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Abstract

Questions: What is the spectrum of variability of chemical elements in a

Mediterranean forest ecosystem across the different compartments? Do co-

existing tree species with different leaf chemical composition and nutrient

cycling distinctly modify soil conditions? Could these species-specific, tree-

generated soil changes create a potential positive feedback by affecting long-

term species distribution?

Location: Mixed oak forests of southern Spain, Los Alcornocales Natural Park.

Methods:We sampled and chemically analysed five different ecosystem compo-

nents: leaves, leaf fall, litter and superficial (0–25 cm) and sub-superficial

(25–50 cm) soil beneath the canopies of evergreen Quercus suber and deciduous

Q. canariensis trees. We used multiple co-inertia analysis (MCoA) to conjointly

analyse the patterns of variability and covariation of eight macro- and micronu-

trients determined in each of the sampled ecological materials.We implemented a

path analysis to investigate alternative causal models of relationships among the

chemical properties of the different ecosystem components.

Results: Variability in the concentration of chemical elements was related to

the nature of their biogeochemical cycles. However, the rank of element

concentration was consistent across ecosystem components. Analysis of co-

inertia (MCoA) revealed that there was a common underlying multivariate

pattern of nutrient enrichment in the ecosystem, which supported the hypoth-

esis of a separation in biogeochemical niches between the two co-existing oak

species, with Q. canariensis having richer plant tissues and more fertile soil

directly under each tree than Q. suber. The feasibility of a potential tree–soil

positive feedback model was the only statistically validated among several

alternative (non-feedback) models tested.

Conclusions: In the studied Mediterranean forests, oak species distinctly modify

soil fertility conditions through different nutrient return pathways. Further

investigation is needed to address whether these tree-generated soil changes

could affect seedling establishment and ultimately influence species distribution.

Introduction

Ecosystem functioning and stability rely on ecosystem

interactions. Understanding the complexity and under-

lying mechanisms of plant–soil interactions is crucial to

understand ecosystems and their responses to changing

conditions (Ehrenfeld et al. 2005). In forest ecosystems,

trees play a key role in these interactions because of their

capacity to modify soil properties and nutrient cycling

(Finzi et al. 1998; Lovett et al. 2004). The chemical traits

(i.e. mineral content and stoichiometry) of leaves deter-

mine the physical and chemical characteristics of leaf fall,

which are also affected by the biological processes of
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resorption and retranslocation (Pugnaire & Chapin 1993).

Furthermore, they influence leaf decomposition and

mineralization rates and the incorporation of organic

matter and nutrients into the soil (Cornwell et al. 2008).

Through distinct nutrient return and the associated

changes in soil acidity and nutrient availability, different

tree species can alter the habitat and resources of soil

organisms and shift the abundance and composition of

soil communities (Aponte et al. 2010a, b). Soil biota have

a strong influence on the physical (e.g. aeration) and

chemical properties of soil (Wardle et al. 2004). In turn,

soil characteristics influence tree seedling establishment,

survivorship and ultimately tree species distribution

(Goldberg 1982; Kobe et al. 1995). Thus, changes in soil

communities, soil fertility and nutrient cycling generated

by trees could result in changes in the plant community

(Mitchell et al. 2007) and lead to a potential positive

feedback effect through increasing the fitness of indivi-

duals of the same species (Hobbie 1992; Finzi et al. 1998;

Gómez-Aparicio & Canham 2008). Feedback effects have

ecological and evolutionary consequences for tree popu-

lations (Binkley & Giardina 1998; van Breemen & Finzi

1998) and are key to predicting forest dynamics (Weand

et al. 2010). Most studies of tree–soil interactions have

been conducted in temperate and boreal forests (Knops et

al. 2002; Mitchell et al. 2007; Talbot & Finzi 2008), while

equivalent studies in Mediterranean forests are less fre-

quent (Gallardo & Merino 1993). Revealing the mechan-

ism of tree–soil interactions will contribute to increase our

understanding of the patterns and dynamics of Mediter-

ranean-type ecosystems.

The biogeochemistry of chemical elements depends on

their biological control, chemical bonding properties and

source of the elements. Nitrogen, S and P form organic

molecules with covalent bonds and are irreplaceable and

essential elements for plant functioning and growth.

However, they are usually limiting in many ecosystems

and their uptake is associated with high costs for the plant

(Elser et al. 2007; Ågren 2008). In soil, despite their

different sources, biological mineralization processes dri-

ven by homeostatic organisms control transformations of

N, P and S. Therefore, there are significant biochemical

reasons to expect restricted variability of these elements

(Knecht & Goransson 2004). In contrast, geochemical

reactions control the cycle of mineral nutrients such as

Ca, K or Mn. These non-limiting elements are usually

absorbed in concentrations exceeding the physiological

need, and their uptake is poorly regulated. This can lead

to highly variable concentrations of these elements in

plant tissues, which can reflect soil concentration patterns

(Knecht & Goransson 2004). Tree species have a charac-

teristic mineral element composition in leaves, stems and

roots. This is a multivariate phenotypic trait that reflects

the genotypic and environmental interactions influen-

cing the chemical content of plants (Garten 1978). The

species position in the multivariate space of elemental

concentration has been defined as a species ‘‘biogeochem-

ical niche’’ and might reflect differences in the use of

nutrients when assessed under similar environmental

conditions (Peñuelas et al. 2008).

