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Abstract
1. In anthropic savanna ecosystems from the Iberian Peninsula (i.e. dehesa), com-

plex interactions between climate change, pathogen outbreaks and human land 
use are presumed to be behind the observed increase in holm oak decline. These 
environmental disturbances alter the plant–soil microbial continuum, which can 
destabilize the ecological balance that sustains tree health. Yet, little is known 
about the underlying mechanisms, particularly the directions and nature of the 
causal–effect relationships between plants and soil microbial communities.

2. In this study, we aimed to determine the role of plant–soil feedbacks in climate- 
induced holm oak decline in the Iberian dehesa. Using a gradient of holm oak 
health, we reconstructed key soil biogeochemical cycles mediated by soil mi-
crobial communities. We used quantitative microbial element cycling (QMEC), 
a functional gene-array-based high-throughput technique to assess microbial 
functional potential in carbon, nitrogen, phosphorus and sulphur cycling.

3. The onset of holm oak decline was positively related to the increase in relative 
abundance of soil microbial functional genes associated with denitrification and 
phosphorus mineralization (i.e. nirS3, ppx and pqqC; parameter value: 0.21, 0.23 
and 0.4; p < 0.05). Structural equation model (χ2 = 32.26, p-value = 0.73), more 
over, showed a negative association between these functional genes and soil  
nutrient availability (i.e. mainly mineral nitrogen and phosphate). Particularly, the 
holm oak crown health was mainly determined by the abundance of phosphate 
(parameter value = 0.27; p-value < 0.05) and organic phosphorus (parameter 
value = −0.37; p-value < 0.5).
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1  |  INTRODUC TION

Plant–soil feedbacks are stablished when plants alter soil condi-
tions that affect the plant component. This phenomenon operates 
through several pathways in which changes in plant physiology and 
metabolism may induce alterations in the composition and act ivity 
of the soil biota (i.e. microbial community structure, soil fauna), 
as well as biochemical and chemical soil properties and processes 
(i.e. biogeochemical cycles or nutrient availability). This ultimately 
affects plant performance (Ehrenfeld et al., 2005). One significant 
factor contributing to these modifications in soil biotic, chemical and 
biochemical component is the alteration in the supply of plant exu-
dates or litter to the soil (Curiel Yuste et al., 2007, 2010). In the same 
way, soil also affects plant health. For instance, microbial metabo-
lism is the great engine of carbon and nutrient cycling contributing 
to the availability of soil nutrients (Willey et al., 2008). Overall, al-
terations of these mechanisms at the soil level may exert positive or 
negative effects on plant growth and fitness (Bezemer et al., 2020) 
and hence on species composition and ecosystem functioning (Png 
et al., 2023). Disentangling the individual contribution of the dif-
ferent processes involved in these plant–soil feedback and its re-
sponses to natural and anthropogenic disturbances associated with 
climate change (van der Putten et al., 2016) may further facilitate the 
implementation of effective climate-adaptive forest management 
(Refsland et al., 2023).

Soil microbial communities play a pivotal role in plant–soil 
feedbacks through the biogeochemical cycles. Microbial commu-
nities are responsible for transforming different forms of carbon, 
nitrogen, phosphorus and sulphur through a series of redox reac-
tions that change the properties and the availability of the essen-
tial soil nutrients (Willey et al., 2008). The contribution of the soil 
microbial communities to nutrient cycling lies on their metabolic 
diversity and their capacity to use different molecules as energy 
sources and electron acceptors. Thus, important soil biogeochem-
ical cycles, such as the one of carbon and nitrogen are driven by 
the balance between the fixation of a gas form (CO2, N2), their 
incorporation into organic matter and their mineralization and 
respiration (Singh et al., 2020). In contrast, phosphorus cycling 
has no gas phase and its assimilation into biological processes 
exclusively derives from weathering of the phosphate-containing 

rocks, the action of phosphate-solubilizing microorganisms or 
the mineralization and recycling of the organic phosphorus. 
This fact makes phosphorus unavailability a limiting factor for 
plant growing in many ecosystems (Moreno et al., 2007; Sardans 
et al., 2004) Overall, these biogeochemical cycles consist of nu-
merous steps, each mediated by soil microbial functional genes 
(Zheng et al., 2018). For instance, to assess the microbial poten-
tial for nitrogen utilization in different ecological contexts, key 
functional genes involved in the nitrogen cycle have been used. 
These include among others: amoA, hao and narG (for nitrification; 
Francis et al., 2005), nirK/nirS and nosZ (for denitrification; Henry 
et al., 2006; Wei et al., 2015) and nifH (for nitrogen fixation; Rösch 
& Bothe, 2005). Understanding how the microbial community me-
tabolism shapes soil biogeochemical cycles is of paramount im-
portance to assess the quality of the soil, its state of degradation 
(Harris & Bedfordshire, 2003; Tu et al., 2014) and its relationship 
with plant vulnerability to environmental perturbations (Scarlett 
et al., 2020).

Climate change-related events may affect biogeochemical cy-
cles (Deng et al., 2021). Drought and high temperatures increase 
microbial physiological stress by reducing water availability and 
enzymatic activity, affecting the different biogeochemical pro-
cesses. For example, drought increases microbial CO2 emissions 
and reduces the soil organic carbon content and the mineraliza-
tion rate of nitrogen (Deng et al., 2021) and phosphorus (Margalef 
et al., 2017). Tree layer counteracts the negative effects of climate 
change on the microbial community by buffering extreme tem-
peratures and regulating hydrological conditions under its influ-
ence (Prescott, 2002). This favours the resilience of the microbial 
community to warming and drought scenarios (Avila et al., 2019; 
San-Emeterio et al., 2023). However, drought and heatwave- 
induced tree decline events affect physicochemical soil proper-
ties and microbial communities, modifying their metabolism and 
survival rates (Avila et al., 2019; Deng et al., 2021). Microbial 
communities respond to these disturbances through changes in 
the population at functional and taxonomic levels. For instance, 
changes in the abundance of microbial nitrifiers have been re-
lated to changes in the canopy cover (Ibañez et al., 2021; Shvaleva 
et al., 2015) and tree girdling (Rasche et al., 2011). Soil microbial 
community changes driven by tree decline may result in a net loss 

4. Hence, we propose a potential tree–soil feedback loop, in which the decline 
of holm oak promotes changes in the soil environment that triggers changes in 
key microbial-mediated metabolic pathways related to the net loss of soil nitro-
gen and phosphorus mineral forms. The shortage of essential nutrients, in turn,  
affects the ability of the trees to withstand the environmental stressors to which 
they are exposed.

