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ABSTRACT

Climate change-induced rainfall reductions in

Mediterranean forests negatively affect the decompo-

sition of plant litter through decreased soil moisture.

However, the indirect effects of reduced precipitation

on litter decomposition through changes in litter qual-

ity and soil microbial communities are poorly studied.

This is especially the case for fine root litter, which

contributes importantly to forests plant biomass. Here

we analyzed the effects of long-term (11 years) rainfall

exclusion (29% reduction) on leaf and fine root litter

quality, soil microbial biomass, and microbial commu-

nity-level physiological profiles in a Mediterranean

holm oak forest. Additionally, we reciprocally trans-

planted soils and litter among the control and reduced

rainfall treatments in the laboratory, and analyzed litter

decompositionand its responses to a simulatedextreme

drought event. The decreased soil microbial biomass

and altered physiological profiles with reduced rainfall

promoted lower fine root—but not leaf—litter decom-

position. Both leaf and root litter, from the reduced

rainfall treatment, decomposed faster than those from

the control treatment. The impact of the extreme

drought event on fine root litter decomposition was

higher in soils from the control treatment compared to

soils subjected to long-term rainfall exclusion. Our re-

sults suggest contrasting mechanisms driving drought

indirect effects on above-(for example, changes in litter

quality) and belowground (for example, shifts in soil

microbial community) litter decomposition, even

within a single tree species. Quantifying the contribu-

tion of these mechanisms relative to the direct soil

moisture-effect is critical for an accurate integration of

litterdecomposition intoecosystemcarbondynamics in

Mediterranean forests under climate change.

Key words: carbon cycle; climate change;

drought; litter functional traits; Mediterranean for-

ests; rainfall exclusion; resilience; soil decomposers.

INTRODUCTION

Mediterranean ecosystems are among the most

impacted by ongoing climate change (Sala and

others 2000; Giorgi 2006). Current climate models

predict a potential decline in annual rainfall of 20–

30% in the Mediterranean Basin (Somot and oth-

ers 2008), and the frequency of short-term extreme
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drought events could be multiplied by three during

the twenty-first century (Sheffield and Wood

2008). Such alterations in the amount and distri-

bution of rainfall will eventually reduce soil water

availability (Limousin and others 2009), affecting

processes that control the ecosystem carbon (C)

balance (Harper and others 2005). Stronger

reductions in plant C uptake through CO2 fixation

than in C loss through plant respiration processes

under reduced rainfall have been hypothesized to

trigger a positive C-climate feedback in Mediter-

ranean (Misson and others 2010) and temperate

forests (Ciais and others 2005). However, such

estimates of ecosystem C balance based on ecosys-

tem-level net fluxes do not allow a detailed eval-

uation of the relative importance of the different

pathways of C fluxes, such as autotrophic (that is,

plants) versus heterotrophic respiration (that is, soil

decomposers). The latter contributes between 50

and 70% to total ecosystem respiration (Curiel

Yuste and others 2005) and is fueled mostly by the

microbial decomposition of plant-derived organic

matter.

Rainfall exclusion experiments have typically

found a negative effect on leaf litter decomposition

as a consequence of a direct moisture-induced

reduction in soil heterotrophic activity (Sanaullah

and others 2012; Saura-Mas and others 2012;

Walter and others 2013). However, the relative

contribution of the longer term indirect conse-

quences of reduced rainfall on litter quality (that is,

the combination of chemical and morphological

traits) and microbial decomposers (abundance,

composition, physiology) is poorly understood,

despite their importance in determining the overall

outcome of climate change effects on litter

decomposition (Allison and others 2013; Vogel and

others 2013). In addition, soil microbial strategies

relating to drying-rewetting cycles (that is, soil

rewetting after a drought event) can shift from

sensitive to tolerant after long-term exposure to

rainfall reduction (Evans and Wallenstein 2014).

Such microbial acclimation and/or adaptation can

modify the resilience of microbially mediated pro-

cesses to short-term extreme drought events (De

Vries and others 2012). The importance of such

modifications for litter decomposition, however,

remains unclear, mostly because of a lack of long-

term studies manipulating precipitation over a

decade or more. These indirect effects through litter

quality and microbial adjustments need to be ad-

dressed to establish a mechanistic understanding of

the impacts of changing rainfall patterns on litter

decomposition and ecosystem C dynamics in

Mediterranean forests.

Although annual inputs of fine root litter can be

equivalent to that of leaf litter (Jackson and others

1997; Freschet and others 2013)—especially in

forests (Norby and others 2004)—the literature on

litter decomposition is clearly biased towards

leaves, with only 2% of all studies looking at roots

(Zhang and others 2008). In Mediterranean ever-

green forests, the need to fill this gap is especially

urgent with ongoing climate change, as C alloca-

tion to fine roots has been found to increase with

water stress (Canadell and Roda 1991). Although

fine root litter seems to be more recalcitrant than

leaf litter from the same plant species (Zhang and

others 2008; Freschet and others 2012), the quality

of leaf and fine root litter and their decomposition

rates are often positively correlated (Wang and

others 2010; Birouste and others 2012; Freschet

and others 2012, but see Hobbie and others 2010),

which may indicate similar and parallel responses

to climate change. Rainfall reduction can decrease

leaf litter quality in Mediterranean holm oak via

increases in secondary metabolites (for example,

phenolics and condensed tannins) and decreases in

nutrient concentrations (Ogaya and Peñuelas 2006;

Sardans and Peñuelas 2005), but whether such

effects also occur for fine root litter is less well

known. In addition, even if leaf and fine root litter

quality responded similarly to reductions in rain-

fall, the consequences of such climate change-in-

duced alterations in litter quality for microbial

decomposers could differ between litter materials.

