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Abstract 22 

Aim 23 

The functioning of soil microbial communities is co-determined by plant community composition and 24 

environmental factors. Decreased precipitation predicted in the Mediterranean area will affect both 25 

determinants, yet their interplay on soil microbial functioning is poorly understood. Here we assessed 26 

the interaction of plant community diversity and reduced precipitation on microbial metabolic activity 27 

and diversity in the topsoil of a Mediterranean shrubland in Southern France.  28 

 29 

Methods 30 

With a large field experiment using 92 plots that differed in the diversity of the four dominant shrub 31 

species (Quercus coccifera, Cistus albidus, Ulex parviflorus, and Rosmarinus officinalis) we 32 

manipulated the average precipitation (a mean reduction of 12%) over three years and analyzed the 33 

community level physiological profile (MicroResp™) after 7 and 31 months of partial rain exclusion. 34 

 35 

Results 36 

Partial rain exclusion had only subtle effects on soil microbial parameters. Soil microbial global 37 

metabolic activity and diversity increased with total shrub cover but tended to decrease with shrub 38 

diversity under control conditions, relationships that were absent with partial rain exclusion. We showed 39 

strong shrub composition control over the soil microbial parameters, with a  particularly strong effect of 40 

Q. coccifera. 41 

 42 

Conclusion 43 

Our results suggest that climate change may have greater impact on soil microbial functioning via shifts 44 

in plant community composition rather than through direct effects of reduced precipitation, yet this may 45 

depend on how precipitation will change. 46 

  47 
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Introduction 48 

It is well established that different plant species support contrasted soil microbial communities 49 

that drive processes at different rates (e.g. Bonkowski and Roy 2005; Lucas-Borja et al. 2012). These 50 

plant effects operate through modified environmental conditions (Augusto et al. 2015; Joly et al. 2017) 51 

or distinct quantity and/or quality of organic matter inputs through litterfall and rhizodeposition (Eviner 52 

and Chapin 2003; Bonanomi et al. 2010). Consequently, any change in the amount, quality or diversity 53 

of organic matter inputs to the soil as a result of different plant community composition is likely to have 54 

noticeable effects on the soil microbial communities and the processes they drive (Chapman and 55 

Newman 2010; Scherber et al. 2010; Strecker et al. 2015). 56 

Many Mediterranean ecosystems are dominated by woody plants that are adapted to periodical 57 

drought and to low soil nutrient availability (De Micco and Aronne 2012; Sardans and Peñuelas 2013). 58 

These plants typically produce litter of rather low nutrient content and high concentration of structural 59 

compounds and specialized metabolites (Sardans and Peñuelas 2013). Soil moisture is commonly highly 60 

limiting during part of the year, with a strong positive correlation between soil moisture and microbial 61 

activity (Carbone et al. 2011; Schimel 2018). In these ecosystems, moisture conditions may limit soil 62 

microbial activity more than the quality of the organic carbon (C) input by litterfall (Sardans and 63 

Peñuelas 2013). The decreased precipitation of 10 to 20% annually and increased probability of more 64 

severe summer droughts predicted in the Mediterranean basin during this century (Polade et al. 2014; 65 

Lionello and Scarascia 2018) will have various effects on these ecosystems and their functioning 66 

(Peñuelas et al. 2018). But in spite of the importance of semi-arid ecosystems in the global C cycle and 67 

their role in the global C sink (Poulter et al. 2014; Ahlström et al. 2015), the response of soil processes 68 

to climate change in these ecosystems is poorly understood (Sardans & Peñuelas 2013). Some previous 69 

studies reported limited direct effects of lower precipitation (through decreased water availability) on 70 

soil microbial parameters in semi-arid forests or shrublands (De Dato et al. 2010; Pailler et al. 2014; 71 

Curiel-Yuste et al. 2014), but indirect effects may act, especially through changes in plant physiology 72 

and in the diversity and composition of plant communities. For example, lower precipitation generally 73 

results in less litterfall production (Sardans and Peñuelas 2013, Rodríguez-Ramírez et al. 2017). The 74 
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phenology of leaf senescence may also change as well as plant tissue quality, e.g. with projected 75 

increases in the contents of lignin and antioxidative compounds (Sardans and Peñuelas 2013). 76 

Ultimately, the most important indirect effects may be mediated by changes in plant community 77 

composition resulting from species-specific differences in drought susceptibility (Saura-Mas et al. 2012; 78 

Rodríguez-Ramírez et al. 2017), favoring more drought-resistant species (McIntyre et al. 1999; Sardans 79 

and Peñuelas 2013; Rodríguez-Ramírez et al. 2017). However, the relative contribution of these direct 80 

(decreased soil water availability) and indirect (changes in plant community composition and associated 81 

organic C inputs to the soil) effects on soil microbial processes and their implications for Mediterranean 82 

ecosystem functioning in a climate change context are poorly understood. Some authors suggested that 83 

the strong functional stability of soil microbial communities (Allison and Martiny 2008; Steinauer et al. 84 

2015) and the selection of microbial phenotypes adapted to the particular Mediterranean conditions 85 

(Curiel Yuste et al. 2014) might help counteracting possible negative effects of climate change on 86 

microbial-driven ecosystem processes (Vogel et al. 2013). 87 

In a changing environment, when conditions deviate from long term variance, plant diversity 88 

could gain in importance as a regulator of soil microbial communities and ecosystem-level processes, 89 

because of the buffering capacity of species-rich communities (Milcu et al. 2010; Santonja et al. 2015; 90 

Steinauer et al. 2015; but see Thakur et al. 2015). Because climate and biodiversity are predicted to 91 

change simultaneously, the ecosystem-level consequences could be considerable. Due to the complexity 92 

of experimental setups addressing the question of how plant diversity and climate change factors may 93 

interactively affect ecosystem functioning, relatively few studies exist (Steinauer et al. 2015; Ward et 94 

al. 2015; Santonja et al. 2017b). These data generally originate from comparatively short-term plant 95 

diversity experiments, with plant communities constructed artificially on soils that still bear legacy 96 

effects from former vegetation cover and land use, which may obscure the observed diversity effects 97 

(Eisenhauer et al. 2013). 98 

Various characteristics of the plant community may explain how its composition and diversity 99 

links to ecosystem processes with different mechanisms at play (Cerabolini et al. 2010; Massaccesi et 100 

al. 2015; Santonja et al. 2018). First, higher plant diversity commonly means increased niche space 101 
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filling, which in turn can lead to more efficient resource exploitation not only by the plants but also by 102 

the associated microbial community (Hooper et al. 2005; De Deyn 2013). According to the “niche 103 

complementarity hypothesis”, the trait values of the species composing the community differ, resulting 104 

in functional trait divergence that may underpin plant diversity effects on ecosystem processes 105 

