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Abstract

Warming and disturbance of precipitation dynamics are expected in the Mediterranean
basin, resulting in longer, more intense drought and heat waves. Here we investi-
gated how litter microbial functioning and responses to stress may be shaped by
coastal environmental conditions, and whether this depends on litter type (Pinus
halepensis, Pistacia lentiscus and their admixture). Mesocosms of monospecific
and mixed litters collected from both inland and coastal areas were subjected to
either control (25°C, 60% water holding capacity [WHC]) or stress conditions (five
drying-rewetting [D/rW] cycles: 1 week of drying at 35°C, 1 week at 25°C, 60%
WHC). Litters were characterised using chemical analyses (C/N ratio and solid-
state '*C nuclear magnetic resonance [NMR] spectroscopy) and indicators of
microbial activity (lignocellulolytic activities, basal respiration [BR], active micro-
bial biomass [MB], fungal and bacterial catabolic profiles). Litter type controlled
cellulases and basal respiration in litters from the inland area (e.g. positive correla-
tions between these microbial indicators and di-O-alkyl C + O-alkyl C and %N),
whereas the litter-type effect was smoothed for the coastal area. Fungal and bacte-
rial catabolic profiles were mainly shaped by the coastal conditions and litter type,
respectively, indicating that fungi were more sensitive to coast-specific conditions
and bacteria more sensitive to their immediate surrounding (i.e. litter type). After
D/rW cycles, microbial catabolic profiles showed: (a) a stronger stress impact on
microbial communities from the inland area and (b) pre-exposure to coastal con-
straints limited the drought effect on decomposers from the coastal area. Our find-
ings reveal that coastal environmental conditions and litter type are major drivers

of microbial functioning and responses to drought stress.

Highlights

e Poorly documented litter functioning in Mediterranean coastal environments is
here investigated

e Coastal conditions smoothed litter type effect on certain microbial markers

e Pre-exposure to stress (coastal conditions) limited drought effect on microbial
catabolic profiles

e Coastal areas should be considered when evaluating microbial functioning and
responses to drought
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1 | INTRODUCTION

Successive variations in the earth's climate are established,
but the warming observed since the 1950s is unprece-
dented. However, beyond increased global mean tempera-
ture, climate scientists (e.g. Giorgi & Lionello, 2008;
Pachauri et al., 2015) predict changes in the spatial and
temporal distribution of precipitation as well as increased
frequency and intensity of extreme events (e.g. heat waves,
droughts, frosts, wild fires, storms and floods) worldwide.
The Mediterranean basin, considered as a hotspot of biodi-
versity (Quézel & Médail, 2003), has also been identified
as one of the most prominent “hotspots” in future climate
change projections (Giorgi & Lionello, 2008). The Mediter-
ranean context generates vulnerabilities to the coming cli-
mate changes: the Mediterranean climate is recognized as
particularly drastic, being characterized by summer
droughts and high temperatures, soils that are generally
poor in organic matter (Kosmas, Danalatos, & Gerontidis,
2000) and vegetation that is predominantly sclerophyllous,
which limits organic matter transformation (Quézel &
Médail, 2003). This fundamental ecosystem process
sustains major ecosystem services, such as primary produc-
tion and biogeochemical cycles (Edwards, 2007). Soil
microbial communities are key to this process, and their
activities depend on environmental factors such as tempera-
ture, moisture, and the quantity and quality of litter inputs
(Zimmer, 2002). All of these factors are to be altered by
climate change and particularly by increased drought
(Change, 2007).

Previous studies found that microbial communities
frequently exposed to drought stresses are more resistant to
the effects of drying/rewetting cycles than less exposed com-
munities (Butterly, Biinemann, McNeill, Baldock, & Mar-
schner, 2009; Fierer & Schimel, 2003; Schmitt, Glaser,
Borken, & Matzner, 2010). However, the stability of decom-
poser microbial communities after stress also depends on
other factors that control community structure, such as litter
quality and quantity (Classen et al., 2015; Loreau, 2010;
Loreau et al., 2001; Wardle & Jonsson, 2014). The diversity
of plant species within litter mixtures is also thought to
maximize the diversity of nutrient resources, which in turn
favours microbial diversity and abundance (Brunel, Gros,
Ziarelli, & Farnet da Silva, 2017; Cuchietti, Marcotti,
Gurvich, Cingolani, & Pérez Harguindeguy, 2014; Pres-
cott & Grayston, 2013; Wu, Li, & Wan, 2013). In other
words, diversity begets diversity (Brunel et al.,, 2017;

Chapman & Newman, 2010). Litter chemical diversity
strongly influences the residence time of organic matter in
soils and its adsorption on soil aggregates (Ekschmitt, Liu,
Vetter, Fox, & Wolters, 2005). Moreover, aromatics modify
soil hydrophobicity and limit organic matter oxidation
(Rimmer & Abbott, 2011). Litter composition and transfor-
mation is thus supposed to further modify soil structure and
physicochemical properties; consequently, deciphering envi-
ronmental drivers of such processes is of main importance.
However, which factor, climate or litter quality, plays a key
role in the decomposition process is particularly difficult to
determine because contrasting results have been found
(e.g. Berg et al., 1993; Wall et al., 2008) showing that, over
broad regional scales, climate conditions were likely to be
the crucial factor controlling decomposer activities, whereas
litter quality played a role at the local scale under similar cli-
mate conditions. In Mediterranean coastal environments,
particular climate constraints are found: (a) wind regime
inducing desiccation and drought stress; (b) sea spray expo-
sure, which exacerbates stresses linked to water potential;
and (c) high temperatures. This set of features typical of
coastal conditions will be defined here as “coastal print”
(Boukhdoud, Gros, Darwish, & Farnet da Silva, 2016).

