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Abstract. Leaf size influences many aspects of tree functionof such trees in the northwest of the region. Spatially cor-
such as rates of transpiration and photosynthesis and, comected regressions reveal weak correlations between the pro-
sequently, often varies in a predictable way in response t@ortion of large-leaved species and metrics of water availabil-
environmental gradients. The recent development of panity. We also find a significant negative relationship between
Amazonian databases based on permanent botanical plotsaf size and wood density.

has now made it possible to assess trends in leaf size across
environmental gradients in Amazonia. Previous plot-based
studies have shown that the community structure of Amazo-

nian trees breaks down into at least two major ecological gra-l Introduction

dients corresponding with variations in soil fertility (decreas- Leaf size is one of the most plastic traits of a tree and it is

ing from southwest to northeast) and length of the dry sea- - L .
son (increasing from northwest to south and east). Here gotuncommon to see great variability within genera, species,
descrlibe theI ggeographic d\;\étribution uof leaf size éategori\:avsindiViduals within a species, and even between the same

o . ._Individual at different stages of development (e.g. sapling,
based on 121 plots distributed across eight South American g b (e.g. sapling

. . . . iff f th 0.
countries. We find that the Amazon forest is predommamtlycanopy tree) or on different parts of the same tree (€.g. sun

populated by tree species and individuals in the mesophyllversus shade leaves). Despite this very large variation it is

size class (20.25-182.25&Jn The geographic distribution often possible to detect significant associations between a

. o | . range of environmental variables and leaf size. For example,
of species and individuals with large leaves20.25 cnd) is Givnish (1987) reviewed comparative studies of leaf form

complex butis generally characterized by a higher prOportlonand concluded that effective leaf size — the width of a leaf
or its lobes or leaflets — increases along gradients of increas-

