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Soil N availability is a primary limitation for plants and microbes in Mediterranean ecosystems. Few studies have examined the role of secondary 
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inhibitory effect of secondary compounds and increases microbial activities involved in C cycling. In situ N 
ing role of N to soil microbial activities, particularly in pure pine stands, and we hypothesised that these 
 litter. We examined the concentrations, structure and diversity of biochemical compounds in litter from 
, along with associated microbial activities (i.e. net ammonification and nitrification, cellulase, fluorescein 
e activities). We tested the relationships between biochemical compounds and microbial activities with 

 the biochemical composition of mixed litter in the organic litter horizon, and this mixed litter was 
nds (total phenols, sesqui- and diterpenes). In contrast, oak litter was domi-nated by small compounds 
ols. Pine litter clearly affected microbial activities (i.e. antagonistic effect) in unfertilised mixed litter. We 
 antagonistic effect was related to N availability. Mixed litter had the highest VOC (volatile organic 
th the highest enzyme activities (i.e. synergistic effect), and N availability did not constrain microbial 
 limitation suggested greater microbial specialisation and efficiency of N recovery in mixed litter. Our 
tters can alleviate N limitation and could explain transition in Mediterranean forest secondary succession.
1. Introduction

Since the late 19th century, silvicultural and postfire reforesta-
tion practices in the Northern Mediterranean Basin have promoted
monospecific stands of Aleppo pine (Pinus halepensis Mill.), a
common pioneer and highly competitive species (Vil�a et al., 2003).
The potential ecosystem consequences of the resulting loss in tree
P EPHOR, IRSTV, Agrocampus

t.fr (R. Gu�enon), tadday@asu.
yuso), raphael.gros@imbe.fr
species richness include a decrease in nutrient cycling (Parrotta,
1999) and a decline in community stability (i.e. resistance and
resilience) in response to climatic stresses (Royer-Tardif et al.,
2010). Additionally, plant productivity of these monospecific
stands can be lower than that of more diverse forest stands. Vil�a
et al. (2007) reported that Mediterranean mixed forest stands
produced 30% more wood than monospecific stands of Aleppo pine
or Holm oak (Quercus ilex L.), the most common evergreen that
naturally co-occurs in Aleppo pine forests in the Mediterranean
basin of southern France and Spain (Pausas et al., 2004; Sheffer,
2012).

Plant litter decomposition, mediated largely by soil microbes, is
a major ecosystem process linking plant productivity to nutrient
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cycling (Hobbie, 1992; Chapman and Koch, 2007). In the context of
monospecific versus mixed forest stands, the influence of single-
species versus mixed (composed of foliage of 2 or more species)
litter could have significant consequences on nutrient cycling.
Compared to single-species litter, decomposition (i.e. mass loss)
rates of mixed litter can be additive (i.e. predictable based on the
mass loss dynamics of each species when decomposed alone) or
non-additive (differing from that expected based on single-species
mass loss dynamics) (Gartner and Cardon, 2004). In the case of the
latter non-additive responses, decomposition rates of mixed litter
can be enhanced or faster than expected (referred to as a syner-
gistic response) or slower than expected (an antagonistic response)
(Gartner and Cardon, 2004). We hypothesised that litter in mixed
Aleppo pine- Holm oak stands would have greater microbial ac-
tivity and decomposition rates, leading to greater nutrient avail-
ability that could in turn, explain the greater wood productivity
observed inmixed forests (Vil�a et al., 2007). Twomechanisms could
explain this synergistic response: facilitation among microbial
communities (e.g. a ‘priming’ or ‘fertilisation’ effect) (Chapman
et al., 1988) or resource partitioning among microbial commu-
nities, known as the niche complementarity effect (Paquette and
Messier, 2011). Because the niche complementarity effect can be
more important in less productive, harsher environments (Paquette
and Messier, 2011), and has a major effect on litter decomposition
and nutrient availability in temperate forests (Vos et al., 2013), we
suspected this mechanism might be dominant in our system.

The influence of mixed litter on decomposition rates has been
assessed in dozens of studies (e.g. Wardle et al., 2006; Lecerf et al.,
2011; Chapman et al., 2013; Chomel et al., 2015) and was recently
reviewed by Song et al. (2010). Most experiments have included at
least one litter species of high quality (i.e. high N and/or low con-
centrations of lignin, polyphenols or tannins) (Chapman and Koch,
2007). Litters of pine and oak are both considered recalcitrant,
having low N concentrations (Yuste et al., 2012) and high concen-
trations of secondary compounds such as polyphenols, tannins or
terpenes (Fernandez et al., 2013; Sheffer et al., 2015). These
biochemical compounds make them relatively unfavourable for
microbes (Fioretto et al., 1998; White, 1988; 1994), and in turn can
slow the turnover of organic matter and nutrient cycling
(Smolander et al., 2006; Chomel et al., 2014). On the other hand,
polyphenols can have a positive influence on litter decomposition
since they can serve as a C substrate, particularly for fungi (Castells
et al., 2004). The decomposition of polyphenols would involve
microbial specialisation such as the ability to produce phenol oxi-
dase (H€attenschwiler and Vitousek, 2000).

Net N mineralisation, a major soil process controlling N avail-
ability, can be limited in early stages of litter decomposition in an
evergreen forest, as a result of polyphenols, possibly because of
their toxicity to microbes (Fierer et al., 2001). Aleppo pine is a
terpene-storing species and needles typically contain relatively
high concentrations of monoterpenes which can inhibit N miner-
alisation and nitrification (White, 1994). In contrast, Holm oak does
not store terpene but its foliage does contain many other poly-
phenols that are also recalcitrant to decomposers (Brossa et al.,
2009; Sheffer et al., 2015).