The objective of this study was to understand how micro-
bial functioning in litter on the soil surface may be con-
trolled by the “coastal print” and the type of litters. Two
plant species commonly found in Mediterranean coastal and
inland areas with contrasting functional traits were chosen:
Pinus halepensis (a resinous species) and Pistacia lentiscus
(a leafy species), and their admixture (50/50). Moreover, we
aimed to investigate whether microbial responses to stress
linked to water potential may be driven by pre-exposure to
stress (coastal conditions) and/or litter type. We hypothe-
sized that previous exposure to stresses linked to water
potential (coastal environments) and/or litter type would
shape microbial resistance to an additional stress. Thus, our
experimental set-up consisted of mesocosms using litters
from both inland and coastal areas, which were subjected or
not (controls) to several drying/rewetting cycles. After a
3-month incubation, microbial communities were character-
ized using several indicators of microbial activity linked to
litter mineralization (lignocellulolytic activities and basal
respiration [BR]), and the community level physiological
profiles (CLPP) of bacterial and fungal communities were
also analysed using Biolog Ecoplate and FF plates. Total
organic carbon (TOC), nitrogen (N) content measurement
and solid-state nuclear magnetic resonance (]3 C NMR) were



used to provide an overall chemical characterization of
organic matter.

2 | MATERIAL AND METHODS

2.1 | Site description and litter sampling

Two areas of around 30 km? were chosen: (i) the coastal
area was the peri-urban area of Marseille on the French
Mediterranean coast (43°12/38.80”N; 5°21'19.53"E) and
(ii) the inland area was near Aix en Provence at the Plateau
de 1'Arbois (43°29'34.64”N; 5°19'48.72"E) and the Massif
de la Trévaresse (43°38'31.54”N; 5°26'1.11”E). The coastal
and the inland areas were located, respectively, at 30 m and
at around 30 km from the sea. These six sites (30 to 200 m
in elevation) present similar exposure (south-eastern), slope
(10 to 15%) and soil type (Calcaric Leptosol according to
TUSS Working Group WRB, 2006).

Each area included three independent sites (distance
between sites 2 km at least). At each site, composite sam-
pling was performed in January 2017 from litters (horizon
Ol) of Pistacia lentiscus and Pinus halepensis. P. lentiscus
is a thermophilic evergreen shrub with sclerophyllous
leaves, which is highly tolerant of severe drought and calcar-
eous soils that are typically poor in organic matter, and
particularly widespread in seaside stony areas in the Medi-
terranean region (Garcia-Fayos &  Verdu, 1998).
P. halepensis is a pioneer resinous species also widely found
in xeric Mediterranean soils. P. halepensis and P. lentiscus
are the two dominant species in both the coastal and inland
areas under study. For each species and in each of the three
sites (500 m?), 10 samples of litter (around 50 mg per sam-
ple) were collected using random quadrat sampling. Three
composite samples of 0.5 kg were thus obtained for each
species and for each area (n = 3). Consequently, to set up
the mesocosm experiment, each set of three composite sam-
ples was used to prepare three mesocosms. Debris from
other species, branches and seeds were removed carefully
from each collection. Then, homogenized samples of each
species and from each area were stored at 4°C until meso-
cosm preparation.

2.2 | Environmental parameter measurement

Temperature, humidity, pH, electrical conductivity (EC) and
chloride ion (C17) concentration in litters from both areas
were monitored over 1 year, at least every 2 months. Mean
daily temperature was obtained using three USB temperature
loggers (VOLTCRAFT, 100 T, CONRAD, Haubourdin,
France) placed at a depth of around 4 c¢m in litters from both
coastal and inland areas. Litter extract from the three com-
posite samplings of each area, 1:10 w/v (litter/H,0), was

obtained after 30 min of shaking at 80 rpm and a 30-min
equilibrium time. pH was measured with a Metrohm
744 pH-meter, and EC and C1™ concentration were measured
using an electrode from HI 9835 Multiparameter EC/TDS/
°C/NaCl (HANNA Instruments, Limena, Italy). Litter mois-
ture was determined after drying (90°C) to a constant
weight.

2.3 | Mesocosm preparation and experimental
set-up

Litter was placed in horticultural pots (20 X 20 X 5 cm) con-
taining 25 g (dry weight, DW) of Pinus litter, Pistacia litter
or a mixed Pinus/Pistacia litter (50/50, DW/DW) per meso-
cosm. A total of 36 mesocosms were prepared (36 meso-
cosms = 3 composite samples from 3 sites X 3 types of
litter X 2 sites [coastal and inland] X 2 types of treatment
[stress and control]). Litter was rehydrated to 60% WHC
(Qasemian, Guiral, & Farnet, 2014) with sterilized water and
the mesocosms were covered with pierced tin foil. The
36 mesocosms were preincubated for 15 days under temper-
ature (25°C) and WHC (60%) conditions favourable to
microbial growth. After this period of preincubation, a first
set of 18 “control” mesocosms (3 mesocosms X 3 types of
litter [pure or mixed] X 2 sites [coastal and inland]) was
maintained under favourable conditions for 60 days (25°C,
60% WHC). A second set of 18 mesocosms simulating
drought stress was subjected to five drying/rewetting cycles.
Each drying/rewetting cycle was composed of two steps:
(a) a 7-day drying period at 35°C to reach a final water con-
tent close to 25% of humidity; and (b) a quick rewetting to
recover 60% WHC, followed by a 7-day incubation period at
60% WHC and 25°C. After each drying period, thermody-
namic water activity, a,,, was measured with a Hygropalm
probe (Rotronic, Fisher Scientific, Illkirch, France) to assess
the level of water potential stress achieved (Farnet,
Qasemian, Gil, & Ferré, 2013; Farnet-Da Silva, Ferré,
Dupuy, de la Boussiniere, & Rébufa, 2017). Thermody-
namic water activity is defined as the ratio of water vapour
pressure in the system over pure water at constant pressure
and temperature.