Thus, due to the important contribution of fine

roots to total plant biomass in forests, and the

potential for contrasting responses compared to leaf

litter, belowground plant organs should be taken

into account when assessing the indirect role of

litter quality and soil microbes in determining the

impact of reduced rainfall on decomposition.

To disentangle the relative importance of changes

in litter quality and differences in heterotrophic

microbial communities for the response of litter

decomposition to reduced rainfall, we took advan-

tage of a long-term (11 years) rainfall exclusion

experiment in a Mediterranean evergreen forest

dominated by holmoak (Quercus ilex L.). Specifically,

we evaluated the effects of reduced rainfall on

above- and belowground litter traits, and on soil

microbial biomass and community-level physiolog-

ical profiles. We then conducted a reciprocal trans-

plant experiment in the laboratory in which we

placed leaf and fine root litter on their soil of origin

(control or rainfall exclusion treatment) and on the

soil of the contrasting treatment, and analyzed C

mineralization as a measure of litter decomposition.

At the end of a 95-day incubation period, all treat-
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ment combinations were additionally exposed to a

simulated extreme drought event to test for poten-

tial changes in the impacts on litter decomposition.

We tested the following hypotheses: (i) long-term

rainfall reduction decreases leaf and fine root litter

quality by increasing their C:N ratios and the con-

centrations of secondary compounds, promoting a

negative influence on litter decomposition, (ii) long-

term rainfall reduction decreases soil microbial bio-

mass, and alters microbial community-level physi-

ological profiles, promoting a negative influence on

litter decomposition, and iii) the impacts of extreme

drought on litter decomposition are higher in soils

not subjected to long-term rainfall reduction.

MATERIALS AND METHODS

Study Area and Experimental Design of
the Long-Term Rainfall Exclusion
Experiment

The study area is located in an evergreen Mediter-

ranean forest in southern France (3�35¢45¢¢E,
43�44¢29¢¢N at an elevation of 270 m). The vegeta-

tion and the litter layer are dominated by holm oak

individuals and leaves, respectively. The climate is

Mediterranean, with cool winters and a severe

summer drought (MAT: 13.1�C, MAP: 901 mm).

The soil (see Table 1 for detailed characteristics),

dominated by Jurassic limestone, has a large volu-

metric rock content that reduces the total soil

available water accumulated over 4.5-m depth to

only 150 mm, and enhances the drought stress

experienced by the vegetation during the summer

(Rambal and others 2003). In 2003, a rainfall

exclusion experiment was set up in the study area to

simulate the effects of reductions in precipitation on

Mediterranean evergreen forests. The experiment

was replicated on three independent locations with

at least 100 mbetween them. This design allowed us

to account for the potential environmental hetero-

geneity in microclimate and soil conditions between

locations. Each location was divided in two consec-

utive plots of 140 m2 (14 m 9 10 m), correspond-

ing to the reduced rainfall (29% reduction of net

precipitation achieved using PVC gutters covering a

33% area) and control (natural rainfall conditions,

but identical gutters set up upside down) treat-

ments. See Online Appendix S1 and Limousin and

others (2009) for a detailed explanation of the

rainfall exclusion facility.

Sampling of Leaf Litter, Fine Root Litter,
and Soils

We sampled fresh fallen leaf litter, fine roots, and

soils from specifically marked individual trees to

tease apart the contribution of litter quality and soil

microbes on litter decomposition responses to long-

term reductions in rainfall amount accounting for

intra-specific variability in leaf and fine root litter

traits. The collected litter material was used to

determine quality traits and to set up a laboratory

reciprocal transplant experiment incubating litter

(leaf and fine root) and soil from the two treatments

(control and exclusion) of the rainfall exclusion field

experiment. Five Q. ilex individual trees per plot

were sampled for a total of n = 30 trees (two rainfall

treatments 9 three locations 9 5 individual trees).

The five trees were selected at a minimum distance

of 4–5 m to any other tree/shrub individuals to as-

sure that soil beneath the canopy of sampled indi-

vidual trees were little influenced by neighboring

trees. Mesh litter traps were placed within the ca-

nopy of each sampled Q. ilex individual as high as

possible in order to assure the collection of leaf litter

originating from the particular target individual.

These litter traps were placed in the field in early

September 2013 and retrieved in late October 2013

to include the second litterfall peak of Q. ilex, which

is likely to be more influenced by the reduced

rainfall treatment than the spring peak, as the

experimental rainfall reduction especially decreases

soil moisture during summer drought (Limousin

and others 2009). Intact leaves were selected and

oven-dried for three days at 40�C for litter quality

and decomposition measurements.