Most studies that have addressed litter mixtures have been
conducted in boreal, temperate or tropical ecosystems. Several
studies have addressed litter decomposition in mixed Mediterra-
nean stands (De Oliveira et al., 2010; De Marco et al., 2011;
Bonanomi et al., 2010; Maisto et al., 2011; Aponte et al., 2012;
Bonanomi et al., 2014; Santonja et al., 2015; Sheffer et al., 2015)
but few of these focused on the microbial functions involved in
litter decomposition. While Bonanomi et al. (2010) found that
mixed litter decomposed faster than single-species litter, it is un-
clear howmixtures of litters with high concentrations of secondary
compounds might accelerate decomposition (Bonanomi et al.,
2010; Chapman et al., 2013; Sheffer et al., 2015). To our knowl-
edge, this study is the first to examine how litter mixing influences
microbial functions in a Mediterranean ecosystem and could pro-
vide an explanation for how mixed litter alleviates N limitation in
forest secondary succession.

The main objectives of this study were 1) to examine the sec-
ondary compounds in litter from single-species or mixed stands of
Aleppo pine and Holm oak, 2) to assess the effect of mixing litter on
microbial activities and 3) to examine the relationship between
microbial and biochemical properties and whether these relation-
ships are affected by N availability. We expected that mixed litter
would have a greater richness and evenness of secondary com-
pounds and that their concentrations would be diluted, thereby
reducing their inhibitory effects. Thus, a niche complementary ef-
fect would improve microbial activities by increasing nutrient
mineralisation and availability. We also used in situ inorganic N
fertilisation to alleviate N limitations on soil microbial activity. We
expected greater N availability would increase microbial activity in
early stage of litter decomposition, particularly in monospecific
pine litter.

2. Material and methods

2.1. Study site and experimental design

The study sites were in southeastern France (Provence Alpes
Côte d’Azur region) within 50 km of Marseille. Climate is Medi-
terranean with dry, hot summers and wet, temperate winters, with
precipitation occurring primarily during 4 months (September-
November and April). Mean annual temperature and precipitation
are 13 �C and 650 mm, respectively (meteorological data of the
PACA region, 2000e2007, M�et�eoFrance).

Three typical Mediterranean forest types were studied: mono-
specific stands of Aleppo pine, monospecific stands of Holm oak,
and mixed stands, almost at equal dominance between pine and
oak cover density (i.e. Pine 52% ± 3% and Oak 48% ± 3%). In each
stand type, we chose 3 study sites (10,000 m2). All study sites were
similar in terms of age of dominant trees (30e35 years old), canopy
density (70e90%), slope (15e20%), aspect (NW-W) and soils (Cal-
caric Cambisol of 50 cm depth (World Reference Base)).

At each study site, two 16 m2 plots, 15 m apart, were delineated.
One plot (‘fertilised’) received 450 kg N ha�1, applied as ammonium
sulphate (NH4)2SO4 (granules <0.2 mm diameter) in January 2006.
We selected this high level of N fertilisation to maximise in situ N
effects. The second plot (‘non-fertilised’) served as a control.
Overall, the experiment consisted of 3 stand types, 3 sites within
each stand type, and 2 plots (fertilised and non-fertilised) within
each site.

Four months after the application of the fertiliser (May 2006),
two layers of the soil organic horizon (OL: organic litter and OF-H:
organic fermentative and humic) comparable in terms of depth
among forest types were sampled. The OL horizon was the upper
(0e3 cm depth), less fragmented litter layer (easily identifiable to
species) while the OF-H horizon (3e7 cm depth) was fragmented,
humified, oxidized organic matter, and not identifiable as to litter
species. In each plot (both fertilised and unfertilised), we collected
20 randomly located samples from each layer and these were
pooled to obtain a composite sample. No contributions from plant
species other than Aleppo pine or Holm oak were found in the
upper layer which infers that both litter layers were likely
comprised of nearly exclusively these 2 species. Samples were kept
at 4 �C until analyses (within 1 week for microbial analyses). Briefly,
litter organic matter concentration (%) was obtained by loss on
ignition in a muffle furnace (16 h, 550 �C) of 10 g subsamples for



each plot. Total organic carbon (TOC) and total nitrogen (TN) con-
tents were measured using a C/N elemental analyser (Flash EA 1112
series ThermoScientific). Water pH was assessed with a MilliQ
water suspension (1/2.5 w/v) after shaking 1 h. Gravimetric water
content of litters was obtained by drying subsamples in an oven
(80 �C, 24 h). All chemical and microbial assays are expressed on an
oven-dry mass (DM) basis. The main physico-chemical properties
of these litter layers are shown in Table 1.

2.2. Litter secondary compounds

Prior to analysis of phenolic concentrations in litters, samples
(n ¼ 18) were freeze dried (lyophilised), ground and sieved (0.5-
mm mesh). Water-soluble phenols (i.e. polar monomers and di-
mers) were extracted according to Barlecher and Graça (2005).
Briefly, 200 mg of litter subsample was mixed with 5 ml of water
and shaken on an orbital shaker (1 h, 120 oscillations h�1). Total
phenols were extracted from 100 mg subsamples in an acetone-
water (70/30 v/v) solution (i.e. hydrosoluble and liposoluble com-
pounds). Extracts were filtered and total phenols were assessed
with the Folin-Ciocalteu reagent method (Folin and Denis, 1915).
Five hundred ml of extract were added to 400 ml of Na2CO3 (20%) and
100 ml of Folin-Ciocalteu reagent. The mixture was shaken, incu-
bated (2 h, 30 �C) and the optical density (OD) was read at 750 nm
with a spectrophotometer (Thermo Spectronic Genesys 20). A
standard curve was developed with a tannic acid solution
(100 mg ml�1) and OD was expressed in mg of equivalent phenol
g�1 litter DM.

