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Ecotype adaptation and acclimation of leaf traits to rainfall in 29 species of 16-year-old Eucalyptus at two common gardens
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Relationships of leaf traits with rainfall at the place of origin of seed ( R PO ) are a function of acclimation and adaptation. To disentangle these effects we studied 29 species of 16-year-old Eucalyptus at a productive and an unproductive common garden (mean annual increments of above-ground stem volume = 21 ± 11 and 8 ± 5 m 3 ha -1 years -1 , respectively).We tested three hypotheses: (i) leaf traits vary between sites, but relationships among them do not; (ii) relationships of leaf traits with R PO do not vary between sites; and (iii) ecotypes originating from low-rainfall areas allocate a small fraction of nitrogen to thylakoid proteins and Rubisco, and have small SLA, small and narrow leaves, and large water-use efficiency (WUE). 2. Eleven leaf traits (leaf area, leaf thickness, leaf width/length, specific leaf area, fresh weight/dry weight, N, chlorophyll a / b , carotenoids/chlorophyll, thylakoid N%, Rubisco N%, WUE derived from 13 C content) were measured in 1-year-old sun leaves. 3. Site had a large effect on not only the absolute values of leaf traits, but also relationships between pairs of traits. There were 20 significant correlations between pairs of traits. Three of the correlations had different slopes between sites, while a further nine had different intercepts. Hence the majority of significant correlations were not independent of site. 4. Leaf area and leaf width/length were the only traits related to R PO . There was no evidence that N allocation to Rubisco or thylakoid proteins was related to R PO , or that WUE was greater in ecotypes from dry areas. 5. For Eucalyptus , and perhaps other genera, physiological leaf traits may play a minor role in adaptation to water availability. There is large phenotypic plasticity in many leaf traits affecting not only the absolute values of traits, but also relationships among them.

Introduction

It is axiomatic that plant growth and survival in unproductive habitats (xeric and/or oligotrophic) is associated with a suite of interrelated leaf 'stress-tolerance' traits [START_REF] Fonseca | Shifts in trait combinations along rainfall and phosphorus gradients[END_REF][START_REF] Wright | Strategy shifts in leaf physiology, structure and nutrient content between species of high-and low-rainfall and high-and low-nutrient habitats[END_REF]. One of the most commonly observed trends in leaf morphology is the reduction in leaf size and specific leaf area (SLA, leaf area per unit dry mass) with decreasing supplies of water or nutrients [START_REF] Givnish | Physiological Ecology of Plants of the Wet Tropics[END_REF][START_REF] Cunningham | Evolutionary divergences in leaf structure and chemistry, comparing rainfall and soil nutrient gradients[END_REF][START_REF] Fonseca | Shifts in trait combinations along rainfall and phosphorus gradients[END_REF].

Survival in unproductive habitats may be associated with a smaller proportion of leaf nitrogen allocated to photosynthetic functions (e.g. a smaller percentage of N as Rubisco or thylakoid proteins). The reasoning behind this is that species from oligotrophic and/or xeric habitats require greater investment of N in chemical †Author to whom correspondence should be addressed. Email: charles.warren@bio.usyd.edu.au ‡Present address: School of Biological Sciences, The University of Sydney, NSW 2006, Australia. and physical defences [START_REF] Field | The photosynthesisnitrogen relationship in wild plants[END_REF]. Directly measuring the allocation of N to compounds with photosynthetic (or other) functions is a logical first step towards testing this hypothesis, but there are few data for mature trees and most studies have measured only total N. Species from unproductive habitats (xeric and/or oligotrophic) are sometimes characterized by greater water-use efficiency (WUE) than species from productive habitats [START_REF] Field | Compromises between water-use efficiency and nitrogen-use efficiency in five species of California evergreens[END_REF], although this is far from clear for the genus Eucalyptus . In many studies with Eucalyptus , WUE has been estimated indirectly via its correlation with the stable carbon isotope composition ( δ 13 C, [START_REF] Farquhar | On the relationship between carbon isotope discrimination and the inter-cellular carbon dioxide concentration in leaves[END_REF] of leaves [START_REF] Macfarlane | Productivity, carbon isotope discrimination and leaf traits of trees of Eucalyptus globulus Labill. in relation to water availability[END_REF]. No consistent relationship between WUE and habitat aridity has emerged in studies of multiple Eucalyptus species sampled across aridity gradients [START_REF] Miller | Carbon isotope discrimination by a sequence of Eucalyptus species along a subcontinental rainfall gradient in Australia[END_REF][START_REF] Wright | Strategy shifts in leaf physiology, structure and nutrient content between species of high-and low-rainfall and high-and low-nutrient habitats[END_REF][START_REF] Schulze | Leaf and wood carbon isotope ratios, specific leaf areas and wood growth of Eucalyptus species across a rainfall gradient in Australia[END_REF], but this may partly reflect the large phenotypic plasticity in WUE of Eucalyptus [START_REF] Pate | δ 13 C analysis of phloem sap carbon: novel means of evaluating seasonal water stress and interpreting carbon isotope signatures of foliage and trunk wood of Eucalyptus globulus[END_REF][START_REF] Cernusak | Water relations link carbon and oxygen isotope discrimination to phloem sap sugar concentration in Eucalyptus globulus[END_REF][START_REF] Macfarlane | Productivity, carbon isotope discrimination and leaf traits of trees of Eucalyptus globulus Labill. in relation to water availability[END_REF]). Nevertheless, results have been contradictory even in cases where plants were grown under identical conditions in common gardens or glasshouses. The common-garden experiment of [START_REF] Anderson | Correlations between carbon isotope discrimination and climate of native habitats for diverse eucalypt taxa growing in a common garden[END_REF] and the glasshouse study of [START_REF] Sefton | Anatomical variation in juvenile eucalypt leaves accounts for differences in specific leaf area and CO 2 assimilation rates[END_REF] demonstrated that variation in WUE among Eucalyptus species was related to water availability at the place of origin of the seed. However, another glasshouse study comparing seedlings of nine species (Warren & Adams 2004a) found no such relationship.

