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Summary  

1. Agricultural intensification is one of the main causes of biodiversity loss worldwide. The inclusion of 

semi-natural features in agricultural landscapes is suggested as a means of enhancing farm biodiversity, 

but this practice may have potential negative effects on yield production. Moreover, little evidence exists 

for effects of semi-natural features on other components of biodiversity, such as functional diversity. Yet 

this could provide a more comprehensive understanding of biodiversity–productivity trade-offs.  

2. Here, we report the effects of semi-natural woody vegetation on taxonomic and functional diversity, 

and biomass production of herbaceous species at the field and farm scales by sampling 50 fields, ranging 

from 0 to 90% woody vegetation cover, on nine similarly managed farms in central-western Spain.  

3. We found significant differences in herbaceous species richness among farms. Both taxonomic and 

functional β-diversity exhibited significant negative relationships with herbage production, highlighting 

the trade-off between biodiversity and productivity in these agroecosystems.  

4. Woody vegetation cover had a significant negative relationship with biomass production and a 

unimodal relationship with species richness at the field scale. At high values of woody vegetation cover, 

species richness and functional diversity indices were decoupled, suggesting that at this extreme of the 
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woody vegetation gradient, only herbaceous species with contrasting trait values were present. Our results 

showed both convergent and divergent patterns of trait values, suggesting that different assembly 

processes are acting concurrently along the gradient of woody vegetation.  

5. Synthesis and applications. Our result indicates that management of woody vegetation may indeed 

increase both taxonomic and functional diversity, but this may come at the expense of key ecosystem 

services or other management goals, namely, herbage production. Optimization of the trade-off between 

herbage diversity and productivity can be reached with a woody vegetation cover of c. 30% at the field 

scale.  

 

Key-words: community assemblage, wood pastures, functional dispersion, functional traits, null 

models, semi-natural vegetation, ecosystem services, taxonomic diversity, biodiversity–

productivity trade-off 

 

1. Introduction 

Semi-natural features are of key importance for biodiversity conservation in agricultural 

landscapes (Wezel et al. 2014). The positive effects that semi-natural features can exert on farm 

species richness of different taxa have been commonly highlighted in the literature (Billeter et al. 

2008). Proximity to semi-natural features, such as field margins, hedgerows, shrub patches or 

woodlots, has a positive effect on species richness at the landscape scale (Hendrickx et al. 2007). 

However, semi-natural features represent an opportunity cost in land use for yield productivity 

(Green et al. 2005). Minimization of the trade-off between biodiversity conservation and yield 

production is the basis for managing the abundance of semi-natural features in agroecosystems 

(Rey Benayas & Bullock 2015). The assessment of the effects of semi-natural features on 
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biodiversity levels has been based mostly upon taxonomic diversity indices, while other 

components of biodiversity, such as functional diversity, have received much less attention 

(Cadotte 2011). Yet, metrics of functional diversity can provide a more mechanistic link between 

biodiversity and ecosystem functioning (de Bello et al. 2010). Compared to approaches that are 

solely based upon species richness (Cadotte 2011), assessing how semi-natural features affect 

functional diversity could add new ecological understanding to the trade-off between 

biodiversity conservation and yield production. 

Functional diversity, i.e. the range and relative abundance of functional traits in a given 

community, plays an important role in understanding the links between community composition 

and ecosystem processes (Tilman et al. 1997). For instance, functional traits are better predictors 

than species composition in modelling variables of pastoral importance, such as forage yield and 

quality (Jouven, Carrère & Baumont 2006; Pontes et al. 2007; Ansquer et al. 2009). Commonly, 

as stated by the “mass ratio hypothesis” (Grime 1998), the traits of the most abundant species in 

the community largely determine ecosystem processes, such as rates of decomposition and 

mineralization or primary productivity (de Bello et al. 2010). Increasing trait dissimilarity 

between species in a community can also explain ecosystem processes, such as pollination, or 

their maintenance at multiple times (de Bello et al. 2010). This complementarity effect suggests 

that ecosystem processes are determined by multiple, functionally different, species assemblages 

(Tilman et al. 1997), whereas the mass ratio hypothesis asserts that selection effects are more 

important. Nevertheless, the joint contribution of complementarity and selection effects can 

explain variation in ecosystem processes (e.g. Laliberté, Norton & Scott 2013). To what extent 

that semi-natural features will affect ecosystem processes depends upon how they modify 

functional diversity levels. 
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Environmental conditions and grazing exert non-random effects on the functional structure of 

herbaceous communities in Mediterranean grasslands (Peco et al. 2005). The potential for semi-

natural features, such as woody vegetation, to affect functional diversity and, ultimately, 

productivity, of local herbaceous communities may be related to their modifying effects on 

environmental conditions, or on the availability of abiotic resources both below- and above-

ground. By inducing changes in soil resources (e.g. nutrients and water) and light availability 

(Rolo, López-Díaz & Moreno 2012), woody vegetation can be an important source of 

environmental heterogeneity in Mediterranean grasslands (Lopez-Pintor, Gomez Sal & Rey 

Benayas 2006). As a result, woody vegetation can alter floristic composition of the understorey 

herbaceous communities, compared to adjacent open spaces, thereby resulting in marked 

differences in plant nutrition and productivity (Rolo et al. 2014). Yet it is relatively unclear as to 

how these changes relate to functional diversity levels. For instance, changes in environmental 

conditions that are promoted by woody vegetation may result in a reduction of the functional 

trait space (convergence; Grime 2006), because only species bearing trait values that are adapted 

to the local conditions can co-exist (i.e. environmental filtering; Laliberté, Norton & Scott 2013). 

In contrast, these changes in environmental conditions may result in an increase in the functional 

trait space (divergence; Grime 2006), because co-existing species may try to avoid overlapping 

niches (i.e. niche complementarity; Laliberté, Norton & Scott 2013). How these assembly 

processes relate to biomass production through complementarity or selection effects remains 

largely untested in grasslands.  

In considering the deliberate incorporation of woody vegetation as a management strategy in 

agroecosystems (Rey Benayas, Bullock & Newton 2008), it is necessary to understand its effects 

at the farm scale, given that managers’ actions are conducted over their entire farms. Identifying 
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when the spatial scale of influence of ecological processes matches the managerial scale can help 

to inform management decisions over the extent of a farm (Pelosi, Goulard & Balent 2010). Yet, 

it is assumed that farmers have limited possibilities for increasing biodiversity at the farm level 

(Schneider et al. 2014). For instance, many factors that act at the landscape scale, such as 

landscape heterogeneity, habitat fragmentation and connectivity, are beyond a single farmer’s 

management options, but would influence plant diversity within a given farm. However, 

Gonthier et al. (2014) have recently shown that within-farm management can affect plant 

diversity to a greater extent than can landscape complexity. Understanding how variation in 

biodiversity among farms (β-diversity) is explained by differences in woody vegetation cover 

may help support decisions at the farm scale, with direct implications for biodiversity.  

