoid and extraplastidic membranesstrong (r = 0.178), although our slope of 1.65 was closer to
(Amtmann et al., 2006; White and Hammond, 2008). the 1.19 reported in Wright et al. (2005b) than was the case

Research quantifying relationships between metabolicallyfor phosphorus.
active tissue properties, for example [N] and [P], and link-  The very strong genetic [Ca}[Mg] association observed
ing these with the way annual growth rate scales with planthere has also been observed on other studies (Thompson et
mass, has received some attention in recent years, with modl., 1997; Broadley et al., 2004) and may be attributable to
ellers in this area attempting to provide a modelling frame-the chemical similarities between these two divalent cations
work to predict the way trees accumulate resources (Niklasand a general lack of selectivity during cation uptake by
et al., 2005; Niklas, 2006, 2008). Recent modelling exer-plants (White, 2001; Broadley et al., 2004). It is also likely
cises (Kerkhoff et al., 2005, 2006; Kerkhoff and Enquist, that these two cations share, to a large extent, the same mem-
2006) are based on a perceived strong association betwedsrane transporters (Broadley et al., 2008). There were also
leaf [N] and [P], according to a 2/3 (Wright et al., 2004) or very strong negative relationships between the concentration
3/4 power law (Niklas et al., 2005). Whilst not necessar- of [Ca], [Mg] and [K] with [C], with significant shifts ex-
ily endorsing the generality of such exercises, it is of someisting between low and high fertility plants. This has been
interest to see how our observations fit with the conceptuabbserved before for a range of species (Poorter and de Jong,
constructs. Our results verify the strong N]P] relation- 1999) and may reflect an underappreciated dimension of
ship, on both fertile and infertile Amazonian soils. This scal- the leaf economic spectrum, which reflects a continuum of
ing relationship was significant both in the raw data analy-strategies for leaf construction, ranging from the use of rela-
ses (Tables 1 and SI2) and in the analyses of the multilevelively cheap components (minerals) to more expensive car-
effect estimates (Tables 1 and 2). The aggregated raw datidon based constituents such as lignin. The latter strategy
estimate for the [Nd>[P] scaling exponent is (0.58-0.64), would also likely be associated with increased carbon based
whereas, as was similarly found by Townsend et al. (2007)defences and other factors associated with long leaf durabil-
for low fertility sites the estimated N:P slope (in our case ity such as a higi#/ .
0.77-0.93) is clearly higher than for high fertility sites (0.63—  Strong genetic based relationships were also seen between
0.73). Scaling of the genetic component of leaf{NP]is  §13C and [N] and, to a stronger extent with foliar [P] (Ta-
calculated at (0.78-0.97) and (0.76-0.89) for species foundble 1). It now seems clear that either N or P can limit pho-
on low and high fertility sites respectively with Table 1 sug- tosynthetic metabolism in tropical tree species (Domingues
gesting a value of 0.85 (0.80, 0.91) for the population as aet al., 2009) and this lower carbon isotope discrimination for
whole. Thus although the raw data analyses, with environthe higher nutrient species suggesting, on average, a lower
mental effects contribution included, seem reasonably closgartial pressure of C£in their chloroplasts (Farquhar et al.,
to the 2/3 power law, the analyses of the genetic component989). This indicates that higher photosynthetic capacities
clearly show that the 2/3 power law is not adequate for ex-of species characterised by intrinsically high nutrient con-
pressing the N:P scaling of Amazonian trees. Indeed, the exeentrations are not totally balanced by higher stomatal con-
ponent seems to even be a bit larger than 3/4. The above eguctances (Farquhar and Sharkey, 1982), perhaps suggest-
timates, in conjunction with the large portion of [P] variance ing form of hydraulic constraint on maximum photosynthetic
attributed to the plot level (Fig. 2), underline the importance rates of tropical tree species, even in the absence of soil mois-
of soil conditions in influencing N:P ratios as is discussedture deficits (Santiago et al., 2004b; Patiet al., 2009)
further below.