We aimed to investigate tree–soil interactions in Med-

iterranean forests by comparing two co-existing native

oak species, the evergreen cork oak (Quercus suber) and

the winter-deciduous Q. canariensis. Trees with long-lived

leaves (i.e. evergreens) tend to occupy nutrient-poor

environments and are characterized by their conservative

use of nutrients compared to deciduous trees with short-

lived leaves (Aerts 1995). Therefore, biogeochemical in-

teractions of trees having contrasting ecological strategies

with the soil are expected to be different. We studied five

different components of the ecosystem: living leaves, leaf

fall, litter, superficial soil and sub-superficial soil, at three

different forest sites. Specifically, we pursued four main

objectives. First, we aimed to analyse the variability and

correlational patterns of chemical elements within and

between each ecosystem component. We expected to find

less variability for elements that are organically bound

and subject to tighter biological control (e.g. N and S) and

a more variable stoichiometry for non-limiting mineral

elements (e.g. Cu and Zn). Second, we investigated the

multivariate patterns of nutrient covariation in the eco-

system. We hypothesized that the transfer of nutrients

across leaves, leaf fall, litter and soil would be reflected in

a common structure of nutrient covariation in the ecosys-

tem. Third, we aimed to ascertain whether the two co-

occurring oak species, Quercus canariensis and Q. suber,

occupy different biogeochemical niches within the eco-

system. We expected strong differences in their positions

in the multivariate space defined by their tissue and soil

nutrient composition, given their differences in leaf habit.

Finally, we evaluated the potential existence of a causal

chain that links the ecosystem compartments in a tree–-

soil feedback cycle, and compared alternative non-feed-

back hypotheses, using a path analysis. We hypothesized

that both oak species distinctly modify soil properties

through their contrasting chemical traits and that such

tree-generated soil conditions might ultimately affect oak

species distribution.

Methods

Study area

The study area was located in the Aljibe Mountains of

southern Spain. Acidic and nutrient-poor soils (Palexer-

alfs) exist on an Oligo-Miocene sandstone bedrock that is

interspersed with layers of marl sediments, yielding soils
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rich in clay (Haploxererts) (nomenclature according to

Soil Survey Staff 2010). The area has a sub-humid

Mediterranean climate, the annual mean temperature is

16.5 1C and the annual rainfall ranges from 701 to

1331mm (Anonymous 2005). The dominant vegetation

is a mixed forest of evergreen cork oak (Quercus suber L.)

and winter-deciduous Algerian oak (Q. canariensis Willd).

The arborescent shrubs Phillyrea latifolia L. and Pistacia

lentiscus L. are abundant in the understorey (Ojeda et al.

2000). The area has been protected since 1989 as Los

Alcornocales (cork oak forests) Natural Park. Three struc-

turally different forest sites (30 km apart) were selected

within the study area. These sites were San Carlos del

Tiradero, Buenas Noches and La Sauceda. Appendix S1

presents the characteristics of the climate, soil and vegeta-

tion of these study sites (see details in Pérez-Ramos et al.

2008; Quilchano et al. 2008). Plant species nomenclature

follows Valdés et al. (1987).

Sampling design

At each site, ten individuals of Q. suber and ten individuals

of Q. canariensis were selected within a 1-ha mixed forest

stand, with the exception of the Buenas Noches site, where

the forest stand was monospecific, and thereby only ten

individuals of Q. suber could be selected. All trees (a total of

30 Q. suber and 20 Q. canariensis) were estimated to be more

than 50 years old (Rodrı́guez-Sánchez, pers. comm.).

The five ecosystem components – leaves, leaf fall, litter,

superficial soil (0–25 cm depth) and sub-superficial soil

(25–50 cm depth) – were sampled in November 2006.

Thirty fully expanded leaves were sampled at each of the

four cardinal points for each tree. Leaf fall, litter and soil

were sampled beneath the canopy of each selected oak at

approximately 2m from the trunk. Tree species footprint on

soil is expected to be more intense within the vertical

projection of the canopy, where in general most leaf fall is

deposited (Boettcher & Kalisz 1990; Finzi et al. 1998). The

selected trees in the mixed forest stands had their nearest

hetero-specific neighbour within approximately 4 to 10m.

Accumulated annual leaf fall was collected in four traps

(50-cm diameter) located under each tree 1m above the

ground level. The trap content was removed and the leaf

fraction separated and dried. Litter was harvested within

two 30-cm� 30-cm quadrats placed beneath each of the 50

selected trees. Soil cores were extracted with a cylindrical

auger. Four samples of superficial soil (0–25 cm) and four

samples of sub-superficial soil (25–50 cm)were taken under

each oak tree and pooled into single representative samples.