Our study aims to assess changes in herbage production and diversity along a woody vegetation 

gradient and evaluate how these changes relate to differences in functional diversity. We 

employed a trait-based approach to determine how the functional structure of the herbaceous 

community varies with woody vegetation cover and to examine how processes that control 

coexistence in plant communities are related to productivity. Specifically, we first assessed how 

patterns of productivity versus taxonomic and functional diversity varied, depending upon the 

cover of woody vegetation at the field scale. We expected directional changes in these variables 

along a woody vegetation gradient because of the modifying effects of woody vegetation on 

environmental conditions. We then examined non-random community assembly processes (trait 

divergence versus convergence) along a woody vegetation gradient using null models to study 

the relative importance of different processes affecting productivity (complementarity versus 

environmental filtering) at the field scale. We hypothesized that increasing woody vegetation 

presence would promote trait divergence because of the increase in environmental heterogeneity. 
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Finally, we examined patterns of variation in taxonomic and functional diversity (β-diversity) to 

evaluate how processes acting at the field scale drive differences in community structure among 

farms. We hypothesized that farms with more woody features would contribute to high β-

diversity than farms with fewer woody features.  

 

2. Materials and methods 

2.1 Study region and site selection 

The study area was north of Plasencia and located in the Tierras de Granadilla district (40
o
06’N  

6
o
29’W), which forms part of the Extremadura region of central-western Spain. The regional 

climate is Mediterranean, with a mean annual temperature of 16.1 ºC. Mean total annual rainfall 

is 756 mm. The agrarian landscape in the region is dominated by Iberian dehesas, one of the 

major types of low-input farming systems that are encountered across Europe (Paracchini et al. 

2008). Iberian dehesas are grazed woodlands where a scattered tree layer is embedded in a 

pasture matrix with interspersed shrub patches. The dominant tree and shrub species were holm 

oak Quercus ilex L. and gum rockrose Cistus ladanifer L., respectively. The pasture layer 

primarily consists of annual native species, including Chamaemelum mixtum (L.) All., Echium 

plantagineum L., Festuca ampla Hack., Ornithopus compressus L., Poa bulbosa L., Tolpis 

barbata (L.) Gaertn., Trifolium glomeratum L., and Tuberaria plantaginea (Willd.) M.J. 

Gallego.  

Within the study region, a set of farms was selected based on CORINE Land Cover maps 

(Coordination of Information on the Environment; European Environment Agency 2010) and 

cadastral maps to ensure that silvopastoral land use was similar across farms. Eighteen farms 

were selected a priori, where livestock husbandry was the main activity. From this initial set of  
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Table 1 Main characteristics of sampled dehesa farms: area (ha), number of fields, woody vegetation cover (% ± 

SE) and type of livestock present 

Farm 
Area 

(ha) 

Number 

of Fields 

Field area  

(mean and range, ha) 

Woody vegetation  

cover (% ± SE) 
Livestock 

      

Farm 1 835 9 42 (4.8 – 184) 34.8 ± 10.0 Cattle, Pigs 

Farm 2 232 5 9 (0.3 – 42) 6.0 ± 2.4 Cattle 

Farm 3 347 5 5 (0.5 – 21) 3.2 ± 3.0 Cattle, Horses 

Farm 4 604 7 25 (3.2 – 102) 47.0 ± 10.9 Cattle, Pigs, Sheep 

Farm 5 449 4 14 (2.0 – 40) 20.8 ± 17.3 Cattle, Pigs, Horses 

Farm 6 150 5 12 (0.5 – 27) 2.0 ± 2.0 Cattle, Sheep, Goats, Horses 

Farm 7 154 6 9 (0.5 – 43) 36.2 ± 12.3 Cattle, Sheep 

Farm 8 758 5 21 (2.1 – 62) 58.2 ± 15.2 Cattle 

Farm 9 753 4 37 (4.0 – 102) 11.8 ± 4.2 Cattle, Pigs, Sheep 
      

 

farms, we selected a subset of nine farms according to two criteria (Table 1). First, the structure 

(proportion of wood and open pasture) and farm size had to be typical of the region, while 

reducing between-farm variability that was associated with vegetation type, slope and soil 

fertility. To achieve this goal, all selected farms were on gently sloping terrain (< 3%), with Q. 

ilex being the main tree species. Soils were classified as Dystric Cambiosols (García Navarro & 

López Piñero 2002). Second, the percentage of woody vegetation cover for each farm had to be 

different, which resulted in a gradient of woody vegetation cover among farms. The nine farms 

that were selected ranged from 2 to 60% woody vegetation cover.   

 

2.2 Vegetation sampling protocol 

The entire study area per farm was mapped and all fields within a farm were identified and 

delimited using aerial photographs and field surveys. Field identification followed a standard 

mapping procedure based on the dominant Raunkiaer life-forms, edaphoclimatic conditions, and 

management practices (Bunce et al. 2011). In those fields with a minimum width of 50 m, in 

2010 (April to June), one quadrat of 10 × 10 m was randomly placed well away from the edges 

(~ 5 m). All plant species, including woody species, were identified in each quadrat. The 
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abundance of each species was visually estimated in 5% increments. Rare species were assigned 

a generic abundance value of 1%. Fields were subsequently classified as: (i) open pastures that 

lacked woody vegetation, and which were dominated by annual species (vegetative period from 

October to May), by perennial species (dried in summer for 3–4 months), or by a mixture of both 

(number of fields = 20) (hereafter referred to as “open habitat”); (ii) shrub-encroached pastures 

of 1.5–3 m height, with 10 to 90% shrub cover, consisting mostly of Cistus spp., Retama 

sphaerocarpa (L.) Boiss., Genista hirsuta Vahl. and Cytisus spp., but also Thymus spp., and 

Lavandula spp., with or without presence of a sparse tree layer (hereafter referred to as “shrub 

habitat,” number of fields = 9); (iii) wood pastures with typically 10–30 mature oak trees per ha, 

with 10 to 70% canopy cover having stem diameters at breast height of 30–60 cm and heights of 

6–8 m (hereafter referred to as “tree habitat,” number of fields = 19). Total woody vegetation 

cover per farm was computed as the average of woody species abundance per field (hereafter 

referred to as “woody cover”). 