(Hillebrand et al. 2008; Conti and Diaz 2013). Higher niche space filling of more diverse plant 106 

communities can also result in a denser plant cover compared to communities with less species, changing 107 

microclimatic conditions (e.g. higher soil moisture) that can affect soil microbial biomass and activity 108 

(Garcia et al. 2005; Fioretto et al. 2009; Maestre et al. 2011; Chen et al. 2019). A second major 109 

mechanism for plant diversity effects is related to the relative abundance of the various species, which 110 

may contribute to a given process proportionally to their contribution to the plant community. According 111 

to the “mass ratio hypothesis” (Grime et al. 1998), the community-aggregated trait values are thought 112 

to predict plant diversity effects on ecosystem processes. Distinguishing the relative effects of these 113 

components of the plant community on ecosystem functioning is critical for a mechanistic understanding 114 

of diversity effects and their predictions (Diaz et al. 2007). 115 

In the present study, we used an in situ experimental manipulation of precipitation in a typical 116 

Mediterranean shrubland of Southern France that consists in a series of experimental plots naturally 117 

differing in the composition of woody shrub species, and with half of the plots subjected to a partial rain 118 

exclusion. This experiment is presently the sole that addresses the interactive effects of climate change 119 

and plant diversity in naturally established plant communities. Specifically, we evaluated how the 120 

metabolic activity and diversity of soil microbial communities changed with lower precipitation 121 

depending on the plant community composition. We used ‘afterlife’ (leaf litter) traits of the four 122 

dominant shrub species (Quercus coccifera, Cistus albidus, Ulex parviflorus, and Rosmarinus 123 

officinalis) as functional parameters to characterize the shrub community and its effects on the soil 124 

microbial community living close to the soil surface. We measured the metabolic activity of the soil 125 

microbial community with MicroResp™, a multiple substrate-induced respiration measurement that was 126 

proposed as a robust biological indicator of soil microbial functional capacity in C cycling (Creamer et 127 

al. 2016). Indeed, soil microbial respiration is one of the largest fluxes of CO2 in terrestrial ecosystems 128 
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(Bond-Lamberty and Thomson 2010). The ability of the soil microbial community to respire on a large 129 

range of substrates (referred here as ‘metabolic diversity’) may be critical to understand the response of 130 

soil respiration to climate change, especially in Mediterranean soils where the activity of the microbial 131 

community may be simultaneously limited by the availability of water and organic C. 132 

We tested which of the structural (total cover and shrub diversity) or functional (aggregated leaf 133 

litter traits and their functional divergence) parameters of the shrub community relate to the metabolic 134 

properties of the soil microbial community, and whether it is modified by partial rain exclusion. In a 135 

previous study from the same field experiment, litter diversity (in terms of species richness and 136 

composition) and reduced precipitation, both had an impact on the microbial decomposer community 137 

and on the C and nitrogen (N) release during litter decomposition (Santonja et al. 2017b; Shihan et al. 138 

2017; Santonja et al. 2019). In contrast to these former studies that used a single batch of freshly fallen 139 

leaf litter exposed in field microcosms, we evaluated here the soil microbial community from 140 

undisturbed plot-specific soil with a decomposing leaf litter layer composed of different litter age 141 

cohorts and of variable species composition occurring naturally. We expected even stronger composition 142 

effects of the shrub community (in terms of both shrub species-specific cover and community-143 

aggregated litter traits) than in the previous studies with artificially constructed mixtures of fresh-fallen 144 

leaf litter (Santonja et al. 2017b; Shihan et al. 2017; Santonja et al. 2019). According to the “niche 145 

complementarity hypothesis”, we hypothesized that more diverse shrub communities are associated to 146 

(H1) more active and (H2) functionally more diverse soil microbial communities. Additionally, 147 

according to the stress-gradient hypothesis we hypothesized that (H3) the relationships between shrub 148 

community and soil microbial functional parameters are modified under partial rain exclusion, with 149 

microbial communities associated to less diverse shrub communities being more affected under drier 150 

conditions. 151 

 152 

 153 

Materials and Methods 154 

 155 
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Study site and experimental rain exclusion 156 

Our study was set up in the Massif de l’Etoile, near Marseille, France (43°21’55’’ N; 5°25’30’’ 157 

E). The site is 275 m above sea level with a mean annual precipitation of 570 mm, and a mean annual 158 

temperature of 15 °C. A detailed description of the site was given by Montes et al. (2008) and Santonja 159 

et al. (2017b). The soil is classified as a shallow rendzina developed on limestone with a high percentage 160 

of stones (Montes et al. 2008) but with high heterogeneity at small spatial scale. Average texture across 161 

the experimental plots (n = 92) was 33.2 ± 6.0 % clay (mean ± SE), 53.6 ± 5.6 % silt, and 13.2 ± 2.8 % 162 

sand. Total C, N and phosphorus (P-Olsen) contents were 95 ± 28 g kg-1, 5.30 ± 1.30 g kg-1 and 0.025 ± 163 

0.009 g kg-1, respectively. Values of pH ranged from 7.22 to 8.14 with a mean of 7.73, and cation 164 

exchange capacity from 26.4 to 65.8 with a mean value of 38.7 cmol kg-1 (surface (0-5 cm) soil 165 

characteristics for the experimental plots are shown in Table S1 Online Resource). The vegetation is a 166 

woody shrub-dominated “garrigue” with heterogeneous height (ranging from 0.2 to 1.4 m) and cover 167 

(25 to 95%) (Montes et al. 2008; Rodríguez-Ramírez et al. 2017), and with regular fires (last fire at our 168 

site occurred in 1997). A total of 27 plant species occurs at our study site, of which five dominant species 169 

accounted for 95% of the total vegetation cover (N. Rodriguez-Ramirez, personal communication). 170 

These include the four woody shrub species Quercus coccifera L. (Qc with an average cover across all 171 

plots of 36%), Cistus albidus L. (Ca, 18%), Ulex parviflorus Pourr. (Up, 10%), and Rosmarinus 172 

officinalis L. (Ro, 9%), and the grass species Brachypodium retusum P. Beauv. that accounts for 22% 173 

of the plant cover on average (see Rodríguez-Ramírez et al. 2017 for further details). 174 