Laboratory analyses

All samples of plantmaterial were dried at 70 1C for 48h and

then ground for chemical analyses. Soil samples were air-

dried and sieved (mesh width: 2mm). pH was determined

in a 1:2.5 soil:CaCl 0.01M solution. Soil carbon was

estimated using a total organic carbon analyser (TOC-

Vesh). We determined the available soil P using the Bray-

Kurtz method; soil NH4
1 by extraction with KCl (2M) and

steam distillation; CEC with neutral 1M ammonium acet-

ate; available soil Ca, Mg and K by extraction with neutral

1M ammonium acetate and atomic absorption spectro-

scopy. Available micronutrients (Mn, Cu and Zn) were

extracted using a neutral 0.05M EDTA solution and were

analysed using inductively coupled plasma optical emission

spectrometry (ICP-OES). The total concentration of several

nutrients (Ca, K, Mg, P, S, Mn, Cu and Zn) in plant tissues

and soils was determined using acid digestion followed

by ICP-OES analysis. Plant and soil N were determined

by Kjeldahl digestion and subsequent distillation–titration

in a Bran-Luebbe autoanalyser. Concentrations of the

elements are provided on a dry weight basis. See detailed

methods in Jones & Case (1990) and Sparks (1996).

Statistical analysis

Three sets of analyses were used to address the previously

defined objectives. First, we used the coefficient of varia-

tion (CV= standard deviation/mean, expressed as a per-

centage) and bivariate Spearman’s correlation to examine

the variability and correlational patterns of individual

chemical elements in the five studied ecosystem compo-

nents: leaves, leaf fall, litter, superficial soil and sub-

superficial soil. Pooled data from the three sites were used

for these variability analyses. We controlled type I error

inflation by using the false discovery rate (FDR) proce-

dure recommended by Garcı́a (2003). Second, we used a

multiple co-inertia analysis (MCoA) to investigate the

patterns of multivariate covariation of chemical elements

both within and between the five components of the

ecosystem. This analysis provided a less detailed but more

holistic vision of the ecosystem patterns. The results of

this analysis were further used to assess differences in the

biogeochemical niche of the two co-existing oak species.

MCoA is a multi-table technique that enables the simul-

taneous ordination of several multivariable data sets to

explore general patterns in ecosystems; however, it has

rarely been used in ecology (Dray et al. 2003; Bady et al.

2004). MCoA maximizes the variance within each indivi-

dual table and the correlation between the scores of each

individual table (individual ordination) and synthetic

scores (ordination of the juxtaposed tables) to provide a

reference structure. MCoA thus optimizes the covariance

between several individual ordinations and a reference

ordination that can be viewed as the common structure

shared by the individual ordinations. Mathematical de-

tails are provided in Chessel & Hanafi (1996).
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Multiple co-inertia analysis was performed on the five

data sets containing the chemical element concentrations

of leaves, leaf fall, litter, superficial, and sub-superficial

soil of the two mixed forest stands (the mono-specific

forest was excluded from this analysis). Normality of the

data was checked and log-transformations were applied

when necessary. A preliminary analysis of the five data

sets showed that the forest site had a significant effect on

most variables, with San Carlos del Tiradero always

showing higher levels of fertility, thus concealing differ-

ences between the two oak species. To remove differences

between sites and obtain comparable values of nutrient

concentrations in plant and soil material from the two

forest sites, we performed a linear analysis of each depen-

dent variable (i.e. the concentration of each chemical

element in the ecosystem components), using the forest

site as an independent variable. We used the residuals

resulting from the removal of forest site differences,

which represented nutrient concentrations relative to a

common basal fertility level, to perform the co-inertia

analysis. MCoA statistics were computed with the ade4

library implemented from the R freeware (http://www.r-

project.org/). The significance of the extracted axes was

evaluated using the broken-stick method (King & Jackson

1999). Differences between species on the extracted

ordination axes were tested using analysis of variance

(one-way ANOVA).

Third, we used a path analysis with d-sep tests to

evaluate the feasibility of the proposed causal relation-

ships among the chemical properties of the ecosystem

components (Shipley 2000a). We hypothesized a tree–soil

feedback model based on previous studies and on the

empirical patterns derived from the multiple co-inertia

analysis. We also tested several alternative non-feedback

models (see below). Causal relationships between vari-

ables were combined to form directed graphs (the path

models). These directed graphs imply a series of indepen-

dence relations between pairs of variables, either directly

or after conditioning on other variables. The relationships

among variables are then translated into a structure of

variances and covariances that can be tested against the

observed data. A d-separation test of independence

among variables can be used with small sample sizes

because it does not rely on asymptotic methods and, since

it does not iteratively parameterize any path coefficients,

it also avoids problems of convergence. The overall fit of

the model was evaluated using the w2 statistic. A model

fits the data significantly when the causal assumptions

cannot be falsified (PZ0.05). Otherwise, the model is

rejected (when Po0.05) as a feasible explanation of the

overall observed relationships between the explored vari-

ables. The validation of a causal model does not imply that

the hypothesis is true, but that it is plausible, given the

empirical data (Shipley 2000b, 2009 for a concise over-

view on d-separation and path analysis).