ing rainfall, humidity and/or soil fertility, and decreases with
Correspondence toA. C. M. Malhado  increasing irradiance. Leaf size also tends to decrease with
BY (anaclaudiamalhado@gmail.com) increasing elevation on mountains in regions receiving high
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rainfall at low elevation, and to increase and then decreas&ords, many different leaf size strategies frequently co-exist
with elevation in more arid regions. Givnish (1987) also in physically similar environments. It is likely that within-
observed that older plants often possess smaller leaves thasite (or within plot) variation in leaf size arises because the
younger ones of the same species. ecological opportunities for each species are also strongly de-
The existence of broad-scale (macrogeographic)pendenton the other species presentinthe community (West-
environment-leaf size correlations probably reflect theoby et al., 2002). Thus, the ability of a species to establish
evolutionary response of this trait to its environment successfully in a habitat may be dependent upon which other
(Givnish, 1987; Westoby et al., 2002). The size of leavesspecies are present and may be influenced by other traits
on a tree can therefore be productively considered as a “scapart from leaf form and size. These complex trade-offs and
lution” to the complex environmental “problems” of, most the multiple selective pressures on leaf size have generated
notably, light capture for photosynthesis (Falster and West-considerable diversity in this trait, even between ecologically
oby, 2003), economics of gas and water vapour exchangsimilar species (Ackerly, 1996).
(Givnish and Vermeij, 1976; Givnish, 1984), avoidance of Care should also be taken not to interpret everything
heat stress from intense sunlight, mechanical stability (Westpurely in terms of optimisation of a single trait (leaf size)
oby et al., 2002), and defence against herbivores (Moles andince developmental and physiological constraints and trade-
Westoby, 2000). Certainly the size of a leaf is by ho meansoffs (cf. Dawkins, 1982) may also play a role in determining
ecologically trivial since, as Givnish (1987) points out, leaf leaf size. This is clearly illustrated by the associations be-
size variation will have a direct effect on whole-plant growth tween leaf size and canopy architecture and branching mor-
rate, mainly through size-related changes in the conductancphology (Midgley and Bond, 1989; Ackerly and Donoghue,
of the boundary layer, which affects heat exchange, uptakd 998). Furthermore, these latter traits may, in turn, influence
of carbon dioxide and loss of water vapour. leaf size evolution independent of ecophysiological function
Leaf size theory predicts that the costs and benefits ofAckerly and Reich, 1999). An example of the importance
a “large leaf” or a “small leaf” strategy should vary in a of such trade-offs could be the commonly observed neg-
predictable way with environmental parameters such as huative relationship between wood density and leaf size (re-
midity, water availability, and soil fertility (Parkhurst and viewed in Wright et al., 2007). The explanation for this re-
Loucks, 1972; Givnish and Vermeij, 1976; Givnish, 1978, lationship is still uncertain but may relate to the higher hy-
1979, 1984; Westoby et al., 2002). Larger leaves have araulic conductivity of trees with low-density wood that al-
thicker boundary layer of slow-moving, non-turbulent air and lows them to deploy a larger total leaf area per stem (Wright
slower convective heat loss and therefore tend to be hotteet al., 2007). Alternatively, this relationship is perhaps re-
than ambient air temperature when exposed to net incomingated to the “pioneer-climax” tree gradient or may be due to
radiation. This can be disadvantageous, especially in areaso-varying factors that do not directly interact and are there-
where water is limiting, because it may lead to higher rates offore difficult to identify. However, the fact that there is still
respiration and decreased rates of photosynthesis (LIoyd andonsiderable variation in leaf size between species with simi-
Farquhar, 2008) through the following mechanism: higherlar wood densities suggests that this is by no means the whole
leaf temperatures cause a higher water vapour deficit that, istory.
turn, leads to increased transpiration/water loss. The plant Despite the fact that ecologists have had a long-standing
adaptively responds to this by closing stomata, which has thénterest in explaining variations in leaf size between, and
net effect of reducing C@®uptake and reducing the rate of within, species and habitats it is still a subject that appears
photosynthesis. Reduced water availability might thereforefar from resolution. For instance, Westoby et al. (2002) con-
be expected to favour smaller leaves (Givnish, 1987). Withsider the leaf size—twig size spectrum of ecological variation
respect to soil fertility, trees growing in oligotrophic (low as being fundamental to our understanding of the texture and
nutrient) soils may, all other things being equal, be limited function of forest canopies, but acknowledge that the costs
in their rate of construction of photosynthetic enzymes andand benefits of large versus small leaf and twig size are still
therefore benefit less from temperature-related increases ipoorly understood. Ackerly and Reich (1999, p. 1279) also
photosynthetic metabolism — once again favouring the evofeel obliged to admit that, “variation (in leaf size) among
lution and development of smaller leaves (Givnish, 1984,species within habitats is still poorly explained”.
1987). However, predictions such as these need to be treated Givnish (1987), in his agenda-setting review of compar-
with caution and may not hold true under all circumstancesative studies in leaf form, suggests two methodological ap-
since leaves may have other adaptations (e.g. sclerophyllyproaches that may lead towards a better understanding of
that strongly influence the optimal leaf size strategy undereaf size. Firstly, in-depth physiological studies may be able
any particular set of environmental conditions. to tease apart the various constraints and trade-offs that af-
The complex nature of the relationship between environ-fect leaf size (e.g. Parkhurst and Loucks’ (1972) general
ment and leaf size is also reflected by the considerable varieco-physiological model of leaf size). Secondly, broader
ation in leaf size that can be observed within areas with sim-comparative studies are required, since the more intensive
ilar macroclimatic conditions (Cornelissen, 1999). In other physiologically-based approaches will necessarily be subject
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to biases stemming from a range of genetic influences such asot all data were available for all plots, so plots lacking rel-
linkage, epistasis and pleiotropy that are peculiar to the studgvant environmental data were removed from certain analy-
population, in addition to any influence of natural selection. ses. 20 plots were also excluded from the study because they
In this paper we adopt the broader comparative approactad>30% of species that were either unidentified at species
advocated by Givnish (1987). With the recent creation oflevel (475 species from entire database) or for which herbar-
very large databases of Amazonian trees based on permanenin/flora data were not available (61 species). As a conse-
plots scattered throughout the Amazon region it has now bequence, the number of plots included in the analyses varied
come possible to conduct a comprehensive study of broadrom 51 to 121. The database at the time of extraction for
scale patterns of leaf size variation within the largest block ofthis study (August 2006) contained 111 123 individual trees
rainforest in the world. Here, we use the RAINFOR database(>100 mm DBH) from 3324 species.
of 121 permanent plots to: 1) describe the spatial distribution The plots used in this study span local and regional en-
of leaf size categories across the Amazon Basin and Guyangronmental gradients that naturally occur in Amazonia, in-
Shield, and; 2) investigate the environmental factors drivingcluding mature forests that are seasonally flooded, water-
regional scale patterns in leaf size. We do this to gain furthedogged and non-flooded lowland terra firme forests (88%
insights into the ecological significance of leaf size and im-of plots) on both clay-rich and white-sand substrates. All
prove our understanding of the functioning of the Amazoniansites consisted of an apparently mature old-growth for-
rainforest. est with natural gap-phase dynamics and a canopy dom-
Specifically, we seek answers to the following questions: inated by non-pioneer species. None of the plots is be-
lieved to have experienced any recent human-caused dis-
— Which leaf size categories dominate the canopy of theturbance. The individual plots range in size from 0.25 to
Amazon rainforest? 9ha (1.17 ha: 1.04 =meant SD) and in total encompass
141.5ha of forest. The density of stems per plot (includ-
— Are therg spatial patterns in leaf size distribution in ing undetermined stems) ranged from 265 to 1307 perha
Amazonia? (672+ 167 per ha = meatt SD).
) ] . . To this existing database, information was added on leaf
- Are_the frequenugs of different I.eaf size categories aS<ize for each species (2788) using digital images from flo-
somat.ed with gnwronmeqtal varlqbles .t_hat reflect their .55 and herbaria (Table 1). A digital image, representing
adaptive function (e.g. rainfall, soil fertility, and length 5, average leaf for a particular species, was located us-
of dry season)? ing a number of online herbaria. Leaf-size was determined
: . : . from the herbarium or flora specimen using the geometric
— Are leaf size categories associated with the growth Stratieat.size classification of Raunkiaer (1934) as modified by
egy of trees? Webb (1959). Raunkiaer (1934) defined six leaf-size classes:
leptophyll (leaves up to 0.25 ¢hin area), nanophyll (0.25—
2.25 cn?), microphyll (2.25-20.25 cA), mesophyll (20.25—

We will test the following key hypotheses about leaf size in 182-25 cnf), macrophyll (182.25-1640.25 ¢n and mega-
Amazonia: a) small leaves are an adaptation to relativelyPhY!l (>1640.25 crfi). Webb (1959) divided the mesophyll
drier conditions and will show a macrogeographic patternSiZ€ class into two further size classes (see Table 2): noto-
that reflects this; b) small leaves are favoured on oligotrophid®Y!l (20.25-45.0 crf) and mesophyll (45.0~182.25 éjn
soils; and c) there is a negative relationship between leaf sizg 5 L . :

. eaf size metrics

and wood density.

— Are leaf size and wood density negatively correlated?

The spatial patterns of variation in leaf size were assessed
through the use of several simple metrics, which then acted
as dependent variables within OLS (Ordinary Least Squares)
regressions. Following Dolph and Dilcher (1980), our main
metrics for describing the geographic distribution of leaf
sizes are the proportion of species or individuals that pos-

Our main source of data and research tool for exploring )
. o : . sess large leaves (Category 5, mesophyll; Category 6, macro-
spatial variation in leaf size categories across the Amazon

basin was the RAINFOR database (Peacock et al., 9007 phyll; and Category 7, megaphyl). Where appropriate for

and 26 plots from the Guyanas and Suriname compiled byanaly5|s or illustration we also collapse Categories 6 and 7

the ATDN network (ter Steege et al., 2003). The combined'mo a combined “very-large Ieave§ category (Table 2). Fur-

: : ._thermore, palm trees were placed in a separate palm-leaf cat-
database uses information from 141 permanent plots dISé orv and were onlv used to report abundance
tributed across eight South American countries. However, gory y P '

2 Material and methods

2.1 Database construction

lhttp://www. rainfor.org

www.biogeosciences.net/6/1563/2009/ Biogeosciences, 6, 15882009


http://www.rainfor.org

1566 A. C. M. Malhado et al.: Spatial trends in leaf size of Amazonian rainforest trees

Table 1. List of floras and herbaria used as information sources and number of species retrieved from each source.