Many traits exhibit considerable phenotypic plasticity [START_REF] Sultan | Phenotypic plasticity in Polygonum-Persicaria. 1. Diversity and uniformity in genotypic norms of reaction to light[END_REF][START_REF] Cordell | Physiological and morphological variation in Metrosideros polymorpha, a dominant Hawaiian tree species, along an altitudinal gradient: the role of phenotypic plasticity[END_REF][START_REF] Hovenden | Nature vs nurture in the leaf morphology of Southern beech, Nothofagus cunninghamii (Nothofagaceae)[END_REF], thus confounding of environmental with genetic influences is a common issue in studies of leaf traits. For example, trait correlations may shift in size and sign between contrasting environments [START_REF] Antonovics | The nature of limits to natural selection[END_REF][START_REF] Schlichting | Phenotypic plasticity of annual Phlox -tests of some hypotheses[END_REF]. This has not been considered explicitly in many ecological studies of relationships among leaf traits [START_REF] Cunningham | Evolutionary divergences in leaf structure and chemistry, comparing rainfall and soil nutrient gradients[END_REF][START_REF] Wright | Assessing the generality of global leaf trait relationships[END_REF]. In such studies phenotypic plasticity almost certainly contributes (an unknown proportion) to correlations among traits and to correlations of traits with environmental variables. One aim of the present study was to explore phenotypic vs ecotypic influences on relationships among leaf traits.

We used two common-garden experiments with 35 ecotypes of 16-year-old Eucalyptus trees. The 35 Eucalyptus ecotypes (representing 29 species) were grown at a productive common garden (mean annual increment in above-ground stem volume = 21 ± 11 m 3 ha -1 years -1 ; mean ± SD, n = 35 ecotypes) and an unproductive common garden (8 ± 5 m 3 ha -1 years -1 ). These differences in productivity were related to greater rainfall at the productive site (1220 mm year -1 ) than the unproductive site (600 mm year -1 ) and differences in nutrient availability (Table 1). All 35 ecotypes are canopy dominants in their natural habitat, and this study thus at least partially avoids problems that arise from comparing ecologically different species as all belong to the same 'functional group': canopy trees.

Adaptation to water availability is a major factor in the evolution of the genus Eucalyptus (Parsons 1969a(Parsons , 1969b;;[START_REF] Noble | Ecological traits of the Eucalyptus L'herit. subgenera Monocalyptus and Symphyomrtus[END_REF][START_REF] Adams | Distribution of Eucalypts in Australian landscapes: landforms, soils, fire and nutrition[END_REF]. The 35 ecotypes used here were collected as seed from locations in southeast Australia with mean annual rainfall from 545 to 1938 mm year -1 (rainfall at the place of origin of seed, R PO ). This is a large enough range to test hypotheses Well structured gradational texture soil Bleached sand with a subsoil pan Total C (% dry mass) † 9•1 (0.4) 2•2 (0•1) Total N (% dry mass) 0•74 (0•03) 0•061 (0•002) Resin bag P (µg P g -1 resin year -1 ) ‡ 67 ( 14) 29 (6) Resin bag N (µg N g -1 resin year -1 ) 524 ( 114) 26 ( 6) *Mean annual increment of trunk volume. †Total C and total N were determined by elemental analysis of oven-dried soil. Data are mean (SE) of 10 (0-10-cm) soil samples at each site. ‡Availability of N and P was determined with a buried bag ion-exchange method. 4•0 g anion resin or cation resin was enclosed in a nylon mesh bag (5 × 5 cm, 200 µm mesh). In winter 2003 resin bags were buried vertically in the upper 10 cm of the soil.

Resin bags were retrieved 1 year later. Captured N and P were eluted from the resin with a solution of 2•0  NaCl in 0•1  HCl (10 : 1, extract : resin). N is the sum of nitrate, ammonium and amino acids. Data are mean (SE) of 10 anion bags and 10 cation bags per site.

regarding adaptation of Eucalyptus species to water availability. Using two common-garden field sites varying in productivity allowed us to examine the effect of environment (phenotypic plasticity) on traits and their correlations. By using trees at an advanced stage of growth (16 years old), we hoped also to avoid the many well known 'juvenile' characteristics that often do not reflect those of more mature trees. We tested the following hypotheses.

(i) The mean value of leaf traits varies between sites due to phenotypic plasticity, but relationships among leaf traits do not vary between sites because they reflect adaptation. (ii) Relationships of leaf traits with rainfall at the place of origin reflect adaptation (to rainfall), and thus do not vary between sites. (iii) Low-rainfall ecotypes are characterized by distinct biochemical, morphological and physiological traits: allocation of a small fraction of N to thylakoid proteins (as indicated by chlorophyll) and Rubisco, low SLA, leaves that are small and narrow (relative to their length), and a high longterm WUE (as indicated by C isotope composition, [START_REF] Farquhar | On the relationship between carbon isotope discrimination and the inter-cellular carbon dioxide concentration in leaves[END_REF].

