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ABSTRACT

Soil functioning is closely linked to the interactions
between biological communities with the physical
environment. Yet, the impact of plant community
attributes on metabolic processes promoting soil
nutrient cycling remains largely unknown. We
hypothesized that the plant community acts as a
regulating agent of nutrient mobilization in soils
according to the phylogenetic and morpho-func-
tional traits of plant species of which it is composed.
Rhizosphere soils were collected in autumn and
spring under 32 tree and shrub species in two
Mediterranean mixed forests (four plots in each)
located in southern Spain, and nine soil enzymatic
activities related to C, N and P mobilization were
assessed. Phylogeny and morpho-functional traits of
plant species were recorded and their imprint in soil
enzymatic activities across forests was determined.
The results showed a plant phylogenetic signal for N
mobilization in both forests, while it varied across
forests for non-labile C and P mobilization. The plant
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phylogenetic signals were primarily driven by lin-
eages that diversified through the Miocene, about 25
Myr ago. In addition, leaf traits and plant’s mycor-
rhizal type explained soil enzymatic activities inde-
pendently from phylogeny. C and P mobilization
increased under ectomycorrhizal plants, whilst en-
hanced N mobilization did occur under arbuscular
mycorrhizal ones. The plant community composi-
tion led to a different carbon and nutrient mobi-
lization degree, which in turn was mediated by
distinct microbial communities mirroring differen-
tiated resource-acquisition strategies of plants. Our
results highlight the role of plant traits and mycor-
rhizal interactions in modulating carbon and nutri-
ent cycling in Mediterranean mixed forest soils.

Key words: plant traits; plant phylogeny; nutri-
ent mobilization; soil enzymatic activities; mycor-
rhizas; mediterranean mixed forests.

HIGHLIGHTS

e Plant community structure determines soil carbon
and nutrient cycling in Mediterranean forests.

e A plant community phylogenetic signal is re-
vealed on soil enzymatic activity at a regional
scale.
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e Leaf traits and mycorrhizal association type
predict soil enzymatic activity.

INTRODUCTION

Carbon and nutrient cycling are essential processes
for forest ecosystem functioning (Baldrian 2017).
The plant species pool and their trait assortment are
critical for nutrient turnover regulation (De Groote
and others 2018). In fact, above- and below-ground
traits may provide important clues about biogeo-
chemical footprints of species within a given habi-
tat, and particularly those associated with leaves
and roots, whose composition and phenology can
trigger shifts in soil metabolism (Cheeke and others
2017; Urbina and others 2017). Studying the effect
of individual plant species and their traits on
nutrient cycling and ecosystem dynamics is crucial
for understanding ecosystem response to pertur-
bations, notably under the current global change
scenario (Chen and others 2017; Wang and others
2021).

Beyond their potential to determine nutrient
turnover, traits can reveal ecological differences
between species, and likely phylogenetic signals
accounting for additional information on the
structure of plant communities (de Bello and others
2017), as closely relatives would tend to have
similar life-history traits, metabolic rates, phenol-
ogy or responses to disturbances (Chen and others
2017; Lopez-Angulo and others 2018). As a result,
the contribution of plant communities to ecological
processes in forests may come determined from
their traits (for example, based on species size,
physiology, leaf and root habits) (Liese and others
2017) and their phylogenetic composition, that is,
position respect to the rest of species across the
community phylogeny (Lopez-Angulo and others
2018). However, both the potential weight of plant
traits and phylogenetic composition in predicting
processes related to carbon and nutrient cycling in
forests, and whether these cycling processes can
report a phylogenetic signal from plant communi-
ties, are still poorly understood (de Bello and others
2017).

In terrestrial ecosystems, plant communities can
also shape the structure and functionality of asso-
ciated microbial communities (Pérez-Izquierdo and
others 2019; Bahram and others 2020). Soil
microorganisms are key drivers of nutrient mobi-
lization through targeting plant organic matter in-
puts (that is, litter and root exudates) (Baldrian
2017; Midgley and Sims 2020). By releasing exo-
enzymes capable to convert complex organic

compounds into simpler and more soluble mole-
cules (Allison and Vitousek 2005), soil microor-
ganisms are directly involved in carbon (C),
phosphorus (P) and nitrogen (N) cycling in soils.
For example, saprotrophic and mycorrhizal fungi
substantially contribute to C cycling in forest soils,
as decomposers, or by directly obtaining C from
plants (Allison and Vitousek 2005; Tedersoo and
others 2020). Mycorrhizal fungi are likewise well-
known to facilitate soil P and N mobilization
(Tedersoo and others 2020; Lebreton and others
2021), although rates can considerably differ
among mycorrhizal types (Averill and others
2019). In fact, mycorrhizal types may greatly vary
in their effect on main ecosystem processes, as
leading to higher soil C to N ratios in ectomycor-
rhizal-dominated forests than in arbuscular myc-
orrhizal-dominated ones (Brzostek and others
2015; Sulman and others 2017). These cues have
even been observed when phylogenetic informa-
tion is incorporated into plant-soil feedback models
(Senior and others 2018; Segnitz and others 2020),
which reinforces the idea that plant community
phylogenetic structure might be key to understand
other essential ecological processes such as C and
nutrient cycling in soils (Keller and Phillips 2019).
This phylogenetic approach remains particularly
scarce in Mediterranean forests (Pérez-Izquierdo
and others 2019), despite these ecosystems are
characterized by highly diverse plant communities
with complex phylogenetic and ecological rela-
tionships (Alcantara and others 2019; Perea and
others 2021).