Source Total species
1. Neotropical Herbarium Specimens — The Field Museum 1918
2. New York Botanical Garden 160
3. The Nationaal Herbarium Nederland (NHN) 159
4. Florula de las Reservas Bagicas de Iquitos, Pér Vasquez-Mathez (1997) 154
5. Mobot — Missouri Botanical Gardens Herbarium 140
6. Centre IRD de Cayenne, French Guiana 99
7. Instituto Nacional de Pesquisas da Aitwiaiz Herbarium, INPA, Brazil 55
8. Botanic Garden and Botanical Museum, Berlin, Germany 18
9. Cain et al. (1954) 18
10. Museu Paraense Emilio Goeldi Herbarium, Brazil 16
11. Oxford University — Plant Science Herbarium, UK 13
12.  The Herbarium of the University of Aarhus, AAU, Denmark 9
13. HerbW — Virtual Herbaria Austria 4
14. http://images.nbii.gov/ 2
15. Others 23

Table 2. Derivation and correspondence of leaf size categories used in study. Collapsed categories are used as dependent variables il
analyses.

Category Dimensions Raunkiaer (1931) Webb (1959) Merged categories
1 <0.25¢n? Leptophyll
2 0.25-2.25cr Nanophyll Small |
3 2.25-20.25crh Microphyll mall leaves
4 20.25-45.0 crh Notophyll  _____
5 20.25-182.25ch  Mesophl Mesophyll
6 182.25-1640.25 cfn Macrophyll Large leaves ,-ca- ool
7 >1640.25 cmi Megaphyll y-larg
2.3 Geographic trends in leaf size To better detect and visualize regional patterns in leaf

size categories, and accounting for tree diameters, we also
Previous studies using the RAINFOR database have sugquantified the relative contribution (proportion) of each leaf
gested that forests in Western Amazonia have higher woodize (Categories 1 to 6) across eight tree trunk diame-
productivity (Malhi et al., 2004), higher turnover (Phillips et ter (DBH) classes (100—190 mm;190—280 mm, >280—
al., 2004), and lower wood density and biomass (Baker e370 mm, >370-480 mm, >480-550 mm, >550-640 mm,
al., 2004) than forests growing on infertile soils further east.~640-730 mm,>730 mm) for each region. The relative
Here, to aid direct comparisons with these studies (includindabundance was quantified through a two-stage process: first,
a variety of leaf traits — e.g. Malhado et al., 2009), we follow the proportion of trees within each DBH category within a re-
the practice of splitting the Amazon into four main regions: gion was calculated; second, the relative proportion of each
Region 1, North Amazonia, containing plots from Guyana, size class across the four regions was calculated (proportion

Suriname and Venezuela; Region 2, Northwest Amazoniaof trees in DBH categogyand regiop/sum of proportions in
containing plots from Ecuador, Colombia, and North Peru;category for all regions).

Region 3, Central and East Amazonia, all Brazilian plots
(states of Amazonas and Baonly); Region 4, Southwest 2 4 Ljfe history metrics
Amazonia, containing plots from Bolivia and South Peru.

The regional distribution of leaf size might be affected by |, this paper, we define the growth strategy of each species

the distribution of the largest family, tfeabaceagso anal-  through a simple index (henceforth referred to as the pioneer
yses were repeated both with theabaceaeemoved dataset index) based on expert judgment. The pioneer index was

and within theFabaceaedataset. used to rank genera according to the extent to which they are

Biogeosciences, 6, 1568576 2009 www.biogeosciences.net/6/1563/2009/
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perceived to be pioneers (plants that are specialists in fortopographic positions, usually located a few metres outside
est gaps and other disturbed areas). This index reflects thihe permanent sample plots in order to reduce potential dis-
degree of consensus among botanists familiar with the taxaurbances. All soil samples were analysed (Quesada et al.,
in this case Oliver Phillips, Rodolfo 4squez-Maihez, and  2009) and exchangeable Ca, Mg, K, Na and Al were de-
Abel Monteagudo, and was cross-referenced with herbariuntermined by the silver thiourea method (Pleysier and Juo,
material collector’s labels. To calculate the index each taxonl980) as described in detail in ISRI (1995). The sum of
was judged independently by each botanist and given a valubases (SB) was calculated as: [SB]=[Ca]+[Mg]+[K]+[Na]
between zero (“non-pioneer”) and one (“pioneer”). The pio- (Units: mmolkg?). Soil analyses ranged from regional to
neer index was then calculated as the average score for eagjfiobal scales and used individual leaf size categories (leaf
species. Wood density for each species was calculated usinQategories 1, 2, 3, 4, 5, 6) and clustered categories (small,
information available in the RAINFOR database (Baker andlarge, “very-large”) for partial datasets (all treégbaceae
Lopez-Gonzalez, 2006) and derived from published sourcesemoved, onlyFabaceag
(Baker et al., 2004; Peacock et al., 2007).