At the end of May 2010, herbage yield was visually estimated in each field (i.e. near the peak of 

green biomass and before livestock grazing) using the comparative yield method of Haydock & 

Shaw (1975), which allowed for precise estimates of actual yield (Redjadj et al. 2012). Two 

separate components were involved: destructive (cutting and weighing) and non-destructive 

(visual estimates) quadrats. First, three 0.25 m
2
 (50 × 50 cm) reference quadrats were selected 

within each field. These three quadrats were established on low- (referred to as standard one), 

intermediate- (standard two) and high-yielding (standard three) areas to define a range that 

captured most of the biomass variation within each field. Herbage was harvested at ground level 

in each quadrat, dried (65 ºC for 48 h) and weighed. Vegetation occurring along two 

perpendicular transects of 20 m was then visually estimated using the previously established 
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yield rating (standards one to three). In each transect, an individual, trained observer estimated 

herbage yield every second metre in 50 × 50 cm quadrats (10 per transect). Herbage yield for the 

20 quadrats that was visually observed per field was then obtained by substituting its ratings by 

the corresponding dry mass obtained within the reference quadrats. 

 

 2.3 Functional traits 

Five key functional traits (specific leaf area, maximum plant height, leaf dry matter content, seed 

length and leaf length) were selected to describe the 280 species that were recorded. Mean trait 

values per species across all observations were compiled from the TRY data base 

(http://www.try-db.org, Kattge et al. 2011) and data sources contained therein (Appendix S1 in 

Supporting Information), and bibliographic sources (Castroviejo 2012). Trait selection was based 

upon the known importance of various traits in plant life-history strategies, responses to 

environment or land-use change, and forage productivity (Díaz et al. 2004; Ansquer et al. 2009).  

Plant height and leaf length are related to resource availability, especially light, and competitive 

environments, with high plant height and leaf length indicating competitive advantages through 

greater access to light (Westoby et al. 2002; Gubsch et al. 2011). Specific leaf area (SLA) and 

leaf dry matter content (LDMC) relate to resource-use strategies, with low specific leaf area and 

high leaf dry matter content values indicating a conservative strategy with low relative growth 

rates (Westoby et al. 2002). Seed mass affects seedling survival and colonization capacity of 

species, i.e. species with larger seeds having less seed outputs but with high seedling survival 

(Westoby et al. 2002). Missing values constituted ~13.7% of the data set and only one species 

was represented by only one trait value. Unobserved values were estimated by means of 

dissimilarity imputation (Taugourdeau et al. 2014). This imputation method relies upon the 

http://www.try-db.org/
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functional proximity between species to calculate new data and has been shown to be a robust 

option for computing functional diversity indices in data sets that have a maximum of 30% 

missing values (Taugourdeau et al. 2014). 

We computed independent univariate and multivariate metrics of functional diversity from the 

generated trait data matrix. With respect to univariate metrics of functional diversity, we 

calculated the range, which was the difference between maximum and minimum value of each 

trait in a given field per farm (Swenson 2014). With respect to multivariate metrics of functional 

diversity, we calculated functional dispersion (Laliberté & Legendre 2010), which collectively 

summarizes various ecological traits within a given community and its deviation from a random 

community (see below) that can be interpreted in a manner similar to that of the univariate 

metrics (Swenson 2014). 

 

2.4 Data analysis 

2.4.1 Diversity metrics at the field scale 

To assess the differences among habitats (open, shrub, and tree) on herbage production and 

species richness, we used linear mixed-effects models that included farm as a random effect. We 

parameterized both models including the open habitat as the reference level (i.e. represented by 

the intercept parameter) to facilitate comparison between open and woody habitats. Species 

richness (count data) was modelled assuming a Poisson distribution (log-link) and included the 

number of fields that were sampled per farm as an offset. Taxonomic and functional diversity 

metrics and herbage yields were modelled as a function of woody cover. We added a quadratic 

term to the regression to test for non-linear relationships between variables. 

We used a null model approach to test the effect of habitat on patterns of trait values. Null 
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models allow the comparison of observed communities with randomly assembled communities 

of equal species richness (Gotelli & Graves 1996). To generate the random communities, we 

performed an individual-based randomization of species abundance across farms. A matrix 

describing the cover of each herbaceous species that was observed at the field scale was 

randomly permuted (999 times) across farms. For each randomization, univariate (range) and 

multivariate functional diversity (functional dispersion) metrics were calculated. We used a 

standardized effect size (SES) to compare the deviation of observed values relative to the null 

model assemblage. SES is a metric that is widely used to infer assembly rules (Gotelli & 

McCabe 2002), which is calculated as the ratio of the difference between the observed value and 

the mean of the null distribution, to the standard deviation (SD) of the null distribution:  

SES = (Observed-Null) / SD (Null) 

The null hypothesis is that the average SES is zero. Thus, an SES value that is significantly 

higher than zero indicates a higher than average expected value in a random community (trait 

value divergence indicative of niche complementarity), while an SES value that is significantly 

lower than zero indicates a lower than average expected value in a random community (trait 

value convergence indicative of environmental filtering). Calculation of SES values using output 

from a null model is a commonly used method for comparing functional diversity of different 

communities, while removing biases that are associated with differences in species richness 

(Swenson 2014). We used linear mixed-effect models including farm as a random effect and 

excluding the intercept (i.e. adding a -1 term to the model) to assess if mean SES values per 

habitat significantly deviated from zero.  

Also, we computed community-level weighted mean (CWM) per field, which was calculated as:  

      ∑         
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where pi and traiti are respectively the relative abundance and the trait value for species i and n is 

the total number of species. This index estimates the most probable attribute that a species drawn 

at random from a community would display (Swenson 2014). We used linear mixed-effects 

models that included farm as a random effect to assess the differences in CWM among habitats 

(open, shrub, and tree). 

2.4.2 Diversity metrics at the farm scale 

Since the number of sampled fields for each farm was not equal across farms, species richness 

was a rarefied sample-based estimate to the smallest number of fields sampled per farm. 

Rarefaction curves were constructed based on 100 random replicates using the software EcoSim 

(Acquired Intelligence Inc., Jericho, VT, USA). Species richness values were considered 

significantly different among farms when 95% confidence intervals of the rarefied values did not 

overlap. To compare variation in species composition and functional diversity among farms (β-

diversity), we computed a multivariate dispersion index per farm (Anderson, Ellingsen & 

McArdle 2006) using Bray-Curtis distance. This metric is a permutation-based multivariate 

extension of Levene’s test of homogeneity of variance. It computes the average distance between 

individual observation units (fields) to their group centroid (all fields within a farm). One 

advantage of this metric is that it yields a unique value per group (farm), which allowed us to 

model it against the gradient of woody cover. The functional diversity data matrix was based on 

CWM values. Values of β-diversity were regressed against herbage production and woody cover. 

