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A B S T R A C T

Many ecosystem processes in forest ecosystems are influenced by tree species richness and tree functional di-
versity (FD). Several studies, mainly in grasslands, have already underlined a positive effect of plant species
richness on soil carbon (C) storage, but evidence for such a relationship for forests is scarce and not much is
known about the role of FD. In this study, we investigated the impact of trees with contrasting functional litter
traits on soil C and nitrogen (N) storage in a forest plantation on a former grassland. In addition, we also
investigated the impact of increasing FD on six different soil enzymes, considered as proximate agents of po-
tential microbial mineralization processes. We found synergistic effects of tree mixtures on soil enzymatic ac-
tivities at the highest FD levels and an overall increase in soil mineralization potential with FD within tree
mixtures. Moreover, we registered an overall decrease in soil C and N stocks 12 years after tree planting. Our
results suggest that the selection of tree species and mixtures based on functional traits influencing soil C storage
is fundamental for the success of climate change mitigation strategies employing tree plantations on abandoned
pastures or grasslands.

1. Introduction

Experimental and theoretical evidence has demonstrated a strong
link between the provision of ecosystem goods and services and bio-
diversity (Loreau et al., 2001; Cardinale et al., 2002; Hooper et al.,
2005; Isbell et al., 2011). In the face of widespread global changes to
the terrestrial carbon (C) cycle, C storage is considered one of the most
important ecosystem functions and C sequestration in forest biomass
and soil is being regarded as an important element of the strategies to
mitigate rising atmospheric CO2 (e.g. Ciais et al., 2008; Luyssaert et al.,
2010; Pan et al., 2011). Soils store three times more C than standing
terrestrial vegetation and for longer periods of time (Lal, 2005; Schimel
et al., 2001). Nevertheless, this large C reservoir is not permanent, but
is the result of a dynamic equilibrium between the C inputs entering the
soil (i.e. aboveground litter, dead roots and root exudates) and their
microbial decomposition and leaching. Therefore, such a balance is
affected by changes in vegetation and plant growth (Vesterdal et al.,
2013), harvesting and other disturbances (Jandl et al., 2007) and is
sensitive to processes such as climate change (Davidson and Janssens,

2006) and nitrogen (N) deposition (Janssens et al., 2010).
Several studies have underlined the positive effects of plant species

richness on soil processes (i.e. Hooper et al., 2005; De Deyn et al., 2009;
Lange et al., 2015). However, detecting responses of the soil C pool to
manipulated diversity is challenging, as C pools only change slowly
(Smith, 2004), soil heterogeneity is large (Schrumpf et al., 2011), and
the processes involved are complex (Cotrufo et al., 2015; Manzoni
et al., 2012). However, as the activity of the soil microbial community
drives soil C and N cycling through the action of extracellular enzymes
(Sinsabaugh et al., 2002), enzyme activities can be used as proxies of
potential microbial mineralization processes (Allison et al., 2007;
Henry, 2013). Specifically, this includes the activities of C-degrading
enzymes (i.e. α-glucosidase, β-glucosidase, cellulase), N-degrading en-
zymes (i.e. leucine aminopeptidase), and P-degrading enzymes (i.e.
phosphatase and phosphodiesterase) (Allison et al., 2007; Henry,
2013). Changes in plant community composition may alter soil enzy-
matic activities and soil C storage directly, by modifying substrate
avaliability and quality, or indirectly, through an effect on environ-
mental drivers such as soil water content and temperature (Kreyling
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et al., 2008; Steinauer et al., 2015) or through affecting soil microbial
communities (Pei et al., 2016). In this context, it has been suggested
that changes in plant functional diversity (FD; Petchey and Gaston,
2006), i.e. ‘the value, range, and relative abundance of plant functional
traits in a given ecosystem’ (Tilman, 2001), may have a stronger in-
fluence on decomposition and soil C and N than a simple change in
species richness (Meier and Bowman, 2008). Litter quality is often
species-specific (Eichenberg et al., 2015; Güsewell, 2004), and thus
mixture of species with chemically different litters may significantly
influence decomposition (Cornwell et al., 2008), soil microbial com-
munity (de Vries et al., 2012) and the overall biogeochemical cycling
(Reich, 2014), even at the same level of plant species richness (Dawud
et al., 2016). Moreover, as traits responsible for decomposability are
correlated across leaves, stems and roots (Freschet et al., 2013), we
expect that differences in the dynamics of labile organic matter mea-
sured between any two coexisting species aboveground are paralleled
belowground.