Three soil cores (5-cm diameter, 15-cm deep)

were collected at three random positions beneath

the canopy of each individual tree at the same time

as we collected leaf litter from the litter traps. These

soil samples were used for soil microbial analyses

and fine root collection. Upon harvest, the three

soil cores of each individual tree were mixed (30

samples in total), sieved at 2 mm, and separated

into three subsamples. One subsample was imme-

diately frozen at -20�C for microbial analyses, a

second subsample was air-dried for measurements

Table 1. Soil Parameters of the Experimental Site

Control Drought

Total organic C (g kg-1) 86.0 ± 3.73 85.9 ± 4.79

Total N (g kg-1) 4.6 ± 0.24 4.7 ± 0.21

Olsen P (mg kg-1) 22.3 ± 1.68 23.8 ± 1.41

NO3
-–N (mg kg-1) 4.4 ± 0.58 6.2 ± 1.18

NH4
+–N (mg kg-1) 36.4 ± 2.90 34.7 ± 1.92

Mean ± 1 SE, n = 15.

Indirect Drought Effects on Litter Decomposition
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of soil parameters, and the third one was stored at

4�C for three weeks until the decomposition

experiment started. During soil sieving, we re-

trieved fine roots (diameter < 2 mm) that were

gently washed to eliminate adhered soil particles.

Once washed, Q. ilex roots were sorted visually

from other species’ roots (usually less than 5% of

the total fine root pool), to prepare a homogeneous

pool of fine roots for each individual tree. It is

reasonable to assume that the fine root pool was

dominated by this particular individual tree since

neighboring trees were at least 4–5 m apart. How-

ever, we cannot entirely exclude that the fine root

pool also contained some roots from neighboring Q.

ilex trees. We did not attempt to distinguish be-

tween live and dead roots, as this is practically

impossible for our study species, and most studies

have reported little or no difference in nutrient

content between them (McClaugherty and others

1982; Aerts 1990). Immediately after collection,

roots were separated into three subsamples. Two

subsamples were oven-dried at 40�C for 3 days and

used for litter chemistry and the decomposition

experiment, and the third subsample was im-

mersed in tap water and stored at 4�C for root

morphology measurements.

Leaf and Fine Root Litter Quality, Soil
Microbes, and Soil Parameters

The oven-dried subsamples of leaf and fine root litter

from each Q. ilex individual (60 samples in total)

were ground to fine powder with a ball mill. C and

nitrogen (N) concentrations were determined using

a CN elemental analyzer (ThermoFinnigan, Milan,

Italy). Total phenolics were measured with the Fo-

lin–Ciocalteu reagent following Marigo (1973), but

using methanol (50%) as solvent instead of water.

Condensed tannins were determined according to

the acid butanol method (Porter and others 1986).

Specific leaf area (SLA) and its belowground coun-

terpart, specific root length (SRL), weremeasured as

morphological traits. We measured SLA (leaf area/

dry mass) by collecting leaf disks (0.24 cm2) from

five randomly selected leaves per tree individual

(Pérez-Harguindeguy and others 2013). The five leaf

disks were pooled, dried at 60�C for two days, and

weighted (that is, one mean value per individual

tree). This technique likely overestimated SLA be-

cause structural masses (for example, veins), which

may increase leaf weights, were avoided across

treatments. To measure SRL (total root length/dry

mass), roots were spread out in distilled water onto a

mesh tray, carefully dried to eliminate excess water

and finally transferred on a transparent acetate

sheet, and scanned at 400 dpi. The resulting image

was processed with image analysis software (Win-

rhizo, version 2009, Regent Instrument, Quebec,

Canada) to determine total root length (L). After

scanning, roots were oven-dried at 60�C for 72 h

and then weighed to determine their dry mass.

We analyzed the functional composition of soil

heterotrophic microbial communities with the Mi-

croResp system, which is a whole-soil method based

on community-level physiological profiles obtained

by testing ecologically meaningful carbon sources of

different chemical recalcitrance (Campbell and

others 2003). In functional terms, the substrate

utilization rates of the C sources correspond to the

catabolic attributes of themicrobial community, and

thus we can use MicroResp data to interpret differ-

ences in microbial functional composition (Garcı́a-

Palacios and others 2011a). Before MicroResp

measurements, previously frozen (-20�C) soil was

incubated in 96-DeepWell Microplates for 5 days at

25�C and at 50% of their water-holding capacity in

order to allow microbial communities to reestablish

in defrosting soil. The appropriateness of storing the

soil samples frozen for measurements of microbial

activity has been demonstrated with substrate-in-

duced respiration techniques (Pesaro and others

2003), a procedure very similar to the MicroResp.

We then followed the procedure described in Gar-

cı́a-Palacios and others (2011b) to calculate sub-

strate-induced respiration rates expressed in lg C–

CO2 respired g-1 soil h-1 by using the control

(deionized water but no C source added) as the basal

respiration. Fifteen different C sources were added:

three carbohydrates (D-glucose, xylan, cellulose),

one amine (N-acetyl-glucosamine), five amino acids

(L-asparagine, L-glutamine, L-lysine, L-serine, L-gly-

cine), three carboxylic acids (malic acid, oxalic acid,

uric acid), and three phenolic acids (caffeic, syringic

and vanillic). Active microbial biomass was esti-

mated by converting glucose-induced respiration

rates obtained with the MicroResp system to bio-

mass. For soil parameters, soil subsamples were sent

to the INRA laboratory at Arras, France, for standard

soil analyses (pH, total C, total N, Olsen P, NH4
+–N

and NO3
-–N).