Volatile organic compounds in litters were extracted by water
distillation according to a modified procedure of Dob et al. (2005).
Fifty g (equivalent dry weight) of fresh litter from each site was cut
into small pieces, sieved through 4-mmmesh, and added to 500 ml
of distilled water in a 2 l boiling flask. The ball was connected to a
cooling system equipped with a collector and boiled for 8 h. The
VOCs were vaporised, cooled and the condensate was collected in
an adjacent column. Droplets were solubilised in 1.5 ml of pure
hexane and dried by adding water-free sodium sulphate (Na2SO4).
Samples were kept at�20 �C, and then 0.5 ml of extract was injected
into a gas chromatograph (Chrompack CHROM 3 - CP 9001)
equipped with a 30 m glass capillary column (CP-SIL-5CB) and a
flame ionisation detector (FID) maintained at 280 �C. Helium was
used as the carrier gas at a flow rate of 60 ml h�1 and the injector
temperature was 250 �C. After an initial oven temperature of 50 �C
(10 min), temperature was increased at a rate of 3 �C min�1 for
80 min. Peak retention times were readjusted by adding a known
Table 1
Physicochemical properties of litter by layers, stand and fertilisation treatments. Values

Layer/properties Aleppo Pine

Unfertilised Fertilised

OL layer
Organic matter (%) 94.9 e

NH4-N (mg g�1) 211 ± 92 843 ± 540
NO3-N (mg g�1) 0.5 ± 0.9 2.5 ± 4.3
Gravimetric water content (%) 38 ± 8 37 ± 5
pH in water 5.7 ± 0.3 5.8 ± 0.4

OF-H layer
Organic matter (%) 71.3 e

C (%) 40.4 ± 3.59 e

N (%) 1.01 ± 0.14 e

C/N 40.5 ± 5.1 e

NH4-N (mg g�1) 510 ± 241 1706 ± 593
NO3-N (mg g�1) 22.2 ± 30.7 45.8 ± 30.9
Gravimetric water content (%) 57 ± 6 55 ± 4
pH in water 6.8 ± 0.1 6.9 ± 0.2
content of pure internal standards (i.e. heptane and hexadecane).
Areas under each peak were determined by an automated pro-
gramme in Maestro software. These areas were summed to obtain
total intensity of VOCs in each sample (Table 2) and each peak was
computed to represent the relative abundance in the sample (Leff
and Fierer, 2008). We injected 36 pure terpene standards (30
monoterpenes or monoterpenoids, 3 sesquiterpenes and 3 diter-
penes) under the same conditions. A chromatogram (Fig. S1) was
typically composed of two classes of retention times (0e25 and
30e85 min). The first class was mainly attributed to monoterpenes
(C10 compounds, 90% of the monoterpenes and monoterpenoids).
The second class included mainly intermediate weight compounds
such as sesquiterpenes (C15 compounds) and latter diterpenes
compounds (C20 compounds) (Dob et al., 2005; Orme~no et al.,
2008; Chomel et al., 2014). Indices of VOC diversity and evenness
were calculated as described below (section 2.5).

2.3. Net ammonification and net nitrification

Net N mineralisation was assessed according to Gu�enon et al.
(2013). Briefly, two 10 g (DM equivalent) samples of OL or OF-H
litter were placed in 200 ml glass jars. One sample was immedi-
ately extracted (100 ml KCl at 1 M) and analysed for inorganic N
(NH4

þeN, NO3
�eN and NO2

�eN) concentrations; samples were
shaken for 1 h, filtered (Whatman No. 5 cellulose filter), and fil-
trates were analysed colorimetrically for NH4

þeN (nitroprusside-
salicylate method), NO3

�eN (nitrosalicylic acid method) and
NO2

�eN (sulfanilamide method) according to Bundy and Meisinger
(1994). The second sample was incubated for 30 d at 25 �C and
inorganic-N forms were analysed as above. During incubation,
moisture content was verified periodically and adjusted to initial
humidity (Table 1) with milli-Q water. We calculated net ammo-
nification and net nitrification as the difference in (NH4

þeN) and
(NO3

�eN þ NO2
�eN) concentrations, respectively, after and before

the incubation.

2.4. Enzyme activities

Extracellular enzymes were extracted following Criquet (2002).
Briefly, 10 g DM equivalent from each site was shaken for 1 h (120
oscillations min�1), extracted in 100 ml of solution (CaCl2*2H2O,
0.2 mol l�1 and Tween 80, 0.05% and PVPP, 20 g l�1), filtered with
coarse nylon (0.5 mm mesh) and centrifuged (12,000g, 20 min,
4 �C). Sixteen ml of supernatant was filtered with Whatman filter
GF/D (680 mm mesh), followed by GF/C (260 mm mesh) and
are mean ± SD (n ¼ 3).

Mixed Holm Oak

Unfertilised Fertilised Unfertilised Fertilised

93.5 e 92.8 e

150 ± 25 411 ± 184 182 ± 25 2811 ± 1123
0.2 ± 0.9 4.8 ± 6.6 1.0 ± 0.9 13.0 ± 3.7
24 ± 4 34 ± 4 27 ± 4 32 ± 4
5.4 ± 0.1 5.3 ± 0.2 5.3 ± 0.2 5.4 ± 0.1

78.6 e 73.0 e

39.3 ± 4.24 e 38.2 ± 3.41 e

1.15 ± 0.29 e 1.18 ± 0.11 e

35.9 ± 8.1 e 32.3 ± 3.9 e

1143 ± 479 2451 ± 1171 818 ± 527 1562 ± 783
45.8 ± 18.2 50.4 ± 31.0 16.6 ± 3.2 123 ± 68
61 ± 1 57 ± 2 58 ± 5 56 ± 2
6.6 ± 0.3 6.4 ± 0.0 6.6 ± 0.3 5.6 ± 0.2



Table 2
Effect of the forest stand on VOC properties and phenol contents in unfertilised and fertilised litter layers.

