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Abstract 

Questions: Is there any evidence of coordination among leaf, stem and root traits and, thereby, of the existence of a plant economics spectrum at 

the species and community level in Mediterranean forests? Are these traits related to plant size and seed mass?  

Location: Mediterranean forests and shrublands of the Sierra Morena mountains (Córdoba, southern Spain). 

Methods: We selected nine woody plant communities along a natural local gradient of soil water and nutrient availability. We measured key 

leaf, stem, root and whole-plant traits for 38 dominant woody plant species. The variation across species of 15 functional traits (of the leaf, stem 

and root) was analysed and the coordination among them was tested. We explored the relationships between these traits (hereafter named 

“resource-use traits” due to their close association with the acquisition-conservation trade-off) and plant height and seed mass. Finally, we 

compared the results at the species level with those calculated at the community level, considering community-weighted means (CWMs). 

Results: We found a significant coordination between traits belonging to different plant organs, and propose the existence of a plant economics 

spectrum in Mediterranean forests along the environmental gradient. However, weaker relationships were found within groups of species under 

similar environmental conditions. We did not find the expected orthogonal relationships between plant height, seed mass and resource-use traits. 

Relationships among functional traits were stronger at the community level than at the species level.  

Conclusions: This study reveals a high degree of functional coordination between traits belonging to different plant organs at both the species 

and community level, and suggests the existence of a plant economics spectrum across 38 Mediterranean woody plant species. However, this 
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general trend of functional coordination between organs became weaker or disappeared when considering restricted groups of species belonging 

to environmentally similar sites (e.g. dry versus wet sites), suggesting that the diversification of strategies within communities is not related to 

the economics spectrum at a lower spatial scale. Interestingly, the high degree of coordination between resource-use traits and seed mass at the 

community level seems to support the tolerance–fecundity model, which predicts an inverse relationship between fecundity and stress tolerance.  

 

 

Keywords: Acquisition-conservation trade-off; Functional trait; LHS scheme; Phylogenetically independent contrasts; Root dry matter content, 

Seed mass; Specific leaf area; Tolerance–fecundity model. 
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Introduction 

Functional plant traits are commonly-used indicators of species ecological functions, as they allow us to better understand plant strategies and 

distribution (Violle et al. 2007; Reich 2014). Thus, the functional trait approach has been used as a tool to comprehend the spectrum of functional 

strategies in plants and their relationships with the environment (Garnier & Navas 2012 and references therein). The trade-off between 

acquisition and conservation of resources is a good example of different functional strategies in plants, which can be described by the range of 

trait variation that defines the broadly-known leaf economics spectrum (Díaz et al. 2004; Wright et al. 2004). This spectrum runs from species 

with a conservative resource-use strategy (i.e. sclerophyllous, long-lived leaves and low photosynthetic rates), to those with contrasting traits 

commonly associated with rapid resource capture and a high relative growth rate (Reich et al. 1998a; Wright & Westoby 2001; Villar et al. 2006; 

Poorter & Garnier 2007). However, the extent to which this paradigm can be extended to other organs, like roots and stems, and to the level of 

the whole plant still remains unclear (Freschet et al. 2010; Prieto et al. 2015). Thus, there is controversy about how the traits of different plant 

organs (i.e. leaf, stem and root) co-vary across species and the extent to which this co-variation adheres to a plant economics spectrum (Freschet 

et al. 2010; Laughlin et al. 2010).  

 Some recent studies have reported that the trade-off between acquisition and conservation of resources can be also extrapolated to the 

below-ground component (Birouste et al. 2012; Prieto et al. 2015), providing support for the hypothesis that the paradigm of the leaf economics 

spectrum can be extended to the whole-plant level (Freschet et al. 2010). Recently, Pérez-Ramos et al. (2012) found evidence in Mediterranean 
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grasslands that plant economics could be scaled up at the community level, with potential repercussions for relevant ecosystem processes and 

services (e.g. Freschet et al. 2013). In these studies, leaf traits indicative of an acquisitive strategy were associated with similar acquisitive root 

traits, indicating that different organs converge in position along the economics spectrum. However, studies on woody plants from tropical 

forests did not find positive correlations between leaf and root traits (Fortunel et al. 2012) or between leaf and stem traits (Baraloto et al. 2010). 

These authors suggested that functional trade-offs in different tissues operate independently between components, as a result of the optimisation 

of the survival and growth strategies in more-highly-competitive environments, like tropical forests. The relationships between traits belonging to 

different organs may also change if they are affected by different environmental conditions (Cordlandwehr et al. 2013) or because different floras 

are subject to different evolutionary constraints (Heberling & Fridley 2012). Therefore, we need more studies that test the coordination among 

leaf, stem and root traits in different environments and at different spatial scales to reach generalisations on the existence and nature of a plant 

economics spectrum at both the species and community level.  

The leading dimensions of ecological variation among plants include not only functional traits associated with the use of resources 

(resource-use traits) but also those associated with competition for light (e.g. plant height) and reproductive ability (e.g. seed number and size) 

(Westoby & Wright 2006; Reich 2014). Among different models, the tolerance–fecundity model (Muller-Landau 2010) assumes an inverse 

relationship between fecundity and stress tolerance across species. The ‘Leaf-Height-Seed’ scheme (LHS) proposed by Westoby (1998), and 

expanded to the root dimension by Laughlin et al. (2010), assumes that leaf economics is essentially independent of the dimensions of plant 
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height and seed production (Liancourt et al. 2009; Laughlin 2014). However, more studies are necessary to discern whether these two models 

(tolerance–fecundity and LHS) can be generalised to other biomes and ecosystem types.  