Degradation of plant residues in soil occurs through the action of
numerous extracellular soil enzymes (Sinsabaugh et al., 2008), six of
which are the most frequent: α-glucosidase (AG), β-glucosidase (BG),
cellulase (CEL), phosphatases (acid and alkaline; AP), phosphodies-
terase (PDE) and leucine aminopeptidase (LAP). In particular, BG has
been shown to be sensitive to changes in soil and residue management
and may be an early indicator of changes in soil organic carbon (SOC),
before these changes become apparent through changes in total soil
organic C (Sinsabaugh et al., 2008). The activity of BG, which usually
increases with increasing soil microbial biomass, reflects the rate at
which plant residues decompose. The enzymes AP and PDE hydrolyze
phosphomonoesters and phosphodiesters releasing mineral phosphate
(Toor et al., 2003; Turner et al., 2002). Their activity has been widely
used to monitor and evaluate the changes in P availability after fires,
clear-cutting, scarification, and changes in management practices, as
well as soil drying and rewetting. LAP hydrolyzes leucine and other
hydrophobic amino-acids from the N terminus of polypeptides and its
activity is broadly used as an indicator of potential peptide degradation
(Sinsabaugh et al., 2008).

Despite the promise of extracellular enzyme analysis for early de-
tection of the effects of plant functional diversity on soil processes, few
if any studies have been conducted. Moreover, the connection between
tree functional traits at community level and biogeochemical cycles has
not been fully clarified yet. We therefore measured the activities of the
above mentioned six hydrolytic extracellular enzymes, soil organic C
and N, dissolved organic carbon (DOC), dissolved organic nitrogen
(DON) and microbial biomass along a gradient in tree functional di-
versity within the BIOTREE-FD experiment (Scherer-Lorenzen et al.,
2007a,b). We tested the hypothesis that the concomitant contribution
of trees with contrasting functional litter traits (i.e. higher FD) increases
soil enzymatic activities and decreases the overall soil C and N pools in
the short/medium term.

2. Materials and methods

2.1. Study site and experimental setup

The BIOTREE-FD study site is located in Bechstedt, in the
Thuringian basin (Germany; N 50°54′, E 11°05′) at an elevation of
around 400–415 m a.s.l. Mean annual temperature at the site is 7.9 °C
and mean annual precipitation is 553 mm. The bedrock consists of
limestone, marl and clay beds of the Upper Muschelkalk formation
(Ceratites layer, “Letten-Grenzschichten”), which belongs to the
German Trias (pre-experimental soil characteristics are given in Table
S1). The site was formerly used for pasture and was ploughed before
tree planting.

In March 2003, in order to create a gradient of plot level tree
community functional diversity (FD), 25 stands were planted with four
tree species each, drawing from a pool of 16 tree species (Fig. S1; Table

S2). These species represent several of the most abundant tree genera in
Germany (Müller et al., 2015), they all occur, naturally or planted, in
the region where the experimental site is located, on the same substrate
and soil conditions, and reflect a wide range of forestry purposes (Kunz
et al., 2016; Stark et al., 2015). FD for candidate species mixtures was
calculated using information on species traits from the literature
(FDoriginal), based on nine functional traits indicative of productivity,
resource use and nutrient cycling of trees (i.e. leaf type, light require-
ments as adults, height growth vigor, mean annual increment growth,
rooting vigor, crown architecture, root architecture, leaf N concentra-
tion, C:N ration of litter) (Scherer-Lorenzen et al., 2007a,b). FDoriginal

was calculated from the branch length of a dendrogram using Gower
distances based on ordinal categories of the traits above (Petchey and
Gaston, 2002).

Within each stand, trees were planted at a spacing of 1 m within
rows and 2 m between rows (Fig. S1). As an alternative to randomly
mixing individuals of the component species, clusters of 20 individuals
(hereafter referred to as subplots) were planted in circular patches
(area = 38.5 m2) to prevent dramatic changes in the design (i.e. loss of
a species in a stand) potentially arising from fast-growing species out-
competing slow-growing ones. More details on the BIOTREE-FD ex-
perimental design can be found in Scherer-Lorenzen et al. (2007a,b).