After incubation, a fraction of each sample was dried and
ground prior to chemical analysis. All the experiments
involving microbial analyses were immediately initiated and
performed over 1 week.

2.4 | Extracellular enzyme activities

The lignocellulolytic activities in the litter were assessed.
Cellulase activity was assayed using CarboxyMethylCellu-
lose (CMC) 0.1% (w/v) in 8 mL of sodium acetate buffer
(50 mM, pH 5) added to 1 g of litter (dry weight) incubated



for 4h at 50°C. Glucose content was quantified
according to the Somogyi-Nelson method and absorption
was read at 870 nm (Farnet, Qasemian, Guiral, & Ferré,
2010). Tyrosinase activity (phenoloxidase activity) was
based on the oxidation of L-DOPA to L-DOPA quinone
(eM = 3,400 M~'/cm) following Saiya-Cork, Sinsabaugh,
and Zak (2002). Briefly, L-DOPA 5 mM in 6 mL of phos-
phate buffer (50 mM, pH 6.5) was added to 1 g of litter
(dry weight), which was incubated for 5 h at 37°C. Enzyme
activities were expressed as pmole of product formed per
hour per g dry weight.

2.5 | Microbial basal respiration and
substrate-induced respiration

For each mesocosm, basal respiration was measured using
3 g DW equivalent of fresh litter placed in 117-mL glass
jars. The glass jars were immediately sealed with hermetic
rubber septa and incubated for 2 hr at 23°C. After incuba-
tion, 1 mL of air was sampled in the headspace with a
syringe and injected into a gas chromatograph (Chrompack
CHROM 3 - CP 9001, Agilent, Santa Clara, CA, USA) to
analyse CO, production. The gas chromatograph was
equipped with a thermal conductivity detector and a packed
column (Porapack, Chrompack, Agilent). The carrier gas
helium flow was regulated at 60 mL/hr~'. Ambient CO,
concentrations were subtracted from sampled CO, concen-
trations and resulting values were adjusted at 22°C
according to Ideal Gas Laws using a Q¢ = 2.

Substrate-induced respiration (SIR) rates were estimated
using a procedure from Anderson and Domsch (1978). For
each mesocosm, three grams DW-equivalent of fresh litter
were placed in 117-mL glass jars and amended with pow-
dered glucose (1,000 pg C g~' soil), which was found to
maximize the respiration rate in our litter in a preliminary
assay (data not shown). One mL of air was sampled in the
headspace with a syringe and injected into a gas chromato-
graph to analyse CO, production for 1 hr (see above).
Substrate-induced respiration was converted into microbial
biomass (MB) using the relation established by Beare,
Neely, Coleman, and Hargrove (1990).

2.6 | Microbial C-substrate utilization profiles
and catabolic diversity

The potential of cultivable microbial communities to oxidize
different C-substrates was determined with two Biolog
plates: EcoPlate and FF MicroPlate (Biolog, Hayward, CA,
USA) using a procedure adapted from Garland and Mills
(1991). Briefly, 4 g of dry litter was added to 100 mL of
0.1% sodium pyrophosphate sterile buffer in a 250-mL flask
and shaken for 2 hr (80 rpm). One extraction from the litter

of each mesocosm was performed. The litter suspension was
diluted and optical density (OD)
595 nm = 0.03 with a sterile physiological solution (NaCl
0.85%); 125 pL of microbial suspension were used to inocu-
late each well. The plates were incubated at 25°C for 5 days
and microbial response was monitored by reading the absor-
bance at 590 and 490 nm, respectively, for EcoPlate and FF
plate, using a TECAN® spectrophotometer (Tecan Trading
AG, Switzerland). The absorbance value for each well was
blanked against the control well and negative absorbance
values were set to zero. The minimum OD for a positive
well was fixed at 0.25 for ECO and 0.15 for FF plates. The
ODs after 48 hr for ECO and FF plates were chosen
according to the exponential phase of growth curves for all
plates, for further comparison. Catabolic diversity was
assessed using Shannon's index:

standardized at

N
le_zpi log o pis (1)
i=1

where p; is the ratio of colour development of the i ™ well to
the sum of colour development of all positive wells.