K E Y W O R D S
biogeochemical cycles, defoliation, dehesa, Quercus ilex, soil functional genes, soil microbial 
communities
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of soil nutrients (Avila et al., 2021; García-Angulo, 2020). Hence, 
although some studies have described the influence of the canopy 
cover on soil microclimatic conditions, soil microbiome (García-
Angulo et al., 2020) and carbon and nutrient cycling (Ibañez 
et al., 2021; Scarlett et al., 2020) few studies have assessed the 
influence of the crown health on biogeochemical soil functional 
genes, soil chemistry and vice versa. A comprehensive functional 
examination of the microbial community is key to assess biogeo-
chemical cycling and its role in tree–soil feedback in response to 
climate change-induced tree decline (Deng et al., 2021; Zheng 
et al., 2018).

This study focuses on the Spanish dehesa, a savanna-like wood-
land of agrosilvopastoral use presents in the Iberian Peninsula, 
where Mediterranean holm oak (Quercus ilex L. subsp. ballota 
(Desf.) Samp.), are sparsely distributed. Dehesas are among the 
most endangered ecosystems in the Mediterranean basin (Pulido 
et al., 2001) due to drought and heatwave-induced tree de-
cline (Gea-Izquierdo et al., 2021), pathogen outbreaks such as 
Phytophthora cinnamomi Rands (Corcobado et al., 2017; Sánchez-
Cuesta et al., 2021) and inappropriate human management (Moreno 
& Pulido, 2009). Previous works demonstrated that early stress 
markers extracted from leaves (i.e. carotenoids and tocopherols) 
were associated with the first stages of holm oak decline (Encinas-
Valero, Esteban, Hereş, Becerril, et al., 2022). Furthermore, the 
decline was also determined by an increase in the fine root pheno-
typic plasticity (Encinas-Valero, Esteban, Heres, Vivas, et al., 2022). 
The identification of these responses opened up new opportuni-
ties to characterize holm oak health at both above–below-ground 
compartments during the early stages of holm oak decline. In this 
regard, our aim was to determine how microbial-mediated biogeo-
chemical cycling, represented by soil functional genes relates with 
tree crown health, particularly at early stages of holm oak decline. 
Tree health is subjected to a bidirectional process where tree can-
opy influences microclimatic soil conditions that, in turn, impact 
the microbial communities responsible for carbon and nutrient cy-
cling (Ibañez et al., 2021; Rodríguez et al., 2019). Considering that a 
favourable soil nutrient status is crucial for enhancing holm oak re-
silience against decline (Camilo-Alves et al., 2013; Sánchez-Cuesta 
et al., 2022; Serrano et al., 2013), our general hypothesis is that 
the onset of holm oak decline triggers a tree–soil feedback loop. 
Specifically: (i) the loss of crown health at early stages of holm oak 
decline would affect the relative abundance of soil microbial func-
tional genes and hence the functioning of soil microbial communi-
ties; and (ii) the alteration in the relative abundance of these soil 
microbial functional genes would regulate the availability of key 
soil nutrients that will further impact on the holm oak crown health. 
The elucidation of this bidirectional process can help to identify 
components of the tree–soil system factors that are contributing 

to and exacerbating this feedback loop. Then, these components 
can be targeted to mitigate potential damaging feedbacks and the 
onset of holm oak decline.

2  |  MATERIAL S AND METHODS

2.1  |  Sites description and experimental design

Nine holm oak dehesas, located in the central-west Iberian Peninsula, 
were considered for this research. All these dehesas were selected 
based on a previous study (Corcobado et al., 2013) where the in-
teraction between drought and P. cinnamomi was identified as the 
main cause of holm oak decline, however, the presence of this patho-
gen was not detected in this sampling campaign (c.f. Section 2.5). 
Their mean monthly temperature and total monthly rainfall ranged 
from 6.9°C and 29.8 mm in January, to 25°C and 10.4 mm in August 
2019 (Harris et al., 2020). The pH of the soil ranged from 4.0 to 7.7. 
The tree layer, characterized by a low density of the tree canopy 
cover, was dominated by holm oak whereas the understorey veg-
etation was dominated by grazing pastures. Climatic conditions and 
land use and managements of the sampling dehesas are illustrated 
in Figure S1.

Within each of the nine dehesas, two different sites were con-
sidered: a healthy site (i.e. characterized by the presence of only 
healthy holm oaks) and an unhealthy site (i.e. characterized by the 
coexistence of trees at early stages of holm oak decline; suscep-
tible and declining holm oaks). The health status of the trees (i.e. 
healthy, susceptible and declining) was assigned after integrating 
the results obtained on a previous study (Encinas-Valero, Esteban, 
Hereş, Becerril, et al., 2022; Encinas-Valero, Esteban, Heres, Vivas, 
et al., 2022). Briefly, healthy trees (n = 54) were defined as being 
those growing in the healthy sites, susceptible trees (n = 59) were 
defined as being those that had less than 10% of defoliation but 
high rates of early stress markers (i.e. photoprotective compounds, 
Table S1) and declining trees (n = 49) were defined as being those 
that had more than 10% of defoliation and high rates of early stress 
markers (Table S1). Thus, a total of 162 holm oak trees were consid-
ered for this study (Table 1).

No permissions were required to access each dehesa other than 
the landowner's consent.

2.2  |  Crown health and root system determination

To numerically define the health of each tree, we combined the 
results of previous studies (above- and below-ground tree com-
partments; Encinas-Valero, Esteban, Hereş, Becerril, et al., 2022; 

TA B L E  1  Table of inference.

Scale of inference Scale at which the factor of interest is applied Number of replicates at the appropriate scale

Individuals (holm oak trees) Individuals (holm oak trees) within nine dehesas Nine dehesas, 18 holm oak trees per dehesa (n = 162)
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Encinas-Valero, Esteban, Heres, Vivas, et al., 2022) into a principal 
component analysis (PCA). Specifically, for the above-ground tree 
components that characterized the crown health (Encinas-Valero, 
Esteban, Hereş, Becerril, et al., 2022), we considered early stress 
markers associated with holm oak decline: (i) the photosynthetic 
performance index (PiAbs), as a proxy of the photosynthetic en-
ergy conservation (Strasser et al., 2000), (ii) chlorophylls (Chl a + b, 
μmol m−2), as a proxy of light harvesting regulation and plant acclima-
tion (Esteban et al., 2015), (iii) the violaxanthin cycle pigment pool 
(VAZ, violaxanthin + zeaxanthin + antheraxanthin, mmol mol Chl−1), 
as proxy photoprotective compounds through thermal dissipation 
(García-Plazaola et al., 2017), (iv) total tocopherols (mmol mol Chl−1), 
as a proxy of antioxidant compounds (Juvany et al., 2013); and (v) 
the defoliation (%). As for the characterization of the below-ground 
compartment, we considered: fine root branching, fine root length 
(cm) and fine root diameter (cm) as proxies of the resource-uptake 
strategies of holm oak roots (Encinas-Valero, Esteban, Heres, Vivas, 
et al., 2022).The results of the PCA showed that the first two axes 
(Figure 1) explained 50.1% of the variance and segregated the below-
ground (PC1) and the above-ground (PC2) tree compartments. The 

