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Abstract

Dehesa is a unique ecosystem that integrates trees, livestock, and pastures, balancing agropastoral production with
sustainability. Despite its biological richness and the significant ecosystem services it provides, in recent decades, it has ex-
perienced a decline in tree vitality, density, and cover, mainly due to the decline of the holm oak (Quercus ilex). This study
investigated the relationship between herbaceous plant diversity, environmental factors, and the health status of holm oaks
in dehesas in the northern part of Córdoba province and the Huelva region. Herbaceous biodiversity under the oak canopy
was analyzed at different scales, identifying patterns associated with climate and sampling orientation. Additionally, this
project aimed to quantify the effect of tree health on herbaceous plants, as well as possible interactions with soil biotic agents
like Phytophthora cinnamomi. Alpha diversity was evaluated using Shannon and Simpson indices, species richness, and bio-
mass under the canopy of Q. ilex in north and south orientations. Sampling orientation and soil clay content appeared to be
significant variables in herbaceous richness. The highest biomass values were observed in trees with over 90 % defoliation.
A significant correlation was found between the presence of P. cinnamomi and the decrease in herbaceous biodiversity, with
a greater impact observed in the Huelva region, possibly due to climatic differences between the two regions studied.

Keywords: forest decline • herbaceous diversity • oak woodland • Phytophthora cinnamomi.

Resumen

La dehesa es un ecosistema único que integra árboles, ganado y pastos, compatibilizando la producción agropasto-
ral con la sostenibilidad. A pesar de su riqueza biológica y los importantes servicios ecosistémicos que proporciona, en las
últimas décadas ha experimentado una disminución en la vitalidad, densidad y cobertura arbórea, principalmente debido
al decaimiento de la encina (Quercus ilex). El presente estudio investigó la relación entre la diversidad de plantas herbáce-
as, los factores ambientales y el estado de la encina en dehesas del Norte de la Provincia de Córdoba y la región de Huel-
va. Se analizó la biodiversidad herbácea debajo de la copa de la encina a diferentes escalas, identificando patrones asocia-
dos con el clima y la orientación del muestreo. Además, este proyecto tuvo como objetivo cuantificar el efecto del estado
fitosanitario de los árboles sobre las plantas herbáceas, así como la posible interacción con la presencia de agentes bióti-
cos del suelo como Phytophthora cinnamomi. 

Se evaluó la α-diversidad utilizando índices de Shannon y Simpson, la riqueza de especies y la biomasa bajo la copa
de Q. ilex en orientaciones norte y sur. Se observó que la orientación de muestreo y la cantidad de arcilla del suelo pare-
cen ser variables importantes en cuanto a la riqueza de herbáceas. Los valores más altos de biomasa se observaron en ár-
boles con defoliación superior al 90 %. Se encontró una correlación significativa entre la presencia de P. cinnamomi y la
disminución de la biodiversidad herbácea, con un impacto mayor en la región de Huelva, posiblemente debido a las dife-
rencias climáticas entre las dos regiones investigadas. 

Palabras claves: decaimiento forestal • diversidad herbácea • encinar • Phytophthora cinnamomi.
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1. Introducción

Global change, driven by climate change, land use, and invasive species, threa-
tens many ecosystems worldwide (Ruiz-Gómez et al., 2019). Among the impacted
systems are the Mediterranean agroforestry landscapes and native forests of the
Iberian Peninsula, known as dehesas (Ruiz-Gómez et al., 2019). These valuable,
multifunctional woodlands—largely shaped by agro-pastoral practices—feature a
tree layer dominated by sclerophyllous holm and cork oaks (Quercus ilex L. and
Quercus suber L.), characterized by low canopy cover and a drought-resistant struc-
ture (Rey et al., 2023). One of Europe's richest dehesa regions spans northwestern
Andalusía, extending from the Sierra Morena in Jaén and the Los Pedroches Valley
in Córdoba to the Andévalo region in Huelva (Acebes et al., 2016; Joffre et al.,
1988). The land use of this open savanna-like woodland is mostly destined to the
multiple agrosilvopastoral utilization, where livestock rearing, agriculture, cork har-
vesting, forestry and hunting are combine (Hearn & Llorente, 2024). Ecologically,
grazing plays a crucial role as well, helping maintain the distinctive structure and
composition of the vegetation (Peco et al., 2005).