2.2. Soil sampling

Soil sampling was performed in September 2015. From the 25 ex-
perimental stands, we selected three stands representing the lowest, the
highest and a medium FDoriginal (Table S3). Within each of them,
monospecific and mixture samples were defined based on neighbour-
hood tree diversity (Fig. S1). These two types of samples were defined
as follows. First, samples collected at the center of tree species patches
were treated as effective monospecific plots (at the neighbourhood
scale). For each tree species, four of these monospecific planting pat-
ches were randomly selected (4 replicates x 12 subplots = 48 samples).
Second, samples collected at the midpoint where three adjacent plots
border each other were treated as three species mixtures. All of these 3-
species combinations within each selected stand were sampled (mixture
patches; 4 replicates x 12 mixtures = 48 samples). At each sampling
point, one 377 cm3 soil core (0–30 cm) was collected using a petrol
driven pneumatic auger (Eijkelkamp, the Netherlands). Each core was
then divided in two depths (0–15 and 15–30 cm) and stored at 4 °C
until analyzed.

2.3. Soil analysis

Soil pH – A sieved (2 mm) subsample of soil was taken from each
core (0–15 and 15–30 cm) and soil pH was determined in 1 M KCl.

Total organic carbon and nitrogen (g kg−1) were measured for each
single sampling point and depth interval using a CHN Elemental
Analyser (Carlo Erba Instruments, mod 1500 series 2). Prior to analyses,
soil samples were treated with HCl to eliminate carbonates (Harris
et al., 2001).

Dissolved organic carbon and nitrogen – Dissolved organic carbon
(DOC; mg g−1) and dissolved organic nitrogen (DON; mg g−1) were
determined on extracts obtained by shaking 5 g of soil (dry weight)
with 20 ml of 0.5 M K2SO4 for 30 min. After centrifugation (5 min at
1000g), supernatants were filtered using 0.7 μm glass filters (Whatman
GF-F). Soluble C and N were determined with a Shimadzu TOC-V
analyzer (Shimadzu Corp., Kyoto, Japan) equipped with a TNM-1
module for N determination.

dsDNA – Extraction of double stranded deoxyribonucleic acids
(dsDNA; μg g−1) from soil was performed with a 0.12 M, pH 8 Na2HPO4

buffer and bead beating. The dsDNA content was quantified in the
crude extract without further purification using PicoGreen (Fornasier
et al., 2014).

Soil enzymatic activities (EAs). EAs were determined in soil extracts
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as described by Cowie et al. (2013). Briefly, 0.5 g dry soil was put in a
2-ml Eppendorf tube together with 1.25 ml of a solution containing 4%
bovine serum albumin and Triton X-100 and glass beads. The contents
of the tubes were subjected to bead-milling at 30 strokes s−1 for 3 min
and then centrifuged at 20.000g for 2 min. Supernatants, containing
desorbed enzymes, were dispensed in well microplates with appropriate
buffers to determine enzymatic activities using specific fluorescent, 4-
methyl-umbelliferyl substrates. Because of their strong covariance with
soil organic matter, extracellular enzyme activity potentials were ex-
pressed as specific enzymatic activities (nmol of 4-methylumbelliferone
h−1 g C−1) to easily analyse and compare the dynamics of decom-
position (Sinsabaugh et al., 2008).