Results

Variability of chemical elements in leaves, leaf fall

and litter

A similar ranking of element concentrations was found

for all plant materials, independent of the site and oak

species (Appendix S2). Elements were ranked as: N4K

4Ca4Mg4S4P4Mn4Zn4Cu. The main change

was observed for K, since its relative abundance decreased

from leaves to leaf fall and litter. In general, the nutrient

concentration in leaves, leaf fall and litter tended to be

higher for Q. canariensis than for Q. suber. In leaves, S, P

and N were the least variable elements (Fig. 1). The

variability of S, P and N in leaves and litter was similar

for the two oak species, while Q. canariensis tended to have

higher S and N variability in leaf fall. Other elements

(such as Ca, Mn and K in leaves, and Cu and Zn in leaf

fall) showed higher variability (30–40%) and larger dif-

ferences between the two oak species (Appendix S2).

Most elements were significantly and positively related

within each of the three components: 22, 26 and 22 of the

36 possible correlations ( � 65%) were significant in

leaves, leaf fall and litter, respectively (Appendix S3).

Organically bound elements (N, P and S) and macronu-

trients, such as Ca and Mg, had positive correlations in all

of the ecosystem components.

Variability of soil chemical properties

Soil beneath Q. canariensis tended to be less acidic than soil

beneath Q. suber (pH 4.5 versus 4.1) and tended to have a

higher content of N (0.20 versus 0.16%). Cation ex-

change capacity (CEC), nutrient availability and total

element content were generally higher in soils under the

deciduous Q. canariensis. The main exception was found

for the available and total K in soil, with higher values

beneath Q. suber (Appendix S4).

Among the soil variables, pH had the lowest CV for

both superficial ( � 10%) and sub-superficial soil

( � 14%), due to its logarithmic scale, followed by the

organically bound elements C, S, P and N (o35%)

(Fig. 1). Higher variability was recorded for the available

and extractable N (N-NH4) and P (P-PO4) than for

the total element concentration. Some total elements

were more variable in the sub-superficial soil (Zn, Ca, Cu

and Mn), while others had a similar CV in the superficial

and sub-superficial soil (Mg and K). More significant

correlations among chemical elements were found in the

soil than in the plant tissues: 100% of all possible correla-

tions among total nutrient content in superficial soil and

Oak trees and soil interactions Aponte, C. et al.
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86% in the sub-superficial soil were positive and signifi-

cant (Appendix S3).

Links among ecosystem components

On average, variability in the superficial soil (CV = 55%)

and the sub-superficial soil (75%) was higher than in

the plant material (20%).When comparing the variability

of elements across the five ecosystem components, we

detected a high degree of correlation among them

(rs40.6), resulting in a consistent pattern of nutrient

variability among ecosystem components (Fig. 2). The

organically bound nutrients (N, P, S) had the lowest CVs,

whereas other elements, such as Ca and Cu, had the

highest variability.

Correlations between the total concentration of the

same element in the different components of the ecosys-

tem were significant in most cases (Table 1), with Ca and

Mn having the strongest relationship. Correlations be-

tween the superficial and sub-superficial soil components

tended to be higher than correlations among the tree-

derived components (leaves, leaf fall and litter). The

elements K, Cu and Zn showed negative relationships

between the plant and soil components.
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Patterns of covariation in the ecosystem

All individual ordinations showed a similar trend of

nutrient enrichment. In every component of the tree–soil

system (leaves, leaf fall, litter, superficial soil and sub-

superficial soil), all chemical variables were positively

related to the first axis for which most of the elements

showed high loadings (Table 2). Chemical elements cov-

aried in the forest ecosystem components along a multi-

variate gradient of nutrient enrichment that was retained

in the first extracted axis of the individual ordinations.

Multiple co-inertia analysis arranged the axes extracted

from each ecosystem component (individual ordination)

along common synthetic axes, revealing the relationships

and structures of the whole data set. The first individual

axis of every component was strongly related to other first

axes and with the common synthetic axis extracted from

the whole data set ordination (high factor loadings

4 0.95; Fig. 3, Appendix S5). This highlighted the strong

match between the multivariate structures of the indivi-

dual data sets and showed that the pattern of nutrient

enrichment was consistent across all ecosystem compo-

nents. Therefore, those trees with leaves having a higher

nutrient concentration also presented a higher nutrient

concentration in their leaf fall and litter and occupied

richer soils.

The first axis of each component (individual ordina-

tion) and the first common synthetic axis separated the

samples of the two studied oak species (Fig. 3; Appendix

S6). The average scores of Q. canariensis were significantly

higher than those of Q. suber in all main axes. This result

demonstrates that all leaves, leaf fall, litter and soil of Q.

canariensis tended to have higher nutrient concentrations.