OL layer OF-H layer

Aleppo pine Mixed Holm oak Aleppo pine Mixed Holm oak

Treatment and properties (AP) (M) (HO) (AP) (M) (HO)

Non-fertilised (NF)
VOC
-Richness 126 ± 5 b 136 ± 5 b 100 ± 5 a 102 ± 3 b 116 ± 3 c 90 ± 5 a
-Diversity 9.0 ± 1.5 a 5.8 ± 1.4 a 21.2 ± 5.2 b 16.2 ± 3.1 a 28.0 ± 3.7 b 19.4 ± 2.7 a
-Evenness 0.07 ± 0.01 a 0.04 ± 0.01 a 0.21 ± 0.04 b 0.16 ± 0.03 a 0.24 ± 0.04 a 0.21 ± 0.04 a
-Concentration (Sum of peak areas g�1) 1.9 106 ±1.0 106 ab 2.5 106 ±1.6 106 b 1.3 105 ±9.8 104 a 1.8 105 ±4.0 104 a 2.1 105 ±1.1 105 a 1.4 105 ±8.8 104 a

Phenols
Hydro-Soluble (mg g�1) 1013 ± 53 a 1001 ± 26 a 1377 ± 151 b 434 ± 47 a 665 ± 148 b 407 ± 82 a
Total (mg g�1) 8239 ± 5235 a 6156 ± 3811 a 2596 ± 570 a 1826 ± 1233 ab 4312 ± 2043 b 1315 ± 257a

Fertilised (F)
VOC
-Richness 135 ± 5 b 129 ± 8 b 98 ± 1 a 104 ± 8 a 92 ± 1 a 97 ± 8 a
-Diversity 7.8 ± 1.7 a 10.3 ± 4.0 a 22.4 ± 0.7 b 16.9 ± 7.9 a 15.1 ± 4.7 a 19.4 ± 3.8 a
-Evenness 0.06 ± 0.01 a 0.08 ± 0.03 a 0.23 ± 0.01 b 0.16 ± 0.06 a 0.16 ± 0.05 a 0.20 ± 0.05 a
-Concentration

(Sum of peak areas g�1)
1.9 106 ±1.0 106 b 9.6 105 ±1.6 105 ab 1.3 105 ±4.5 104 a 1.6 105 ±2.7 104 a 1.7 105 ±8.4 104 a 2.2 105 ±2.3 104 a

Phenols
Hydro-soluble (mg g�1) 966 ± 73 a 976 ± 96 a 1142 ± 239 a 441 ± 64 a 546 ± 35 a 384 ± 95 a
Total (mg g�1) 6394 ± 1893 a 4541 ± 706 a 3786 ± 2584 a 1617 ± 724 a 1713 ± 855 a 1144 ± 194 a

Values are mean ± SD (n ¼ 3). Means with the same letter indicate no significantly difference between stand in a given litter layer (LSD test, P < 0.05). Abbreviations: AP:
Aleppo Pine, HO: Holm oak, M: mixed stands; NF: non-fertilised, F: fertilised.
concentrated in dialysis tubing (12e14 kDa) with polyethylene
glycol (PEG) for 12 h. Enzymes were re-suspended in 10 ml of TRIS
Buffer (2 mmol l�1, pH 6) and filtered through 20-mm mesh
Whatman filters).

Fluorescein diacetate hydrolase (FDAse) activity was assayed
according to the procedure of Schnüner and Rosswall (1982) that
we adapted for microplate analyses. Sixteen ml of enzyme extract
was incubated (30 min, 37 �C in the dark) with 240 ml of potassium
phosphate buffer (60 mmol l�1, pH 7.6) and 2 ml of FDA (2 mgml�1).
The fluorescein released from FDA was assessed by optical density
at 490 nmwith a spectrophotometer (Metertech® type Elisa 960). A
standard curve was generated from fluorescein in solution
(20 mg ml�1) with subsequent dilutions.

Cellulase activity was assessed following Criquet (2002). Fifty ml
of enzyme extract was incubated (1 h, 50 �C in the dark) with 450 ml
of 1% carboxymethylcellulose (CMC) solution prepared with an
acetate buffer (50 mM, pH 6). Hydrolysis of CMC releases reducing
sugars which were assayed by the Somogyi-Nelson method
(Somogyi, 1945; Nelson, 1944). An aliquot of 250 ml was incubated
with 250 ml of Somogyi reagent and boiled at 100 �C for 15 min.
After cooling, 250 ml of Nelson reagent and 500 ml of distilled water
were added. Optical density was read at 610 nm. A standard curve
was generated by replacing the enzyme extract with a glucose
solution (0e100 mg ml�1).

Phenol oxidase activity was assessed following a modified
method of Saiya-Cork et al. (2002). One hundred ml of enzyme
extract was incubated (25 �C, 1 h in the dark) with 100 ml of 25 mM
l-DOPA solution (L-3,4-dihydroxyphenylalanine) in an acetate
buffer (50 mM, pH 6.5). Optical density was read at 450 nm. All
enzymes activities were expressed as mmol of product min�1 g�1

litter DM.

2.5. Data and statistical analyses

Effects of forest stand and N fertilisation on microbial activities
were assessed using 2 way-analysis of variance (ANOVA). The least
significant difference (LSD) test was used to determine significant
differences between modalities. A Student's t-test (P < 0.05) was
also used to detect significant differences between fertilised and
unfertilised treatment for a given stand type. Nitrogen fertilisation
was applied to test the response of microbial functions when N
limitation is alleviated but cannot change directly the chemistry of
dead leaves. Thus we used one way (ANOVA) to compare litter
biochemical properties between stands in either unfertilised or
fertilised stands for each litter layer (Table 2). When necessary, data
were log transformed to meet the assumptions of normality and
homogeneity of variances.