To verify if species composition and functional diversity significantly differed among farms, we 

performed permutational MANOVA (999 permutations) using Bray-Curtis distance. All analyses 

were carried out in the R statistical environment (v3.1.1, R Development Core Team 2013) using 

the packages vegan (Oksanen et al. 2013), nlme (Pinheiro et al. 2014) and FD (Laliberté & 
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Legendre 2010). 

 

3. Results  

3.1 Effect of woody vegetation at the field scale 

A total of 280 herbaceous species were found in the 50 sampled fields belonging to the nine 

farms. Species richness was significantly higher in shrub and tree habitats compared to open 

habitats (P < 0.001 for both), whereas herbage production was significantly lower under shrubs 

(P = 0.024) and marginally significantly lower under trees (P = 0.054) (Fig. 1). Shrub and tree 

 

Figure 1 Mean values (± S.E.) of herbage yield (kg ha
-1

) and herbaceous species richness per habitat type (open, 

shrub and tree). Asterisks denote a significant (** at P < 0.05) or marginally significant (* at 0.05 < P < 0.10) 

difference between shrub or tree as compared to open habitat types. 
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habitats did not differ, either in terms of the number of species or in herbage production.  

 

Table 2 Standardized effect sizes (SES ± SE) and P-values per habitat type (open, shrub and tree) of range for 

univariate trait values (specific leaf area (SLA), maximum plant height, leaf dry matter content (LDMC), seed length 

and leaf length) and of dispersion for multivariate functional diversity metrics as compared to a null model. 

Significant differences from zero (P < 0.05) are depicted in bold 

 Open 
 

Shrub  Tree 

 SES P-value  SES P-value  SES P-value 
         

SLA
 

0.20 ± 0.19 0.299  0.76 ± 0.25 0.005  0.97 ± 0.20 <0.001 

Height -0.96 ± 0.20 <0.001  -0.55 ± 0.28 0.051  -0.85 ± 0.21 <0.001 

LDMC
 

-0.41 ± 0.14 0.006  -0.21 ± 0.19 0.291  -0.26 ± 0.15 0.086 

Seed length 0.45 ± 0.24 0.066  0.71 ± 0.31 0.029  1.19 ± 0.24 <0.001 

Leaf length -0.55 ± 0.19 0.006  0.07 ± 0.25 0.768  -0.34 ± 0.19 0.081 

Multivariate -0.33 ± 0.16 0.049  0.26 ± 0.22 0.254  0.30 ± 0.17 0.073 
         

 

 

Differences in trait ranges were contingent upon the habitat that was considered (Table 2). Open 

habitats showed a significant reduction in ranges of maximum plant height (P < 0.001), leaf dry-

matter content (P = 0.006) and leaf length (P = 0.006) relative to those of a random community, 

indicating convergence in trait values. These results were corroborated by the significant 

differences in CWM values between habitats. Open habitats showed significantly higher CWM 

values of height (P = 0.031) and lower CWM values of leaf dry matter content (P = 0.002) and 

seed length (P < 0.001) than tree habitats (Table 3). In contrast, shrub and tree habitats showed a 

significant increase in ranges of specific leaf area (P = 0.005 and P < 0.001, for shrub and trees, 

respectively) and seed length (P = 0.029 and P < 0.001, for shrub and trees, respectively) as 

compared to a random community, indicating divergence in trait values. Tree habitat also 

showed a significant reduction in the range of heights (P < 0.001). The multivariate index of 

functional diversity, functional dispersion, was significantly reduced in open habitats (P = 0.049) 

compared to a random community.  
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Table 3. Community weight mean values (CWM ± SE) per habitat type (open, shrub and tree) of specific leaf area 

(SLA), maximum plant height, leaf dry matter content (LDMC), seed length and leaf length. Letters depict 

significant differences among habitat type at P < 0.05 

 Open  Shrub  Tree 
      

SLA
 

27.43 ± 0.41 a  27.41 ± 0.73 a  28.31 ± 0.42 a 

Height 34.29 ± 1.50 a  29.86 ± 2.66 ab  29.46 ± 1.54 b 

LDMC
 

199.5 ± 2.1 b  206.5 ± 3.7 ab  209.7 ± 2.1 a 

Seed length 1.97 ± 0.08 b  2.52 ± 0.15 a  2.53 ± 0.08 a 

Leaf length 83.02 ± 4.43 a  76.09 ± 7.85 a  78.42 ± 4.53 a 
      

 

The relationship between species richness and woody cover followed a hump-shaped pattern (r
2
 

= 0.19, F2-47 = 6.6 and P = 0.003) (Fig. 2). Species richness was highest at intermediate values of 

woody cover (~30%) and lowest at both extremes (maximum and minimum) of the woody cover 

gradient. Functional dispersion showed a significant positive relationship with woody cover (r
2
 = 

0.40, F1-48 = 34.2 and P < 0.001). In contrast, herbage production showed a significant negative 

relationship with woody cover (r
2
 = 0.27, F1-48 = 18.6 and P < 0.001).  

 

3.2 Patterns of taxonomic and functional diversity at the farm scale 

Species richness estimates from sample-based rarefaction varied significantly among farms 

(Table 4). The farms with highest estimated number of species were around 117 (95% CI: 105–

129), whereas the farm with the lowest number of species were about half of this value (~67; 

95% CI: 57–77). Species composition and functional diversity varied significantly among farms 

(F8-41 = 2.7, P = 0.025 and F8-41 = 2.4, P = 0.027, respectively). Woody cover showed a 

significant positive relationship with functional dispersion (r
2
 = 0.63, F1-7 = 14.6 and P = 0.006) 

and a hump-shaped pattern with species richness (r
2
 = 0.64, F2-6 = 5.3 and P < 0.047), similar to 

results found at the field scale, but no relationship with herbage yield (Fig. 2). The farm with the 

lowest taxonomic β-diversity (~10% woody cover) also exhibited the lowest functional β- 
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Figure 2 Relationship between herbage yield (kg ha