first axis (PC1; hereinafter, fine root system) accounted for 27.5% 
of the variance and was defined by the root functional traits: the 
fine root diameter accounted for the highest loading factor (0.61), 
while the fine root branching accounted for the lowest loading 
factor (−0.59). This axis was represented in a gradient colour from 
brown to yellow, that is, from high fine root branching to high fine 
root diameter and fine root length. The second axis (PC2; herein-
after, crown health) accounted for 22.6% of the variance and was 
defined by the level of crown defoliation in combination with the leaf 
functional traits. The photosynthetic performance index (i.e. PiAbs) 
had the highest loading factor (0.41) and was positively correlated 
with the chlorophylls, while the total tocopherol pool had the lowest 
loading factor (−0.46) and was positively correlated with the defo-
liation and VAZ. The PC2 axis segregated the sampled holm oaks 
in a continuous gradient depending on the holm oak crown health 
(Figure 1). The holm oak crown health was represented using a col-
our gradient from red (i.e. high total tocopherols pool, VAZ and defo-
liation, characteristics that defined declining holm oaks) to blue (i.e. 
high chlorophylls and PiAbs, characteristics that defined the healthy 
holm oaks; Figure 1).

F I G U R E  1  Biplot of the principal component analysis showing the first two axes that represent the below-ground (root system) and the 
above-ground (crown health) tree compartments. The considered below-ground variables were: fine root branching, fine root length (cm) and 
fine root diameter (cm). The considered above-ground variables were: the photosynthetic performance index, chlorophylls (μmol m−2), the 
violaxanthin cycle pigment pool (i.e. VAZ mmol mol−1 Chl), the total tocopherol pool (mmol mol−1 Chl) and the defoliation (%). Healthy (n = 47), 
susceptible (n = 48) and declining (n = 34) holm oak trees are represented in blue, yellow and red respectively. Due to technical problems, some 
samples were not included in this analysis. Grey arrows indicated the contribution of the analysed variables. The linear combination of the 
analysed variables (PC1 and PC2) is represented in a colour gradient; from brown to yellow (PC1) and from red to blue (PC2).
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    |  5ENCINAS-VALERO et al.

2.3  |  Soil sampling

To account for the soil spatial heterogeneity, three different soil 
samples were collected below each of the 162 holm oak trees at a 
distance of 1 m from each trunk. The depth at which we collected 
the soil was determined by the depth where the shallowest holm 
oak fine root density peak was located. As we collected both the 
soil and the roots at the same depth, and this holm oak root depth 
was affected by the presence of the herbaceous root layer and 
historical land management practices (Moreno et al., 2005), we 
excavated until we reached the soil layer predominantly contain-
ing holm oak roots. This typically occurred at an average depth 
of 15 cm and generally did not exceed 30 cm. Then, the three soil 
subsamples were pooled in one single composite sample that was 
maintained at 4°C (12 h) until processing in the laboratory. These 
soil samples were then used to do soil chemical analyses and to 
quantify soil microbial functional genes. Specifically, for the soil 
chemical analyses, the 162 soil samples were dried at room tem-
perature (~20°C), sieved using a 2 mm mesh size and stored in 
darkness (cf. Section 2.4). Regarding the analysis of soil microbial 
functional genes, aliquots from the 162 soil samples were frozen 
at −20°C just upon arrival at the laboratory every day after sam-
pling and stored in darkness for approximately 1 month after sam-
pling, until DNA extraction (cf. Section 2.5).

2.4  |  Soil chemical analyses

Total organic carbon content (organic C) was determined using 
the dichromate oxidation method described by (Yeomans & 
Bremner, 1988). Total organic nitrogen (organic N) and organic 
phosphorus (organic P) contents were determined based on the 
Kjeldahl digestion method (Radojevic et al., 1999). The final re-
sults of organic P and N are the sum of organic and inorganic 
forms although the inorganic part in this determination is con-
sidered insignificant compared to the organic part of the soil. All 
the results were expressed as mg of organic C, N or P per 100 mg 
of soil (%). The ammonium determination was performed based 
on the modified Berthelot reaction (Krom, 1980; Searle, 1984), 
while the nitrate (NO2

−) and nitrite (NO3
−) contents were deter-

mined following the cadmium reduction method (Navone, 1964; 
Walinga et al., 1989). The mineral N was calculated as the sum 
of ammonium, nitrite and nitrate. The phosphate soil content was 
determined following the ammonium heptamolybdate and potas-
sium antimony oxide tartrate reaction in an acidic medium, using 
a phosphate solution to form the antimony-phospho-molybdate 
complex (Boltz & Mellon, 1948), while the potassium soil content 
was determined at 776 nm by aspirating the sample into a flame 
(Richards, 1954). The ammonium, nitrate, nitrite, phosphate and 
potassium results were expressed as ppm, μg g−1 of soil. The pH 
of the soil samples was measured through the saturated soil paste 
method (Kalra, 1995).

2.5  |  Soil microbial functional gene 
characterization

Soil DNA was extracted from each frozen soil aliquot (250 mg) using 
the DNAeasy PowerSoil Pro Kit (QIAGEN, Germany) and following 
the manufacturer's guidelines. Before the extraction, samples were 
washed twice in 120 mM of K2PO4 (pH = 8.0) to remove extracellular 
DNA (Kowalchuk et al., 2002). The amount of DNA was quantified 
on a ND-1000 spectrophotometer (Thermo-Scientific, Wilmington, 
DE).

