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ARTICLE INFO ABSTRACT

Keywords: Dehesa is a unique ecosystem associated with high biodiversity, that integrates trees, livestock,
Agroforestry and pasture, making agro-pastoral production compatible with sustainability. However, in the
dehesa

last few decades, a manifold of factors have caused a decline in tree vitality, density, and
coverage, leading to long-term changes in species composition and ecosystem structure. This
study aims to determine changes in the diversity of the herbaceous plant community in relation to
environmental characteristics, the phytosanitary state of the holm oak (Quercus ilex L. subsp.
ballota (Desf.) Samp.), and possible interactions with biotic agents, including Phytophthora cin-
namomi. For this purpose, the floristic composition and alpha diversity of the understory were
assessed in two dehesa stands in Southern Spain. Additionally, the spatial heterogeneity (beta
diversity) patterns of herbaceous plants were evaluated in relation to a climatic gradient and
subplot orientation at the regional, plot, tree, and subplot scales. Our findings show that microsite
features and climate substantially impact the herbaceous plant community in dehesa stands.
Annual precipitation is a crucial factor affecting the diversity and biomass of herbaceous plants on
a broader, regional scale, consistent with its role as a limiting factor in the Mediterranean climate.
However, site-level differences, such as soil clay content and plot slope angle, positively correlate
with plant biodiversity, growth, and richness, varying with the Biodiversity Index considered.
Moreover, microsites resulting from the combined effects of plot and tree are the main drivers of
dissimilarities between samples, as expressed by beta diversity. Contrary to our initial hypothesis,
our results reveal no significant association between tree health and herbaceous biodiversity
decline.

Forest decline
Herbaceous plant diversity
Phytophthora cinnamomi

1. Introduction

Forest ecosystems are vital for terrestrial biodiversity and significantly influence the socio-ecological and cultural aspects of human
societies, including the livelihoods of traditional communities connected to these forests (Baboo et al., 2017; Fartyal et al., 2022;
Herrmann, 2006). Nowadays, forests worldwide face serious threats from human activities such as agricultural expansion and
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infrastructure development, which harm biodiversity and the environment (Bargali et al., 2019, 2022; Bisht et al., 2022, 2024; Davidar
et al., 2010). Agroforestry systems might counterbalance these impacts, by providing relevant ecosystem services and keeping high
biodiversity levels. A relevant example is the forest landscape of the southwestern Iberian Peninsula, dominated by savannah-like
grassland systems called dehesas. This is a unique Mediterranean ecosystem due to the combination of ecological and socioeco-
nomic services it provides (Moreno et al., 2018). These man-made ecosystems represent a hotspot of diversity, offering services, such as
livestock management, forestry, and agriculture (Costa Pérez et al., 2006). This ecosystem is structured by an open tree layer with a
canopy cover usually lower than 80 %, accompanied by a variable understory layer with mostly open pastures (Pulido and Picardo,
2010). The pastures host a highly diverse herbaceous layer consisting mainly of annual plants with a therophyte life form
(Lopez-Carrasco et al., 2015; Montero et al., 1998). This herb layer is an important resource for grazing and holds high genetic di-
versity, providing resilience to environmental changes (Lloveras et al., 2006; Rodriguez-Rojo et al., 2022).

The tree layer of dehesas in the Iberian Peninsula is dominated by the sclerophyllous species holm oak (Quercus ilex L.) and cork oak
(Quercus suber L.). Both species exhibit xerophytic and perennial habits, with rounded, wide crowns that can reach up to 25 m in height
and 30 m in canopy diameter (Ruiz de la Torre, 2006). This tree layer is fundamental to the high herbaceous biodiversity levels of
dehesas (Bélair et al., 2010), as it provides a favourable microclimate under the canopy, reducing stress from the extremely dry and hot
summer conditions (Madrigal et al., 2008). The effects of tree presence on herbaceous plants may vary depending on the size of the
crown, foliar area, or specific location beneath the canopy. For instance, Erdos et al. (2018), reported that in central Hungary,
juniper-poplar forest edges on its northside had the highest species richness in herbaceous plants, while south-facing edges were
primarily important for tree recruitment. Furthermore, in this multi-layered complex, trees and understory plants can influence each
other not only through resource-mediated interactions like light interception but also through chemical signaling via numerous plant
secondary metabolites, which help them endure drought stress (Hashoum et al., 2017). This combination of interactions between oak
trees and the herbaceous community beneath their crowns forms a complex interplay that is still poorly understood.

