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Abstract. Plant-soil feedbacks (PSFs) play a relevant role as drivers of species abundance,
coexistence, and succession in plant communities. However, the potential contribution of PSFs
to community dynamics in changing forest ecosystems affected by global change drivers is still
largely unexplored. We measured the direction, strength and nature (biological vs. chemical) of
PSFs experienced by coexisting tree species in two types of declining Quercus suber forests of
southwestern Spain (open woodland vs. closed forest) invaded by the exotic soil pathogen
Phytophthora cinnamomi. To test PSFs in a realistic community context, we focused not only
on individual PSFs (i.e., comparing the growth of a tree species on conspecific vs. heterospeci-
fic soil) but also calculated net-pairwise PSFs by comparing performance of coexisting tree
species on their own and each other’s soils. We hypothesized that the decline and death of
Q. suber would alter the direction and strength of individual and net-pairwise PSFs due to the
associated changes in soil nutrients and microbial communities, with implications for recruit-
ment dynamics and species coexistence. In support of our hypothesis, we found that the decline
of Q. suber translated into substantial alterations of individual and net-pairwise PSFs, which
shifted from mostly neutral to significantly positive or negative, depending on the forest type.
In both cases however the identified PSFs benefited other species more than Q. suber (i.e.,
heterospecific positive PSF in the open woodland, conspecific negative PSF in the closed
forest). Our results supported PSFs driven by changes in chemical soil properties (mainly
phosphorus) and arbuscular mycorrhizal fungi, but not in pathogen abundance. Overall, our
study suggests that PSFs might reinforce the loss of dominance of Q. suber in declining forests
invaded by P. cinnamomi by promoting the relative performance of non-declining coexisting
species. More generally, our results indicate an increase in the strength of net PSFs as natural
forests become disturbed by global change drivers (e.g., invasive species), suggesting an
increasingly important role of PSFs in forest community dynamics in the near future.
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INTRODUCTION

The study of plant-soil feedbacks (PSFs) is an emerg-
ing area of research which has received much attention
in the last two decades due to the increasingly recognized
role of PSFs as drivers of plant species abundance, coex-
istence, diversity and community succession (Klirono-
mos 2002, Ehrenfeld et al. 2005, Kulmatiski and Kardol
2008, Bever et al. 2010, Van der Putten et al. 2013, 2016,
Teste et al. 2017). PSFs are considered to occur when a
plant species modifies soil properties in a way that
affects its own performance, either positively or nega-
tively. Positive PSFs are suggested to increase plant
abundance and persistence promoting competitive exclu-
sion, whereas negative PSFs are considered to encourage
species coexistence at local scales (Mangan et al. 2010a,

Mack and Bever 2014, Rutten et al. 2016) and con-
tribute to successional species replacement at larger tem-
poral scales (Van der Putten et al. 1993, Kardol et al.
2006, Bauer et al. 2015). To date, the majority of PSF
studies have focused on temperate grassland and old-
field ecosystems, while less is known about the role of
PSFs in forest systems (Kulmatiski et al. 2008,
McCarthy-Neumann and Ib�a~nez 2013, Wurst et al.
2015, Rutten et al. 2016). Moreover, a meta-analysis by
Kulmatiski et al. (2008) suggested that woody species
tend to suffer less from feedbacks than herbaceous spe-
cies, although the low sample size precluded strong con-
clusions. More research is clearly needed to improve our
understanding of the role that PSFs play in the dynamics
of forest ecosystems.
The analysis of PSFs in forest systems is particularly

pertinent in the context of global change, where pro-
cesses such as climate warming or invasive species are
strongly altering the interactions among plants and soils
(Bardgett and Wardle 2010, Van der Putten et al. 2016).
A significant example is the exotic soil pathogen
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Phytophthora cinnamomi which causes severe decline of
tree species in contrasting ecosystems worldwide from
Australian jarrah (Eucalyptus marginata) forests (Weste
and Marks 1987, Cahill et al. 2003) to European oak
forests (Brasier 1992, S�anchez et al. 2006, Scanu et al.
2013). Phytophthora cinnamomi is considered one of the
100 most aggressive invasive species on earth (Lowe
et al. 2004), and although considered a generalist patho-
gen, it often shows strong preference for certain species
within mixed communities. For example, in Mediter-
ranean oak forests of the Iberian Peninsula evergreen
oak species (e.g., Quercus ilex, Quercus suber) are much
more vulnerable to P. cinnamomi than coexisting decidu-
ous oaks or other tree species, and suffer from high mor-
tality rates that are severely changing forest structure
(Moreira and Martins 2005, Camilo-Alves et al. 2013).
However, the potential role of PSFs in tree species
recruitment and coexistence in these changing forest
communities remains unexplored.
In this paper, we sought to determine the direction and

strength of PSFs experienced by coexisting tree species in
declining Q. suber forests of southwestern Spain invaded
by P. cinammomi, and to evaluate their role as drivers of
species replacement or coexistence. Previous studies in
these forests have shown that adult trees of different spe-
cies and health status vary in their effects on soil chem-
istry (Aponte et al. 2011, �Avila et al. 2016) and the
diversity and/or abundance of mycorrhizae (Aponte et al.
2011, 2013, Ib�a~nez et al. 2015) and soil pathogens
(G�omez-Aparicio et al. 2012). However, it is unknown
whether these shifts in chemical and biological soil prop-
erties affect seedling performance. To test this, we con-
ducted a greenhouse experiment where seedlings of three
tree species (Q. suber, Olea europaea, and Quercus
canariensis) were grown in soil collected under adult trees
of different species and health status from two sites repre-
sentative of the main mixed Q. suber forest types of the
region: a Q. suber-O. europaea open woodland and a
Q. suber-Q. canariensis closed forest. Both forest types
suffer from Q. suber decline driven by P. cinnamomi, but
have contrasting soil characteristics. Open woodlands
usually have lower phosphorus (P) levels (the main limit-
ing nutrient in Mediterranean forests; Sardans et al.
2004, Morillas et al. 2012) than closed forests, but show
much higher loads of P. cinnamomi (G�omez-Aparicio
et al. 2012). The selection of these two distinct sites
allowed us to explore the variability in the role of PSFs in
the dynamics of declining forests at the landscape scale.
To test PSFs in a realistic community context, we