Materials and methods

- 

Full details of the common-garden sites may be found in [START_REF] Duncan | Growth of Eucalypt Plantation Species across Twelve Sites in Gippsland Victoria Centre for Forest Tree Technology[END_REF]; [START_REF] Duncan | Eucalypt Species Selection in Gippsland[END_REF]. The two common-garden sites were in south-eastern Australia, a region where water deficits are common in summer, but the frequency and severity of such deficits varies throughout the region. Site PPFD is unknown but is unlikely to vary given that the two sites are at very similar latitudes, and do not differ in aspect (both are approximately flat) or the number of cloudy days. Rainfall at the productive site, Mt Worth, was more than twice as great as at the unproductive site, Glencoe (Table 1). Availability of N and P at Mt Worth was also greater than at Glencoe (see also differences in N mass , Table S1 in Supplementary material). Additional data on N availability are given by [START_REF] Warren | Potential organic and inorganic N uptake by six Eucalyptus species[END_REF]. Both common gardens were established in 1987 with the planting of 88 seed lots ('ecotypes') representing 33 Eucalyptus species. Ecotypes were planted in a complete block design as 12-tree plots (three rows spaced at 3•6 m, four trees spaced at 2•8 m) with five replicate plots. Our primary interest was variation among species, thus our sampling was restricted to 35 ecotypes representing 29 species (Table S1). Multiple ecotypes of E. obliqua , E. elata , E. viminalis and E. saligna were included in the sampling and analysis as they originated from geographically isolated places with disparate rainfall. Multiple ecotypes (of the same species) were considered independent because they were separated by hundreds of kilometres. The names of ecotypes and their assignment to subgenera follows Brooker's recent classification of Eucalyptus [START_REF] Brooker | A new classification of the genus Eucalyptus L'Her. (Myrtaceae)[END_REF]      For each place where seed was collected, we estimated mean annual rainfall ( R PO ), rainfall of the driest quarter and potential evapotranspiration (areal point potential, [START_REF] Morton | Operational estimates of areal evapotranspiration and their significance to the science and practice of hydrology[END_REF] based on long-term records of the Australian Bureau of Meteorology (http:// www.bom.gov.au/climate/averages).

  

We collected 1-year-old sun leaves from the upper onethird of the canopy from between three and five trees of each ecotype. The light environment in the lower canopy probably differed among ecotypes because of ecotype differences in size and leaf-area index. Hence we used sun leaves from the upper one-third of the canopy to ensure that leaves of all ecotypes developed in the same (full-sun) light environment. Trees were used as our experimental units for all leaf traits. Sun leaves from the upper one-third of the canopy were collected by shotgun in early November 2003, when trees were 16 years old. At the time of sampling the new season's growth was commencing (the 'spring flush'), but we restricted our sampling to the previous year's growth (1-year-old leaves that were fully expanded and not yet senescing). Five leaves from each tree were stored in sealed plastic bags for measurements of leaf morphology, N and δ 13 C. Another five leaves from each tree were sampled for later analysis of Rubisco and chlorophylls. These leaves were sampled with a cork borer (4 × 0•56 cm 2 discs per leaf) and the 20 leaf discs per tree were placed in a 2-ml Eppendorf microfuge tube (Safe-Lock tube 2•0 ml, Eppendorf AG, Hamburg, Germany), frozen in liquid N and stored at -80 °C until analysis.

  

For each of the five leaves per tree we made a series of morphology measurements, these were subsequently averaged giving a mean for each tree. Fresh weight of each leaf was measured immediately after removal of leaves from plastic bags so as to minimize changes in mass due to transpiration. Leaf thickness was measured in two to four places between major veins with a Vernier calliper (Mitutoyo Corp, Kawasaki, Kanagawa, Japan). Total length and maximum width were measured to the nearest 1 mm with a steel ruler. The (one-sided) area of leaves was measured with a leaf-area meter (LI-3000A + LI-3050A, Li-Cor Inc., Lincoln, Nebraska). Leaf area, total length and width were only recorded for leaves unaffected by herbivory. Dry mass was determined after leaves were dried for 72 h in an oven at 60 °C, and these leaves were kept and subsequently used for measuring N and δ 13 C. The SLA was calculated as (one-sided) area divided by dry mass.

       

Pooled samples, comprising five dried leaves per tree, were ground to a fine powder in a matrix mill (MM 301, Retsch, Haan, Germany). Samples were analysed for N and δ 13 C by isotope ratio mass spectrometry (IRMS) at the University of California, Davis Stable Isotope Facility.

,    

Chlorophylls and carotenoids were extracted with dimethyl sulfoxide (DMSO) and determined colorimetrically using the extinction coefficients of [START_REF] Wellburn | The spectral determination of chlorophyll-a and chlorophhyll-b, as well as total carotenoids, using various solvents with spectrophotometers of different resolution[END_REF]. Thylakoid N was calculated from chlorophyll concentrations using an empirical relationship [START_REF] Evans | Photosynthesis and nitrogen relationships in leaves of C 3 plants[END_REF]): 50 mol thylakoid N mol -1 chlorophyll. This relationship is widely used and varies little among species or as a function of rainfall [START_REF] Evans | Photosynthesis and nitrogen relationships in leaves of C 3 plants[END_REF].

Rubisco was quantified by capillary electrophoresis using a method modified from Warren et al. (2000a). Capillary electrophoresis was performed with a Beckman P/ACE MDQ system (Beckman-Coulter, Fullerton, CA, USA) fitted with a photodiode array detector and controlled by a computer running   software (Beckman-Coulter). The separation of proteins was performed in sodium dodecyl sulfate (SDS) 14-200 gel buffer (Beckman-Coulter) in an SDS-coated fusedsilica capillary (100 µm internal diameter × 31•2 cm long, eCap SDS 14-200 capillary, Beckman-Coulter).

Standard curves for purified Rubisco were highly linear (r 2 = 0•99) over the range of 0•05-1 g l -1 . Standard curves were also highly linear (r 2 = 0•98 or better) when constructed by serial dilution of leaf extracts from E. globulus, E. obliqua or E. rubida. In addition, there was 95% recovery of Rubisco in spike and recovery tests with leaf extracts from E. globulus, E. obliqua and E. rubida. These findings indicate that quantification was unaffected by the complex matrix of Eucalyptus leaves (Warren et al. 2000b). The fraction of N present as Rubisco was calculated assuming that Rubisco is 16•7% N by weight.