-1
), species richness and functional dispersion against woody 

cover (% of shrubs and trees) at the field (left column) and farm (right column) scale. Error bars at the farm scale 

depict standard errors. Dashed lines indicate non-significant relationships between variables. Note that species 

richness at the farm scale depicts rarefied values per farm. 
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Table 4. Species richness (95% confidence interval) and β-diversity (centroids ± S.E.) values per farm. Species 

richness represent rarefied sample-based values to the smaller number of fields sampled per farm. Letters depict 

significant differences among farms based on non-overlapping confidence interval values. β-diversity represents 

within-farm heterogeneity of species composition (Taxonomic) or community-level weighted means of trait values 

(Functional). Letters depict significant differences among farms at P < 0.05 

Farm Species Richness 
Taxonomic 

β-diversity 

Functional 

β-diversity 
    

Farm 1 115 (104 - 125) c 0.47 ± 0.02 cd 18.58 ± 1.71 c 

Farm 2 94 (83 - 106) bc 0.47 ± 0.04 cd 12.88 ± 2.62 abc 

Farm 3 90 (80 - 100) b 0.43 ± 0.03 bcd 17.60 ± 3.07 bc 

Farm 4 87 (78 - 96) b 0.43 ± 0.02 c 14.05 ± 2.04 bc 

Farm 5 117 (105 - 129) c 0.47 ± 0.06  bcd 21.65 ± 8.01 abc 

Farm 6 67 (57 - 77) a 0.35 ± 0.04 ab 11.49 ± 2.22 ab 

Farm 7 107 (96 - 117) bc 0.50 ± 0.04 d 18.94 ± 2.38 c 

Farm 8 90 (81 -98) bc 0.44 ± 0.05 bcd 18.03 ± 3.47 bc 

Farm 9 105 (97 -113) c 0.32 ± 0.02 a 6.40 ± 1.48 a 
    

 

 

diversity, despite including a large number of species (105; 95% CI: 97–113,). Herbage 

production exhibited significant negative relationships (Fig. 3) with taxonomic (r = -0.86, F1-7 = 

24.2 and P = 0.018) and functional β-diversity (r = -0.70, F1-7 = 8.8 and P = 0.017). Woody 

cover showed a weak positive relationship with both β-diversity indices (P = 0.283 and 0.352, 

for taxonomic and functional β-diversity, respectively).  
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Figure 3 Relationship between herbage yield (kg ha
-1

) and (a) β-diversity, for species composition, and (b) 

functional β-diversity, based on community weighted mean trait values, at the farm scale. Error bars depict standard 

errors.  

 

4. Discussion  

Our results conformed to expectation that herbaceous community diversity and productivity in 

agroecosystems vary along a woody vegetation gradient. Trees and shrubs showed similar 

negative effects on herbage productivity, which declined linearly as the cover of woody 

vegetation increased at the field scale. These results are consistent with previous findings 
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reporting semi-natural features as elements that are detrimental to herbage yield, not only 

through land-use opportunity costs (Green et al. 2005), but also through direct yield reductions 

(Rolo, López-Díaz & Moreno 2012). Nevertheless, we found that woody vegetation was 

positively related to functional diversity and that the assembly processes determining the 

functional structure of herbaceous communities were dependent upon the habitat type. These 

results indicate that the management of woody vegetation can have the potential to enhance 

biodiversity levels, but it is important to optimize the cover of woody vegetation and to consider 

the scale of management, in order to minimize yield losses.  

 

4.1 Patterns of taxonomic and functional diversity along a woody vegetation gradient 

Our results showed that at high woody vegetation cover, taxonomic and functional diversity were 

decoupled. Patterns of taxonomic and functional diversity have been shown to follow different 

trajectories in response to land-use change (Mayfield et al. 2010). Nevertheless, this decoupled 

pattern indicates that any reduction in woody cover would be accompanied by a reduction in 

functional diversity, but also by an increase in species richness and herbage yield. A reduction in 

functional diversity might compromise provisioning of ecosystem services other than herbage 

yield (e.g. pollination or nutrient cycling, Cadotte 2011). However, the unimodal relationship 

between woody vegetation cover and species richness suggests that the conservation potential, in 

terms of number of species, would be maximal at intermediate values of the range (~30% woody 

cover). Similar patterns have been found for birds (Sirami et al. 2009) and mammals (Blaum et 

al. 2007), suggesting that our results are in accordance with the intermediate landscape-

complexity hypothesis (Jonsson et al. 2015). This hypothesis suggests a maximum conservation 

potential would be observed in landscapes with intermediate complexity rather than in clearer 
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(i.e. extremely simplified landscapes with very low amounts of semi-natural habitat) or in more 

complex (i.e. extremely complicated landscapes with very high amounts of semi-natural habitat) 

landscapes (Tscharntke et al. 2012). In this way, maintaining low to intermediate values of 

woody vegetation could be a feasible tool for promoting heterogeneity at the field scale and 

enhancing both taxonomic and functional diversity levels of Mediterranean grasslands.  

 

4.2 Community assembly processes and herbage yield 

The importance of a trait-based approach to manage variables of pastoral importance, such as 

forage yield and quality in grasslands, is being increasingly advocated (Jouven, Carrère & 

Baumont 2006; Pontes et al. 2007; Ansquer et al. 2009). Our results support this view and 

suggest that a further understanding of the processes that mediate functional trait responses to 

environmental conditions (i.e. woody vegetation presence) can provide insight into the linkages 

between biodiversity and ecosystem processes. We observed that herbaceous communities 

growing in open habitats, where the highest yields were achieved, had convergent trait values, 

suggesting that environmental filtering is the main process structuring these communities. 

Indeed, our results showed that these herbaceous communities contain few species with high 

values of height, and low LDMC and seed lengths. Thus, management strategies that aim to 

maximize herbage yield in these systems could be optimized by focusing on a particular set of 

species with similar trait values that were close to the aforementioned. This strategy contrasts 

with the commonly found positive effect of biodiversity on biomass production (Duffy 2009). 

However, most biodiversity–ecosystem function studies are based on controlled experiments, 

with little support for more “natural” conditions (Duffy 2009), and great difficulties in terms of 

applicability to specific management practices (Doherty, Callaway & Zedler 2011). In contrast, 
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strategies that are based upon low levels of biodiversity to promote one function may not 

guarantee the temporal stability in the provisioning of this function (Tooker & Frank 2012). The 

need for high levels of biodiversity has been increasingly recognized to maintain multiple 

functions at multiple times and places (Isbell et al. 2011). Promoting the presence of woody 

vegetation in Mediterranean grasslands may reconcile the two approaches (i.e. low–high 

biodiversity). We observed that under both woody vegetation types, herbaceous communities 

showed mainly divergent trait values, suggesting that increased levels of biodiversity are 

promoted by niche complementarity, which may support herbage productivity in the long-term 

(Cardinale et al. 2007). Moreover, woody vegetation can lead to the establishment of subordinate 

species, which might provide for additional functions under current or future conditions (Isbell et 

al. 2011).    