In addition to [N] and [P] we also examined the relation-
ships of [Ca], [K], [Mg] and [Al] with M4 as well as rela- 5 Conclusions
tionships between the various foliar nutrient concentrations,
again separating genetic versus environmental effects. CorFaken together our results highlight three important points
sidering genetic effects first: As was reported by Wright regarding the biogeochemistry of the Amazon basin, as ex-
et al. (2005b) we found a reasonably strong relationshippressed through a set of key tree foliar properties. First,
(r=0.45) between [K] and [P] but our slope of 1.40 was there exists a substantial variability at most levels of the evo-
nearly twice as high as their slope of 0.78. This is probablylutionary grouping of species. This variability depends on
due to the relatively low [P] in Amazon forest leaves (LIoyd the studied foliar property: Some leaf traits are more phylo-
etal., 2009b), meaning that phosphate ions are less often engienetically constrained than others; traits such as foliar [P]
ployed as reserve anions in the vacuole (where they wouldhowing strong associations with growing conditions and are
be normally balanced by K and other cations) and with a possibly linked to variations in stand-level productivity. Sec-
greater proportion of foliar P assigned to the photosynthetioond, these environmental effects on leaf level nutrient con-
apparatus than is usually the case (White and Hammondsentrations make the use of general scaling relationships dif-
2008). This would also mean that [K] should also scale withficult within the Amazon basin, especially if the soil fertility
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variations are not implicitly taken into account. Nevertheless(Tognelli and Kelt, 2004). The usual practice for selecting
a third point is that the strong genetic correlations betweerthe neighbourhood size in SAR models is to identify, through
M4 and leaf nutrient concentrations underlines the generathe inspection of the OLS residuals, the maximum distance
existence of the “leaf economic spectrum” across the divers®f a significant autocorrelation signal and use this distance
group of Amazonian tree species studied. Although varyingas a neighbourhood size (Lichstein et al., 2002; Hawkins et
along the same trait coordination axes, Amazonian trees alsal., 2007). Our data revealed discrete maximum distances of
clearly associate with the soil conditions most appropriate forspatial signal for each plot effect (determined from the cor-
their growth. Species are not randomly distributed across theelograms of the OLS residuals off each parameter of inter-
basin. But, rather, they follow distribution patterns based onest) and we thus used a variant neighbourhood size for the
an association between genetic trait potential and the availmedium scale SARs and a common (50 km) scale for fine
ability of environmental resources. scale SARs. We checked the value of the autoregression co-

efficient () in the SAR models; Specifically, ¥ was found

to be significantly different from zero after controlling for

Appendix A the environmental effect, then the autoregressive component
(i.e. the neighborhood effect) was deemed important. Fur-
Multiple linear regressions and autoregressive models thermore, by inspecting the SAR residual correlograms we
analysis of relationships between plot-environmental identified their ability to remove spatial autocorrelation. At
effect terms and environmental variables the same time we used a Monte Carlo (999) permutation test

for the significance of Moran’s for the initial plot effect es-

To deal with spatial autocorrelation issues in the dataset, wéimates and the residuals from the OLS and SAR models. In
explored the results of the multiple linear regressions throughall cases coefficients for ten distance classes of equal widths
the inspection of correlograms and estimation of the global(200 km) are reported — at this distance all classes have an ap-
Moran’s I (Legendre and Legendre, 1998). Here the pres-proximately balanced (more than 100) number of pairs (Leg-
ence of spatial autocorrelation could simply reflect a pat-endre and Legendre, 1998). For correlograms the local sig-
terned functioning of the plot level effects, i.e. nearby plots nificance of Moran’d at thej-th class were corrected with a
contributing similarly to the variation observed. Such a spa-progressive Bonferroni procedure*€a/j, with « the origi-
tially structured environmental effect could arise as a consenal significance level set at=0.05), while the adjusted sig-
guence of basin-wide gradients in soil age and fertility (Que-nificance level for the global Moran’s was 0.005 (0.05/10
sada et al., 2009a, c) and/or precipitation (Malhi and Wright,reflecting the ten distance classes used) for which more in-
2004). Alternatively, it could be driven by species distribu- formation is available in Legendre and Legendre (1998) and
tion patterns, with a species specific (or at least a functionalLichstein et al. (2002). The above were implemented with
group specific) effect modulating plot effect response. Thesehe R librariesncf (Bjornstad and Falck, 2001) arspdep
two effects point at exogenous or endogenous forces respe¢Bivand, 2006).
tively (Legendre and Legendre, 1993), either of which has All foliar plot effect estimates had an important spa-
the potential to give rise to a violation of the assumption of tial pattern as illustrated in the respective maps and tested
independently distributed errors. This leads to an overestiwith the Monte Carlo permutation method at equally dis-
mation of the relevant degrees of freedom as well as to anant classes of 20@n, and a global Bonferroni significance
overestimation of the importance of the environmental vari-levelax* of 0.005 (Fig. SlII1:http://www.biogeosciences.net/
ables included in any such analyses (Lennon, 2000). Inter6/2677/2009/bg-6-2677-2009-supplemeni.ziphis means
pretation of the macroecological patterns through statisticathat spatial autocorrelation needs to be taken into account in
analyses where spatial autocorrelation is present is an issugny analysis. The results of the non-spatial multiple OLS
of active debate (Lennon, 2000; Diniz-Filho et al., 2003), regression analyses are summarized in the top panel of Ta-
with recent simulations showing that the existence of auto-ble A1, and in the second and third panel we present the re-
correlated residuals may not seriously affect parameter estisults of the SAR models. Correlograms of residuals of all
mates (Hawkins et al., 2007). three models are shown in Fig. SlIl 2 and the comparative