focused not only on individual PSFs (i.e., comparing the
growth of a plant species on conspecific vs. heterospecific
soil) but also calculated net-pairwise PSFs by comparing
performance of coexisting tree species on their own and
each other’s soils. Theoretical models have demonstrated
that net-pairwise PSFs can be more important to plant
growth than the direction or strength of individual PSFs
and are necessary to make accurate predictions of
plant-plant interactions and species replacements in plant

communities (Bever 2003, Eppinga et al. 2006). However,
they have been rarely calculated in empirical studies
(Mangan et al. 2010a, Brandt et al. 2013, Kuebbing et al.
2015, Heinze et al. 2016). We hypothesized that: (1) the
decline and death of Q. suber would cause changes in the
direction and strength of individual PSFs of the three spe-
cies of study (Q. suber, O. europaea, and Q. canariensis)
compared to healthy trees due to the associated changes
in soil nutrients (chemical feedback) and soil biota (bio-
logical feedback); (2) the direction and strength of the
individual PSFs depend on environmental context.
Specifically, we expected stronger chemical and biological
PSFs in the open woodland than in the closed forest due
to its lower P content and higher pathogen load. This is
because PSFs are generally stronger in “extreme” environ-
ments (Ehrenfeld et al. 2005, Bezemer et al. 2006); and
(3) changes in individual PSFs would translate into
changes in net-pairwise interactions at the community
level that could affect recruitment dynamics and species
coexistence. Specifically, we would expect these changes
to promote the replacement of Q. suber trees by favoring
the relative performance of coexisting species that are not
affected by decline.

MATERIALS AND METHODS

Study sites and species

The study area is located in Los Alcornocales Natural
Park, a hotspot of biodiversity in southern Spain
(M�edail and Qu�ezel 1999). The climate is sub-humid
Mediterranean, with most rainfall (95%) occurring from
October to May (Appendix S1: Table S1). Soils are gen-
erally sandy, acidic and nutrient poor, derived from a
bedrock dominated by Oligo-Miocene sandstones, but
are interspersed with soils richer in clay derived from lay-
ers of marl sediments. The Alcornocales Natural Park
contains the largest and best conserved Quercus suber
forests of Europe (Anonymous 2004). In the drier low-
lands of the park, Q. suber forms mixed open woodlands
with the evergreen and shade-intolerant Olea europaea
var. sylvestris, whereas in wetter areas Q. suber coexists
with the deciduous shade-tolerant Quercus canariensis
forming closed forests. Trees in open woodlands are gen-
erally of smaller size than in closed forests and do not
form a continuous canopy layer.
We selected two sites belonging to each of these two

main forest types: the open woodland of Ahumada and
the closed forest of Comares (Appendix S1: Table S1).
Open woodland soils are richer in carbon (C), nitrogen
(N) and exchangeable cations (Ca2+, Mg2+, and K+) than
soils in the closed forest, but are poorer in P content
(Appendix S1: Table S1). The abundance of Phytophthora
cinnamomi is two orders of magnitude higher in the
woodland than the closed forest site, probably largely due
to its higher soil clay content (Appendix S1: Table S1).
Clayish soils have high water-holding capacity, low perco-
lation rates and are prone to suffer temporal waterlogging
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(Brady and Weil 2008), conditions that strongly benefit
pathogen abundance and disease development (Hendrix
and Campbell 1973, Weste and Marks 1987). Accord-
ingly, decline symptoms (measured in terms of relative
basal area of defoliated and dead trees) are higher in the
open woodland than in the closed forest (Appendix S1:
Table S1). Woodland soils also show a higher abundance
of arbuscular mycorrhiza (AM) as a consequence of the
larger abundance of AM host species (e.g., O. europaea),
whereas the abundance of ectomycorrhiza (ECM) tends
to be higher in the closed forest site (Appendix S1:
Table S1).

Field soil sampling

Plant species-specific soils for use in feedback tests
can be obtained from manipulative greenhouse experi-
ments where neutral/na€ıve soils are conditioned by dif-
ferent plant species (the ‘Cultivation-Experiment’
approach) or by sampling soil close to established adult
plants in the field, i.e., the ‘Natural-Experiment’
approach (Kulmatiski and Kardol 2008). We chose the
‘Natural-Experiment’ approach because: (1) soil cul-
tured in the greenhouse may lack critical biotic compo-
nents found only in soils cultivated in situ (Sykorova
et al. 2007, Pendergast et al. 2013); and (2) for tree spe-
cies, effects might be negligible when greenhouse cultiva-
tions are bound to small-sized seedlings or saplings
(McCarthy-Neumann and Kobe 2010). In January 2012,
we collected soil cores (7.5 cm diameter 9 20 cm depth)
in the two study sites under four different categories of
canopy trees (hereafter, soil origins): healthy Q. suber
trees (without signs of crown defoliation), declining Q.
suber trees (crown defoliation >50%), dead Q. suber trees
(with leafless canopy), and healthy adults of the coexist-
ing tree species (O. europaea in the open woodland, Q.
canariensis in the closed forest). We focused on the upper
soil layer (0–20 cm) because it is where stronger effects
of individual trees on soils occur due to high litter inputs
and fine root abundance (L�opez et al. 2001, Lovett et al.
2004). At each site, we selected five individuals of aver-
age size (i.e., 30–40 cm diameter at breast height) per
tree category that were at a minimum distance of 5 m
from adults of other categories. We collected four soil
sub-samples (one per cardinal direction) within 2 m
from the bole of each individual tree in microsites free of
understory vegetation, which were combined to generate
one composite soil sample (approx. 10 L) per tree.