Tree–soil positive feedback model

Multiple co-inertia analysis showed that all material

shared a commonmultivariate pattern of nutrient enrich-

ment based on which chemical element concentrations in

the plant and in the soil were strongly related. In addition,

the distribution of the two species along the multivariate

axes indicated that the two oaks differed in the nutrient

richness of their associated soils and plant tissues. This

relationship suggests the existence of a positive feedback

mechanism between trees and soil, in which trees of

different oak species, via differences in their nutrient

return, distinctly modify soil conditions. This, in turn,

could also influence species distribution.

To reveal the causal relationship that linked the tree

and soil components and determine whether our hy-

pothesized feedback model would fit the empirical

Table 1. Correlations of the total concentration of chemical elements between the five ecosystem components. LV (Leaves), LF (Leaf fall), LI (Litter), TOP

(Superficial soil), SUB (Sub-superficial soil). Significant correlations (o 0.05) are in bold (���Po 0.001; ��Po 0.01; �Po 0.05)

LF LI TOP SUB LF LI TOP SUB

N Ca

LV 0.52��� 0.09 0.09 0.03 0.76��� 0.72��� 0.43�� 0.18

LF 0.27 0.33� 0.33� 0.81��� 0.57��� 0.39��

LI 0.32� 0.38�� 0.74��� 0.70���

TOP 0.77��� 0.73���

K Mg

LV 0.35�� 0.17 �0.34�� � 0.32� 0.17 0.58��� 0.27 0.25

LF � 0.32� �0.49��� � 0.31� 0.26 �0.40�� � 0.43��

LI 0.40�� � 0.01 0.42�� 0.31�

TOP 0.61��� 0.84���

S P

LV 0.18 0.45�� 0.38�� 0.29� 0.51��� 0.31� 0.22 0.25

LF 0.25 0.26� � 0.02 0.14 0.15 0.23

LI 0.61��� 0.29� 0.58��� 0.38��

TOP 0.48��� 0.71���

Mn Zn

LV 0.69��� 0.62��� 0.37�� 0.27 0.27 0.23 0.19 � 0.08

LF 0.85��� 0.49�� 0.44�� 0.41�� �0.44�� � 0.62���

LI 0.63��� 0.60��� 0.16 0.04

TOP 0.92��� 0.82���

Cu

LV 0.63��� 0.07 �0.59��� � 0.57���

LF 0.30�� �0.61��� � 0.62���

LI � 0.24 � 0.16

TOP 0.78���
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observations, we used path analysis to test several alter-

native models (see Fig. 4, although not all alternative

models are shown). Themain underlying hypotheses were:

(1) oak species affect soil conditions via nutrient return, and

in turn this affect species distribution and generates a

positive feedback effect; (2) species modify superficial soil

conditions via nutrient return but species distribution is

only affected by sub-superficial soil properties, thus there

are no feedback effects; and (3) soil affects species distribu-

tion, but trees have no effect on soil conditions.

For the d-sep analysis, we generated a data set (n=40)

comprised of the MCoA first extracted axis of the indivi-

dual ordinations, which was used as the variables ac-

counting for the multivariate nutrient composition of

each ecosystem component, and a dummy variable that

was used to separate oak species. Leaf fall was used as a

proxy for nutrient return because both leaf fall and leaf

litter were equally related to leaves (rs=0.66) and this

distorted the order of the causal chain (Shipley 2000a).

The analysis showed that the structure of variance and

covariance of the interrelated variables from the alterna-

tive models based on the positive feedback hypothesis fit

the empirical observations (i.e. Model 1; w2 = 10.99,

P=0.2021). Models based on the other two alternative

non-feedback hypotheses were rejected (Po0.05). These

results indicate that the existence of a tree–soil positive

feedback was feasible given our empirical data set.

Discussion

Variability of tree and soil chemical composition

We examined the variability and relationships of the

chemical compositions of five components in the forest

ecosystem. We determined that there is reciprocal control

of their elemental composition resulting from the exchange

of chemical elements. The two studied oak species, Q. suber

and Q. canariensis, showed similar patterns of variability in

the concentration of chemical elements in their tissues and

surrounding soil. In contrast, we found an important

difference between the variability of the chemical proper-

ties measured in the tree system (leaves, leaf fall and litter;

CVs of approximately 20–30%) and those quantified in the

soil components (CVs of 55–75%). Similarly, Ladanai et al.

(2010) found no differences between variability in the

chemical composition of the needles and in the soil humus

of two conifer species in Sweden, but observed a large

difference in the variability between the two ecosystem

components (20% for needles, 60% for humus). Plants

must control their internal chemical balance within certain

biological ranges that normally differ from the chemical

composition of the external environment. On the contrary,

the spatial heterogeneity of chemical element sources and

Table 2. Loading of the variables onto the first (1.) and second (2.)

individual ordination axes of each ecosystem component (names as in

Table 1). Available (Avail.) concentrations of elements in soil were

measured by extraction with ammonium acetate (Ca, K and Mg) or with

ethylenediaminetetraacetic acid (EDTA, for S, Mn, Cu and Zn).