All statistics were performed with  14 for  (Minitab Inc., Tulsa, OK, USA). Univariate analyses of relationships between pairs of traits were based on ecotype means. Input variables were chosen on the basis that they were not logically or mathematically autocorrelated and would provide the most 'information', and thus only a subset of variables was used (Table 2). Where there was a choice between area-and mass-based parameters, we used mass-based parameters as our primary measure of leaf structure (SLA) is mass-based. Using a mixture of mass-and area-based parameters leads to problems with interpretation because cross-correlations then include information on SLA in addition to the variables of interest. Normality of leaf traits was determined by the Ryan-Joiner test (similar to the Shapiro-Wilk test) and four traits were log-10 transformed to make their distribution normal [START_REF] Underwood | Experiments in Ecology: Their Logical Design and Interpretation using Analysis of Variance[END_REF]. P r ojected area of one leaf 3-5 (mean of 5 leaves per tree) Leaf thickness (mm) Leaf thickness 3-5 (mean of 5 leaves per tree) Width/length Leaf width/leaf length ≈ leaf shape 3-5 (mean of 5 leaves per tree) FW/DW Fresh mass/dry mass 3-5 (mean of 5 leaves per tree) SLA (m 2 kg -1 ) Specific leaf area 3-5 (mean of 5 leaves per tree) N mass (mg g -1 )

Nitrogen content per unit mass 3-5 (5 pooled leaves per tree) Analysis of covariance (), with a leaf trait as the covariate, was used to determine whether relationships among traits varied between common gardens. With  we first tested whether relationships were significant and, if so, whether slopes were homogeneous (between sites). No further analyses were performed if relationships were not significant or slopes were heterogeneous. For significant and homogeneous relationships we then tested whether site affected the intercept of relationships.

Multivariate statistics were performed essentially as described by [START_REF] Tausz | Antioxidative defence and photoprotection in pine needles under field conditions. A multivariate approach to evaluate patterns of physiological responses at natural sites[END_REF]. Principal components analysis (PCA) was based on 11 leaf traits (see Table 4) measured in individual trees. Normality of leaf traits was determined by the Ryan-Joiner test, and six traits were log-10 transformed to make their distribution normal. An acceptable principal component solution was determined based on visual examination of the Scree plot and the Kaiser criterion (all eigenvalues >1). Component scores and PC loadings were determined after Varimax axis rotation so as to maximize the variance of the squared loadings [START_REF] Johnson | Applied Multivariate Statistical Methods[END_REF].

Results

     

The 35 ecotypes originated from a wide range of annual rainfalls and potential evapotranspirations (Table S1).

Mean annual rainfall at the place of origin of seed (R PO ) varied from a minimum of 545 to a maximum of 1938 mm year -1 , while rainfall of the driest quarter varied from 66 to 285 mm. Potential evapotranspiration varied from around 1000 to 1700 mm year -1 . Among ecotypes there was a very wide range in ∆W, from -916 to +838 mm year -1 (∆W = annual rainfall -potential evapotranspiration).

   :     , ,  

There were 20 significant correlations among pairs of traits, but the majority of these (12/20) varied between sites (Table 3), indicating that site affects not only the mean value of traits, but also relationships among traits.

The SLA is a case in point. It was significantly correlated with seven other leaf traits, but only two of these relationships (δ 13 C and Rubisco N%) did not vary between sites (Table 3; Fig. 2). Intercepts were significantly different in the correlations of SLA with four traits (thickness, width/length, FW/DW, thylakoid N%) (Figs 1 and2), while the slope of the SLA-N mass relationship differed between sites (Fig. 2). In fact, fitting a correlation to combined SLA and N mass data for the two sites would have led to a more than twofold overestimation of the actual slope (Fig. 2).

Multivariate relationships among traits were examined by PCA (Fig. 3; Table 4). PCA with four axes explained 68-71% of variation in the data set. Communalities (total variance explained by the four axes) were >50% for all variables except Rubisco N%. Certain groups of traits were consistently loaded with one or other PC axis, indicating that the major directions of variation were relatively conservative. The first PC axis was highly loaded (>0•7) with thickness and SLA, irrespective of whether data for the two sites were combined or analysed separately (Table 4). The PCA using data for the two sites contained a unique second PC axis that did not exist in PCAs for either site on its own. This second axis of variation was highly loaded with N mass and FW/DW (Table 4) and separated the two sites (Fig. 3). PC2 (one site) or PC3 (both sites combined) was a 'chloroplast pigment axis' that was highly loaded with chl a/b, carotenoids/chlorophyll (carot/chl) and thylakoid N%. A 'leaf size and shape axis' was represented by PC3 (one site) or PC4 (both sites combined), which were highly loaded with leaf area and leaf width/ length. In comparing PCAs for the two sites, we note that the first three PC axes were similar and it was only PC4 that differed between sites (Table 4).

          

Leaf area and leaf width/length were the only leaf traits correlated with rainfall at the place of origin. Relationships of width/length (r = 0•31) and leaf area (r = 0•40) with rainfall at the place of origin were unaffected by site (). In simple terms, species from dry habitats tended to have leaves that were narrow and small. Somewhat surprisingly, there was no correlation between δ 13 C (our indicator of WUE) and rainfall at R PO , despite the fact that δ 13 C varied between (ecotype means) -27•7‰ and -31•9‰. Similarly, there was no evidence that N allocation to Rubisco or thylakoid proteins varied among ecotypes as a function of R PO , or that ecotype differences in SLA or thickness were related to R PO .

     

The mean values of most leaf traits differed significantly between sites (Table S1), indicating significant Fig. 1. Relationship of log-10-transformed specific leaf area (SLA) with leaf thickness, ratio of fresh weight to dry weight (FW/DW) and ratio of leaf width to leaf length. Data are for 1-year-old sun leaves of 35 ecotypes (29 species) of 16-yearold Eucalyptus growing at two common-garden sites (unproductive, ᭹, solid line; productive, ᭺, dashed line). Parameters were determined from measurements of three to five trees per ecotype, with each tree represented by a composite sample of five 1-year-old sun leaves (Table 2).  determined the significance of differences between sites in the slope and intercept of relationships (Table 3). The strength of correlations is indicated by Pearson's correlation coefficient. Where intercepts were significantly different at the two common gardens, a correlation coefficient is given for the slope of the common correlation.