2.7 | Litter chemical properties

The litter chemical properties (solid-state '*C NMR spec-
troscopy and C/N) were analysed at t = 0 (composite sample
used for mesocosm preparation) and after the 3-month
experiment. To determine the chemical composition of
Pinus and Pistacia litters, total organic carbon (TOC) and
nitrogen (N) contents were analysed by combustion in an
elemental analyzer (Flash EA 1112 series, ThermoScientific,
Illkirch-Graffenstaden, France). The solid-state 13C NMR
spectra were obtained on a Bruker Avance III HD
—400 MHz NMR spectrometer (Rheinstetten, Germany)
operating at a '>C resonance frequency of 100.7 MHz and
using a Bruker probe
(Rheinstetten, Germany). A single measurement was per-
formed for each mesocosm. About 100 mg of sample were
placed in zirconium dioxide rotors of 4-mm outer diameter
and spun at the magic angle spinning (MAS) rate of 10 kHz.
The cross polarization (CP) technique was applied with a
ramped 1H-pulse starting at 100% power and decreasing to
50% during contact time (2 ms) to avoid Hartmann-Hahn
mismatches. The experiments were performed at ambient
temperature and 4 K scans were accumulated using a delay
of 2.5 s, giving an experimental time of 3 hr. The '*C chemi-
cal shifts were referenced to tetramethylsilane and calibrated
with a glycine carbonyl signal set at 176.5 ppm. The '°C
NMR spectra were divided into seven chemical shift regions
according to Knicker and Liidemann (1995); that is, alkyl C
(045 ppm), methoxyl C or N-alkyl C (45-60 ppm), O-alkyl

commercial double-channel



C (60-90 ppm), di-O-alkyl C (90-110 ppm), aromatic C-
C/aromatic C-H (110-140 ppm), aromatic C-O (phenols)
(140-160 ppm) and carboxyl/amide C (160-190 ppm).
Deconvolution of each spectrum was performed on DmFit
2011 to determine the relative intensity of each selected
region (Massiot et al., 2002). It has to be noted that,
although this could give a good outline of the bulk chemical
composition of litters, some signal overlapping cannot be
completely excluded and thus the assignment is not straight-
forward (Knicker, 2011; Knicker & Liidemann, 1995). In
order to assess differences in litter chemical properties, we
focused on three types of carbon components: (a) alkyl C
(in fatty acids, amino acids or paraffinic structures), assumed
to derive mainly from recalcitrant waxes, cutin, lipids or
amino acids; (b) O-alkyl C and di-O-alkyl C assigned to
labile carbohydrates; and (c) aromatic C-C/aromatic C-H
and aromatic C-O (phenols), referring mainly to the recalci-
trant fraction of organic matter (i.e., lignin and tannin com-
pounds) (Cepdkova & Frouz, 2015; Knicker, 2011).

The alkyl C/O-alkyl C (A/O-A) ratio was calculated from
the '3*C NMR data. It is widely used as a robust index to
measure the extent of decomposition based on changes in lit-
ter chemical composition (Baldock et al., 1997; Dignac,
Knicker, & Kogel-Knabner, 2002; Li et al., 2015).

2.8 | Statistical analyses

Three-way analyses of variance (ANOVAs) were performed
on data from the 36 mesocosms, taking into account
(a) environmental context (coast vs. inland, 18 mesocosms
for each condition), (b) litter species (Pinus vs. Pistacia
vs. mixed litter, 12 mesocosms for each condition) and
(c) treatment type (control vs. stress, 18 mesocosms for each
condition), and their interactions, followed by Fisher's least
significant difference (LSD) post hoc test (XLSTAT soft-
ware, Addinsoft, Paris, France). The normality and homoge-
neity of the variances were determined on the residuals from
the regression model with the Shapiro—-Wilk and Levene
tests, respectively. Data were transformed to common loga-
rithms, log;y, when necessary to meet the requirements of
normality and homogeneity of variance for ANOVA. When
a two-way interaction was found between environmental
context and treatment type or plant litter species, we sepa-
rated data for each modality using a one-way ANOVA. Sta-
tistically significant (p < 0.05) main effects and interactions
were analysed further using Fisher's LSD test. Specific rela-
tionships
(lignocellulolytic activities, BR and MB) and chemical mea-
surements ('>*C NMR C-groups, C/N) were tested using
Pearson's correlation coefficients. The optical absorbance of
each well in the ECO plate and FF plate (after 48 hr incuba-
tion) was subjected to principal component analysis (PCA),

between certain microbial indicators

considering each substrate as a variable. PCA was performed
on correlation matrices obtained from Biolog® data to pro-
vide an ordination of the microbial C-substrate utilization
profiles, which were plotted in one and two dimensions,
respectively, based on the mean scores (three mesocosms) of
the first two principal components (PC). A first PCA was
performed on control data to test the effect of the environ-
mental context and litter type and another PCA was per-
formed taking into account the treatment effect (stress
vs. control) on microbial catabolic structures. Statistical ana-
lyses were performed with XLSTAT-Pro 7.5 (Addinsoft).

3 | RESULTS

3.1 | Environmental parameters over a 1-year
monitoring period

To wunderline the contrasting environmental conditions
between inland and coastal areas, certain environmental
parameters were monitored throughout 1 year. As expected,
contrasting climate conditions were found between coastal
and inland areas. The annual mean temperature was higher
in the coastal area (21.2 and 18.4°C from coastal and inland
sites, respectively). The maximal temperature and humidity
recorded in the field were 37.7°C, 48% and 44.5°C, 21% in
inland and coastal area, respectively. Electrical conductivity
and Cl™ concentrations were higher in coastal litter, where
they reached a maximum of 1,697 pS/cm and 3.05% as com-
pared to a maximum of 480 pS/cm and 0.85% in the inland
sites.