Leaf and Fine Root Litter Decomposition
Assay

Using the leaf litter, fine root litter, and soil samples

collected in the field, we set up a reciprocal trans-

plant experiment in the laboratory, with the five

individual trees sampled per plot as replicates

(nested within locations). We evaluated whether

litter origin (for example, changes in chemistry

P. Garcı́a-Palacios and others
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and/or morphology between control and rainfall

exclusion) and soil origin (for example, changes in

microbial abundance and/or composition between

control and rainfall exclusion) mediated the re-

sponses of leaf and fine root litter decomposition to

reduced rainfall. These main effects were crossed in

a fully factorial design and replicated for the five

trees within each location of the field experiment

(two litter origins 9 two soil origins 9 three loca-

tions 9 5 individual trees, n = 60 for each litter

material). Thus, individual tree-level samples of

leaf litter or fine root litter from each litter origin

were incubated with either the same (control litter

on control soil, rainfall exclusion litter on rainfall

exclusion soil) or different soil origin (control litter

on rainfall exclusion soil, rainfall exclusion litter on

control soil). The ‘same origin’ treatment consisted

of litter and soil from the same individual tree,

whereas in the ‘different origin’ treatment, we

allocated tree-level litter randomly to soil from an

individual tree from the other treatment, but

within the same location. The comparison of soil

origins within each pair of control and rainfall

exclusion plots kept environmental heterogeneity

(microclimate, soil physicochemical parameters),

and therefore unaccounted variance, to a mini-

mum, increasing our ability to assign soil origin

effects to differences in soil microbes. To minimize

potential non-microbial soil effects on decomposi-

tion, such as soil fertility, we used a higher litter to

soil ratio (0.75 g:20 g) than previous experiments

(Ayres and others 2009; Garcı́a-Palacios and others

2013) for the construction of the microcosms (150-

ml flasks). For standardization, both leaf and fine

root litter were placed on top of the soil surface in

each microcosm assuring a good contact with the

soil surface. We regularly measured C mineraliza-

tion rates, a measure of litter decomposition over

the incubation period of a total of 95 days using a

Micro-Gas Chromatograph (Varian GC 4900, Wal-

nut Creek, USA). One ‘no-litter’ (that is, containing

only soil) microcosm per individual tree (n = 30)

was also incubated to correct for the soil contribu-

tion to CO2 production. We used linear interpola-

tions between sampling dates and then summed

them across all dates to estimate the cumulative

CO2 produced (C loss) over the incubation period.

Impacts of an Extreme Drought Event on
Leaf and Fine Root Litter Decomposition

A week after the last respiration measurements on

day 95, we exposed all microcosms to a simulated

extreme drought event, in order to assess whether

the impact of such an event on litter decomposition

was influenced by litter and soil origins from the

long-term precipitation exclusion experiment. We

simulated the extreme drought event at the end of

the 95-day incubation period for two reasons: (i) to

enable a direct comparison of pre- and post-

drought measurements at the level of each indi-

vidual microcosm (avoiding treatment unrelated

variation among microcosms), and (ii) to reduce

the magnitude of the conspicuous respiration flush

that is commonly found in soils subjected to air-

drying and rewetting (the Birch effect; Birch 1958).

The duration and intensity of this drought event

was determined based on the most extreme

drought recorded at the study site (July–August

2006, Limousin and others 2012). Microcosms

were kept open in the growth chamber at 20�C
during 24 days to a final water-holding capacity

(WHC) of 5–8%. Successively, all microcosms were

rewetted to 50% WHC, and C mineralization rates

were measured at 1, 3, 7, and 15 days after

rewetting. We used the C mineralization rate

measured at day 95, the date immediately before

the extreme drought event was initiated, as a ref-

erence to calculate a Drought Impact Index (DII

hereafter) for each of the four sampling dates. The

DII for each microcosm was calculated as the in-

crease in C mineralization rate after the extreme

drought event (1, 3, 7, or 15 days) relative to the

pre-drought measurements on day 95. We would

expect the DII to be equal to or higher than 1 be-

cause of the CO2 flush from soils after rewetting,

which is thought to be higher with a more negative

impact of the drought event (Fierer and Schimel

2003). This index allowed us to compare the impact

of extreme drought events on litter decomposition

as a function of the soil and litter origin treatments,

by standardizing the potential differences in process

rates between treatments and focusing on the rate

of change in response to the applied disturbance.

Data Analysis

To reduce the number of tests conducted, and allow

for an integrative interpretation of the effects of the

long-term field rainfall exclusion treatment on leaf

and fine root litter quality, we built two separate

trait matrices, one for leaf litter (total phenolics,

condensed tannins, C:N ratio and SLA) and one for

fine root litter (total phenolics, condensed tannins,

C:N ratio and SRL). The effects of the rainfall

exclusion on litter quality were evaluated using

semiparametric permutational ANOVA-type tests

(PERMANOVA, Anderson 2001). We used the

Euclidean distance, 9999 permutations, rainfall

exclusion as a fixed factor, and two random effects

Indirect Drought Effects on Litter Decomposition
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(location and tree nested within location). This design

allowed us to account for non-independence of

individual trees within locations. Separate analyses

were conducted for each litter material. The same

PERMANOVA model was used to test for effects of

rainfall exclusion on soil microbial community-le-

vel physiological profiles. To help visualize the ef-

fects of rainfall exclusion on the multivariate litter

quality matrices, we also performed a principal

coordinate analysis on these variables (PCO;