The abundance, gene copy number relative to 16S, of the soil 
microbial functional genes, involved in the C, N, P and S cycles, were 
quantified through high-throughput quantitative PCR (HT-qPCR) by 
applying the nanofluidic qPCR BioMarkTM HD system developed 
by the Fluidigm Corporation (https:// www. fluid igm. com/ ). This sys-
tem performs qPCR reactions in a Dynamic Array IFC of integrated 
fluidic circuits and it was applied to the 162 soil DNA samples that 
corresponded to the 162 studied holm oak trees. A total of 71 val-
idated primer sets (Zheng et al., 2018) were used: 18 targeting C 
hydrolysis genes (i.e. genes involved in starch, hemicellulose, cel-
lulose, chitin, pectin and lignin degradation); 13 for the C fixation 
genes; 4 for the methane metabolism (i.e. methane oxidation); 22 
for the N cycling (i.e. genes involved in N fixation, nitrification, 
denitrification, ammonification, anaerobic ammonium oxidation, 
assimilatory and dissimilatory N reduction and organic N mineral-
ization); 9 for the P cycling genes (i.e. mineralization, solubilization, 
biosynthesis and hydrolysis of P); and 5 for the S cycling (i.e. S re-
duction and oxidation). The primer pairs and the encoded enzymes 
of the analysed soil microbial functional genes may be found in the 
electronic supplementary material published by (Zheng et al., 2018) 
and in Table S2. In addition, species-specific primers for the detec-
tion of Phytophthora spp were used (Table S3). All the samples were 
pre-amplified through specific Target Amplification STA-reactions 
with a pool of primers (250 nM) at 14 PCR cycles using the 12.12 
FLEXSix Dynamic Arrays IFC and exonuclease I (Thermo Scientific, 
Cat N. EN0582). These reactions were performed using the GE 
FLEXSix PCR + Melt ν2 protocol. For the amplification, the 1:10 
diluted STA reactions were loaded onto the 96.96 Dynamic Array 
IFC along with the Master Mix SsoFastTM EvaGreen® Supermix 
with Low ROX (Bio-Rad Laboratories, Redmond, WA), with a final 
primer concentration, both forward and reverse, of 250 nM. For the 
thermocycling, an initial denaturation at 95°C was considered for 
1 minute. Then, this process was followed by 30 cycles of 5 s at 96°C 
and 20s at 60°C followed by a melting curve (from 60°C to 95°C). 
Three technical replicates per sample were added. The Fluidigm 
Real-Time PCR Analysis Software (v. 4.1.3.) was used to quantify  
the cycle threshold (Cts) of the replicates. The Ct cut-off (i.e.  
detection limit) was established at 29 considering the highest Ct of 
the technical replicate samples and a standard deviation between 
replicates below 0.25. The detection of a specific gene in a sample 
was considered positive when two of three replicates were posi-
tive and below the Ct cut-off. The relative abundance of the genes 
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was expressed as a copy number relative to 16S (Looft et al., 2012; 
Zheng et al., 2018):

where 29 is the detection limit and Ct is the qPCR threshold cycle. 
Hence, the relative abundance assessed the presence and proportion 
of specific genes in the microbial community that increased or de-
creased (Zheng et al., 2018). From the 71 studied genes, 14 were not 
detected (Figure S2). The relative abundance of a non-detected gene in 
a sample was considered as being 0.

All the soil microbial functional genes analyses were conducted 
at the Gene Expression Unit of SGIker (University of the Basque 
Country UPV/EHU, Spain).

2.6  |  Statistical analyses

To estimate the effect of the tree health status (i.e. healthy, suscepti-
ble and declining) on the relative abundance of the soil microbial func-
tional genes, a first set of linear mixed effect models (LMEs) were run. 
The soil microbial functional genes data were transformed (logarithm 
or square-root) to meet normality and homoscedasticity assumptions 
and reduce the influence of outliers for model validation. The fixed 
part of the model included the health status while for the random part 
of the model, the site (i.e. healthy and unhealthy) was nested within 
dehesa to account for the among-sampling site variation. All final 
reported coefficients were estimated based on the restricted maxi-
mum likelihood method (REML) and ANOVA Type III (car R package; 
Fox & Weisberg, 2019) to deal with unbalanced design. Finally, con-
ditional coefficients of determination (i.e. variance explained by the 
entire model, R2

c) were calculated using the r.squaredGLMM func-
tion (Barton, 2020). When significant differences in the health status 
were found, least-square means tests based on Tukey's HSD were run 
(Lenth, 2020). Finally, normality and homoscedasticity assumptions 
of the residuals were checked using the Kolmogorov–Smirnov test, 
histogram and quantile–quantile plots. To represent the change in the 
relative abundance of the analysed soil microbial functional genes of 
the susceptible and declining holm oak trees relative to the healthy 
holm oak trees (Table S4), the estimated category means and p-values 
were extracted from the post-hoc tests (i.e. least-square means test 
based on Tukey's HSD). Hence, change relative to healthy trees (CRH) 
was calculated as follows:

where EMD and EMH are the estimated relative abundances of the 
analysed genes for the susceptible/declining (EMD) and healthy (EMH) 
trees respectively (Figure 2).

To analyse the relationship between the soil chemical anal-
yses and the different soil microbial functional genes a Spearman 

correlation matrix was performed (Figure 3) using the ‘rcorr’ func-
tion from the ‘Hmisc’ R package (Harrell, 2019).

The multidimensionality of the crown defoliation assessment 
and the leaf and root functional traits (cf. Section 2.2) was explored 
by computing principal component analysis (PCA). For this, the rda 
function from the vegan package was used (Oksanen et al., 2022). 
Based on the obtained results (Figure 1) the principal components 
1 (PC1; fine root system) and 2 (PC2; crown health) were used for 
further analyses. PC1 and PC2 axes were represented using a colour 
gradient (Figure 1) that went from yellow to brown in the case of 
PC1 (from more root diameter or positive PC1 values to more root 
branching or negative PC1 values). In the case of PC2, the colour 
gradient went from blue to red gradient (from healthier holm oaks 
or positive PC2 values to more declining holm oaks or negative PC2 
values).

In order to analyse the influence of the below-ground (PC1; fine 
root system) and the above-ground (PC2; crown health) tree com-
partments (cf. Section 2.2) on the soil microbial functional genes 
(i.e. our first hypothesis), a second set of linear mixed effect models 
(LMEs) were run. A similar structure with the one explained above 
was applied but this time using the soil microbial functional genes 
(i.e. response variable) and PC1/PC2 (i.e. explanatory variable) as 
fixed factor in the LMEs. The influence of the PC1/PC2 on the an-
alysed soil microbial functional genes (Table S5) is represented in 
Figure 4. Specifically, the PC1 (fine root system) and PC2 (crown 
health), increased or decreased the relative abundance of the ana-
lysed soil microbial functional genes. These tendencies were rep-
resented using the same colour gradient that was used for the PC1 
and PC2 (Figure 1) in the cycle step where the gene was involved 
(Figure 4). Hence, an increase in the relative abundance of a spe-
cific gene explained by the fine root branching (i.e. negative values 
of the PC1 represented from yellow to brown gradient) was repre-
sented using the same colour gradient (yellow to brown). Instead, an 
increase in the relative abundance of a functional gene explained by 
the loss of crown health (i.e. negative values of the PC2 represented 
from blue to red gradient) was represented using the same colour 
gradient (blue to red; Figure 4).