Holm oak dominates the tree layer in these ecosystems, covering more than a
half of Andalusian dehesa areas as the sole specie (Rey et al., 2023). This shade-pro-
viding evergreen tree, with its broad, dense crowns, fosters a favorable microclima-
te beneath its canopy, essential during the hot, dry summers (Madrigal et al., 2008).
Typical dehesa landscapes include herbaceous pastures with few shrubs, adapted to
low soil fertility, hot summers, and mild, wet winters (Bélair et al., 2010; Ruiz-
Gómez et al., 2019a). Tree shading protects grasses in nutrient-poor soils by inter-
cepting sunlight, reducing soil evaporation, and minimizing wind drying, which co-
llectively enhances biodiversity under each tree (Bélair et al., 2010). Global change
poses a significant threat to biodiversity and human welfare, stemming from the
interaction between Earth's biogeophysical systems and human activities (Menon et
al., 2007). Key drivers of biodiversity loss include land-use changes, intensifying cli-
mate conditions, and the introduction of invasive species (Gallardo et al., 2017,
2019; Trumbore et al., 2015).

While often equated with climate change, global change encompasses various
environmental impacts, such as rising temperatures, increased CO2 levels, extreme
weather events, and the introduction and spread of invasive species (Zimmerer,
2010). The Mediterranean basin, a global biodiversity hotspot (Médail & Quezél,
1999), faces threats from droughts, invasive species, and overexploitation, primarily
driven by global change (Lionello & Scarascia, 2018). One significant threat to de-
hesa sustainability is Phytophthora cinnamomi, a soil-borne plant pathogen that af-
fects holm oaks (Ruiz-Gómez et al., 2019b). Its spread is linked to increased global
trade and inadequate phytosanitary controls, compounded by climate change, which
leads to longer droughts and flooding, creating favorable conditions for the patho-
gen (Ruiz-Gómez et al., 2019; Sena et al., 2018). Interaction between biotic and
abiotic stressors exacerbates oak decline, with studies showing that holm oaks are
more vulnerable to drought when infected by this pathogen (Corcobado et al., 2014).
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Symptoms of this decline include crown transparency, directly impacting the trees'
ability to provide shade (Navarro-Cerrillo et al., 2019; Navarro-Cerrillo et al., 2001).

The primary aim of this research is to characterize and analyze the biodiversity
patterns of herbaceous vegetation within Mediterranean scattered oak woodlands,
known as dehesas, in relation to environmental factors, tree size, and phytosanitary
condition. The project includes several sub-objectives:

1. To characterize herbaceous plant biodiversity in dehesas across various sca-
les—regional, plot, and tree—by identifying key patterns in relation to clima-
tic conditions, soil characteristics, topography, tree size, and aspect.

2. To assess the impact of tree phytosanitary status, particularly defoliation, on
herbaceous plant biodiversity and to explore potential interactions with bio-
tic agents, including Phytophthora cinnamomi.

2. Materials and Methods

2.1. Study area and Experimental design

The study area encompasses typical Mediterranean scattered oak woodlands
(dehesas) across two contrasting climates in Andalusia, southern Spain: Los Pedro-
ches Valley in Córdoba and Sierra de Aracena in Huelva (Figure 1). These plots
were selected to represent the biogeographic and climatic diversity of southern Spa-
nish dehesas. 
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Los Pedroches Valley features a continental Mediterranean climate with exten-
sive pastures primarily for livestock, where topography restricts land use to pasture
and forest management. This region lies at altitudes around 700 m, with soils pre-
dominantly composed of psamments, regosols, and cambisols, resulting from gra-
nite batholiths and characterized by acidic pH values. In contrast, Sierra de Arace-
na, marking the southwestern edge of Sierra Morena, showcases gentle hills and low
valleys, with some peaks exceeding 1000 m. Soils here are also predominantly aci-
dic, composed of metamorphic materials. The climate is influenced by Atlantic
winds, yielding a milder, humid coastal Mediterranean climate with substantial rain-
fall, especially in autumn and spring.  Both regions experience concentrated rainfall
during cooler months, followed by a long summer drought and high evapotranspi-
ration, supporting mainly annual therophytes that germinate in autumn and survive
as seeds through drought.