In this study, we focused on Mediterranean
mixed forests to investigate potential links of plant
phylogeny and morpho-functional traits with me-
tabolic processes affecting carbon and nutrient cy-
cling in the soil. Given the important role of plants
and spatial-temporal factors on soil functioning
(Purahong and others 2016; Pérez-Izquierdo and
others 2018), we expected (i) to observe a main
role of plant species identity on soil enzymatic
activities related to carbon and nutrient cycling,
together with that of local conditions and season-
ality. Whether this was the case, we expected (ii) to
detect a plant phylogenetic signal (that is, closely
related plant species would tend to display similar
carbon and nutrient cycling rates) (Cavender-Bares
and others 2009; Lépez-Angulo and others 2018),
and (iii) to find phylogenetic independent trait-soil
function relationships indicative of the plant com-
munity economics spectrum (Phillips and others
2013) (for example, between the labile carbon and
nutrient enzymatic activity with fast-growing re-
lated traits).
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To elucidate these questions, we evaluated dif-
ferent above- and below-ground traits (that is,
plant size, leaf structure and habit, and mycorrhizal
type) of representative woody and semi-woody
plant species of Mediterranean mixed forests, and
we determined a range of enzymatic activities in-
volved in C, P and N cycling in soils beneath these
plants.

MATERIAL AND METHODS
Study Area and Sampling Design

The study was conducted in secondary mixed for-
ests of Sierras de Cazorla, Segura y Las Villas (Se-
gura, hereafter) and Monte La Sierra (Jaén,
hereafter) natural parks located in the province of
Jaén, Southern Spain. Both natural parks (here-
inafter referred to as ‘forests’) are approximately
100 km distant and have a continental Mediter-
ranean-type climate, at which drought, rainfall
seasonal regimes and fire recurrence have largely
conditioned the structure and dynamics of biolog-
ical communities (Rundel and others 2016; Pérez-
Valera and others 2018). In the study area, annual
mean rainfall ranges between 800-1000 mm and
mean annual temperature between 10-12°C. Plant
communities of these forests have been exhaus-
tively characterized in previous studies (Alcantara
and others 2018, 2019; Perea and others 2021),
with pine and oak species dominating the upper-
most canopy layer (Pinus nigra subsp. salzmanii J. F.
Arnold, Quercus ilex L., Quercus faginea Lam., and
Quercus pyrenaica Willd.,, in Segura and Pinus
halepensis Miller, Q. ilex, and Q. faginea in Jaén), and
high diversity of understory tree and tall shrub (for
example, species of Crataegus, Juniperus, Sorbus,
Prunus, Phillyrea, and Pistacia) and short shrub
species (for example, genera Thymus, Cistus, Phlo-
mis, Genista and Rosmarinus).

The sampling design was spatially-nested and
consisted of eight 50 x 50 m sites distributed across
the two natural parks (4 sites in Jaén, 4 sites in
Segura) (following the experimental design de-
tailed in Pulgar and others 2017; Alcantara and
others 2018). To capture part of the temporal
variation, the sampling was carried out in autumn
2016 and spring 2017 (Table S1). The survey in-
cluded a total of 32 species: 21 in Jaén and 16 in
Segura, 5 of which were found in both forests
(Table S1). Adults of representative plant species
were randomly selected for soil sampling, with a
minimum distance of 10 m between individuals.
We removed the litter layer and dug
10 x 10 x 20 cm holes in N, SE and SW orienta-

tions, 5-50 cm far from the stem of plants. After
tracing the main roots of the target plant individ-
ual, we collected soil surrounding secondary and
fine roots. Soil subsamples were kept at 4°C and
transferred to the laboratory. A total of 339 soil
samples were collected: 151 in spring and 188 in
autumn, 179 in Jaén and 160 in Segura, and
ranging between 30 and 59 per site and between 4
and 32 per plant species according to the number of
individuals found of each species (Table S1).

Measurement of Extracellular Enzymatic
Activities Involved in soil Carbon
and Nutrient Cycling

The three soil subsamples per each plant individual
were pooled into a single composite sample, roots
were removed, and the remaining soil was
homogenized and 2 mm sieved. A fresh soil portion
was used to determine gravimetric soil moisture by
lost weight of samples oven-dried at 105°C for
48 h. A second soil portion was preserved at —20°C
for enzymatic analyses, while the rest of soil was
air-dried to determine pH (1:5, w:v in H,0) and soil
organic matter (SOM) content by loss on ignition at
400°C for 4 h.

