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Abstract This study aimed at quantifying the consequences
of reduced precipitation and plant diversity on soil microbial
community functioning in a Mediterranean shrubland of
southern France. Across a natural gradient of shrub species
diversity, we established a total of 92 plots (4 × 4 m) with and
without a moderate rain exclusion treatment of about 12 % of
total precipitation. Shrub diversity included all possible com-
binations of the four dominant species (Cistus albidus,
Quercus coccifera, Rosmarinus officinalis, and Ulex
parviflorus). Respective leaf litter mixtures of these species
combinations were exposed in all plots over 2 years.We quan-
tified how litter species richness and the reduction in precipi-
tation affected the soil microbial substrate utilization (mea-
sured by CO2 evolution using the MicroResp method) on soil

samples collected underneath each individual litter mixture
after 1 and 2 years of decomposition. Moderate precipitation
reduction had a minor impact, but litter species richness and
the dissimilarity in phenolic concentrations (estimated using
Rao’s quadratic entropy) showed a positive effect on the di-
versity of substrates metabolized by the microbial communi-
ties. Moreover, litter species richness increased soil microbial
activity by increasing the catabolic diversity of the soil micro-
bial community. These effects were mostly driven by the pres-
ence of Quercus and Ulex leaf litter, which at the same time
reduced microbial metabolic dominance, while the presence
of Rosmarinus had opposite effects. Our data suggest that
plant species loss can have stronger effects on the functioning
of soil microbial communities than moderate drought, with
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potentially important feedbacks on biogeochemical cycling in
Mediterranean shrubland ecosystems.

Keywords Climatechange .Mediterraneanecosystem .Litter
decomposition . Functional diversity . Soil microbial activity .

MicroResp(™)

Introduction

Anthropogenically induced changes in biodiversity and precipi-
tation patterns are mutually impacting the functioning of a wide
range of ecosystem processes (Field et al. 2015). However, the
understanding of how these two drivers of global change interact
and affect ecosystem functioning is limited. In particular, the
consequences for the functioning of the soil microbial commu-
nities, known to exhibit a strong control over the carbon (C) and
nutrient cycles, have been little explored (Rodríguez-Loinaz et al.
2008; Chapman and Newman 2009).

There is increasing evidence that plant diversity underpins the
functioning of ecosystems (Cardinale et al. 2012; van der Plas
et al. 2016). Different plant species produce litter with a wide
range of distinct morphological and chemical characteristics
(Cornwell et al. 2008). The emerging complex interactions be-
tween direct effects of plant community composition on the qual-
ity and quantity of litter entering the soil system and indirect
effectsmediated by the responses of the decomposer communities
(Wardle 2002) make the identification of general patterns for the
interaction between litter characteristics and soil microbial func-
tioning a considerable challenge. Moreover, plant diversity im-
pacts on microclimatic conditions (Lorentzen et al. 2008) are
known to be major driving factors of microbial processes
(Freiberg 1998) affecting C and nitrogen (N) cycling. In general,
it appears that plant functional diversity is more important than
species richness for the understanding of howplants and soil biota
interact (Johnson et al. 2003; Porazinska et al. 2003; De Deyn
et al. 2004; Salamon et al. 2004). The majority of studies
assessing the role of litter diversity for processes related to decom-
position demonstrated that biodiversity effects are mostly driven
by the functional traits represented in litter mixtures, independent-
ly of how many species are contributing to the mixtures (e.g.,
Wardle et al. 1997; Ball et al. 2008; Barantal et al. 2014; Handa
et al. 2014; but see Chen et al. 2015). Two broadly complemen-
tary functional trait-based approaches are currently being used.
One approach aims at identifying the dominant traits driving the
ecosystem processes and can be related to the Bbiomass–ratio
hypothesis^ (Grime 1998) stating that the effect of any species
on a given ecosystem process is proportional to the relative abun-
dance of that species in the community (or in the litter mixture).
Accordingly, plant community-weighted mean (CWM) traits
have been found to be relevant predictors of plant community
effects on certain ecosystemprocesses. The second approach aims
at quantifying the functional diversity of communities by

assessing the variety, range, and evenness of the traits present in
communities (or in the litter mixture), making reference to the
niche complementarity hypothesis, since a greater range of trait
values is generally considered to indicate less niche overlap
(Petchey andGaston 2006; Díaz et al. 2007). However, functional
identity and functional diversity are not mutually exclusive in
affecting ecosystem processes (Violle et al. 2007) such as primary
productivity (Schumacher and Roscher 2009; Roscher et al.
2012) or litter decomposition (Mokany et al. 2008; Barantal
et al. 2011; Handa et al. 2014). Although these functional trait-
based approaches have primarily been developed at the level of
the plant community, several studies showed that they can be also
useful in the understanding of diversity effects on litter decompo-
sition (Epps et al. 2007;Meier and Bowman 2008, 2010) or other
soil processes (Meier and Bowman 2008, 2010).

Soil communities have been shown to vary as a function of
the litter resources deposited at the soil surface (e.g., Ayres
et al. 2009; Carrillo et al. 2011; Milcu et al. 2013), and thus,
they may be modified with alterations in the species compo-
sition of the litter layer. There is compelling evidence that litter
functional identity and diversity are important drivers of litter
decomposition (Cornwell et al. 2008; Handa et al. 2014), with
species-rich plant communities supporting more complemen-
tary microbial communities (Eisenhauer et al. 2010). A higher
microbial diversity could translate in a more efficient use of
organic substrates because of a greater functional niche ex-
ploitation (Loreau 2001). As a further consequence of more
complementary niche exploitation, microbial biomass may
increase in species-rich litter mixtures offering higher resource
diversity (Chapman and Newman 2009). Indeed, results from
plant diversity experiments documented higher soil microbial
biomass and activity with increasing plant species and func-
tional diversity (Eisenhauer et al. 2010; Milcu et al. 2013;
Vogel et al. 2013; Steinauer et al. 2015).