2.6 Statistical analysis

2.5 Environmental variables ) . . L ) .
Leaf size varied considerably within taxonomic groups in the

The choices of independent (predictor) variables for our spaStudy: suggesting thatitis unnecessary to control formally for
tially controlled regression models were based on both obsePhylogeny. However, RAINFOR plots do show a degree of
vation and theory. Since one of the main hypotheses is thatPatial clustering and ecological and physical variables may
small leaves in tropical forests are an adaptation to relativelynerefore be more similar (or dissimilar) because of spatial
drier conditions (GiVniSh, 1984, 1987), we used a series OprOXImlty, a.n.d Itis therEfore. appropriate to aCCOUnt.StaUStl'
metrics of precipitation retrieved from the monthly TRMM Cally for spatial autocorrelation (Legendre, 1993). With mul-
(Tropical Rainfall Measuring Mission — TRMM 3B43-V6, tiple variables it is a common _strategy to perform O_rdlnary_
0.25 spatial resolution). This product combines multiple L€ast Squares (OLS) regressions of response variables (in
data sources including satellite information on rainfall with this case metrics of leaf size) on the raw environmental fac-

ground precipitation gauge adjustment (Huffman and Bolvin,{0rs and use Moran'¢ correlograms to check for the pres-
2007). These data have recently been shown to accurate§"Ce of spatial autocorrelation in the residuals (Rangel et al.,
represent the rainfall patterns over the Amazonian regior006)- When correlograms showed evidence of spatial auto-
(Aragio et al., 2007). For each month we calculate the qy-correlation we used a spatial filtering approach to control for
erage mean from 1998 to 2005. The monthly mean surihe influence of spatial position on the relationship between
faces (one for each month of the year, combining twelve€xplanatory gn_d response variables. Furthermore, we tes_ted
geo-referenced surfaces) were then used to estimate for eadfl @n association between the sum of bases (plot soil fertil-
pixel: (1) the annual rainfall (mm yeat), based on the sum ity data) and proportion of leaf size categories adjusting for
of the monthly values: (2) the standard deviation (SD) of the number of degrees of freedom using Dutilleul's (1993)

rainfall within the year, as a measure of seasonality; (3) theMethod. All spatial analyses were performed using the soft-
maximum climatological water deficit (MWD; mm), calcu- Ware Spatial Analysis in Macroecology (SAM v2) (Rangel et

lated by assuming that the evapotranspiration rate is approxial" 2006).

mately 100 mm montht in tropical forests and a cumulative Trends in the distribution of the various leaf size metrics
deficit is thus incurred if the rainfall is less than this value (S8 Materials and Methods) in relation to the four Amazo-

(Aragio et al., 2007); and (4) the length of the dry season, adian region_s (regior}al analyses) were assessed using a one-
the number of months with rainfat100 mm (Fig. 1). Al-  Way analysis of variance (ANOVA). We used Kruskal Wal-

though crude, the MWD s thought to be a useful indicator 1S test to assess relationship between leaf size categories
of meteorologically-induced water stress without taking into @1d pioneer index and wood density. These analyses were
account local soil conditions and plant adaptations, and itf€formed using SPSS 14.0. Significance level was set at
annual variation has been shown to strongly affect tree mor>%0 (0.05) for all inferential statistics.
tality (Phillips et al., 2009).

Small leaves may also be favoured on oligotrophic soils3 Resuylts
even under wet conditions (Givnish, 1987) and we there-
fore used data on soil fertility (sum of bases), where avail-3.1 Abundance of leaf size categories
able (51 plots, Quesada et al., 2009). Soil sampling for the
sites was carried out in accordance with a standard protoBased on our analysis of herbaria specimens, among the
col developed for the RAINFOR projéctSoil pits were sit- 2788 studied species 50% fell into the mesophyll (Webb) cat-
uated at representative locations for the dominant soil andtgory (Category 5), 1.2% leptophyll, 1.3% nanophyll, 7.6%
microphyll, 23.6% notophyll, 13.7% macrophyll, and 0.1%
2http://www.geog.leeds.ac.uk/projects/rainfor/projdocs.html  megaphyll (Fig. 2). The final 2% were palms, which were
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Fig. 1. The spatial distribution of four water availability variables across Amazonia: total annual rainfall, maximum water deficit (MWD),
length of the dry season, and standard deviation of total annual rainfall. These data were derived from the Tropical Rainfall Measuring
Mission (TRMM — from 1998 to 2005).

70 4 categories (30.9%). Only 13.6% of the families were charac-
60 | Species terized by all their species belonging to a single leaf size cat-
egory — although it is important to note that the vast majority
of these families contained only 1 or 2 species. The species-
rich Fabaceadamily is the group with the largest distribu-
tion of leaf size categories and is characterised by species
that are represented in 6 (out of the 7) leaf classes.

. The leaf size distribution of the largest families (those with
' >60 species) follows a unimodal distribution with a distinct
S —— : : peak in the mesophyll leaf size category (Fig. 3a). Further
leptophyll nanophyll microphyll notophyll mesophyll macrophyll megaphyll analyses on families where all SpeCieS possess Simple leaves
and on families displaying at least one species with com-
Fig. 2. Mean percentage of species and individual trees in differentpound leaves (leaflets) also followed a unimodal distribution
leaf size categories in 121 Amazonian plots. Error bars=1 standaquig_ 3b, c). Two families deviate from the general form: the

error of the mean. Fabaceaeand Myrtaceae, both of which are characterized by
a flatter distribution (lower kurtosis) of leaf size categories.

50

40

30

20

10

Proportion (%) in each size category

M Individuals

excluded from further analysis. The proportion of individual 3.2  Spatial trends in leaf size
trees that fall into different leaf size categories closely mirror
the observed proportion of species: 52.4% of 84 554 individ-Tnere is a significant difference in the mean proportion of
ual trees fell into mesophyll category, 1.3% were leptophyll, species with large leaves (Categories 5 to 7) among the four
0.6% nanophyll, 4.1% microphyll, ]:8.5% notophyll, 11.9% Amazonian regionSn(:121, df=3, F=14.455, P<0-001),
macrophyll, and 0.6% megaphyll (Fig. 2). Palms account foryith plots from Northwest Amazonia (Region 2) possessing
10.5% of the total number of individual trees across the stud- greater proportion of larger-leaved species on average than
ied plots. plots from the other regions (Fig. 4). It is interesting to note
Leaf size classes are broadly distributed within and be-that Region 4 appears to consist of two quantitatively dis-
tween families. This is clearly illustrated by the proportion tinct clusters of plots (Fig. 4), a western set and an eastern
of families that contain species in two leaf size categoriesset. The northwestern cluster (nearest to Region 2) features
(24.7%), three leaf size categories (29.6%) or four leaf sizeforests with a similar proportion of large-leaved trees to those
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7] msapindaceae and regions (Region 1, North Amazonia; Region 2, Northwest Ama-
8 06 Burseraceae . . N .
Euphorbiaceae zonia; Region 3, Central and East Amazonia; Region 4, Southwest
3 Moraceae - . . . e
H T Amazonia). For the purposes of clear visualisation the positions of
™1 some plots within clusters have been adjusted, and may not corre-

spond to exact geographic location.