Nine potential enzymatic activities related to C, N
and P cycling in forest soils (Pierre-Emmanuel and
others 2016; Pérez-Izquierdo and others 2017)
were determined in the soil samples, under optimal
controlled conditions: f-glucosidase (EC 3.2.1.3)
and cellobiohydrolase (EC 3.2.1.91) that are glu-
coside- and cellulose-hydrolyzing enzymes,
respectively, and considered as proxies of labile C
cycling; p-xylosidase (EC 3.2.1.37) and f-glu-
curonidase (EC 3.2.1.31) that are hemicellulose-
hydrolyzing enzymes and related to recalcitrant C
cycling; acid and alkaline phosphatase (EC 3.1.3.2)
activities that hydrolyze P-containing organic
compounds promoting P cycling; and chitinase (EC
3.2.1.14) and leucine-aminopeptidase  (EC
3.4.11.1) activities as proxies of N cycling, respec-
tively cleaving chitin and polypeptides, and hence
mobilizing N-enriched residues. In addition, laccase
activity (EC 1.10.3.2), a lignin-oxidizing enzyme
involved in recalcitrant C cycling was also mea-
sured. We followed the experimental procedure
described in Pérez-Izquierdo and others (2017) to
measure these enzymes. Briefly, 1 g of rhizosphere
soil was incubated (100 rpm, at 25°C overnight) in
the corresponding buffer (Tris-maleate 40 mM, pH
8 for leucine aminopeptidase; Tris—acetate 10 mM,
pH 11 for alkaline phosphatase; and Tris—acetate
10 mM, pH 4.5 for the rest of enzymes). After soil
incubation, all enzymes except laccase were
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determined by fluorogenic assays that were per-
formed by using the substrates methylcoumarin
(AMC) for leucine aminopeptidase and methy-
lumbelliferone (MU) for the rest of enzymes. For
laccase, a photometric assay was carried out by
using 2,2-Azino-bis 3-ethylbenzothiazoline-6-sul-
fonic acid (ABTS). Enzymatic activities were mea-
sured with a Victor microplate reader (Perkin-
Elmer Life Sciences, Massachusetts, USA), at
wavelengths of excitation/emission of 355/460 nm
for fluorogenic assays and 415 nm for laccase
activity. Results were expressed at pmol mg soil ™
"h™! sOM™'. Soil enzymatic activities were
grouped by carbon or nutrient cycle (f-glucosi-
dase + cellobiohydrolase as proxy for labile C cy-
cling; f-glucuronidase + ff-xylosidase + laccase for
non-labile C cycling; acid + alkaline phosphatase
for P cycling; and chitinase + leucine-aminopepti-
dase for N cycling), and also by enzyme ratios (C:N,
C:P and N:P enzymatic activities). These groupings
are well-established biological indicators of the
microbial nutrient demand and linked to carbon
and nutrient cycling in soils (Sinsabaugh and oth-
ers 2008, 2009; Waring and others 2014).

Plant Community Morpho-Functional
and Phylogenetic Traits

The morpho-functional traits of plants of our study
were obtained from the trait database previously
built by Perea and others (2021) in the same mixed
forests. The dataset is based on measured traits of
randomly-selected adult individuals across the
same sites, including height (m), basal area, and
equivalent basal diameter (EBD, that is, calculated
as a mean when individuals had more than one
stem, m?), ratio height to EBD, canopy area (m?)
and volume (m?®), branches density, specific leaf
area (SLA), leaf morphology (for example, acicular,
lobed, lanceolate, palmate), leat water content, leaf
habit (perennial vs deciduous), leaf size (length,
area, fresh weight, dry matter), leaf chemical
composition (C, N, H content, C to N ratio). Addi-
tionally, we classified plant species by their myc-
orrhizal type, that is, ECM and AM, according to
literature (Bueno and others 2017; Brundrett and
Tedersoo 2020). At each forest, the dataset ac-
counted a total of 20 morpho-functional traits for
each plant species.

The phylogenetic information of the plant com-
munities studied was extracted from Alcantara and
others (2018). We subset the 32 plant species of our
study and used the respective phylogenetic dis-
tance-based matrix of each forest (built with 21
plant species in Jaén and 16 in Segura) for calcu-

lations. Phylogenetic relatedness is considered as a
good proxy of functional similarity because traits
are usually conserved across lineages (Webb and
others 2002; Cavender-Bares and others 2009). To
use the phylogeny as function predictor, phyloge-
netic distances of plant communities of each forest
were decomposed via a Principal Coordinate
Analysis (PCoA) (de Bello and others 2017) using
the pcoa function with the /ingoes correction (ape R
package). The resulting eigenvectors (20 for Jaén
and 15 for Segura), which gathered the weight and
placement of taxa across the phylogeny (de Bello
and others 2017; LeRoy and others 2020), were
used as phylogenetic traits.

