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2 

 

Summary 26 

1. Understanding how different factors mediate the resistance of communities to climatic 27 

variability is a question of considerable ecological interest that remains mostly unresolved. This is 28 

particularly remarkable to improve predictions about the impact of climate change on vegetation.  29 

2. Here we used a trait-based approach to analyse the sensitivity to climatic variability over nine 30 

years of 19 Mediterranean shrubland communities located in southwest Spain. We evaluated the 31 

role of functional diversity and soil environment as drivers of community stability (assessed as 32 

changes in plant cover, species diversity and composition). 33 

3. The studied shrubland communities were strongly sensitive to inter-annual variability in 34 

climate. First, colder and drier conditions caused remarkable decreases in total plant cover but 35 

increased functional diversity, likely because the reduction of plant cover after harsh climatic 36 

conditions promoted the expansion of functionally dissimilar species in the new open microsites; 37 

although communities returned to their initial values of plant cover after nine years, changes in 38 

functional diversity and structure persisted over time. Second, drier and colder conditions 39 

favoured the predominance of shrubs with a conservative resource-use strategy (i.e. with higher 40 

dry matter content in leaves, stems and roots), bigger seeds and a more efficient use of water. 41 

4. The most functionally diverse communities were the most stable over time in terms of species 42 

diversity, likely because a higher number of functionally dissimilar species allowed compensatory 43 

dynamics among them.  44 

5. Communities inhabiting more acidic and resource-limited environments were less variable 45 

over time, probably because they were mainly constituted by slow-growth, stress-tolerant species 46 

that are potentially better adapted to harsh climatic conditions. 47 

6. Synthesis: This study highlights the utility of a trait-based approach to evaluate how plant 48 

communities respond to climatic variability. We could infer that the increased frequency of 49 

extreme climatic events predicted by climatic models will alter the functional structure of 50 
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shrubland communities, with potential repercussions for ecosystem functioning. Our results also 51 

provide new insights into the role of functional diversity and soil environment as buffers of the 52 

climate impact on woody communities, as well as potentially useful information to be applied in 53 

ecologically-based management and restoration strategies. 54 

 55 

Key-words: climate change, cold stress, community resistance, conservative strategy, Doñana 56 

National Park, drought stress, dry matter content, functional traits, plant–climate interactions, 57 

plant economics. 58 

59 
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INTRODUCTION 60 

There is a growing interest in predicting how plant communities will respond to the projected 61 

changes in climate (Parmesan & Yohe 2003). The functional trait-based approach has emerged 62 

as a powerful tool to evaluate whether community responses to climatic variability are mediated 63 

by key functional attributes of their dominant species (Lavorel & Garnier 2002; Suding et al. 64 

2008). This approach has been particularly used in recent studies to provide a mechanistic 65 

explanation for the potential impact of climate change on vegetation through the functional 66 

analysis of plant communities distributed along spatial gradients of environmental conditions (e.g. 67 

Sandel et al. 2010; Collins et al. 2012; Pérez-Ramos et al. 2012; de la Riva et al. 2016a). Despite 68 

the unquestionable value of these studies extrapolating results from spatial heterogeneity to 69 

temporal shifts in community functional traits, we need further empirical information on temporal 70 

changes in plant communities to accurately infer their sensitivity to ongoing climatic variability 71 

(Shaver et al. 2000; Díaz & Cabido 2001; Fernández-Going et al. 2012).  72 

 Community stability or resistance (i.e., the tendency of a community to remain 73 

unchanged in response to perturbations such as intense climatic fluctuations; Harrison 1979) is 74 

potentially mediated by intrinsic characteristics of plant communities such as their functional trait 75 

composition and diversity, as well as by other external factors such as soil environment. First, 76 

community resistance to climatic fluctuations is expected to obey, to some extent, the traits of 77 

their dominant species (de la Riva et al. 2016b). Recent studies have shown that populations 78 

composed by slow-growing species associated to a more conservative use of resources (i.e. with 79 

sclerophyllous and high-density leaves) are generally more stable over time than those having 80 

traits typically related to an exploitative strategy (Polley et al. 2013; Majekova et al. 2014). 81 

However, this framework has seldom been applied to belowground traits despite their recognized 82 

implication in the plant ability to cope with harsh conditions (Holdaway et al. 2011; Bardgett et al. 83 

2014). 84 
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 Second, there is an open debate on the role of species diversity (both in terms of number 85 

of species and functional groups) on community stability in response to climatic variability. There 86 

is a common assumption that a higher diversity increases community stability by promoting 87 

compensatory dynamics among species (Tilman et al. 1998; Loreau et al. 2001) and/or 88 

increasing the number of species that respond differently to environmental fluctuations (Ives et al. 89 

2000). However, a higher diversity may also imply higher number of stressed or damaged 90 

species by a range of climatic hazards (e.g. Parmesan et al. 2000; de la Riva et al 2016b). Thus, 91 

a recent study with European woody species (including Mediterranean trees) has shown that 92 

more diverse communities does not always offer a greater resistance to abiotic stresses such as 93 

drought (Lloret et al. 2007; Grossiord et al. 2014). These results are in line with previous work 94 

documenting that community stability is often more dependent on the functional traits of their 95 

dominant species than on diversity per se (Grime 1998; Fernández-Going et al. 2012; Polley et 96 

al. 2013). Therefore, an accurate evaluation of the impact of climate on community stability 97 

requires the joint consideration of climate-driven vegetation changes not only in terms of species 98 

diversity but also of its functional trait composition. 99 

 Third, soil environment could modulate community responses to climatic variability 100 

through both direct and indirect effects of soil resources on vegetation. Experimental studies have 101 

demonstrated that the impact of harsh climatic conditions on plant performance is more reduced 102 

in infertile soils compared with plants growing in resource-rich habitats due to the direct primary 103 

constraint imposed by nutrient limitation (Klanderud & Totland 2005; Going et al. 2009). In 104 

addition, community stability may be mediated indirectly via soil-induced shifts in plant functional 105 

composition, with plants having traits adapted to low soil-resource availability being also more 106 

resistant to harsh climates (Chapin 1991). However, evaluating how soil resource heterogeneity 107 

interacts with climatic variability as a driver of community stability is an issue that remains largely 108 
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unexplored, especially in woody species (see other examples for grasslands in Fernández-Going 109 

et al. 2012 and Majekova et al. 2014).  110 

In this study, we used a trait-based approach to analyse the sensitivity to climatic 111 

variability of Mediterranean shrublands located in southwest Spain (Doñana National Park) over a 112 

period of nine years. For this purpose, we first explored how shrubland communities modified 113 

their patterns of plant cover, functional diversity and trait composition (using both aboveground 114 

and belowground attributes) in response to climatic variability, and identified the best climatic 115 

predictors of this temporal variability. Second, we evaluated the role of functional diversity and 116 

soil environment as drivers of community stability or resistance (assessed in terms of changes in 117 

plant cover, species diversity and composition) by exploring 19 shrubland communities differing in 118 

species composition and diversity that were distributed along a local gradient of soil resources 119 