Soil preparation

The soil samples were directly transported to the labo-
ratory, where they were sieved through a 2-mm mesh to
eliminate stones and large roots. Fine roots found in the
soil samples were cut into pieces and added to the sieved
soil. After every soil sample, all the material in contact
with the soil was cleaned with a 10% bleach solution to
prevent cross contamination. In order to separate the

net effect of soil biota (biological PSF) from chemical
factors (chemical PSF), each soil sample was divided in
two halves, one of which was triple sterilized by auto-
claving at running vapor for three consecutive days
(McCarthy-Neumann and Kobe 2010).
An important side effect of sterilization is that it can

result in an increase in nutrient availability (Brinkman
et al. 2010). To quantify and correct for this side effect,
sterilized and non-sterilized soils were analysed for NH4

+

and NO3
� (extracted with 1M KCl and concentrations

determined by spectrophotometry), available P (Bray
method, Bray and Kurtz 1945), and exchange cations
(Ca2+, Mg2+, and K+, extracted with 1M ammonium acet-
ate and determined by atomic absorption) previous to the
experiment. The results of the analyses showed an increase
in NH4

+ and PO4
3� concentration of sterilized soils, but a

decrease in the NO3
� concentration (Appendix B). To

compensate for this variation, we prepared a fertilizer
solution of triammonium phosphate ((NH4)3PO4) and
ammonium sulfate ((NH4)2SO4) that was added to the
non-sterilized samples, and a solution of calcium nitrate
(Ca(NO3)2) that was added to the sterilized soils. Solu-
tions were added at levels required to eliminate differences
due to sterilization but without removing the existing
chemical differences among soil origins. Thus, soils under
dead Q. suber trees consistently showed lower P availabil-
ity than soils under healthy trees, while defoliated Q. suber
soils showed intermediate values (Appendix S2: Table S1).
Fertilizer solutions were added to the soils at the
beginning of the greenhouse experiment (see Greenhouse
experiment). After 12 days, we re-analysed the chemical
composition of the soil from the experimental pots to con-
firm the similarity of nutrient levels among sterilized and
non-sterilized soils, which was satisfactory (Appendix S3:
Table S1). Because the addition of fertilizer solutions
implied an increase in the N and P levels of the experimen-
tal soils, we cannot totally discard the existence of some
fertilization effects on the PSFs detected (e.g., Manning
et al. 2008). However, nutrient levels in experimental soils
remained relatively low (particularly P) even after the
addition of the fertilizer solutions (Anonymous 1992).
Therefore, the resulting PSFs can be considered represen-
tative of the P-limited soils of the study area.

Greenhouse experiment

Seeds of the three study species (Q. suber, O. europaea
and Q. canariensis) were collected during fall 2011 from
several trees in the study zone and were mixed to obtain
one unique pool per species. Seeds were stored in humid
substrate at 4°C until sowing. Before sowing, healthy
acorns of the two Quercus species were selected by flota-
tion (Gribko and Jones 1995). To reduce differences
in the response to soil properties due to differences in
acorn size, we selected only healthy acorns with a weight
within the first and third quartile (25–75%) of the whole
acorn population (i.e., 4.68–7.21 g for Q. suber and
4.71–6.16 g for Q. canariensis). Selected acorns were
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surface-sterilized with a 10% bleach solution previous to
planting. Seeds of O. europaea show double dormancy
and their germination rate under natural conditions is
generally low (<20%, Rey et al. 2004; J. Dom�ınguez-
Begines, unpublished data). Therefore, we decided to use
seedlings germinated in vitro. We first extracted the seed
following Sotomayor-Le�on and Caballero (1990), then
the embryo was separated from the endosperm and sown
in tubes with RUGINI + 10 g/L sucrose medium
(Garc�ıa 1999). Tubes were kept in a growth chamber
(23 � 1°C, 16 h/day photoperiod) until the seedlings
were transplanted. As for acorns, only seedlings of inter-
mediate size (3.92 � 0.10 cm) were used.
The experiment was set up in January 2012. Soil sam-

ples were homogenized within soil origins for each site
(open woodland vs. closed forest) and sterilization treat-
ment (sterilized vs. non-sterilized), resulting in 8 soil
types per site (i.e., 2 sterilization treatments 9 4 soil ori-
gins). Ten seed/seedlings of each of the two dominant
tree species at each site (i.e., Q. suber and O. europaea in
the open woodland, Q. suber and Q. canariensis in the
closed forest) were individually planted in 1-L pots filled
with soil from each of the 8 soil types from the same site,
resulting in a total of 320 pots (i.e., 2 sites 9 2 steriliza-
tion treatments 9 4 soil origins 9 2 seedling species x
10 replicates). Light levels in the greenhouse resembled
the light conditions of the forest understory (i.e.,
PAR~300 lmol�m�2 s�1). Pots were watered to satura-
tion 2–3 times weekly, such that water was not a limiting
factor for seedling performance. Pots were randomly dis-
tributed within the greenhouse and repositioned
monthly. Acorn emergence was censused weekly for
2 months (January–February). Acorns that had not
emerged by the end of February (15%) were replaced
with a new seedling coming from a reserve sown in sup-
plementary pots with the corresponding soils. Seedling
survival was recorded periodically for five months, but
no seedlings died throughout the experiment.