Data Analysis

Prior to analyses, data of enzymatic activities were
log-transformed for normalization and to avoid
biases in ordination approaches (Pierre-Emmanuel
and others 2016). All analyses conducted in this
study were carried out with functions and packages
of the R free software v.4.1.1. (R Core Team 2021).

To determine the effects of the plant species on
carbon and nutrient cycling in soils (hypothesis 1),
we firstly fitted Linear Mixed-Effect Models (/me4 R
package) setting up forest and season as fixed fac-
tors, and plant species and site nested in forest as
random factors. The dependent variables were soil
properties (pH, SOM, soil moisture), and carbon or
nutrient cycles and enzyme ratios (C:N, C:P and
N:P enzymatic activities). In all models, p-values
were corrected by the Bonferroni method. To show
the found trends, the relative soil enzymatic
activity (%) for each C, N, P cycle and enzyme
ratios were calculated as the respective cycle en-
zymes for a given factor (forest, plant species and
season) divided by the total enzymatic activity
within that given factor.

To further detect if the plant species printed a
phylogenetic signal on soil carbon and nutrient
cycling (hypothesis 2) (that is, the tendency of re-
lated plant species to resemble each other more
than species drawn at random from the same
phylogenetic tree), the corresponding plant phylo-
genetic tree and nutrient cycling matrix of each
forest were first merged with the phylo4d function
in phylosignal R package (Keck and others 2016).
The phylogenetic signal was separately tested per
forest by carbon and nutrient cycle (labile C, non-
labile C, N, P) and enzyme ratios (C:N, C:P, N:P), by
using the phyloSignal function with the Blomberg’s
K method (Miinkemiiller and others 2012; Keck
and others 2016), which tests the null hypothesis of
absence of phylogenetic signal over a given vari-
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able. The rejection of the null hypothesis allowed
to confirm that closely related plant species had
more similar carbon and nutrient cycling rates in
their soil-associated environment (Lopez-Angulo
and others 2018). Furthermore, since the phylo-
genetic signal might be directed by specific clades
(that is, local indicators of phylogenetic association
— LIPA), we calculated the Local Moran’s Index
(LMI), which may detect autocorrelation hotspots
across a given plant phylogeny (Keck and others
2016). LMI can show significant positive values
(that is, the trait is more similar among closely
relatives than expected by chance) or negative
values (that is, the trait is more divergent among
distantly relatives than expected by chance). The
lipaMoran function was used to determine LMI and
autocorrelation values were plotted per plant spe-
cies at each forest with the dotplot.phylo4d function
in the phylosignal R package.

To evaluate whether plant phylogenetic traits
(based on PCoA eigenvectors) and morpho-func-
tional traits affected soil carbon and nutrient cy-
cling, we performed Redundancy Analyses, which
allowed to select the trait predictors and phyloge-
netic compositional variables that best explained
variations in soil enzymatic activities while dis-
carding redundant ones. The redundancy analyses
were carried out on the enzymatic activity matrix
and using both PCoA eigenvectors and morpho-
functional trait matrices per forest (Jaén and Se-
gura) with the rda function in vegan R package.
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Relative soil enzymatic activity

Before conducting these analyses, covarying plant
community trait predictors were filtered with the
ordistep function and the variance inflation factor
(VIF) analysis by using the vif.cca function in vegan.
Values in VIF > 5 indicated the predictors that
were highly correlated with others and had to be
dropped from the constraint ordination. After fil-
tering un-correlated and significant plant commu-
nity predictors, we carried out a variance
partitioning per forest to measure the relative
contribution of plant phylogeny and traits in
explaining soil enzymatic activities from spatial
factors (that is, sites within each forest) and soil
properties (pH, organic matter —SOM- and soil
moisture). Variance partitioning was analysed by
using the varpart R function. Un-correlated and
significant plant community predictors were fur-
ther projected within the redundancy analysis plots
per forest.

RESULTS

Drivers of Enzymatic Activities Involved
in Soil Carbon and Nutrient Cycling

Linear mixed-effect models revealed that forest
type was a major factor explaining the variations in
carbon and nutrient cycling and enzyme ratios in
soils (Table S2). In general, a significantly higher
soil enzymatic activity was found in Segura than in
Jaén, with the exception of enzymes related to P
cycling that did not vary across forests (Figure 1a).
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b 1 1 1 1 1

.'.'.'.'.'.'.'.'.'.'.'.'.'.'—ns

- | i | 1
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! ! | | !