(mainly soil water and nutrients). Specifically, we were interested in answering the following 120 

questions: (i) how sensitive are Mediterranean shrubland communities to inter-annual variability in 121 

climate?; (ii) are communities with higher functional diversity more stable against climatic 122 

fluctuations?; and (iii) are shrubland communities growing on poorer soils more stable over time 123 

than those located on resource-richer soils? By answering these questions, we seek to gain 124 

insights into a more comprehensive and integrated understanding of the processes that drive 125 

community stability in Mediterranean shrublands. In addition, the information provided by this 126 

study could be used as a valuable tool for the development of mechanistic models forecasting 127 

community responses to future scenarios of climate change. 128 

 129 

MATERIAL AND METHODS 130 

STUDY AREA 131 

The study was carried out in Doñana National Park (southwestern Spain, 37º 01´N, 6º 32´ W), a 132 

highly preserved natural space that was declared as Biosphere Reserve (1981) and World 133 
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Heritage site (1994). Climate is sub-humid Mediterranean-type with an oceanic influence due to 134 

the proximity to the Atlantic Ocean. Mean annual rainfall is 560 mm, with considerable inter-135 

annual fluctuations (Appendix S1), ranging from <300 mm in dry years to 1000 mm in wet years. 136 

Mean annual temperature is 16.5 ºC, with a mean monthly maximum of 24.7 ºC (July) and a 137 

mean monthly minimum of 10.0 ºC (January). The vegetation of the study area is a mosaic of 138 

wetlands and extensive shrublands, with locally dense stands of Juniperus phoenicea ssp 139 

turbinata that are often mixed with trees of Pinus pinea (originally planted) and Quercus suber. 140 

Shrublands are dominated by medium-sized shrub species such as Halimium halimifolium, 141 

Halimium commutatum, Cistus libanotis and Rosmarinus officinalis. The small-sized Lavandula 142 

stoechas, the tall shrub Erica scoparia and the spiny legumes Ulex australis and Stauracanthus 143 

genistoides are also abundant in the study area (García-Murillo & Sousa-Martín 1999).  144 

 145 

CLIMATE VARIABLES 146 

Climate data were obtained from a meteorological station located at the study area (Doñana 147 

Palace meteorological station), which recorded daily air temperature and rainfall. For 148 

temperature, we calculated maximum, minimum and mean values for annual and seasonal 149 

periods (summer: from 22 June to 22 September of the previous year; autumn: from 23 150 

September to 21 December of the previous year; winter: from 22 December of the previous year 151 

to 21 March of the current year; spring: from 22 March to 21 June of the current year). Similarly, 152 

for rainfall we used the accumulated annual and seasonal values. For the calculation of mean (or 153 

accumulated) annual values, we considered the time period elapsing between two consecutive 154 

plant samplings (from July of the previous year to June of the current year). As a proxy of water 155 

limitation, we computed an additional variable (water deficit, WD) for each of the above-described 156 

time periods as: WD = PET - PCP, where PCP is precipitation and PET is potential 157 

evapotranspiration, with higher WD values indicating drier conditions (Pérez-Ramos et al. 2015). 158 
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 159 

EXPERIMENTAL DESIGN AND PLANT SAMPLING 160 

In 2007, 19 permanent plots (≈150 m2) located on Quaternary stabilized dunes were selected at 161 

different topographic positions with the aim of spanning a wide range of soil resources and 162 

conditions. The sampling area consists of a set of dry elevated crests (20–40 m.a.s.l.) and mesic 163 

inter-crest depressions that differ in their depths to the water-table and, consequently, host 164 

different plant communities (Díaz-Barradas et al. 1999; Zunzunegui et al. 2005). The distance 165 

among plots ranged from 100 to 1500 m. 166 

 Three 15 m-long, parallel transects were established in each sampling plot, with a 167 

minimum distance of 2.5 m relative to one another. Species abundance and composition were 168 

determined measuring the aerial green cover (hereafter AGC) of each woody species intercepted 169 

by each of the three 15 m lines (“line interception method”; Canfield 1941). The mean relative 170 

abundance of each species in each plot was calculated as the mean value of the three transects 171 

(see Appendix S2). We focused on woody species due to the marginal abundance of herbaceous 172 

species in the study area. Permanent plots were monitored at the peak of maximum plant growth 173 

(in spring; April-May) over nine consecutive years (from 2007 to 2015) using always the same 15-174 

m permanent transects.  175 

 176 

CHARACTERIZATION OF SOIL ENVIRONMENT 177 

To analyse soil physico-chemical properties, in spring 2012 we sampled the upper 20 cm of the 178 

soil (where nutrient uptake mostly occurs; Jobbágy & Jackson 2001) at three random points and 179 

mixed them in one combined soil sample per transect in each of the 19 plots. In the laboratory, 180 

samples were air-dried, crushed and sieved to be further analysed using standard soil methods 181 

(Sparks 1996). Several soil physic-chemical properties were determined: soil texture (i.e. gravels, 182 

sands, silts and clays; using the Bouyoucos hydrometer method), pH (measured in a 1:2.5 soil: 183 
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water suspension), total organic matter (using the Walkley and Black method), total nitrogen (by 184 

Kjeldahl digestion), and available Ca and Mg (extracted with 1 M ammonium acetate and 185 

determined by atomic absorption spectrophotometry). Chemical analyses were conducted in the 186 

soil fraction of less than 2 mm. 187 

Elevation of each sampling plot, which was estimated through the photointerpretation of 188 

aerial images (more details in García et al. 2014), was used as a proxy of water-table depth and, 189 

thereby, of soil water availability (Díaz-Barradas et al. 1999).  190 

 191 

PLANT MEASUREMENTS 192 

Plant trait measurements were taken in those species comprising between 95 and 99% of the 193 

total plant abundance recorded in each of the 19 plots. These trait measurements were 194 

conducted on healthy adults in a total of 16 shrub species, which were randomly selected outside 195 

the plots to avoid interference with the vegetation monitoring. Six quantitative aboveground and 196 

two belowground traits (Appendix S3) were selected for their recognized or assumed utility as 197 

functional response-traits to climate, accurately representing the three leading functional 198 

dimensions (i.e. plant economics, light interception and reproductive ability) previously defined by 199 

other authors (Westoby 1998; Laughlin et al. 2010; de la Riva et al. 2016c). For plant sampling 200 

and trait measurements we followed the methods recommended by Pérez-Harguindeguy et al. 201 