Anderson and others 2008). We analyzed C min-

eralization rates using two (one for leaf and one for

fine root litter) general linear mixed-effects models

(GLMMs). Both models included litter origin, soil

origin, and sampling date as fixed factors (along with

their interactions), and three random effects (loca-

tion, tree nested within location, and microcosm nes-

ted within tree nested within location). This design

allowed us to account for non-independence of

individual trees within locations (as litter trans-

plants were performed at the level of the location,

that is, two paired plots) and across sampling dates

(as each microcosm was measured once on each

date). The effects of varying litter origin and soil

origin on cumulative C loss over the course of the

95-day decomposition experiment were assessed

with similar GLMMs (but without sampling date and

microcosm). The same GLMMs used for C mineral-

ization rates were also used to evaluate the effects

of litter and soil origin on the DII. When interac-

tions including the number of days after rewetting

(sampling date) were significant, we ran a model for

each date separately. Relationships between leaf

and fine root litter traits, and between leaf and fine

root litter cumulative C loss across treatments were

analyzed with Pearson correlations. PERMANOVA

and PCO analyses were carried out using the

PERMANOVA + module for the PRIMER software

(PRIMER-E Limited, Plymouth Marine Laboratory,

UK (Anderson and others 2008)), and GLMMs

were conducted with the R software environment

(R Development Core Team 2011).

RESULTS

Effects of Rainfall Exclusion on Soil
Microbes and Traits of Leaf and Fine Root
Litter

The rainfall exclusion (29% reduction of annual

net precipitation) over 11 years had a marginally

significant effect on the soil microbial community

physiological profile (F1,2 = 3.97, P = 0.051); this

was related to lower respiration rates of the C

sources syringic acid, vanillic acid, glycine, aspar-

agine, and glutamine found in soils from rainfall

exclusion plots (Figure 1A). The active microbial

biomass was 27% lower in the soils from rainfall

exclusion plots (F1,2 = 28.23, P = 0.034; Fig-

ure 1B). The effect of reduced rainfall on leaf litter

quality was marginally significant (F1,2 = 5.09,

P = 0.055), with leaf litter from trees in rainfall

Figure 1. Effects of long-term rainfall exclusion in the field on A soil microbial community-level physiological profiles

and B active microbial biomass (glucose-induced respiration rates). Variance explained by each ordination axes (PCO1 and

PCO2) is shown in A, and significant Pearson correlations (r ‡ 0.7) between individual substrates and the ordination axes

are shown in the boxes, with the arrow representing the sign of the correlation. Values represent means ± 1 SE (n = 15).
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exclusion plots showing lower concentrations of

total phenolics and condensed tannins (Figure 2A;

Table 2). Fine root litter quality was not signifi-

cantly influenced by the reduced rainfall

(F1,2 = 0.55, P = 0.644; Figure 2B; Table 2). We

found no significant correlations between leaf and

fine root litter traits across the rainfall exclusion

treatments (P > 0.05 in all cases, except for a

positive correlation between SLA and SRL;

r = 0.51, P = 0.004, Table S1 in Online Appendix).

Effects of Rainfall Exclusion on Leaf and
Fine Root Litter Decomposition

Although the litter origin 9 soil origin interaction

was not significant for either leaf or fine root litter

decomposition (Table S2 in Online Appendix), we

found differences in the main effects for both litter

materials. Litter origin, but not soil origin, had a

significant effect (P = 0.041, Table S2 in Online

Appendix) on leaf litter C mineralization rates. This

effect, however, depended on the incubation stage,

as leaf litter from the rainfall exclusion treatment

decomposed faster than the control litter only at

the intermediate stages (litter origin 9 sampling

date, P = 0.018, Figure 3B). This incubation time-

dependent effect, nevertheless, led to a 31% in-

crease in the cumulative C loss in the microcosms

containing leaf litter from the reduced rainfall

treatments (P = 0.003, Table S3 in Online Appen-

dix). Contrary to the leaf litter, fine root litter C

mineralization rates differed with the origin of the

soil (P < 0.001, Table S2 in Online Appendix).

Mineralization rates were lower in soils taken from

Figure 2. Effects of long-term rainfall exclusion in the field on A leaf and B fine root litter traits. Variance explained by

each ordination axes (PCO1 and PCO2) is shown. Significant Pearson correlations (r ‡ 0.7) between the original traits and

the ordination axes are also shown in the boxes, with the arrow representing the sign of the correlation. Values represent

means ± 1 SE (n = 15).

Table 2. Litter Functional Traits of Quercus ilex Individuals

Litter

material

Rainfall exclusion Total phenolics

(% dry mass)

Condensed tannins

(% dry mass)

C:N ratio SLA (mm2 mg-1)

or SRL (m g-1)

Leaf Control 5.7 ± 0.56 9.4 ± 1.01 57.0 ± 2.16 3.9 ± 0.15

Reduced rainfall 5.0 ± 0.45 8.1 ± 0.41 60.6 ± 2.77 3.8 ± 0.11

Fine root Control 9.7 ± 0.60 20.2 ± 0.75 76.8 ± 3.42 4.5 ± 0.51

Reduced rainfall 10.0 ± 0.61 23.9 ± 2.19 78.2 ± 2.47 3.8 ± 0.31

Mean ± 1 SE, n = 15.