Fig. 2.

Relationship of log-10-transformed specific leaf area (SLA) with N concentration (N mass ), percentage of leaf N accounted for by Rubisco (Rubisco N%) and by thylakoid proteins (thylakoid N%), and discrimination against 13 C (δ 13 C). Data are for 1-year-old sun leaves of 35 ecotypes (29 species) of 16-year-old Eucalyptus growing at two commongarden sites (unproductive, ᭹; productive, ᭺). Parameters were determined from measurements of three to five trees per ecotype, with each tree represented by a composite sample of five 1-year-old sun leaves (Table 2). The significance of differences between sites in the slope and intercept of relationships was determined by  (Table 3). The strength of correlations is indicated by Pearson's correlation coefficient. Where intercepts were significantly different at the two common gardens, a correlation coefficient is given for the slope of the common correlation. Where slopes were significantly different between common gardens, a correlation coefficient is given for each relationship.

(phenotypic) plasticity in absolute values of traits. The SLA was ≈20% greater at the productive site than at the unproductive site, while the difference in thickness between sites was smaller. FW/DW and SLA were positively related, but FW/DW was ≈15% greater at the productive site than the unproductive site (Fig. 1). These observations suggest a lower leaf density at the productive site. N mass was significantly greater at the productive site (N mass = 17 ± 2 mg g -1 , mean ± SD of 35 ecotypes) than the unproductive site (N mass = 12 ± 2 mg g -1 ) (Fig. 2; Table S1). There was no difference between sites in N allocation to Rubisco (Rubisco N%; unproductive site = 20 ± 6%; productive site = 22 ± 6%; P > 0•05), whereas the proportion of N in thylakoid proteins was greater at the productive site than the unproductive site (thylakoid N%: unproductive = 12 ± 2%; productive = 15 ± 2%; P < 0•05). The chl a/b ratio was significantly greater at the unproductive site (2•7 ± 0•2) than at the productive site (2•5 ± 0•2). The carot/chl ratio was ≈20% greater at the unproductive site (309 ± 22 mmol mol -1 ) than at the productive site (249 ± 16).

A subset of traits are noteworthy because they did not vary between sites. Foremost among these are δ 13 C, leaf size (leaf area) and leaf shape (width/length), none of which varied between sites despite large variation in traits among ecotypes (Table S1).

Discussion

   :     , ,  

Results of this study show that phenotypic plasticity affects not only the absolute value of many leaf traits [START_REF] Cordell | Physiological and morphological variation in Metrosideros polymorpha, a dominant Hawaiian tree species, along an altitudinal gradient: the role of phenotypic plasticity[END_REF][START_REF] Hovenden | Nature vs nurture in the leaf morphology of Southern beech, Nothofagus cunninghamii (Nothofagaceae)[END_REF], but also relationships among traits (Table 3; Figs 1 and2, Antonovics 1976; Schlichting &Levin 1984; [START_REF] Nicotra | Patterns of genotypic variation and phenotypic plasticity of light response in two tropical Piper (Piperaceae) species[END_REF]. More than half (12 out of 20) of the correlations between pairs of traits were affected by site. Consequently, correlations fitted to combined data for the two sites were spurious in many cases. For example, a correlation between N mass and SLA for the two sites would have led to a more than twofold overestimation of the actual slope (Fig. 2; cf FW/DW, Fig. 1). We cannot offer a mechanistic explanation as to why there are differences in relationships between a productive and an unproductive site. It could be due to differences in growth rate or, more likely, the determinants of growth rate: water availability and/or nutrient availability. Irrespective of the ultimate cause, these findings indicate that traits are strongly affected by site conditions, and that relationships among traits are far from universal.

Multivariate analysis indicated consistent relationships among traits, with some of these affected by phenotypic plasticity (Table 4; Fig. 3). PCA was affected by phenotypic plasticity insofar as the PCA using data for the two sites contained a unique second PC axis (Table 4; Fig. 3) that separated the two sites and was strongly loaded with FW/DW and N mass , traits that are almost certainly strongly affected by the large difference between sites in water and nutrient availability. Three of the four major multivariate axes were loaded with similar trait groupings, indicating that the directionality of (three out of four) trait groupings is rather conservative and thus relates to patterns of genetic variation. For example, the primary multivariate axis did not vary between sites and was in all cases strongly loaded with SLA and/or thickness (Table 4), confirming previous studies [START_REF] Wright | The worldwide leaf economics spectrum[END_REF]). Traits grouped together on PC axes were functionally related, lending support to the notion that functionally related traits respond similarly [START_REF] Berg | The ecological significance of correlation pleiades[END_REF][START_REF] Schlichting | The evolution of phenotypic plasticity in plants[END_REF][START_REF] Nicotra | Patterns of genotypic variation and phenotypic plasticity of light response in two tropical Piper (Piperaceae) species[END_REF]. For example, trait loadings showed that PC2 (one site) or PC3 (both sites combined) was a 'chloroplast pigment axis' highly loaded with chl a/b, carot/chl and thylakoid N%. A 'leaf size and shape axis' was represented by PC3 (one site) or PC4 (both sites combined) that were highly loaded with leaf area and leaf width/length.

The problem of confounding of genetic variation by phenotypic plasticity is a function of the relative sizes of phenotypic vs genotypic variation. Our finding that the majority of relationships were affected by site perhaps reflects modest genetic variation in traits among Eucalyptus ecotypes (Table S1). A much larger genotypic range in traits, such as that available across multiple life forms, could reduce the influence of phenotypic plasticity on these relationships. However, we know of no common-garden experiments that include varying life forms with adequate replication.