 In this study, we explored the spectrum of variation in functional traits and the degree of coordination between leaf, stem and root traits, 

for the first time in Mediterranean woody plant species growing on natural conditions. The principal aim was to test the existence of a whole-

plant economics spectrum in forests and shrublands of southern Spain. We also explored two additional functional dimensions: plant height and 

reproductive ability (particularly seed mass). The observed relationships among functional traits across plant species were then tested at the 

community level, using community-weighted means (CWMs; sensu Garnier et al. 2004), to prove their consistency at both organizational levels. 

The results obtained must be considered in a determined environmental and evolutionary context. In this case study, the environmental and 

evolutionary context is a species pool of 38 woody plant species sampled in nine different plant communities (including forests and shrublands) 

that were distributed along a local environmental gradient. We selected a wide gradient of soil water availability with the aim of spanning a large 

range of potentially-different resource-use strategies. 

We expect to find that: 

(i) The functional traits of a set of co-occurring plant species covary according to a main specialisation axis that reflects a wide range of 

resource-use strategies (Díaz et al. 2004; Wright et al. 2004). Under Mediterranean conditions, where plants survival and growth are commonly 
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limited by the scarcity of soil water and nutrients, we expect to find a strong, positive coordination between leaf, stem and root traits, reflecting a 

whole-plant economics spectrum across the resource-use gradient (Freschet et al. 2010; Pérez-Ramos et al. 2012). 

(ii) This general coordination of functional traits among organs may change with the spatial scale (Funk & Cornwell 2013), for instance 

when considering separately sets of species inhabiting sites at different positions of the environmental gradient. Thus, we expect to find a weaker 

coordination of functional traits among organs when considering a restricted range of the environmental gradient (e.g. dry versus wet sites) than 

when analysing at a higher spatial scale (i.e. considering the whole gradient heterogeneity).  

(iii) The three main functional dimensions, resource-use traits (associated with the acquisition-conservation trade-off), plant height 

(related to competition for light) and seed mass (related to germination, establishment and dispersal), are orthogonal, according to the ‘Leaf-

Height-Seed’ hypothesis (Westoby 1998; Laughlin et al. 2010). 

(iv) Based on previous findings indicating that dominant species tend to have trait values that are better linked to their environments than 

those of rare species (Ackerly et al. 2002; Cingolani et al. 2007; Domínguez et al. 2012), the relationships among functional traits are stronger at 

the community level (using community-weighted means) than at the species level.  

We tested these expectations for a set of Mediterranean forest and shrubland communities along an environmental gradient in southern 

Spain.  
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Material and methods 

Study area 

The study was conducted in Mediterranean forests and shrublands located in the Sierra Morena mountains, in the south of Spain (Córdoba). The 

area is characterised by a continental-Mediterranean climate with cold, wet winters and dry, warm summers. The mean annual temperature is 

17.6 ºC and the mean annual precipitation is 536 mm; data from the Spanish Meteorological Agency, AEMET (1971-2000). Several shrub and 

arborescent species, such as Cistus albidus and Quercus coccifera are abundant in driersoils, while broadleaf deciduous trees such as Alnus 

glutinosa or Fraxinus angustifolia are dominant in moister soils (see Appendix S1 for details of the 38 studied species). 

 

Sampling design 

Nine sampling sites were selected along a natural and wide gradient of soil resource availability (mainly soil water, de la Riva et al. 2015). In 

spring 2012, four 20-m-long transects were set up randomly in each of the nine sampling sites, with a minimum distance of 10 m relative to one 

another. The species abundance and composition were measured as well as the cover of each woody species intercepted by each of the four 20-m 

transects. The mean relative abundance for each species and site was calculated as the mean value of the four transects. For trait measurements 

(see details below), we ranked the species by their relative abundance and selected those representing at least 90% of the total plant woody cover 

measured in each site. These species comprise most of the biomass in that community and are expected to have a major role in the functioning of 
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the ecosystem (Lavorel et al. 2008). This gave a total of 38 selected species, many of them appearing in more than one sampling site (Appendix 

S1). 

 

Plant measurements 

In late spring 2012, during the peak of plant growth, healthy adults of the most-dominant woody plant species were selected randomly. We 

measured 15 key functional traits related to morphology (in the leaf, stem and root), physiology, plant size and reproduction (see functional roles 

in Appendix S2), covering the main functional dimensions. All these trait measurements were carried out according to the criteria defined by 

Pérez-Harguindeguy et al. (2013).  

Leaf morphological traits.- Six individuals per species and sampling site were chosen, on which the following leaf traits were measured: 

specific leaf area (SLA; leaf area per unit of dry leaf mass), leaf dry matter content (LDMC; dry mass per unit of water-saturated fresh mass) and 

leaf thickness (LThick). Leaf density (LD) was calculated as the inverse of SLA divided by LThick (Witkowski & Lamont 1991). 