0.2

0.1

: w!l [

leptophyll  nanophyll 'microphyll‘ notophyll mesophyll macrophyll megaphyll |nd|V|dua| treeS W|th |al’ge |eaveS among the reglomasy
(e eafizecaegories (compound ez df=3, F=13.068, p<0.001). Tukey’s post-hoc test reveals

Fig. 3. Leaf size distributions of the largest (most species rich) fam-tWO Q'Stht clusters: 1)'North and Southwest Ama;onla
ilies (>60 species) in the RAINFOR datasé) all large families; (Reglon_s 1 and 4) that display a lower mean propor'glon of
(b) excluding families that have any species with compound leaves{rees with large leaves, and 2) Northwest Amazonia and

(c) families that have one or more species displaying compoundCentral-Eastern Amazonia (Regions 2 and 3) that display a
leaves. higher mean proportion of trees with large leaves. An iden-

tical geographical pattern and level of significance was ob-
erved when the proportion of trees with “very-large” leaves
lasses 6 and 7) was used as the dependent variaiilé§,

found in plots in Region 2. When the analysis is repeateds
using the two largest leaf size categories (Categories 6 an

- . : f=3, F=7.464,p<0.001).
7), a significant difference is found between the mean pro- . -
. . . . When the analysis was repeated within Badaceaenly
portion of species with leaves in these classes between all

we found a weakly significant difference among the regions

4 regions. In this case, Northwest Amazonia (Region 2) once . .
g ! W zonia (Regi ) in the mean proportion of trees with large leaves{18,

again has the greatest proportion of species with the larges}, - _ 2 ;
leaves, followed by Southwest Amazonia (Region 4), Central f—3, F_.2'715’p._0'048)'. In this case Northwest Amazo
nia (Region 2) still contains the largest mean proportion of

%Sif?;g;ig?gézoma (Region 3), and finally, North Ama- Fabaceadrees with large leaves although Tgkey’s post h(_)c_
e . test revealed that none of the means (for regions) are statisti-
Ve_ry S|m|Iar_geograph|caI patte_rns_ are observed yvhen WecaIIy different from each other. However, when the same test
consider relatlve_ abundance of individual trees with Iargeis performed using the mean proportion Refbaceaetrees
Ieayes (Categories 5 to 7), or “very-large” leaves (Cate'with “very-large” leaves a strongly significant result is gained
gores6and7). (n=118, df=3, F=4.639, p=0.004), once again following
_There is still a significant difference among the four re- yhe «typical” geographic pattern outlined above: trees with
gions in terms of the mean proportion of trees with large «ery |arge” leaves being relatively less abundant in North
leaves (and “very-large” leaves) when we control for the pos-,ny” southwest Amazonia and relatively more abundant in

sible influence of the numerically abunddiathaceadamily. Northwest Amazonia and Central-Eastern Amazonia.
Specifically, when all thé&abaceadrees are removed from

the analysis there was a significant difference observed for
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The mean frequency of different leaf size categories shows
a consistent pattern across the four Amazonian regions and
is characterized by the dominance of individual trees in the
mesophyll category (Fig. 5a). Region 1 (North Amazonia)
has a slightly larger frequency of smaller-leaved individuals
(Fig. 5a). An almost identical pattern of mesophyll domi-
nance is repeated when the most numerically abundant an
species rich family, thd-abaceae are removed from the
dataset with Region 1 conforming most closely to the “typi-
cal” pattern (Fig. 5b). When the size distribution of individ-
uals within theFabaceaes plotted each region appears to
have its own singular distribution (Fig. 5c¢).

We also looked at the relative proportion of individual
trees in each leaf size category in relation to regions and
DBH classes (Fig. 6). The distribution of trees in leaf size

Qﬁequencies (all trees)
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: Spatial trends in leaf size of Amazonian rainforest trees
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Categories 1 and 2 is in concordance with the distribution & >
of Fabaceaeacross the regions and DBH size classes. Rel-
ative proportions of trees in leaf size Categories 3 and 4 are
relatively even among our regions, although it is possible to
detect a slight increase in relative proportion for Region 4 for
trees in the higher DBH ranks (Fig. 6). The relative propor-
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leaves (classes 5 to 7 combined) reveals a singular patterif
in Region 4 (Southwest Amazonia), which is distinguished
by a higher proportion of large DBH trees that possess either
smaller leaves or larger leaves (Fig. 7). Region 1 shows a
trend of a relatively lower proportion of large leaved trees in
larger DBH categories (Fig. 7).

Frequen

leptophyll

nanophyll  microphyll  notophyll  mesophyll macrophyll megaphyll

Fig. 5. The mean frequency (0 to 1) of different leaf size cate-

gories across the four Amazonian regions (Region 1, north; Re-

gion 2, northwest; Region 3, central and east; Region 4, Southwest

Amazonia). Figurda) represents all individual trees; figue) il-

Species with small leaves show significantly lower “pio- lustrates all individual trees with the exception of members of the

neer” scores than species with large leawgs10.215df=1, Fabaceaefigure (c) shows only trees from théabaceadaxa.

p=0.001). A more detailed analysis using leaf categories one

to six also shows a significant difference in identified growth

strategy among the classes?$18.332, df=5, p=0.003).