The predictability of how plant diversity loss is affecting C
processing in the soil is difficult also because concomitant chang-
es in environmental factors such as temperature or precipitation
may interact with changes in plant diversity. Mediterranean eco-
systems are considered to be particularly sensitive to changes in
precipitation (Lionello andGiorgi 2007) and altered frequency of
rainfall events and altered frequency of rainfall events (Gao et al.
2006). For example, the indirect drought effects on litter decom-
position via changes in litter quality may be substantial even
without a change in plant diversity and should be considered
along with direct soil moisture-driven effects for accurate predic-
tions of litter decomposition in Mediterranean ecosystems under
climate change (García-Palacios et al. 2016). Several studies
evaluated the response of soil microbial properties to plant diver-
sity (e.g., Eisenhauer et al. 2010; Milcu et al. 2013) or to climate
change factors (in the Mediterranean context, see Bérard et al.,
2012; Pailler et al. 2014; Yuste et al. 2014). However, very few
studies addressed the combined effects of plant diversity and
climate change factors (Niklaus et al. 2007; Bloor and Bardgett
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2012; Eisenhauer et al. 2013; Vogel et al. 2013). A synthesis of
12 studies with orthogonal manipulations of global environmen-
tal change factors and plant diversity (Takhur et al. 2015) showed
that effects of environmental change factors (such as drought or
nutrient enrichment) and of plant diversity on the soil microbial
biomass were independent with no evidence for interactions.
However, very little experimental evidence exists for
Mediterranean ecosystems, where both decreasing precipitation
and biodiversity loss are expected to occur simultaneously in the
forthcoming decades. A study by Lloret et al. (2015) showed that
the quite drastic effects of drought via plant mortality increased
the richness and changed the composition in soil microbial com-
munity of Mediterranean woodlands. Despite the recent emer-
gence of methodologies characterizing the functional differences
between microbial communities (e.g., MicroResp™, Chapman
et al. 2007; Campbell et al. 2008), a functional assessment of the
impact of the interaction between diversity and reduced precipi-
tation is currently lacking.

Here, we assessed how experimentally reduced precipita-
tion in a Mediterranean shrubland ecosystem affected the
functioning of soil microbial community along a natural gra-
dient of plant diversity (one to four woody plant species). We
hypothesized that (i) an increase in litter species richness and
functional dissimilarity (Rao’s quadratic entropy; Botta-Dukát
2005; Epps et al. 2007) will lead to more complementary
microbial communities that are able to degrade multiple sub-
strates more efficiently and (ii) the soil microbial communities
associated to more diverse litter mixtures are also more resis-
tant to reduced precipitation. To test our hypotheses, we char-
acterized the ability of soil microbial communities to respire
on 15 different C substrates and to decompose cellulose paper
in the soil associated to all possible combinations of litter
mixtures of four woody shrub species (Cistus albidus,
Quercus coccifera, Rosmarinus officinalis, and Ulex
parviflorus) dominating at our study site, in a fully factorial
rainfall exclusion experiment, and after 1 and 2 years of in situ
decomposition. Furthermore, we explored how the soil micro-
bial substrate utilization was affected by litter species richness,
litter species composition, and identity as well as functional
dissimilarity of the litter traits using Rao’s diversity metric and
CWM traits.

Materials and methods

Study site

The study site was located in the Massif de l’Etoile near
Marseille, France (43° 22′ N, 5°25′ E) at 275 m above sea
level (see Montès et al. (2008) for a detailed description of
the site). The mean annual precipitation is 552 mm, and the
mean annual temperature is 14.6 °C. The soil is classified as a
shallow rendzina developed over limestone bedrock with

65.7 % of stones in the top 50 cm. Soil texture, C, N, P,
Ca2+, Mg2+, Na+, K+, Fe3+, Mn2+, Al3+ and Pb2+ concentra-
tions, cation exchange capacity (CEC), and pH were analyzed
for each of the 92 individual plots by the Laboratoire
d’Analyse des Sols (INRA Arras) and are presented in
Supplementary Table S1.

The vegetation is a woody shrub-dominated Bgarrigue^ with
individual shrub heights ranging from 0.2 to 1.4 m and a cover
between 25 and 95% (seeMontès et al. 2008 for further details).
Four woody shrub species dominate the community:
Q. coccifera L. (Quercus, with an average cover across all plots
of 36 %), C. albidus L. (Cistus, 18 %), U. parviflorus Pourr.
(Ulex, 10 %), and R. officinalis L. (Rosmarinus, 9 %).

Experimental design

Ninety-two 4 × 4 m plots were selected based on plant com-
munity composition in order to include all 11 possible com-
binations of the four dominant shrub species and their single
species patches (a total of 15 treatments). Each of the 15 dif-
ferent plant combinations was replicated six times, except for
the four-species mixture that was replicated eight times. Half
of the plots (four replicates for the four-species mixtures and
three replicates for all other treatments) were equipped with a
rain exclusion device that consisted in an aluminum frame
holding stainless steel gutters at 2 m above the ground and
covering 40 % of the plot surface. A supplementary PVC
gutter and a pipe mounted at the border of the frame allowed
to evacuate the rainwater away from the plots. The remaining
plots were used as control plots that were also equipped with
gutters but mounted inversely in order to diminish interception
of rainfall. The experimental rain exclusion was set up in
October 2011. The exact amount of precipitation excluded
was estimated using (i) rain gauges installed at ground level
underneath the gutters in both control and rain-excluded plots
and (ii) TDR100 probes (Campbell Scientific Inc., Logan,
Utah) installed in seven control and eight rain-excluded plots
at 10 cm soil depth and by (iii) determining the gravimetric
humidity in the soil sampled in control and excluded plots.
Compared to control plots, the rain exclusion plots received
on average 12 ± 2% SEM less rainfall. This exclusion resulted
in an average lower soil humidity of −6.5 % (that could reach
between −13 and −24 % during rain events) at 10 cm soil
depth between control and rain exclusion plots (determined
by permanently installed TDR probes; Supplementary
Fig. S1) (Santonja et al. submitted).

Litter decomposition and soil sampling

Because the relative contribution of the different species is not
even at our field site, and in order to standardize the litter
material decomposing on the soil surface as well as the stage
of decomposition across all plots, the microbial substrate
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utilization was estimated from the soil (down to 5 cm depth)
under which the litter mixtures decomposed in field
mesocosms. Freshly shed leaves from Cistus, Quercus,
Rosmarinus, and the smallest distal twigs fromUlex (this spe-
cies has photosynthesizing stems rather than leaves) were col-
lected during peak leaf litterfall from June to July in 2011
using litter traps suspended under the shrubs that were emp-
tied regularly. This material was air-dried and pooled to pre-
pare single batches of leaf litter for the four species. A com-
mon leaf litter material from Pinus halepensis (a species that
does not occur at our study site but is typical for the
Mediterranean area) was collected like for the other species
in an adjacent forest site and used in the incubation experiment
in an attempt to separate the direct effects of decomposing leaf
litter from the overall effects of the living plants (for example
through root-driven processes).