Indirect Drought Effects on Litter Decomposition

Author's personal copy



the rainfall exclusion treatment, although this ef-

fect was only significant during the first 67 days of

incubation (soil origin 9 sampling date,

P < 0.001, Figure 3C). These differences resulted

in a 26% lower cumulative C loss in the micro-

cosms with soils from the rainfall exclusion treat-

ment (P = 0.008, Table S3 in Online Appendix).

Litter origin had no significant effect on C miner-

alization rates but there was a trend of higher rates

with fine root litter originating from the rainfall

exclusion treatment during most of the incubation

period (P = 0.099, Table S2 in Online Appendix,

Figure 3D). Over the entire period of incubation,

these slightly higher C mineralization rates accu-

mulated to a significant 25% higher C loss

(P = 0.044, Table S3 in Online Appendix) for fine

root litter from the rainfall exclusion treatment.

The leaf and fine root litter cumulative C losses

were positively correlated (Figure 4).

Impact of Extreme Drought on Litter
Decomposition

Overall, the DII of leaf and fine root litter C min-

eralization rates were close to or higher than one

over the entire measurement period and across

treatments (Figure 5). Despite this general pattern,

leaf litter C mineralization showed a higher DII for

leaf litter material originating from the rainfall

exclusion plots (P = 0.041, Table S4 in Online Ap-

pendix) at all the dates evaluated (Figure 5B). In

contrast, there was no difference between fine root

Figure 3. Leaf litter C mineralization rates (lg CO2–C g-1 soil h-1) in response to long-term rainfall manipulation for A

the soil origin and B the litter origin. Fine root litter C mineralization rates in response to long-term rainfall manipulation

for C the soil origin and D the litter origin. The effects of soil and litter origins represent the effects of changes in soil

microbes and litter quality, respectively, between rainfall exclusion levels, and were analyzed separately between leaves

and fine roots. Mean values (±1 SE) across litter origins are shown in A and C, and mean values across soil origins are

shown in B and D for simplicity (n = 30). Inset bar charts represent the cumulative C losses (mg CO2–C g-1 soil) over the

course of the 95-day incubation experiment in response to long-term rainfall exclusion. *P < 0.05, **P < 0.01,

***P < 0.001.
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litters from the two origins (Figure 5D). Soil origin

had no significant effect on the DII of leaf litter C

mineralization rate, although there was a trend of

higher impact indices in soils from control plots

(Figure 5A). A similar pattern was observed for fine

root litter C mineralization rates (Figure 5C).

However, this difference decreased over time after

the rewetting (soil origin 9 sampling date,

P < 0.001, Table S4 in Online Appendix). The

influence of rainfall exclusion was significant one

day (F1,42 = 4.19, P = 0.047) and marginally sig-

nificant three days (F1,42 = 3.28, P = 0.077) after

rewetting, and ceased after that.

DISCUSSION

Litter decomposition is generally negatively af-

fected by diminished precipitation because of re-

Figure 4. Across treatments Pearson correlation between

the cumulative C loss from leaf and fine root litter over the

course of the 95-day decomposition experiment (n = 60).

Figure 5. Drought Impact Index (DII, unitless) of leaf litter C mineralization rates in response to a laboratory-based

extreme drought event for A the soil origin and B the litter origin. Drought Impact Index of fine root litter C mineral-

ization rates in response to long-term rainfall manipulation for C the soil origin and D the litter origin. The effects of soil

and litter origins represent the effects of changes in soil microbes and litter quality, respectively, between rainfall exclusion

levels, and were analyzed separately between leaves and fine roots. DII = C mineralization rate 1, 3, 7, or 15 days after

rewetting/C mineralization rate before extreme drought (day 95). Mean values (±1 SE) across litter origins are shown inA

and C, and mean values across soil origins are shown in B and D for simplicity (n = 30).
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duced soil moisture and therefore lower soil het-

erotrophic activity (Sanaullah and others 2012;

Vogel and others 2013; Walter and others 2013).

However, the importance of indirect drought ef-

fects via changes in litter quality and soil microbes

is less well understood. Here we used a reciprocal

transplant approach to distinguish the relative

contribution of changes in soil microbial commu-

nities and litter quality on litter decomposition re-

sponses to reduced rainfall (�29% decrease in

annual net precipitation) over more than 10 years

in a Mediterranean evergreen forest. Our results

indicate that both leaf and fine root litter decom-

position are affected by these indirect effects in

response to long-term rainfall reduction. However,

the mechanisms driving these responses differed

between above- and belowground plant organs.

Our data suggest that reduced rainfall influences

leaf litter decomposition mostly by changing the

litter quality, while fine root litter decomposition is

influenced by changes in the soil microbial com-

munity that developed in the rainfall exclusion

plots that differed from the community developed

in control plots.

The decreases in the amount of rainfall predicted

with climate change can reduce leaf nutrient con-

centrations in Mediterranean holm oak, mostly

through limited plant nutrient uptake as a result of

lower soilmineralization rates (Sardans and Peñuelas

2005). Reduced rainfall can also increase the con-

centration of plant secondary metabolites (for

example, phenolics and condensed tannins), as a

consequence of a larger reduction in plant growth

relative to photosynthesis (Ogaya and Peñuelas

2006). Such changes in tissue quality (lower nutrient

concentrations and more secondarymetabolites) can

have cascading effects on ecosystem processes via

their negative effect on microbial activity, reducing

litter decomposition rates in Mediterranean forests

exposed to climate change-induced drought (Sardans

and Peñuelas 2007; Saura-Mas and others 2012).