 

4.3 Between-farm differences in productivity are related to different levels of taxonomic and 

functional diversity 

Contrary to expectation, we found that there was a lack of association between woody cover and 

β-diversity values. This result was not consistent with the effect of woody vegetation at the field 

scale, suggesting that other factors than woody cover contribute to variation in biodiversity 

among farms. When considering the whole farm, the effect of woody vegetation on diversity 

levels could have been confounded with other emerging properties, such as on-farm management 

practices, i.e. grazing intensity (Gabriel et al. 2010) or the spatial configuration of habitats 

(Hendrickx et al. 2007). 

We found a negative relationship between herbage productivity and β-diversity at the farm scale, 

both in terms of taxonomic and functional β-diversity. This relationship suggests that highly 
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productive farms, where woody cover was minimal, had herbaceous communities that were 

dominated by a few abundant species with a similar set of traits, as would be expected from 

environmental filtering. In contrast, higher values of β-diversity on less productive farms suggest 

the presence of more complex and heterogeneous herbaceous communities, as would be 

expected from niche complementarity. These results suggest that processes driving productivity 

gradients (i.e. the effect of woody vegetation on local communities) can generate spatial 

variation of taxonomic and functional diversity among communities.  

Together with the results observed at the field scale, it is apparent that the management of woody 

cover as a means of enhancing biodiversity conservation in Mediterranean grasslands must 

consider different scales of management. On one hand, it has been recommended that allowing 

for the presence of many small patches of woody vegetation can promote the conservation of 

biodiversity, while minimizing yield losses (Rey Benayas, Bullock & Newton 2008). Our results 

expand upon this strategy, and suggest that spatial variation in biodiversity could be promoted 

within a farm, if different fields were managed to achieve a productivity gradient (i.e. through 

changing woody cover). On the other hand, when considering only a single field for 

management, intermediate levels of woody vegetation can promote a positive effect on 

biodiversity, while minimizing yield losses. Further experimentation may help to disentangle the 

role of woody vegetation and clarify whether the maintenance of low to intermediate levels of 

woody vegetation can increase both taxonomic and functional diversity of herbaceous 

communities in Mediterranean grasslands. 

 

Acknowledgements 

This study was funded by the European Union through the FP7 project BioBio (Indicators for 



23 

biodiversity in organic and low-input farming systems; www.biobio-indicators.org). It was 

supported by the TRY initiative on plant traits (http://www.trydb.org). TRY has been supported 

by DIVERSITAS, IGBP, the Global Land Project, the UK Natural Environment Research 

Council (NERC) through its program QUEST (Quantifying and Understanding the Earth 

System), the French Foundation for Biodiversity Research (FRB), and GIS Climat, 

Environnement et Société France. VR was supported by a postdoctoral grant from the National 

Research Foundation of South Africa. We are grateful to Enrique Juarez for technical assistance. 

We also thank Dr. William F.J. Parsons for improving the language of this paper. 

 

Data accessibility 

Data available from the Dryad Digital Repository: doi: 10.5061/dryad.hh76j (Rolo et al. 2016). 

 

References  

Anderson, M.J., Ellingsen, K.E. & McArdle, B.H. (2006) Multivariate dispersion as a measure of 

beta diversity. Ecology Letters, 9, 683–693. 

Ansquer, P., Duru, M., Theau, J.P. & Cruz, P. (2009) Functional traits as indicators of fodder 

provision over a short time scale in species-rich grasslands. Annals of Botany, 103, 117–126. 

de Bello, F., Lavorel, S., Díaz, S., Harrington, R., Cornelissen, J.H.C., Bardgett, R.D. et al. 

(2010) Towards an assessment of multiple ecosystem processes and services via functional 

traits. Biodiversity and Conservation, 19, 2873–2893. 

http://www.biobio-indicators.org/


24 

Billeter, R., Liira, J., Bailey, D., Bugter, R., Arens, P., Augenstein, I. et al. (2008) Indicators for 

biodiversity in agricultural landscapes: a pan-European study. Journal of Applied Ecology, 

45, 141–150. 

Blaum, N., Rossmanith, E., Popp, A. & Jeltsch, F. (2007) Shrub encroachment affects 

mammalian carnivore abundance and species richness in semiarid rangelands. Acta 

Oecologica, 31, 86–92. 

Bunce, R.G.H., Bogers, M.M.B., Roche, P., Walczak, M., Geijzendorffer, I. & Jongman, R. 

(2011) Manual for Habitat and Vegetation: Surveillance and Monitoring: Temperate, 

Mediterranean and Desert Biomes. 1
st
 edition. Wageningen, Alterra report 2154. 

Cadotte, M.W. (2011) The new diversity: management gains through insights into the functional 

diversity of communities. Journal of Applied Ecology, 48, 1067–1069. 

Cardinale, B.J., Wright, J.P., Cadotte, M.W., Carroll, I.T., Hector, A., Srivastava, D.S. et al. 

(2007) Impacts of plant diversity on biomass production increase through time because of 

species complementarity. Proceedings of the National Academy of Sciences of the United 

States of America, 104, 18123–18128. 

Castroviejo, S. (2012) Flora Ibérica. Real Jardín Botánico, Madrid. 

Díaz, S., Hodgson, J. G., Thompson, K., Cabido, M., Cornelissen, J. H. C., Jalili, A. et al. (2004) 

The plant traits that drive ecosystems: Evidence from three continents. Journal of Vegetation 

Science, 15, 295–304. 

Doherty, J.M., Callaway, J.C. & Zedler, J.B. (2011) Diversity–function relationships changed in 

a long-term restoration experiment. Ecological Applications, 21, 2143–2155. 



25 

Duffy, J.E. (2009) Why biodiversity is important to the functioning of real-world ecosystems. 

Frontiers in Ecology and the Environment, 7, 437–444. 

European Environment Agency (2010) Corine Land Cover 2006 raster data, 

http://www.eea.europa.eu/data-and-maps/data/corine-land-cover-2006-raster 

Gabriel, D., Sait, S.M., Hodgson, J.A., Schmutz, U., Kunin, W.E. & Benton, T.G. (2010) Scale 

matters: the impact of organic farming on biodiversity at different spatial scales. Ecology 

Letters, 13, 858–869. 

García Navarro, A. & López Piñero, A. (2002) Mapa de Suelos de La Provincia de Cáceres. 