To address the above issues, in addition to the non<onsideration of these models gives some insights to the po-
spatially explicit linear models (OLS), we also fitted two si- tential patterns of spatial autocorrelation of each foliar prop-
multaneous autoregressive models (SAR) including a spaerty of interest.
tial error term at a “fine scale” and at a “medium scale” Both the OLS model residuals correlogram (Fig. SllI 2a)
(Lichstein et al., 2002; Kissling and Carl, 2008). Previous and the permutation method (Table A1 — OLS panel —
spatial analyses of ecological datasets have revealed that itMoran’s 1) did not identify an important autocorrelation
some cases small neighbourhood distances (first-order) SARignal in the non-spatial regressionMf;, with the OLS ac-
models are able to remove the spatial autocorrelation signatounting for 0.42 of the variation in the plot effektsy con-
(Jetz and Rahbek, 2002), while other studies suggest thdtibution. The fertility PCA axisgr, and total annual pre-
larger neighbourhood (higher-order) SARs should be usecipitation were the most important environmental predictors.
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Table Al. Coefficient estimates from non-spatially multiple linear regressions (OLS), simultaneous autoregressive models at a common fine
scale (SAR FS, FS=50km) and at variant medium scale (SAR MS), for each foliar property on the set of the environmental predictors. FS
SARs had a common neighbourhood size of 50 km, while the MS SARs were at 750 km for [C], 2000 km for §&j@n&750 km for [Ca]

and [K] and 1900 km for [Al]. See text and Fig. SllII Btfp://www.biogeosciences.net/6/2677/2009/bg-6-2677-2009-supplemgifdizip
selection of appropriate neighbourhood sizgjives the autoregression coefficient for each SAR (boldface indicate its significant difference
from 0, at p=0.05). Moran’s | for each model's residuals tested at a global Bonferroni adjusted level (0.005), with 999 Monte Carlo
permutations (bold values indicate the existence of spatial autocorrelation in the residuals). Significance levels for environmental predictors
estimates: ***<0.001, **<0.01, *<0.05, —<0.1 and (-) non significant 4 denotes leaf mass per unit aré43C represents th&3c/l2c
composition (per mil) with all other symbols representing the elemental composition of the leaves (dry weight basis). All values had been
logyg transformed prior to analysis.