LV.1 LV.2 LF.1 LF.2 LI.1 LI.2

N 0.48 � 0.59 0.82 � 0.10 0.62 0.54

Ca 0.89 0.29 0.79 0.40 0.81 � 0.45

K 0.71 � 0.13 0.30 � 0.91 0.60 � 0.49

Mg 0.69 0.31 0.84 0.11 0.86 � 0.27

S 0.85 � 0.12 0.94 � 0.07 0.95 0.19

P 0.76 � 0.17 0.76 � 0.18 0.82 0.33

Mn 0.51 0.56 0.44 0.18 0.25 � 0.36

Zn 0.49 � 0.04 0.72 0.12 0.67 � 0.05

Cu 0.28 � 0.50 0.79 0.00 0.38 0.61

TOP.1 TOP.2 SUB.1 SUB.2

pH 0.67 � 0.02 0.56 0.31

C 0.70 0.43 0.60 0.60

N 0.81 0.41 0.75 0.45

N-NH4
1 0.27 0.63 0.31 0.26

P-PO4
3 0.17 0.83 0.21 0.63

CEC 0.77 0.08 0.82 � 0.39

Avail. Ca 0.78 0.19 0.74 0.00

Avail. K 0.75 0.13 0.37 � 0.07

Avail. Mg 0.53 � 0.41 0.64 � 0.48

Avail. S 0.21 0.15 0.60 0.12

Avail. Mn 0.75 0.23 0.57 0.50

Avail. Zn 0.45 � 0.05 0.47 � 0.03

Avail. Cu 0.67 � 0.42 0.59 � 0.05

Ca 0.90 0.20 0.75 0.09

K 0.70 � 0.48 0.61 � 0.70

Mg 0.82 � 0.37 0.70 � 0.64

S 0.72 � 0.05 0.86 � 0.07

P 0.82 0.01 0.76 � 0.19

Mn 0.75 � 0.01 0.63 0.55

Zn 0.87 � 0.18 0.70 � 0.13

Cu 0.89 � 0.28 0.44 � 0.01

Syn Axis 1

S
yn

 A
xi

s 
2

SUB.1
TOP.1
LI.1
LV.1

LF.1

SUB.2TOP.2

LV.2 LF.2 LI.2

Fig. 3. Representation of the projected individual ordination axes (see

abbreviations in Table 2) and the tree scores on the synthetic common

axes of the multiple co-inertia analysis (MCoA). Filled symbols represent

Q. canariensis trees, and hollow symbols represent Q. suber trees.
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processes in the soil (e.g. mineral weathering and organic

matter mineralization) as well as the ‘‘footprint’’ effect of

the different plant species, fungal hyphae and root exudates

may increase the variability of element concentrations in

the soil (Ladanai et al. 2010).

Despite the differences in ranges of CVs, we found a

strong coupling between the variability patterns in the

different ecosystem components. Those elements with

great variance of concentration in the leaves tended also

to have a great variance in the other components. A

similar but weaker coupled relationship between leaves

and soil has been found in boreal forests (Merila &

Derome 2008; Ladanai et al. 2010). These results con-

firmed the initial hypothesis that there is a general

gradient between chemical elements with low variability

(S, P and N) and elements with high variability (Ca, Mn,

and K) in the forest ecosystem that depends on the nature

of their biogeochemical cycles. The variability of elements

bonded to organic molecules with significant physiologi-

cal function or uptake cost will show a rather constant

stoichiometry across ecosystem compartments reflecting

the biological control of their cycles, as opposed to other

non-limiting elements under geochemical control (Cha-

pin 1980; Ågren 2008; Ladanai et al. 2010).

Multivariate patterns of nutrient covariation

Both the bivariate correlations and the multiple co-inertia

analysis showed that most chemical elements covaried

along a main enrichment gradient common to all ecosys-

tem components. Results indicated that in all the tree

components (leaves, leaf fall and litter), the abundance of

organically bound elements (N, P and S) was associated

with high levels of other macronutrients (Ca, Mg and K)

and micronutrients (Zn, Cu and Mn). Patterns of covaria-

tion of leaf nutrients across a variety of plant species and

individuals have been documented previously (Garten

1976; Alonso & Herrera 2001, 2003). Nutrients in plants

are related to the intrinsic chemical properties and bio-

chemical functionality in cell metabolism. Thus, relation-

ships between concentrations of elements may not vary

randomly, and may be a consequence of similarity in

physiological function or nutrient uptake and accumula-

tion (Garten 1976, 1978; Sterner & Elser 2009).