We calculated the relative effects of mixed species (Non-addi-
tive effect, NAE) by comparing the observed values with the pre-
dicted values of each of the five microbial activities, based on the
respective monospecific stands (pure pine and pure oak), as sug-
gested by Wardle et al. (1997): [(observed-predicted)/
predicted �100]. If this ratio differs from zero (one-sample Stu-
dent's t-tests with 95% confidence intervals), it will indicate a non-
additive effect of mixing litter on microbial activity. Significant
negative and positive deviations from zero are referred to as
antagonistic and synergistic effects, respectively. Statistical ana-
lyses were performed using Statistica 10.0.

We used co-inertia analyses (CIA) coupled with Monte Carlo
permutation tests to assess the relationships (i.e. co-structure)
between microbial and biochemical properties in litters
(Thioulouse et al., 2012). CIA is a multivariate analysis technique
that describes relationships between two data tables (Dray et al.,
2003), and can be used even if the number of rows (i.e. sampling
sites) is lower than the number of columns (i.e. variables), as it was
the case of this study. Microbial properties were initially analysed
by a first principal component analysis (PCA) (e.g. Fig. 4A b).
Biochemical properties (Table 2 and relative abundance of all VOCs)
were analysed by a second PCA (e.g Fig. 4A c). Separate PCAs find
axes that maximise inertia in each data table. The CIA ordinates the
forest stands for both co-structures in a single factorial map defined
by two first co-inertia axes (e.g. Fig. 4A a). The canonical weights
were used to determine how properties contributed to the variance
of the canonical axes. To assess the significance of the CIA results,
Monte Carlo permutation tests were used on the RV coefficient
[0e1] to test the link between the two data tables by permuting



simultaneously the rows of both tables. CIAwas performedwith the
free software R version 2.8.1 with the package ADE4 (R
Development Core Team, 2007).

3. Results

3.1. Effects of stand type and N fertilisation on litter secondary
compounds

In unfertilised OL litter, VOC richness was higher in pine and
mixed litters than oak litter (F¼ 40.9; P < 0.05, Table 2). The former
litter types also showed the lowest VOC diversity and evenness
(F ¼ 19.1 and F ¼ 37.8, respectively; P < 0.05). The sum of all VOC
peaks, an index of total VOC concentration, was higher (F ¼ 4.1;
P < 0.05) in mixed than oak litter. In pine and mixed litters (Fig. S1a
and S1c, respectively), the 6 main VOCs (each accounting for >5% of
total peak area) collectively contributed for more than 70% of the
total VOC concentration. These compounds belong to the sesqui-
and diterpene classes. The soluble phenol concentration in pine and
mixed OL litters was significantly lower than in the oak litter
(Table 2). Total phenol concentrations were not statistically
different among litter types; however, there was a trend of
decreasing concentration from pine to mixed to oak litter. The ratio
of soluble to total phenols was higher in pine litter than in mixed or
oak litter (P < 0.05, not shown).

In unfertilised OF-H litter, VOC richness and diversity were the
highest in the mixed stand (F ¼ 30.4 and F ¼ 11.0, respectively;
P < 0.05), the former reaching 116 compounds, whereas VOC
evenness and the sum of all VOC peaks were similar among stand
types (F ¼ 3.8 and F ¼ 0.44, respectively; P > 0.05; Table 2). The
three most abundant VOCs, all monoterpenes, were common to all
pine, mixed, and oak litter (also see supplementary material).
Concentrations of soluble phenols were higher in the mixed stand
than pine and oak litters (F¼ 5.8; P < 0.05), and total phenols in the
mixed litter were significantly higher than in the oak litter (F ¼ 4.1;
P < 0.05; Table 2).

Nitrogen fertilisation generally did not lead to large changes in
litter biochemical properties (Table 2). However, the total VOC
concentration in fertilised OL pine litter was higher than in fertil-
ised oak litter (F ¼ 6.5; P < 0.05). The relative abundance of VOCs
was similar to those in the unfertilised treatment. N-fertilisation
significantly decreased the VOC richness and the total phenol
concentration in the mixed OF-H litter (Student's t-test, P < 0.05)
resulting in similar richness and concentrations among the 3 stand
types (F ¼ 2.2 and 1.2, respectively; P > 0.05; Table 2).

3.2. Effects of stand type and N-fertilisation on microbial activities

3.2.1. Net ammonification and nitrification
Stand type and N-fertilisation both had significant effects on net

ammonification in the OL litter and there was a stand type by fer-
tilisation interaction (Table 3). Net ammonification was lower in
pine and mixed litter than in oak litter (Fig. 1a). Fertilisation
increased net ammonification in the pine and oak litters (Student's
t-test, P < 0.05). Fertilisation had a significant effect on net
ammonification in OF-H litter and there was a fertilisation by stand
type interaction (Table 3). In fertilised plots, net ammonification
rates in all litter types were negative (Fig. 1b), and led to signifi-
cantly lower rates in the mixed litter (Student's t-test, P < 0.05).
Stand type had a significant effect on net nitrification in the OL litter
with both pine and mixed litter having lower rates than oak litter
(Fig. 1c). Fertilisation had a significant effect on net nitrification of
the OF-H litter layer and there was a significant fertilisation by
stand type interaction (Table 3). Net nitrification rates were lower
in unfertilised plots of pine or mixed than oak litter (Fig. 1d), and
fertilisation increased rates in the pine andmixed stands (Student's
t-test, P < 0.05).