oLs My €] IN] [P] [Cal N [Mg] (AN s
Intercept —9.54E-02 —5.78E-02 4.39E-01 —-3.09E-01 1.63E+00 7.34E-01 1.16E-01 3.09E+00 3.78E-02
*kk *k *kk * * (_) *kk * (_)
Fertility, o —1.53E-02 —5.98E-03 1.02E-02 9.07E-02 1.26E-01 7.09E-02 1.79E-02 3.11E-03
*% *kk — *kk *kk *kk * —
Texture,pr 2.88E-03 1.31E-02 —4.76E-02 —2.50E-02
©) - - ©)
Soil Carbongc —7.19E-03 2.58E-03 —7.05E-02 —1.79E-02
-) =) > *
Temperature —1.66E-02 —4.41E-02 —4.15E-02 —1.47E-01 —-2.60E-03
*kk * *k *% —_
Precipitation 3.88E-05 5.23E-05 —4.75E-05 —7.59E-04 1.59E-05
*kk * *kk *% *
Dry Season Precipitation 1.26E-04 —1.24E-04 6.61E-04 1.09E-02 —9.62E-05
*kk — * KKk (_)
Radiation 2.63E-04 1.11E-03 —2.96E-03 1.60E-03 8.28E-03
* — *% (_) *
R2 0.418 0.362 0.498 0.568 0.601 0.488 0.376 0.346 0.305
Moran’s | 0.053 0.394 —0.049 0.173 0.425 0.460 0.143 0.477 0.469
SAR FS My [C] IN] [P] [Ca] [K] [Mg] (AN s13c
Intercept —2.73E-02 —1.69E-01 1.19E+00 —4.00E-01 1.34E+00 6.77E-02
-) -) - -) =) -
Fertility, o —4.97E-03 8.26E-02 1.29E-01 6.10E-02 3.40E-03
*kk *kk *kk *kk *%
Texture,pr 3.23E-03 —4.45E-02 —4.38E-02
* * *kk
Soil Carbonge 2.66E-03 —6.26E-02
(_) *%
Temperature —3.48E-02 5.68E-03 —8.91E-02 —3.87E-03
©) 6 - "
Precipitation 5.41E-05 —8.40E-04  1.68E-05
* *% *
Dry Season Precipitation 8.47E-05 1.38E-03 1.21E-02-9.29E-05
* *k*k *kk (_)
Radiation 9.83E-05 1.63E-04 -1.73E-03 4.02E-04 1.01E-02
=) -) =) -) >
A 0.483 0.421 0.460 0.761 0.461 0.566
Moran’s/ 0.033 0.018 0.030 0.023 0.154 —0.010
SAR MS My [C] IN] [P] [Ca] [K] [Mg] (AN s8¢
Intercept —5.83E-02 —2.42E-01  1.71E+00 4.14E-01 3.54E+00 4.45E-02
*k _ *%k (_) *k —
Fertility, o —6.01E-03 5.97E-02 1.13E-01 5.87E-02 3.58E-03
*kk *kk *kk *kk *
Texture,pr 2.86E-03 —3.87E-02 —2.53E-02
* - -
Soil Carbong¢ 2.60E-03 —6.81E-02
(_) *%
Temperature —4.50E-02 —2.99E-02 —2.03E-01 —2.98E-03
*% * *kk *
Precipitation 5.55E-05 —7.94E-04  1.82E-05
*kk *kk *%
Dry Season Precipitation 1.26E-04 5.20E-04 1.25E-02-1.21E-04
Kk - Kk *
Radiation 2.66E-04 6.51E-04 -3.33E-03 1.56E-03 1.35E-02
*k (_) *kk _ Kk
A 0.012 0.832 —-2.311 0.849 —0.856 —-0.622
Moran’s ! 0.392 —0.060 0.377 0.381 0.390 0.485
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Fig. B1. Family effecttstandard error estimates of the fitted multilevel model for leaf mass per unitipaepressed in g m?, elemental
concentrations (all in mggt) ands13C expressed iffpg]. Note the logg scale used for all parameters.

As another example we discuss the results for [Ca] plot efing §13C. In summary, plot level nitrogen and magnesium
fect regressions. The OLS indicated thge axis, thegr effects showed no spatial signal in the residuals, and thus the
axis, thepc axis, annual temperature and solar radiation asOLS model was considered adequate to describe the main
important predictors The residuals of the non-spatial modelkenvironmental predictors. Plot level [N] effects were mainly
(Fig. Slll 2b-OLS) and the permutation method for the global associated with the mean annual temperature and the soil tex-
Moran’sI (Table A1) identified a significant spatial signal in ture axis with a less important contribution of fertility and dry
the simple OLS. Thus we proceeded by fitting the fine andseason precipitation. The plot level [Mg] effect was mainly
medium scale SAR models. The fine scale (50 km) SARrelated withpr and the thirdpc axis, as well as with annual
model removed the spatial autocorrelation from the residu{precipitation. These environmental predictors accounted for
als as indicated by both the respective correlogram (Fig. Sllla high 0.50 and 0.38 of the total plot effect [N] and [Mg]
2b-SAR50) and the global Morank (Table A1 — SAR50  variability respectively.