A common pattern of fertility was found for the super-

ficial and sub-superficial soil. Higher concentrations and

availability of mineral nutrients was related to higher soil

C content and pH. Most nutrients in forest soils are bound

to soil organic matter. The abundance of these nutrients

can be directly related to soil C content in acidic soils

(Fisher & Binkley 2000). At the same time, soil acidity

influences mineral solubility, mineral weathering and the

distribution of cations in the exchange complex. There-

fore, soil acidity controls inorganic nutrient availability.

The multiple co-inertia analysis showed that the multi-

variate pattern of nutrient covariation remained consis-

tent across the five ecosystem components considered in

this study. Nutrient cycling in ecosystems involves the

storage and transfer of elements. The significant correla-

tion found among most chemical element between differ-

ent components of the ecosystem, particularly for

structural and organically bound elements (Ca, Mn, N,

P), suggests that nutrient concentration and stoichiome-

try is transferred across ecosystem components through

the organic matter cycle (Perakis et al. 2006; Cornwell et

al. 2008; Merila & Derome 2008). Other elements (i.e. K,

Cu and Zn), in contrast, showed a lack of coupling

between vegetation and soil chemical compositions (see

also Wood et al. 2006; Ladanai et al. 2010). Several

mechanisms can result in the lack of a relationship

between element concentrations in leaves (plant system)

and soil: protective mechanisms in the root cell environ-

ment might impede excess uptake of potentially toxic

elements (Hall 2002; Domı́nguez et al. 2009), and plants

can experience antagonistic interactions of other ele-

ments, inhibiting uptake (Madejón et al. 2006).

A remarkable result obtained from the MCoA was the

significant separation of the two co-existing oaks species

in the multivariate space defined by the chemical compo-

sition of each (individual ordination) and all (common

synthetic ordination) ecosystem components. This result

suggested a separation in their biogeochemical niches,

which would be the combined result of genotypic interac-

tions (absorption and accumulation capacity, and func-

tional stoichiometry) and environmental interactions

(Garten 1978; Peñuelas et al. 2008). The deciduous Q.

canariensis had higher multivariate scores than the ever-

green Q. suber, reflecting its higher nutrient concentrations

Fig. 4. Examples of the alternative causal models tested using the d-sep method. Model 1 = tree–soil positive feedback effect; Model 2 = species affect

the superficial soil via nutrient return, but there is no feedback; Model 3 = only soil affects species distribution, there is no feedback and no species effect

on soil.
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in leaves, litter and soil. These results support our hypoth-

esis and are in accordance with the previously reported

differences between deciduous and evergreen species of

boreal and temperate forests in terms of resource acquisi-

tion and cycling strategies (Hobbie 1992; Aerts 1995).

Tree–soil positive feedback effects in Mediterranean

forests

In this study, we have demonstrated the potential feasibility

of a tree–soil positive feedback effect by implementing a

causal modelling approach and testing several alternative

competing models. In this context, feedback effects can be

modelled as cyclic causal relationships that must be under-

stood as a fixed image of a dynamic system occurring in

time (Shipley 2000a). Nevertheless, causal modelling only

tests whether the hypothesized model fits the empirical

data, thus it is feasible and could eventually occur, but it

does not prove that the model fitting the data is the correct

one and that those relationship actually occur.

Feedback effectsmust be interpreted cautiously because it

is often difficult to discern the origin of the cyclic causal

relationship. Our analyses showed that differences between

the two species were highly significant in the plant compo-

nents as well as in the surface soil, whereas differences were

attenuated in the sub-superficial soil. This suggests that tree

species modify soil conditions through a top-down cascade.

In accordance, our results showed that Q. canariensis trees

produced leaves with a higher nutrient content than the co-

occurring Q. suber trees. These differences in the chemical

composition of leaves were transferred to the leaf fall and

litter of each species, leading to a differential nutrient return

that distinctly modified soil conditions underneath each oak

species. Thus, Q. canariensis trees increased soil fertility levels

through a higher nutrient input. In addition, as a conse-

quence of the elevated base input (particularly Ca cations),

they could havemitigated soil acidity and increased nutrient

availability, both in the surface and the subsurface soil.

To confirm the existence of a feedback effect, the

modifications created by a tree species must have an

impact (positive or negative) on the performance and

fitness of individuals of the same species (Ehrenfeld et al.

2005; Kardol et al. 2006; Kulmatiski et al. 2008). Accord-

ing to our initial hypothesis, the more fertile soil condi-

tions generated by the deciduous oak and the nutrient-

poorer environments created by the evergreen cork oak

could differentially benefit their own recruits and ulti-

mately influence long-term species distribution. Previous

studies in Mediterranean oak forests have shown that

winter-deciduous trees and evergreen cork oaks have

different regeneration niches (Maltez-Mouro et al.