Finally, a structural equation model (SEM) was run to test the 
potential causal–effect relationships between the loss of crown 
health (i.e. PC2), the soil microbial functional genes involved in 
the soil biogeochemical cycles and the soil chemical variables 
(Figure 5). Briefly, our second hypothesis expected a potential 
tree–soil feedback through the soil microbial functional genes and 
chemistry. Specifically, SEM was built based on: (i) the influence 
of the soil chemistry on the crown health (i.e. PC2); (ii) the influ-
ence of the microbial functional genes involved in the inorganic 
phosphate solubilization, organic P transformation and phosphate 
transport mechanisms (i.e. gcd, pqqC, ppk, ppx, phnk, phoD, phoX) 
on the soil chemistry that affected the crown health (i.e. phosphate 
and organic P); (iii) the hypothesis that postulates that phospho-
rus mineralizing enzymes as phosphatases are directly dependent 
on mineral nitrogen, defined in the literature (Chen et al., 2020; 
Margalef et al., 2017) and (iv) the results obtained from our first 

GR = 10(29−Ct)∕(10∕3)

GRper 16S =
GRtarget gene

GR16S

CRH =
EMD − EMH

EMH
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    |  7ENCINAS-VALERO et al.

hypothesis that showed the effect of the crown health (PC2) on 
the soil microbial functional genes (Figure 4, Table S5). Thus, in 
order to meet the first two points (i.e. i and ii) multiple regres-
sion models were first performed (i.e. using LMEs and the same 
random effects explained before). Variables were logarithm or 
square-root transformed to meet the normality and homoscedas-
ticity assumptions or to reduce the influence of outliers. The best 
models were selected based on the stepwise AIC (Akaike infor-
mation criterion) method by using the stepAIC function from the 
MASS package (Venables & Ripley, 2002). To do so, the candidate 
models were adjusted by the maximum likelihood method (ML). 
Finally, the results of the best multiple regressions were adjusted 
by the restricted maximum likelihood method (REML) and the se-
lected explanatory variables were retained for use in SEM. SEM 
analyses were performed by using the psem function available 
from the piecewiseSEM package (Lefcheck, 2016). Several SEMs 
were run and the best was selected based on Fisher's C statistic 
(Lefcheck, 2016).

All statistical analyses were performed in R (R Core Team, 2020).

3  |  RESULTS

3.1  |  Soil nutrient differences among holm oak 
health status

Briefly, mineral N, nitrate, ammonium, phosphate, potassium and or-
ganic C were found to be significantly lower (48%, 65%, 35%, 56%, 
37% and 17% respectively) in susceptible and declining trees than in 
healthy trees (Figure S3).

3.2  |  Phytophthora spp detection

We quantified the relative abundance of each P. cinnamomi,  
P. quercina and Phytophthora spp. taxon ballota relative to oomycete 

F I G U R E  2  Scatter plot showing the changes (relative to the healthy holm oak trees, n = 54) in the analysed soil microbial functional genes of 
the susceptible (n = 59) and declining (n = 48) holm oak trees. Table S4. Due to technical problems, one sample was not included in this analysis 
The analysed microbial functional genes are arranged by their increase relative to healthy trees and by their role in the different biogeochemical 
cycles: carbon cycling, phosphorus cycling, nitrogen cycling and sulphur cycling. Change relative to healthy trees was calculated using the 
estimated mean of post-hoc tests from the LMEs for each health status. p-values, extracted from the pairwise differences in health status, are 
indicated from red (p-value = 0) to yellow (p-value ≤ 0.07).
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8  |    ENCINAS-VALERO et al.

abundance (Table S3). Phytophthora cinnamomi was detected in only 
four samples (i.e. 84, 85, 125 and 129). P. quercina and Phytophthora 
spp. taxon ballota were detected in higher proportions, although 
without a relationship with the health status of the trees (P. quercina, 
R2

c = 0.36; p-value > 0.1; Phytophthora spp. taxon ballota, R2
c = 0.16; 

p-value > 0.1).

3.3  |  Soil microbial functional gene differences 
among holm oak health status

The relative abundance of the genes involved in the carbon hydroly-
sis (iso-pullulanase, iso-plu and lignin peroxidase, lig) were signifi-
cantly higher in declining (iso_plu, 0.008 ± 0.003; lig, 0.225 ± 0.029) 
than in healthy trees (iso_plu, 0.003 ± 0.0007; lig, 0.225 ± 0.029, 
Figure 2, Table S4). The relative gene abundance for carbon fixa-
tion (i.e. ribulose-bisphosphate carboxylase, rbcL and S-malate-CoA 
transferase, smtA) was higher in declining trees (rbcL, 188.01 ± 17.36; 
smtA, 2.398 ± 0.200) than in the healthy trees (rbcL, 133.64 ± 10.16; 
smtA, 1.8027 ± 0.136, Figure 2, Table S4). The relative abundances of 
methane monooxygenase component α chain, mmoX; polyphosphate 
kinase, ppk and exopolyphosphatase, ppx genes were higher in de-
clining (mmoX, 0.530 ± 0.089; ppk 0.005 ± 0.0007; ppx, 2.498 ± 0.182) 
than in healthy trees (mmoX, 0.329 ± 0.050; ppk, 0.003 ± 0.0003; 
ppx, 2.047 ± 0.193, Figure 2, Table S4). In addition, the relative abun-
dance of alkaline phosphatase/Pho regulon, phoX was marginally 

higher (p = 0.06) in susceptible (0.098 ± 0.025) than in declining trees 
(0.056 ± 0.013, Table S4). Genes involved in the nitrogen cycle, am-
monia monooxygenase α subunit for archaea (amoA1) was signifi-
cantly higher in declining trees (233.067 ± 37.03) than in healthy one 
(139.12 ± 24.129, Figure 2, Table S4). In contrast, ammonia monooxy-
genase α subunit for bacteria (amoA2) was significantly higher (55%) 
in healthy trees (3.05 ± 0.48) than in declining trees (1.72 ± 0.42). 
Nitrogenase iron protein (nifH); glutamate dehydrogenase (gdhA), 
nitrous-oxide reductase (nosZ1/2) and nitrite reductase (nirS3) were 
significantly more abundant in declining (nifH, 31.01 ± 5.51; gdhA, 
80.94 ± 11.02; nosZ2, 5.52 ± 0.62; nirS3, 0.43 ± 0.02) than in healthy 
trees (nifH, 19.71 ± 4.44; gdhA, 55.35 ± 6.52; nosZ2, 4.39 ± 0.41; nirS3, 
0.35 ± 0.03, Table S4). Finally, nitrite oxidoreductase α subunit (nxrA) 
was significantly higher (p < 0.01) in the healthy (6.31 ± 1.19) trees than 
in susceptible (3.11 ± 0.58) and declining trees (4.05 ± 0.69, Figure 2, 
Table S4). Genes involved in the sulphur cycle (sulphite reductase β 
subunit, dsrB and adenosine-5′-phosphosulfate reductase α subunit, 
apsA) were significantly higher in declining (dsrB, 0.74 ± 0.24; apsA, 
0.39 ± 0.13) than in healthy trees (dsrB, 0.30 ± 0.07; apsA, 0.16 ± 0.04).