panel). However in this model annual temperature and solar On the other hand, leaf [C] variation had a strong spa-
radiation lost their significance, while the rest of the predic- tial pattern which affected the residuals of the OLS (Moran’s
tors retained their significance with a small difference in their 1=0.39). Nevertheless, the fine scale (50 km) SAR model re-
coefficient estimates. Finally the medium scale SAR modelmoved most of this strong spatial signal (Morareg).03) al-
seemed not to perform better as it did not manage to removéhough this was not the case for the medium scale (750 km)
spatial autocorrelation from the residuals. We thus accepte®AR model (0.39). Nevertheless, the main environmental
as the better predictors for [Ca] plot effect the three soil axis.predictors of the OLS model, namely soil fertility and dry

A similar comparative consideration was undertaken forS€ason precipitation remained important in both SAR mod-
the OLS and SAR results for other foliar properties, includ- €!S, suggesting their valid influence.

www.biogeosciences.net/6/2677/2009/ Biogeosciences, 6, 28082009



2700 N. M. Fyllas et al.: Foliar properties of Amazonian forest

b) log,,Ca Effect log, K Effect log,,Mg Effect log,,Al Effect

Vochysiaceae
Violaceae
Verbenaceae
Urticaceae
Ulmaceae
Staphyleaceae
Simaroubaceae
Sapotaceae
Sapindaceae
Salicaceae
Sabiaceae
Rutaceae
Rubiaceae
Rosaceae
Rhizophoraceae
Rhamnaceae
Proteaceae
Polygonaceae
Poaceae
Oleaceae
Olacaceae
Ochnaceae
Nyctaginaceae
Myrtaceae
Myristicaceae
Myoporaceae
Moraceae
Monimiaceae
Meliaceae
Melastomataceae
Malvaceae
Malpighiaceae
Linaceae
Lecythidaceae
Lauraceae
Lacistemataceae
Icacinaceae
Humiriaceae
Fabaceae
Euphorbiaceae
Elaeocarpaceae
Dilleniaceae
Dichapetalaceae
Combretaceae
Clusiaceae
Chrysobalanaceae
Celastraceae
Caryocaraceae
Burseraceae
Boraginaceae
Bixaceae
Bignoniaceae
Arecaceae
Araliaceae
Aquifoliaceae
Apocynaceae
Annonaceae
Anacardiaceae

R UU R muu

I TiTTm$Tﬁmi T&%ﬁﬁlT$m,ﬁ i % T&& $TITT$$TéTTT il ﬁ

%hmh&l&%nﬂnlﬂﬂﬂ% LTk L T 17
W TTTTTIT T wTTi$lwlllTTlI ik ?Ill T%TJTT

g _T_MFLTMﬂa 1 Mﬁﬁ L d mﬂnHm ﬂa L |
LoBEN UL ki

TBe. 110l o s $m&&ﬁml$TT I&m 1bdah [

.
—
-

r T T 1 r T T 1 r T T T T 1 r T T T 1
-02 -0.1 0.0 0.1 02 -0.2 -01 0.0 0.1 0.2 -0.3 -0.1 0.0 01 02 03 -1.0 00 05 10 15 20

Fig. B1. Continued.

The residuals of the plot effect [P] non-spatial regressioneffect. Finally the spatial pattern in the OLS residuals for
presented a spatial signal which was effectively removed bys13C was greatly removed by the fine scale SAR model but
both the fine scale (50 km) and the medium scale (1000 kmyot from the medium scale model. The pddC effect was
SAR models (Fig. SllI2), and in both cases the autoregresmainly related withpr, mean annual temperature and total
sion coefficient, was significantly different from zero (Ta- annual precipitation. Summarizing the above we could sug-
ble Al). Following our comparative approach we thus sug-gest that the fine scale SAR models seemed more appropri-
gest a significant plot level [P] contribution with the soil fer- ate to account for the spatial patterns of our dataset, and that
tility axis and a weaker one with total annual precipitation. soil fertility, precipitation and to a lesser extent annual tem-

) perature were the main environmental predictors related with
Plot level [K] and [Al] effects had autocorrelated residuals most plot effect contributions.