2.4. Data analysis

Mathematically, functional diversity can be expressed using several
approaches and indices (Laliberté and Legendre, 2010; Mason et al.,
2005; Petchey and Gaston, 2006, 2002; Villéger et al., 2008). The de-
termination of site-specific trait data in previous studies at the site and
recent conceptual developments in functional diversity indices per-
mitted the re-calculation of functional diversity for the planted mix-
tures. This re-calculation was also appropriate, as some of the original
functional traits used to calculate FDoriginal were unlikely to be pre-
dictive for the soil C storage and the potential acquisition of readily
available nutrients expressed by the enzymatic activities. Thus, func-
tional diversity was recomputed using three physical (specific leaf area,
SLA; leaf thickness; leaf toughness) and five chemical traits (C and N
content; C:N ratio; total phenolics and tannin content), measured on
leaves collected at the site (Hantsch et al., 2014). Among all possible
available indices, we expressed functional diversity in terms of func-
tional dispersion (FDis), i.e. the mean distance in a multidimensional
trait space of individual species to the centroid of all species, weighted
by their relative abundances (Laliberté and Legendre, 2010). In our
case, species distance was weighted by the mean tree diameter of each
species within the mixure and FDis was computed using the R-package
FD (R Development Core Team 2008 (Laliberté and Shipley, 2011).
Weighting by diameter was used to reflect the different sizes that tree
species reached after 12 years of growth. It has been suggested that
communities with only one species should have FDis = 0, but there is
no upper limit for this index.

All measured data were log-transformed before performing the
statistical analysis to meet the requirements for parametric statistical
tests. Soil variables (i.e. organic C, N, pH, DON, DOC), microbial

biomass (dsDNA) and specific enzymatic activities of monospecific
subplots were compared among tree species by one-way ANOVA, se-
parately by soil depth (0–15 and 15–30 cm). The importance of each
individual leaf trait on measured variables was assessed using a
Spearman’s correlation matrix based on the monospecific plots only.

We tested for an effect of the functional diversity gradient (mix-
tures) on measured variables using linear mixed models with original
experimental plot as a random factor to account for nesting of sampled
mixtures within plots (Table S3). To asess model fit, we calculated
marginal R2 values – the proportion of variance explained by the fixed
factor(s) alone (Nakagawa and Schielzeth, 2013). For that purpose, we
used the function sem.model.fits from the piecewiseSEM R package
(Lefcheck, 2016).

We also evaluated the effect of species mixures on soil enzyme ac-
tivities by quantifying the net diversity effect (NDE) defined as the
proportional deviation between the observed values of mixtures and the
values expected from the corresponding monocultures based on
weighting the contribution of each species by its mean diameter in the
mixture (Dawud et al., 2016; Hector et al., 2002), that is

−Observed Expected
Expected

( ) . The diversity effect can be additive (NDE = 0), sy-
nergistic (NDE > 0) or antagonistic (NDE < 0).

Statistical analysis were carried out with R and figures were created
using SigmaPlot 11 (©Systat Software, Germany).

3. Results

3.1. Monocultures

Tree species displayed differences in the surface soil layer (0–15 cm)
for the following soil properties: pH (p = 0.017), organic C (p = 0.081;
Fig. 1a), soil N (p = 0.026; Fig. 1b) and DOC (p = 0.027). When
compared to initial soil C and N contents before tree planting (Table
S1), the monospecific plots showed an average decrease of −5% and
−15%, respectively, with important differences among tree species. In
fact, soil under Larix decidua showed the highest soil organic C con-
centration (27.6 g C kg−1; +5%) followed by Betula pendula and Tilia
cordata (26.9 g C kg−1; +3%), while the lowest concentration was
found under Fraxinus excelsior (22.4 g C kg−1; −15%) and under Po-
pulus tremula (22.6 g C kg−1, −14%) (Fig. 1a). All species showed a
decrease in soil N content in comparison to the pre-planting situation as
well (Fig. 1b), with the greatest reduction for Populus tremula
(1.91 kg N kg−1; −24%) and the smallest reduction for Tilia cordata
(2.38 kg N kg−1; −5%). All six specific enzymatic activities were also