Further analysis reveals that the significance is being pri-3.4 Environmental correlates of leaf size

marily driven by the growth strategy of species with large

leaves (Category 8)which are characterized by almost 40% The proportion of species per site with large leaves was sig-

higher mean scores than species with smaller leaf sizes (Cabificantly correlated with three precipitation metrics used in

egories 3, 4 and 5). the study: length of the dry season (months00 mm rain-
Species with |arge leaves (Categories 5 to 7) have |oweFa”), maximum water deﬁcit, and a metric of the variation

Wood density (approximate'y 10% |ess) When Compared W|th|n water aVa|Iab|I|ty based on the Standard deViation Of to-

specieswith small leaves (Categories 1 to 4)2€23.885, tal rainfall (full results given in Table 3). However, no sig-

df=1, p<0.001; mean wood density large leaves: 0.62; smallinificant relationships were seen at the individual level or

leaves: 0.68). Individual trees with small leaves tend to havefor species or individuals when the leaf size metric was the

larger diameters (DBH), while larger leaves present smalleroportion of trees per plot with “very-large” leaves (Cate-

diameters although, interestingly, it is also possible to findgories 6 and 7).

individual trees with large DBH possessing large leaves. Analyses of the large leaf subsets of data controlling for

the influence of th&abaceae- with Fabaceadrees removed

3Species in the largest leaf size category (7) were not significant

in this test, possibly because they account for a very small proportion (0.1%) of the total number of species.

3.3 Leaf size and tree characteristics
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Fig. 6. Relative abundance (percentage) of trees in each diameter (DBH) class for each individual leaf size category. The relative abundance
is calculated following two steps: firstly, relative abundance within the region; secondly, relative abundance among regions to allow compar-
ison. DBH1=100-190 mm; DBH2s=190—-280 mm; DBH3=280-370 mm; DBH4>370-460 mm; DBH5=460-550 mm; DBH6=550—

640 mm; DBH7=-640-730 mm; DBH8=730 mm. The regions are: Region 1, North Amazonia; Region 2, Northwest Amazonia; Region 3,
Central and East Amazonia; Region 4, Southwest Amazonia.

and with onlyFabaceaetrees included - also resulted in a within Region 3 (Central-East Amazonia) produced only one
small number of significant correlations (Table 3). When significant (positive) correlation between individual trees and
the Fabaceaewere removed, the proportion of trees with leaf size Category 1. An interesting contrast is found in Re-
large leaves and “very-large” leaves did not correlate withgion 4 (Southwest Amazonia) with 18 significant results sup-
any variables. However, when tifabaceaewere analysed porting an inverse correlation between the proportions of in-
separately significant correlations were found between thalividual trees with large leaves and soil fertility (Table 4)
proportion of trees with large leaves and length of the dry— the opposite trend to that observed by previous authors
season. The proportion &abaceadndividuals with “very-  (Wright et al., 2007).
large” leaves only correlated with the coefficient of variation
(SD) of rainfall (Table 3).

The relationship between soil fertility and leaf size was 4 Discussion
complex and revealed no strong patterns or consistent asso-
ciations. From the global dataset (individual and clusteredRichards (1952), in his pioneering study on tropical rain-
leaf categories of proportion of individual trees and species)forests, noted that plants of different families in a trop-
only one correlation was significant — between the proportionical forest tended towards similar morphologies far more
of individual trees with in the smallest leaf size category andthan species, even of the same genera, in temperate forests.
soil fertility (Table 4). No correlations were found when we This is very apparent for traits such as leaf size, where
removed thé~abaceae while only Categories 6 and “very- species within tropical forests can be remarkably homoge-
large” leaves were correlated within thabaceadrees sub-  nous in the leaf size properties that they possess. In low-
set (Table 4). We also explored total phosphorus availabilityland rainforests the predominant leaf size category is mes-
(as an additional measure of soil fertility) and, once again, noophyll (sensu Raunkiaer, 1934) — Grubb and his colleagues
correlations were found. describe 64% of species in Ecuador, 84% of their sample in

Analyses within Region 2 did not reveal any significant Brazil, and 98% of their sample in Australia as belonging to
correlation with soil fertility and leaf size, while analyses the mesophyll category (Grubb et al., 1963). Turner (2001)

www.biogeosciences.net/6/1563/2009/ Biogeosciences, 6, 15882009
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1 . sulting in a high proportion ofabaceagemany of which are
] I I I I I I characterized by the possession of small leaves (or leaflets).
1 These spatial trends in leaf size can be interpreted in re-

position and function across Amazonia. The first gradient

stretches from the Guiana Shield to Southwestern Amazonia
and is primarily characterized by changes in the abundance of
several common species of legumes in the Guyanas. This ob-
served gradient in tree composition is paralleled by declines
in functional traits such as wood density and seed mass. The
main ecological driver of this gradient is hypothesized to be

Proportion (%) of trees with small

g 50 ] = Regiont: N lation to previous macrogeographic studies in the Amazon.
5o I I I e, Most significantly, ter Steege et al. (2006) recently used in-
7 I I u Regiond: SW ventory data to identify two major gradients in tree com-

DBH7

0
DBH1

DBH2 DBH3 DBH4 DBHS5 DBH6 DBH8

b.

, 60 m Region1: N the increasingly poor soils as one approaches the northeast-
e I I I Region2: NW ern corner of Amazonia. The second gradient stretches from
30 | * Region3: CE Colombia to Southeastern Amazonia and is characterized by

M Region4: SW

the increasing presence of more drought-adapted species in
the forests on the southeastern edge of Amazonia, which is
postulated to be driven by a parallel gradient of dry season

length (ter Steege et al., 2006).