when space was not explicitly taken into account. However

no spatial signal in the residuals of the fine scale SARs was The simple spatial analysis applied, gave us some insights
identified, and the spatial component as expressed throughs to the effects of documented soil and climate gradients on
A was significant in all cases. Following again the compar-the variation of the studied traits. The residuals of the OLS
ative consideration of OLS and SAR results we retained agegression for thé/4, [N] and [Mg] plot level effects did
significant the possible associations betweener and dry  not show any spatial autocorrelation (Fig. Slll 2, Table A1),
season precipitation with plot [K] effect and annual and dry suggesting that at these scales there was no specific fertil-
season precipitation as well as solar radiation with plot [Al] ity oriented pattern in the environmental contribution to the
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Fig. B2. Genus effectstandard error estimates from the multilevel model for sampled genera within Fabaceae. The dotted line illustrates
the (mean) family effect for leaf mass per ar@éy,() in g m~2 and leaf N and leaf P concentrations (mdHy. Note the logg used scale in
all cases.

above variables. On the other hand, the residuals of the nonFhus the comparative consideration of both the spatial and
spatial regressions of [P], [Ca] and [K] plot effects on en- non-spatial regressions identified the most significant envi-
vironmental predictors illustrated a significant spatial signal,ronmental factors contributing to trait variation.

which was effectively removed by the fine scale (50 km) SAR

models. For these three nutrients, the spatial component was

important (.0, Table A1) highlighting once more the sub- Appendix B

stantial influence of environmental conditions on trait varia-

tion. We note, however, that for the plot level [P] contribu- Family, genera and species effects

tion, the medium scale (1000 km) SAR model was equally

Capab|e Of removing the spatia' Signa' with the Spatia| Com_ln our dataset there were Signiﬁcant diﬁerences betWeen
ponent being similarly important. Thus the spatial patterningfamilies for all sampled traits (ANOVA results not shown)

of environmental contribution to leaf [P] variation may be With Fig. Bl illustrating mean family effects and their
realized at broader scales. The results of the spatial analys@andard error estimates from the multilevel model. This
for [C], $13C and [Al], presented a similar behaviour, with shows that some families like Vochysiaceae, Urticaceae,
fine scale SAR models removing most of the autocorrelationSapotaceae, Myristicaceae, Lecythidaceae, Humiriaceae and
in the residuals. Although correlograms showed a significan{Clusiaceae are characterised by higher than avetdge
Moran’s I for both plot [C] and§13C effects at the second while others like Salicaceae and Annonaceae have unusu-
distance class (Fig. SlIl 2), the Monte Carlo permutation did@lly low M. Although [N] and [P] also tend to be lower

not identify a globally significant spatial signal (Table A1). in families with highM, such as Vochysiaceae, Sapotaceae,
Humiriaceae and Clusiaceae, these concentrations were also

www.biogeosciences.net/6/2677/2009/ Biogeosciences, 6, 28082009
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Fig. B3. Species effeetstandard error estimates from the multilevel model for species witbirteria The dotted line illustrates the mean
(family + genus) effect for leaf mass per aréd4) in gm—2 and leaf P and leaf N concentrations (mgly. Note the logg used scale in all
cases.

Table B1. Mean genetic values (intercept + genetic effeetandard deviation for taxa not belonging to Fabaceae, non-N-fixing Fabaceae
and N-fixing Fabaceae. Values followed by different letters within a trait-column indicate significant differepce9d01 for the three
groups.

My(@m2) [Cl(mgg™h [NI(mgg™h [Pl(mgg™d [Cal(mgg™h) [Kl(mgg™) [Mg](mgg™h) [Al(mgg~)  s13C Cigo)
non-Fabaceae  9934.2  516.7£9.68 21.07t14F 0910.1F 4.59:0.88P 578t1.16  195:0.3F  0.042:0.012 —31.21:0.33

Fabaceae
non-No-Fixers  87.%11.4  506.78.5 2253:2.17P  1.040.09  5.40£2.08  4.95:0.78  1.89+0.46*P  0.033:0.00# —31.16£0.46
Na-Fixers 84.911.0° 508.4:9.1° 25.42:1.82 111008  4.24:1.0P  51740.6P 1.69£0.26°  0.033:0.008® —31.2:0.32

lower for families like Proteaceae, Ochnaceae, MyrtaceadN] in Fig. B2. For this family, the most abundant within the
and Chrysobalanaceae which were not distinctive in termslataset (160 observations), there were significant genus ef-
of Ms. Likewise, some families that do not display a fects forM4 (Fa0,111=3.832,p < 0.001), N (Fa1,109=4.788,
markedly lower geneticdl4 component (Rutaceae, Meli- p < 0.001) and P £a1,10s=4.095, p < 0.001) but with M4
aceae, Fabaceae and Euphorbiaceae) do have relatively higimd [N] showing relatively less variability. Nevertheless,
[N] and [P]. genera likeAmerimnon, Dalbergialnga and Tachigaliaall

Looking at within family variation and using the Fabaceae _tended to differentiate in both/ and [P] withingaalso be-

as an example, genus level effects are shownfgr[P] and ing notable for unusually high [N].