  ,      δ 13 

The (more-or-less) consistent relationships among SLA, N allocation and δ 13 C (Figs 1 and2) are suggestive of 4a). The x-and y-axes are normalized with zero corresponding to the mean PC score. functional relationships. Studies across climatic gradients have found negative correlations of SLA with WUE or surrogates such as δ 13 C [START_REF] Wright | Strategy shifts in leaf physiology, structure and nutrient content between species of high-and low-rainfall and high-and low-nutrient habitats[END_REF][START_REF] Lamont | High leaf mass per area of related species assemblages may reflect low rainfall and carbon isotope discrimination rather than low phosphorus and nitrogen concentrations[END_REF]. Our results from common gardens suggest that this trend is not solely phenotypic (Fig. 2). Differences in δ 13 C are unlikely to be related to the biochemical capacity for photosynthesis, given that correlations of WUE with N mass , Rubisco N% and thylakoid N% were either not significant or negative (Table 3). Stomatal conductance, and its relationship with photosynthetic capacity, seems the most likely explanation for relationships of δ 13 C with SLA.

In general, species with a larger SLA allocated a greater fraction of N to Rubisco and thylakoid proteins (Fig. 2), as has also been found in the few studies to measure directly the amount of Rubisco (Poorter & Evans 1998; [START_REF] Onoda | Allocation of nitrogen to cell walls decreases photosynthetic nitrogenuse efficiency[END_REF][START_REF] Takashima | Photosynthesis or persistence: nitrogen allocation in leaves of evergreen and deciduous Quercus species[END_REF]).

Nevertheless, these results contrast with our earlier study of seedlings of nine Eucalyptus species, where we found no such relationship (Warren & Adams 2004b). Of greater consequence is the lack of a definitive mechanistic explanation of the relationship between SLA and N allocation to Rubisco and thylakoid proteins. The common presumption is that allocation patterns reflect differential N allocation to cell walls and defensive compounds [START_REF] Gleadow | Enhanced CO 2 alters the relationship between photosynthesis and defence in cyanogenic Eucalyptus cladocalyx F. Muell[END_REF][START_REF] Takashima | Photosynthesis or persistence: nitrogen allocation in leaves of evergreen and deciduous Quercus species[END_REF], but this remains poorly tested.

          

In general, few leaf traits were correlated with rainfall at the place of origin. The only consistent (genotypic) trend was for Eucalyptus ecotypes originating from drier habitats to have narrower and smaller leaves than ecotypes from wetter habitats. It is noteworthy that leaf width/length and leaf area were the only two traits that were related to R PO , and were two of the three traits that did not vary between sites. This suggests they are under strong genetic control, and confirms other studies showing that ecotypes from drier habitats have narrower and smaller leaves [START_REF] Gates | Leaf temperatures of desert plants[END_REF][START_REF] Smith | Temperatures of desert plants: another perspective on the adaptability of leaf size[END_REF][START_REF] Werger | Leaf size and leaf consistence of a riverine forest formation along a climatic gradient[END_REF][START_REF] Fonseca | Shifts in trait combinations along rainfall and phosphorus gradients[END_REF]. There was fourfold variation in width/length among ecotypes, thus differences in leaf boundary-layer conductance and temperature offer a plausible explanation for genotypic trends [START_REF] Gates | Leaf temperatures of desert plants[END_REF][START_REF] Smith | Temperatures of desert plants: another perspective on the adaptability of leaf size[END_REF]).

High WUE is frequently proposed as a trait of species from low-rainfall habitats [START_REF] Sun | Stable carbon isotopes as indicators of increased water use efficiency and productivity in white spruce (Picea glauca (Moench) Voss) seedlings[END_REF][START_REF] Cregg | Physiology and morphology of Pinus sylvestris seedlings from diverse sources under cyclic drought stress[END_REF][START_REF] Lamont | High leaf mass per area of related species assemblages may reflect low rainfall and carbon isotope discrimination rather than low phosphorus and nitrogen concentrations[END_REF][START_REF] Sefton | Anatomical variation in juvenile eucalypt leaves accounts for differences in specific leaf area and CO 2 assimilation rates[END_REF][START_REF] Wright | Least-cost input mixtures of water and nitrogen for photosynthesis[END_REF]), yet there is substantial experimental evidence to the contrary [START_REF] Lauteri | Genetic variation in photosynthetic capacity, carbon isotope discrimination and mesophyll conductance in provenances of Castanea sativa adapted to different environments[END_REF][START_REF] Zhang | Carbon isotopic composition, gas exchange, and growth of three populations of ponderosa pine differing in drought tolerance[END_REF][START_REF] Warren | Water availability and carbon isotope discrimination in conifers[END_REF], and this is especially the case for Eucalyptus. Ours is the largest commongarden study of δ 13 C in the genus Eucalyptus and we did not observe a correlation of δ 13 C with R PO . Given that δ 13 C is related to WUE [START_REF] Farquhar | On the relationship between carbon isotope discrimination and the inter-cellular carbon dioxide concentration in leaves[END_REF], our data cast doubt on a general relationship of WUE with R PO in Eucalyptus. Nevertheless, relationships have been observed in a common-garden study with 11 Eucalyptus species [START_REF] Anderson | Correlations between carbon isotope discrimination and climate of native habitats for diverse eucalypt taxa growing in a common garden[END_REF]; a glasshouse study with seedlings of three Eucalyptus species [START_REF] Sefton | Anatomical variation in juvenile eucalypt leaves accounts for differences in specific leaf area and CO 2 assimilation rates[END_REF]; some studies across aridity gradients [START_REF] Miller | Carbon isotope discrimination by a sequence of Eucalyptus species along a subcontinental rainfall gradient in Australia[END_REF][START_REF] Wright | Strategy shifts in leaf physiology, structure and nutrient content between species of high-and low-rainfall and high-and low-nutrient habitats[END_REF][START_REF] Schulze | Leaf and wood carbon isotope ratios, specific leaf areas and wood growth of Eucalyptus species across a rainfall gradient in Australia[END_REF], but with notable exceptions [START_REF] Schulze | Leaf and wood carbon isotope ratios, specific leaf areas and wood growth of Eucalyptus species across a rainfall gradient in Australia[END_REF]. It is becoming increasingly clear for Eucalyptus spp., and indeed for other genera, that there is no simple relationship between R PO and WUE.