3.2 | Litter chemistry

Litter chemical properties (solid-state '*C NMR and C/N) at
t = 0 (composite sample used for mesocosm preparation)
and after the 3-month experiment in mesocosms are shown
in Tables 1 and 2, respectively. Some examples of the
spectra of the analysis of the litter of both plant species from
both environmental contexts at t = 0 are given as Figure S1.

The '*C NMR spectra of litter composite samples
showed that carbohydrates (di-O-alkyl C + O-alkyl C) were
the major organic compounds of litters and were higher in
P. halepensis than in P. lentiscus litters (Table 1 and
Figure S1). Furthermore, for each plant species, a higher
content of di-O-alkyl C + O-alkyl C was found for litters
from the inland area and this was also observed after the
3-month experiment (Table 2 and Table S2).

Alkyl C was negatively correlated with di-O-alkyl C
+ O-alkyl C content (r = —0.934, p < 0.0001). More specifi-
cally, whatever the litter's environmental context of origin
(inland or coastal), a higher content of alkyl C was found in
P. lentiscus litters and this difference was more marked at



TABLE 1 Litter chemical properties: carbon content (%C),
nitrogen content (%N), C/N, C-groups defined from '*C NMR spectra,
and pH measured on the three types of litters (Pinus halepensis,
Pistacia lentiscus, and the equitable admixture of both plant species)
collected from both environmental contexts (inland and coastal areas) at
t = 0 (prior to mesocosm set-up). These analyses represent a single
value for a composite sample obtained from three sampling sites from
either a coastal or inland area

Pinus halepensis  Pistacia lentiscus

Inland Coast Inland Coast
Alkyl C 24.98 28.62  25.03 29.65
di-O-alkyl C + O-alkyl C  48.98 46.29  47.96 44.00
Methoxyl C 6.46 6.71 5.55 5.24
Aromatics+Phenols 15.68 14.10 15.55 16.23
Carboxyl C 3.89 4.25 5.92 4.90
Alkyl C/O-alkyl C 0.61 0.74 0.69 0.87
C (%) 48.09 43.81 39.01 49.31
N (%) 1.12 1.31 0.98 1.27
C/N 42.89 3355 39.92 38.80
pH 6.27 6.48 6.98 6.80

the end of the 3-month experiment (Table 2 and Table S2).
Moreover, for each plant species, a higher content of alkyl C
was found in litters from the coastal area (Table 1, Table 2,
and Table S2).

The A/O-A ratio (alkyl C/O-alkyl C) was positively cor-
related with alkyl C (r = —0.963, p < 0.0001) and negatively
correlated with di-O-alkyl C + O-alkyl C (r = —-0.978,
p < 0.0001). The A/O-A ratio and alkyl C followed a similar
pattern; that is, higher values for litters from coastal areas,
indicating a higher level of decomposition. This ratio was
also higher for P. lentiscus than P. halepensis litters
(Table 1, Table 2 and Table S2).

At t = 0, the lowest content of aromatics+phenols
was found in coastal litters of P. halepensis (14.10%),
whereas the highest content (16.23%) was observed in
coastal litters of P. lentiscus (Table 1). This indicated a
potential interaction effect between the environmental
context (coast vs. inland) and litter type. This was con-
firmed after the 3-month incubation (Table 2 and
Table S2).

At t = 0 (Table 1) or after the 3-month incubation,
P. halepensis litters showed higher N (%) than
P. lentiscus litters whatever the environmental context.
Moreover, for each plant species, higher N (%) was
found for litters from the coastal area (F = 23.135,
p < 0.001 and F = 24.994, p < 0.001 for litters of P. hal-
epensis and P. lentiscus, respectively) (Table 1, and
Table S2).

3.3 | Indicators of microbial activity

Considering lignocellulolytic activities, only cellulases were
influenced by the interaction between environmental context
and type of litter (F = 7.71, p < 0.01). This interaction also
had a significant effect on basal respiration (F = 5.47,
p < 0.05). Conversely, neither MB nor catabolic index of
diversity (Shannon-Weaver index, H’) calculated from
Biolog data was influenced by this interaction (Table S1).

Patterns were identical for both cellulases and BR
(Figure 1la,b). For inland litters, higher cellulase activities
and BR values were found in P. halepensis litters than in
P. lentiscus and mixed litters (F = 15.39, p < 0.001 and
F =09.79, p < 0.01 for cellulases and BR, respectively). The
values were not significantly different between P. lentiscus
and mixed litters. For coastal litters, however, there were no
differences in these microbial indicators whatever the litter
type (i.e., P. halepensis or P. lentiscus or mixed litters). The
aromatic fraction (aromatics+phenols) was also affected by
the interaction between the environmental context and litter
type (Table S2). The aromatic fraction followed the opposite
trend compared to these microbial indicators (cellulases and
BR) as there were no significant differences between the
three litter types from the inland area, whereas for coastal lit-
ters, higher aromatics+phenols content was found in
P. lentiscus litters (F = 14.752, p < 0.001).