Fig. 1. Soil organic carbon (A) and nitrogen content (B) in the upper (0–15 cm) and lower (15–30 cm) soil layers for the eleven tree species (monospecific plots). Horizontal solid and
dashed lines represent the original contents at 0–15 and 15–30 cm soil depth, respectively, before trees were planted in 2003–2004 (Table S1). Vertical bars indicate standard error (n = 4
for all species; n = 8 for Quercus petraea). Species code: AC = Acer campestre; AP = Acer platanoides; BP = Betula pendula; FE = Fraxinus excelsior; LD = Larix decidua; PS = Pinus
sylvestris; PT = Populus tremula; QP = Quercus petraea; ST = Sorbus torminalis; TC = Tilia cordata; UG = Ulmus glabra. ANOVA results among tree species: * p < 0.05; † p < 0.10; n.s.,
not significant.
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significantly different among the considered tree species (Fig. 2). On
the contrary, no differences in DON (p = 0.281) and in microbial bio-
mass (p = 0.129), as expressed by the soil’s dsDNA content, were de-
tected. Testing the importance of leaf litter traits in a multiple regres-
sion analysis (Table S4) revealed that dsDNA content was positively
influenced by leaf N (p = 0.027), soil organic C (p = 0.063), soil N
(p = 0.036) and negatively by the leaf C:N ratio (p = 0.021) and leaf
toughness (p = 0.002). Moreover, higher leaf phenolics and tannin
contents reduced α-glucosidase (AG; p = 0.038 and p = 0.040),
phosphatases (AP; p < 0.001 and p < 0.001), phosphodiesterase
(PDE; p < 0.001 and p < 0.001) and leucine aminopeptidase (LAP;
p = 0.010 and p = 0.005) specific activities. Leaf phenolics and tannin
accumulation also decreased soil pH (p = 0.053 and p = 0.084 for
phenolics and tannin content, respectively). Both soil organic C and
total N were positively influenced by leaf phenolics (p = 0.084 and
p = 0.067) and tannin content (p = 0.084 and 0.05) and negatively by
leaf toughness (p = 0.069 and p = 0.054).

In the deeper soil layer (15–30 cm), all soil properties did not differ
among species, with the exception of DOC (p = 0.005) and pH
(p = 0.022). A significant difference was detected only for β-glucosi-
dase (BG), AP and PDE activities (p < 0.001, p = 0.054 and
p = 0.015, respectively). Soil C and N contents were always lower than
the concentrations measured in 2003, before tree planting (-25% and
−29% on average, respectively; Fig. 1a and b).

3.2. Functional diversity

FDis of the twelve considered tree mixtures ranged between 1.03
and 3.07 (Table 1). Mixtures showed a mean soil C content of 24.7 and
16.8 g C kg−1 at 0–15 cm and 15–30 cm, respectively, corresponding to
an overall decrease of −6% and −26% in comparison to the pre-
planting conditions (Table S1). Similarly, we measured a soil N content

of 2.16 and 1.57 g N kg−1 at the two depths, corresponding to an
overall decrease of −14% and −28%.

Regarding the effects of functional diversity on soil variables, we did
not detect any significant change in soil C and N, pH, DOC, DON with
FDis (Fig. S2; Table S5). On the contrary, at 15–30 cm, microbial bio-
mass, as expressed by dsDNA, decreased significantly with FDis
(p = 0.01; Fig. S2). Moreover, specific activities of AG, BG and CEL
significantly increased with functional diversity at 0–15 cm (p < 0.05;
Fig. 3), while AP, PDE and LAP did not show any significant trend.

Fig. 2. Specific activities of extracellular enzymes (nmol of 4-MU h−1 g C−1) at 0–15 cm and at 15–30 cm for the 11 sampled species. Vertical bars indicate standard error (n = 8 for
Quercus petraea; n = 4 for all the other species). Species code: AC = Acer campestre; AP = Acer platanoides; BP = Betula pendula; FE = Fraxinus excelsior; LD = Larix decidua; PS = Pinus
sylvestris; PT = Populus tremula; QP = Quercus petraea; ST = Sorbus torminalis; TC = Tilia cordata; UG = Ulmus glabra. ANOVA results among tree species: *** p < 0.001; ** p < 0.01; *
p < 0.05; † p < 0.10; n.s., not significant.

Table 1
The twelve considered mixtures ordered ac-
cording to their increasing functional diversity
level, as expressed by functional dispersion
(FDis; Laliberté and Legendre, 2010). Species
code: AC = Acer campestre; AP = Acer plata-
noides; BP = Betula pendula; FE = Fraxinus ex-
celsior; LD = Larix decidua; PS = Pinus sylvestris;
PT = Populus tremula; QP = Quercus petraea;
ST = Sorbus torminalis; TC = Tilia cordata;
UG = Ulmus glabra.