(2013). 202 

 203 

Aboveground traits.- A total of 10 different individuals per species were randomly selected to 204 

measure plant height using a metric tape. Specific leaf area (SLA; leaf area per unit of dry leaf 205 

mass; m2 kg-1), leaf dry matter content (LDMC; dry mass per unit of water-saturated fresh mass; g 206 

g-1) and stem dry matter content (SDMC; stem dry mass per unit of stem water-saturated fresh 207 

mass; g g-1) were determined in six out the ten selected individuals per species, following the 208 
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protocol described by Garnier et al. (2001). Leaf projected area was quantified using an image 209 

analysis programme (Image Pro-plus 4.5, Media Cybernetic Inc., USA).  All the leaf and stem 210 

samples were weighed and oven-dried at 60 °C for 48 h and then re-weighed. Leaf carbon 211 

isotope ratio (δ13C; ‰, which provides a time-integrated measure of intrinsic water use efficiency; 212 

Farquhar et al. 1982) was determined on one composed sample per species obtained by pooling 213 

the six original samples used for SLA and LDMC, using a CHN elemental analyser coupled to an 214 

isotope mass spectrometer. The average seed mass for each species was compiled from a local 215 

data-set (Córdoba Botanical Garden). 216 

 217 

Belowground traits.- The roots of four individuals per species were sampled by excavating the 218 

upper 20-30 cm of the soil layer near to each plant basal stem. We selected this specific soil 219 

depth based on other studies with Mediterranean woody vegetation in the same study area 220 

(Martínez et al. 1998) that demonstrated that the largest fraction (70%) of fine roots appears in 221 

the upper 25 cm of soil depth. In the laboratory, fine roots (< 2 mm in diameter) were separated 222 

from the rest and carefully washed, and a representative sub-sample of each sample was 223 

scanned at 400 dpi [see Hummel et al. (2007) for methodological details]. The digital images 224 

were analysed using the specific software WinRHIZO ver. 2009 (Regent Instruments Inc., 225 

Quebec, Canada). The root material harvested was immediately weighed, oven-dried at 60 °C for 226 

48 h and then re-weighed. These measurements were used to calculate two key belowground 227 

traits related to water and nutrient uptake (Jackson et al. 1997): specific root area (SRA, root area 228 

per unit of root dry mass; m2 kg-1) and root dry matter content (RDMC, root dry mass per unit of 229 

root water-saturated fresh mass; g g-1).  230 

 231 

FUNCTIONAL TRAIT COMPOSITION AND DIVERSITY 232 
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Regarding functional trait composition, all the above-described functional traits were weighted by 233 

the relative abundance of their constitutive species at each sampling plot and year to calculate 234 

community weighted means (CWM; sensu Garnier et al. 2004).  235 

The functional diversity (FD) of each plot was characterised by means of four different 236 

and complementary indexes (Appendix S3): functional richness (FR), which is calculated with 237 

data of species occurrence and reflects the amount of functional trait variability in a given 238 

community (i.e. how much of the niche space is occupied by the species); functional evenness 239 

(FE), which quantifies the evenness of abundance distribution across species trait values (i.e. the 240 

regularity of spacing between species along a functional trait gradient); functional divergence 241 

(FDiv), which captures the degree of divergence in the abundance distribution of species 242 

functional traits and represents how abundance is spread along a functional trait axis, being low 243 

when the functional traits of the most abundant species are close to the centre of the functional 244 

trait range (Mason et al. 2005; Villéger et al. 2008); and the Rao´s quadratic entropy (Rao 1982), 245 

which is the sum of pair-wise distances between species weighted by their relative abundances, 246 

representing an integrative measurement of dissimilarity in the multidimensional trait space of the 247 

community (Pavoine & Ricotta 2014). Additionally, we calculated the Shannon index as a 248 

representative measure of species diversity that takes into account not only the number of 249 

different species present in each sampling plot and year but also how evenly species abundance 250 

is distributed among them (Shannon & Weaver 1948). The R-package 'FD' (Laliberté et al. 2010) 251 

was used to calculate the four FD indices considered in this study (R Development Core Team 252 

2006). 253 

 254 

DATA ANALYSES 255 

Climate effects on shrubland communities 256 
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To identify the climate factors potentially driving inter-annual variability in plant cover, diversity 257 

and functional trait composition, we fitted linear and nonlinear models with maximum likelihood 258 

techniques. Changes in AGC, species diversity (i.e. Shannon index) as well as each of the 259 

above-described CWM variables and FD indexes were used as dependent variables (all plots 260 

combined), whereas the above-mentioned climate factors were included as predictors. We also 261 

considered the same climate factors for the previous year due to the potential delayed response 262 

of shrubland communities to climatic variability (e.g. Lloret et al. 2012). We tested three 263 

alternative functional forms (linear, exponential and Michaelis-Menten) covering a wide range of 264 

possible forms (see equations in Appendix S4). We first tested models for each climate factor and 265 

functional form independently, and the best of the three models was compared to the null model 266 

that assumed no effect of any factor. We then fitted bivariate and trivariate models using those 267 

climate factors that had an effect on the dependent variable when evaluated singly. We compared 268 

alternative models in which the second or third factor was included either additively or 269 

multiplicatively. However, models including more than two climate factors were not reported in 270 

this paper due to their lower empirical support compared with univariate or bivariate models. 271 

Models were parameterized with maximum likelihood (Edwards 1992) using a simulating 272 

annealing algorithm. Competing models were compared using the Akaike Information criterion 273 

corrected for small sample sizes (AICc; Burnham & Anderson 2002) as a measure of goodness-274 

of-fit: the lower the AIC value, the better the model. Models with ∆AIC between 0 and 2 were 275 

considered to have equivalent and substantial empirical support (Burnham & Anderson 2002). 276 

The R2 of the regression of observed vs. predicted values was used as an additional measure of 277 

the goodness-of-fit of each alternative model. This modelling approach is suitable to identify the 278 

best environmental factors driving functional composition and diversity, as previously conducted 279 

in other observational studies (e.g. Pérez-Ramos et al. 2012). Models were implemented using 280 

the ‘likelihood’ R-package version 1.1.(R Development Core Team 2006).  281 
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 282 

The role of functional diversity as a driver of community stability 283 

To evaluate the effect of functional diversity on community stability, we performed linear mixed 284 

models (LMM). Due to the expected year-to-year variation in functional diversity, community 285 

stability was calculated for each of the 19 plots using three yearly metrics: annual changes in 286 

aerial green cover (i.e. differences between AGC values of consecutive years), annual changes in 287 

Shannon diversity (calculated as for AGC), and the mean value of Bray-Curtis species 288 

dissimilarity between consecutive year pairs. We preferred to use the latter variable (which is 289 

weighted by species abundance) instead of occurrence-based indices of dissimilarity due to the 290 

marginal temporal changes in species presence/absence detected in the study area during the 291 

sampling period (data not shown). Higher values of each of these three metrics indicate less 292 

stable (i.e. more variable) communities in terms of plant cover, species diversity or species 293 

composition, respectively. These three stability metrics were used as dependent variables in the 294 