Twenty plots dominated by Quercus ilex were selected for the study, from the
plots of the “Red Andaluza de Seguimiento de Daños sobre Ecosistemas Forestales”,
hereinafter the SEDA Network (Figure 1). The SEDA Network is a monitoring pro-
gram, established in Andalusia (Spain) as part of the European network of monito-

Figure 1. Location of the study plots in Los Pedroches Valley (CO) and Aracena Mountains (HU). The
dots indicate the location of selected plots: red dots = plots with presence of holm oak decline symptoms;
blue dots = plots with absence of holm oak decline symptoms. CRS: ETRS89 UTM 30N



ring plots (ICP Forest Level I regional network; Servicio de Ordenación y Defensa
de los Recursos Forestales, 2006). The SEDA Network consists of systematic grid
of an 8 x 8 km covering the whole region, with plots situated at the intersections
where forest occur. Each plot spans a radius of 50 m where 24 trees are randomly
selected (Figure 2) and monitored annually on health status (i.e., defoliation, crown
discoloration, damage levels, and the presence of biotic and abiotic agents) and eve-
ry 5 years on tree growth. The data are publicly available at https://portalrediam.cica.
es/descargas (last consulted on February 26th 2024).
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Figure 2. An example of a Phytophthora cinnamomi-infected plot (red trees). In infected plots, three
symptomatic and three asymptomatic trees were selected. In non-declining plots, trees were randomly cho-
sen from 24 monitored trees. Red trees represent infected, green ones are healthy trees, and grey trees not
selected but monitored by the SEDA Network. Quadrats of 0.25 m2 were used for herbaceous plant sam-
pling. Quadrats were placed on the northern and southern orientation of each surveyed tree, always at the
edge of the crown projection (the transition zone between the tree canopy and open land). Abbreviations:
N = North; 50 m = the plot radius.
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For our experimental design 20 plots were selected from the plots monitored by
the SEDA, 10 in Los Pedroches Valley (CO) and another 10 in Sierra de Aracena
(HU). Five plots of each region (5 in HU and 5 in CO regions, 10 in total) were se-
lected as “Pc presence” plots among those exhibiting a positive diagnosis of
Phytophthora cinnamomi following the available data on the SEDA network data-
base. The rest of plots were selected among those without positive diagnosis of P.
cinnamomi and absence of the main pathogens affecting holm oak dehesas, inclu-
ding the T8 code agent (Unknow agent), and considered as “Pc absence” following
the available data on the SEDA network database (https://www.juntadeandalucia.
es/medioambiente/).

Of these 24 monitored trees, we randomly selected 6 per plot, totaling 120 trees.
In non-infected plots, trees were chosen randomly from the 24 individuals. For in-
fected plots, the selection was adjusted to include a range of defoliation levels. Trees
were classified into high-defoliated and low-defoliated categories based on the plo-
t's overall condition, with three trees randomly selected from each subgroup (Figu-
re 2). 

2.2. Plot sampling and data collection

The plots were visited in spring, from March 2021, up to May 2021, to coinci-
de with the maximum flowering period of the main herbaceous species flowering in
spring and commonly distributed in these latitudes (Peco et al., 2005) or each tree
selected in the plot, the following information was collected: tree height, diameter
at breast height (DBH), canopy diameter (in the N-S and W-E orientation) using the
standard dasometric methods. The phytosanitary status of the tree was characteri-
zed with an estimate of defoliation percentage (between 0 and 100) by comparison
with a local “reference tree”, according to the intercalibration at the national level
(Lorenz, 1995; Sánchez Peña, et al., 2010). Percentages were then transformed into
five defoliation classes (level 0 = < 10 % of crown defoliation, level 1 = 11 - 25 %
of crown defoliation, level 2 = 26 - 60 % of crown defoliation, level 3 = 61 - 90 %
of crown defoliation and level 4 = > 90 % of crown defoliation). Two samples of her-
baceous plants were collected from each tree corresponding to the area in a quadrat
of 0.25 m2, one placed at north orientation and other to the south regarding the
trunk base, in the transition zone of the tree crown projection boundary. This step
involved removing all aboveground herbaceous vegetation, and subsequent categori-
zing them into functional groups, families, and (morpho-) species based on their mor-
phological features. After oven drying the dry mass of every separated (morpho-) spe-
cies was measured. The herbaceous alpha diversity was examined through
measurement of Shannon- and Simpson indices, biomass and (morpho-) species
richness. 

2.3. Alpha herbaceous biodiversity indices

To evaluate herbaceous diversity within the plots, species richness was measu-
red as the count of distinct (morpho-) species in each subsample. The morpho-spe-
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cies were identified as the set of individuals with similar characteristics that were
unable to differentiate between them as different species or varieties. Additionally,
two commonly used alpha diversity indices were calculated, incorporating the rela-
tive abundance of each species based on dry biomass. 