3.2.2. Enzyme activities
Stand type and fertilisation had a significant effect on cellulase

activity in the OL litter layer, and the stand type by fertilisation
interaction was significant (Table 3). This interaction revealed an
increase in cellulase activities in all stand types with fertilisation,
and this effect was the strongest in the mixed stand (Fig. 2a). Stand
type had a significant effect on cellulase activity in the OF-H litter
layer (Table 3) with highest activity in the mixed litter and lowest
activity in the pine litter (Fig. 2b). Stand type and fertilisation had
significant effects on FDAse activity in OL litter layer and there was
a significant interaction (Table 3). Specifically, in unfertilised plots,
FDAse activity was the highest in the oak stand and in fertilised
plots, FDAse activity increased in the mixed and oak litters (Fig. 2c).
As was the case with cellulase, stand type had a significant effect on
FDAse activity in OF-H litter layer, with the highest activity in the
mixed stand and the lowest in the pine (Fig. 2d). Fertilisation
significantly increased phenol oxidase activity in the OL layer of the
mixed stand (Fig. 2e).

3.2.3. Non additive effect (NAE) of mixed litters
In both unfertilised and fertilised OL litters, net-ammonification

was significantly lower (�88% and �76%, respectively) than ex-
pected (Fig. 3A) indicating an antagonistic effect. The net nitrifi-
cationwas significantly lower (�69%) than expected (Fig. 3A) in the
OF-H litter whereas fertilisation resulted into an additive effect (i.e.
predicted and measured not significantly different). In both OL and
OF-H litters, cellulase activity was significantly higher (þ70%
and þ270%, respectively) than expected (Fig. 3B) only after N-fer-
tilisation. In unfertilised OF-H litter, FDAse activity showed the
highest and significant increase (þ640%) than expected (Fig. 3B)
indicating a synergistic effect. Phenol oxidase was additive (i.e. no
significant difference between predicted and measured activity,
Fig. 3B).

3.2.4. Relationships between biochemical properties and microbial
activity

Co-inertia analyses were used to test the relationships between
microbial and biochemical composition. Biochemical properties
(denoted by circles) and microbial properties (denoted by arrow-
heads) are projected in the factorial map; the shorter the arrow, the
better the microbial properties are explained by the biochemical
properties (Fig. 4). Our results indicate a significant co-structure
between microbial and biochemical properties in the OL litter
layer (RV ¼ 0.73, p < 0.01, Monte Carlo permutation test). Specif-
ically, oak litter had the closest microbial and biochemical co-
structure (shortest arrow lengths), whereas we found a decrease
in co-structure similarity for mixed litter (intermediate arrow
lengths), and the lowest similarity for pine litter (longest arrow
lengths; Fig. 4A a). The differences between oak and the other stand
types were mainly explained by the high values of FDAse activity,
and net ammonification and nitrification (Fig. 4A b), whereas most
of biochemical properties clearly segregated oak, on the left side of
the factorial map from both pine and mixed stands being on the
right side (Fig. 4A c). Fertilisation resulted in a greater separation
between oak and the two other stand types (Fig. 4C a), with ca-
nonical axis 1 improving the variance explained (83.3%). Fertilisa-
tion strongly improved the biochemical and microbial co-structure
in pine (very short arrows). These effects resulted in an increase in
significance of relationships (RV ¼ 0.83, p < 0.001, Monte Carlo
permutation test).

In the OF-H litter layer, a significant co-structure was found
between microbial properties and the biochemical properties



Table 3
Results of two-way ANOVAs on the effects of forest stand (FS) and fertilisation (Fert.) on microbial activities in the OL and OF-H litter layers.

Factors df Net
Ammonification

Net Nitrification Cellulase FDAse Phenol Oxidase

F P F P F P F P F P

OL layer
FS 2 24.6 *** 20.5 *** 35.1 *** 28.2 *** 0.7 ns
Fert. 1 22.1 *** 0.5 ns 128.0 *** 16.0 ** 5.2 *
FS x Fert. 2 5.6 ** 0.8 ns 21.3 *** 3.6 * 4.1 *

OF-H layer
FS 2 0.80 ns 3.5 ns 29.6 ** 9.0 ** 1.4 ns
Fert. 1 16.2 *** 15.1 ** 3.0 ns 0.0 ns 0.1 ns
FS x Fert. 2 3.2 * 6.2 ** 1.8 ns 0.7 ns 1.0 ns
Error 12

***, **, * are p < 0.001, p < 0.01, P < 0.05, respectively.

Fig. 1. Net ammonification (a, b) and net nitrification (c, d) in OL and OF-H litter layers respectively by stand type and fertilisation treatments (Codes are given in Table 2). Values are
mean ± SD (n ¼ 3). Letters indicate significant differences at P < 0.05 (LSD test). Small and capital letters compared stand types in NF and F treatments, respectively. Symbol *
indicates a significant difference for a given stand type between F and NF treatments (Student's t-test, P < 0.05). Underlined letters indicate significant differences between stand
types regardless of fertilisation treatment (ANOVA main effect, P < 0.05).
(RV ¼ 0.73, p < 0.01, Monte Carlo permutation test). The factorial
map (Fig. 4B a) indicated a greater similarity between biochemical
and microbial properties in oak litter (shorter arrows) than in the
two other stand types, although differences were less pronounced
than in OL litter layer. The mixed stand in the positive part of the
factorial map along CA1 (61.8% of the variance) differentiated from
both monospecific stands, being in the negative part of the factorial
map. Most of the microbial and biochemical properties converged
toward the mixed stand co-structure, with the exception of net
nitrification, which was strongly correlated with oak litter prop-
erties, and VOC intensity, which was correlated with pine litter
properties (Fig. 4C b, and Fig. 4C c). Fertilisation resulted in a loss of
co-structure significance between microbial and biochemical
properties (RV ¼ 0.65, p > 0.05, Monte Carlo permutation test)
(Fig. 4D).
4. Discussion