LMM. Yearly functional diversity (expressed as the Rao´s quadratic entropy) was used as the 295 

fixed variable representing an integrative measurement of dissimilarity in the multidimensional 296 

trait space of the community, whereas year was included into the LMM models as the random 297 

variable, resulting thus in a total of 152 observations (19 plots x 8 year-pair comparisons). These 298 

analyses were also repeated using each of the other three FD indices (functional richness, 299 

evenness and divergence) as fixed variables but the results were qualitatively similar to those 300 

using the Rao index. 301 

Linear mixed models were conducted in R 3.2.3 (R Development Core Team 2006), 302 

using the 'nlme' package (Pinheiro et al. 2015).  303 

  304 

The role of soil environment as a driver of community stability 305 
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To characterize the soil environment of the 19 sampling plots and explore the level of 306 

dependence among soil variables, we conducted exploratory principal component analysis (PCA) 307 

using the 10 soil properties considered in this study. Previously, all soil variables were 308 

standardised and, if necessary, log-transformed to fulfil assumptions of normality and 309 

homoscedasticity. Normality was tested using the Shapiro-Wilk test. These analyses were carried 310 

out using Statistica (v. 6, StatSoft Inc., 2001).  311 

To test the effects of soil environment on community stability, we used the same above-312 

described likelihood modelling approach. The first 3 PCA axes (see details in the ´Results` 313 

section) were used as predictor variables. As dependent variables, we used the following stability 314 

variables of the whole sampling period: the coefficient of variation (CV) of aerial green cover over 315 

nine years, the CV of Shannon diversity for the same time period, and the mean value of Bray-316 

Curtis dissimilarity between all possible pairs of years.  317 

 318 

RESULTS 319 

CLIMATE EFFECTS ON SHRUBLAND COMMUNITIES 320 

Climate was highly variable during the studied nine-year period. Annual rainfall ranged from 331 321 

to 661 mm, and temperature also exhibited marked inter-annual differences (with annual 322 

minimum and maximum values ranging from 9 to 12.5 ºC and from 23 to 25.5 ºC, respectively; 323 

Appendix S1). Particularly, the number of frost days (i.e. with temperatures below 0º) per year 324 

varied from 3 to 26 during the sampling 9-year period. 325 

 326 

Plant cover and functional diversity.- Vegetation exhibited a large year-to-year variation in aerial 327 

green cover (ranging from 40 to ≈ 65%), but returned to similar initial values at the end of the 328 

studied nine-year period. The maximum decreases of AGC appeared in 2010 and 2013 (Fig. 1A), 329 

exactly coinciding with two of the most important increases in functional diversity (Fig. 1B). The 330 
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most variable species were the Cistaceae Halimium halimifolium, H. commutatum and Cistus 331 

libanotis, which reduced drastically their cover (Appendix S2); in contrast, other species with 332 

more sclerophyllous and small leaves such as Stauracanthus genistoides or Calluna vulgaris 333 

expanded their occupation after these new conditions of lower plant density (Appendix S2). 334 

Interestingly, the studied shrubland communities were less stable in terms of FD, appearing a 335 

general pattern of increasing FD over the sampling time period (Fig. 1B). This temporal trend of 336 

increased FD without a relevant change in AGC was promoted by a redistribution of species 337 

abundance patterns. Thus, some species such as Ulex australis or Halimium halimifolium 338 

reduced their cover after nine years, whereas others such as Lavandula stoechas or 339 

Stauracanthus genistoides showed higher values of AGC in 2015 compared with 2007 (Appendix 340 

S2). 341 

These changes in plant cover and FD were strongly influenced by both temperature and 342 

precipitation (Appendix S4). Higher increases of AGC were detected in more rainy (i.e. less 343 

water-stressed) years with less cold winters (Fig. 2A and 2B). In contrast, functional diversity 344 

linearly decreased in years with higher minimum temperatures (in the case of FR; Fig. 2C) and 345 

less warm summers (in the case of FE), and increased in years with higher values of annual 346 

maximum temperature and water deficit (Rao´s quadratic entropy; Fig. 2D). Importantly, all these 347 

climate factors were referred to the previous year (lag-1; Appendix S4). Finally, no models 348 

relating climate factors with changes in Shannon Index exhibited better empirical support than 349 

null (Appendix S4). 350 

 351 

Functional trait composition.- The three leading functional dimensions considered in this study 352 

(i.e. related to plant economics, light interception and reproductive ability) were also sensitive to 353 

inter-annual variability in climate (mainly temperature; Appendix S5). On the one hand, colder 354 

winters the prior year (lag-1) promoted communities with higher dry matter content in leaves and 355 
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stems (Fig. 3A), lower values of SRA and higher plant height (Fig. 3C). Changes in the annual 356 

minimum temperature (lag-1) also resulted in changes in δ13CCWM, with colder years promoting 357 

less negative values of this isotopic element. On the other hand, higher maximum temperatures 358 

in summer favoured communities with higher dry matter content in stems and roots (i.e. Fig. 3B). 359 

Finally, seed mass was also influenced by annual maximum temperature as well as by water 360 

deficit of the previous year (Appendix S5), with warmer and drier years promoting a 361 

predominance of plants with larger seeds (Fig. 3D). Water availability (mainly in summer) also 362 

played a secondary role on some CWMs, drier summers promoting communities with high-363 

density stems (i.e. higher SDMC) and a more efficient use of water (i.e. less negative values of 364 

δ13CCWM; Appendix S5). 365 

 366 

THE ROLE OF FUNCTIONAL DIVERSITY AS A DRIVER OF COMMUNITY STABILITY 367 

Results from the linear mixed models showed that the most functionally diverse communities 368 

were the most stable over time in terms of species diversity, as indicated by the negative 369 

significant relationship between the annual change in Shannon diversity and the Rao´s quadratic 370 

entropy (df = 143; t = -2.42; P = 0.02). However, the initial functional diversity (i.e. of the previous 371 

year) of the plot did not affect community stability in terms of plant cover (df = 143; t = 0.05; P = 372 

0.96) and species composition (df = 143; t = -1.43; P = 0.16). 373 

 374 

THE ROLE OF SOIL ENVIRONMENT AS A DRIVER OF COMMUNITY STABILITY 375 

The 10 abiotic variables describing soil environment of the 19 sampling plots were reduced to 376 

three independent PCA factors, together explaining 81.8% of the total variance (see factor scores 377 

for each variable in Appendix S6). The first PCA axis (hereafter called ‘resource limitation`) 378 

absorbed 38.3% of the total variance and represented a gradient of soil resource scarcity, 379 

positively related with elevation (a proxy of soil water availability) and negatively with soil organic 380 
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matter and the availability of certain key macronutrients such as N and Mg. The second PCA axis 381 