Seedling measurements

In the beginning of June (i.e., 5 months after plant-
ing), all surviving seedlings were harvested. Each seed-
ling was divided into stem, leaves and roots. Fresh
samples were used to measure stem height, stem basal
diameter, leaf area using the program Image Pro-plus
6.0 (Media Cybernetic Inc., Rockville, Maryland, USA),
fine root traits using the WinRhizo program (Regent
Instruments Inc., Quebec, Canada), and mycorrhizal
root colonization. We focused on two root traits shown
to be part of a root trait syndrome that regulates species
responses to shifts in environmental conditions: specific
root length (SRL, root length per unit of dry mass) and
tissue mass density (TMDr, root dry mass per volume).
The type of mycorrhiza measured in each seedling spe-
cies was chosen based on their most common mycor-
rhizal status: ectomycorrhizal (ECM) for Quercus
species (Smith and Read 2008) and arbuscular

mycorrhizal (AM) for O. europaea (Rold�an-Fajardo and
Barea 1985). The percentage of ECM colonization was
estimated following the gridline intersection method
(Brundett et al. 1996). Roots were placed in a Petri dish
with a grid of 1.2 cm and observed under a stereomicro-
scope. Quantification was carried out on the basis of
morphological features of the fine roots (i.e., visible
mantle around the root tips). For quantification of AM
infection, roots were cleared for 15 min in 10% KOH at
85°C and rinsed in water. Roots were then stained with
the ink-vinegar method (Vierheilig et al. 1998). Stained
roots were mounted in 60% lactic acid and inspected at
2009 magnification in samples of 30 1-cm sections. The
percentage of AM colonization was estimated following
the method described by Trouvelot et al. (1986). Finally,
all plant material was dried at 70°C for a minimum of
48 h to estimate shoot biomass, root biomass, and root
mass fraction (RMF, root dry mass per unit of total
plant dry mass). Total biomass (i.e., shoot + root bio-
mass) was strongly correlated (r > 0.95) with shoot bio-
mass for all species and site combinations, and therefore
it was not included in the statistical analyses. Leaf area
and biomass data were used to calculate the specific leaf
area (SLA, leaf area per unit of dry leaf mass).

Statistical analyses

Emergence of oak seedlings was analyzed using two
complementary analyses: survival analysis of emergence
times using Cox proportional hazards (Cox and Oakes
1984) and analysis of final emergence using Generalized
Linear Models (GLMs) with binomial distribution. In
both cases, soil origin (i.e., healthy Q. suber trees, declin-
ing Q. suber trees, dead Q. suber trees, and the coexisting
tree species at each site—O. europaea or Q. canariensis)
and sterilization were used as fixed factors, whereas
acorn size was used as a covariable. GLMs were also
used to test the effects of soil origin, sterilization and
their interaction on aboveground (shoot biomass, stem
height, basal diameter, SLA) and belowground (root
biomass, RMF, SRL, TMDr, % mycorrhizal coloniza-
tion) seedling traits, with acorn size/seedling height as a
covariable. Analyses were conducted for each combina-
tion of seedling species and forest type separately. All
traits were analyzed using a normal distribution of
errors, but for % mycorrhizal colonization that followed
a binomial distribution. When a factor or interaction
was significant, differences among treatments or treat-
ment combinations were tested using post-hoc Tukey
tests. To minimize the risk of Type I errors resulting from
the analysis of multiple seedling traits, we controlled the
False Discovery Rata (FDR) at 5% using the procedure
“step-up” (Garcia 2003, Garc�ıa 2004).
We based our interpretation of individual PSFs (direc-

tion and strength) on the among-soil differences in seed-
ling shoot and root biomass detected by the GLMs,
since this statistical approach usually has higher flexibil-
ity and statistical power than the analysis of feedback
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values (Brinkman et al. 2010). However, we also calcu-
lated individual PSFs between conspecific (con) and
heterospecific (het) soils as ln(con/het) in order to facili-
tate the comparison of our results with previous PSFs
studies. This PSF calculation centers feedback values
around 0 (i.e., maximum PSFs are �1 and 1), which
allows for easier comparison of negative and positive
values (Brinkman et al. 2010). We calculated six individ-
ual PSFs per seedling species and site, by comparing
shoot and root biomass in non-sterilized soils from Q.
suber of different health status (healthy, defoliated and
dead) vs. non-sterilized soils from the coexisting species
(O. europaea or Q. canariensis). Because we did not have
natural pot pairings, we followed Kuebbing et al. (2015)
and calculated PSFs using all possible combinations of
pot pairs. We had 10 seedlings per soil origin, which
resulted in 100 values (10 con 9 10 het) for each individ-
ual PSF. An individual PSF was considered to be signifi-
cantly positive or negative when the confidence interval
for the mean of the distribution did not overlap zero.
We tested for community PSFs by quantifying net-pair-

wise interactions at each of the two forest types using the
interaction coefficient (Is) following Bever et al. (1997).
This index is calculated as the difference among intra- vs.
inter-specific effects: Is = (aA + bB) � (aB + bA), where
aA and bB measure conspecific effects and aB and bA
measure heterospecific effects. Positive Is values indicate
net positive feedbacks considered to promote competitive
exclusion, whereas negative Is values indicate net negative
feedbacks considered to promote coexistence (Bever et al.
1997). We calculated six indices per site, resulting from
comparing shoot and root biomass in non-sterilized soils
from Q. suber of different health status (healthy, defoli-
ated and dead) vs. non-sterilized soils from the coexisting

species (O. europaea or Q. canariensis). Indices were cal-
culated using mean values of shoot and root biomass in
each soil origin. Confidence intervals were calculated by
sampling with replacement for 9,999 iterations to deter-
mine whether the mean coefficient was significantly dif-
ferent from zero. All analyses were conducted using R
3.0.2 (RCore Team 2013).