0% 20% 40% 60% 80% 100%

Figure 1. Relative soil enzymatic activity (%) per nutrient cycle and cycling ratio depending on a forest (Jaén, Segura)
and b season (Autumn, Spring). Relative soil enzymatic activity was calculated as the respective cycle enzymes for a given
factor (forest and season) divided by the sum of values of enzymatic activities within that factor. Enzyme values per cycle
corresponded to: Labile C=p-glucosidase + cellobiohydrolase; Non-labile C=p-xylosidase + f-glucuronidase + laccase;
N = chitinase + leucine-aminopeptidase; P = acid + alkaline phosphatases. Significance is noted next to the bar of each
variable, in each graphic, p-value: ***p < 0. 001, **» < 0.01, *p < 0.05, .p < 0.10, ns = not significant, corrected by the

Bonferroni method.
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Table 1. Phylogenetic Signal of the Plant
Community on Soil Carbon and Nutrient Cycling
(that is, Tendency of Closely Related Species to
Show Similar Enzymatic Activity or Cycling
Ratios), in Each Forest (Jaén and Segura),
Determined by the Blomberg’s K Index that Tests
the Null Hypothesis of Absence of Phylogenetic
Signal

Variable Blomberg’s K

Jaén Segura
Carbon and nutrient cycling
Labile C 0.19 ns 0.16 ns
Non-labile C 0.66* 0.16 ns
N 0.40 0.79%**
P 0.28 ns 0.75%%*
Enzyme ratios
C:N 0.85%* 0.35 ns
C:P 0.39 ns 0.28 ns
N:P 0.42 0.69***

**xp < 0.001;  **p < 0.01; *p < 0.05.p < 0.10; ‘ns’ non-significant
(p > 0.10); significant values are noted in bold.

The season had a slighter effect than forest type,
with a higher N:P enzyme ratio in spring than in
autumn (Figure 1b). The models also revealed that
plant species were a significant driver of overall C,
N and P cycling and enzyme ratios.

Regarding soil properties (Table S2), pH did
markedly depend on the forest but also on the plant
species, whereas variations in SOM content were
mainly determined by spatial-temporal factors.
Both pH and SOM were significantly higher in Jaén
(pH 7.59 £ 0.03 and SOM 18.2 £ 1.1%) than Se-
gura (pH 6.20 & 0.06 and SOM 8.5 £ 0.3%). Soil
pH was slightly lower in spring (6.86 + 0.07) than
in autumn (7.01 £ 0.07), whereas the opposite
was observed for SOM (14.9 £ 1.1% in spring and
12.6 £ 0.8% in autumn).

When the linkages between enzymes and C soil
cycling (that is, hydrolytic or oxidative C enzymes)
were explored, a significant positive relationship
between N-related and C-hydrolytic enzymes was
found (F;335 = 74.57, p < 0.001), while no rela-
tion with C-oxidative enzyme was detected
(F1335 = 1.09, p = 0.30) (Figure S1). However, sig-
nificant effects of plant species were further re-
vealed in both C-related enzyme groups
(F31307 = 2.30, p < 0.001 for C-hydrolytic en-
zymes; Fsj307 = 2.78, p < 0.001 for C-oxidative
enzyme).

Phylogenetic Signal of Plant Community
on Soil Carbon and Nutrient Cycling

A phylogenetic signal (that is, the tendency of
phylogenetically related species to resemble each
other) on soil enzymatic activities was found (Ta-
ble 1; Figure 2). Plant species had a phylogenetic
imprinting effect on non-labile C cycling in Jaén,
on soil N cycling at both forests (marginal in Jaén),
and on P cycling in Segura. A significant plant
species phylogenetic signal was also revealed on the
C:N enzyme ratio in Jaén, and on the N:P enzyme
ratio in Jaén (marginal) and Segura.

In Jaén, the Local Moran’s Index revealed hot-
spots of positive autocorrelation (that is, phyloge-
netic conservatism) of Pistacia spp. and Lavandula
latifolia on soil labile C cycling (Figure S2a), as well
as of Quercus spp. and other Lamiales (Rosmarinus
officinalis and Thymus mastichina) on N cycling. A
similar positive autocorrelation trend was observed
in Quercus spp. on non-labile C cycling, C:N and C:P
enzyme ratio. In Segura (Figure S2b), significant
positive autocorrelations were only detected for
Cistus spp. on C and P cycling as well as on C:N
enzyme ratio. Negative autocorrelations (that is,
phylogenetic divergence) were revealed for the le-
gume shrub Cytisus scoparius, T. mastichina and
species belonging to Rosales (Prunus spinosa and
Rosa sp.) on N cycling and C:N enzyme ratio, and
for and Berberis hispanica also on C:N enzyme ratio.