Simpson index (Dsim) was calculated as (He & Hu, 2005):

Dsim =  Σ (n i(n i – 1))
Where:

S – the number of species
ni – the abundance of the nth species
N – the total abundance of each specie
Shannon index (H) was calculated following the expression (Zeleny, 2021):

H = –Σ (Pi(lnPi))
Where:

S – the number of species
Pi – the proportion of the ith species

Both diversity indices values were calculated with “vegan” package (Oksanen 
et al., 2022) in R 4.3.2 (R Core Team, 2023). 

Additionally, species richness was measured as the count of distinct (morpho-)
species in each sample. The calculation of the two alpha diversity indices was based
on the relative abundance of each species using dry biomass.

2.4. Data Analysis and Software

Prior to statistical analyses, normality and homoscedasticity of studied variables
were tested using the Anderson-Darling test and the Levene test, establishing a level
of probability to reject null hypothesis in 5 % (p = 0.05). Variables which did not fit
normal distribution were log-transformed to perform parametric tests. To conduct the
univariate analysis, ANOVA was performed for each dependent variable (biomass,
richness, and Shannon and Simpson diversity indices) in relation to environmental
characteristics and tree data. The interaction between different factors, and the size
of effects when more than 1 factor sowed significant differences over a dependent
variable, was evaluated through a Two-way ANOVA accompanied by Eta-squared
(η2) test. The log-transformed variables were used when the dependent variable
showed non-normal distribution. To reject null hypotheses, the probability of error
was established in p = 0.05. Means showing probability levels between 0.05 and 0.1
(0.1 > p > 0.05) were considered marginally different. For the multivariate analysis,
multi-model inference was utilized based on GLMMs. The error terms of diversity

i=1

S

N (N – 1)i–1

S
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and biomass was implemented with a normal distribution (LMM) while richness was
modelled with a Poisson distribution. The plot ID was included as a random effect
in the model to account for pseudo replication (quadrats within each plot). For each
response variable, we modelled separately the relation with environmental and tree
variables. Then, we selected the variable in the best model for each group (lowest
AIC) to construct the final model. Multimodel inference was used to estimate regres-
sion coefficients and their adjusted standard error within the best model subset (i.e.,
the conditional average for models having delta AIC < 4). Data analysis and graphs
were carried out with Microsoft Excel 2019 (Microsoft Corp., Redmond, USA) and
the statistical programming language R 4.0.2 (R Core Team, 2020).

3. Results

Results showed that there were no significant differences in the richness of her-
baceous communities at the morphospecies level beneath the holm oak canopy bet-
ween the two studied regions. However, the southern aspect of the quadrat and soil
clay content appear to be the most important variables associated with species rich-
ness (Table 1).

Furthermore, our analysis revealed that there were pronounced differences in
herbaceous biomass between individual plots throughout the study area, despite the
uniformity of the tree species present. The Figure 3 highlights these differences, sho-
wing marked variation in biomass between single plots (CO and HU) across the
study area.

Table 1. Average coefficients of the multimodel selection for multivariate analysis, explaining herbace-
ous species richness with environmental variables, plot variables. Only the best models are shown. The
p-values numbers marked with asterisks indicate numbers that are significant on the 95 % confidence
limit.                                                                                                 

Abbreviations: arc = soil clay content.

Estimate Std. Error Adjusted SE 2 value Pr()

environmental variables

(Intercepted) 2.29 0.16 0.17 13.88 0.00*

arc 0.20 0.09 0.09 2.31 0.02*

plot variables

(Intercepted) 2.30 0.11 0.11 20.31 0.00*

arc 0.11 0.04 0.04 2.74 0.01*
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Moreover, our results demonstrated a significant correlation between the presen-
ce of Phytophthora cinnamomi and a decline in biodiversity of herbaceous plants.
The presence of the oomycete was associated with a more pronounced reduction in
biodiversity in the Huelva region compared to the Los Pedroches Valley, as reflec-
ted by sharper declines in both Shannon and Simpson diversity indices (Figure 4).