Plant diversity in the dehesa may also be affected by the health and condition of the tree layer. Increased crown transparency and
reduced tree cover can significantly alter biodiversity levels. In this context, dehesas are threatened nowadays by a multifactorial
syndrome of oak decline, known as ’La seca’. Among the factors contributing to this disease, one of the most relevant is the root rot
caused by the alien invasive forest pathogen Phytophthora cinnamomi (Ruiz-Gomez et al., 2019). This soilborne oomycete feeds on the
absorbent root system and has been identified as a causative factor of tree death through chronic progressive decline or sudden collapse
and death of the trees (Brasier et al., 1993). This decline in tree density increases canopy gaps, which in turn alters light, evapo-
transpiration and temperature conditions under the canopy (Breshears et al., 1998; Royer et al., 2011). Moreover, this tree decline
phenomenon affects the soil physical and chemical signalling between the herbaceous layer, the trees, and the rest of the soil
ecosystem, influencing the diversity of the herbaceous community in dehesas. Although, the effects of tree canopy on the herb layer in
the dehesa has been thoroughly studied (Lopez-Sanchez et al., 2016; Maranon, 1986) there is a lack of research on how this effect is
mediated by the oak decline syndrome. Furthermore, there is also a notable lack of comprehensive studies taking into consideration the
environmental variations at different levels (beneath the canopy, at plot level and at regional level).

Finally, at larger scales, plant biodiversity in the dehesas and other (semi-) natural ecosystems may be affected by many factors,
including climate and edaphic features. Topographic factors such as altitude, slope, and orientation are also expected to cause sig-
nificant changes in climatic conditions, and consequently species composition. For instance, changes observed in species richness and
composition along the altitudinal gradient are widely recognized patterns (Di Musciano et al., 2021; Dip et al., 2020). Studies on
vascular plants by Garcia Del Barrio et al., (2014) in Spanish dehesas showed a decrease in plant species richness and diversity with
increasing terrain elevation. On the other hand, precipitation and water availability are key factors shaping Mediterranean ecosystems.
Therefore, we anticipate that communities with less extreme conditions (e.g., lower aridity) will exhibit higher alpha diversity.
Similarly, soil properties, such as geological composition, electrical conductivity, organic matter content, pH, cation exchange capacity
and other edaphic variables can be considered as potential environmental drivers of vegetation and its diversity. Plant community
assemblage differences across sites (i.e., beta diversity) and is affected also by environmental factors operating at large and local scale.
For instance, Garcia Del Barrio et al., (2014) found that similarity levels among dehesa sites were explained by both climatic and
biogeographic gradients.

This study aimed to understand the relationship between the biodiversity and biomass patterns of herbaceous vegetation in holm-
oak dehesa ecosystems and environmental characteristics (climate, soil, and topographic properties), tree characteristics, and phy-
tosanitary state across two dehesa regions with contrasting climatic conditions. Specifically, the study examined herbaceous alpha- and
beta-diversity and biomass in dehesas at different scales (regional, plot, and tree) and identified key patterns related to spatial scale and
environmental factors. It also quantified the effect of tree phytosanitary state (i.e., defoliation) on herbaceous plant biodiversity and
investigated potential interactions with biotic agents, including Phytophthora cinnamomi. Ecological theory suggests that community
similarity increases with environmental similarity along gradients, such as topographic or climatic gradients (Nekola and White,
1999). Thus, we expect that herbaceous plant communities in dehesas with similar environmental conditions will have similar species
composition. However, this similarity may also be influenced by effective distance, which limits dispersal and species exchange (Vega
et al., 2020). Characterizing these patterns will provide valuable information for conserving genetic diversity in dehesa pastures and
will serve as a useful tool for their sustainable management.
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2. Materials and methods
2.1. Study area