Universidad de Extremadura. 

Gonthier, D.J., Ennis, K.K., Farinas, S., Hsieh, H.-Y., Iverson, A.L., Batáry, P. et al. (2014) 

Biodiversity conservation in agriculture requires a multi-scale approach. Proceedings of the 

Royal Society B: Biological Sciences, 281, 20141358. 

Gotelli, N. & Graves, G. (1996) Null models in ecology. Smithsonian Institution Press, 

Washington, DC. 

Gotelli, N.J. & McCabe, D.J. (2002) Species co-occurrence: a meta-analysis of J.M. Diamond’s 

assembly rules model. Ecology, 83, 2091–2096. 

Green, R.E., Cornell, S.J., Scharlemann, J.P. & Balmford, A. (2005) Farming and the fate of wild 

nature. Science, 307, 550–555. 

Grime, J.P. (1998) Benefits of plant diversity to ecosystems: immediate, filter and founder effects. 

Journal of Ecology, 86, 902–910. 



26 

Grime, J.P. (2006) Trait convergence and trait divergence in herbaceous plant communities: 

Mechanisms and consequences. Journal of Vegetation Science, 17, 255–260. 

Gubsch, M., Buchmann, N., Schmid, B., Schulze, E-D., Lipowsky, A. & Roscher, C. (2011) 

Differential effects of plant diversity on functional trait variation of grass species. Annals of 

Botany, 107, 157–169. 

Haydock, K.P. & Shaw, N.H. (1975) The comparative yield method for estimating dry matter 

yield of pasture. Australian Journal of Experimental Agriculture and Animal Husbandry, 15, 

663–670. 

Hendrickx, F., Maelfait, J.P., Van Wingerden, W., Schweiger, O., Speelmans, M., Aviron, S. et 

al. (2007) How landscape structure, land-use intensity and habitat diversity affect 

components of total arthropod diversity in agricultural landscapes. Journal of Applied 

Ecology, 44, 340–351. 

Isbell, F., Calcagno, V., Hector, A., Connolly, J., Harpole, W.S., Reich, P.B., et al. (2011) High 

plant diversity is needed to maintain ecosystem services. Nature, 477, 199–202. 

Jonsson, M., Straub, C.S., Didham, R.K., Buckley, H.L., Case, B.S., Hale, R.J., Gratton, C. & 

Wratten, S.D. (2015) Experimental evidence that the effectiveness of conservation 

biological control depends on landscape complexity. Journal of Applied Ecology, 52, 1274–

1282. 

Jouven, M., Carrere, P., & Baumont, R. (2006) Model predicting dynamics of biomass, structure 

and digestibility of herbage in managed permanent pastures. Grass and forage science, 61, 

112-124. 



27 

Kattge, J., Díaz, S., Lavorel, S., Prentice, I.C., Leadley, P., Bönisch, G. et al. (2011) TRY – a 

global database of plant traits. Global Change Biology, 17, 2905–2935. 

Mayfield, M. M., Bonser, S. P., Morgan, J. W., Aubin, I., McNamara, S., & Vesk, P. A. (2010) 

What does species richness tell us about functional trait diversity? Predictions and 

evidence for responses of species and functional trait diversity to land‐use change. Global 

Ecology and Biogeography, 19, 423–431. 

Laliberté, E. & Legendre, P. (2010) A distance-based framework for measuring functional 

diversity from multiple traits. Ecology, 91, 299–305. 

Laliberté, E., Norton, D.A. & Scott, D. (2013) Contrasting effects of productivity and 

disturbance on plant functional diversity at local and metacommunity scales. Journal of 

Vegetation Science, 24, 834–834. 

Lopez-Pintor, A., Gomez Sal, A. & Rey Benayas, J. (2006) Shrubs as a source of spatial 

heterogeneity – the case of Retama sphaerocarpa in Mediterranean pastures of central 

Spain. Acta Oecologica, 29, 247–255. 

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B. et al. (2013) 

Vegan: Community Ecology Package. R package version 2.0-10. http://CRAN.R-

project.org/package=vegan 

Paracchini, M.L., Petersen, J.-E., Hoogeveen, Y., Bamps, C., Burfield, I. & van Swaay, C. 

(2008) High nature value farmland in Europe. An estimate of the distribution patterns on the 

basis of land cover and biodiversity data, Luxemburg: Office for Official Publications of the 

European Communities. 



28 

Peco, B., de Pablos, I., Traba, J. & Levassor, C. (2005) The effect of grazing abandonment on 

species composition and functional traits: the case of dehesa grasslands. Basic & Applied 

Ecology, 6, 175–183. 

Pelosi, C., Goulard, M. & Balent, G. (2010) The spatial scale mismatch between ecological 

processes and agricultural management: Do difficulties come from underlying theoretical 

frameworks? Agriculture, Ecosystems & Environment, 139, 455–462. 

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D. & R Core Team. (2014) Nlme: Linear and 

Nonlinear Mixed Effects Models. R package version 3.1-117. http://CRAN.R-

project.org/package=nlme 

Pontes, L.D.S., Soussana, J.-F., Louault, F., Andueza, D. & Carrère, P. (2007) Leaf traits affect 

the above-ground productivity and quality of pasture grasses. Functional Ecology, 21, 844–

853. 

R Development Core Team (2013) R: A Language and Environment for Statistical Computing. R 

Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org/ 

Redjadj, C., Duparc, A., Lavorel, S., Grigulis, K., Bonenfant, C., Maillard, D. et al. (2012) 

Estimating herbaceous plant biomass in mountain grasslands: a comparative study using 

three different methods. Alpine Botany, 122, 57–63. 

Rey Benayas, J.M.R., Bullock, J.M. & Newton, A.C. (2008) Creating woodland islets to 

reconcile ecological restoration, conservation, and agricultural land use. Frontiers in 

Ecology and the Environment, 6, 329–336. 

http://cran.r-project.org/package=nlme
http://cran.r-project.org/package=nlme


29 

Rey Benayas, J. M., & Bullock, J. M. (2015). Vegetation restoration and other actions to enhance 

wildlife in European agricultural landscapes. In Rewilding European Landscapes (eds H.M. 

Pereira and L.M. Navarro), pp. 127-142. Springer Verlag, Berlin.  

Rolo, V., López-Díaz, M.L. & Moreno, G. (2012) Shrubs affect soil nutrients availability with 

contrasting consequences for pasture understory and tree overstory production and nutrient 

status in Mediterranean grazed open woodlands. Nutrient Cycling in Agroecosystems, 93, 

89–102. 