Ninety-two 4 × 4 m plots were visually selected within a 2.5 ha area in order to include all possible 175 

combinations of the four dominant shrub species and their single species patches. Half of all plots, here 176 

referred to rain exclusion (RE) treatment were equipped with a rain exclusion device that consisted in a 177 

stainless-steel grid maintaining gutters 2 m above the ground and covering 40% of the total plot surface 178 

area. The remaining plots were assigned to a control treatment that was equipped with the same stainless-179 

steel grid structure, but with reversed gutters in order to keep shading and other potential side-effects of 180 

the steel structure comparable (Vogel et al. 2013). All plots were set up in October 2011. The average 181 

reduction of rainfall was 12 ± 2% (Figure S1 Online Resource, see Santonja et al. 2019 for further 182 
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details), which is within the range from 10 to 15% less precipitation predicted by global climate models 183 

for the region of our study site for the second half of the century (Polade et al. 2014). The amount of 184 

excluded rainfall was lower than could be expected with 40% coverage by gutters because of strong 185 

wind during rainfall events leading to lateral rainfall into the rain excluded area. The effect of rain 186 

exclusion on soil humidity was quantified using CS610 3-rod TDR probes (Campbell Scientific Ltd. 187 

Leicestershire, UK) installed at 10 cm soil depth in the 2 m × 2 m central part of 7 control and 8 rain 188 

exclusion plots. Rain exclusion resulted in lower soil humidity (-6.5% on average, -13 to -24% during 189 

rain events, Shihan et al. 2017). Additional TDR probes placed at 20 and 40 cm soil depth showed that 190 

the rain exclusion effect was stronger at these depths (-13 and -22% soil water content on average from 191 

January to May 2014 in rain exclusion compared to control plots). Also, total annual precipitation can 192 

vary considerably among years, reaching 679 mm in 2014 that is higher than the long-term annual mean 193 

of 570 mm recorded at this site (Montes et al. 2008). Accordingly, the absolute and relative rain 194 

exclusion effects also vary in function of year-specific precipitation patterns (Figure S1).  195 

 196 

Plant community parameters 197 

We used detailed botanical surveys to estimate the local composition of the four dominant shrub 198 

species (Ca, Qc, Ro and Up)  at the plot level in summer 2012 and 2014 from the 2 m × 2 m central part 199 

of each plot as their percent cover of the soil surface (Rodríguez-Ramírez et al. 2017). We did not 200 

account for B. retusum cover, because its inclusion did not improve the predictions of microbial 201 

parameters (data not shown).  202 

We first computed the total shrub cover (ShrubCov) as the sum of the specific cover for the 4 203 

dominant shrub species that sometimes exceed 100% when species covers are overlapping. We then 204 

used the relative cover of the four shrub species (as %Ca, %Qc, %Ro and %Up, with the sum of the four 205 

terms being equal to 100%), and used these data to compute a Shannon diversity index as H’shrub= 206 

−∑ 𝑝𝑖 ∗ log(𝑝𝑖)4
𝑖=1 , where pi is the relative cover for shrub species i in the plot. The chemical quality 207 

and diversity of organic input of the shrub community to the soil were estimated at the plot level as 208 

follows. Leaf litter chemical traits were determined for all four shrub species on freshly fallen leaf litter 209 
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that was collected with litter traps from 8 individuals from each species (in monospecific situation) 210 

during summer 2011, i.e. before the installation of the rain exclusion devices (Santonja et al. 2017b; 211 

Shihan et al. 2017). The traits include total nitrogen (N, mg g-1), total phosphorus (P, mg g-1), dissolved 212 

organic C (DOC, mg g-1), dissolved nitrogen (TDN, mg g-1), lignin (Lignin, mg g-1), and phenolics 213 

(Phenolic, mg g-1) concentrations, as well as water holding capacity (WHC, %), and were determined 214 

on 4 replicate subsamples of the pooled species-specific leaf litter (Table S2 Online Resource). 215 

Aggregated trait values (aN, aP, aDOC aTDN, aLignin, aPhenolic, and aWHC) were calculated for each 216 

individual plot as the average of species-specific litter trait values weighted by the relative cover of the 217 

shrub species using the 2012 and 2014 botanical records mentioned above, analogous to community 218 

weighted mean traits (Garnier et al. 2004). Functional trait divergence (fdN, fdP, fdLignin, fdPhenolic, 219 

fdDOC, fdTDN, and fdWHC) was calculated for each plot as: fdTrait = ∑ ∑ 𝑝𝑖𝑝𝑗𝑑𝑖𝑗𝑛
𝑗=1

𝑛
𝑖=1 , where pi and 220 

pj are the relative cover for shrub species from the botanical records for the corresponding year, i and j, 221 

and dij the Euclidian distance between species i and j for the trait considered. As the traits considered 222 

varied considerably in their numerical value ranges, standard normal deviates were used when 223 

computing the functional divergence of traits, thus yielding an expected value of zero and a variance of 224 

one for all traits. All plant community parameters for the experimental plots in 2012 and 2014 are 225 

reported in Table S3 Online Resource. 226 

 227 

Soil sampling and microbial CLPP 228 

We took one soil sample from each plot using a 0.25 × 0.25 m frame placed on the floor and 229 

collecting all litter and surface soil (down to 3 to 5 cm depth). We then extracted any macrofauna 230 

potentially present in the sample, removed the litter, and air-dried the soil at 25 °C for one week and 231 

sieved it at 2 mm before analyses. The first sampling was done in May 2012 (7 months after the rain 232 

exclusion started) and the second in May 2014 (31 months after the rain exclusion started). For each 233 

sampling date, the microbial analyses were performed during the following months (the dry samples 234 

were stored in a dry place in the dark). 235 
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We used the MicroResp™ system (Macaulay Scientific Consulting, Aberdeen, UK) to 236 

characterize the metabolic parameters of the soil microbial community based on its ability to respire on 237 

various C substrates (potential respiration activity) (Campbell et al. 2008). About 0.300 g dry weight of 238 

soil (0.176 to 0.443 g) were incubated in triplicate with 1.5 mg C-substrate g-1 soil DW (except for the 239 

low-solubility phenolic acids and cellulose substrates for which 0.75 mg C g-1 soil was added) using 15 240 

different carbon substrates, plus one control with deionized water, to reach 100% of the field capacity 241 

in 96-DeepWell Microplates (Fisher Scientific E39199, Illkirch France). Carbon substrates included 242 

three carbohydrates (D-glucose, xylan, cellulose), one amine (N-acetyl-glucosamine), five amino acids 243 

(L-asparagine, L-glutamine, L-lysine, L-serine, L-glycine), three carboxylic acids (malic acid, oxalic 244 

acid, uric acid), and three phenolic acids (caffeic acid, syringic acid, vanillic acid). The latter three 245 

substrates were selected to include also more recalcitrant organic compounds. Cresol red gel detection 246 

plates were prepared as recommended by the manufacturer. After an initial two-hour pre-incubation at 247 