To understand the contrasting patterns of plant biodiversity in dehesa ecosystems, we used the Sierra Morena Mountain range in
northern Andalusia (Spain) as a case study, covering 425,000 ha (Santos, 2004). Our work focused on two climate-contrasting regions
within the Andalusia autonomous community in southern Spain (Fig. 1). The regions investigated were Los Pedroches Valley (north of
Cérdoba Province, hereafter CO plots) and the Aracena Mountains (north of Huelva province, hereafter HU plots), which represent a
broad climatic range and encompass extensive dehesa ecosystems. The CO region is characterized by a continental Mediterranean
climate and extensive pastures. This area, with its slightly undulating terrain, is situated in the peneplain of the Sierra Morena
Mountain range and is dominated by granite batholiths, which result in acidic soil pH values. The climate is classified as dry,
sub-humid, and humid (Melendo et al., 1996) with a summer drought period and annual precipitation ranging from 493.6 to
584.1 mm. The HU region features soils predominantly composed of acidic and metamorphic materials. The climate is typically
Mediterranean, but due to exposure to Atlantic winds, it is relatively mild and humid. The oceanic influence brings abundant rainfall,
with average annual values ranging from 680.1 to 1,039.6 mm. Rainfall is concentrated in the cooler months, while a prolonged
summer drought occurs from June to September, marked by high temperatures and water deficit. During late spring to early autumn,
plant-available water is quickly depleted due to high evapotranspiration.

2.2. Experimental design

Twenty plots in the study area were selected from the plots of the “Red Andaluza de Seguimiento de Danos sobre Ecosistemas
Forestales”, hereinafter the SEDA Network (Fig. 2). The SEDA Network is a monitoring program, established in Andalusia (Spain) as
part of the European network of monitoring plots (ICP Forest Level I regional network; Servicio de Ordenacion y Defensa de los
Recursos Forestales, 2006). 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 ( Fig. 2) and monitored
annually on health status (i.e., defoliation, crown discoloration, damage levels, and the presence of biotic and abiotic agents) and every
5 years on tree growth. The data are publicly available at https://portalrediam.cica.es/descargas (last consulted on 26th February
2024).

The selection of the 20 plots was carried out as follows. First, plots with more than 80 % of trees present in the plot belonged to

Fig. 1. | Sampling design in each plot. This figure illustrates an example of a Phytophthora cinnamomi infected plot (red trees). In the case of an
infected plot, three symptomatic trees and three asymptomatic trees were selected. In plots without evidence of holm oak decline, trees were also
randomly chosen from the set of 24 monitored trees. Red trees indicate those infected by P. cinnamomi, while green ones depict healthy trees. Grey
trees are the remaining holm oak trees, not selected for this study but monitored by the SEDA Network. Squares shown in the immediate vicinity of
the selected trees represent rectangular 0.25 m? quadrats used as sampling units for herbaceous plant assessment. The blue quadrats represent
northern side, and the orange quadrats represent the southern side of the tree crown. Specifically, the quadrats were placed at the edge of the crown
projection, the boundary between the tree canopy and open land.
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Fig. 2. | The locations of the study plots are in Los Pedroches Valley (CO) and the Aracena Mountains (HU). The dots represent the positions of the
selected plots. Red dots indicate plots withholm oak decline symptoms, while blue dots represent plots without holm oak decline symptoms.

Quercus ilex L. subsp. ballota (Desf.) Samp. Second, for each study region (CO and HU), we randomly chose 10 plots: 5 with holm oak
decline and 5 without. Holm oak decline was determined using tree mortality and crown transparency data from the past 10 years,
along with positive diagnoses of Phytophthora cinnamomi from the SEDA Network (Sdnchez-Cuesta et al., 2021). All plots selected
showed a similar management system corresponding to a typical dehesa with both tree and herbaceous layers and the livestock
presence. Soil management is sporadic, with cereal sowing and light tillage to prevent shrub encroachment every 4-6 years.