(hereafter ‘soil texture’) absorbed 28.8% of the total variance and represented a gradient of soil 382 

texture, being positively related with percentage of gravels and inversely with the other three 383 

texture variables. The third PCA axis (hereafter ‘soil acidity’) absorbed 14.7% of the total variance 384 

and was negatively associated with soil pH and Ca.  385 

 Results from our modelling approach demonstrated that community stability was largely 386 

conditioned by soil environment. First, temporal variability in species diversity (i.e. CV of Shannon 387 

index) was exponentially related with soil acidity, communities inhabiting more acidic soils being 388 

more stable over time than those growing in more basic soils (Fig. 4A). Second, temporal 389 

variability in plant cover (i.e. CV of AGC) was linearly related with soil limitation; communities 390 

inhabiting resource-limited soils being more stable over time than those growing in resource-391 

richer environments (Fig. 4B). However, temporal variability in terms of species composition (i.e. 392 

Bray-Curtis dissimilarity index) was not associated to any of the PCA axes describing soil 393 

environment. 394 

 395 

DISCUSSION 396 

CLIMATE EFFECTS ON SHRUBLAND COMMUNITIES 397 

The studied shrubland communities were strongly sensitive to inter-annual variability in climate. 398 

Thus, harsher conditions induced significant changes in plant cover, functional trait composition 399 

and diversity. In addition to the expected impact of drought (typical of the Mediterranean area), 400 

vegetation was also influenced by low (winter) temperatures, sometimes even exerting stronger 401 

effects than drought. Low winter temperature is considered an important climatic stressor in 402 

Mediterranean ecosystems, as previously documented for other woody species both in field (e.g. 403 

Pratt et al. 2005; Granda et al. 2014) and experimental conditions (e.g. Oliveira & Peñuelas 2004; 404 

Cavender-Bares et al. 2005). Freezing temperatures may result in embolism of xylem conduits 405 
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(lowering thus their hydraulic function; Mayr et al. 2006), reduction of leaf stomatal conductance 406 

(Pitterman 2010) and decline in photochemical efficiency (Nardini & Salleo 2000). Since drought 407 

and cold induce similar symptoms of foliage damage, it is not easy to disentangle the particular 408 

effects of each abiotic factor; however, the fact that models including minimum temperatures had 409 

in general much stronger empirical support than models including rainfall highlights the 410 

importance of this (often ignored) climatic stressor in the studied ecosystems. Drought and cold 411 

temperatures likely interacted synergistically, as pointed by previous studies in the same study 412 

area (de la Riva et al. 2016b; Lloret et al. 2016), drought-induced embolism potentially increasing 413 

the plant vulnerability to cold-induced cavitation (Sperry et al. 1994). Interestingly, nearly all of 414 

these climate predictors were referred to the previous year, likely due to the potential delayed 415 

response of woody plants to climatic variability (e.g. Bigler et al. 2007; Lloret et al. 2012, 2016). 416 

Extreme climatic events usually induce large consumption rates of the reserves stored in the 417 

plant, which can result in carbon starvation and hydraulic failure (Galiano et al. 2011; Anderegg et 418 

al. 2012). However, these processes triggering plant mortality operate at very different temporal 419 

scales, from seconds to decades (McDowell et al. 2013). After a severe climatic stressor (e.g. an 420 

intense drought), plants may reach a “point of no return” but they may also maintain for a long 421 

time their green leaves with a basal metabolism before the eventual death (Anderegg et al. 2012). 422 

 423 

Plant cover and functional diversity.- Colder and drier conditions caused remarkable decreases in 424 

total plant cover but increased the values of functional diversity. The lowered competition derived 425 

from the reduction of plant density after unfavourable years probably allowed the redistribution of 426 

species abundance patterns, favouring the expansion of functionally dissimilar species that 427 

colonized the new open microsites previously occupied by dominant species (del Cacho & Lloret 428 

2012; de la Riva et al. 2016b). Thus, some species with sclerophyllous and reduced leaves such 429 

as Stauracanthus genistoides or Calluna vulgaris were favoured after these harsh conditions, 430 
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whereas others with larger-sized and less dense leaves such as Halimium halimifolium, H. 431 

commutatum and Cistus libanotis reduced drastically their cover. These results of increased FD 432 

after drier conditions are in line with previous experimental studies in grasslands reporting 433 

negative effects of irrigation on species diversity (Suttle et al 2007; Czóbel et al. 2008), but 434 

contrast with others that found positive effects (Zavaleta et al. 2003; Harpole et al. 2007) or a 435 

limited impact of moister conditions on species richness and diversity (Collins et al. 2012). 436 

However, how functional diversity (instead of species richness or diversity) will be affected by 437 

climatic variability still remains poorly understood.  438 

The trend of increased functional diversity with harsh conditions registered in our 439 

sampling period could reverse under other circumstances, for example in response to more 440 

severe climatic conditions. This could explain the apparently opposing results that we previously 441 

found in the same study area, when functional diversity values decreased after an extreme 442 

climatic event of intense drought and very cold winter that took place in 2005 (de la Riva et al. 443 

2016b). These contrasting trends could be partly explained by the theoretical two-phase model 444 

proposed by Sandel et al. (2010), stating that marked compositional changes caused by 445 

immigration into and extirpation from the species pool (e.g. after an extreme climatic episode) 446 

could reverse initial shifts that are primarily driven by changes in abundance within the local 447 

species pool. Further studies considering a broader temporal scale are therefore necessary to 448 

obtain a more general picture on changes in community functional diversity in response to inter-449 

annual climatic variability. This is particularly relevant under the current scenario of global 450 

change, in which extreme climatic episodes in the region are expected to increase in the future 451 

(IPCC 2013; Beniston et al. 2007; Giorgi & Lionello 2008). 452 

 453 

Functional trait composition.- The three leading functional dimensions considered in this study 454 

(i.e. plant economics, light interception and reproductive ability) also exhibited a remarkable year-455 

Page 19 of 46

Journal of Ecology: Confidential Review copy

Journal of Ecology: Confidential Review copy



20 

 

to-year variation in response to inter-annual fluctuations in climate (mainly temperature). First, 456 

harsher conditions (i.e. years with colder winters and, to a lesser extent, with drier summers) 457 

promoted the predominance of species with trait values associated to a conservative resource-458 

use strategy (i.e. with higher values of tissue dry matter content, lower values of SRA and a more 459 

efficient use of water). This supports previous studies reporting higher temporal stability in 460 

species having higher values of leaf dry matter content (LDMC) (Polley et al. 2013; Majekova et 461 

al. 2014), and highlights the importance of considering additional functional traits belonging to 462 

other plant organs (in stems and roots) related with drought and frost tolerance. On the one hand, 463 

higher values of stem dry matter content (SDMC; which can be used as a proxy of wood density) 464 

might confer an advantage to the plant due to its potential ability to reduce its vulnerability to 465 

xylem cavitation promoted by dry and/or cold conditions (Hacke et al. 2001; Martínez-Vilalta et al. 466 

2010). On the other hand, higher values of root dry matter content (RDMC) have been commonly 467 

associated to a higher plant ability to cope with drought (e.g. Poorter & Markejstein 2008; Pérez-468 