However, in contrast toour first hypothesis and to the

results reported byOgaya andPeñuelas (2006) for the

same tree species, we observed slightly decreased

concentrations of condensed tannins and phenolics

in the leaf litter produced by trees subjected to long-

term rainfall reductions. In contrast to leaf litter, we

measured similar concentrations of phenolics and

condensed tannins, and also similar C:N ratios in fine

root litter of trees grown in control and rainfall

exclusion plots, suggesting little impact of rain

exclusion on fine root litter quality.

In line with our second hypothesis, soil microbial

biomass was lower in soils sampled from the rain-

fall exclusion plots, and community-level physio-

logical profiles shifted towards a decreased ability to

catabolize both recalcitrant (for example, syringic

and vanillic acids) and more labile C sources (for

example, glycine, asparagine, and glutamine). A

previous study in a similar holm oak forest in

northern Spain reported lower sensitivity of soil

fungal than bacterial communities to long-term

rainfall reduction (Curiel Yuste and others 2011).

These results suggest that the alteration in soil

microbial functional composition found in our

study may be largely determined by the low ability

of bacterial communities to cope with drought in

Mediterranean evergreen forests. A former study at

the same experimental site where we took our

samples documented a change in the composition

of ectomycorrhizal fungal communities in response

to reduced rainfall (Richard and others 2011).

Changes in ectomycorrhizal communities are likely

a direct result of decreasing water availability,

representing an adaptation of the tree-mycorrhiza

system to increasing drought that is critical for the

trees’ water balance (Kipfer and others 2012).

These changes in ectomycorrhizal community

structure are unlikely to have affected the results in

our litter decomposition experiment, because alive

plant roots, and therefore ectomycorrhizae, were

excluded from the microcosms we used in the

laboratory incubation.

The soil microbial responses to reduced rainfall

reported here are consistent with the decrease in

fine root litter C mineralization rates and cumula-

tive C loss in soils from rainfall exclusion plots

measured in our laboratory incubations. However,

leaf litter decomposition was not affected by soil

origin. The concentrations of secondary com-

pounds may offer a possible explanation for these

tissue-specific differences. The concentrations of

total phenolics and condensed tannins in fine root

litter were twice as high compared to those mea-

sured in leaf litter, irrespective of the precipitation

treatment (Table 2). Such large differences in

overall litter recalcitrance may suggest that the

decomposition of the secondary compounds-rich

root litter was more negatively affected by the re-

duced microbial ability to catabolize recalcitrant C

sources involved in the degradation of polyphenols

(for example, syringic and vanillic acids) under

rainfall exclusion, than that of the more labile leaf

litter. Moreover, leaf litter produced in rainfall

exclusion plots showed reduced concentrations of

secondary compounds which might have com-

pensated for the reduced microbial capacity to

break down secondary compounds consistent with

the null effect of soil origin on leaf litter decom-

position.
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The reported effect of soil origin on fine root litter

decomposition was not modified by the origin of

fine root litter (there was no soil origin 9 litter

origin interaction), indicating that soil microbes did

not specialize on the decomposition of locally pro-

duced fine root litter. This result may be not so

surprising since there were no apparent differences

in fine root litter quality traits between control and

rainfall exclusion plots, which consequently may

not require any particular microbial adaptation for

specific litter substrates (Allison and others 2013).

However, like leaf litter, the fine root litter material

originating in the rainfall exclusion plots also

decomposed faster than that originating in the

control plots (Figure 3), indicating that some

quality characteristics we did not measure here,

such as labile C compounds, lignin or calcium,

differed between the two treatments. Interestingly,

the 25% increase in cumulative C loss from fine

root litter material collected in the rainfall exclu-

sion plots was of similar magnitude to the 26%

decrease in cumulative C loss when fine root litter

decomposed on soil from the rainfall exclusion

treatment. Thus, the positive and negative effects of

long-term rainfall exclusion on fine root litter

cumulative C loss mediated by litter quality and soil

microbes, respectively, canceled each other out.

The cumulative losses of C from leaf and fine root

litter during the laboratory incubation were posi-

tively correlated across treatments, suggesting a

strong relationship between the decomposition of

above- and belowground tissues of the same tree

individuals at a local scale. Similar positive relation-

ships between leaf and fine root litter decomposition

rates were previously suggested to reflect site-specific

micro-climatic conditions (Wang and others 2010).

However, in our experiment, soil moisture and

temperature were kept constant among microcosms

during the incubation period, suggesting that the

correlation between fine root and leaf litter decom-

position was instead driven by litter inherent char-

acteristics, that is, co-varying litter traits. Previous

studies conducted with herbaceous and woody spe-

cies observed a positive correlation between leaf and

root litter decomposition rates when the key traits

determining decomposition covaried among above-

and belowground plant organs (Wang and others

2010; Birouste and others 2012; Freschet and others

2012, but see Hobbie and others 2010). Despite cor-

relating positivelywith fine root litter decomposition,

the cumulative C loss from leaf litter was an order of

magnitude greater than that fromfine root litter from

individuals of the same population of Q. ilex (Fig-

ures 3, 4). This variation between above- and

belowground plant organs is similar to that found in

multispecies experiments using mass loss as a mea-

sure of litter decomposition (Hobbie and others 2010;

Freschet and others 2012). The intra-specific varia-

tion in decomposition between plant organs in

monodominant forests such as the Q.ilex forest stud-

ied here, may be as important for certain ecosystem

processes (for example, soil carbon and nitrogen cy-

cling) as inter-specific differences in species-rich

ecosystems (Coq and others 2010; Aerts and others

2012). These results support the emerging view that

within-species variation in plant functional traits

should be taken into account when predicting plant

community and ecosystem functioning responses to

global change (Violle and others 2012).