Stem morphological traits.- On the same six individuals per species and sampling site, we measured the following stem traits. Stem dry 

matter content (SDMC) was obtained as the ratio of dry to saturated fresh mass. Stem wood density (WD) was calculated as the dry mass divided 

by the stem fresh volume (based on the Archimedes principle, measuring the volume of water displaced by the immersion of the stem). 
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Root morphological traits.- Roots were sampled at the individual level by excavating the first 20-30 cm of the soil depth near the plant 

basal stem, for four individuals per species and sampling site. We selected this specific soil depth based on a previous study with Mediterranean 

woody vegetation that demonstrated that the majority of fine roots appear in the first 27 cm of the soil depth (Silva & Rego 2004). These root 

samples were used to measure four key below-ground traits in fine roots (<2 mm in diameter): specific root area (SRA, root area per unit of root 

dry mass), root dry matter content (RDMC, root dry mass per unit of water-saturated fresh mass), root diameter (Rdi, average diameter of the 

fine roots) and root tissue density (RD, root dry mass per root volume). The root area, diameter and volume data were obtained by analysing the 

scanned root samples with WinRHIZO 2009 (Regent Instruments Inc., Quebec, Canada). The RD was calculated as the root dry mass divided by 

root volume.  

Physiology-related traits.- Three functional traits related with plant physiology were considered: the leaf nitrogen concentration (LN), 

leaf chlorophyll (LChl, the concentration of chlorophyll per unit of fresh leaf mass) and leaf carbon isotopic ratio (δ
13

C). Both LN and LChl are 

closely correlated with the mass-based maximum photosynthetic rate (Evans & Poorter 2001; Pérez-Harguindeguy et al. 2013). The δ
13

C reflects 

a trade-off between the photosynthetic rate and stomatal conductance (Seibt et al. 2008) and provides a time-integrated measure of the intrinsic 

water-use efficiency (Farquhar et al. 1982). The LN and LChl were measured in leaves of six individuals per species and sampling site, whereas 

the δ
13

C was determined in a mixture of leaves from six different individuals per species and sampling site. 
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Plant size trait.- Plant height (Phg) was measured as a functional trait commonly used to quantify plant size. Measurements were made on 

10 individuals per species and sampling site, using a metric tape. In tall species, such as trees, plant height was estimated using the ´Christen 

height` meter, based on trigonometric principles (Klein 2007). 

Seed trait.- Seed mass data were compiled from the published literature (García-Fayos 2001) and from seed databases (“Semillas 

Cantueso” at http://www.semillascantueso.com/es/, Jardín Botánico de Córdoba and IEED, Goethe-University Frankfurt at http://www.seed-

dispersal.info). Although it would have been preferable to obtain the seed data of the 38 species by direct collection, we rely on these data as 

representative of this functional trait for reproduction.  

 

Data analyses 

A general principal component analysis (PCA) was performed with the whole set of functional traits (15 traits) for the 38 woody plant species 

(average value for each species), to have an overview of the multidimensional spectrum of variation. Then, we performed a PCA for each organ 

(leaf, stem and root) separately (similarly to Freschet et al. 2010), using trait values at the species level.  

The degree of coordination among traits belonging to different plant organs (leaf, stem and root) was determined through Standardized 

Major Axis (SMA) regressions, using the first PCA axis of each organ. The SMA is a statistical tool highly recommended for allometric studies 

(Warton et al. 2006) when there is no clear dependent or independent variable and there is an interest in knowing the slope between the two axes. 
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The relationships between the morphological traits (in leaf, stem and root) and the physiology-related traits, plant size and seed mass were also 

explored by SMA fitting.  

 In order to control for the influence of species evolutionary history at the species level, all the above-described relationships were also 

determined by fitting a phylogenetic generalised least squares model. By calculating phylogenetically independent contrasts (PIC), we can assess 

the impact of phylogeny on our results (Webb et al. 2008; Verdú et al. 2013).  For these PICs, we used the pgls function of the caper package 

(Orme 2011) for R (R Development Core Team 2011), which addresses phylogenetic non-independence among species by incorporating 

covariance between taxa into the calculation of the estimated coefficients. The phylogenetic relationships between species (see Appendix S3) 

were obtained with the help of the Phylomatic program, as implemented in Phylocom 4.2, and the reference phylogeny contained in 

R20120829.new (Webb et al. 2008). We resolved the topology of the tree (below the family level) with information from published phylogenies 

(Manos et al. 1999; Fernández-Mazuecos & Vargas 2010; Verdú et al. 2013). Age estimates for nodes in the tree were taken from Verdú et al. 

(2013) and branch lengths were adjusted by using the BLADJ algorithm in Phylocom 4.2.  

To assess if coordination of functional traits between organs (leaf, stem and root) is also consistent within environments located at 

different positions of the gradient, we first grouped species and sampling sites by using non-metric multidimensional scaling analysis (NMDS) 

with the function ‘metaMDS’ in Vegan. Then, for each of these groups of species representing major community types, we tested the 

relationships between organs using SMA regressions.  
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For the analyses at the community level, the traits were weighted by the relative abundance of their constitutive species (using the species 

trait value for each plot), to calculate the community weighted means (CWMs) in each of the nine woody communities, according to Garnier et 

al. (2004). In order to obtain comparative results with respect to the species analysis, we also explored relationships between the morphological 

traits of different plant organs (leaf, stem and root) at the community level, and performed a PCA for each organ separately. The degree of 

coordination among traits belonging to different plant organs (leaf, stem and root) was determined through SMA regressions), using the first 

PCA axis of each organ.  

 All these analyses were conducted in the R 2·10·0 statistical platform (R Development Core Team 2011), using the packages “ape” 

(Paradis et al. 2004), “car” (Fox & Weisberg 2011), “FactoMiner” (Lê et al. 2008), “phytools” (Revell 2012),  “smatr” (Warton et al. 2012) and 

“vegan” (Dixon 2003). 