Figure 3. The boxplot illustrates the herbaceous biomass values (expressed in grams) within each plot in
the Los Pedroches Valley (plot codes beginning with CO10XX on the x axis) and in the Sierra de Arace-
na (plot codes beginning with HU10XX on the x axis). The rectangular boxes display the range where most
of the biomass values are concentrated, with the line inside the box indicating the median biomass. The
whiskers extend to represent smaller and larger values that are not considered extreme, while any points
outside the whiskers are plotted as outliers. This visualization provides insights into the variability and cen-
tral tendency of herbaceous biomass among the sampled plots. Pronounced differences in biomass can be
observed across individual plots throughout the study area, likely due to the unique tree characteristics and
microscale environmental factors in each plot. These microscale variations—such as tree age, canopy
structure, and localized soil conditions—appear to significantly influence herbaceous biomass levels, un-
derscoring the importance of plot-specific factors beyond species uniformity. 
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When interactions between location and presence of P. cinnamomi were evalua-
ted by province, both biodiversity indices presented high significant differences for
the province of Huelva but not for Córdoba (Table 2 and Table 3).

Table 2. Size effects comparison between province (region) and presence of P. cinnamomi (Pc) in the Two-
way ANOVA model for Shannon and Simpson indices. η2 represents the square of the proportion of va-
riance explained by each factor and by the interaction between them. F and p value corresponds to the Two-
way analysis.

Tabla 3. |  Results of the statistical analysis (ANOVA) of diversity variables regarding P. cinnamomi pre-
sence in the plots in the Los Pedroches Valley (CO) and in the Sierra de Aracena (HU).

Region

Pc presence

Region: Pc

ηη2

0.083

0.025

0.005

Shannon Div. Simpson Div.

Figure 4. Influence of Phytophthora cinnamomi (Pc) presence on Shannon index (A) and Simpson index
(B) in the Los Pedroches Valley (CO, black dots) and Sierra de Aracena (HU, grey triangles). Pc = Phytoph-
thora cinnamomi. 

F

20.453

6.089

1.358

p

<0.001

<0.05

0.245

ηη2

0.080

0.015

0.007

F

19.261

3.732

1.867

p

<0.001

0.054

0.173

HU

CO

Shannon Div. Simpson Div.

F

8.073

0.574

p

<0.01

0.451

F

8.584

0.065

p

<0.01

0.800



4. Discussion

Mediterranean dehesas, a unique agroforestry ecosystem, are known for their
high herbaceous diversity. Despite this, the drivers shaping this plant variety and the
intricate interactions between the herbaceous layer, tree layer, and environmental
gradients are not well understood. To explore these patterns, we studied alpha bio-
diversity of the herbaceous layer in holm oak dehesas, focusing on spatial scales and
environmental factors. Our findings indicate that the soil clay content and the sou-
thern exposition of the tree crown primarily determine the herbaceous plant richness,
while tree characteristics in each plot influence herbaceous plant biomass. In this
work we hypothesized, that there is a relationship between the presence of Phytoph-
thora cinnamomi and the biodiversity of herbaceous plants beneath the Quercus ilex
canopy in different dehesa stands in southwestern Spain. Our study confirmed that
there is a correlation between presence of the oomycete and biodiversity decay.

The multivariate analysis identified quadrat aspect and soil clay content as the
most important variables associated with species richness. Specifically, the species
richness was marginally higher on the southern aspect of the tree. This relationship
is likely influenced by the south-facing exposure’s greater solar radiation, which
may enhance growing conditions for certain herbaceous and shrub species. Moreo-
ver, in semi-arid dehesas ecosystem, higher clay content can help moisture retaina-
ge by the higher water holding capacity of clay (González González et al., 2012).
This capacity for moisture retention is particularly beneficial in semi-arid environ-
ments, where water availability is often limited. Thus, clay-rich soils not only sup-
port greater species richness but may also help stabilize plant communities under
drought-prone conditions, making soil composition an important factor in sustaining
biodiversity within these ecosystems.