No significant correlations between litter chemistry and
microbial indicators were found for coastal litters. On the
other hand, for inland litters, significant correlations were
found between certain chemical measurements (N (%), (di-
O-alkyl C + O-alkyl C), alkyl C) and microbial indicators
(cellulases and BR). More precisely, positive correlations
were found between (di-O-alkyl C + O-alkyl C) and both
cellulases (r = 0.642, p<0.01) and BR (r = 0.799,
p < 0.0001)). In addition, N (%) was positively correlated
with cellulases (r = 0.729, p < 0.001). Alkyl C was nega-
tively correlated with these microbial indicators (r = —0.596,
p <0.01 and r = —0.748, p < 0.001 for cellulases and BR
respectively). No significant correlations were found
between the aromatics+phenols and these indicators of
microbial activity.

To better understand how the environmental context
(coast vs. inland) and/or litter type shaped microbial func-
tioning, a principal component analysis (PCA) was per-
formed using the carbon utilization profiles of bacterial and
fungal communities (Figure 2a,b). We considered the two
first principal components (PC1 and PC2), accounting for
50.54% and 42.46% of the variance for FF and ECO plates,
respectively (Table 3). The projections showed a marked
discrimination of catabolic structures depending on the envi-
ronmental context according to PC1 (40.6%) and to PC2
(12.1%) for fungal (Figure 2a) and bacterial communities
(Figure 2b), respectively. The effect of litter type was also
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two other litter types (P. halepensis and mixed litters)

These catabolic structures should be considered together
with the catabolic diversity index (Shannon-Weaver index,
H'). ANOVA (Table S1) indeed showed a significant effect

according to PC2 (9.96%). This result was also observed
sites according to PC1 (30.35%), but not in that from the

for bacterial catabolic structures in litter from the coastal
inland sites.

of the environmental context on H' for both fungal and bac-
terial communities. For bacterial communities, this index
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FIGURE 2 Principal component analysis (PCA) from FF (a) and
ECO (b) plate substrate utilization profiles after a 3-month incubation
in litters of Pinus halepensis (Ph), Pistacia lentiscus (P1) or an
admixture (50/50) of both litters (Ph/P1) from inland (squares) and
coastal (triangle) areas. Only control mesocosms are considered. Each
point represents the barycenter of three mesocosms (n = 3)

p < 0.05), whereas for fungal communities, higher H' was
found in litters from the inland area (F = 5.715, p < 0.05).
This shows that the coastal print affected the catabolic
diversity index of fungal and bacterial communities
differently.

3.4 | Responses to drought stress

A treatment effect on BR was detected (Table S1). After the
3-month experiment, higher BR was found for the stressed
mesocosms (F = 6.029, p < 0.05). Moreover, drought stress
had an effect on almost all the considered chemical proper-
ties except the aromatics+phenols fraction (Table S2, data
shown in Table 2).

No effect of the interaction between treatment (control
vs. stress) and the environmental context (coast vs. inland)
was detected for any microbial indicator or chemical prop-
erty (Tables S1 and S2), except for the bacterial catabolic
diversity index (ECO H’). For the control, no significant dif-
ference was found in ECO H’ between coastal and inland lit-
ters, whereas after stress, ECO H' was significantly higher in
coastal than inland litters (p < 0.05).

A stress effect was observed both on tyrosinase activity
and on MB, depending on litter type (Table S1). For tyrosi-
nases, higher activities were found after stress in the admix-
ture of litters compared to the control treatment (p < 0.01).
Moreover, no significant difference in tyrosinase activity
was found between the three types of litter under stress con-
ditions (Figure 3a). For MB (Figure 3b), after stress, it
increased in P. lentiscus litters (p < 0.01), decreased in
mixed litters (p < 0.001) and remained constant in
P. halepensis litter (p > 0.05) (Figure 3b).

A PCA was performed on carbon utilization profiles of
bacterial and fungal communities to examine whether the
effect of drought stress on microbial catabolic potential
depends on litter type and/or the environmental context. We
considered the two first principal components (PC1 and
PC2), accounting for 43.07% and 58% of the variance for FF
and ECO plates, respectively (Table 4). For bacterial com-
munities, PCA revealed that the catabolic profiles of inland
litter were considerably modified after stress (Figure 4b). In
contrast, for litter from the coastal sites, stress smoothed var-
iations in catabolic structures whatever the litter type. After
stress treatment, all catabolic structures were very similar

TABLE 3 Eigenvalues from the principal component (PC) analysis obtained from FF and Ecoplate Biolog data on microbial catabolic profiles

of soil in control mesocosms

PC1 PC2

FF plate

Eigenvalue 17.354 9.160

Percentage of variance explained 40.603 9.956

Cumulative % 40.603 50.559
ECO plate

Eigenvalue 9.409 3.747

Percentage of variance explained 30.352 12.086

Cumulative % 30.352 42.438

PC3 PC4 PCs PCé6
7.787 5.562 4.975 4.424
8.464 6.045 5.408 4.809

59.023 65.068 70.477 75.286
3.369 3.171 2216 1.949

10.867 10.228 7.147 6.286

53.305 63.534 70.681 76.967
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FIGURE 3 Tyrosinase (a) and active microbial biomass (b) in
mesocosms after a 3-month incubation in litters of Pinus halepensis
(Ph), Pistacia lentiscus (P1) or an admixture (50/50) of both litters
(Ph/P1) from control (white bars) and stress treatment (black bars)
mesocosms (n = 3). Bars represent standard error

(Figure 4b). A litter effect was still observed, even after
stress, for litters from the inland area as the catabolic struc-
tures in P. lentiscus were always strongly discriminated from
those of the two other litter types.
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FIGURE 4 Principal component analysis (PCA) from FF (a) and
ECO (b) plate substrate utilization profiles after a 3-month incubation
in litters of Pinus halepensis (Ph), Pistacia lentiscus (P1) or an
admixture (50/50) of both litters (Ph/P1) from inland (squares) and
coastal (triangle) areas subjected to both treatments: Control (white)
versus stress (black). Each point represents the barycenter of

3 mesocosms (n = 3)

For fungal communities, a stress effect was also revealed
in litters from both environmental contexts. This effect
depended on litter type. The catabolic profiles in P. lentiscus
litters from both inland and coastal areas were more
impacted by stress than the two other litter types. It is note-
worthy that the stress effect was more pronounced for litter
from the inland sites, as revealed by the stronger variations
in fungal and bacterial catabolic structures between control
and stressed mesocosms for the three types of litter
(Figure 4a,b).