 

Results 

The results of the general PCA for the 15 functional traits and 38 woody species are shown in Fig. 1. The first PCA axis accounted for 44% of 

the overall variation and it was related in one extreme (negative values) with high values of traits (SLA, SRA, LChl and LN) that were positively 

correlated among themselves (Appendix S4) and representative of the resource-acquisition strategy. At the opposite extreme (positive values) 

there were species with high values of traits (LDMC, LTh, SDMC, RDMC and δ
13

) that were also positively correlated among themselves 
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(Appendix S4) and indicative of the resource-conservation strategy. The second principal component, which explained 15% of the overall 

variance, was represented mainly by variation in leaf density, seed mass and plant height. Similarly to the whole-plant PCA, the three organ 

PCAs showed high scores for their respective first principal components (61%, 94% and 65% of overall variation explained for leaf, stem and 

root, respectively).  

The SMA regressions among the set of morphological traits belonging to different organs (leaf, stem and root) (using the first PCA axis 

for each organ) provided significant and positive regression coefficients and their slopes did not significantly differ from 1 (Fig. 2, species 

analyses), indicating strong coordination and isometry among these organs.  

In addition, the morphological traits (in leaf, stem and root) were significantly correlated with the physiology-related traits, such as leaf 

nitrogen (Fig. 3), δ
13

C and chlorophyll (with the exception of stem morphology and LChl; Appendix S5). Plant size was negatively related with 

root morphology and leaf morphology (Fig. 3). Regarding the links between vegetative and reproductive traits, we did not find any significant 

relationships between morphological traits and seed mass (Fig. 3). Only leaf morphology showed a positive correlation with seed mass, although 

this relationship was phylogenetically dependent (Appendix S6). 

All the significant relationships observed at the species level were consistent after considering phylogenetically-independent contrasts 

(PIC; Appendix S6), except that commented above. 
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Next, we analysed the consistency of the coordination of functional traits between organs under different environmental conditions. 

Firstly, three major groups of species representing the main community types were defined by NMDS (Appendix S7). The Wet group (scores of -

0.6 to -0.2 on the first NMDS axis) was formed mainly by deciduous species from wetter sites; the Medium group (scores of -0.2 to 0.2) had 

species with intermediate characteristics; and the Dry group (scores of 0.2 to 0.6) had mainly sclerophyllous species from drier sites. Secondly, 

we performed SMA regression of functional traits separately for each of these three groups of species, and found weaker coordination at this 

level. Significant, positive SMA regressions were found only among the leaf and stem morphology for species from Wet and Medium sites, and 

their slopes did not differ significantly from 1 (Fig. 4). 

At the community level, the trends obtained for the coordination among the morphological traits of leaf, stem and root were very similar 

to those found at the species level; interestingly, the correlation coefficients were higher than at the species level (Fig. 2). The most-striking 

difference was that the morphology of the leaf, root and stem was closely related with plant height and seed mass at the community level, despite 

not being correlated across species (Fig. 3).  

 

Discussion  

 

Evidence for a plant economics spectrum in Mediterranean environments 
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Our results, based on 38 Mediterranean woody plant species, clearly show that morphological traits belonging to different plant organs are highly 

coordinated (Fig 2). In addition, the slopes of the SMA regressions between traits representative of leaf, stem and root morphology did not differ 

from one, indicating synchronisation of the structures of these organs. This suggests that these morphological traits have evolved in a correlated 

way as part of a whole-plant resource uptake strategy, and these relationships are not affected when phylogenetic relatedness is considered.  

Understanding the strategic dimensions of trait variation along environmental gradients is a recent predominant goal of functional ecology 

(Freschet et al. 2010). In this respect, our results from a local Mediterranean gradient support some previous studies on woody and herbaceous 

plant species (Reich et al. 1998b; Freschet et al. 2010), but contrast with other results obtained for leaf and root traits along environmental 

gradients in tropical woody plants (Fortunel et al. 2012) and savannah-like grassland species (Tjoelker et al. 2005). These contradictory results 

suggest that the coordination between leaf, stem and root traits is not a universal trend, with large differences depending on the specific 

constraints of each ecosystem (Kembel & Cahill 2011). For example, recent studies suggested that Amazonian trees optimise their survival and 

growth by investing differentially in leaves with respect to stem or root tissues (Baraloto et al. 2010; Fortunel et al. 2012), probably as a result of 

a trade-off between abiotic constraints and strong competition. We suggest that the coordination at the whole-plant level (leaf, stem and root) 

found in environments with more-adverse environmental conditions, such as sub-arctic (Freschet et al. 2010), arid (Liu et al. 2010) or semi-arid 

Mediterraneam ecosystems (this study), could be explained by the abiotic limitations of these sites, which may promote the convergence of 

functional traits in different organs.   
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In addition, plant species with short-lived and low-density tissues (i.e. with higher values of SLA and SRA) showed higher LN and LChl 

values (i.e. potentially-higher growth rates). In contrast, species with long-lived tissues commonly associated with a more-conservative use of 

resources (i.e. high-density leaf, stem and root tissues) showed higher values of δ
13

C (typical of water-use-efficient species) (Reich 2014; de la 

Riva et al. 2014). The construction of plant tissues of woody Mediterranean species implies a trade-off between mechanical support, water 

conductance and storage of water and assimilates (Pratt 2007). These results support our initial hypothesis that the traits of leaves, stems and 

roots involved in the resource acquisition–conservation trade-off tend to co-vary, and demonstrate the existence of a whole-plant economics 

spectrum  in Mediterranean forests and shrublands of southern Spain (see other examples in Freschet et al. 2010 and Méndez-Alonzo et al 2012). 