Mixture FDis

BP-LD-QP 1.03
BP-LD-ST 1.56
AP-QP-TC 1.92
AC-FE-PT 1.96
BP-QP-ST 1.99
QP-TC-UG 2.08
AP-QP-UG 2.11
LD-QP-ST 2.12
AP-TC-UG 2.45
FE-PS-PT 2.70
AC-PS-PT 3.06
AC-FE-PS 3.07
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Similarly, at 15–30 cm depth, we did not find any significant correla-
tion between all specific enzymatic activities and FDis (Fig. 3; Table
S5).

At both depths, a synergistic mixture effect (NDE > 0) was found
for most of the enzyme activities at the highest FDis levels. In fact, all
the mixtures in which Pinus sylvestris was present generally showed
positive NDE values (Fig. 4). An additive, or even antagonistic, effect
was instead generally detected at the lowest FDis values (i.e. birch-
larch-oak mixture). AG, BG, CEL and LAP activities showed a significant
linear increase in NDE with FDis at 0–15 cm, while AP and PDE at
15–30 cm (Fig. 4). Soil C and N, DOC, DON did not show any significant
trend in NDE at both depths. On the contrary, dsDNA showed an in-
crease in NDE with FDis at 0–15 cm (Fig. 5).

4. Discussion

Our results showed an overall decrease in soil C and N contents in
monospecific plots at both 0–15 cm and 15–30 cm depths in compar-
ison to pre-planting conditions. Guo and Gifford (2002), in their com-
prehensive meta-analysis on soil C stocks and land use changes, re-
ported an average 10% decline in soil C stocks when shifting from
pasture to plantation, mainly because of site preparation at tree
planting (i.e. soil disturbance) and the change in the C input (i.e.
quantity and quality). Similarly, Poeplau and Don (2013) studying
secondary forests on abandoned grasslands measured an increase in
forest floor C, but a significant decrease in soil C stocks in the topsoil
(0–30 cm depth). However, while there is a strong evidence for higher
forest floor C stocks under coniferous than under broadleaved trees,
tree species effects on mineral soil C stocks are less consistent (Vesterdal
et al., 2013, 2008). In any case, such a decline has been generally re-
ported to be limited to the first 10 years after the plantation and soil C

stocks have been reported to recover thereafter (Paul et al., 2003). In
our study, twelve years after the land use change, the soil under some of
the tree species (monospecific plots) has either been maintained at or
already returned to the pre-planting soil C level at 0–15 cm, with a
proportional difference between the highest and the lowest soil C
concentration of 7.38 g C kg−1. On the contrary, all the species still
showed a lower soil C concentration at the deepest soil horizon
(15–30 cm). The different soil C concentrations measured among the
tree species may be related to both differences in the amount of C en-
tering the soil through litter and rhizo-depositions and in the quality of
such an input (De Deyn et al., 2008). In fact, even if trees with a higher
basal area, wood production and leaf area index have been shown to
have a larger litter production (Vilà et al., 2004), the detected differ-
ences in the specific soil enzymatic activities among the tree species
support the idea that litter chemical traits are important drivers as well.
This has been also shown by Meier and Bowman (2008) who found that
key soil processes are influenced by interactions between plant litter
chemical traits and the microbial enzymes that catalyze the decom-
position reactions. Previous experiments have identified foliar litter
concentration of calcium (Reich et al., 2005), N or C:N ratio (Vesterdal
et al., 2012, 2008), lignin (Hobbie et al., 2006) or lignin:N ratio as the
most important factors influencing litter decomposition and forest floor
dynamics. In our case, microbial biomass, as expressed by dsDNA, was
positively influenced by leaf N content and negatively by leaf C:N ratio
and leaf toughness. Similarly, all specific soil enzymatic activities were
negatively, even though not significantly, influenced by leaf C:N ratio.
Moreover, phenolics and tannin concentrations seem to strongly control
AP and PDE activities and soil organic C, probably because tannins bind
to N-containing substrates, limiting their mineralization (Fierer et al.,
2001; Kraus et al., 2004). However, no relationship between leaf litter
C:N and soil organic C was detected, as previously reported by