25 °C in the dark accounting for the lag period, each deepwell microplate was covered with a detection 248 

plate using a silicone gasket (MicroResp™, Aberdeen, UK): the assembly was secured with a clamp 249 

and incubated for four additional hours. Optical density at 590 nm (OD590) was measured for each 250 

detection well before and after incubation using a Victor 1420 Multilabel Counter (Perkin Elmer, 251 

Massachusetts, USA). Final OD590 were normalized using pre-incubation OD590 and converted to µg C-252 

CO2 respired g-1 of soil h-1, using the average soil mass per well to weight the amount of CO2 and the 253 

headspace in which CO2 accumulated. The respiration rates for the different C compounds were summed 254 

across all substrates (sum15) as a proxy of the global metabolic activity, and a standardized catabolic 255 

rate was computed for each compound as the respiration rate for the specific compound divided by the 256 

total sum (sum15). A Shannon metabolic diversity index was computed as H’mic = −∑ 𝑝𝑖 ∗ log(𝑝𝑖)15
𝑖=1 , 257 

where pi is the respiration rate for substrate i divided by the sum of respiration rates across the 15 258 

substrates (sum15) for a given sample. 259 

 260 

Data analysis 261 
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To meet the assumptions of normality of within group errors and random effects, sum15 values 262 

were log-transformed before any further statistical tests.  263 

We used a multiple linear model approach (lm function from the “stats” package) to test for the 264 

effects of various parameters of the shrub community, rain exclusion, and their interactions on the soil 265 

microbial catabolic parameters (sum15 and H’mic). Four distinct models were tested in order to 266 

disentangle the effects of the different components of the shrub community. The first model tested the 267 

impact of total shrub cover ShrubCov, shrub diversity H’shrub, partial rain exclusion (control vs. rain 268 

exclusion), and their interactions. The second model tested the impact of total shrub cover ShrubCov, 269 

the relative covering of the four dominant shrub species (%Ca, %Qc, %Ro and %Up), partial rain 270 

exclusion, and their interactions. The third and fourth models tested the impact of functional identity 271 

(aggregated traits, aTraits) or the functional diversity (functional trait divergence, fdTraits) of the plant 272 

community, respectively, partial rain exclusion and their interactions on the soil microbial parameters. 273 

For these two latter models and because of the large number of functional traits, we used the 274 

randomForest function of the eponymous package (Liaw and Wiener 2002), which classifies predictor 275 

variables by importance (Cutler et al. 2007), to select the four traits that best predicted the soil microbial 276 

parameters. To account for soil heterogeneity between plots, we included the scores of the first axis of 277 

PCA analyses of plot-specific soil characteristics (named Soil-PCA, Table S1 Online Resource) as a 278 

covariable in model fitting. These soil characteristics included texture, pH, cation exchange capacity 279 

(CEC), and the concentrations of carbon, nitrogen, calcium, magnesium, sodium, potassium, iron, 280 

manganese, aluminum and lead (see Shihan et al. 2017 for further details). 281 

The full models were simplified, and the most parsimonious models were determined using the 282 

stepAIC function of the "MASS" package (Venables and Ripley 2002), an established model selection 283 

procedure with both forward and backward selection algorithms, that ranks all candidate models (all 284 

possible combinations of the explanatory variables included in the full model) based on their AIC 285 

(Crawley 2013). We present the R2 and AIC values for both the full model (with all initial explanatory 286 

variables) and the most parsimonious model (ΔAIC=0). 287 
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All statistical analyses were performed with the R software version 3.4.3 (The R Foundation for 288 

Statistical Computing 2017) with significance levels indicated as ˈ for p < 0.10, * for p < 0.05, ** for p 289 

< 0.01, and *** for p < 0.001. 290 

 291 

 292 

Results 293 

Seven months after the beginning of the experiment (May 2012), the ability of the soil microbial 294 

community to respire on various C sources (substrate induced, i.e. potential respiration rates) varied 295 

considerably between 0.61 (for lysine in the rain exclusion plot p25) and 41.96 µg C-CO2 g-1 soil DW 296 

h-1 (for glucose under rain exclusion in plot p37). After 31 months (May 2014), the range was between 297 

0.51 (for cellulose under rain exclusion in plot p48) and 31.67 µg C-CO2 g-1 soil DW h-1 (for N-acetyl 298 

glucosamine in rain exclusion plot p15) (Figure 1, Table S4 Online Resource). When comparing control 299 

and rain exclusion treatments across all plots independently of their shrub species composition, 300 

substrate-induced respiration rates did not differ for any of the substrates (Figure 1), and the effects of 301 

rain exclusion or its interactions with total shrub cover or shrub diversity (H’shrub) on individual 302 

substrate respiration rates were not significant. A few individual substrate respiration rates were affected 303 

by the interaction between relative species cover and rain exclusion, but with no consistent patterns 304 

across years (data not shown).  305 

The global metabolic activity of the soil microbial community (sum15) varied by almost a factor 306 

of 20 between 23.97 and 434.61 µg C g-1 soil h-1 in May 2012, and somewhat less between 26.90 and 307 

376.75 µg C g-1 soil h-1 in May 2014. There was no main effect of rain exclusion on sum15 in either year 308 

in any of the four models tested (Tables 1 to 4). On the contrary, there were numerous effects of shrub 309 

community structural and functional characteristics on sum15, sometimes in interaction with rain 310 

exclusion. sum15 increased with total shrub cover in May 2012 and May 2014 (Table 1) but decreased 311 

with shrub diversity H’shrub in May 2012 only under control condition (significant H’shrub × rain 312 

exclusion interaction, Table 1, Figure 2a). sum15 also responded to the composition of the shrub 313 

community: it increased with Qc% in May 2012 and, to a lower extent, with Up% in May 2014, while 314 
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it decreased with Ro% in May 2014 (Table 2). Regarding the effects of the plot-specific litter functional 315 

parameters, sum15 was positively related to aPhenolic and aTDN in May 2012 and to aTDN and aN in 316 

May 2014 (Table 3). Finally, higher sum15 were recorded in plots with leaf litter exhibiting higher 317 

fdPhenolic for both years and, on the opposite, with lower fdDOC in May 2012 (Table 4). 318 

The metabolic diversity of the soil microbial community (H’mic) ranged from 1.05 to 1.17 in May 319 

2012 and from 1.10 to 1.18 in May 2014. As reported for sum15, there was no main effect of rain 320 

exclusion on H’mic in either year in any of the four models tested (Tables 1 to 4). H’mic was positively 321 

related to the total shrub cover ShrubCov in May 2014 only in control plots (significant ShrubCov × rain 322 

exclusion interaction, Table 1), while H’mic was negatively related to H’shrub in May 2012 only in 323 

control plots (significant H’shrub × rain exclusion interaction, Table 1, Figure 2b). In May 2012, H’mic 324 

was affected by the relative cover of certain shrub species, with higher H’mic when the relative cover 325 

of Quercus (Qc%) or Ulex (Up%, only marginally) increased (Table 2). However, we did not detect 326 

these effects in May 2014. Regarding the effects of the average plot-specific litter traits, H’mic was 327 

positively related to the average N content (aN) in May 2012. This effect persisted in May 2014 only in 328 

control plots (significant aN × rain exclusion interaction, Table 3). Finally, H’mic was lower in plots 329 

with higher fdDOC and higher in plots with higher fdPhenolic in May 2012, with no effect in May 2014 330 