However, the general trend of coordination between traits of different organs became weaker or disappeared at a lower spatial scale, when 

considering groups of species belonging to environmentally-similar sites (Fig. 4). Thus, we only found isometric relationships (slopes close to 1) 

between leaf and stem morphology in species from moist and intermediate conditions, but not for those typical from drier environments. Root 

traits were not significantly coordinated with leaf or stem traits within any of the three environments. The absence of a general and clear pattern 

of functional coordination when comparing results at different spatial scales could be due to the existence of different strategies operating at 

different levels. In this regard, Funk & Cornwell (2013) suggested that trait variations among species within communities do not necessarily 

match the global pattern. At the global or landscape scale, abiotic factors may determine trait variation between communities in accordance with 

the economics spectrum (Wright et al. 2004) and also by variation of growth forms (i.e. deciduous/evergreen species; Wright et al. 2005). In our 
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study, the whole set of species (including different growth forms) belonging to different communities were dispersed along the major acquisitive-

conservative axis (see Fig. 4), resulting in a high functional coordination between organs. At the local scale, within a similar environment, the 

diversification of successful strategies is limited within the range of viable functional traits that allow plants to persist in this particular 

environment. Thus, if we focus at a smaller spatial scale (on a restricted fraction of the environmental gradient), functional coordination among 

organs is not so evident than at a higher spatial scale (Appendix S8). At a higher spatial scale, soil resource limitation (mainly water shortage) 

could be likely functioning as an initial abiotic filter excluding those species of the community with unfit trait values, whereas other factors could 

be promoting functional changes at a lower spatial scale. 

Most studies have focused on trait coordination along natural wide environmental gradients (Wright et al. 2004; Tjoelker et al. 2005; 

Baraloto et al. 2010; Fortunel et al. 2012) or changing greenhouse (or laboratory) conditions (Reich et al. 1998b; Hernández et al. 2010). 

However, fewer studies have compared trait coordination within the same environmental conditions (but see Reich et al. 1997; Craine et al. 2005; 

Funk & Cornwell 2013). Similarly, Craine et al. (2005) analysed trait coordination among organs (leaf and root) in different grass communities, 

finding coordination for only one of the six traits analysed (leaf and root nitrogen concentration), in accordance with the results of our study. 

Since the local scale of our study, only a relatively-small data set of species was analysed within each of the three environments; thus, more 

studies in Mediterranean and other biomes are needed to confirm the generality of such findings. 
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Variation in multidimensional functional traits   

Plant functional traits vary along three main dimensions: resource use, plant height and seed mass (Westoby 1998; Westoby & Wright 2006; 

Reich 2014). Although we expected orthogonal relationships between plant height and the traits governing the plant resource economy, as found 

by Golodets et al. (2009) and Laughlin et al. (2010), our results refute that hypothesis. Instead, we found significant relationships between plant 

height and those leaf and root traits associated with higher resource acquisition. Hence, greater height implies a greater ability to compete for 

above-ground resources such as light (Bernard-Verdier et al. 2012), and this strategy could be advantageous for acquisitive species inhabiting 

more-productive and moister sites (Reich et al. 1992; Pérez-Ramos et al. 2012). 

With regard to the reproductive functional dimension, our results indicate that regenerative (seed mass) and resource-use traits could be 

loaded on separate axes, as expected according to the LHS scheme (Westoby 1998). The reproductive dimension could be better explained by the 

reproductive effort strategy (Moles & Westoby 2006), which entails a trade-off between seedling survival and the number of seeds produced per 

square metre of canopy, rather than by the acquisition-conservation axis that defines the plant economics spectrum. This finding supports 

previous studies in semi-arid forests (Laughlin et al. 2010) and Mediterranean grasslands (Liancourt et al. 2009), but contrasts with others that 

found a negative correlation between acquisitive traits (such as SLA or SRL) and seed mass in trees (Reich et al. 1998b) and grass species 

(Golodets et al. 2009). In our data set, seed mass was positively correlated with leaf density (a conservative trait), but this relationship depended 

on the phylogeny. Therefore, the orthogonality between vegetative and reproductive traits indicates that these functional traits may respond to 
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different selective pressures of the environment (Liancourt et al. 2009) and the evolutionary context. However, due to the limitations of our study 

(we only considered one reproductive trait for a limited number of species), more studies are necessary to evaluate whether the relationships 

between vegetative and reproductive traits fulfil or not the above-mentioned predictions for a wider spatial scale. 

 

Relationships among functional traits at the community level 

At the community level, the links among traits belonging to different plant organs were consistently stronger than at the species level, in 

accordance with previous studies (Ackerly et al. 2002; Cingolani et al. 2007; Domínguez et al. 2012). According to our fourth hypothesis, 

dominant species will tend to have trait values that are better linked to their environments than those of less-abundant species, which could 

explain why the convergence of leaf, stem and root traits is stronger when using CWMs (Domínguez et al. 2012). To the best of our knowledge, 

our results also reveal - for the first time - the existence of a “plant community economics spectrum” (sensu Pérez-Ramos et al. 2012) along a 

local environmental gradient in Mediterranean forests. 