RESULTS

Time to emergence was not affected by soil origin,
sterilization or acorn size (Appendix S4: Table S1), and
neither was the final percentage of emerged seedlings
(P > 0.05 in all cases). Seedlings of both Quercus suber
and Quercus canariensis emerged continuously during
the first and second month of the experiment reaching
emergence percentages of 75% in soils from the open
woodland and 90% in soils from the closed forest.
The effects of soil origin and sterilization on above-

and below-ground seedling traits varied among forest
types and seedling species. In the open woodland, soil
origin did not affect aboveground traits of Q. suber seed-
lings and only affected two belowground traits, the SRL
and the % mycorrhizal colonization (Table 1, Figs. 1a,
2a, 3a). The SRL of Q. suber seedlings was lower in soils
from dead conspecific trees (29.87 � 1.37 cm/g) than in
any of the other soils (32–37 cm/g). The percentage of
mycorrhizal colonization was lower in soils from
heterospecific than from healthy conspecific trees, but
did not show any clear trend with Q. suber decline
(Fig. 3a). Differences among soils in mycorrhizal colo-
nization of Q. suber disappeared with sterilization (sig-
nificant Soil origin 9 Sterilization interaction, Table 1).
Soil sterilization did not affect aboveground traits of Q.

TABLE 1. General linear models (F values) and generalized linear models (L–R v2 values for mycorrhizal colonization) analyzing
differences among soil origins and sterilization treatments in above- and below-ground traits of Quercus suber and Olea europaea
seedlings from the open woodland.

Species Factor df

Above-ground traits Below-ground traits

Shoot
biomass

Stem
height

Basal
diameter SLA

Root
biomass RMF SRL TMDr

Mycorrhizal
colonization

Q. suber Soil origin (SO) 3 0.85 0.92 2.60 2.81* 1.75 2.08 3.32* 1.02 19.15***
Sterilization (S) 1 3.59 3.45 2.04 0.58 16.36**** 0.04 3.77* 9.09** 68.00****

SO 9 S 3 0.34 0.56 0.58 0.70 0.50 0.47 2.21 1.43 17.39***
Acorn size 1 1.91 0.47 13.91*** 0.80 1.78 0.10 0.36 0.18 10.91**
Model 8,71 2.66* 2.21* 3.94*** 1.77 4.59*** 1.08 2.62* 2.06* 173.51****
R2 0.23 0.20 0.31 0.11 0.34 0.07 0.22 0.18 0.10

O. europaea Soil origin (SO) 3 3.14* 5.58** 2.46 1.49 4.37** 1.12 2.41* 2.19 36.03****
Sterilization (S) 1 96.21**** 163.66**** 19.26**** 19.38**** 9.37** 114.49**** 1.39 3.50* 1342.83****

SO 9 S 3 3.09* 4.12** 3.47* 4.58** 0.56 4.46** 1.29 0.46 34.27****
Initial seedling

height
1 0.00 0.05 1.39 0.31 0.56 0.85 0.11 1.18 0.09

Model 8,71 14.40**** 24.11**** 4.87**** 5.25**** 7.53** 11.53**** 1.60 1.68 1429.94****
R2 0.62 0.73 0.39 0.41 0.46 0.65 0.15 0.16 0.43

Notes: SLA, specific leaf area; RMF, root mass fraction; SRL, specific root length; TMDr, root tissue mass density.
Acorn size (for Q. suber) and initial seedling height (for O. europaea) were included as covariables in the models.
Significance levels: ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. After FDR correction using the “step-up” procedure, differences

were considered significant at P < 0.008 for Q. suber and P < 0.032 for O. europaea (highlighted in bold).
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suber seedlings in woodland soils, but had large effects
on belowground traits mostly independent of soil origin
(Table 1). Q. suber seedlings in sterilized soils showed
higher root biomass (Fig. 2a) and lower TMDr
(462.01 � 19.75 vs. 544.21 � 19.18 g/cm3) than seed-
lings in non-sterilized soils. Contrary to Q. suber, soil
origin had strong effects on Olea europaea, which
showed higher seedling shoot and root biomass, stem
height, basal diameter, RMF, mycorrhizal colonization,
and lower SLA in conspecific and healthy Q. suber soils
than in dead Q. suber soils; soils from defoliated Q. suber
frequently showed intermediate values (Table 1,
Figs. 1b, 2b, 3b). Soil origin interacted with sterilization
for most O. europaea traits (Table 1), differences among
soils disappearing in sterilized soils (Figs. 1b, 3b) and
suggesting that soil microbes were the drivers of the soil
origin effects on seedling performance. Soil sterilization
had strong effects on above- and below-ground traits of
O. europaea, which were generally much lower (except
for RMF, which was higher) in sterilized soils.