Plant Trait Predictors of Carbon
and Nutrient Cycling in Soils

Both morpho-functional traits and phylogeny
(based on PCoA axes) of plant species significantly
predicted the enzymatic activity of soils
(Forg0 = 5.35, p=0.001, R*Y =0.16 in Jaén;
Fio1aa = 6.37, p =0.001, R*Y =0.29 in Segura)
(Table S3). Concerning the phylogenetic composi-
tion of plant communities, one PCoA axis per study
site was a non-redundant predictor of a total of 20—
15 PCoA axes generated at Jaén and Segura,
respectively (Figure 4; Table S3). From the total
subset of 20 plant morpho-functional traits con-
sidered, only a few were non-redundant, that is,
leaf habit and mycorrhizal type in Jaén and leaf C,
leaf length and mycorrhizal type in Segura.
Variance partitioning (Figure 3) revealed that
un-correlated plant community traits were main
predictors of soil enzymatic activity variation in
both forests (0.15-0.27 of explained variance in
Jaén and Segura, respectively), followed by soil
properties (0.10 in Jaén and 10.5 in Segura). PCoAs
(that is, phylogeny) had a lower contribution in soil
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Plant species Acronym
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Figure 2. Relative enzymatic activity (%) related to carbon (C), nitrogen (N) and phosphorous (P) cycles of soils collected
under the different plant species distributed across the phylogenetic tree (see complete species names in Table S1). Relative
soil enzymatic activity was calculated as the respective cycle enzymes for a given plant species divided by the sum of values
of that cycle for all plant species. Cycle enzyme values corresponded to: Labile C = f-glucosidase + cellobiohydrolase;
Non-labile C = f-xylosidase + f-glucuronidase + laccase; N = chitinase + leucine-aminopeptidase; P = acid + alkaline
phosphatases. Further data standardization per plant species within cycles was done relative to the sum of all relative
enzyme values of all plant species, to make bars comparable in the graphic. Legend shows the colors associated with each
carbon or nutrient cycle. The bar below the phylogenetic tree indicates the adjusted 50 million year-scale.

enzymatic activity variance (0.04 in Jaén and 0.01
in Segura), and mainly when interacted with plant
traits in Jaén and soil properties in Segura. Spatial
factors (that is, sites within each forest) did not
contribute to explain any variance of soil enzymatic
activity (Figure 3).

In Jaén, the redundancy analysis showed that N-
related activities negatively co-varied with PCoA 9
(Figure 4a). This PCoA axis mainly represented
phylogenetic distances between C. albidus and
Pistacia spp. and, at a lower extent, with species
belonging to Rosaceae, Rhamnus lycioides and Ruscus
aculeatus (Figure S3a). C and P-related activities did
positively co-vary with PCoA 9. Concerning non-
redundant morpho-functional traits, non-labile C
and P cycling positively co-varied with ECM type
whilst N cycling did it with AM type, and labile C
did it with perennial plants although at a lower
extent than the rest of observed co-variations at
this forest (Figure 4a). In Segura (Figuer 4b), N
activity positively co-varied with AM type, whilst

non-labile C and P cycling positively did it with the
plant’s leaf length, leaf C content and with myc-
orrhizal type (ECM). PCoA 15 showed a low rep-
resentation within the redundancy analysis, and
mainly represented phylogenetic distances among
Cistus species (Figure S3b). In plant communities of
both forests, plant’s mycorrhizal type was the major
trait explaining carbon and nutrient cycling in soils
(Figure 4; Table S3).

DiscussioN

Under the assumption that plant species control the
composition of their associated soil microbiota and
this, in turn, is key in explaining soil functions
(Aponte and others 2013; Pérez-Izquierdo and
others 2019), we aimed to closely examine the ef-
fect of plant species and their traits in relation to
carbon and nutrient cycling in soil. Our results
have revealed that plant species act as regulating
agents of soil carbon and nutrient cycling by
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Figure 3. Amount of enzymatic activity variance explained by the plant community phylogeny, morpho-functional traits,
sites and soil properties in the two forest studied, Jaén and Segura. Variance partitioning was carried out with non-
redundant plant phylogeny variables (PCoA axes) and traits, the study sites (four within each forest) and soil properties
(pH, organic matter -SOM- and gravimetric soil moisture), and plotted in a Venn diagram per forest that shows the relative
contribution of predictors in explaining enzymatic activity variations (up to 1). Negative values are not plotted within the
diagrams. Residuals were 0.75 and 0.59 in Jaén and Segura, respectively.

imprinting a phylogenetic signal on soil enzymatic
activity. Accordingly, soil carbon and nutrient cy-
cling can be explained by local plant community
phylogeny and morpho-functional traits. As ex-
pected, all these results are strongly modulated by
the local habitat conditions, mainly linked to soil

pH, organic matter and moisture. Overall, local
plant community phylogenetic traits, together with
plant species leaf traits (habit, length and C con-
tent) and mycorrhizal type (AM or ECM), are
major predictors of soil enzymatic activities in the
Mediterranean mixed forests studied.
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Figure 4. Plant community phylogenetic and morpho-functional traits related to carbon and nutrient cycling in soils
analysed by Redundancy Analysis. Only non-redundant predictors were presented: a in Jaén, one phylogenetic predictor
(out of a total of n = 20 PCoA axes) and the morpho-functional traits leaf habit (perennial or deciduous) and mycorrhizal
type (arbuscular mycorrhizal —~AM- or ectomycorrhizal -ECM-); and b in Segura, four phylogenetic predictors (out of a
total of n = 15 PCoA axes), and the morpho-functional traits leaf length (cm), leaf C content and mycorrhizal type (AM,
ECM). In the graphic of each forest, soil enzymatic activities related to labile and non-labile C, N and P cycling (green
vectors), plant phylogenetic predictors (blue vectors) and morpho-functional traits (orange vectors) are projected, and the
direction and length of the vector indicate the effect strength of each variable. See Figure S3 to relate scores of each PCoA

axis to plant species.