One of the advantages of this community-level approach is its potential ability to highlight relevant ecosystem processes and functioning 

that cannot be predicted from the physiology or functional structure of individual plant species present in the community (Suding et al. 2008). 

For example, the morphological and physiological traits of leaves, stems and roots (particularly those related to the plant economics spectrum) 

determine ecosystem processes such as plant primary productivity or litter decomposability (Birouste et al. 2012; Choat et al. 2012; Freschet et 
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al. 2013). It is necessary also to highlight the importance of incorporating the below-ground traits (especially of fine roots) into the functional 

analysis: first because fine roots represent approximately 48% of the annual litter inputs in forests (Freschet et al. 2013), and second because 

understanding the coordination between above- and below-ground traits may facilitate future predictions of root traits from leaf traits (which are 

easier to quantify) (Birouste et al. 2012). 

  With regard to the reproductive dimension, at the community level there was a strong coordination between morphological traits and seed 

mass, despite this not being shown at the species level (Fig. 3). Thus, in plant communities dominated by species with a conservative strategy, we 

would expect to find larger seeds whereas the opposite tendency would hold for communities dominated by species with acquisitive strategies. 

Consistent with these findings, Golodets et al. (2009) found that correlations between seed mass and morphological traits (SLA and LDMC) were 

stronger at the community than at the species level. These results support the tolerance–fecundity model (Muller-Landau 2010). According to 

this model, communities dominated by small-seeded species (usually with higher fecundity) will be favoured in more-productive sites, whereas 

large-seeded species will be more abundant in stressful habitats. Larger seeds produce larger seedlings, which are more robust and better able to 

escape size-dependent mortality (Pérez-Ramos et al. 2010); they form deeper and more-extensive roots, which can potentially capture more soil 

water during the dry season (Quero et al. 2007). This apparent covariation between morphological and reproductive traits found at the 

community level (but not across species) suggests that the combination of the economics spectrum with the tolerance–fecundity dimension could 

explain the most-successful strategies of the dominant woody plant species in Mediterranean environments.  
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Conclusions 

Our results show a high degree of functional coordination between traits belonging to different plant organs (leaf, stem and root). In addition, 

morphological traits were highly correlated with plant size as well as with key physiology-related traits. All these results suggest that the 

different plant organs may have a certain degree of convergence in resource use and resistance to physical hazards, supporting the hypothesis of 

integrated plant evolution (Kerkhoff et al. 2006; Freschet et al. 2010; Reich 2014). However, this general trend of coordination of functional 

traits between organs became weaker or disappeared when considering groups of species belonging to environmentally-similar sites. We also 

found that the relationships among functional traits were consistently stronger at the community level than across species, supporting the 

hypothesis that dominant species are better suited to the local environment and shape the functional patterns of vegetation. Interestingly, the 

strong covariation between vegetative (leaf, stem and root) and reproductive (seed) traits found at the community level suggests that in dominant 

species the economics spectrum and the tolerance–fecundity strategy could be coupled. Further studies in other floras and ecosystems world-

wide are necessary to obtain solid conclusions on the functional coordination between plant organs on a larger, global scale. 
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Figure legends 

 

Figure 1. Principal Component Analysis (PCA) showing the plant economics spectrum, from conservative (right) to fast-growing or adquisitive 

(left) species. The variables (plant traits) used for the PCA are displayed with their vector. The plant economics spectrum is represented as a 

straight horizontal line (axis 1). See Appendix 1 and 2 for abbreviations of the traits and species names. 

 

Figure 2. Standardized Major Axis (SMA) regressions between morphological traits belonging to different plant organs (leaf, stem and root), at 

the species (dark circles) and community (light-blue triangles) levels. For these analyses we used the first PCA axis of the different 

morphological traits belonging to different plant organs (leaf, stem and root). The Pearson correlation coefficient (r) is given and the level of 

significance is expressed as follows: *** P < 0.001. The slopes of the regressions are indicated within brackets and they are not statistically 

different from 1 (P > 0.05). 

Figure 3. Standardized Major Axis (SMA) regressions between morphological traits (leaf, black circles and solid lines; stem, grey circles and 

dotted lines; root, white circles and dashed lines) - ordered along an acquisitive-conservative gradient (given by the PCA first axis values) - and 

leaf nitrogen (LN), plant height (Phg) and seed mass (Smass), at the species (left column) and community (right column) levels. The Pearson 

correlation coefficient (r) is given and the SMA regression line is plotted when significant. The significance level is as follows: * P < 0.05, ** P 

< 0.01, *** P < 0.001; the sign 
+
 indicates that significant correlations were not consistent with phylogenetic contrast.  

 

Figure 4. Standardized Major Axis (SMA) regression between morphological traits for species from three different environments: Wet (black 

circles and solid lines), Medium (grey circles and dashed lines) and Dry (white circles). The Pearson correlation coefficient (r) is given and the 
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significance level is * P < 0.05. The three groups of species were classified by a non-metric multidimensional scaling analysis (NMDS) 

(Appendix S7). 
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Fig. 2 
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Appendix S1.  Species studied, abbreviations and plant abundance (%) in the different sampling sites. 