The litters used in the decomposition experiment (4 single
shrub species and 11 possible combinations of these four spe-
cies) were composed of equal amounts of each contributing
species with a total of 6 g of dry leaf litter (or also 6 g for the
single species treatments) per mesocosm. These litters were
incubated in the plots with the corresponding shrub species
composition (for instance, the Quercus/Cistus mixtures were
incubated in the plots where these two species but not
Rosmarinus orUlex occurred). Additionally, mesocosms with
6 g of Pinus litter were incubated in all the 92 plots.
Mesocosms consisted in Bopen-bottom^ plastic cylinders
(8 cm in diameter and 5 cm tall) that were randomly placed
and fixed on the bare soil surface (naturally occurring litter
was removed previously) within the central 4 m2 of each plot.
Two openings (12 × 3 cm) were cut on the side of the plastic
cylinders and covered with 10 mmmesh. These side openings
and the open bottom of the cylinders allowed full access to the
litter for the naturally occurring soil and litter-dwelling fauna.
The top of the cylinders was covered with 1mmmesh to avoid
canopy litter mixing with the target litter while allowing the
passage of rain water. Seven mesocosms of plot-specific leaf
litter and two mesocosms of Pinus litter were prepared and
installed in the field for each plot in December 2011.

We retrieved four replicates in December 2012 and three
replicates in December 2013 of plot-specific leaf litter. The
two mesocosms filled with Pinus litter were both collected
after 2 years in December 2013. The remaining leaf litter
was collected from the plastic cylinders after 1 and 2 years
of field exposure (see Santonja et al. submitted for results).
After litter removal, we collected the underlying top soil to
about 5 cm depth, yielding a total of 828 soil samples (368
samples after 1 year and 276 samples after 2 years for plot-
specific litter and 184 samples after 2 years for Pinus litter).
The soil samples for the microbial analyses were air-dried in
the dark at 25 °C for 10 days and sieved through a 2-mm sieve.
Equal amounts of soil of the three or four replicate samples
(plot-specific litter) or two replicate samples (Pinus litter)

from each plot and at each sampling date were mixed and
homogenized to produce representative composite samples.
These composite samples were stored in a dry and dark stor-
age room until analysis.

Leaf litter traits

Eight leaf litter functional characteristics (traits) of the shrub
species, known from the literature to correlate with litter de-
composition rates, were determined: the concentrations of to-
tal C (C), N (N), phosphorus (P), lignin, total phenolics
(Phenolics), dissolved organic C (DOC), and total dissolved
N (TDN) [Joly et al. (2016) underlined the critical role of
soluble litter compounds to explain litter mixture effects on
soil microbial properties], as well as the water holding capac-
ity (WHC) (Supplementary Table S2). The community-
weighted mean traits of litter mixtures (CCWM, NCWM,
PCWM, LigninCWM, PhenolicsCWM, Lignin:NCWM,
DOCCWM, TDNCWM, and WHCCWM) were calculated as the
average trait values of litter mixtures according to the follow-

ing equation (Garnier et al. 2004): TraitCWM ¼ ∑
n

i¼1
Bi �

traiti , where Bi is the relative abundance for species i and
traiti is the trait value for species i. The functional dissimilarity
was calculated according to the Rao index (Epps et al. 2007)
for each litter mixture (CFD, NFD, PFD, PhenolicsFD, LigninFD,
Lignin/NFD, DOCFD, TDNFD, and WHCFD) as follows:

TraitFD ¼ ∑
n

i¼1
∑
n

j¼1
pipj� dij (using the dbFD function of the

R package BFD^) where pi and pj are the relative abundance
for shrub species i and j in the litter mixture and dij the
Euclidian distance between species i and j for the trait consid-
ered. Because the measured traits differ in their numerical
value ranges, standard normal deviates (so as to get an expect-
ed value of zero and a variance of one for traits values) were
used to calculate functional dissimilarity.

Soil microbial substrate utilization by MicroResp

MicroResp™ offers a convenient, rapid, and sensitive method
for the determination of soil microbial substrate utilization
which allowed us to estimate the microbial community func-
tional diversity (Campbell et al. 2008). Its application in a
number of case studies has demonstrated its utility in a wide
range of soils and land cover types (Chapman et al. 2007;
Creamer et al. 2016). About 0.49 g dry weight of soil was
incubated in triplicate with 1.5 mg C g−1 soil (except for the
low-soluble phenolic acids and cellulose for which 0.75 mg C
g−1 soil was added) of 15 different C substrates, plus one
control with deionized water, so as to reach 80 % of the field
capacity in 96-DeepWell Microplates (Fisher Scientific
E39199). Carbon substrates included three carbohydrates (D-
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glucose, xylan, cellulose, by order of complexity), one amine
(N-acetyl-glucosamine), five amino acids (L-asparagine, L-
glutamine, L-lysine, L-serine, L-glycine), three carboxylic
acids (malic acid, oxalic acid, uric acid), and three phenolic
acids (caffeic acid, which is an intermediate in lignin biosyn-
thesis, syringic acid, and vanillic acid which is a by-product
during the degradation of polyphenols by fungi). Cresol red
gel detection plates were prepared as recommended by the
manufacturer. After an initial 2-h pre-incubation at 25 °C in
the dark, each deepwell microplate was covered with a detec-
tion plate using a silicone gasket (MicroResp™, Aberdeen,
UK). The assembly was secured with a clamp and incubated
for four additional hours. Optical density at 590 nm (OD590)
was measured for each detection well before and after incu-
bation using a Victor 1420 Multilabel Counter (PerkinElmer,
Massachusetts, USA). Final OD590 were normalized using
pre-incubation OD590 and converted as substrate induced res-
piration rates expressed in microgram C-CO2 respired per
gram of soil per hour.

The respiration rates for the different C substrates were
summed across all 15 substrates (sum15) as a proxy of the
global metabolic activity, and standardized rate for each sub-
strate was computed as the rate measured for this substrate
divided by sum15, as proposed by (Leff et al. 2012). For each
plot, a Shannon metabolic diversity index was computed as

H′¼ − ∑
15

i¼1
pi� log pið Þ, and a Simpson metabolic dominance

index was computed asD¼ ∑ j
i pi2, where (pi) is the standard-

ized respiration rate for substrate (i).

Decomposition of cellulose paper (DCP)

Cellulose paper disks (0.20 ± 0.009 g) with a diameter of 55 mm
(filter paper qualitative 388, 84 g/m2, Sartorius) were weighted,
enclosed between two nylon nets (0.2 mm mesh size), and incu-
bated with 20 g of soil in 90-mm-diameter Petri dishes. The soil
was wetted with deionized water so as to reach 80 % of field
capacity and then placed in the dark for 3 weeks at a constant
temperature of 25 °C (Wardle et al. 1999). After 21 days of
incubation, the remaining cellulose was recovered, cleaned gent-
ly with a brush in deionized water, and then oven dried to con-
stantmass (65 °C) to determine remaining cellulose drymass and
cellulose mass loss. The cellulose disks were then burned in a
muffle oven (550 °C) to determine ash-free dry mass to correct
for adhering mineral soil. DCP was measured from soil samples
underneath plot-specific litter only but not from soil samples
underneath Pinus litter.