Fig. 7. Relative abundance of trees in each diameter (DBH) class In th t studv th lati domi fl
for clustered (small and large) leaf size category. The relative abun- n the present Study the relative preaominance ot larger-

dance is calculated following two steps: firstly, relative abundance!€@ved species in West and Southwest Amazonia closely
within the region; secondly, relative abundance among regions t@ligns with the scores for the second axis of ter Steege’s DCA
allow comparison. DBH1=100-190 mm; DBH2490-280mm;  analysis of genus level community composition (ter Steege
DBH3=>280-370 mm; DBH4=370-460mm; DBH5s460- et al., 2006) and indicates a possible influence of length of
550 mm; DBH6=-550-640 mm; DBH7=640-730mm; the dry season on leaf size. This interpretation is further
DBH8=>730mm. The regions are: Region 1, North Amazo- supported, although weakly, by the spatially-corrected OLS
nia; Region 2, Northwest Amazonia; Region 3, Central and Eastegressions, which identified three metrics of water avail-
Amazonia; Region 4, Southwest Amazoni@) Trees with small  gpjjity (see Materials and Methods) as being significantly
leaves (size Categories 1 to 4b) Trees with large leaves (sizeé  yqqqciated with the proportion of tree species with large
Categories 5 and 6). leaves. However, the data do not generate a clear signal
when theFabaceaeare excluded from the dataset, or when

proposes that trees in this category normally constitute apth€Fabaceaeare analysed independently. Itis worth noting
proximately three-quarters of all species in lowland tropical that ter Steege et al. (2006) did not correct for spatial autocor-

rainforests across the globe. The current pan-Amazon Studg;alation, and it is not clear if the pattern would be the same if
supports these findings, with 73.6% of species identified belt Nad been accounted for. _
longing to this size category. This result also supports the ob- " summary, the data presented here do not provide any

servation that the mesophyll category dominates in Neotroppleqr_support for the hy_pothesis tha'; leaf size_in rainforests is
ical rainforests (Grubb et al., 1963; Thompson et al., 1992;p05|t|vely correlated with annual rainfall. This may be due

Kelly et al., 1994). Another characteristic feature of trop- ©© the geographic scale of the study. However, the results
ical rainforests is to have a small proportion of (non-palm) d0 broadly support the work of Dolph and Dilcher (1980),

species with very large leaves. Once again this was furthefvho reported distinct leaf size proportions in different tropi-

Proportion (%) of trees with large

DBH1

DBH2

DBH3 DBH4  DBH5 DBH6 DBH7 DBH8

supported by this study in that we observed 0.01% of specie
with leaves in the megaphyll size category.

4.1 Spatial trends and environmental correlates
in leaf size

gal forest life zones (dry forests, wet forests, montane forests)
rather than a positive environment gradient that correlates
leaf size and climate, reflecting an increase in temperature
and/or precipitation and increase in the proportion of leaf size
(Dolph and Dilcher, 1980).

The relationship between soil fertility and leaf size proved
Our study demonstrates complex patterns of variation in leato be complex and revealed no strong patterns. This is in
size characteristics across the Amazon rainforest. At theagreement with McDonald et al. (2003) who suggest that
crudest level of analysis there is a trend towards greater prothere is no clear basis for the negative correlation between
portions of individuals and species in large leaf size cate-eaf size and lower soil phosphorus levels. Nevertheless, they
gories in the western plots. The relatively lower proportion of did find a pattern of decreasing leaf size (length, width, leaf
trees with large leaves in the Guiana Shield may be due to theurface area) in oligotrophic soils (while controlling for rain-
unusual ecology of the area (see ter Steege et al., 2006) rdall) in Southeast Australia. There study spanned a whole
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Table 3. OLS regression analysis of large leaves of species and individual trees (and variation of sub-datadetbaoabgrees Fabaceae

trees removed) in relation to climatic variables controlled for spatial autocorrelation. Spatial structure was accounted for in all regressions
by adding eigenvector filters produced with the PCNM. Filters were omitted and only plots with measurements for all variables were used in

the regressions. SD=standard deviation of annual rainfall (see Material and Methods) MWD=maximum water deficit.

Species with large leaves

Species with “very-large” leaves

Std. Coeff./Coeff t p Std. Coeff./Coeff t p
Rainfall 0.2730.001) 1.249 0.214 0.15Z0.001) 0.598 0.551
SD —0.441(-0.004) -2.541 0.012* 0.067€0.001)  0.319 0.75
Length dry 1.385(0.089) 4.511 <0.001* 0.354(0.024) 1.022 0.309
MWD 0.808(<0.001) 4.354 <0.001* 0.052(0.001) 0.249 0.804

Individuals with large leaves Individuals with “very-large” leaves

Std. Coeff./Coeff. t p Std. Coeff./Coeff t p
Rainfall 0.266 0.001) 1.355 0.178 —-0.10&0.001) -0.433 0.666
SD 0.089(-0.003) -0.594 0.554 —-0.086 (-0.001) -0.458 0.648
Length dry 0.336(0.07) 1.289 0.2 —0.049(-0.006) -0.151 0.881
MWD -0.051(0.001) -0.311 0.756 0.07%0.001) 0.303 0.762

Individuals (notFabaceagwith large leaves Individuals (n&abaceagwith “very-large” leaves

Std. Coeff./Coeff. t p Std. Coeff./Coeff. t p
Rainfall 0.4120.001) 1.296 0.198 0.16&0.001)  0.547 0.585
SD -0.26 (-0.003) -1.061 0.291 -0.199(-0.003) -0.801 0.425
Length dry 0.65(0.052) 1.524 0.13 0.304 (0.031) 0.7 0.486
MWD 0.066 (<0.001) 0.334 0.739 0.05%0.001) 0.215 0.83

Individuals (onlyFabaceagwith large leaves Individuals (onabaceagwith “very-large” leaves

Std. Coeff./Coeff. t p Std. Coeff./ Coeff. t p
Rainfall 0.4880.001) 1.487 0.14 0.05%0.001) 0.261 0.795
SD —-0.518(-0.0012) -1.966 0.052 —0.453 (-0.003) —2.505 0.014*
Length dry 1.065(0.196) 2.364 0.02* 0.492(0.015)  1.539 0.127
MWD 0.068(<0.001) 0.319 0.751 0.14&0.001) 0.779 0.438

order of magnitude of total soiP (range 22—2068g g 1) of large-leaved, low wood density species is a disadvantage
and used continuous measurements of leaf dimensions rathar sites with lower water availability.

than size categories (McDonald et al., 2003). This illustrates It should be noted, however, that wood density itself has
one of the limitations of the present study and methodology,a complex relationship with precipitation. Thus, while Wie-
and demonstrates the critical need in macrogeographic studnann and Williamson (2002) found a positive correlation be-
ies for establishing the appropriate scale of analysis in ordetween wood density and mean annual precipitation in their
to uncover genuine ecological patterns. comparison of North American and South American tree
communities, ter Steege and Hammond (2001) found that the
variation in mean wood density within the Guyanas was not
correlated with precipitation. On the other hand, Barajas-