TABLE 4 Eigenvalues from the principal component (PC) analysis obtained from FF and Ecoplate Biolog data on microbial catabolic profiles

of soil in control and stressed mesocosms

PC1 PC2

FF plate

Eigenvalue 30.035 10.017

Percentage of variance explained 32.296 10.771

Cumulative % 32.296 43.067
ECO plate

Eigenvalue 13.586 4.388

Percentage of variance explained 43.825 14.156

Cumulative % 43.825 57.981

PC3 PC4 PCs PCé
6.193 5.503 4.747 3.118
6.659 5917 5.105 3.353

49.726 55.644 60.748 64.101
2.157 1.737 1.457 1.244
6.957 5.604 4.701 4.014

64.939 70.542 75.243 79.257



4 | DISCUSSION

Our study showed that climate conditions and water poten-
tial stresses varied between the coastal and inland areas,
revealing a “coastal print”; that is, more intense summer cli-
mate conditions (higher maximal temperature in summer, a
lower % of humidity) as well as a higher osmotic stress (high
conductivity and chloride ion %). The environmental context
(coastal or inland) also influenced litter chemical composi-
tion of P. lentiscus or P. halepensis. A higher A/O-A ratio,
alkyl C and N (%) with lower di-O-alkyl C + O-alkyl C
observed for coastal litters may indicate a higher degree of
degradation compared to inland litters (Baldock et al., 1997;
Dignac et al., 2002; Li et al., 2015). This may be surprising
because more drastic climate conditions in coastal area,
especially drought stress, may have hindered decomposition
(Allison et al., 2013; Santonja et al., 2017). On the other
hand, temperature is considered to enhance litter decomposi-
tion by stimulating microbial decomposer enzymatic activi-
ties (Bond-Lamberty & Thomson, 2010; Knorr, Holland,
House, & Prentice, 2005). Thus, responses of microbial
decomposers to environmental conditions rely on a trade-off
between temperature and drought because both could affect
microbial physiology and community composition, and this
trade-off depends on specific climatic thresholds of a given
ecosystem (Prescott, 2010; Sardans & Pefiuelas, 2013; Sheik
etal., 2011).

Community-level physiological profiles (CLPP) in our
study corroborate these concepts, because after incubation
under favourable conditions of temperature and humidity
(control mesocosms), we observed distinct catabolic profiles
for both bacterial and fungal communities of each plant spe-
cies litter according to the environmental context (coast
vs. inland). In addition, it was noted that the observed differ-
ences in chemical composition between coastal and inland
litters may also result from plant responses to climate stress
experienced in coastal conditions. A growing number of
studies are showing that drastic climate conditions may
induce changes in plant metabolism, affecting the chemical
composition of plant litter (Sardans & Pefiuelas, 2013). Our
results corroborate those of Allison et al. (2013), who found
differences in initial litter chemistry of field plots subjected
to drought stress compared to control plots. Litters derived
from drought plots had a lower content of cellulose and
hemicellulose and a higher content of lignin and lipids.
Recently, Suseela and Tharayil (2018) showed how climate
stress (high temperature and drought either alone or in com-
bination) may lead to increased content of recalcitrant com-
pounds, including lignin, suberin and cuticle within the plant
tissue matrix, affecting, ultimately, litter chemical properties.
Furthermore, our study showed significant chemical differ-
ences according to litter species whatever the environmental

context. Litters of P. lentiscus were of relatively lower qual-
ity (higher content of alkyl C, lower content of carbohy-
drates (di-O-Alky C + O-Alkyl C) and N (%)) compared to
litters of P. halepensis. This is in line with the study of
Cepakova and Frouz (2015), who, through a comparative
analysis of 13C NMR data for litters from conifers, herbs,
broadleaved species and evergreen shrubs, found that litters
of evergreen shrubs had higher aliphatic contents than those
of conifers. Differences in litter chemical properties led to
variations in certain indicators of microbial activity (cellu-
lase enzymatic activities and basal respiration) but only for
litters from the inland area. More specifically, P. halepensis
litters, characterized by higher contents of carbohydrates and
N (%) and lower content of Alkyl C, exhibited higher cellu-
lase activity and basal respiration. Thus, one of our major
findings reveals that coastal conditions (i.e. coastal print)
have smoothed the effect of litter chemical differences on
these microbial indicators.