The SLA commonly decreases (and thickness increases) with decreasing rainfall [START_REF] Givnish | Physiological Ecology of Plants of the Wet Tropics[END_REF][START_REF] Cunningham | Evolutionary divergences in leaf structure and chemistry, comparing rainfall and soil nutrient gradients[END_REF][START_REF] Fonseca | Shifts in trait combinations along rainfall and phosphorus gradients[END_REF][START_REF] Schulze | Leaf and wood carbon isotope ratios, specific leaf areas and wood growth of Eucalyptus species across a rainfall gradient in Australia[END_REF]) -a trend we also observed between sites (a phenotypic trend). However, among 35 ecotypes of Eucalyptus there was no relationship of SLA with R PO (Table S1), which casts doubt on the existence of a genotypic rela-tionship. The absence of a (genotypic) relationship of SLA with R PO was also found in a common-garden planting of 15 ecotypes of Eucalyptus sideroxylon ssp. tricarpa (Warren et al. 2005) and a glasshouse study of seedlings of nine Eucalyptus species (Warren & Adams 2005). One explanation for the absence of correlations between SLA and R PO among Eucalyptus ecotypes might be that the range in SLA is too small (sensu [START_REF] Reich | Reconciling apparent discrepancies among studies relating life-span, structure and function of leaves in contrasting plant life forms and climates -the blind men and the elephant retold[END_REF].

Almost 20 years ago it was argued that species from unproductive (xeric and/or oligotrophic) habitats allocate a smaller fraction of N to compounds with photosynthetic functions [START_REF] Field | The photosynthesisnitrogen relationship in wild plants[END_REF]. To date, however, there have been too few direct measurements of N allocation in multiple species to test this hypothesis adequately. In the case of our 35 Eucalyptus ecotypes, there was no evidence that N allocation to Rubisco or thylakoid proteins was related to R PO . A glasshouse study with seedlings of nine Eucalyptus species also failed to find evidence that N allocation to Rubisco and thylakoid proteins is related to R PO (Warren & Adams 2004b). While we may be reasonably confident of the lack of a general relationship of N allocation with R PO for eucalypts, we cannot speculate as to whether this applies to other genera, owing to a lack of multispecies common-garden or glasshouse experiments where the amounts of Rubisco have been directly measured.

             

There are many reasons why so few leaf traits are correlated with rainfall at the place of seed origin. First, we acknowledge that the leaf-level traits reported here are difficult to interpret in isolation because they are affected by variables such as leaf area per plant, leaf phenology and hydraulic architecture (Warren & Adams 2000). Hence individual leaf traits may be unrelated to water availability because they are selectively neutral or even offset by other traits that were not measured [START_REF] Gutschick | Optimization of specific leaf mass, internal CO 2 concentration, and chlorophyll content in crop canopies[END_REF]Warren & Adams 2000;[START_REF] Gutschick | Extreme events as shaping physiology, ecology, and evolution of plants: toward a unified definition and evaluation of their consequences[END_REF]. It may well be the case that other drought adaptations -particularly those related to seed germination, seedling establishment, root development and above-vs below-ground allocation -may be more important for survival. Other reasons that leaf traits may be unrelated to rainfall at the place of seed origin include: (i) the climatic distribution of ecotypes may not be determined solely by physiological traits; (ii) rainfall may not be the sole climatic determinant of species' distributions and leaf traits; and (iii) mean annual rainfall and other long-term rainfall measures (e.g. rainfall of the driest quarter) may be poor indicators of water availability.

        

The mean values of most leaf traits differed significantly between sites (Table S1), generally in the fashion one would expect for sites differing in productivity, water and nutrient availability. For example, SLA was ≈20% greater at the productive site than the unproductive site, consistent with observations that SLA is positively related to supplies of water and/or nutrients [START_REF] Givnish | Physiological Ecology of Plants of the Wet Tropics[END_REF][START_REF] Cunningham | Evolutionary divergences in leaf structure and chemistry, comparing rainfall and soil nutrient gradients[END_REF][START_REF] Fonseca | Shifts in trait combinations along rainfall and phosphorus gradients[END_REF]. Nitrogen concentrations were also greater at the productive site than the unproductive site, not surprising given the large differences in nutrient availability (Table 1).

Leaf size (leaf area) and leaf shape (width/length) did not vary between sites (Table S1), despite varying among ecotypes as a function of R PO . Hence the genotypic trend for Eucalyptus from low-rainfall habitats to have smaller and narrower leaves than congenerics from high-rainfall habitats is not matched by a corresponding phenotypic trend. For Eucalyptus, at least, we may be reasonably confident that the general observation that leaves get smaller and narrower with decreasing water and nutrient availability [START_REF] Givnish | Physiological Ecology of Plants of the Wet Tropics[END_REF][START_REF] Cunningham | Evolutionary divergences in leaf structure and chemistry, comparing rainfall and soil nutrient gradients[END_REF][START_REF] Fonseca | Shifts in trait combinations along rainfall and phosphorus gradients[END_REF] is largely genotypic.

The absence of a difference in δ 13 C between sites in this study suggests that photosynthetic capacity and stomatal conductance were co-ordinated so as to maintain a similar WUE. This may be due to covariation in water and nutrient availability between sites. In other words, the reduced N concentrations and thus photosynthetic capacity at the unproductive site may have offset the larger stomatal limitation due to lesser water availability. Alternatively, it might reflect co-ordination of photosynthesis with stomatal conductance [START_REF] Cowan | Stomatal behaviour and environment[END_REF].

Conclusions

Few leaf traits of Eucalyptus are correlated with rainfall at place of origin. For example, there is no evidence that WUE or N allocation to Rubisco varies between Eucalyptus species of xeric and mesic habitats. The only consistent trends were for ecotypes from low-rainfall habitats to have smaller and narrower leaves than ecotypes from wetter habitats. These data suggest that for Eucalyptus, and perhaps other genera, physiological leaf traits play a minor role in adaptation to water availability.