Drivers of Carbon and Nutrient Cycling

The forest type together with the plant species had
a clear effect on soil enzymatic activities in the
mixed forest studied, while the season had only a
slight effect. Local-context effects have been widely
demonstrated at different forest ecosystems (Ted-
ersoo and others 2016), including the Mediter-
ranean basin (Pérez-Izquierdo and others 2017,
2019). Soil properties such as pH and SOM content
did notably vary among forests, both being greater
in Jaén than in Segura. These soil parameters are
recognized effectors of soil carbon and nutrient
cycling by conditioning an acidic/alkaline envi-
ronment and the quantity/quality of substrates,
both essential factors to promote extracellular
enzymatic activities (Martina and Baldrian 2011;
Stock and others 2019). Compared with Jaén, the
activities of enzymes related to carbon and nitrogen
mobilization were higher in Segura where, in
addition, a lower content of SOM was observed.
This could indicate an influence of the organic
matter properties such as recalcitrance (Theuerl
and Buscot 2010; Weintraub and others 2013), that
limited resource availability for microorganisms in
Segura soils. Independently of the forest, the plant
species identity was an important driver of soil
carbon and nutrient cycling in these Mediterranean
mixed forests, as observed in other forest systems
(Aponte and others 2013; Pérez-Izquierdo and

others 2017; Haghverdi and Kooch 2019). As Chen
and Sinsabaugh (2021) showed, some linkages
between N-enzymes and soil C cycling were ob-
served, particularly with hydrolytic C-enzymes,
being indicative of soil microbial functionality shifts
on the enzymatic activities. Nevertheless, our re-
sults revealed a significant effect of the plant species
on both hydrolytic and oxidative C-related en-
zymes, reinforcing that plant community attributes
were major driver of soil enzymatic activities.

Plant Community Phylogenetic Signal
on Carbon and Nutrient Cycling in Soil

A phylogenetic signal of plant species on soil car-
bon and nutrient cycling was revealed in the
studied mixed forests that is, closely related plant
species tended to show similar carbon and nutrient
cycling and enzyme ratios. Indeed, our results
evidenced that soil enzymatic activity was con-
strained by the phylogenetic structure of local plant
communities. These imprinting on soil nutrient
cycling could be explained by the different phylo-
genetic relationships of the plant species pool and/
or by the total number of plant species present in
each forest (Miinkemiiller and others 2012; Davies
and others 2013). In particular, phylogenetic con-
servatism was observed in Quercus spp., Pistacia spp.,
and species of Lamiales in Jaén and similarly in
Cistus spp., C. scoparius and Rosa sp. in Segura. It is



1056 J. Prieto-Rubio and others

noteworthy that these plant taxa diversified in re-
cent times, that is, since the Miocene (~ 25 M.y.).
This period is known by suffering numerous cli-
mate changes that could have influenced the
diversification of several plant lineages in the
Mediterranean basin, leading to phylogenetically
conserved ecological niches and traits (Grivet and
others 2013; Benitez-Benitez and others 2018;
Alonso and others 2019). In Segura, phylogenetic
divergence was also observed in some clades with
respect to the N cycling and C:N enzyme ratio (B.
hispanica, C. scoparius, P. spinosa, Rosa sp., T. mas-
tichina). These divergence patterns showed in the
outermost species within plant lineages would also
support the strong phylogenetic signal detected in
the most recent taxa, as pointed out by Alonso and
others (2019) on phylogenetically-conserved
molecular mechanisms (cytosine methylation). As
enzyme ratios are used as proxies of microbial
nutrient demand and acquisition strategies (Sins-
abaugh and others 2008), the phylogenetic signal
detected on ratios of enzyme activities would also
indicate a plant phylogenetic conservatism of soil
microbial functional groups, particularly in the
most recent plant taxa. The differences across for-
ests might be also suggesting an interaction with
the local context in order to elucidate these signals.
The evolution and co-evolution of plants and soil
microbes with resource-use traits underlie when
decomposition and production are N-limited
(Wooliver and others 2019; Chen and Sinsabaugh
2021). Further investigations involving the role of
plant phylogeny and evolutionary history on
determining the soil microbiome and its functions
would be needed in our studied forests.