Data analysis

Statistical analyses were performed with the R software (ver-
sion 3.1.0, The R Foundation for Statistical Computing 2014)

with significance levels indicated as for p < 0.10, * for
p < 0.05, ** for p < 0.01, and *** for p < 0.001. We used a
multiple linear model approach (lm function from the Bstats^
package) to determine the most parsimonious models
predicting the microbial parameters (sum15, H′, D, and DCP).
For each microbial response variable, we carried out four dis-
tinct statistical models aiming to assess the importance of ex-
perimental treatments, species identity, functional diversity of
litter traits (Rao’s quadratic entropy), and CWM of litter traits,
respectively. The first model tested the impact of precipitation
treatments (control vs. precipitation reduction), species rich-
ness, species composition, and their interactions. The second
model tested the impact of species identity (i.e., the presence/
absence of a particular species), precipitation treatment, and
their interactions. The third and fourth models tested the impact
of functional diversity (traitsFD) and the CWM (traitsCWM) of
individual traits, respectively. Given the high number of litter
traits measured, for the third and fourth models, we preselected
four traits using the randomForest function of the eponymous
package, which classifies predictor variables by importance
(Cutler et al. 2007). To take into account the effects of soil
heterogeneity between plots, we used the scores of the first axis
of a PCA analysis of plot-specific soil characteristics [soil tex-
ture, pH, CEC, and the concentrations of C, N, P, calcium,
magnesium, sodium, potassium, iron, lead, manganese, and
aluminum (see Supplementary Table S1)], named Soil-PCA
(accounting for 40.3 % of the total variability, see
Supplementary Fig. S2) as covariable in all models. The full
models were then simplified to determine the most parsimoni-
ous models using the stepAIC function of the BMASS^ pack-
age, an established model selection procedure with both for-
ward and backward selection algorithms, which ranks all can-
didate models (all possible combinations of initial explanatory
variables included in the full model) based on lowest AICs
(Crawley 2013). We present the r2 and AIC values for both
the full model (with all initial explanatory variables) and the
most parsimonious model. Relationships between soil microbi-
al parameters (sum15, H′, D, and DCP) and individual litter
mixture parameters (litter species richness, traitCWM, or of
traitFD) were plotted using linear regressions across all plots.
To meet the assumption of normal distribution of residuals,
we applied a log transformation for sum15 values and a square
root transformation for DCP values.

As sum15, H′, and litter species richness turned out to be
correlated, and in order to test our first hypotheses, we also per-
formed a path analysis using the Blavaan^ package (Rosseel
2012) to assess whether the effect of species richness on sum15
was mediated by a richness to H′ pathway. Good model fit was
indicated by nonsignificant differences between the predicted
and observed covariance matrices (χ2 tests with p > 0.05), lower
root mean squared error approximation (RMSEA <0.1), higher
comparative fit index (CFI > 0.90) (Grace 2006; Rosseel 2012),
and an AICmodel < AICunrestricted_model.
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Results

Effects of litter species richness and composition
on microbial substrate utilization

The global metabolic activity that included respiration rates of all
15 substrates (sum15) in the soil from single species litter treat-
ments varied only little after 1 year of decomposition (between
47.0 ± 8.6 and 51.1 ± 7.0 μg C-CO2 g

−1 of soil h−1) but consid-
erably more after 2 years of decomposition (between 37.0 ± 6.0
and 50.1 ± 10.2 μg C-CO2 g

−1 of soil h−1) across control and
rain-excluded plots (Supplementary Table S3). When all litter
mixture treatments were included, the overall range in sum15
values was wider with the highest rates measured under the
Cistus/Ulex mixture (66.6 ± 4.6 μg C-CO2 g−1 soil h−1) and
the lowest rates measured under the Quercus/Ulex/Rosmarinus
mixture (37.6 ± 4.3 μg C-CO2 g−1 soil h−1) after 1 year of
decomposition across both precipitation treatments
(Supplementary Table S3). Neither species richness nor species
composition affected total microbial activity after 1 year
(Table 1). After 2 years of decomposition, the range in sum15
values covered was comparable to that after 1 year of decompo-
sition, with the highest values measured under the Quercus/Ulex
mixture (64.0 ± 9.4 μg C-CO2 g

−1 soil h−1) and the lowest under
the Quercus/Rosmarinusmixture (31.1 ± 3.0 μg C-CO2 g

−1 soil
h−1) across both precipitation treatments. In year 2, species rich-
ness still did not affect sum15, but there was a significant litter
composition effect (Table 1). The plot-specific soil characteristics
(Soil-PCA) accounted for most of the observed variation in
sum15 in both years of sampling, although only marginally sig-
nificantly after 1 year of decomposition (Table 1). The mean
sum15 values measured under Pinus litter after 2 years of de-
composition ranged between 43.1 ± 5 and 79.8 ± 12.5μg C-CO2

g−1 soil h−1. There was a similar strong effect of plot-specific soil
characteristics (Soil-PCA) on sum15 under Pinus compared to
plot-specific leaf litter, but species richness or composition had
no effect (Table 1).

Microbial metabolic diversity indices were not affected by
rain exclusion (Table 1), but they varied among shrub litter
treatments in both years (Supplementary Table S3). These
differences were largely explained by species composition
and its interaction with rain exclusion that affected both H′
and D after 1 year of decomposition (Table 1). After 2 years
of decomposition, litter diversity effects were driven by spe-
cies richness rather than composition (Table 1): H′ increased
(Fig. 1a) and D decreased (Fig. 1b) with increasing species
richness in the litter mixtures. The plot-specific soil character-
istics (Soil-PCA) also had a significant effect onH′ andD after
2 years of decomposition, which was of similar importance
overall compared to litter species richness (Table 1). Finally,
soil microbial indices from Pinus mesocosms showed no ef-
fect of rain exclusion, species composition, or species rich-
ness, nor of Soil-PCA (Table 1).