Presumably the high biomass variability between the studied plots implies the
importance of microscale environmental factors unique for each plot and as well tree
characteristics. The variability in herbaceous biomass beneath the trees of the same
species suggests that individual tree characteristics—such as its age, size, phytosa-
nitary state, defoliation level, and genetic differences—play a critical role in deter-
mining herbaceous biomass levels. This indicates that even within a homogeneous
species context, intrinsic factors can lead to significant differences in biomass ac-
cumulation, emphasizing the importance of considering individual tree traits in eco-
logical studies. Differences between single trees, may influence the overall-plot cha-
racteristics, contributing to the fluctuations in biomass, and highlighting the
complexity of the interactions between these variables and their impact on the ove-
rall ecosystem. Moreover, microscale environmental conditions within each plot—
such as soil nutrient availability, moisture levels, light penetration, and microtopo-
graphy—can vary significantly even over short distances and appear to play a crucial
role in shaping biomass levels. Studies conducted by Chesson (2000) and Levins
(1979) demonstrated that plant communities frequently display spatial heteroge-
neity, with species composition and abundance varying across different microsites
within a plot, supporting the idea that localized differences in conditions could drive
variability in biomass across our study area.
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In this work we hypothesized that there is a relationship between the presence
of Phytophthora cinnamomi and the biodiversity of herbaceous plants beneath the
Quercus ilex canopy in different dehesa stands in southwestern Spain. Our study
confirmed that there is a positive correlation between presence of the oomycete and
the herbaceous biodiversity decay. The presence of P. cinnamomi affects more the
biodiversity in the region of Huelva than in the Los Pedroches Valley, with the η2
values showing stronger effects for the factor province in both Shannon and Simp-
son indices. One possible factor related with this difference might be the different
precipitation pattern between the two investigated areas. The region of Huelva is cha-
racterized by considerably higher annual precipitation, than the Córdoba region. In-
tense rainfall creates favourable conditions for life cycle of Phytophthora cinnamo-
mi. Its dispersion is determined by soil moisture, which affects microbial motility
and in forward motion of the zoospores (Ruiz-Gómez et al., 2019), supporting the
hypothesis of the existence of possible direct effects of P. cinnamomi over the most
susceptible herbaceous species. While this study does not aim to comprehensively
identify all the causes behind the emergence of P. cinnamomi, the patterns of inten-
se rainfall in the Huelva region align with existing knowledge about conditions fa-
vorable for its development (Homet et al., 2019). Other factors, such as soil charac-
teristics or the historical management of the dehesa, may also play a role.

The presence of P. cinnamomi affects herbaceous biodiversity by creating stress
conditions in susceptible plants, possibly due to root damage or competition for re-
sources in infected soils (Hardham & Blackman, 2018). These changes could lead
to the exclusion of more sensitive species, reducing local biodiversity. However, the
presence of P. cinnamomi primarily affects woody perennials, leading to their decli-
ne and altering community structure, this degradation can indirectly stress herbace-
ous biodiversity by reducing plant biomass, ultimately impacting the capacity of
infested sites to support dependent biota (Wills, 1993). In addition, the plots in the
north of Córdoba presented significantly lower Shannon’s index than the dehesas of
Huelva, so it could be another factor to explain the stronger effect of the P. cinna-
momi presence on biodiversity in the Huelva region as in the Los Pedroches Valley.
In the region with less initial biodiversity, the effect could be softer.

5. Conclusions

Our findings underscore the critical roles of quadrat aspect and soil clay content
in influencing species richness within semi-arid dehesa ecosystems. Specifically, the
slight increase in species richness on the southern aspect of trees suggests that en-
hanced solar exposure fosters favorable conditions for certain herbaceous and shrub
species. Furthermore, high clay content in soils emerges as a key factor in moistu-
re retention, which is particularly beneficial in drought-prone environments by pro-
viding a stable water source that supports greater biodiversity. These results em-
phasize the need to consider both microclimatic factors and soil properties in
conservation and management strategies for dehesa ecosystems. By focusing on
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these elements, it may be possible to reinforce ecosystem resilience and maintain
biodiversity in the face of increasingly arid conditions.

The notable variability in biomass between studied plots likely highlights the sig-
nificant influence of the localized differences in conditions of the single plot- as well
as tree-specific traits. Even in plots with the same tree species, individual characte-
ristics can lead to marked differences in herbaceous biomass accumulation. This
pattern of variability suggests that these microsite and tree-level factors create a
high degree of heterogeneity, indicating that even minor differences in individual
traits can collectively shape ecosystem productivity. Recognizing these dynamics un-
derscores the importance of accounting for within-species variation when analy-
zing biomass production, as tree-specific factors can be as impactful as broader en-
vironmental conditions, adding to the spatial complexity of biomass distribution
throughout the landscape.

The impact of P. cinnamomi on biodiversity is more pronounced in the Huelva
region than in the Los Pedroches Valley, likely due to Huelva’s higher annual rain-
fall, which supports the oomycete’s life cycle and dispersal. Additionally, the lower
baseline biodiversity in Córdoba’s plots may moderate the impact of P. cinnamomi
in this area, further explaining the regional differences observed.
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