It is well known that the mean value of leaf traits varies between sites due to phenotypic plasticity, but results of this study indicate that plasticity also affects relationships among traits. Relationships among traits are often seen as being indicative of adaptation and functional relationships, but the existence of considerable phenotypic plasticity argues against the existence of universal trait relationships as an expression of universal functional constraints. It seems more likely that relationships are partly coincidental and partly functional, and there is considerable scatter in such relationships.

Fig. 3 .

 3 Fig. 3. Scores on PC1 and PC2 of 35 ecotypes of Eucalyptus growing at two common gardens. Data are mean of five individual trees from each of 35 ecotypes growing at two common-garden sites (unproductive, ᭹; productive, ᭺). Principal components analysis was based on 11 variables measured in individual trees (Table4a). The x-and y-axes are normalized with zero corresponding to the mean PC score.

Table 1 .

 1 Location and characteristics of the two common gardens

	Parameter	Mt Worth (productive)	Glencoe (unproductive)
	Mean annual increment (m 3 ha -1 year -1 )*	21 (11)	8 (5)
	Latitude	38°19′	38°16
	Longitude	145°59′	147°03
	Altitude (m)	400	60
	Rainfall (mm year -1 )	1220	600
	Potential evaporation (mm year -1 )	1010	1220
	Rainfall -potential evaporation (mm year -1 )	+220	-620
	Previous land use	Improved pasture	Pinus radiata plantation
	Surface soil texture	Clay loam	Loamy sand
	Subsoil texture	Light medium clay	Sand
	Profile	Gradational	Uniform
	Description		

Table 2 .

 2 Primary variables used in analyses and their replication

	Units	Description	Replicates per ecotype (no. trees)	Notes
	Rainfall (mm a -1 )	R ainfall at place of origin	-	Estimated from long-term
				climatic records
	Leaf area (cm 2 )			

Table 3 .

 3  and Pearson correlations among 11 leaf traits  with site as a fixed factor was used to test first for the significance of relationships between traits and homogeneity of slopes (model terms = site, covariate, site × covariate). No further analyses were done if traits were not significantly related (P > 0•05) or slopes were significantly heterogeneous between common gardens. For significant and homogeneous relationships the effect of site on intercepts was determined by another  (model term = site). Data are for 35 ecotypes (29 species) of Eucalyptus growing at two common gardens. Traits marked * were log-10 transformed. Where no numbers are shown, relationships were not significant. A Pearson correlation coefficient is the sole number where relationships were significant (P < 0•05) and did not differ between sites. Slope = heterogeneous slope between sites. Int = homogeneous slope, but with a significant effect of site on intercept. Numbers following 'Int' are Pearson correlation coefficient for the 'common' relationship.

		Leaf area*	Thickness*	Width/length FW/DW	SLA*	N mass	δ 13 C	Chl a/b Carot/chl Rubisco N%
	Leaf area*						
	Thickness*						
	Width/length	0•52					
	FW/DW			Int***, 0•85			
	SLA*		Int***, -0•88	Int***, 0•56 Int***, 0•85			
	N mass		Int***, -0•87		Slope*		
	δ 13 C	0•24	0•51		-0•49	Slope*
	Chl a/b						
	Carot/chl	Int***, -0•85					
	Rubisco N%		-0•32		0•38		
	Thylakoid N%		Int***, -0•67		Int***, 0•75			Slope*	-0•75	Int***, 0•68

Significance of differences in slope or intercept: *, P < 0•05; **, P < 0•01; ***, P < 0•001.

Table 4 .

 4 PCA Principal components (PC) solution of 11 leaf traits measured in three to five trees from each of 35 ecotypes (29 species) of Eucalyptus

	a) Unproductive & productive common gardens				
	Variable	PC1	PC2	PC3	PC4	Communality (%)
	Leaf area*				-0•85	75•9
	Thickness*	-0•85				75•8
	Width/length*				-0•89	82•2
	FW/DW		-0•82			74•1
	SLA*	0•76				90•6
	N mass		-0•86			76•7
	δ 13 C	-0•69				66•1
	Chl a/b			-0•83		68•6
	Carot/chl*			-0•68		78•7
	Rubisco N%*					28•1
	Thylakoid N%			0•65		66•9
	Explained variance (%)	20•6	19•6	16•4	14•6	71•3
	b) Unproductive					
	Variable	PC1	PC2	PC3	PC4	Communality (%)
	Leaf area*			0•77		67•8
	Thickness*	-0•77				85•7
	Width/length*			0•72		75•3
	FW/DW					60•7
	SLA*	0•92				85•7
	N mass				-0•89	82•3
	δ 13 C			0•61		57•6
	Chl a/b		0•68			50•1
	Carot/chl*		0•87			77•8
	Rubisco N%*					36•5
	Thylakoid N%		-0•63			70•2
	Explained variance (%)	24•3	16•4	15•6	11•4	67•7
	c) Productive					
	Variable	PC1	PC2	PC3	PC4	Communality (%)
	Leaf area*			0•83		70•6
	Thickness*	-0•94				89•6
	Width/length*			0•86		76•5
	FW/DW				0•77	69•0
	SLA*	0•80				92•4
	N mass	0•73				71•3
	δ 13 C	-0•61				61•1
	Chl a/b		-0•69			53•0
	Carot/chl*		-0•74			62•9
	Rubisco N%*				0•69	53•9
	Thylakoid N%		0•74			78•9
	Explained variance (%)	22•6	17•2	16•0	14•6	70•4
	PCA was based on individual trees of (a) unproductive and productive common gardens combined;	
	(b) unproductive and (c) productive. Data are PC loadings and communalities determined after Varimax axis rotation.
	PC loadings <0•6 are not shown. Traits marked * were log-10 transformed.			
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