For each plot selected, 6 trees from the 24 monitored by the SEDA network were chosen from the plot center (120 trees in total). For
plots without holm oak decline, trees were also randomly chosen. For affected plots, the selection was adjusted to cover the range of
defoliation levels in the plot. Trees were classified as high- or low-defoliated based on the overall state of the plot, and three trees were
randomly selected from each subgroup. The field campaign was conducted in the spring, from March to May 2021, to coincide with the
peak flowering period of the main herbaceous species in these latitudes (Peco et al., 2005).

Table 1

| Tree-related variables and the corresponding abbreviation used in the model fitting. Variable selection was carried out based on
the Pearson’s correlation analysis, by determining the correlation coefficients between the independent variables. nd = non-
dimensional variable; Q.i. = Quercus ilex L. subsp. ballota (Desf.) Samp.). In bold, subset of variables that were chosen for the
linear mixed model analyses.

Description Abbreviation Units
Tree height HEIGHT m m
Diameter at breast height (DBH) DIAM_m cm
Tree crown diameter CANOPY_m m
Percentage of tree crown defoliation DEF_POR %
Defoliation class (5 levels; 0-4) DEF_CLASS nd
Phytophthora cii i (Pc) pr (1) / ab ) Pcl / PcO nd
Subplot orientation beneath Q. ilex. ORIENT N/S
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2.3. Tree phytosanitary and dasometric data

Defoliation percentage was found to be the most informative variable related to phytosanitary state. The defoliation of the 120 trees
was visually estimated as a percentage from O to 100, using a local "reference tree" based on the ICP Forest intercalibration manual
(Ferretti et al., 2016; Sanchez Pena et al., 2010). In addition to defoliation, dasometric characteristics (tree height, diameter at breast
height, and crown diameter) were measured for each selected tree (Table 1).

2.4. Soil sampling and processing

Soil samples of the tree rhizosphere were collected to detect P. cinnamomi presence and for physicochemical analysis. For each
selected tree, two samples were taken — one from the north side and one from the south side — yielding a total of 240 samples. Each
sample consisted of two subsamples: one taken at 1 m distance from the trunk on the specified side (north or south), and other from
below the outer edge of the crown. For each subsample, the organic topsoil layer within a 0.8 x 0.8 m square was first removed. Soil
was then excavated to a depth of 20 centimeters or until the Q. ilex roots appeared. This procedure aimed to collect soil from around the
fine roots of the tree, exposing the rhizosphere soil. Subsamples of the same orientation were mixed, then stored in plastic bags and
kept at 4-6°C during transport. In the laboratory, samples were preserved at —20°C until analysis (Agnelli et al., 2004; Lorenzo et al.,
2010). Soil physicochemical properties were analyzed by a certified third-party laboratory (APROA Laboratories SCP, Cérdoba, Spain
—1SO 9001:2000) following standard methods (see Table 2 for details).

2.5. Phytophthora cinnamomi diagnostic

The presence of P. cinnamomi was assessed in all the rhizosphere soil samples. We used PCR-based molecular diagnostics to detect
the pathogen DNA in the rhizosphere of the 120 trees. Detailed methods for Phytophthora cinnamomi molecular diagnostics are pro-
vided in the Supplementary Material (Appendix B).

2.6. Herbaceous data sampling and identification

Two samples of herbaceous plants were collected from the ground beneath the tree canopy (n=240) using a rectangular quadrat of
0.25 m? as sampling unit. One quadrat was placed to the north and the other to the south of the tree crown. Specifically, the quadrats
were placed at the edge of the crown projection (the boundary between the tree canopy and open land). One plot showed recent tillage,
so only the quadrats without tillage were sampled. We recorded the cover of the herbaceous, bare soil, and shrub layers in each
quadrat, as well as the height of the herbaceous vegetation. All living parts of the herbaceous plants were then harvested from their
bases. The samples were processed determining the floristic composition per quadrat by species or morphospecies. Over 2500 plants
were separated into (morpho-)species, photographed, and identified according to Valdés et al. (1987) and Castroviejo (2020). If
identification at the species or genus level was not possible, the sample was categorized into the corresponding family. Each species
was then assigned to one of the functional group (i.e., forb, legume, and grass). (Morpho-)species were also divided into five frequency
groups (quintiles), according to (Rodwell, 2006) and based on five 20 % bands (I - scarce, II - occasional, III - frequent, IV - constant, V
— constant). Only 1 % of the plants found in Cérdoba were not assigned to any of the functional group due to the impossibility to

Table 2

| Physicochemical soil and topographic characteristics of plots. Variable selection was carried out based on the
Pearson’s correlation analysis, by determining the correlation coefficients between the independent variables.
nd = non-dimensional variable. Variables chosen for the linear mixed model analyses are shown in bold.