Influence of Phylogenetic and Morpho-
Functional Traits on Carbon and Nutrient
Cycling

Phylogenetic and morpho-functional traits of plant
communities did significantly relate to soil carbon
and nutrient cycling in the mixed forests studied.
The direction of the phylogenetic traits (PCoA axes
in redundancy analyses) evidenced a clear influ-
ence of the local plant phylogenetic association on
soil carbon and nutrient cycling, highlighting the
role of the plant community phylogenetic structure
on the biogeochemical niche configuration (de
Bello and others 2017; Urbina and others 2017).
Habit, length and C content of leaves and mycor-
rhizal type were among the main traits related to
soil carbon and nutrient cycling, pointing to distinct
organic matter quality and microbial community
structure associated with the plant communities of

Jaén and Segura. The mycorrhizal type of plants
was particularly determinant on the soil enzymatic
activities, pointing to the mediating role of ecto-
mycorrhizal (recalcitrant carbon and phosphorous)
and arbuscular mycorrhizal (nitrogen) fungi in soil
nutrient mobilization. This agrees with the results
of Brzostek and others (2015), that showed the
magnitude of root-induced changes in decomposi-
tion and carbon and nutrient cycling in a temperate
forest was partly explained by the mycorrhizal
association of the dominant trees.

A predominant influence of leaf traits of local
plant species on soil enzymatic activity was also
revealed, in particular of leaf habit (perennial vs.
deciduous) in Jaén and leaf length and C content in
Segura. As happening with belowground inputs,
leaves are main contributors of organic matter to
soils, and associated traits are well-established
predictors of soil enzymatic activity, especially
those related to C and N cycling (Poorter and
Bongers 2006; Courty and others 2007; Dominguez
and others 2012). The positive co-variations among
leaf traits, mainly in Segura, with C cycling suggests
differences in SOM recalcitrance of the plant spe-
cies involved (for example, Pinus spp., Cistus spp.)
and the mediation of ectomycorrhizal fungi in the
decomposition process (as determined by Smith
and Wan 2019; Meeds and others 2021). In both
forests, N cycling was consistently related to
arbuscular mycorrhizal type. Increasing evidence is
mounting about the important role of AM sym-
biosis in N mobilization (Hodge and Fitter 2010;
Bukovskd and others 2018). Since AM fungal
genomes do not contain powerful exo-enzymatic
systems capable of mobilizing organic compounds
(Tisserant and others 2012; Morin and others
2019), the contrasted carbon and nutrient cycling
promotion of ECM versus AM plants that we ob-
served could be reflecting that other microorgan-
isms associated with AM fungi are facilitating this
process (Hodge and Fitter 2010; Fernandez and
Kennedy 2016; Bukovskd and others 2018; Lebre-
ton and others 2021).

Our findings might elucidate underlying mech-
anisms operating on soil carbon and nutrient cy-
cling, such as the rhizosphere priming effects
(Kuzyakov 2010), as we observed that enzymatic
activities related to carbon mobilization is highly
dependent on organic matter quantity and quality.
Decomposition in a high recalcitrant SOM context
(that is, ECM plants in our study sites) was pref-
erentially directed to C mobilization. This could be
likely performed by dominant ECM fungal com-
munities with great N wuse efficiency, hence
increasing the C:N enzyme ratio, as described in
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Carteron and others (2021). By contrast, the soil
activity under low recalcitrant SOM (that is, AM
plants) could allow other decomposer microbial
communities the access to SOM sources that pro-
moted N-cycling activities, hence diminishing C:N
activity ratio, as reviewed in Fernandez and others
(2022). However, the scenario is probably more
complex and other important mechanisms could be
also operating for example, AM fungal regulation
of decomposition rates by favouring soil aggregate
formation (Tian and others 2016; Frey 2019), or
competition/facilitation between saprotrophic and
ECM/AM fungal communities (Fernandez and
Kennedy 2016).

CONCLUSIONS

Our results reveal the importance of plant com-
munity composition to predict soil carbon and
nutrient cycling in Mediterranean mixed forests.
Indeed, soil carbon and nutrient cycling was ex-
plained by de-coupled local plants phylogenetic
and morpho-functional traits across the studied
forests, highlighting the role of plant community
structure on the biogeochemical niche configura-
tion.

The full study system showed that enzymatic
activities related to soil carbon and nutrient cycling
and enzyme ratios were mainly affected by the
forest type (Jaén/Segura) and plant species com-
posing each forest. The variations in the soil enzy-
matic activities were determined by the local
habitat conditions, particularly soil properties such
as pH, moisture and organic matter content, and
the plant community attributes.

In fact, the phylogenetic approach revealed that
soil activity was phylogenetically conserved across
forests, indicating the importance of the evolu-
tionary history of plant communities to understand
soil carbon and nutrient cycling patterns in
Mediterranean mixed forests. Together with plant
community phylogeny, leaf traits and mycorrhizal
association type of plant species predicted carbon
and nutrient cycling in Mediterranean mixed forest
soils. In addition, the shifts in soil enzymatic
activity among AM and ECM plant species suggest
that associated microbial communities have key
implications to explain soil carbon and nutrient
cycling variations in these forests. Our results open
new insights to investigate the role of plant-soil-
microbial interactions in explaining nutrient cy-
cling in soils of Mediterranean forest ecosystems.
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