(Table 4). 331 

Interestingly, the soil characteristics (Soil-PCA), which we included as a co-variable in all our 332 

models, generally had significant effects on soil microbial parameters and accounted for most of the 333 

explained variation in the majority of the models (Tables 1 to 4).  334 

 335 

 336 

Discussion 337 

With a total of 92 experimental plots covering a representative range of differences in shrub cover 338 

and diversity of a Mediterranean shrubland, we assessed here which plant community characteristics 339 

influence the metabolic properties of the soil microbial community, and whether partial rain exclusion 340 

changes these effects. We used the chemical composition of leaf litter (species litter traits weighted by 341 
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the relative species cover) to estimate the local contribution of the shrub community to soil microbial 342 

parameters at each plot. We found that several characteristics of the plant community have detectable 343 

impacts on how soil microbial communities process a wide range of C compounds, but we observed 344 

generally only small effects of partial rain exclusion (Tables 1 to 4). Overall, our statistical models 345 

including various characteristics of the shrub community explained 16 to 58% of the variability in soil 346 

microbial parameters, which is noticeable for such heterogeneous ecosystems. The importance of 347 

heterogeneity is actually well demonstrated with the consistently strong effects of the plot-specific soil 348 

physico-chemical parameters included as co-variable in our models. Despite such strong soil 349 

heterogeneity effects on soil microbial functioning, the structural and compositional differences of the 350 

shrub community had a clear impact on the functioning of soil microbial communities (Table 1 to 4). 351 

 352 

Shrub community diversity effects 353 

Following the “niche complementarity hypothesis”, our first hypothesis predicted that more 354 

diverse shrub communities would promote metabolically more active soil microbial communities, 355 

through either a more abundant or chemically more diverse litter input (Chen et al. 2019). Our statistical 356 

models disentangling the respective role of total shrub cover and shrub diversity showed that both factors 357 

explained some variation in soil microbial activity. In contrast to our hypothesis, we found a lower 358 

global microbial activity (sum15) under more diverse shrub communities (Table 1). However, this 359 

relationship was significant only under control conditions and only in May 2012 (Figure 2a), indicating 360 

that such a negative relationship may not be general, and/or that mechanisms other than complementarity 361 

come into play to explain its influence on the soil microbial community. For example, plant roots may 362 

have an important role through stronger competition of a denser root system in higher diverse plant 363 

communities, which may decrease the availability of certain resources (Eviner and Chapin 2003). For 364 

instance, Wang et al. (2017) showed that species richness negatively affected the soil microbial biomass 365 

and soil basal respiration in artificial plant communities and suggested that higher root biomass 366 

production and increased competition for limiting resources were the cause. This could also be the case 367 

in our study system, where root growth for a given species is influenced by the identity of neighbors 368 
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(Shihan et al., personal communication). Increased root competition under a more diverse shrub 369 

community could translate into qualitatively and quantitatively different allocation of photosynthates to 370 

the roots (Bessler et al. 2009) that could, in turn, impact the associated soil microbial community. 371 

However, we then would have expected stronger effects under partial rain exclusion, which was not the 372 

case. Unfortunately, we were unable to measure the contribution of root exudates or the density of root 373 

systems in our study, data that would be required for a better interpretation of the observed patterns and 374 

possibly underlying mechanisms.  375 

According to the view that chemically more diverse organic substrates would be used more 376 

efficiently and by a more diverse microbial community (Gessner et al. 2010), we also tested for litter 377 

trait dissimilarity effects more specifically. Litter trait dissimilarity was calculated from species-specific 378 

litter traits determined from a common litter pool collected from several individuals before rain 379 

exclusion started. We acknowledge that this approach made it impossible to account for potential trait 380 

differences within species among plots or shifts in trait values following rain exclusion. However, we 381 

consider these potential differences in trait values minor compared to the important interspecific 382 

variation, which seems to be robust at our study site across different litter batches collected in different 383 

years (Coulis et al. 2013, 2015). We found that the dissimilarity in phenolics fdPhenolic was positively 384 

related to soil microbial activity (Table 4). This finding may suggest a higher activity of the microbial 385 

community when different litter species provide different amounts and/or distinct phenolic compounds 386 

such as for example by U. parviflorus that is relatively poor in phenolics and by Q. coccifera that is 387 

relatively rich in phenolics. Since we did not further characterize the specific chemistry of the phenolics 388 

it is difficult to interpret this result in more detail. On the other hand, dissimilarity in litter DOC (fdDOC) 389 

was negatively related to sum15 in May 2012, but not in May 2014 (Table 4). Opposite to the “niche 390 

complementarity hypothesis”, Pan et al. (2015) proposed that more diverse litter mixtures might reduce 391 

associated consumer biomass (and then activity) by diluting the concentration of optimal litter resources 392 

for decomposers, known as the “resource concentration hypothesis”. Our results of globally negative 393 

relationship between shrub diversity and soil microbial activity (at least in May 2012, Table 1, Figure 394 

2a) is unexpected (Chen et al. 2019) but consistent with this “resource concentration hypothesis”, with 395 
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dilution acting for particular resources such as DOC, which is a critical litter trait parameter for soil 396 

microbial activity (Joly et al. 2016). The opposite effects of dissimilarity in phenolics and DOC (Table 397 

4) are then not easy to explain and more detailed studies with a chemically more refined characterization 398 

of these groups of compounds would be needed. Such a dilution effect of optimal resources may also 399 

act for structural compounds and specialized metabolites that are typically abundant in Mediterranean 400 

plants and have inhibiting properties to microorganisms (Sardans and Peñuelas 2013; Chomel et al. 401 

2014).  402 

In our second hypothesis we predicted that functional microbial diversity increases with 403 

increasing plant diversity, in line with previous experiments (Carney and Matson 2005; Chapman and 404 

Newman 2010; Eisenhauer et al. 2013; Vogel et al. 2013). Indeed, a greater diversity of C inputs to the 405 

soil from a more diverse plant community may support a metabolically more diverse microbial 406 

community, then enhancing the ecosystem functions delivered by this community and their stability 407 

under changing conditions (Orwin et al. 2006). Our data did not support this hypothesis, as we observed 408 

a rather negative relationship between shrub diversity (H’shrub) and metabolic diversity (H’mic) in May 409 