4.1. Biochemical properties of pure pine and oak litters and mixing
effect

We expected mixing pine and oak litter types would result in a
diluting effect of both VOCs and phenol concentrations, but we
discovered that Aleppo pine dominates the composition and con-
tent of secondary compounds in OL mixed pine/oak litter. OL pine
litter contains more types of VOCs (i.e. higher richness) than oak
litter as expected but total VOC concentrations were not statisti-
cally different (Table 2). The latter result is surprising since Aleppo
pine is a terpene storing species whereas Holm oak is a terpene
non-storing species (Llusi�a and Pe~nuelas,1999) but known as a high
phenolic leaf producer (Sheffer et al., 2015). However, total phenols,



Fig. 2. Cellulase (a, b), FDAse (c, d) and phenol oxidase activities (e, f) in OL and OF-H litter layers, respectively, by stand type and fertilisation treatments (Codes are given in Table 2).
Values are mean ± SD (n ¼ 3). Letters indicate significant differences at P < 0.05 (LSD test). Small and capital letters compared stand types in NF and F treatments, respectively.
Symbol * indicates a significant difference for a given stand type between F and NF treatments (Student's t-test, P < 0.05). Underlined letters indicate significant differences between
stand types regardless fertilisation treatment (ANOVA main effect, P < 0.05).
which included high molecular weight and condensed tannins that
are potentially toxic to microbes (Fierer et al., 2001), were also
found in higher concentrations in pine litter. In a meta-analysis,
Dob et al. (2005) concluded that fresh needles of Aleppo pine
contain 118 different VOCs, which is very similar to the number of
VOCs that we extracted from pine litter (126 ± 5; Table 2).
Compared to Holm oak, Aleppo pine produces larger compounds
such as sesqui- and diterpenes, the most abundant being b-car-
yophyllene (Dob et al., 2005; Orme~no et al., 2008; Chomel et al.,
2014) which accounted in the current study for 24% and 39% of
total VOC concentrations, in pine and mixed litters, respectively
(Fig. S1a, c). Others have found that this sesquiterpene accounts for
more than 40% of the total VOC intensity in live needles and OL
litter of Aleppo Pine (Dob et al., 2005; Orme~no et al., 2008; Chomel
et al., 2014). It is not clear why we found lower concentrations of
this compound in pure pine litter, or why concentrations in mixed
litter were not diluted (i.e. lower) compared to pure pine litter. It is
possible that microbes living in the pure pine litter had a great
affinity for native litter (Austin et al., 2014) and therefore prefer-
entially decomposed this compound (Chomel et al., 2014). In
contrast, microbial communities in the mixed litter do not seem to
have this selectivity for or ability to decompose the b-car-
yophyllene, which only disappeared in OF-H litter (Fig. S1). In pine
and mixed litter, the VOC diversity and evenness increased from OL
to OF-H litter, the most spectacular being for mixed litter exceeding
the ones in pure oak litter (Table 2). The increase in VOC evenness
in pure pine and mixed OF-H litter may be the result of microbial
decomposition of the most abundant compounds (Chomel et al.,
2014) but some of the VOCs may also be products of microbial or
chemical reactions that can take place during decomposition
(Spinelli et al., 2011). Moreover, the most persistent VOCs in the
three forest litter types were monoterpenes (Fig. S1 b,d,f). These
compounds, already highly abundant in OL oak litter (Fig. S1e),
could have a higher residence time than higher molecular weight
compounds such as sesquiterpenes (Chomel et al., 2014). This is
consistent with findings showing that monoterpenes can decrease
both microbial biomass (Smolander et al., 2006) and N-cycling
activities (White, 1994). Overall these results, suggest pine pro-
duces the most recalcitrant (i.e. unfavourable and persistent) litter
quality.

4.2. Mixed litters facilitate microbial activity

Recent research on Mediterranean ecosystems has focused on
how plant species mixtures and their relative composition can
improve nutrient availability (e.g. De Marco et al., 2011) through
litter mass loss (Sheffer et al., 2015), and could explain transitions in
forest secondary succession (Fierer et al., 2001) from pure pine
stand to more diversified forests.

Pine needles are recognised as biochemically and physically
recalcitrant to decomposition to soil microbes due to its high
concentrations of secondary compounds such as phenols and ter-
penes (Berg et al., 1980; Kuiters, 1990) and affect nutrient avail-
ability. This was confirmed by co-inertia analysis revealing the