Variable Abbreviation Units
sandy texture texSANDY nd
sandy-loam texture texSANDY-LOAM nd
clay texture texCLAY nd
clay-loam texture texCLAY-LOAM nd
loam texture texLOAM nd
pH of the whole soil profile pH nd
soil electrical conductivity microS uS/cm
assimilable phosphorous P ppm
assimilable potassium K" ppm
assimilable calcium Ca*t ppm
assimilable magnesium Mgt ppm
organic matter content OM %
total nitrogen N %
total carbonate CO3 %
clay content clay %
sand content sand %

silt content silt %
plot slope slp degrees
mean curvature of the terrain cur_m 1/m
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determine the belonging to either a family or a genus (undeterminable subsample). After identification, all separated plant species per
quadrat were oven-dried at 75°C for 72 hours and weighed to estimate biomass.

2.7. Alpha herbaceous biodiversity indices

To assess herbaceous diversity in our plots, species richness was determined as the number of different (morpho-)species present in
each subsample. We also calculated two widely used alpha diversity indices considering the relative abundance of each species in terms
of dry biomass. Simpson’s Diversity Index (D) was calculated as follows (He and Hu, 2005):

Where:

S - the number of species

n; — the abundance of the ny, species

N - the total abundance of each species

Shannon Diversity Index (H) was calculated following the expression (2):

H= _i(Pi(lnPi)) 2

Where:

S - the number of species

P;— the proportion of individuals found in the iy species

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

2.8. Environmental information

Twenty climatic and topographic variables per plot were extracted from the Forest Biomass project of Andalusia at a 100 m res-
olution (Guzman Alavarez et al., 2012) (Tables 2 and 3). Annual climatic variables were derived from interpolations of monthly
precipitation and temperature data from the period 1971-2000, sourced from all official weather stations in Andalusia at 500 and
100 m resolution, respectively, and can be accessed through REDIAM (https://portalrediam.cica.es/descargas, last accessed on
February 26, 2024).

Table 3

| Variables for the climatic characterization of the site, based on data collected by REDIAM and Forest Biomass project of
Andalusia. nd = non-dimensional variable. Hamsl, ins and slp_ex are topographic variables directly related to climatic con-
ditions and reflect the microclimate of the site. Variables were selected based on the Pearson’s correlation matrix depicting the
linear dependence between two variables. Variables chosen for the linear mixed model analyses are shown in bold.

Variable Abbreviation Units
height above mean sea level hamsl m
Insolation (power density of the solar radiation) ins nd
slope orientation slp_ex degrees
annual precipitation preca mm
Winter precipitation pwin mm
Spring precipitation pspr mm
Autumn precipitation paut mm
Summer precipitation psumm mm
average annual temperature ta °C
average minimal temperatures of the coldest month tmincol °C
average temperature of the coldest month tmedcol °C
average maximal temperatures of the hottest month tmaxhot °C
mean temperature of the hottest month tmedhot °C
thermal oscillation oscl °C
total thermal oscillation osc2 °C
annual evapotranspiration evapo mm
precipitation surplus ssup mm
precipitation deficit sdef mm
duration of droughts ddroug month
annual water index awi nd
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2.9. Statistical analyses