2012 and no relationship in May 2014 (Table 1, Figure 2b). In a previous experiment using the same 410 

shrub species with even litter mixtures, we found positive and negative effects of litter diversity on 411 

fungal and bacterial molecular diversity, respectively (Santonja et al. 2017b), as well as a positive 412 

correlation between shrub species richness and soil microbial metabolic diversity (Shihan et al. 2017). 413 

As stressed before, in this previous experiment fresh fallen leaf litter was used and exposed in 414 

microcosms, which cannot directly be compared with the present study. Because litter decomposition is 415 

a highly dynamic process with constantly changing litter quality and strong successional changes in the 416 

community of microbial decomposers (Chomel et al. 2014; Tlàskal et al. 2016), it is not unexpected that 417 

diversity relationships may change as well. Other studies also did not find any correlation between plant 418 

diversity and soil microbial diversity (Chodak et al. 2015; Navratilova et al. 2019). Perhaps in our study, 419 

this could be related to the negative correlation between shrub diversity and global soil microbial activity 420 

(Table 1, Figure 2a). 421 
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Our data also support strong composition effects of the shrub community on the soil microbial 422 

parameters, with changes in the relative abundance of the four dominant shrub species leading 423 

sometimes to significant effects on soil microbial CLPPs. Specifically, higher Q. coccifera cover was 424 

associated to higher soil microbial activity in May 2012 (Table 2). This result is consistent with the 425 

previous experiments from the same study site that found that Q. coccifera litter, had particularly 426 

important effects on C and N release from decomposing litter (Santonja et al. 2019), microbial 427 

abundance within the litter (Santonja et al. 2017b), or soil microbial activity (Shihan et al. 2017). Much 428 

of this Q. coccifera effect may be related to the relatively high litter N concentrations, which were the 429 

highest among the four shrub species. A N-driven effect is corroborated by the positive effect of the 430 

presence of U. parviflorus on the global metabolic activity in May 2014, which as a N-fixing species 431 

also has rather high litter N concentration. The consistent positive effect of the N-related parameters on 432 

soil microbial activity (aTDN in both years and aN in May 2014) and diversity (aN in May 2012) (Table 433 

3) also supports N effects. Altogether, these results underline the key role of Q. coccifera in the 434 

functioning of the studied Mediterranean ecosystem and suggest that soil microbial metabolic diversity 435 

may be primarily influenced by the identity of the shrub species rather than by their diversity. 436 

  437 

Shrub community effects on soil microbial community under partial rain exclusion 438 

While soil moisture is generally considered as the most limiting factor for soil microbial activity 439 

in Mediterranean terrestrial ecosystem (Sardans and Peñuelas 2013), the moderate rain exclusion 440 

treatment applied in our experiment had only limited direct impact on soil microbial parameters (Table 441 

1 to 4). The relatively small direct effects of rain exclusion may result from the only small changes in 442 

soil water content with the partial rain exclusion compared to the control treatment (-12% on average in 443 

surface soil). This could be a consequence of the high rock content in the soil (> 65% of the total soil 444 

volume within the top 15 cm). With the typically heavy rainfall events in the Mediterranean region, the 445 

topsoil may rapidly get saturated regardless of the rain exclusion, therefore diminishing the difference 446 

in water content of the topsoil between control and rain exclusion plots. Moreover, 2014 was a rather 447 

‘wet’ year compared to the overall mean, reducing even more the absolute effect of the moderate rain 448 
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exclusion on the soil microbial community. More generally, the apparent absence of any direct impact 449 

of lower precipitation is in line with previous studies on drought effects in Mediterranean soils, which 450 

reported no or only small effects of increased drought on the soil microbial community in forested and 451 

shrubland systems (Sardans et al. 2008; De Dato et al. 2010; Pailler et al. 2014), even in the long term 452 

(Curiel-Yuste et al. 2014). In the studied semi-arid ecosystem, the repetitive and regular summer drought 453 

may have already selected for drought-tolerant organisms, as suggested in previous studies (Evans and 454 

Wallenstein 2012; Esch et al. 2017). Consequently, ecosystems with regular drought occurrence may be 455 

less impacted by drier conditions under predicted precipitation change than ecosystems in more humid 456 

climates (Hawkes and Keitt 2015). 457 

Nevertheless, the partial rain exclusion treatment showed some interactive effects with shrub 458 

community parameters. It is noticeable that the negative relationship between soil microbial activity or 459 

diversity and shrub diversity observed in May 2012 under control condition (Table 1, Figure 2) was 460 

absent in rain exclusion plots, possibly because lower soil moisture translated into higher soil aeration 461 

and/or root production favoring soil microbial activity. This result suggests that even relatively small 462 

changes in soil water availability can alter the impact of shrub species diversity on the soil microbial 463 

community. 464 

Some previous studies reported interactive effects of rainfall change and plant diversity on soil 465 

microbial functional parameters (i.e. Fry et al. 2013; Santonja et al. 2017a; Pires et al. 2018). For 466 

instance, Fry et al. (2013) showed that species richness was positively related to drought resistance and 467 

rates of important ecosystem processes such as soil respiration and soil nutrient availability after 3 years 468 

of experimental rain exclusion in a successional grassland in southern England. The occurrence of such 469 

interactive effects underlines that predicting the soil microbial functioning under more severe water 470 

constraints need to consider plant diversity. Other experiments in various ecosystems, however, did not 471 

find any interactive effects of changing plant diversity and climatic conditions (such as temperature or 472 

water availability) on soil microbial biomass and microbial processes (Steinauer et al. 2015, Cedar Creek 473 

experiment, +1.5 and +3°C warming on perennial grassland after 15 years; Vogel et al. 2013, Iena 474 

experiment, 2 years of summer drought increase). Also, using litter mixtures from the same four shrub 475 
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species in equal amounts and exposed in microcosms under controlled laboratory conditions, Coulis et 476 

al. (2015) found significant effects of dryer conditions on soil microbial processes, but did not report 477 

any interactions with litter functional dissimilarity. The direction and magnitude of interactive effects 478 

of plant species diversity and climate change may also depend on the specific microbial parameters 479 

measured. In some of the studies cited above, microbial responses were measured in situ, which is 480 

different from our measurements of potential activities. These potential activities are thought to reflect 481 

the metabolic capabilities of the soil microbial community, and MicroResp™ assays have demonstrated 482 

their strength in discriminating among microbial communities across a wide range of soil and land use 483 

types (e.g. Creamer et al. 2016). In any case, it is methodologically not possible to determine the use of 484 

a range of different substrates differently than as potential activities. The way forward in future studies 485 

may be to combine a wide range of microbial measurements including both, realized activities in situ, 486 

and potential activities under standardized conditions for a more comprehensive understanding of 487 

microbial responses to a combined change in plant diversity and climatic conditions.  488 