In closed forests, soil origin affected both above- and
below-ground traits of Q. suber seedlings, but had no
effect on Q. canariensis except for mycorrhizal coloniza-
tion (Table 2). Quercus suber seedlings in soils from
healthy conspecific and heterospecific trees showed
higher shoot biomass (Fig. 1c), basal diameter, and root
biomass (Fig. 2c) than seedlings from dead soils; seed-
lings in defoliated Q. suber soils showed intermediate
values. These soil effects were independent of soil steril-
ization (Table 2), suggesting a chemical nature of the soil
effects on seedling performance. The % mycorrhizal col-
onization of both Q. suber and Q. canariensis seedlings
was generally highest in soils from Q. canariensis and
lowest in soils from healthy Q. suber, with seedlings in
soils from defoliated and dead Q. suber showing inter-
mediate values (Fig. 3c, d). Differences among soil ori-
gins in mycorrhizal colonization disappeared with
sterilization (Table 2). Soil sterilization did not have
direct effects on any growth variable of the two seedling
species, except for the stem height of Q. suber seedlings
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FIG. 1. Effects of soil origin (SO) and soil sterilization (S) on shoot dry biomass of (a) Quercus suber and (b) Olea europaea
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(Table 2) which was higher in non-sterilized than steril-
ized soils (29.83 � 1.48 vs. 25.19 � 0.99 cm).
Net-pairwise feedback values (Is) were neutral when

considering soils from healthy Q. suber trees (Fig. 4),
which could be attributed to the mostly neutral individual
PSFs (Fig. 5). However, the defoliation and death of Q.
suber caused a change in the direction and strength of the
Is index, becoming positive in the open woodland and
negative in the closed forest (Fig. 4). This pattern was
consistent above- and below-ground (Fig. 4). The change
towards positive Is values at the woodland site under a
decline scenario (i.e., when considering soils from defoli-
ated and dead Q. suber trees) could be mainly attributed
to more beneficial conspecific effects (i.e., more positive
individual PSFs) for O. europaea (Fig. 5), whereas the
change towards negative Is values at the closed forest site
could be attributed to stronger negative conspecific than
heterospecific effects (i.e., more negative individual PSFs)
for both species but particularly for Q. suber (Fig. 5).

DISCUSSION

H1: The decline and death of Quercus suber causes
changes in the direction and strength of individual
PSFs compared to healthy reference trees

This study provides novel evidence showing that the
decline of a dominant tree species (Q. suber) induced by
an exotic pathogen (Phytophthora cinnamomi) translated
into substantial alterations of the direction and strength
of individual PSFs in Mediterranean forests due to the
associated changes in soil abiotic and biotic characteris-
tics. Moreover, we found that the direction of these
changes varied among coexisting species in our study
sites. In the open woodland, the decline of Q. suber did
not affect conspecific seedlings but translated into posi-
tive PSFs in Olea europaea seedlings, which experienced
a 39% and 20% increase in shoot and root biomass,
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TABLE 2. General linear models (F values) and generalized linear models (L–R v2 values for mycorrhizal colonization) analyzing
differences among soil origins and sterilization treatments in above- and below-ground traits of Quercus suber and Quercus
canariensis seedlings from the closed forest.

Species Factor df

Above-ground traits Below-ground traits

Shoot
biomass

Stem
height

Basal
diameter SLA

Root
biomass RMF SRL TMDr

Mycorrhizal
colonization

Q. suber Soil origin (SO) 3 3.42* 1.28 3.51* 0.77 7.58*** 0.45 3.16* 1.24 14.41**
Sterilization (S) 1 0.25 7.03** 0.64 0.64 0.28 0.82 1.49 1.67 137.19****

SO 9 S 3 2.35 0.52 0.51 034 0.84 1.72 0.24 0.12 15.43**
Acorn size 1 6.80* 6.34* 1.21 0.81 2.59 5.59* 1.05 0.40 50.97****
Model 8,71 2.87* 3.06* 2.31* 0.28 3.19** 1.77 1.48 0.71 278.01****
R2 0.16 0.17 0.13 0.02 0.37 0.16 0.14 0.07 0.14

Q. canariensis Soil origin (SO) 3 1.70 0.88 0.87 0.44 0.84 0.60 1.88 0.23 37.78****
Sterilization (S) 1 0.00 0.45 1.69 0.20 0.67 0.78 0.28 0.49 310.70****

SO 9 S 3 0.92 0.75 0.56 0.40 0.74 0.21 0.98 5.11** 28.82****
Acorn size 1 1.74 2.22 0.43 0.82 6.68* 0.35 0.91 0.01 58.84****
Model 8,71 1.45 0.87 0.91 0.94 1.09 1.01 1.18 2.07* 509.59****
R2 0.09 0.06 0.06 0.06 0.10 0.10 0.11 0.19 0.10

Notes: SLA, specific leaf area; RMF, root mass fraction; SRL, specific root lenght; TMDr, root tissue mass density.
Acorn size was included as covariable in the models
Significance levels: ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. After FDR correction using the “step-up” procedure,

differences were considered significant at P < 0.021 for Q. suber and P < 0.0001 for Q. canariensis (highlighted in bold).
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respectively, when growing in conspecific soils compared
to soils from dead Q. suber. Meanwhile, in the closed for-
est the decline of Q. suber translated into strong negative
conspecific PSFs, with Q. suber seedlings showing a 20%
and 36% decrease in shoot and root biomass, respec-
tively, in soils from dead conspecifics compared to het-
erospecifics, whereas Quercus canariensis seedlings were
unaffected. The fact that Q. canariensis, the most shade-
tolerant of the three study species, was the only species
that did not suffer from any PSF concurs with previous
studies showing weak PSFs for shade-tolerant species,
due to their typical conservative strategies characterized
by moderate resource consumption rates and a high
investment in defense (O’Hanlon-Manners and Kotanen
2004, Reinhart et al. 2005, McCarthy-Neumann and

Kobe 2008). Overall, although the type of individual
PSFs generated by the decline of Q. suber was strongly
species-specific, in both forest types PSFs benefited
other tree species more than Q. suber itself (i.e.,
heterospecific positive feedback in the open woodland
and conspecific negative feedback in the closed forest).
These effects could imply a competitive disadvantage for
Q. suber with negative consequences for maintaining of
its dominance, as indicated by previous studies that have
shown correlations between the strength of negative
PSFs and tree-species relative abundance in forest com-
munities (Mangan et al. 2010a, Johnson et al. 2012).