2005). Winter-deciduous trees usually have a higher prob-

ability of successful recruitment in microsites closer to

conspecific adults and with a high percentage of canopy

cover and litter mass, whereas evergreen oak seedling

performance is enhanced in microsites with lower litter

mass and canopy cover (Maltez-Mouro et al. 2009). On

the other hand, the strong positive relationship found

between litter mass and soil fertility (Garcı́a et al. 2006) in

these mixed oak forests is in accordance with our hypoth-

esis that a leaf fall-induced increase of soil fertility might

differentially influence recruitment and species distribu-

tion. Furthermore, a recent study conducted in the same

study area, where seeds of both species were planted

beneath individuals of the two species, concluded that Q.

canariensis seedlings grew faster than those of Q. suber

beneath the canopy of a con-specific adult (Pérez-Ramos

et al. 2010).

Evidence that plants can create positive feedback ef-

fects through their influence on nutrient cycling has

previously been reported for temperate and boreal forests

(Hobbie 1992; Aerts 1995). Low nutrient content and

structural traits associated with the long-lived leaves of

evergreen trees produce poor-quality litter that decom-

poses slowly, minimizing nutrient loss and keeping a low

rate of nutrient mineralization that might help such trees

to maintain their position in infertile sites (Cornelissen et

al. 1999). In contrast, deciduous trees have a higher

nutrient concentration and specific leaf area that pro-

duces high decomposition rates, further increasing soil

fertility and enhancing the competitive ability of their

own seedlings (Hobbie 1992; Antúnez et al. 2001).

The ability of a species to control nutrient cycling and

enhance its own fitness has important ecological implica-

tions (van Breemen & Finzi 1998; Post & Palkovacs 2009).

In our study, the hypothesized model suggests that

evergreen and deciduous oaks could generate a positive

feedback effect that would confer stability in species

interactions and maintain the structure and diversity

associated with the two co-existing species (Ojeda et al.

2000; Aponte et al. 2010a). Recent studies have demon-

strated that climate change affects nutrient availability

and accumulation in plants (Sardans & Peñuelas 2004,

2007), which implies changes in the biogeochemical

niche of the species, and affects their relationships with

nutrient cycling (Peñuelas et al. 2008). These alterations

in tree–soil interactions may change interspecific compe-

titive relationships and subsequently modify the species

composition of vegetation and soil biota.

Conclusions and future directions for tree–soil

feedback effect research

Chemical elements varied in concentration depending on

their biogeochemical cycles, but this variability was consis-

tent across the five ecosystem components studied.
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Multiple co-inertia analysis revealed that there was a

common multivariate pattern of nutrient enrichment in

the ecosystem that separated the biogeochemical niches of

the two oak species. Thus the oak species, through their

differential nutrient return, could distinctly modify soil

properties and, in turn, affect species distribution. This

hypothesized feedback dynamic might be crucial for the

stability of the forest ecosystem and the co-existence of the

two oak species.

Theoretical models based on observational data (as con-

ducted in this study) constitute an important step in the

study of tree–soil interactions. We have found evidence

supporting the initial feedback hypothesis, however,

further investigations are needed to conclusively assert the

existence of feedback effects in these forest dynamics.

Future research in the area should include demographic

studies that investigate feedback effects on seedling perfor-

mance. Spatially explicit designs would allow modelling of

complex situations in mixed forests where species foot-

prints on soil properties overlap. In addition, experimental

studies could contribute to determine the rate and persis-

tence of these feedbacks effects. Upcoming research incor-

porating these recommendations may lead to a greater

understanding of the role plant–soil interactions play in

ecosystem functioning.
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Kurokawa, H., Pérez-Harguindeguy, N., Quested, H.M.,

Santiago, L.S., Wardle, D.A., Wright, I.J., Aerts, R., Allison,

S.D., Bodegom, P.v., Brovkin, V., Chatain, A., Callaghan, T.V.,

Dı́az, S., Garnier, E., Gurvich, D.E., Kazakou, E., Klein, J.A.,

Read, J., Reich, P.B., Soudzilovskaia, N.A., Vaieretti, M.V. &

Westoby, M. 2008. Plant species traits are the predominant

control on litter decomposition rates within biomes

worldwide. Ecology Letters 11: 1065–1071.

Domı́nguez, M.T., Madrid, F., Marañón, T. & Murillo, J.M. 2009.
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Marañón, T. 2006. Counteracting gradients of light and soil

nutrients in the understorey of Mediterranean oak forest.

Web Ecology 6: 67–74.

Garten, C.T. 1976. Correlations between concentrations of

elements in plants. Nature 261: 686–688.

Garten, C.T. Jr. 1978. Multivariate perspectives on the ecology

of plant mineral element composition. The American

Naturalist 112: 533–544.

Goldberg, D.E. 1982. The distribution of evergreen and deciduous

trees relative to soil type: an example from the Sierra Madre,

Mexico, and a general model. Ecology 63: 942–951.
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Madejón, P., Marañón, T. & Murillo, J.M. 2006. Biomonitoring

of trace elements in the leaves and fruits of wild olive and

holm oak trees. Science of the Total Environment 355:

187–203.

Maltez-Mouro, S., Garcı́a, L., Marañón, T. & Freitas, H. 2005.
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