 

Upper Medium Lower Upper Medium Lower Upper Medium Lower
Alnus glutinosa AG Betulaceae Tree Winter deciduous - - - - - 27.23 - - 12.65

Arbutus unedo AU Ericaceae Arborescent shrub Evergreen - - - 5.25 - - 19.63 3.62 -

Celtis australis CeA Cannabaceae  Tree Winter deciduous - - 18.34 - - - - - -

Cistus albidus CA Cistaceae Shrub Evergreen 19.16 2.58 - 2.83 - - 4.88 - -

Cistus crispus CC Cistaceae Shrub Evergreen 7.35 - - - - - - -

Cistus ladanifer CL Cistaceae Shrub Evergreen 4.29 - - 10.49 - - 10.80 - -

Cistus monspeliensis CM Cistaceae Shrub Evergreen - - - - - - - 2.8 -

Cistus salvifolius CS Cistaceae Shrub Evergreen - 7.74 - - - - - -

Crataegus monogyna CrM Rosaceae Arborescent shrub Winter deciduous - - 5.27 - - - - - -

Cydonia oblonga CO Rosaceae Tree Winter deciduous - - - - - - - 2.25 -

Ficus carica FC Moraceae Tree Winter deciduous - - - - - 10.12 - - -

Fraxinus angustifolia FA Oleaceae Tree Winter deciduous - - - - - 30.60 - - 37.96

Genista hirsuta GH Fabaceae Shrub Summer deciduous 5.92 4.78 - 13.27 - - 15.15 - -

Jasminum fruticans JF Oleaceae Shrub Evergreen - - - - 7.02 - - - -

Lavandula stoechas LS Lamiaceae Shrub Evergreen 4.32 2.58 - - - - - - -

Myrtus communis MC Mirtaceae Shrub Evergreen - 6.89 - - 2.72 - 4.48 - -

Nerium oleander NO Apocynaceae Arborescent shrub Evergreen - - 11.706629 - 5.22 7.21 - - -

Phlomis purpurea PP Lamiaceae Shrub Evergreen 5.56 - - - - - - - -

Phillyrea angustifolia PA Oleaceae Arborescent shrub Evergreen - - - 4.62 - - 9.10 4.36 -

Phillyrea latifolia PhL Oleaceae Arborescent shrub Evergreen - - - - 45.05 - - - -

Pistacia lentiscus PiP Anacardiaceae Arborescent shrub Evergreen 10.02 33.61 17.63 - 2.99 - - 5.65 -

Pistacia terebinthus PL Anacardiaceae Arborescent shrub Winter deciduous - - - - 2.54 - - - -

Populus alba PT Salicaceae Tree Winter deciduous - - - - - - - - 6.68

Pyrus bourgaeana PoA Rosaceae Tree Winter deciduous - - - - - - - 7.22 -

Quercus coccifera QC Fagaceae Arborescent shrub Evergreen 19.71 7.74 - 23.50 7.37 - 9.29 7.96 -

Quercus faginea QF Fagaceae Tree Winter deciduous - - - - 2.65 - - - -

Quercus ilex QI Fagaceae Tree Evergreen 18.06 25.32 - - - - 16.33 25.24 -

Rhamnus lycioides RL Rhamnaceae Shrub Evergreen - - 5.64 - - - - - -

Rosa canina RC Rosaceae Shrub Winter deciduous - - - - - - - 2.55 -

Rosmarinus officinalis RO Lamiaceae Shrub Evergreen - - - 31.06 - - - - -

Rubus ulmifolius RU Rosaceae Shrub Evergreen - - 11.89 - - 8.71 - 13.44 25.65

Ruscus aculeatus RA Asparagaceae Shrub Evergreen - - - - 4.57 - - 3.44 -

Salix atrocinerea SA Salicaceae Tree Winter deciduous - - - - - - - 6.21

Smilax aspera SmA Smilacaceae Vine Evergreen - - - - 2.61 - - - -

Teucrium fruticans TF Lamiaceae Shrub Evergreen - - - 2.89 - - - - -

Ulmus minor UM Ulmaceae Tree Winter deciduous - - 17.21 - - 7.13 - - -

Viburnum tinus VT Adoxaceae Arborescent shrub Evergreen - - - - 7.75 - - 11.37 -

Vitis vinifera VV Vitaceae Vine Winter deciduous - - 7.62 - - - - - -

Leaf habit
Virgen de Linares Popea Las Tonadas

Species Abbreviation Family Life habit
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Appendix S2. List of the 15 functional traits considered in this study, their 1 

abbreviations, units and main role in plant functioning (based on the literature: Farquhar 2 

et al. 1982; Bernard-Verdier et al. 2012; Garnier & Navas 2012; Pérez-Harguindeguy et 3 

al. 2013).  4 

 5 

 6 

   7 

 8 

 9 
10 

Group Trait Abbreviation Unit Functional role

Specific leaf area SLA m ² kg ‾ ¹ Light capture and growth rate
Leaf dry matter content LDMC mg g ‾ ¹ Physical resistance and stress tolerance
Leaf thickness LThick mm Gas exchange , water retention and physical resistance
Leaf density LD g cm ‾ ³ Physical resistance, growth rate and stress tolerance

Stem dry matter content SDMC mg g ‾ ¹ Resistance to physical hazards
Stem wood density SWD g cm‾  ³ Physical resistance, growth rate and stress tolerance

Specific root area SRA m ² kg ‾ ¹ Water and nutrients acquisition
Root dry matter content RDMC mg g ‾ ¹ Resistance to physical hazards
Root  diameter Rdi mm Physical resistance, growth rate and stress tolerance
Root density RD g cm‾  ³ Physical resistance, growth rate and stress tolerance