Fig. 3. Variation in the natural logarithm of specific activities of extracellular enzymes (nmol of 4-MU h−1 g C−1) at 0–15 (closed symbols) and 0–30 cm (open symbols) with tree species
functional diversity, as expressed by functional dispersion (FDis). FDis = 0 values correspond to monospecific plots. Vertical bars indicate standard error (n = 8 for Quercus petraea;
n = 4 for all the other species and mixtures), bold and dashed lines are the effect of FD predicted from a linear mixed model for 0–15 and 15–30 cm, respectively. Predicted effect of FD,
marginal R2 and p-value for the effect of FD are shown when p < 0.10.
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Fig. 4. Net diversity effects (NDE) for α-glucosidase, β-glucosidase, cellulase, phosphatases, phosphodiesterase and leucine aminopeptidase (nmol of 4-MU h−1 g C−1) at 0–15 cm (closed
symbols) and 15–30 cm (open symbols). Vertical bars indicate standard error (n = 4), bold and dashed lines are the regression lines for 0–15 and 15–30 cm, respectively. Simple linear
regression lines, R2 and p-value are shown when p < 0.10.

Fig. 5. Net diversity effect (NDE) for soil organic carbon content (A; g C kg−1), soil nitrogen (B; g N kg−1), dissolved organic carbon (C; mg g−1), dissolved organic nitrogen (D; mg g−1)
and dsDNA (E; μg g−1) at 0–15 cm (closed symbols) and 15–30 cm (open symbols) by functional diversity level, as expressed by functional dispersion (FDis). Vertical bars indicate
standard error (n = 4), bold and dashed lines are the regression lines for 0–15 and 15–30 cm, respectively. Simple linear regression lines, R2 and p-value are shown when p < 0.10.
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Vesterdal et al. (2008).
At the ecosystem scale, Dawud et al. (2016) have recently shown

that species identity (i.e. conifer proportion in the mixtures) is a
stronger driver for soil C stocks, C:N ratio and pH than tree species
diversity. Moreover, Vilà et al. (2004) and Scherer-Lorenzen et al.
(2007a) have already reported that litter pools are larger in tree mix-
tures than in monocultures. As microbial growth and potential enzy-
matic activities are ultimately limited by the availability of organic
matter (Sinsabaugh et al., 2014), we normalized each activity by soil C,
to easily analyse and compare the dynamics of decomposition
(Sinsabaugh et al., 2008). Thus, when comparing mixed with mono-
specific situations, we were able to highlight synergistic effects
(NDE > 0) for the six studied enzymes in plots where Pinus sylvestris
was present and mostly additive (NDE = 0) or even antagonistic
(NDE < 0) effects in broadleaf dominated mixtures with low FDis
value. These results may be again related to litter traits as a higher
diversity in litter composition may have influenced soil C and N mi-
neralization directly or indirectly through reactions among different
chemical groups and between these and soil microbes. This is even
more evident when looking at functional diversity, as also reported in
previous studies in grassland ecosystems (Chung et al., 2007; Meier and
Bowman, 2008; Steinauer et al., 2015). In fact, increasing the func-
tional diversity led to an overall increase in specific enzyme activities of
AG, BG and CEL, with a corresponding increase in soil organic matter
mineralization potential and decrease in soil C because of a stronger
decline in soil organic matter from the former pasture. However, as said
before, this decrease in soil C should be a transient effect which should
be compensated by a higher litter input in the long term.

In conclusion, to our knowledge, this was the first investigation of
the impact of functional diversity on C and N stocks in combination
with soil microbial activities in tree mixtures. Our results clearly show
strong synergistic effects of tree mixtures characterized by a high litter
functional diversity on soil enzymatic activities and an overall increase
in soil mineralization potential (i.e. AG, BG and CEL activities) with
functional diversity within tree mixtures. This can have important im-
plications for climate change mitigation strategies employing tree
plantations on abandoned pastures or grasslands, as more attention
should be paid on the selection of tree species and mixtures based on
functional traits that may influence soil C storage. More investigations
on belowground inputs are, however, needed to better understand the
possible impacts of quantity and quality of fine-root material and root
exudates on microbial and extracellular enzymatic activities. Moreover,
the use of metagenomics will allow deeper insight into soil bacterial
abundances and community composition (i.e. Jenkins et al., 2016;
Smets et al., 2016) and their links with plant functional diversity and
how biodiversity at different ecological levels may influence ecosystem
multifunctionality (Soliveres et al., 2016).
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