Ramos et al. 2013). This suite of traits related with tissue dry matter content, which can be 469 

grouped within a sclerophylly syndrome, has been interpreted as an adaptation for efficient 470 

resource conservation and strong tolerance to resource limitation at both the species (e.g. 471 

Lavorel & Garnier 2002; Garnier et al. 2007) and community level (Pérez-Ramos et al. 2012; de 472 

la Riva et al. 2016a). 473 

 Second, the community-averaged plant height increased after colder winters, which 474 

seems to be due to the increase of the abundance of taller species such as Erica scoparia or 475 

Stauracanthus genistoides (Appendix S2). Further research including some physiological 476 

measurements is necessary to evaluate why these species with higher plant height were 477 

favoured against others in response to this climatic stressor. 478 

 Third, seed mass was also largely sensitive to inter-annual variability in climate, with 479 

warmer and drier years promoting the predominance of species with larger seeds. These results 480 
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support the tolerance–fecundity model (Muller-Landau 2010), according to which large-seeded 481 

species will contribute in higher proportion to the community under more stressful conditions due 482 

to the recognized benefits of bigger seeds for a successful seedling establishment (Moles & 483 

Westoby 2004; Pérez-Ramos et al. 2010). 484 

 485 

THE ROLE OF FUNCTIONAL DIVERSITY AS A DRIVER OF COMMUNITY STABILITY 486 

Our results provide new insights into the assumed (but not universal) role of functional diversity 487 

(FD) as a buffer of the impact of climate on woody plant communities. Thus, the most functionally 488 

diverse communities were the most stable over time, likely because a higher number of 489 

functionally dissimilar species allowed compensatory dynamics among them (Tilman et al. 1998). 490 

The coexistence of a higher number of species that respond differently to the environment 491 

increases the probability that a greater number of them would survive against unfavourable 492 

climatic conditions, improving thus community stability (Díaz & Cabido 2001; Volaire et al. 2014). 493 

However, the benefits associated to a higher FD were only significant when stability was 494 

computed from changes in species diversity (Shannon diversity).  On the contrary, the initial FD 495 

of the plot did not affect community stability in terms of plant cover and species composition. The 496 

most diverse shrubland communities hardly varied their values of species diversity over the 497 

sampling time period, but this did not imply an absence of temporal changes in plant cover and/or 498 

compositional turnover. On the one hand, potential changes in plant cover but not in species 499 

diversity align closely with the two-phase model proposed by Sandel et al. (2010), according to 500 

which ecosystem responses to any perturbation (e.g. resource alteration) are first dominated by 501 

shifts in the abundances of resident species and, in a second phase, by the loss of some of them 502 

or the arrival of new species. On the other hand, the positive buffering effects of a higher FD on 503 

changes in species diversity but not necessarily in species composition support previous results 504 

in the same study area reporting that the most functionally diverse communities maintained over 505 
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time their higher values of FD in spite of experiencing large rates of species replacement (de la 506 

Riva et al. 2016b). Thus, our findings confirm the relevant role of functional diversity as a buffer of 507 

climate-induced changes in Mediterranean shrubland communities, and highlight the utility of 508 

considering different metrics of community stability to obtain a more complete picture of the 509 

impact of climate on vegetation. 510 

 511 

THE ROLE OF SOIL ENVIRONMENT AS A DRIVER OF COMMUNITY STABILITY 512 

The studied shrubland communities largely differed in their temporal stability according to the 513 

spatial heterogeneity in soil conditions; thus, communities inhabiting more acidic and resource-514 

limited habitats were the most stable over time. This could be explained because communities 515 

growing in more stressful environments are mainly constituted by slow-growth, stress-tolerant 516 

species (e.g. Bernard-Verdier et al. 2012; Pérez-Ramos et al. 2012; de la Riva et al. 2016a) that 517 

are potentially better adapted to harsh climatic conditions (Chapin 1991). This result is in line with 518 

previous studies reporting lower temporal stability in communities growing in naturally resource-519 

rich soils (Grime et al. 2000; Fernández-Going et al. 2012) or after artificially added nutrients 520 

(Leps 2004; Majekova et al. 2014).  521 

In our study area, soil pH and resource limitation could be acting at different stages in the 522 

process of community assembly in response to episodes of unfavourable climatic conditions. 523 

First, soil pH could act as an initial abiotic filter excluding from the community those species with 524 

unfit trait values (i.e. less tolerant to more acidic soils). Second, soil resource limitation could 525 

promote changes in species abundances, reducing the dominance of fast-growing, exploitative 526 

species that are usually less adapted to resource limitation (Wright et al. 2004). 527 

In addition to the above-described buffering effects of functional diversity, our results 528 

suggest that community stability may be also mediated by a higher dominance of species 529 

associated to a conservative strategy (more frequent in more acidic and poorer soils), which 530 
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respond relatively little to environmental fluctuations. These findings are in line with previous 531 

evidences documenting the relevant role of the functional traits of dominant species on 532 

community stability, sometimes exerting a stronger influence than diversity per se (Grime 1998; 533 

Fernández-Going et al. 2012; Polley et al. 2013). 534 

 535 

CONCLUSIONS AND CLIMATE CHANGE PREDICTIONS 536 

This study highlights the utility of a trait-based approach (considering both aboveground and 537 

belowground traits) to evaluate how plant communities respond to climatic variability. The studied 538 

shrubland communities were clearly sensitive to climatic fluctuations. Particularly, colder and drier 539 

conditions induced significant changes not only in total plant cover but also in functional trait 540 

composition and diversity. Interestingly, the studied shrubland communities returned to their initial 541 

values of plant cover after nine years, but changes in functional diversity and structure persisted 542 

over time. Understanding the temporal course of community shifts could be useful to improve 543 

predictions about the impact of climate change (Shaver et al. 2000). Based on our results, we 544 

could infer that the increased frequency of extreme climatic events (such as episodes of intense 545 

drought and/or frost) predicted by climate change models (Beniston et al. 2007; Giorgi & Lionello 546 

2008; IPCC 2013) will alter the functional structure of the studied shrubland communities, with 547 

potential repercussions for ecosystem functioning (Lavorel & Garnier 2002; Suding et al. 2008). 548 

On the one hand, more recurrent events of intense aridity and low temperatures will promote the 549 

predominance of shrubs with a conservative resource-use strategy (i.e. with denser leaves, stems 550 

and roots), bigger seeds and a more efficient use of water. On the other hand, our results suggest 551 

that functional diversity will tend to increase after sporadic episodes of unfavourable conditions, 552 

although this response could reverse in response to more severe climatic conditions (de la Riva 553 

et al. 2016b). 554 
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 Interestingly, these predicted climate-driven changes in shrubland communities will be 555 

more or less marked as a function of other factors such as the initial functional diversity or the soil 556 

environment, which act as relevant drivers of community stability and highlight the importance of 557 

considering the effects of ecological legacy to interpret community responses to climatic 558 

variability. Understanding how different biotic and abiotic factors mediate the resistance of 559 

communities to climate change is currently one of the most active scientific fields and one of the 560 

most pressing issues to implement successful management plans at different geographical levels 561 