 489 

 490 

Conclusion 491 

The small direct effects of partial rain exclusion on the soil microbial metabolic activity and 492 

diversity we found here support the idea that microbial communities in Mediterranean soils are 493 

particularly adapted and resistant to recurrent drought (Curiel-Yuste et al. 2014). Admittedly, the amount 494 

of excluded rainfall was relatively small, and stronger reductions or longer drought periods may have 495 

different effects. From our data we conclude that climate change may have a far greater impact on 496 

microbial functioning via shifts in plant community composition than through direct effects of decreased 497 

precipitation. At our study site we observed a particularly important role of Q. coccifera in determining 498 

the global metabolic activity and diversity of soil microbial communities possibly inferred to 499 

comparatively high N inputs. With ongoing climate change the relative contribution of this key species 500 

in the community may shift. Indeed, repetitive surveys of community composition in our rain exclusion 501 

experimental site indicated that reduced precipitation favor the more drought-resistant species, Q. 502 
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coccifera and R. officinalis over C. albidus and U. parviflorus (Rodriguez-Ramirez et al. 2017). The 503 

current species distribution across the Mediterranean region suggests that the conditions should become 504 

even more arid (i.e. with an annual precipitation between 100 and 400 mm) and only R. officinalis would 505 

be able to persist among the four dominant shrub species studied here (T. Gauquelin, pers. comm.; 506 

Rhanem 2009). This would mark a fundamental ecosystem state shift with a probably completely 507 

different structure and functioning of soil microbial communities. The few plant diversity effects we 508 

found and the impacts of reduced precipitation are more difficult to interpret. Collectively with previous 509 

experiments from the same study site, our data show that the relationships between shrub diversity and 510 

microbial functioning seem highly dependent on the stage of litter decomposition and the evenness of 511 

different litter types contributing to the litter layer. Due to these dynamic changes, the overall impact of 512 

shrub diversity on the activity and metabolic diversity of soil microbial communities are presently 513 

difficult to predict.  514 

 515 
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Figures 771 

 772 

Fig. 1. Substrate-induced respiration rates (boxplots with lower and upper quartiles) on the 15 carbon 773 

substrates, in control (light grey) and rain exclusion (dark grey) plots, in (a) May 2012 and (b) May 774 

2014. Student t-tests did not reveal any significant difference in mean SIR rates between control and 775 

rain exclusion plots. 776 

 777 

(a) 778 

 779 

(b) 780 

  781 
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Fig. 2. Soil microbial catabolic (a) activity (log(sum15)) and (b) diversity (H’mic) as a function of 782 

dominant shrub species diversity (H’shrub) in control (light grey circles) and rain exclusion (RE, dark 783 

grey circles) plots in May 2012. Significant linear relationships in control plots are indicated with dotted 784 

lines. Adjusted R² and associated p-values are indicated. No significant relationship was observed in 785 

May 2014. 786 

 787 

 788 

 789 

  790 
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Table 1. Output of multiple linear models testing for the effects of rain exclusion treatment (RE), plot-791 

specific shrub community parameters (total shrub cover ShrubCov and shrub diversity H’shrub) and 792 

their interactions on the soil microbial global metabolic activity (sum15) and metabolic diversity (H’mic) 793 

in 2012 (a) and 2014 (b). Plot-specific soil characteristics (Soil-PCA) were included as co-variable. We 794 

report the R2 and AIC weight of the general model including all factors (All) and of the most 795 

parsimonious model (MPM, in bold). Only the variables retained in the most parsimonious models are 796 

reported (intercept = none of variable was retained). n = 92 and 87 plots in 2012 and 2014, respectively. 797 

F-value and associated significance of p-value (ˈ p < 0.10; * p < 0.05; ** p < 0.01; *** p < 0.001) are 798 

reported. Arrows indicate the direction of the effect, and NS indicates non-significant effect of RE within 799 

a given treatment. 800 

 801 

  D.f S.sq M.sq F-value p-value 
All 

R² (AIC) 

MPM 

R² (AIC) 

(a) 2012         

sum15 

Soil-PCA 1 2.838 2.8379 71.195 <0.001*** 
0.51 

(-289.35) 

 

0.49 
(-292.55) 

ShrubCov 1 0.249 0.2488 6.243 0.014*↑ 

H’shrub 1 0.290 0.2900 7.275 0.008**↓ 

Residuals 88 3.508 0.0399  

H’mic 

Soil-PCA 1 0.005439 0.005439 15.613 >0.001*** 

 

0.27 

(-728.65) 

 

 

0.22 

(-727.67) 

RE 1 0.000050 0.000050 0.144 0.705 

H’shrub 1 0.001325 0.001325 3.803 0.044 ˈ ↓ 

RE × H’shrub 1 0.001939 0.001939 5.567 

0.021* 

(C=**↓, 

RENS↓) 

Residuals 87 0.030306 0.000348  

(b) 2014 

sum15 

Soil-PCA 1 0.408 0.4077 7.046 <0.01** 

 

0.18 

(-238.44) 

 

0.16 

(-244.97) 

ShrubCov 1 0.545 0.5448 9.415 0.003**↑   

Residuals 84 4.861 0.0579    

H’mic 

Soil-PCA 1 0.0008 0.0008 7.269 0.009**  
0.21 

(-787.63) 

 

0.21 

(-791.49) RE 1 0.00005 0.00005 0.484 0.489 

ShrubCov 1 0.0009 0.0009 8.832 0.004** ↑   

RE × ShrubCov 1 0.0005 0.0005 5.006 
0.028* 

(C=**↑, RENS) 
  

Residuals 82 0.009 0.0001    
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Table 2. Output of multiple linear models testing for the effects of rain exclusion treatment (RE) and 804 

plot-specific shrub community parameters (total shrub cover, ShrubCov, and relative cover of C. albidus 805 

(Ca%), Q. coccifera (Qc%), R. officinalis (Ro%) and U. parviflorus (Up%)) and their interactions on 806 

the soil microbial global metabolic activity (sum15) and metabolic diversity (H’mic) in 2012 (a) and 807 

2014 (b). Plot-specific soil characteristics (Soil-PCA) were included as co-variable. We report the R2 808 

and AIC weight of the general model including all factors (All) and of the most parsimonious model 809 

(MPM, in bold). Only the variables retained in the most parsimonious models are reported (intercept = 810 

none of variable was retained). n = 92 and 87 plots in 2012 and 2014, respectively. F-value and 811 

associated significance of p-value (ˈ p < 0.10; * p < 0.05; ** p < 0.01; *** p < 0.001) are reported. 812 