There was substantial variation in DCP, with the lowest
rates measured in soils covered with pure Rosmarinus litter
(2.8 ± 1.7 %mass loss) and the highest rates measured in soils
covered with pure Cistus litter (27.9 ± 8.0 %) after 1 year of
decomposition. Rates of DCP varied somewhat less after
2 years, with the lowest rates measured in soils covered with
the Rosmarinus/Ulex litter mixture (25.6 ± 7.3 %) and the
highest rates measured in soils covered with the four-species
mixture Cistus/Quercus/Rosmarinus/Ulex (46.8 ± 7.5 %,
Supplementary Table S3). After 1 year of decomposition,
DCP rates were mainly explained by soil physicochemical
parameters and to a lower extent by litter species composition
(Table 1). None of the factors we evaluated had any significant
effect on rates of DCP after 2 years of decomposition.

The observed litter composition effects on soil microbial
parameters were in part related to the presence of particular
litter species alone or in a mixture. For example, in the pres-
ence of Ulex litter, sum15 after 2 years of decomposition was
higher than when this species was absent (Table 2). Similarly,
whenQuercus litter was present,H′ tended to be higher andD
to be lower after 2 years compared to when this species was
absent (Table 2). The rate of DCP was constantly higher in the
presence of Quercus leaf litter after 1 and 2 years of decom-
position (Table 2) compared to litter treatments without any
Quercus leaf litter. The presence of Rosmarinus litter had a
negative effect both on sum15, but only after 1 year, and on
DCP in both years (Table 2). The presence of Cistus litter had
no effect on any of the microbial parameters in either year
(Table 2). There were no interactions between the presence
of a given species and the rain exclusion treatment.

Effects of functional trait-based metrics on microbial
substrate utilization

For a more detailed understanding of how the identity and
diversity of leaf litter decomposing at the soil surface affected
the soil microbial parameters, we evaluated the relationships
between litter mixture aggregated functional traits (TraitCWM)
or functional dissimilarity based on the Rao index (TraitFD).
We found no relationship between sum15, H′, and D of the
soil microbial community with any of the aggregated traits of
the litter mixtures in either year of sampling (Table 3). The
only weak effect of aggregated litter traits was observed in the
first year on DCP rates, which increased with increasing
DOCCWM and with increasing NCWM (Table 3 and Fig. 2).
Together, DOCCWM and NCWM accounted for 23 % of the
variance in DCP rates after 1 year of decomposition across
all plots. However, these effects disappeared after 2 years of
decomposition (Table 3) while the variation observed in the
soil microbial parameters was more regularly associated to
variation in soil characteristics (Soil-PCA, Table 3).

Soil-PCA accounted also for most of the variation in soil
microbial parameters when assessing the impact of
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Fig. 1 Relationships between species richness in the litter mixtures and
soil microbial metabolic diversity (Shannon diversity index) (a) or soil
microbial metabolic dominance (Simpson dominance index) (b) after
2 years. Open symbols are for control plots and close symbols are for

rain excluded plots. R2 (with associated significance of p value,
*p < 0.05) and solid lines are the linear regressions across all plots
(n = 92)

Table 1 Output of multiple linear models testing for the effects of rain
exclusion treatment (RE), litter mixture species richness (richness), litter
composition (COMP), and their interactions on the soil microbial

parameters (global metabolic activity (sum15), microbial metabolic
diversity (H′), microbial metabolic dominance (D), and rate of
decomposition of cellulose paper (DCP))

2012 df S.sq M.sq F value p value All R2 (AIC) MPM R2 (AIC)

sum15 Soil-PCA 1 0.085 0.085 3.261 0.074 0.17 (−317.4) 0.04 (−333.8)
Residuals 90 2.341 0.026

H′ RE 1 1e-08 1e-08 2e-05 0.997 0.49 (−637.5) 0.48 (−638.44)
COMP 14 0.022 0.002 2.102 0.024*
RE × COMP 14 0.021 0.002 2.026 0.030*
Residuals 62 0.046 0.001

D RE 1 2e-05 1.6e-06 0.011 0.915 0.47 (−793) 0.46 (−793.6)
COMP 14 0.004 2.7e-04 1.967 0.036*
RE × COMP 14 0.003 2.5e-04 1.785 0.061
Residuals 62 0.009 1.4e-04

DCP Soil-PCA 1 34.16 34.16 16.175 <0.001*** 0.44 (85.2) 0.44 (83.3)
COMP 14 91.01 6.50 3.078 <0.001***
Residuals 76 160.52 2.11

2013
sum15 Soil-PCA 1 0.260 0.260 14.467 <0.001*** 0.36 (−353.3) 0.36 (−355.3)

COMP 14 0.508 0.036 2.022 0.027*
Residuals 76 1.364 0.018

H′ Soil-PCA 1 0.001 0.001 7.800 0.006** 0.29 (−786.9) 0.14 (−797.2)
richness 1 0.001 0.001 6.864 0.01* ↑
Residuals 89 0.015 0.0002

D Soil-PCA 1 0.0001 1.5e-04 6.152 0.015* 0.26 (−960.3) 0.13 (−972.5)
richness 1 0.0002 1.7e-04 6.808 0.01* ↓
Residuals 89 0.002 2.5e-05

DCP Intercept 0.16
Pinus litters
sum15 Soil-PCA 1 0.227 0.227 10.34 0.002 ** 0.36 (−322.7) 0.10 (−349.6)

Residuals 90 1.971 0.022
H′ Soil-PCA 1 0.0009 0.0009 2.34 0.13 0.37 (−696.7) 0.03 (−714.1)

Residuals 90 0.038 0.0004
D Intercept 0.35

Plot-specific soil characteristics (Soil-PCA) were included as co-variable. We report the R2 and AIC weight of the general model including all factors
(All) and of the most parsimonious model (MPM, in bold). Only the variables retained in the most parsimoniousmodels are reported (intercept = none of
variable was retained). df = the degrees of freedom, S.sq = the sum of squares, M. sq = the mean square. n = 92 plots in 2012, 2013, and for pine litters,
respectively. Arrows indicate the direction of the effect

p < 0.10; *p < 0.05; **p < 0.01; ***p < 0.001, F value and associated significance of p value (in bold when p < 0.05)
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functional dissimilarity of traits in litter mixtures.
However, functional trait dissimilarity appeared to be
generally more important for soil microbial parameters
compared to CWM traits, in particular after 2 years of
decomposition (Table 4). After 2 years, sum15 increased

with increasing LigninFD (Table 4 and Fig. 3a), and H′
increased and D decreased with increasing PhenolicsFD
in the litter mixtures (Table 4 and Fig. 3c, d). Rates of
DCP showed a marginally significant increase with in-
creasing PhenolicsFD (Table 4). After 1 year, there was