Fig. 3. Non additive effect (NAE, %) on Net ammonification and Net nitrification (A),
cellulase, FDAse and phenol oxidase (B) in OL and OF-H litter layers, by fertilisation
treatment. Values are mean ± SD (n ¼ 3). NAE significantly different from zero, ac-
cording to one-sample Student's t-test are indicated by ** or *** for p < 0.01 and
p < 0.001, respectively.
closest and significant biochemical-microbial co-structure in pure
pine litter after N fertilisation (Fig. 4C a). This result demonstrated
that N is a major limiting factor connecting litter biochemistry and
microbial activities in pure pine litter. We also found that pine litter
shaped the biochemical composition in OL (i.e. intact) mixed litter
and its related microbial activities (Fig. 4A). This contradicts with
our hypothesis that pine litter when mixed with oak litter should
dilute its biochemical compounds (Table 2) by a complementarity
effect and in turn, would increasemicrobial activities (Figs.1 and 2).
For example, FDA hydrolysis, which involves a pool of many hy-
drolases (S�anchez-Monedero et al., 2008), and net ammonification
were as low in mixed litter as they were in pure pine litter. This
indicates that the secondary compounds from pine probably
inhibited microbial activities associated with oak litter (i.e. antag-
onistic effect, Fig. 3A). In this case, our results also indicated that N
availability is not involved in the regulation of these effects. Indeed,
N fertilisation in OL litter did not overcome these antagonistic ef-
fects (Fig. 3A and B), rejecting our second hypothesis on the role of
N limitation. On the contrary, the latter antagonistic effects dis-
appeared in OF-H litter (i.e. advanced litter decomposition), even
turning into a synergistic effect for FDAse activity (Fig. 3B).Whereas
this litter layer presented diluted concentrations of VOCs and a high
VOCs diversity (as we hypothesised), the poor N availability in
mixed litter along with high microbial activities suggest other
factors could explain this increase in the total hydrolase activities.
For example, a microbial community specialisation involved into
nutrient recovery (see discussion below) that would depend on a
microbial C allocation patterns (i.e. life history strategy, but see
Schimel and Schaeffer, 2012). The effect of mixed litter on the
cellulase activity was clearly synergistic (Fig. 3B) but it was also
constrained by N availability (Sinsabaugh et al., 2002) and could be
explained by other biochemical compounds. Indeed, concentra-
tions of both hydro-soluble and total phenols in this OF-H litter
layer were the highest in mixed litter. Phenols can indirectly limit N
availability by forming recalcitrant polyphenol-organic-N com-
plexes (Wurzburger and Hendrick, 2007). This could give a certain
advantage to some fungi that are able to use this form of seques-
tered organic-N (Wurzburger and Hendrick, 2009), as shown by the
better growth of fungi than bacteria (Fig. S3d). Despite a lower N
availability in mixed litter, microbial enzyme activities were the
greatest potentially indicating a specialisation of the microbial
communities in favour of fungi, the latter being less constrained by
N availability than bacteria. Current results from phenol oxidases
activity support this hypothesis. Indeed, phenol oxidase usually
produced by fungi did not decrease after N fertilisation (Fig. 2) as
expected (Keeler et al., 2009) but rather, strongly increased, sug-
gesting a strong potential for mixed litter decomposition (Saiya-
Cork et al., 2002). Importantly, pine litter slowed down N cycling
through its negative effects on nitrification. Because heterotrophs
usually use less NH4 than NO3 to avoid competition with nitrifiers
(Burger and Jackson, 2003), pine litter, by inhibiting nitrification
and thus lowering NO3 availability, could have a large effect on
plant productivity (Hobbie, 1992). The inherently high rate of
nitrification in pure oak litter, and the lack of stimulation by fer-
tilisation illustrate that pine litter inhibits this process both in pure
(e.g.White,1994) and inmixed litter. It is not clear howmixed litter,
which we found improving enzyme activities but not nitrification
rates, could be responsible for the greater plant productivity pre-
viously observed in these mixed stands (Vil�a et al., 2007). Fertil-
isation confirmed that nitrification rates were mostly limited in
mixed litter, this litter type also having the highest phenol con-
centrations. Together, this suggests that microbial communities of
the mixed litter had the greatest enzymes activities for N recovery.

Contrary to our initial hypothesis, a complementarity effect
resulted from both the mixing of litter compounds, and changes in
litter chemistry driven bymicrobial decomposition (Wickings et al.,
2012). This appeared to be primarily the result of direct con-
sumption (assimilation or catabolism) of the most abundant com-
pounds (Sj€oberg and Persson, 1998; Chomel et al., 2014). Enzymes
activities in OL mixed litter were all constrained by N availability
suggesting strong N demand by microbes for enzyme synthesis
(Caldwell, 2005). In contrast, the frequent and beneficial effects of
mixed litter on microbial activities in fragmented and oxidized OF-
H litter layer indicate that a complementarity effect can be due to
either a decrease in inhibitory effect of secondary compounds (e.g.
enzyme activities, net ammonification, fungal growth) or an in-
crease in resource diversification (e.g. bacterial catabolic diversity)
and that these effects were not limited by N availability despite an
apparent nitrification limitation, suggesting microbial specialisa-
tion and efficiency for N acquisition.

Most studies of litter mixtures have included at least one litter
species of high quality. Litters of Aleppo pine and Holm oak are both
recalcitrant and relatively unfavourable to soil microbes (i.e. low
quality litter) but are suspected to stimulate microbial activities
when mixed by a complementarity effect. Pine clearly shaped the
biochemical composition in OL mixed litter, dominated by high
molecular weight compounds (total phenols, sesqui and di ter-
penes). On the contrary, oak litter contained small compounds such
as mono terpenes and hydro-soluble phenols. Pine litter clearly
affected microbial activities (i.e. antagonistic effect) in unfertilised
OL mixed litter. We demonstrated by co-inertia analysis that this
antagonistic effect was related to N-availability. In OF-H mixed
litter, we found the highest VOC richness and evenness, along with
the best enzyme activities (i.e. synergistic effect) whereas N avail-
ability was not constraining microbial activities. However, an
apparent nitrification limitation suggests microbial specialisation



Fig. 4. Factorial map showing results of co-inertia analysis between biochemical and microbial properties in the OL (A and C) and OF-H litter layers (B and D) by fertilisation
treatments. A single map includes biochemical and microbial structure, depicted by circles and arrowheads (a), respectively, and the canonical weights (or contributions) of the
biochemical and microbial variables are provided below (b and c). Single VOCs are depicted by small grey points whereas main VOC properties are depicted by larger black points.
Abbreviations for stand types shown in Table 2. Microbial properties: Ammo: net ammonification; nit: net nitrification; FDAse: fluorescein di-acetate hydrolase; Cel: cellulase;
PhenOx: phenol oxidase; Bawcd and Fawcd: bacterial and fungal average well colour development; BCD and FCD: bacterial and fungal catabolic diversity; Biochemical properties:
VOC int: VOC intensity; Rich: VOC richness, Tot. phen: total phenol content; Sol. phen: soluble phenol content; Even: VOC evenness; Div: VOC diversity.
and efficiency for N recovery. Our study is consistent with the idea
that the positive relationship between plant litter diversity and
microbial activities depends on N availability, specifically in
Mediterranean ecosystems. Future tests that include the litter of
other dominant species of these Mediterranean forests such as
Downy oak will be useful.
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