3.4  |  Relationship between soil microbial 
functional genes and soil chemical analysis

Overall, the genes that showed a higher relative abundance 
in the unhealthy than in the healthy sites (iso-plu, pgu, lig, rbcL, 

F I G U R E  3  Spearman's rank correlation matrix plot depicting the relationships between: (i) soil chemical analysis variables such as mineral N, 
nitrate, nitrite, ammonia, phosphate, potassium, organic C, organic N and organic P; and (ii) various microbial functional genes associated with 
biogeochemical cycles, including carbon cycling, phosphorus cycling, nitrogen cycling and sulphur cycling. Negative and positive correlations 
are represented in red and blue respectively. The strength of the correlations is denoted by dot size.

F I G U R E  4  Depiction of the second set of LMEs (Table S5). This figure shows how the different soil microbial functional genes, significantly 
increased (p < 0.05) as a function of the below-ground (fine root system) and above-ground (crown health) tree compartments (Figure 1) in each 
of the biogeochemical steps where they are involved in carbon hydrolysis (a), carbon fixation (b), methane metabolism (c), phosphorus cycling 
(d), nitrogen cycling (e) and sulphur cycling (f). This relationship is indicated by the used gradient colour that represents PC1/PC2 in Figure 1. 
Mild-coloured arrows indicated a marginally significant effect of the principal component (PC1/PC2) on the soil microbial functional genes 
(p ≤ 0.07). Instead, the black arrows indicated non-significant effects of the principal components on the analysed soil microbial functional 
genes. The non-detected genes are not shown. The representation of the biogeochemical cycles is based on the figures published in Zheng 
et al. (2018).
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10  |    ENCINAS-VALERO et al.

smtA, mmoX, ppk, ppx, nifH, amoA1, gdhA, nirS3, nosZ1, nosZ2, 
dsrB and apsA) were negatively correlated with the abundance 
of the different chemical forms of the different nutrients (ρ < 0,  
p-value < 0.05; Figure 3). In contrast, the genes that showed a 
higher relative abundance in the healthy than in the unhealthy sites 
(nxrA, amoA2 and mxaF) were positively correlated with the abun-
dance of the different chemical forms of the different nutrients  
analysed (Figure 3).

3.5  |  Influence of the 
below-ground and above-ground tree compartments 
on the microbial community

Figure 4 depicted how the different analysed soil microbial functional  
genes (relative abundance) significantly increased as a function of 
the fine root system (PC1) and crown health (PC2) (Figure 4) in each 
of the biogeochemical steps where they were involved. This was 

F I G U R E  5  Structural equation modelling (SEM) results. The path diagram shows a putative causal–effect relationship among soil functional 
genes involved in the nitrogen (nirS3) and phosphorus cycling (phoX, phoD, pqqC, ppx, phnk), the mineral N (μg g−1), phosphate (μg g−1), organic 
P (%) and crown health (PC2). Arrows indicate causal relationships, numbers indicate the standardized estimated regressions' weights and 
asterisks represent significant relationships (*p < 0.05; **p < 0.01; ***p < 0.001). Blue arrows indicate positive relationships while red arrows 
indicate negative relationships.
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assessed by the second sets of LMEs (Table S5, Figure 4). A decrease 
in PC1 led to an increase in the genes involved in mannan and cellu-
lose hydrolysis (β-mannanase, manB and exoglucanase, cex, Table S5, 
Figure 4a), as well as, fumarate reductase flavoprotein subunit, frdA 
(Figure 4b). Similarly, PC1 decrease significantly increased the meth-
ane/ammonia monooxygenase subunit A, pmoA, gene involved in 
the methane oxidation (Table S5, Figure 4c).

Regarding the influence of the crown health (PC2) on the soil 
microbial functional genes (Table S5, Figure 4), the genes involved 
in lignin (lig) and starch hydrolysis (iso-plu) significantly increased, 
while PC2 (crown health) decreased, (Table S5, Figure 4a). Fumarate 
reductase flavoprotein subunit (frdA), ATP-citrate lyase β subunit 
(aclB), the acetylpropionyl-CoA carboxylase (pccA) and the meth-
ane monooxygenase (mmoX) also increased, while PC2 decreased 
(Table S5, Figure 4b,c). In addition, the genes that were involved in 
the denitrification were also affected by the loss of crown health 
(PC2). Specifically, copper and haem-containing nitrite reduc-
tase (nirK1 and nirS3 respectively) significantly increased, while 
PC2 decreased (Table S5, Figure 4e). In the same way, the genes 
that were involved in the reduction of the nitrous oxide to nitro-
gen gas, were found to marginally increased, while PC2 decreased 
(nosZ2, p-value = 0.064). The gene involved in the nitrogen fixation 
(nifH) significantly increased, while PC2 decreased. With regard to 
the phosphorus cycling, the genes that codified the pyrroloquino-
line-quinone synthase (pqqC) and the exopolyphosphatase (ppx) 
significantly increased, while PC2 decreased (Table S5, Figure 4d). 
Finally, the genes associated with sulphur oxidation, including sul-
phur-oxidizing protein (soxY), sulphur oxidase (yedZ) and sulphite 
reductase β subunit (dsrB), showed a significant increase, while PC2 
decreased (Table S5, Figure 4f).