Table 2 Output of multiple linear models testing for the effect of rain
exclusion treatment (RE) and presence of the different individual litter
species (Cistus, Quercus, Rosmarinus, and Ulex) in the litter mixture and

their interactions with RE on microbial parameters (global metabolic
activity (sum15), microbial metabolic diversity (H′), microbial metabolic
dominance (D), and rate of decomposition of cellulose paper (DCP))

sum15 H′ D DCP

2012 2013 2012 2013 2012 2013 2012 2013

Soil-PCA NS 12.902*** 4.388* 7.515** 5.106* 5.945* 13.648*** NS

RE NS NS NS NS NS NS NS NS

Quercus NS NS NS 3.366 ↑ NS 3.586 ↓ 5.437* ↑ 2.763 ↑

Cistus NS NS NS NS NS NS NS NS

Ulex NS 4.026* ↑ NS NS NS NS NS NS

Rosmarinus 4.965* ↓ NS NS NS NS NS 7.041** ↓ 2.881 ↓

Plot-specific soil characteristics (Soil-PCA) were included as co-variable. Only the variables retained in the most parsimonious models are reported.
n = 92 plots in 2012 and 2013, respectively. Arrows indicate the direction of the effect. Interactions between individual litter species and RE were never
significant and are not reported

NS not significant effect

p < 0.10; *p < 0.05; **p < 0.01; ***p < 0.001, F value and associated significance of p value

Table 3 Outputs of multiple linear models testing for the effects of
aggregated traits (traitCWM) in litter mixture, rain exclusion treatment
(RE), and their interactions on soil microbial parameters (global

metabolic activity (sum15), microbial metabolic diversity (H′),
microbial metabolic dominance (D), and rate of decomposition of
cellulose paper (DCP))

2012 df S.sq M.sq F value p value All R2 (AIC) MPM R2 (AIC)

sum15 Soil-PCA 1 0.085 0.085 3.261 0.074 0.05 (−327.4) 0.04 (−333.8)
Residuals 90 2.341 0.026

H′ Soil-PCA 1 0.004 0.004 4.388 0.039* 0.05 (−630.6) 0.05 (−638.4)
Residuals 90 0.086 9e-04

D Soil-PCA 1 9e-04 9e-04 5.106 0.026* 0.06 (−790.3) 0.05 (−798.4)
Residuals 90 0.015 2e-04

DCP Soil-PCA 1 34.16 34.16 14.328 <0.001*** 0.27 (87.2) 0.27 (84.0)
DOCCWM 1 19.32 19.32 8.104 ↑ 0.006**

NCWM 1 22.37 22.37 9.380 ↑ 0.003**
Residuals 88 209.84 2.38

2013

sum15 Soil-PCA 1 0.260 0.260 12.48 <0.001*** 0.15 (−349.6) 0.14 (−354.5)
Residuals 90 1.872 0.021

H′ Soil-PCA 1 0.001 0.001 7.323 0.008** 0.09 (−785.7) 0.08 (−792.3)
Residuals 90 0.016 2e-04

D Soil-PCA 1 2e-04 1.5e-04 5.779 0.018* 0.07 (−961.0) 0.06 (−967.8)
Residuals 90 0.002 2.6e-05

DCP Intercept 0.06

Plot-specific soil characteristics (Soil-PCA) were included as co-variable. Interactions between traitCWM and RE treatment were never significant. Only
the variables retained in the most parsimonious models are reported (intercept = none of variable was retained). We report the R2 and AIC weight of the
general model including all factors (All) and of the most parsimonious model (MPM, in bold). df = the degrees of freedom, S.sq = the sum of squares,M.
sq = the mean square. n = 92 plots in 2012 and 2013, respectively. Arrows indicate the direction of the effect

p < 0.10; *p < 0.05; **p < 0.01; ***p < 0.001, F value and associated significance of p value (in bold when p < 0.05)
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an additional negative effect of increasing WHCFD on
rates of DCP (Table 4 and Fig. 3b). Finally, interactions
between individual TraitCWM or TraitFD and rain

exclusion were never significant, indicating that the re-
ported effects did not depend on the amount of rainfall
received.
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Fig. 2 Relationship between DCP rates and community weighted mean
traits of litter mixtures for dissolved organic C (DOCCWM) (a) or for total
N (NCWM) (b) after 1 year. Open symbols are for control plots and close

symbols are for rain excluded plots. R2 (with associated significance of p
value: *p < 0.05, **p < 0.01) and solid lines are the linear regressions
across all plots (n = 92)

Table 4 Output of multiple linear models testing for the effects of
functional diversity of litter mixtures (traitFD), rain exclusion treatment
(RE), and their interactions on soil microbial parameters (global

metabolic activity (sum15), microbial metabolic diversity (H′),
microbial metabolic dominance (D), and rate of decomposition of
cellulose paper (DCP))

2012 df S.sq M.sq F value p value All R2 (AIC) MPM R2 (AIC)

sum15 Soil-PCA 1 0.085 0.085 3.261 0.074 0.10 (−329.9) 0.04 (−333.8)
Residuals 90 2.341 0.026

H′ Soil-PCA 1 0.004 0.004 4.388 0.039* 0.07 (−630.2) 0.05 (−638.2)
Residuals 90 0.086 9e-04

D Soil-PCA 1 9e-04 9e-04 5.106 0.026* 0.08 (−790) 0.05 (−798.2)
Residuals 90 0.015 2e-04

DCP Soil-PCA 1 34.16 34.16 12.867 <0.001*** 0.20 (97.7) 0.17 (92.8)
WHCFD 1 15.22 15.22 5.731 ↓ 0.019*

Residuals 89 236.31 2.66

2013

sum15 Soil-PCA 1 0.260 0.260 13.99 0.0003*** 0.28 (−362.7) 0.23 (−366.7)
LigninFD 1 0.220 0.220 11.84 ↑ <0.001***

Residuals 89 1.65 0.019

H′ Soil-PCA 1 0.001 0.001 7.679 0.0068** 0.18 (−792.9) 0.13 (−795.8)
PhenolicsFD 1 9e-04 9e-04 5.376 ↑ 0.0227*

Residuals 89 0.015 2e-04

D Soil-PCA 1 2e-04 1.5e-04 6.035 0.0160* 0.16 (−967.8) 0.11 (−970.9)
PhenolicsFD 1 1e-04 1.3e-04 4.980 ↓ 0.0281*

Residuals 89 0.002 2.5e-05

DCP PhenolicsFD 1 5.06 5.061 2.945 ↑ 0.0896 0.09 (56.2) 0.03 (52.5)
Residuals 90 154.66 1.718