H2: The direction, strength and nature of indivi-
dual PSFs depends on environmental context

In order to understand the potential role of PSFs for
plant community dynamics it is important to assess their
consistency at large spatial scales (Smith and Reynolds
2015). To date, the extent to which the incidence and
outcome of PSFs vary with soil conditions is still poorly
known, with some studies showing feedback effects to
vary with soil type or fertility (Bezemer et al. 2006,
Manning et al. 2008, Larios and Suding 2015) and
others showing feedback effects independent of soil con-
ditions (Casper et al. 2008, Harrison and Bardgett 2010,
Perkins and Nowak 2013). In this study, the considera-
tion of two forest types (i.e., open woodland and closed
forest) with contrasting physico-chemical (e.g., texture,
nutrient content) and biological (e.g., pathogen and myc-
orrhiza abundance) soil characteristics allowed us to
explore the role of PSFs in the dynamics of declining
Quercus suber forests at the landscape scale. In support
of our second hypothesis, we found that the direction,
strength, and nature of PSFs strongly differed between
the two forest types.
We predicted stronger chemical and biological PSFs

to occur in the clayish soils of the open woodland, char-
acterized by lower P content but much larger abundance
of P. cinnamomi than the sandier soils of the closed for-
est (G�omez-Aparicio et al. 2012). However, our results
were not in line with these predictions. Stronger chemical
PSFs in the woodland were expected because of stronger
P limitation (i.e., 51% lower PO4

3� concentration than
in the closed forest, Appendix S2: Table S1) and the fact
that limiting nutrients can be important drivers of PSFs,
particularly under stressful conditions (Bezemer et al.
2006, Smith and Reynolds 2015). However, chemical
PSFs were only detected in the closed forest and only for
Q. suber, with the strength of PSFs increasing with Q.
suber decline. The occurrence of strong chemical PSFs in
the closed forest and not in the open woodland could be
explained by the fact that although at both sites the
defoliation and death of Q. suber resulted in a decrease
in soil P availability, the magnitude of this change was
higher in the relatively P-rich closed forest than in the P-
poor open woodland (Appendix S2: Table S1). This
result is in line with previous studies showing that tree
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FIG. 4. Mean interaction coefficients (Is) for net pairwise
plant-soil feedbacks at the two study sites. Interaction coeffi-
cients were calculated comparing above- and below-ground
seedling biomass of each species pair (Quercus suber-O. euro-
paea in open woodland, Q. suber- Quercus canariensis in closed
forest) in non-sterilized soils from Q. suber of different health
status (healthy, defoliated and dead) vs. non-sterilized soils from
the coexisting species (O. europaea or Q. canariensis). Indices
were considered to be significantly positive or negative when
confidence intervals did not overlap zero. Positive Is values indi-
cate net positive feedbacks considered to promote competitive
exclusion, whereas negative Is values indicate net negative feed-
backs considered to promote species coexistence.
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impacts on soil chemistry are larger in fertile sites (Finzi
et al. 1998, G�omez-Aparicio and Canham 2008). Over-
all, our results support the idea that limiting nutrients
are important drivers of chemical PSFs, but suggest that
these PSFs are more likely to occur at high nutrient
availability due to a higher likelihood of detecting the
chemical footprint of plants.

The lack of biological PSFs driven by pathogens at
the woodland site was also surprising, particularly for
Q. suber, given its susceptibility to P. cinnamomi and the
marked spatial variation in the abundance of this patho-
gen in Mediterranean forests. Notably, in a field study
conducted at the same sites, G�omez-Aparicio et al.
(2012) showed P. cinnamomi abundance to be much
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higher under defoliated Q. suber than under healthy and
dead Q. suber trees, with O. europaea soils showing the
lowest abundance. The fact that sterilization had a
strong positive effect on root biomass of Q. suber inde-
pendent of soil origin indicates that soil pathogens had a
general negative effect in the woodland. Similar results
have been found in other studies showing how soil
antagonists can have a general negative effect on plant
growth independently of the soil type (Reinhart et al.
2005, McCarthy-Neumann and Kobe 2010). We propose
that these results are likely to be found when pathogen
abundance is high, so that despite variation in abun-
dance (e.g., 63–1,476 colony forming units (cfu)/g dry
soil in the woodland, G�omez-Aparicio et al. 2012)
pathogens always maintain threshold population sizes
for disease expression (i.e., 61 cfu/g for P. cinnamomi in
Q. suber, Serrano et al. 2015). Another relevant implica-
tion of soil sterilization effects on below- but not above-
ground traits independent of soil origin is that soil
microorganisms can have important effects on plant
roots that are not necessarily reflected aboveground.
Here, Q. suber seedlings growing in sterilized soil did not
only show higher root biomass but also much lower
TMDr indicative of a lower investment in root structural
features. This could be interpreted as reduce need to
invest in defense in the absence of P. cinnamomi, since
lighter tissues are usually associated with an exploitative
resource-use strategy that comes at the cost of lower pro-
tection against antagonists (Liu et al. 2010). Since most
PSF studies focus on the aboveground part of plants
(Kulmatiski et al. 2008), it is possible that the role of
microorganisms in these processes has so far been under-
estimated.
Interestingly, although we did not find negative biolog-