Biogeosciences, 6, 2672708 2009 www.biogeosciences.net/6/2677/2009/



N. M. Fyllas et al.: Foliar properties of Amazonian forest 2703

For the other widely distributed families, genera within than 0.9. Species with intermediate (conflicting) records of
the Malvaceae differed itfd 4, [N] and [P], with the Euphor-  their Nx-fixing status were not included in this analysis (Ta-
biaceae and Urticaceae showing differences/fin and [N] ble B1). This showed that Nfixing Fabaceae have signifi-
only; Moraceae and Myristicaceae in [N] and [P] only; and cantly higher [N] and [P] than their nonJNixing relatives
the Burseraceae and Lecythidaceae giving between-genekaut with significantly lower [Ca] and no significant differ-
variability only for [P]. Moreover, there were no differences ences inM 4. In turn, the non-N fixing Fabaceae have sig-
in these foliar traits across genera in some families; fornificantly higher [N] and [P] but lower [K] than is the average
example the Chrysobalanaceae and Sapotaceae (results rfot the other non-Mfixing trees sampled across the Amazon
shown). Generally speaking the highest within family vari- Basin.
ation was also observed for the more widespread families This result suggests that although [P] and [N] are indeed
with the genus level analysis pointing ¥4, [P] and [N] higher for the N-fixing capable members of the Fabaceae, in
not necessarily always varying in concert with genotype asaccordance with the notion thap fixers have a high [P] and
the sole course of variation. For example, genera withina high [N] requiring “lifestyle” (Vitousek et al., 2002), mem-
the Moraceae were statistically indistinguishable in terms ofbers of the Fabaceae who cannot fix nitrogen also have ele-
M 4, but showed large variations for [P] wiblmediaspecies  vated [N] and [P] compared to the Amazon tree population
tending to have significantly higher [P] afRbeudolmedia as a whole. But with [N] and [Pconcentrations elevated
andSahaqunissignificantly lower [P] than the family mean to a lesser extent than for Fabaceae capable,dfixXdtion.
estimate. It has recently been suggested thatfixing Fabaceae are

Within Eschweilerathe most extensively sampled genus abundant in tropical ecosystems through their high [N] sta-
in our dataset (n=60), significant species-to-species variatus, giving them an ability to exude high level of phosphatase
tion were identified inM, (F1444=2.009, p=0.040), and enzymes and hence acquire extra phosphorus (Houlton et al.,
[P] (F1443=2.591, p=0.008). Species withirPouteria  2008), But it also seems to be the case that most Fabaceae
(n=44) showed differences W4 (F1g823=2.728,p=0.012),  within Amazonia do not fix nitrogen, even when physiolog-
[N] (F1823=4.157,p < 0.001) and [P] F1823=4.217,p < ically capable of doing so (Nardoto et al., 2008). The lower
0.001), but withininga (n=38) no species specific differ- foliar [Ca] for the N-fixing Fabaceae may be attributable
ences were identified for eithéf 4 (F2115=1.051,p=0.470),  to the high calcium requirement f@&hizobiagrowth in the
[N] ( F1915=1.876,p=0.110) or [P] F19,15=0.796,p=0.685).  nodulating rhizosphere (O’Hara, 2001).

Other well represented genera suchiasniashowed signif-

icant variation inM, and [P] only, but other genera for [N] ~ AcknowledgementsNikos Fyllas and much of the data analysis
only (Pourouma Protium), or in many cases, with no differ- and production phase of this work were funded through the UK
ence at all (e.gPseudolmedia, Virola National Research Council QUEST (Querying the Earth System)

To illustrate such species effects, we summarizeMhe  initiative, subprogram QUERCC (Quantifying and Understanding
and [P] estimates from the multilevel model for Rbuteria Ecos_ystems Role' in the Carbqn Cycle). Shiela Wilson helped with
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analysis all random effect estimates are shrunk towards th&"°nYmous referee improved this paper.
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genetic variance and increasing environmental variance (Gal-
wey, 2006). Thus random effect estimates show a greater
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