(Shaver et al. 2000; Parry et al. 2007; Valencia et al. 2015). The information provided here could 562 

be thus applied to improve ecologically based management and restoration strategies in 563 

Mediterranean ecosystems. For instance, reintroducing or favouring the expansion of shrubs with 564 

a conservative resource-use strategy as well as promoting communities with a higher diversity of 565 

different functional groups could attenuate the potential impact of climatic fluctuations on 566 

Mediterranean plant communities. 567 
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Figure legends 825 

Figure 1. Temporal dynamics of aerial green cover (A) and functional diversity (B; expressed as 826 

the Rao´s quadratic entropy) over the studied nine-year period. 827 

 828 

Figure 2. Changes in aerial green cover (A and B) and functional diversity (C and D) as a 829 

function of the best climate predictors. In panels A and B, positive values in the ordinate axis 830 

indicate increases in aerial green cover (regarding the prior year), whereas negative values 831 

indicate just the opposite (i.e. decreases). Dashed lines represent the best-fitted models (see 832 

Appendix S4), and solid lines around each point represent 95% confidence intervals (for n=19 833 

plots). All the climate factors represented in these figures were referred to the previous year (lag-834 

1). 835 

 836 

Figure 3. Changes in the three leading functional dimensions considered in this study as a 837 

function of the best climate predictors: plant economics (tissue dry matter content; A and B), light 838 

interception (plant height; C) and reproductive ability (seed mass; D). Dashed lines represent the 839 

best-fitted models (see Appendix S5), and solid lines around each point represent 95% 840 

confidence intervals (for n=19 plots).   841 

 842 

Figure 4. Relationship between community stability and soil environment (the best-supported 843 

PCA axes). Community stability was expressed as the coefficient of variation (CV) of species 844 

diversity (A) or CV of aerial green cover (B). Higher values of the Principal Component 3 (Acidity) 845 

indicate more acidic soils, and higher values of the Principal Component 1 (Resource limitation) 846 

indicate soils with a higher resource limitation. 847 

 848 

 849 
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Supporting Information 1 

Appendix S1. Temporal dynamics of climate variables (rainfall, maximum and minimum 2 

temperature) over the studied nine-year period. 3 

 4 
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Appendix S2. Mean relativized frequency and standard deviation of all the shrub species present in the study area (all plots combined) over the nine-year 5 

sampling period. Species selected for trait measurements have been highlighted with bold letters. 6 

7 

Year

Species 2007 2008 2009 2010 2011 2012 2013 2014 2015

Calluna vulgaris 1.32±4.71 0.85±2.82 1.12±3.37 1.89±7.46 1.34±4.74 0.96±3.11 0.86±3.41 0.36±1.54 1.26±4.53

Cistus crispus 0.01±0.06 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00

Cistus libanotis 2.95±4.99 3.54±3.70 5.03±6.05 0.00±0.00 5.09±5.66 5.13±5.86 5.14±5.58 4.52±6.45 0.00±0.00

Cistus salvifolius 1.08±2.41 0.00±0.00 0.48±1.69 0.51±1.67 0.81±2.27 0.47±1.51 0.29±1.02 0.06±0.18 0.08±0.25

Corema album 0.05±0.24 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00

Cytisus grandiflorus 0.00±0.00 0.26±0.62 1.04±2.87 0.74±1.70 0.76±1.71 1.03±2.48 0.89±2.85 0.93±2.27 0.96±2.71

Erica scoparia 7.76±16.30 8.01±16.67 7.22±17.40 6.26±14.02 7.14±16.10 6.72±16.65 7.30±15.40 8.37±18.07 6.27±15.97

Erica umbellata 0.00±0.00 0.18±0.80 0.08±0.35 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.26±0.79 0.02±0.08

Halimium commutatum 15.91±16.10 17.89±17.67 19.49±14.93 23.94±22.61 20.97±17.73 20.07±17.97 20.21±15.67 18.28±17.55 23.42±18.26

Halimium halimifolium 23.86±20.04 22.76±21.20 23.98±15.82 19.05±17.44 20.50±16.12 22.13±17.24 14.74±13.65 15.82±12.28 13.50±11.20

Helycrissum pisardi 1.93±2.83 1.08±2.27 1.13±1.84 0.43±0.81 0.72±1.21 0.52±0.93 1.77±2.83 1.72±3.20 1.32±3.27

Juniperus phoenicea 0.83±3.60 0.79±3.43 0.29±1.18 0.62±2.71 0.28±1.22 0.32±1.24 0.90±2.23 1.21±2.99 0.74±2.24

Lavandula stoechas 9.22±9.58 13.44±13.365 11.06±8.83 9.66±13.10 12.53±14.02 12.41±14.20 10.93±12.94 11.61±10.37 15.51±12.81

Myrtus communis 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.05±0.19 0.00±0.00

Phyllirea angustifolia 0.89±2.86 0.00±0.00 0.42±1.27 0.53±1.68 0.23±0.65 0.65±2.03 1.08±3.13 0.98±2.35 0.77±3.09

Pinus pinea 0.00±0.00 0.30±1.29 0.17±0.73 2.73±7.66 0.99±3.03 1.47±3.78 3.37±7.81 1.44±4.83 3.72±9.23

Rosmarinus officinalis 12.91±16.60 14.25±15.61 14.57±15.68 14.33±16.11 14.78±15.40 14.38±14.71 13.59±14.37 14.52±16.05 16.23±16.67

Staurachantus genistoides 6.59±9.72 7.22±14.18 4.68±5.53 14.96±16.20 5.94±6.52 4.71±4.86 9.99±13.60 15.84±21.18 12.47±13.18

Thymus mastichina 1.62±2.49 0.00±0.00 0.97±1.70 1.14±2.03 0.80±1.57 0.69±1.24 0.86±1.51 0.98±1.49 1.03±1.98

Ulex australis 12.53±18.18 9.44±11.67 8.27±10.74 3.72±6.98 7.22±10.50 8.48±11.73 8.55±14.76 3.25±5.30 3.45±6.22