3.6  |  Holm oak decline triggered a feedback loop

Figure 5 illustrated hypothesized causal–effect relationships among 
the components involved in the feedback process triggered by holm 
oak decline. It also showed how alterations in the relative abundance 
of soil microbial functional genes regulated the availability of key 
soil nutrients, subsequently impacting holm oak crown health. (hy-
pothesis 2). Particularly, Figure 5 described the following intercon-
nected processes: (i) the loss of crown health led to an increase in 
soil functional genes associated with nitrogen and phosphorus cy-
cling (nirS3, ppx and pqqC; marked by red circles), (ii) abundances of 
these soil functional genes, in turn, affected the availability of min. 
N, phosphate, and organic P in the soil, (iii) changes in soil nutrient 
availability subsequently influenced crown health and (iv) mineral 
nitrogen affects phoD- and phoX-harbouring communities. The pro-
posed SEM provided a good fit as indicated by the Fisher's C statistic 
and p-value(χ2 = 32.26, p-value = 0.73). According to the results of 
this analysis (Figure 5), the phosphorus cycling was proposed to be 
the key biogeochemical cycle that determined the leaf health of the 
studied holm oak trees. This influence was mainly based on the neg-
ative and positive effects of organic P and phosphate on PC2 (the 

crown health) respectively (Figure 5). The soil microbial functional 
genes involved in the phosphorus cycling (pqqC and ppx, positively 
affected by PC2) had a negative effect on the organic P and phos-
phate concentration. In addition, a plausible relationship between 
nitrogen and phosphorus cycling through genes that codified alka-
line phosphatases (phoX and phoD) and the negative effect of the 
denitrifier communities (nirS3, positively affected by PC2) on the 
mineral N pool was shown (Figure 5).

4  |  DISCUSSION

According with our general hypothesis, our study described the re-
ciprocal relationship between the trees and soil in dehesas, encom-
passing critical aspects of holm oak health (i.e. early stress markers 
and defoliation triggered by drought and high temperatures) along 
with the biological (soil functional genes) and chemical (soil nutri-
ents) component of the soil. These relationships were characterized 
by a feedback loop, in which the result of the process (loss of crown 
health) favoured the conditions (i.e. net loss of phosphate and min-
eral N) that favour the onset of holm oak decline. Given that climate 
change-related events (i.e. drought and heatwaves) are acting as in-
citing factor for the decline of holm oak (Gea-Izquierdo et al., 2021; 
Sánchez-Cuesta et al., 2021), and considering the self-exacerbating 
nature of this feedback (Figure 5), its onset will inevitably result in 
the death of the tree unless appropriate measures are implemented 
(Rodríguez-Calcerrada et al., 2017). Below we describe the two di-
rections of causation and the mechanisms involved.

4.1  |  The loss of crown health affects the relative 
abundance of the soil microbial functional genes

Tree decline affects the soil abiotic and biotic environments under 
its influence (Curiel Yuste et al., 2019; Flores-Rentería et al., 2018; 
García-Angulo et al., 2020) having both direct (Solla et al., 2021) and 
indirect (Rodríguez et al., 2016) effects on the soil properties. The 
overall biological functioning of the soil system is affected (Curiel 
Yuste et al., 2019). In agreement with our first specific hypothesis, 
our results indicated that the onset of holm oak decline may po-
tentially influence specific biogeochemical processes including: 
denitrification, lignin and starch degradation, carbon fixation, in-
organic phosphorus solubilization and sulphite oxidation (Figure 4, 
Table S5). As observed here, changes in the soil abiotic environment, 
due to a reduction in the tree cover (i.e. increase in temperature 
and water content, reduction of organic matter and soil nutrients), 
have been directly associated with alterations in the abundance of 
nitrogen-transforming microorganisms (i.e. increases in NO2 associ-
ated with increases in nosZ; (Shvaleva et al., 2015; nitrifiers, García-
Angulo et al., 2020; or amoA-harbouring communities (Scarlett 
et al., 2020). In this study, denitrifiers (nirS3, nirK1 and nosZ2) and 
nitrogen fixation communities (nifH) were enhanced by the initial 
loss of crown health (Table S5, Figure 4). This contrasting result may 
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be partly explained by the polyphyletic distribution of denitrify-
ing genes and their co-occurrence with nitrogen fixation genes in 
many strains (Levy-Booth et al., 2014). In addition, nirS3- and nirK1-
harbouring communities were negatively correlated with the avail-
ability of mineral N, nitrate and ammonia (Figure 3). This suggested 
that these communities may be implicated in the loss of mineral ni-
trogen through denitrification. This phenomenon constitutes a net 
potential source of nitric oxide (NO) that could explain the depletion 
of mineral N under declining trees. In addition, full denitrification 
(i.e. N2O reduction to N2 by nosZ-harbouring communities) may be 
enhanced by the increase in soil water content as a result of the 
loss of tree cover (Ibañez et al., 2021; Rasche et al., 2011; Shvaleva 
et al., 2015) or tree decline (Corcobado et al., 2013; Rodríguez et al., 
2023), because the loss of leaves, the stomatal closure and the in-
ability of the tree to uptake soil water due to the pathogen root rot 
reduce evapotranspiration.

Concerning the rest of the affected biogeochemical cycles, this 
study also reported the presence of higher values of starch and lig-
nin-degrading genes (iso-plu and lig, Figure 4, Table S5) associated 
with the loss of crown health and early declining symptoms. This 
may be explained by an increasing presence of saprotrophs, wood 
degraders and/or tree pathogens, probably involved in the loss 
and degradation of necrotic fine roots in declining trees (Pinho 
et al., 2020; Solís-García et al., 2021). Also, the increase in soxY-, yedZ- 
and dsrB-harbouring communities (Figure 4, Table S5) indicated the 
presence of sulphur-oxidizing bacteria. Some of these bacteria have 
also the capacity to use oxidized nitrogen forms as terminal electron 
acceptors, resulting in denitrification under anaerobic conditions 
(Willey et al., 2008). Moreover, the increase in genes involved in the 
reverse tricarboxylic acid cycle (Campbell et al., 2003) in conjunc-
tion with 3-hydroxypropionate cycle (pccA) indicated an increase 
in carbon fixation potential. The reduction in soil carbon turnover 
due to holm oak decline (García-Angulo et al., 2020) may slightly fa-
vour microbial carbon fixation as a homoeostatic response to the 
progressive soil carbon depletion (Xiao et al., 2022). In addition, the 
higher relative abundance of pqqC- and ppx-harbouring communi-
ties also indicated the potential for inorganic P solubilization (Meng 
et al., 2022; Zheng et al., 2018). Overall, several implications arose 
from the increase in these functional genes, including their involve-
ment in soil nutrient loss, the increased occurrence of tree-damaging 
pathogens, the reduction of tree-derived carbohydrate inputs to soil 
and the increase in competition for soil resources between microbial 
communities and the tree.