ical PSFs driven by pathogens in the open woodland as
hypothesized, we found strong positive biological PSF
for O. europaea, most likely driven by AM fungi. The
growth of O. europaea strongly depended on soil biota:
soil sterilization reduced aboveground biomass and leaf
area up to 80%, and shifted root traits towards maximiz-
ing resource acquisition (i.e., larger RMF and lower
TMDr, Comas and Eissentat 2009, P�erez-Ramos et al.
2012). The likely role of AM fungi as drivers of this posi-
tive soil biota effect and the associated PSF under a
decline scenario (i.e., when considering soils from declin-
ing instead of healthy Q. suber trees) is strongly sup-
ported by the positive relationship found between O.
europaea biomass and AM colonization (Appendix S5:
Fig. S1) and the marked response of AM colonization to
Q. suber decline. The percentage of AM colonization of
O. europaea seedlings decreased from 88% in soils from
healthy Q. suber to 56% in soils from dead Q. suber. As a
result, under a decline scenario mycorrhizal colonization
of O. europaea seedlings was higher in conspecific soils
(+68%) than in heterospecific soils, translating to higher
above- and below-ground biomass production. This
strong negative soil-mediated effect of the decline of Q.
suber (a typical ECM species) on AM colonization of O.

europaea might sound counterintuitive. However, there is
evidence that Quercus spp. can also form AM associa-
tions (e.g., Dickie et al. 2001). Notably, in a previous
field experiment we found similar probability of AM col-
onization of oak seedlings in tree neighborhoods domi-
nated by O. europaea and by healthy Q. suber (Ib�a~nez
et al. 2015). Taken together, our results provide novel
evidence for an important role of AM fungi as drivers of
positive PSFs in Mediterranean forests, which supports
recent findings in tropical forests (Mangan et al. 2010b)
but contrasts with the negative AM-mediated PSFs fre-
quently found in grasslands (Bever 2002, Castelli and
Casper 2003, Bever et al. 2010).

H3: Changes in individual PSFs translate into
changes in net-pairwise interactions at the com-
munity level

In support of our third hypothesis, we found that
changes in individual PSFs with decline of Q. suber
translated into changes in net-pairwise feedbacks at the
community level. Whereas neutral net-pairwise feed-
backs dominated in soils from healthy trees, significant
net feedbacks were found when soils from defoliated and
dead Q. suber trees were considered. Interestingly, the
direction of the net feedback varied among forest types,
being positive in the open woodland and negative in the
closed forest. A positive net-pairwise index is found
when one or both species alters the soil in a way that
favors their own growth more than the growth of hetero-
specifics, which can destabilize communities and result
in dominance by one species (Bever et al. 1997). The
positive value of the Is index in the woodland site was
mainly due to large positive individual PSFs in O. euro-
paea, which suggests that PSFs promote the abundance
of O. europaea in this type of forest. This idea is sup-
ported by parallel field studies in the same woodland site
showing larger seedling and sapling abundance and less
negative responses to declining canopy trees for O. euro-
paea than for Q. suber, as such pointing at a conversion
towards O. europaea-dominated systems (Ib�a~nez et al.,
2017).
Meanwhile, a negative net-pairwise index is found

when one or both species grow better in heterospecific
soils. Theory predicts that reciprocal negative feedbacks,
even if individual effects are weak, may promote coexis-
tence of two competitors since each species self-limits
and no one is able to monopolize a site (Bever et al.
1997). Although in our closed forest the growth of both
Q. suber and Q. canariensis trended lower in soils from
conspecifics resulting in a negative index value under a
scenario of forest decline, this individual effect was much
stronger for Q. suber. Therefore, while our results
support a role of negative pairwise PSFs in mediating
coexistence in declining closed forests under current
feedback conditions, a decrease in the relative abun-
dance of Q. suber might be expected on the long term as
a result of stronger self-limitation.
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The study of net-pairwise PSFs has been strongly
encouraged as a necessary tool to understand the role of
PSFs for community dynamics (Kulmatiski and Kardol
2008, Brandt et al. 2013). The relatively few studies to
date that have examined net-pairwise feedback dynamics
have found both negative and positive interaction coeffi-
cients (e.g., Shannon et al. 2012, Smith and Reynolds
2012, Bauer et al. 2015, Kuebbing et al. 2015, Heinze
et al. 2016), suggesting that the role of PSFs in mediat-
ing coexistence is species-specific. Our results add to this
picture by illustrating that a given species can suffer
from net-pairwise PSFs of contrasting direction under
different environmental settings (i.e., sites differing in
soil conditions and/or coexisting species). Therefore, we
propose the need to go beyond the species level to under-
stand the role of PSFs for community dynamics.

CONCLUSIONS

This study contributes to advance our understanding
of PSFs in forests, and particularly in those subjected to
disturbances associated with global change such as the
invasion of soil pathogens. Although the extrapolation of
PSF outcomes from the greenhouse to the field must be
done with caution (e.g., Kulmatiski and Kardol 2008,
Heinze et al. 2016), our results support a role of PSF in
the dynamics of Q. suber forests invaded by Phytophthora
cinnamomi as a mechanism that could reinforce the loss
of dominance of Q. suber by promoting the relative per-
formance of non-declining coexisting species. More gen-
erally, our results indicate an increase in the strength of
net PSFs as natural forest systems become disturbed by
global change drivers, suggesting an increasingly impor-
tant role of PSFs in forest community dynamics in the
near future. Finally, we strongly encourage future PSFs
studies not to focus exclusively on microbial-driven PSFs
and aboveground effects, but to extend the scope to
explicitly consider the physico-chemical environment and
to include belowground effects (i.e., root traits). By doing
this, we will come closer to capture the complexity and
variable nature of PSFs in plant communities.
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