Ulex minor 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.08±0.35 0.00±0.00 0.00±0.00
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Appendix S3. Functional traits and diversity indexes quantified in this study, with their abbreviations and units when relevant. The main leading functional 8 

dimension (economics spectrum, light interception and reproductive ability) has been indicated for each of the eight traits. A brief description of the four 9 

functional diversity indexes has been also inserted.  10 

11 

Functional Traits Abbreviation Unit Leading Functional Dimension

Aboveground traits

     Plant height (community weighted mean) - m Light interception

     Specific leaf area (community weighted mean) SLAcwm cm
2
 g Plant economics

     Leaf dry matter content (community weighted mean) LDMCcwm g g
-1

Plant economics

     Stem dry matter content (community weighted mean) SDMCcwm g g
-1

Plant economics

     Carbon isotope ratio (community weighted mean) δ13Ccwm ‰ Plant economics

     Seed mass (community weighted mean) - g Reproductive ability

Belowground traits

     Specific root area (community weighted mean) SRAcwm cm
2
 g

-1
Plant economics

     Root dry matter content (community weighted mean) RDMCcwm g g
-1

Plant economics

Functional diversity indexes Abbreviation Description

Functional Richness FR

Functional Evenness FE

Functional Divergence Fdiv

Rao´s quadratic entropy Rao

Amount of functional trait variability in a given community

Degree of divergence in the abundance distribution of 

species functional traits

Integrative measurement of dissimilarity in the 

multidimensional trait space of the community

Evenness of abundance distribution across species trait 

values 

Page 42 of 46

Journal of Ecology: Confidential Review copy

Journal of Ecology: Confidential Review copy



4 

 

Appendix S4. Summary of the best-fitted models analysing the effects of climate factors on 12 

changes in aerial green cover, species and functional diversity over the study 9-year period. 13 

Functional diversity was characterised by means of four different indexes: functional richness, 14 

functional evenness, functional divergence and the Rao´s quadratic entropy. As a representative 15 

measure of species diversity, we used the Shannon–Wiener index. Only the models with better 16 

empirical support than null are shown, ranked from best to poorest fits. The best-supported model 17 

and their equivalents (∆AIC<2) have been highlighted with bold letters for each component. The 18 

signs of the relationships (positive or negative) between each dependent variable and the 19 

selected climate predictors are also indicated. Model Forms: LIN, linear model. 20 

 21 

Note: The equations of the different functions fitted in the models calibrated for this study are: 22 

(1) Linear aditive: a + bFactorAi + cFactorBi  23 

(2) Linear multiplicative: a + bFactorAi * cFactorBi  24 

(3) Exponential aditive: ae (bFactorAi+ cFactorBi) 25 

(4) Exponential multiplicative: ae (bFactorAi *cFactorBi)  26 

(5) Michaelis- Menten multiplicative:  27 

aFactorAi * FactorBi 28 

────────────────────────────────── 29 

(a/b + FactorAi) * (a/c + FactorBi) 30 

 31 

where a, b, and c are parameter estimates that maximized the likelihood function, and Factors Ai 32 

and Bi are the selected climate factors for each year “i”. 33 

 34 

 35 

 36 

 37 

 38 
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39 

Dependent variable Climate factors FF Relation R2 AIC ∆AIC

Change in Aerial Green Cover (%) Minimum Temperature in winter (lag-1) LIN + 0.81 60.35 7.70

Annual Rainfall (lag-1) LIN + 0.74 62.72 5.33

Annual Water Deficit (lag-1) LIN - 0.68 64.46 3.59

Accumulated Rainfall in winter (lag-1) LIN + 0.62 65.88 2.17

NULL 68.05

Shannon Index NULL 63.78

Functional Richness Annual Minimum Temperature (lag-1) LIN - 0.63         95.99 4.04

Annual Maximum Temperature (lag-1) LIN + 0.53         98.06 1.97

NULL 100.03

Functional Evenness Average Temperature in summer (lag-1) LIN - 0.55         87.97 2.46

NULL 90.43

Functional Divergence NULL 91.58

Rao Index Annual Maximum Temperature (lag-1) + Annual Water Deficit (lag-1) LIN +,+ 0.92         90.30 10.51

Annual Maximum Temperature (lag-1) LIN + 0.62         96.87 3.94

Annual Water Deficit (lag-1) LIN + 0.56         98.24 2.57

NULL 100.81
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Appendix S5. Summary of the models analysing the effects of climate factors on the community functional traits considered in this study over the 9-year 40 

sampling period. Models are noted and evaluated as in Table 1. The sub-indices CWM indicate community weighted means values. 41 

 42 

43 

Dependent variable Climate factors FF Relation R2 AIC ∆AIC

Plant heightCWM (cm) Average Temperature in winter (lag-1) EXP - 0.76 35.82 7.99

Minimum Temperature in winter (lag-1) LIN - 0.64 39.51 4.30

NULL 44 0.00

LDMCCWM (mg g
-1

) Minimum Temperature in winter (lag-1) LIN - 0.70 61.34 5.96

Annual Minimum Temperature (lag-1) EXP - 0.63 63.08 4.22

NULL 67.30

SLACWM (m
2
 Kg

-1
) NULL 76.24

SDMCCWM (mg g
-1

) Max Temperature in summer + Min Temperature in winter (lag-1) EXP +,- 0.92 58.09 10.57

Maximum Temperature in summer LIN + 0.67 63.49 5.17

Minimum Temperature in winter (lag-1) EXP - 0.51 66.59 2.07

Accumulated Rainfall in summer EXP - 0.51 66.59 2.07

NULL 68.66

RDMCCWM (mg g
-1

) Maximum Temperature in summer LIN + 0.65 62.14 4.57

NULL 66.71

SRACWM (m
2
 Kg

-1
) Minimum Temperature in winter (lag-1) LIN - 0.83 80.39 11.38

NULL 91.77

δ
13

CCWM (‰) Annual Minimum Temperature (lag-1) EXP - 0.63 15.31 9.6

Accumulated Rainfall in summer EXP - 0.47 18.59 6.32

NULL 24.91

Seed MassCWM (g) Annual Max Temperature (lag-1) + Annual Water Deficit (lag-1) LIN +,+ 0.89 59.86 8.22

Annual Minimum Temperature (lag-1) EXP - 0.64 63.8 4.28

Annual Maximum Temperature (lag-1) LIN + 0.59 64.86 3.22

Annual Water Deficit (lag-1) LIN + 0.56 65.48 2.6

NULL 68.08
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Appendix S6. Factor loadings from the Principal Component Analysis used to describe soil 

environment in the 19 sampling plots. The most correlated variables with each of the three 

selected PCA factors have been highlighted in bold letters. 

 

 

 

 

 

 

 

 

 

 

 

 

Factor 1 Factor 2 Factor 3

Elevation 0.73 0.50 0.03

Percentage of gravels 0.17 -0.90 0.24

Percentage of sands -0.29 0.95 0.10

Percentage of silts 0.18 -0.62 -0.40

Percentage of clays 0.33 -0.52 -0.31

Soil pH 0.54 0.30 -0.69

Total Organic Matter -0.89 -0.35 -0.09

Soil N -0.93 -0.06 -0.15

Soil Ca -0.45 0.17 -0.79

Soil Mg -0.94 0.12 0.07

Proportion of explained variance (%) 38.30 28.77 14.69

PCA-factor identity Resource limitation Soil texture Soil acidity
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