Leaf nitrogen concentration LN % Light capture and  photosynthetic rate
Leaf chlorophyll¹ LChl µg g ‾ ¹ Light capture and photosynthetic rate
Isotopic carbon fraction     δ¹³C ‰ Gas exchange and water-use efficiency

Plant Size Plant height Phg m Dispersal distance, light capture, above-ground competition

Seed Seed mass Smass mg Dispersal capability and seedling survivorship

1  Based on fresh mass

Leaf  morphology

Root morphology

Stem morphology

Leaf Physiology
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Appendix S3. The phylogenetic tree of the 38 studied species was obtained with the 11 

help of the Phylomatic program, as implemented in Phylocom 4.2, and the reference 12 

phylogeny contained in R20120829.new (Webb, Ackerly & Kembel 2008).  13 
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Webb, C.O., Ackerly, D.D. & Kembel, S.W. 2008. Phylocom: software for the analysis 38 

of phylogenetic community structure and trait evolution. Bioinformatics 24: 2098-2100. 39 
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Pistacia lentiscus

Cistus crispus

Cistus albidus
Cistus monspeliensis

Cistus salvifolius
Cistus ladanifer

Salix atrocinerea
Populus alba
Genista hirsuta

Rubus ulmifolius
Rosa canina
Pyrus bourgaeana

Crataegus monogyna

Ficus carica
Ulmus minor

Celtis australis
Quercus faginea

Quercus ilex
Quercus coccifera
Alnus glutinosa
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Appendix S4. Pearson correlation coefficients for species data from the PCA analysis 40 

(Fig.1). The significance level is as follows: * P < 0.05, ** P < 0.01, *** P < 0.001. 41 

 42 

 43 

44 

LDMC Lthick LD SDMC WD SRA RDMC Rdi RD LN LChl ᵹC¹³ Phg Seed mass

SLA  -0.74***  -0.61***  -0.47**  -0.55***  -0.57***  0.67***  -0.58*** -0.20  -0.32* 0.62*** 0.66***  -0.66*** 0.52** -0.16

LDMC 0.34* 0.73*** 0.60*** 0.65***  -0.64*** 0.59*** 0.07 0.42**  -0.35*  -0.34* 0.51** -0.17 0.39*

Lthick -0.22 0.36* 0.32* -0.31 0.28 0.03 0.15  -0.33*  -0.59*** 0.51**  -0.43** -0.20

LD 0.32* 0.43**  -0.39* 0.34* 0.16 0.19 -0.20 -0.04 0.26 0.00 0.50**

SDMC 0.90***  -0.34* 0.48** -0.21 0.39* -0.29 -0.25 0.31 -0.16 0.14

WD  -0.51** 0.66*** -0.13 0.48**  -0.38*  -0.40** 0.39 -0.23 0.15

SRA  -0.87*** -0.19  -0.67*** 0.50* 0.63*** -0.49 0.48** -0.22

RDMC -0.21 0.85***  -0.58***  -0.56***  0.40**  -0.42** 0.06

Rdi  -0.51** 0.09 -0.20 0.18 -0.17 0.30

RD  -0.41*** -0.31 0.19 -0.26 -0.09

LN 0.70***  -0.40** 0.58*** 0.09

LChl  -0.55*** 0.68*** -0.07

ᵹC¹³ -0.29 0.19

Phg 0.11
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 Appendix S5.- Relationships between morphological traits (leaf, black circles and solid 45 

lines; stem, grey circles and dotted lines; root, white circles and dashed lines) - ordered 46 

along an acquisitive-conservative gradient (given by the PCA first axis values) - and the 47 

isotopic carbon fraction (δ
13

C) and leaf chlorophyll (LChl), at the species (left column) 48 

and community (right column) levels. The Pearson correlation coefficient (r) is given 49 

and the standard major axis (SMA) regression line is plotted when significant. The 50 

significance level is as follows: * P < 0.05, ** P < 0.01, *** P < 0.001. 51 

 52 

 53 

54 



 51 

Appendix S6.- Results for the phylogenetic generalised least square (PGLS). The 55 

significant results (P < 0.05) show the phylogenetic independence for these 56 

relationships. 57 

 58 

 59 

 60 

 61 

62 

P R² P R² P R²

LN 0.01 0.15 0.05 0.07 0.00 0.23

LChl <0.001 0.25 ns <0.001 0.28

δ¹³C <0.001 0.33 0.00 0.22 0.02 0.11

Phg 0.06 0.06 ns 0.01 0.14

Log(Smass) ns ns ns

LEAF MORPHOLOGY  -  - <0.001 0.38 <0.001 0.28

STEM MORPHOLOGY  -  -  -  - 0.00 0.21

LEAF MORPHOLOGY STEM MORPHOLOGY ROOT MORPHOLOGY
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Appendix S7.- Non-metric multidimensional scaling (NDMS) ordination of species 63 

composition along the nine plant communities analysed, separating three groups: Wet 64 

(black circles), Medium (grey) and Dry (white) (see also de la Riva et al. 2015). 65 

 66 

67 



 53 

Appendix S8. Standardized Major Axis analysis illustrating the scale effects. 68 

Functional coordination between root and leaf morphology was compared at the 69 

landscape (i.e including the whole environmental gradient) and at a lower spatial scale 70 

(i.e. at three different points of the gradient). The high level of coordination found at the 71 

landscape level dissapeared at a lower spatial scale (particularly in dry environments; 72 

right panel). See Figures 2 and 4 for more details.  73 

 74 

 75 