Plot-specific soil characteristics (Soil-PCA) were included as co-variable. Interactions between traitFD and RE treatment were never significant. We
report the R2 and AIC weight of the general model including all factors (All) and of the most parsimonious model (MPM, in bold). Only the variables
retained in the most parsimonious models are reported. df = the degrees of freedom, S.sq = the sum of squares, M. sq = the mean square. n = 92 plots in
2012 and 2013, respectively. Arrows indicate the direction of the effect

p < 0.10; *p < 0.05; **p < 0.01; ***p < 0.001, F value and associated significance of p value (in bold when p < 0.05)

Biol Fertil Soils (2017) 53:171–185 179



Path analysis testing links between species richness, H′,
and sum15

As H′ correlated with sum15 (R2 = 0.36) (Fig. 4a) and species
richness significantly affected H′ after 2 years (Table 1), we
used path analysis to test the emerging conjecture that species
richness affects sum15 via an indirect pathway from H′ to
sum15. The model converged (χ2 = 0.03, p = 0.83) and
showed a very good model fit (RMSEA = 0, CFI = 1,
AICmodel = 14.97, AICunrestricted_model = 16.94). The path dia-
gram of the model (Fig. 4b) displays a significant pathway
between litter species richness andH′ (standardized regression
weight = 0.26, p < 0.01).

Discussion

In this study, we used a natural diversity gradient with four
Mediterranean shrub species to address the question how a
combined change in diversity of plants litter input and a re-
duction in precipitation affect the functioning of the soil mi-
crobial community.

Our results showed that the measured soil microbial param-
eters (that were based on how microbial communities utilize a
range of different C substrates) depended on the soil physico-
chemical properties, with a particular strong effect after
2 years, in line with previously reported soil characteristics
effects (see for instance Delmont et al. 2014). On the other
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Fig. 3 Relationships between soil microbial metabolic parameters and
functional dissimilarity of litter traits in the litter mixtures (a) between
sum15 and LigninFD after 2 years, (b) between cellulose decomposition
rates (DCP) and WHCFD after 1 year, and (c, d) between H′ or D index,

respectively, and PhenolicsFD after 2 years. Open symbols are for control
plots and closed symbols are for rain excluded plots. R2 (with associated
significance of p value: p < 0.10, *p < 0.05) and solid lines are the linear
regressions across all plots (n = 92)
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hand, soil microbial parameters were generally not affected by
the moderate rain exclusion we applied (see Fig. S3 and
associated comment for more details). Accordingly, but in
contrast to our initial hypothesis stating that microbial com-
munities underneath higher diverse litter mixtures are less
affected by reduced precipitation, there were no interactive
effects between rain exclusion and litter diversity measures
on microbial parameters. The sole exception was that litter
species composition distinctly affected the microbial H′ and
D in control compared to rain-excluded plots after 1 year of
field exposure of litter. This comparatively short-term re-
sponse, which did not persist into the second year, suggests
that the soil microbial communities associated to different
litter mixtures responded differently to rain exclusion during
the initial stage of decomposition. Because litter leaching is an
important process early in the decomposition dynamics (Swift
et al. 1979; Berg and Laskowski 2005), the interaction be-
tween litter composition and the amount of precipitation in
the first year of the experiment may result from less leachate
transfer to the soil with partial rain exclusion in some litter
combinations. However, in our further tests evaluating the
effects of species presence or of mean trait values of the litter
mixtures, we could not relate this response to the presence of a
particular shrub species or to a particular litter trait (Tables 2
and 3). The relatively moderate rain exclusion applied in our
study that resulted in a 6.5 % lower soil water content on
average in rain-excluded plots compared to the control plots
might not have been strong enough to affect the functioning of
the soil microbial communities more clearly and more consis-
tently over the 2 years of our experiment. On the other hand,
previous studies applying more severe treatments of rain ex-
clusion and evaluating the effect on soil processes in
Mediterranean ecosystems also reported weak or no effects

(Sardans et al. 2006; de Dato et al. 2010; Pailler et al. 2014).
For example, de Dato et al. (2010) applied a total rain exclu-
sion during spring and autumn in a semiarid Mediterranean
shrubland and reported decreased soil CO2 emissions for only
three of ten occasions in rain-excluded plots compared to con-
trol plots after 5 years of climate manipulation. Pailler et al.
(2014) showed that a severe heat-drought stress applied on
soil samples from a Mediterranean forest (10 days at 50 °C)
decreased the activity of the soil microbial community but did
not affect their catabolic profiles, compared to control condi-
tions. No effect of summer drought on soil community cata-
bolic profiles was reported by Sardans et al. (2006) and de
Dato et al. (2010). In another experiment assessing the effect
of multiple drying–rewetting cycles on surface and subsurface
soils from a California annual grassland soil, Xiang et al.
(2008) reported that microbial biomass and activity were not
or only moderately affected by wetting and drying cycles.
Collectively, these results suggest that because microbial com-
munities in drought-affected ecosystems evolved and adapted
to periodic drought, they may represent a considerable resis-
tance to interannual variations in soil water availability.
However, consistently lower precipitation over a longer time
period may affect the adaptive trajectory of microbial commu-
nities that has not yet been detected in the relatively short-term
studies cited above, including our own. In fact, in a long-term
experiment excluding 29 % of rainfall over 11 years, García-
Palacios et al. (2016) reported negative effects on soil micro-
bial biomass and altered substrate utilization patterns in a soil
under Mediterranean holm oak forest, indicating that soil mi-
crobial functioning may well change in response to long-term
changes in soil water availability.