4.2  |  Microbial-induced changes in nutrient cycling 
regulate tree health

According to our second specific hypothesis, the obtained re-
sults suggested potential changes in the soil microbial functional 
genes that may be directly related to changes in soil nutrient cy-
cling (Figure 3), ultimately affecting the availability of soil nutrients 
(Figure 5), essential for crown health. Soil microbial communities 

may support or constrain tree performance under stress through 
the modulation of soil nutrients (Smith et al., 2015). In this sense, 
nirS3-harbouring communities were enhanced by the loss of crown 
health and had a negative effect on mineral N (Figure 5). Thus, it 
is likely that nirS-harbouring communities may partly consume ni-
trogen mineral forms, resulting in nitrogen loss through gas emis-
sions under declining holm oaks. This will further reduce nitrogen 
availability for plants and other bacterial communities (Lennon & 
Houlton, 2017). The unavailability of nitrogen has been described to 
be responsible for the downregulation of phosphorus cycling rates, 
in the short term (Chen et al., 2020). This is because, under phospho-
rus limitation, phosphorus mineralizing enzymes as phosphatases 
are N-rich enzymes directly dependent on mineral nitrogen (Chen 
et al., 2020; Margalef et al., 2017; Marklein & Houlton, 2012), and its 
absence promotes the accumulation of organic P and the decrease in 
phosphates, becoming the limiting factor for holm oak growth (Avila 
et al., 2016). In agreement with this idea, SEM (Figure 5) described 
how both mineral N shaped phoD- and phoX-harbouring communi-
ties, responsible for hydrolysing carbon–phosphorus ester bonds to 
phosphate under phosphorus shortage (Ragot et al., 2017). Hence, 
the shortage of mineral N might have been responsible, at least par-
tially, for the phosphate depletion observed under declining trees 
and for the further effect on early stress markers associated with 
the loss of crown health and early tree decline (PC2, Figure 5). As 
in previous studies, the obtained results highlighted the role of or-
ganic P and phosphate in holm oak health (Avila et al., 2016; Sardans 
et al., 2004) and indicated that the unavailability of phosphate may 
have increased early stress markers associated with the loss crown 
health. In this regard, phosphorus limitation has been reported to 
reduce holm oak biomass (Sardans et al., 2004) and water use ef-
ficiency, resulting in faster leaf senescence (El-Madany et al., 2021). 
In contrast, organic P abundance showed a negative effect on PC2 
(Figure 5) in agreement with a previous study that reported a nega-
tive effect in the physiology of leaves in P. cinnamomi-infected holm 
oak when an organic fertilizer at high dose was applied (López-
Sánchez et al., 2022).

The results of the SEM further illustrated alternative meta-
bolic paths involving the use and dynamics of inorganic forms of 
phosphorus directly regulated by microbial communities (i.e. pqqC 
and ppx, Figure 5). In the case of pqqC- and ppx-harbouring com-
munities, responsible for inorganic P mobilization (Bi et al., 2019; 
Wu et al., 2022), they both increased, while crown health (PC2) 
decreased (Figures 4 and 5, Table S5). While ppx genes encode en-
zymes involved in bacterial intracellular polyphosphate degrada-
tion, pqqC-harbouring communities promote the solubilization of 
the recalcitrant phosphorus-metal complex by producing organic 
acids (Hwangbo et al., 2003). While it might be presumed that these 
communities increase the phosphorus availability for the trees (Wu 
et al., 2022), we observed a negative relationship with the soil phos-
phate concentrations. In this sense, studies under controlled and 
field conditions have shown inconsistent effects concerning plant 
performance and inorganic phosphorus solubilization by microor-
ganisms (Meyer et al., 2019). This is because soil characteristics (i.e. 
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phosphorus, organic C, nitrogen shortage, pH and soil texture) may 
affect the functioning and effectiveness of the pqqC- and ppx-har-
bouring communities to solubilize available phosphorus for tree 
uptake (Raymond et al., 2020). Thus, we suggest that these com-
munities might be potential competitors for the available phosphate 
with the tree (Raymond et al., 2020), since inorganic P solubilization 
is an energy-demanding metabolic path rather unlikely to increase 
under the low organic C availability of these soils and at intense 
competence with other microorganisms (Meyer et al., 2019). In any 
case, the results of this study pointed out pqqC- and ppx-harbouring 
communities as potential key regulators of the phosphorus cycle in 
dehesa ecosystems.

4.3  |  Final remarks and conclusions

Our study provided new insight into the Spanish dehesa function-
ing and the tree–soil feedback stablished between crown health, 
soil functional genes and soil chemistry in soil layers dominated 
by holm oak roots. This study further showed a potential plant–
soil feedback loop in which soil microbiome played a central role 
determining tree health. The significant adjustments in the func-
tioning of the soil microbial communities at the early stages of 
tree decline promoted metabolic paths responsible for losing key 
soil nutrients for tree consumption. This could further result in a 
loss of dominance of oak trees in declining areas (Gómez-Aparicio 
et al., 2017). Although numerous studies focus on the unidirec-
tionality of this process (either plant affecting soil or vice versa), 
we here described the bi-directionality of the causal–effect plant–
soil relations as a more plausible way to explain the observed 
trends of holm oak decline. Factors that affect one component 
of the feedback (plant or soil) will inexorably affect the other and 
will potentially boost holm oak decline. Since dehesas are human-
shaped ecosystems, it is likely that the process begins with soil 
disturbance. Identifying the factors that drive this feedback loop, 
(i.e. loss of nutrients), would be of paramount importance in order 
to prevent holm oak decline. Land management practices that fa-
vour well-drained soils (Ruiz Gómez et al., 2019), transfer soil from 
healthy trees to affected ones (Bezemer et al., 2020), or promote 
the inoculation of Trichoderma spp and other beneficial microbes 
(Ruíz-Gómez et al., 2019) can potentially reduce the presence of 
predisposing factors such as Phytophthora spp and thereby break 
down this declining feedback loop.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table S1. Mean and standard error of the defoliation and the early 
stress markers (i.e. photosynthetic performance index, chlorophylls, 
VAZ and total tocopherol) for each health status: healthy, susceptible 
and declining.
Table S2. Abbreviation of the soil microbial functional gene and 
encoded enzyme used in this study.
Table S3. Species-specific primers used in this study to detect the 
presence of Phytophthora spp-induced holm oak decline.
Table S4. Results of the first set of linear mixed-effect models (LMEs) 
that show the relative abundance of the soil microbial functional 
genes as a function of the health status (i.e. healthy, susceptible and 
declining).
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Table S5. Results of the linear mixed-effect models (LMEs) in 
which the functional-gene relative abundance of the different 
biogeochemical cycles: carbon cycling (carbon hydrolysis, carbon 
fixation, methane metabolism), phosphorus cycling, nitrogen cycling 
and sulfur cycling were fitted as a function of belowground and 
aboveground tree compartment.
Figure S1. Panel A; Depiction of the land use and management of the 
studied dehesas.
Figure S2. Heatmap analyses of gen abundance relative to the 16S 
rRNA gene.
Figure S3. Scatter plot showing the change in the soil chemical 

properties of the susceptible and declining holm oak trees relative 
to the healthy holm oak trees.
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