Arrows indicate the direction of the effect. 813 

 814 

  D.f S.sq M.sq F-value p-value 
All 

R² (AIC) 

MPM 

R² (AIC) 

(a) 2012 

sum15 

Soil-PCA 1 2.828 2.838 85.32 <0.001*** 
0.60  

(-299.69) 
0.57  

(-310.16) Qc% 1 1.087 1.087 32.66 <0.001*** ↑ 

Residuals 89 2.960 0.033  

H’mic 

Soil-PCA 1 0.005 0.005 18.309 <0.001*** 
 

0.37  

(-734.11) 

 

0.33  

(-743.28) 

Qc% 1 0.007 0.007 22.070 <0.001*** ↑ 

Up% 1 0.001 0.001 3.109 0.081 ˈ ↑ 

Residuals 88 0.026 0.0003  

(b) 2014 

sum15 

ShrubCov 1 0.599 0.599 12.911 <0.001*** ↑  

0.43  
(-261.67) 

 

0.34  

(-263.23) Ro% 1 1.150 1.1504 24.795 <0.001*** ↓ 

Up% 1 0.213 0.2131 4.593 0.035* ↑   

Residuals 83 3.851 0.046    

H’mic 

Soil-PCA 1 0.0008 0.0008 7.269 0.009**  
0.25  

(-784.42) 

 

0.21  

(-791.49) RE 1 0.00005 0.00005 0.484 0.489 

ShrubCov 1 0.0009 0.0009 8.832 0.004** ↑   

RE × ShrubCov 1 0.0005 0.0005 5.006 

0.028* 

(C=**↑, 

RE=non↑) 

  

Residuals 82 0.009 0.0001    

 815 
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Table 3. Outputs of multiple linear models testing for the effects of rain exclusion treatments (RE) and 817 

plot-specific shrub community parameters (total shrub cover, ShrubCov, and leaf litter aggregated traits, 818 

aTraits), and their interactions on soil global metabolic activity (sum15) and metabolic diversity (H’mic) 819 

in 2012 (a) and 2014 (b). Plot-specific soil characteristics (Soil-PCA) were included as co-variable. Only 820 

the variables retained in the most parsimonious models are reported (intercept = none of variable was 821 

retained). We report the R2 and AIC weight of the general model including all factors (All) and of the 822 

most parsimonious model (MPM, in bold). n = 92 and 87 plots in 2012 and 2014, respectively. F-value 823 

and associated significance of p-value (ˈ p < 0.10; * p < 0.05; ** p < 0.01; *** p < 0.001) are reported. 824 

Arrows indicate the direction of the effect. 825 

 826 

 D.f S.sq M.sq F-value p-value 
All 

R² (AIC) 

MPM 

R² (AIC) 

(a) 2012 

sum15 

Soil-PCA 1 2.838 2.838 86.638 <0.001*** 

0.59  
(-300.98) 

0.58  

(-310.61) 

aPhenol 1 0.884 0.884 26.973 <0.001***↑ 

aTDN 1 0.281 0.281 8.566 0.004** ↑ 

Residuals 88 2.883 0.033  

H’mic 

Soil-PCA 1 0.005 0.005 18.47 <0.001*** 
0.36  

(-735.87) 
0.33  

(-745.02) aN 1 0.007 0.007 25.15 <0.001***↑ 

Residuals 89 0.026 0.0003  

(b) 2014 

sum15 

ShrubCov 1 0.599 0.599 13.25 <0.001***↑ 

0.39  
(-258.21) 

0.35  

(-265.48) 

aTDN 1 0.974 0.974 21.54 <0.001***↑ 

aN 1 0.488 0.4875 10.78 0.002**↑ 

Residuals 83 3.753 0.045  

H’mic 

Soil-PCA 1 0.0008 0.0008 7.305 0.008** 

0.23  

(-783.97) 
0.22  

(-790.98) 

ShrubCov 1 0.0009 0.0009 8.926 0.004**↑ 

RE 1 0.00004 0.00004 0.436 0.511 

aN 1 0.0005 0.0005 0.573 0.451 

RE × aN 1 0.0006 0.0006 5.860 
0.018* 

(C=*↑,RE=non↓) 

Residuals 81 0.009 0.0001  

 827 
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Table 4. Outputs of multiple linear models testing for the effects of rain exclusion treatments (RE) and 829 

plot-specific shrub community parameters (total shrub cover, ShrubCov, and functional traits divergence 830 

of the leaf litter fdTraits), and their interactions on soil microbial global metabolic activity (sum15) and 831 

metabolic diversity (H’mic) in 2012 (a) and 2014 (b). Plot-specific soil characteristics (Soil-PCA) were 832 

included as co-variable. Only the variables retained in the most parsimonious models are reported 833 

(intercept = none of variable was retained). We report the R2 and AIC weight of the general model 834 

including all factors (All) and of the most parsimonious model (MPM, in bold). n = 92 and 87 plots in 835 

2012 and 2014, respectively. F-value and associated significance of p-value (ˈ p < 0.10; * p < 0.05; ** 836 

p < 0.01; *** p < 0.001) are reported. Arrows indicate the direction of the effect. 837 

 838 

  D.f S.sq M.sq F-value p-value 
All 

R² (AIC) 

MPM 

R² (AIC) 

(a) 2012 

sum15 

Soil-PCA 1 2.838 2.838 82.97 <0.001*** 

   0.58 (-295.71) 0.56 (-306.62) 
fdDOC 1 0.777 0.777 22.720 <0.001***↓ 

fdPhenol 1 0.260 0.260 7.585 0.007** ↑ 

Residuals 88 3.010 0.034  

H’mic 

Soil-PCA 1 0.005 0.005 18.389 <0.001*** 

   0.37 (-733.06) 0.33 (-743.68) 
fdDOC 1 0.005 0.005 16.493 <0.001***↓ 

fdPhenol 1 0.003 0.003 9.181 0.003**↑ 

Residuals 88 0.026 0.0003  

(b) 2014 

sum15 

Soil-PCA 1 0.408 0.408 8.099 0.006** 
0.34 (-247.8) 0.29 (-255.18) 

ShrubCov 1 0.545 0.545 10.821 0.002**↑ 

fdN 1 0.086 0.086 1.714 0.194   

fdPhenol 1 0.646 0.646 12.838 <0.001***↑   

Residuals 82 4.128 0.050    

H’mic 
Soil-PCA 1 0.0008 0.0008 6.983 0.0098** 

0.25 (-781.9) 0.16 (-789.9) 
ShrubCov 1 0.0009 0.0009 8.533 0.005**↑ 

 Residuals 84 0.009 0.0001     

 839 
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