The postulated functional association between water avail-'\./Iorales (1987) four.1d' th_at mean Wooq density was nega-
tively related to precipitation in two tropical forests in Mex-

ability and leaf size may also underlie the observed nega- Wood densitv h o b b d b
tive relationship between leaf size and wood density. Wrightfo' 00 en_5|ty as da S_Oh ele_n g sere o var)(/j e_:twre]en
et al. (2007) argue that trees with lower wood density have mazonian regions and with altitude. A recent study in the

larger-diameter stem vessels and can therefore transpogmazon d‘?sc“be;' da cqmpl_e;(] .spatlal .patt?r.n gf S|g(;1|f!ca|_1ft
more water and have a greater total leaf area per stem. A ecrfgl'?fes In woo enSIItyWItlt'ltn(c:jreismg altitude an Sl'gt?]l 2
interspecific variation in leaf area per stem is driven more by!'c21t diff€rences among fow-aftitude Amazonian regions. the

leaf size than number of leaves (e.g. Ackerly, 2004), all Otherforests of Western Amazonia have significantly lower mean

things being equal, species with low density wood tend towood density than those of Eastern and Central Amazonia

have larger leaves. Wood density might therefore contribute(ChaVe etal., 2006). In conclusion, wood density should be

to the observed relationship between the water availabilitycons'dered as one potentially important factor driving spatial

metrics and leaf size if the enhanced water transport abilitieérendS in leaf size in Amazonia but further manipulative and

4.2 Leaf size and tree characteristics
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Table 4. Correlation analyses of leaf size categories and soil fertility (sum of bases). Blank cells represent no correlation. “-” and “+”
indicate the direction of the correlation. A capitalized letter represents a significant spatially corrected correlation (details below table). S, L,
VL=merged categories: small leaves, large leaves, and “very-large” leaves.

LEAF size categories 1 2 3 4 5 6 7 S L VL
Global Proportion of individual trees within a plot At
Proportion of species within a plot
Proportion of individual treesFabaceagemoved)
Proportion of individual treesfabaceaeonly) +B +C
Northwest  Proportion of individual trees within a plot - -
Amazonia  Proportion of species within a plot - - + +
Proportion of individual treedFabaceaeemoved) - - -
Proportion of individual treesHabaceaeonly) - + - +
Central Proportion of individual trees within a plot Dy
and East Proportion of species within a plot
Amazonia  Proportion of individual treeBabaceaeemoved)
Proportion of individual treedHabaceaeonly)
Southwest  Proportion of individual trees within a plot + -F +G -
Amazonia  Proportion of species within a plot b+ —J +K M
Proportion of individual treesFabaceagemoved) N -0 +P

Proportion of individual treesHabaceaeonly)

Correlation results{, Pearson'scorrected 4./corrected Peorrected- A) n=51, Pearson'corrected4-953, DRorrected43-9, peorrected0-031;

B and C) 51, 0.468, 14.018, 28, 0.008; D) 15, 0.599, 7.137, 12.765, 0.019; E) 16, 0.579, 5.818, 11, 0.034,0050%,5.094, 16, 0.031;
G) 16, 0.585, 6.944, 13, 0.02; H) 160.585, 6.944, 13, 0.02; ) 16, 0.307, 9.153, 87, 0.003; J}-1B493, 5.391, 16, 0.03; K) 16, 0.379,
7.081, 42, 0.011; L) 16--0.379, 7.081, 42, 0.011; M) 1650.516, 4.989, 13.7, 0.043; N) 16, 0.482, 7.62, 25.22, 0.011; O}-D&H44,
4.991, 11.878, 0.045; P) 16, 0.471, 5.66, 19.85, 0.027.

comparative work is clearly desirable in order to better un-the Amazon, other factors not easily picked up at this reso-
derstand the complex trade-offs and selective pressures dution of analysis may also be influencing observed patterns.
these two traits. Regional trends in leaf size might also be influenced by al-
lometry, development and phylogeny in constraining the ex-
pression of this trait in different ways in different habitats

(Cornelissen, 1999). It is even possible that other factors,
such as herbivory, may also influence the geographic distri-

This study set out to address three key hypotheses. First, thiution of leaf size since small leaves are often thicker and
small leaves are an adaptation to relatively dry conditions andnore resistant to herbivores. Moles and Westoby (2000) have
will show a macrogeographic pattern that reflects this. Theargued that species with smaller leaves may suffer less her-
regional distribution of leaf size categories is broadly con-bivory during leaf expansion because the leaf expands for a
sistent with this hypothesis, although the spatially correctegShorter period. In addition, itis necessary to keep in mind the
regressions failed to provide strong evidence for quantita_possibility that site level effects to minimize water stress (i.e.
tive relationships between leaf size and precipitation metricshydraulic lift and deep soils and roots) might confound the
Second, that small leaves are favoured on oligotrophic soilséffects of climate on leaf structure. Finally, it should also be
No evidence was found in support of this hypothesis, possiloted that while single plot-based attributes such as propor-
bly because of the numerous trade-offs with other ecologicafion of trees in a given leaf size category may produce useful
and physiological factors, or the limitations of the data usedcorrelates with biophysical variables at large spatial scales,
in the analysis. Finally, that there is a negative relationshipthese may break down under varying spatial, temporal and
between leaf size and wood density. Like many other studie€nvironmental scales (Gillison and Carpenter, 1997), thus
we found strong support in favour of this hypothesis, sug-limiting their utility. However, despite potential difficulties
gesting that this relationship is one of the fundamental condn inferring causal relationships, macrogeographic studies of
straints on leaf size evolution. functional traits such as leaf size clearly provide important
Although the regional trends in leaf size described here fittools to help describe the still poorly-understood functional

well with our current understanding of the macroecology of €009y of Amazonia (ter Steege et al., 2006).

5 Conclusions
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