Across litter and soil origins, the Drought Impact

Index (DII) showed values higher or close to one,

suggesting the presence of Birch effects (that is, soil

respiration flush) boosting initial CO2 flushes after

air-drying and rewetting (Xiang and others 2008).

The Birch effect has been proposed to be driven by

improved microbial access to physically protected

organic matter (Denef and others 2001), and/or by

increasing C substrate availability originating from

dead microbial cells as a result of water potential

stress (Fierer and Schimel 2003). When evaluating

the influence of soil origin on the DII, however, it is

unlikely that organic matter availability differs be-

tween control and reduced rainfall soils as both

experienced the same air-drying and rewetting

cycles. Thus, a higher DII likely represents a higher

Birch effect due to increased breakdown of micro-

bial cells from stress-sensitive microbes (Halverson

and others 2000). The impact of extreme drought

on leaf and fine root litter C mineralization rates,

although only significant for the latter, was higher

in control than in rainfall exclusion soils, suggest-

ing that soil microbial communities from control

plots were less resilient to extreme drought than

those from the rainfall exclusion plots. These re-

sults suggest that microbes from the long-term

rainfall exclusion plots may be more adapted to

drought conditions, in line with the proposed

selection for microorganisms capable to cope with

drying-rewetting (for example, drought tolerance)

by historical exposure to reduced rainfall (Evans

and Wallenstein 2014).

CONCLUSIONS

We showed here, that in addition to direct mois-

ture-driven effects on litter decomposition, climate

change can also have indirect effects through

alterations in the structure and functioning of soil

microbial communities and in litter quality. In the

studied holm oak coppice, the dominant forest type

Indirect Drought Effects on Litter Decomposition
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among evergreen forests of the Mediterranean

Basin (Terradas 1999), we found contrasting

mechanisms driving indirect effects of reduced

rainfall on above-(litter quality) and belowground

(soil microbes) litter decomposition, even within

the same tree species. Whether such indirect

drought effects are relevant for ecosystem C

dynamics in Mediterranean forests is presently

unknown, and would require more detailed long-

term measurements on C fluxes. Nevertheless, our

results highlight the importance of accounting for

climate change-induced indirect consequences on

ecosystem processes beyond the obvious change in

environmental conditions for an accurate predic-

tion of climate-C cycle feedbacks.
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Centre Méditerranéen de l’Environnement et de la
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Pérez-Harguindeguy N, Dı́az S, Garnier E, Lavorel S, Poorter H,

Jaureguiberry P, Bret-Harte MS, Cornwell WK, Craine JM,

Gurvich DE, Urcelay C, Veneklaas EJ, Reich PB, Poorter L,

Wright IJ, Ray P, Enrico L, Pausas JG, De Vos AC, Buchmann

N, Funes G, Quétier F, Hodgson JG, Thompson K, Morgan HD,

Ter Steege H, Van Der Heijden MGA, Sack L, Blonder B,

Poschlod P, Vaieretti MV, Conti G, Staver AC, Aquino S,

Cornelissen JHC. 2013. New handbook for standardised

measurement of plant functional traits worldwide. Aust J Bot

61:167–234.

Pesaro M, Widmer F, Nicollier G, Zeyer J. 2003. Effects of freeze–

thaw stress during soil storage on microbial communities and

methidathion degradation. Soil Biol Biochem 35:1049–61.

Porter LJ, Hrstich LN, Chan BG. 1986. The conversion of pro-

cyanidins and prodelphinidins to cyanidin and delphinidin.

Phytochemistry 25:223–30.

R Development Core Team. 2011. R: a language and environ-

ment for statistical computing. Vienna: R Foundation for

Statistical Computing.

Rambal S, Ourcival JM, Joffre R, Mouillot F, Nouvellon Y,

Reichstein M, Rocheteau A. 2003. Drought controls over

conductance and assimilation of a Mediterranean evergreen

ecosytem: scaling from leaf to canopy. Glob Change Biol

9:1813–24.

Richard F, Roy M, Shahin O, Sthultz C, Duchemin M, Joffre R,

Selosse MA. 2011. Ectomycorrhizal communities in a

Mediterranean forest ecosystem dominated by Quercus ilex:

seasonal dynamics and response to drought in the surface

organic horizon. Ann Forest Sci 68:57–68.

Sala OE, Chapin FS, Armesto JJ, Berlow E, Bloomfield J, Dirzo

R, Huber-Sanwald E, Huenneke LF, Jackson RB, Kinzig A,

Leemans R, Lodge DM, Mooney HA, Oesterheld M, Poff NL,

Sykes MT, Walker BH, Walker M, Wall DH. 2000. Global

biodiversity scenarios for the year 2100. Science 287:1770–4.

Sanaullah M, Chabbi A, Charrier X, Rumpel C. 2012. How does

drought stress influence the decomposition of plant litter with

contrasting quality in a grassland ecosystem? Plant Soil

353:277–88.
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