The admixture of litters yielded a non-additive effect for
cellulase and respiratory activities for litters from the inland
area. In a study investigating the influence of oak occurrence
on soil microbial functioning in pine stands, Brunel et al.
(2017) reported that the litter mixing effect on decomposers'
activities depended on tree species identity. They reported
an additive effect was found with evergreen species
(i.e. Quercus ilex), whereas a synergistic non-additive effect
was obtained with Q. pubescens. We found here that the
effect of litter admixture depended on the environmental
context (coast vs. inland). Specifically, cellulase and respira-
tory activities for the Pinus/Pistacia admixture were not
significantly different from those of monospecific litters,
showing that coastal conditions smoothed the non-additive
effect observed for inland litters. Among the few studies that
attempted to explore how the litter-mixing effect may vary
between habitats or ecosystems, Jonsson and Wardle (2008)
found that the non-additive effect varies widely across envi-
ronmental gradients.

PCA analysis revealed that the catabolic structures of
bacterial communities were mainly structured by litter type
(P. halepensis vs. P. lentiscus vs. Pinus/Pistacia admixture),
whereas those of fungal communities were mainly
influenced by the environmental conditions (coast
vs. inland). One explanation is that bacteria are connected to
their immediate surroundings (i.e. micro-niches) with very
specific conditions (e.g. pH and nutrient availability),
which may differ from the average properties of their envi-
ronmental matrix (Urbanova et al., 2011; Vos, Wolf,
Jennings, & Kowalchuk, 2013). They also require water
films for motility and substrate diffusion (Evans & Wallen-
stein, 2012). On the other hand, mycelium-forming fungi
have the ability to create mycelial cord networks that ramify
at the soil-litter interface, making nutrient resources



available over wide surface areas (Boddy, Hynes, Bebber, &
Fricker, 2009).

This study also set out to decipher the potential impacts
of pre-exposure to stress (coastal environmental constraints;
i.e. coastal print) and litter type (monospecific or mixed lit-
ter) on microbial responses to a drought stress. Certain
microbial indicators (tyrosinase activities and MB) were
modified by drought stress depending on litter type. Higher
tyrosinase activities and a lower MB were found in the
stressed admixture of litters than under control conditions.
Thus, because tyrosinases (phenoloxidase activities) mainly
stem from fungal communities, drought stress is likely to
favour these communities. Fungi may be more tolerant of
drought stresses (fungal hyphae can transfer moisture from
water-filled micropores) than bacteria, as described above.
Water potential stress can reportedly reduce microbial
growth yields, as described by Pesaro, Nicollier, Zeyer, and
Widmer (2004), who found that MB remains depressed for
at least 1 month after a severe drying/rewetting cycle.

It is noteworthy that pre-exposure to stress (coastal print)
controlled the drought effect on microbial catabolic profiles
for both bacterial and fungal communities. Variations in the
catabolic structure of bacterial communities from the coastal
sites after stress were smoothed, whereas those from the
inland sites were strongly modified. Specific coastal condi-
tions may have selected microorganisms more tolerant of
stresses induced by drying/rewetting cycles. Evans and Wal-
lenstein (2014) found that a decade of exposure to more fre-
quent drying/rewetting stress resulted in a greater proportion
of taxa exhibiting a stress-tolerant strategy, whereas commu-
nities exposed to a non-modified precipitation regime con-
tained a greater abundance of pulse- or drought-sensitive
organisms. Here, drought stress had a greater impact on cata-
bolic profiles of inland communities than coastal communi-
ties and this is consistent with the notion that microbial
communities not previously exposed to drying/rewetting
events are less resistant to this type of stress (Bouskill et al.,
2013). Modifications in fungal catabolic structures after
stress were also shaped by litter type. The catabolic struc-
tures of P. lentiscus litters were strongly modified and mark-
edly distinguished from the two other litter types. This litter
type effect was also observed on bacterial catabolic struc-
tures but only for inland litters. For coastal litters, bacterial
catabolic structures after stress were similar whatever the lit-
ter type. Thus, the coastal print smoothed also the effect of
litter type, considering the responses of bacterial catabolic
structures to stress. Furthermore, a higher bacterial catabolic
diversity index, ECO H', was found after stress treatment for
coastal litters. One could expect that stress induced by
drying/rewetting cycles may reduce bacterial diversity by
selecting microorganisms more adapted to this kind of stress.
On the other hand, microbial diversity may alternatively

increase as a result of temporal heterogeneity of the soil
environment (here moisture fluctuation in litters through
drying/rewetting cycles), favouring species coexistence
(Fierer, Schimel, & Holden, 2003; McLean & Huhta, 2000).

Responses of microbial communities in litter to drought
stress have indirect effects on soil properties because varia-
tions in microbial abundance and community composition,
such as those induced by drought stress, modify yields of lit-
ter decomposition (Allison et al., 2013). The potential of
microbial communities to maintain litter transformation
yields is indeed crucial for organic matter translocation to
the soil. This study revealed that coastal conditions, such as
litter type, are major drivers of microbial functioning and
responses to stress.

S | CONCLUSION

In this study we evidenced that litter type (through species
identity and litter admixture) is a major factor controlling
microbial functioning in inland environments. However, the
environmental constraints particular to coastal environments
smoothed this litter-type effect on microbial decomposers.
Here, we found that previous exposure to coastal environ-
mental constraints mitigated the effect of an additional
drought stress applied under laboratory conditions. Studies
using climatic gradients in natura are highly recommended
in order to simulate more intense aridity. Our findings reveal
that poorly documented coastal environments should be
accounted for in order to enhance our capacity to predict
functional and microbial community responses under cli-
mate changes, and their consequences for ecosystem func-
tioning and stability.
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