We predicted with our first hypothesis that increasing di-
versity of leaf litter decomposing at the soil surface would
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increase the capacity of soil microbial communities to metab-
olize diverse substrates and therefore lead to an increased
overall microbial activity. The different litter treatments
representing the plot-specific woody shrub composition in-
deed led to altered microbial metabolic diversity, dominance
indices, and DCP rates after the litter had been decomposed
for 1 year. This litter composition effect, however, was overall
relatively weak (Table 1). Species composition effects on eco-
system processes could be driven by the presence of specific
species and the physical and chemical traits they represent. In
our study, DCP rates consistently increased with the presence
ofQuercus litter and decreased with that of Rosmarinus. Also,
the presence of Ulex litter increased sum15 and H′, while that
of Rosmarinus decreased H′ (Table 2). The negative effect of
Rosmarinusmay be related to inhibiting compounds produced
by this species (Gómez-Aparicio et al. 2004), and the positive
effects of Quercus and Ulex may be associated to their rela-
tively high N concentrations (in comparison to Cistus and
Rosmarinus). In fact, DCP rates measured after 1 year in-
creased with increasing N concentrations in the litter mixtures
(NCWM, Table 3). This N effect and a DOC effect on DCP
were the only significant effects of community-weighted
mean traits we observed, but they disappeared in the second
year, probably once DOC and soluble N are leached from
decomposing litter. This transient effect of DOC on soil mi-
croorganisms is in line with a recent study that reported that
leaf litter leachates induced rapid increase in soil microbial
respiration and shift in community composition, that were
positively associated with soluble C and N concentrations
(Joly et al. 2016). In contrast, soil microbial metabolic param-
eters were better explained by functional dissimilarity of litter
traits, especially after 2 years. This finding supports our initial
hypothesis that increasingly dissimilar litter substrates provide
a greater spectrum of resources fostering complementary re-
source use by soil microorganisms. The soil microbial meta-
bolic activity increased with increasing LigninFD, while H′
and DCP (only marginally significant) rates increased, and
D decreased with increasing PhenolicsFD. These results indi-
cate that a high dissimilarity in C compounds within litter
mixtures has a particularly important role for microbial meta-
bolic diversity and substrate use efficiency. Higher soil micro-
bial activity with increasing litter lignin content is rather un-
expected since this compound is recalcitrant, but this could
result from the stimulation of lignin-degrading enzymes in the
soil following long-term inputs of lignin-rich litter substrates
in the corresponding plots. The relatively important role of
PhenolicsFD was not surprising since phenolic compounds
can directly affect the composition and activity of soil organ-
isms (Schimel et al. 1998; Hättenschwiler and Vitousek 2000;
Coq et al. 2010; Chen et al. 2015). The observed decrease inD
and the concomitant increase in H′ with increased dissimilar-
ity of phenolics in litter mixtures indicate that litter mixtures
containing species with distinct phenolics composition

promote a metabolically more diverse microbial community
because of more diverse C substrates.

In contrast to the litter species composition effect that dis-
appeared with ongoing decomposition but in line with increas-
ing relative importance of trait dissimilarity vs. community-
weighted mean traits discussed above, the species richness
effect apparently got stronger and was positively related to
H′ and negatively related to D after 2 years of decomposition
in the field (Fig. 1). Field studies explicitly addressing the
question how surface litter influence the functioning of micro-
bial communities in the underlying soil are rare in general and
in particular for the evaluation of litter diversity effects. A
previous study in a tree species-rich tropical rainforest showed
that up to 50 % of the variability in soil microbial respiration
was accounted for by the quality of decomposing leaf litter at
the soil surface (Fanin et al. 2011). Also, in an incubation
experiment using mixed litter from alpine steppe species,
Chen et al. (2015) found that plant species richness affected
soil N and C dynamics (in particular the cumulative soil CO2

emission) but to a lower extent compared to the chemical traits
of litter. Here, we showed that an increasing number of plant
litter species increased the metabolic diversity of soil micro-
bial communities. According to our path analysis, the plant
richness-related increase in microbial metabolic diversity was
then the major driver of the higher global soil microbial activ-
ity. In fact, H′ accounted for a higher amount of variability
observed in sum15 than the soil parameters (Fig. 4b) that
varied greatly among plots. These findings strongly suggest
that higher plant species richness increases metabolic diversity
of soil microbial communities via an increased resource diver-
sity that ultimately stimulates microbial activity. Total activity
and metabolic diversity of soil microbial communities there-
fore would not solely be a characteristic of microbial diversity
but would depend also on the diversity of substrates provided
by the plants in contrast to the theoretical model proposed by
Loreau (2001). Similarly, Fonte et al. (2013) reported a higher
biomass production and growth efficiency of aquatic bacterial
communities provided with a mixture of different C com-
pounds compared to single C compounds, with only a minor
role of bacterial community composition. Plant species rich-
ness effects on soil microbial communities and the processes
they drive have been reported in grassland diversity experi-
ments before (Reich et al. 2001; Chung et al. 2007; Eisenhauer
et al. 2010, 2013). For instance, in the Jena Biodiversity ex-
periment, Lange et al. (2015) showed that soil microbial ac-
tivity in temperate grassland increased underneath plant com-
munities with higher species richness, which they interpreted
as a result of higher rhizosphere C input in more diverse com-
pared to less diverse plant communities. However, the under-
lying mechanisms of how higher plant species richness is
affecting the various components of the soil microbial com-
munities (e.g., biomass, activity, functional diversity) are yet
to be demonstrated. It is difficult to separate living plant
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effects from plant litter effects, especially in a field experiment
with continuous long-term inputs of litter material and well-
developed root systems. In our study, the exposed litter mix-
tures represented the plot-specific plant composition, and the
reported effects may be a combination of root and
decomposing litter effects. There are two lines of evidence
suggesting that the species richness effects we observed are
primarily a consequence of litter decomposing at the soil sur-
face. First, species richness had no influence in the first year. If
root processes would be the dominant factor, the relationship
between plant richness and microbial parameters should have
been similar in both years. However, our results showed that
the relationship was only detectable in the second year, sug-
gesting that with ongoing decomposition and progressive
transfer of decomposition products to the underlying
soil, decomposing surface litter was probably a more
determinant plant richness effect than root processes.
Second, there were no plant diversity effects on micro-
bial parameters in soils underneath the common leaf
litter from P. halepensis, which we exposed in all plots
in addition to the plot-specific litter. Again, if root pro-
cesses would dominate the responses of soil microbial
communities, the effect of plant richness after 2 years
should have been similar independently of the identity
of litter decomposing at the soil surface. Hence, our
results suggest that plant diversity can exhibit an impor-
tant control over soil microbial functioning through the
input of surface litter and the associated diversity of
organic resources.

We conclude that the microbial activity and their ca-
pacity to use a range of different substrates were little
affected by the moderate rain exclusion we applied to
the studied Mediterranean shrubland. Such weak effects
are probably the result of an only small change in soil
humidity. Also, the soil microbial community in the
studied Mediterranean ecosystem is adapted to recurrent
drought stress and may only change after several years
of modifications in the precipitation regime. In contrast,
the composition, species richness, and functional diver-
sity of the shrub community had a clear effect on the
microbial parameters we assessed here. There was some
striking evidence that the reported plant diversity effects
on soil microbial communities are driven by leaf litter
decomposing on the soil surface rather than mediated by
plant root systems. In line with a previous study (Lloret
et al. 2015), our results suggest that climate change
effects on plant species composition and richness might
have more important consequences for soil microbial
functioning than reduced precipitation in the studied
Mediterranean shrubland ecosystems. However, the rela-
tive impact of direct and indirect climate change-driven
consequences will depend on the magnitude of change
and the temporal scale considered.
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