Rolo, V., Rivest, D., López-Díaz, M.L. & Moreno, G. (2014) Microhabitat effects on herbaceous 

nutrient concentrations at the community and species level in Mediterranean open 

woodlands: the role of species composition. Grass and Forage Science, DOI: 

10.1111/gfs.12110 

Rolo V, Rivest D, Lorente M, Kattge J, Moreno G (2016) Data from: Taxonomic and functional 

diversity in Mediterranean pastures: Insights on the biodiversity - productivity trade-off. 

Dryad Digital Repository, http://dx.doi.org/10.5061/dryad.hh76j   

Sirami, C., Seymour, C., Midgley, G. & Barnard, P. (2009) The impact of shrub encroachment 

on savanna bird diversity from local to regional scale. Diversity & Distributions, 15, 948–

957. 

Schneider, M.K., Lüscher, G., Jeanneret, P., Arndorfer, M., Ammari, Y., Bailey, D. et al. (2014) 

Gains to species diversity in organically farmed fields are not propagated at the farm level. 

Nature Communications, 5, 4151. DOI 10.1038/ncomms5151 

Swenson, N.G. (2014) Functional and Phylogenetic Ecology in R. Springer. 



30 

Taugourdeau, S., Villerd, J., Plantureux, S., Huguenin-Elie, O. & Amiaud, B. (2014) Filling the 

gap in functional trait databases: use of ecological hypotheses to replace missing data. 

Ecology and Evolution, 4, 944–958. 

Tilman, D., Knops, J., Wedin, D., Reich, P., Ritchie, M. & Siemann, E. (1997) The influence of 

functional diversity and composition on ecosystem processes. Science, 277, 1300–1302. 

Tooker, J.F. & Frank, S.D. (2012) Genotypically diverse cultivar mixtures for insect pest 

management and increased crop yields. Journal of Applied Ecology, 49, 974–985. 

Tscharntke, T., Tylianakis, J.M., Rand, T.A., Didham, R.K., Fahrig, L., Batáry, P., et al. (2012) 

Landscape moderation of biodiversity patterns and processes - eight hypotheses. Biological 

Reviews, 87, 661–685. 

Westoby, M., Falster, D.S., Moles, A.T., Vesk, P.A. & Wright, I.J. (2002) Plant ecological 

strategies: Some leading dimensions of variation between species. Annual Review of 

Ecology and Systematics, 33, 125–159. 

Wezel, A., Casagrande, M., Celette, F., Vian, J.-F., Ferrer, A. & Peigné, J. (2014) 

Agroecological practices for sustainable agriculture. A review. Agronomy for Sustainable 

Development, 34, 1–20.



31 

Appendix S1. References of the original data sources used to build the trait data set 

collated into the TRY initiative http://www.try-db.org 

 

Atkin, O.K., Westbeek, M.H., Cambridge, M.L., Lambers, H. & Pons, T.L. (1997) Leaf 

respiration in light and darkness (a comparison of slow-and fast-growing Poa species). Plant 

Physiology, 113, 961–965. 

Cornelissen, J., Cerabolini, B., Castro-Díez, P., Villar-Salvador, P., Montserrat-Martí, G., 

Puyravaud, J., Maestro, M., Werger, M. & Aerts, R. (2003) Functional traits of woody 

plants: correspondence of species rankings between field adults and laboratory-grown 

seedlings? Journal of Vegetation Science, 14, 311–322. 

Díaz, S., Hodgson, J.G., Thompson, K., Cabido, M., Cornelissen, J.H.C., Jalili, A., Montserrat-

Martí, G., Grime, J.P., Zarrinkamar, F., Asri, Y., Band, S.R., Basconcelo, S., Castro-Díez, 

P., Funes, G., Hamzehee, B., Khoshnevi, M., Pérez-Harguindeguy, N., Pérez-Rontomé, 

M.C., Shirvany, F.A., Vendramini, F., Yazdani, S., Abbas-Azimi, R., Bogaard, A., Boustani, 

S., Charles, M., Dehghan, M., de Torres-Espuny, L., Falczuk, V., Guerrero-Campo, J., 

Hynd, A., Jones, G., Kowsary, E., Kazemi-Saeed, F., Maestro-Martínez, M., Romo-Díez, 

A., Shaw, S., Siavash, B., Villar-Salvador, P. & Zak, M.R. (2004) The plant traits that drive 

ecosystems: Evidence from three continents. Journal of Vegetation Science, 15, 295–304. 

Garnier, E., Lavorel, S., Ansquer, P., Castro, H., Cruz, P., Dolezal, J., Eriksson, O., Fortunel, C., 

Freitas, H., Golodets, C. & others. (2007) Assessing the effects of land-use change on plant 

traits, communities and ecosystem functioning in grasslands: a standardized methodology 

and lessons from an application to 11 European sites. Annals of botany, 99, 967–985. 

http://www.try-db.org/


32 

Kleyer, M., Bekker, R., Knevel, I., Bakker, J., Thompson, K., Sonnenschein, M., Poschlod, P., 

Van Groenendael, J., Klimeš, L., Klimešová, J. & others. (2008) The LEDA Traitbase: a 

database of life-history traits of the Northwest European flora. Journal of Ecology, 96, 

1266–1274. 

Kühn, I., Durka, W. & Klotz, S. (2004) BiolFlor: a new plant-trait database as a tool for plant 

invasion ecology. Diversity and Distributions, 10, 363–365. 

Moles, A.T., Falster, D.S., Leishman, M.R. & Westoby, M. (2004) Small-seeded species produce 

more seeds per square metre of canopy per year, but not per individual per lifetime. Journal 

of Ecology, 92, 384–396. 

Pausas, J.G., Bradstock, R.A., Keith, D.A. & Keeley, J.E. (2004) Plant functional traits in 

relation to fire in crown-fire ecosystems. Ecology, 85, 1085–1100. 

Shipley, B. (1995) Structured interspecific determinants of specific leaf area in 34 species of 

herbaceous angiosperms. Functional Ecology, 9, 312–319. 

Wirth, C. & Lichstein, J.W. (2009) The Imprint of Species Turnover on Old-Growth Forest 

Carbon Balances-Insights From a Trait-Based Model of Forest Dynamics. Old-growth 

forests pp. 81–113. Springer. 

Wright, I.J., Reich, P.B., Westoby, M., Ackerly, D.D., Baruch, Z., Bongers, F., Cavender-Bares, 

J., Chapin, T., Cornelissen, J.H., Diemer, M. & others. (2004) The worldwide leaf 

economics spectrum. Nature, 428, 821–827. 