2.9.1. Alpha diversity

We analyzed the relationship between herbaceous biomass, alpha biodiversity metrics, — such as species richness (number of
species per unit area), Shannon Diversity Index (Shannon and Weaver, 1949), Simpson’s Diversity Index (Simpson, 1949) — with a set
of predictors: (a) tree dasometry and phytosanitary state, (b) environmental factors (climate, soil and topographic), and (c) region (CO
and HU). Linear mixed models were applied across the 240 quadrats. First, to identify a subset of non-collinear variables, we used the
“corrplot” R package (Wei and Simko, 2021) to perform correlation analysis, estimating Pearson’s correlation coefficient (r < 0.65)
(Figures A1, A2 and A3). The final list of variables was selected based on the Pearson’s correlation matrix (Tables 1, 2, and 3). Next, the
R packages “Ime4” (Bates and Maechler, 2023) and "MuMIn" (Barton, 2023), were used for fitting and analyzing the mixed models.
The plot ID was included as a random factor to account for pseudo-replication (quadrats within each plot), and 999 permutations were
used for fitting purposes. First, we modeled each dependent variable (biomass, richness, Shannon Diversity Index, and Simpson’s
Diversity Index) separately, using the ‘lmer" function from the "Ime4" R package to identify the best predictors within each group.
Normality and homoscedasticity of the model’s residuals were checked using the Anderson-Darling test and the residuals plots,
respectively. As the assumptions for linear regression were met, no data transformation was necessary. We then applied multimodel
inference with the “dredge’ function from the "MuMIn" R package (Barton, 2023). For each dependent variable, the final model was
selected based on three criteria:

(a) Predictors from the best model according to AIC using the “dredge’ function from "MuMIn" package, with AAIC < 0.
(b) Model averaging with the *model.avg* function from "MuMIn", based on Akaike’s information criterion with AAIC < 4.
(c) Selection of variables with Akaike weights summing to > 0.8, based on the “sw" function from "MuMIn".

Subsequently, we used the "lmerTest" package (Kuznetsova et al., 2022) to perform one-way (univariate) ANOVA to test the
significant differences (p < 0.05) among the dependent variables (biomass, richness, Shannon, and Simpson’s Diversity Index) and tree
and environmental information. A significance level of p = 0.05 was used to reject null hypotheses, with means showing p-values
between 0.05 and 0.1 considered marginally different. The second model selection using the "Imer" function was performed with a
reduced number of response variables based on the three selection criteria, following the same procedure as the first modeling. The
final full model was computed for each response variable, incorporating significant variables from distinct environmental groups into a
single complete model.

2.9.2. Beta diversity

We analyzed beta diversity patterns using “beta.pair” function form "betapart" R package (Baselga et al., 2023) on the herbaceous
(morpho-)species occurrence list of the entire study area. We computed the two principal components of beta diversity - spatial
turnover (beta.sim) and nestedness (beta.sne) - as well as total beta diversity (beta.sor), which is the sum of the two beta diversity
components. We studied beta diversity at different spatial scales within our sampling design, ranging from region to subplot (region,
plot, tree, and subplot). We verified the contribution of these geographical levels to total beta diversity, nestedness, and turnover using
a permutational multivariate analysis of variance (PERMANOVA) with the “adonis2" function from the "vegan" R package (Oksanen
et al., 2022). The selected variables were tested for both regions separately and combined.

We used the “varpart® function from the "vegan" package to conduct a variation partitioning analysis. This function assess the
effects of the different spatial scales in our sampling design (region, plot, tree, and subplot) on total beta diversity, nestedness, and
turnover. The “varpart™ function partitions the variation in community data or community dissimilarities with respect to explanatory
variables, using adjusted RZ.

Non-metric MultiDimensional Scaling (NMDS) analysis using Bray-Curtis dissimilarity was conducted with the ‘metaMDS" function
from the "vegan" package to visualize differences in species assemblages among the subplots. Global patterns in species composition
and abundance were examined based on their separation in the NMDS plot. In addition, environmental factors were fitted to the major
structure of the data. For NMDS purposes, (morpho-)species were divided into quintiles (see the *Herbaceous data sampling and iden-
tification’ section). Fifty-three (morpho-)species in the “constant group” with frequencies exceeding 17 per subplot were considered the
most frequent and included in the NMDS ordination, along with CO and HU plots and subplot orientation. Environmental information
was overlaid onto the NMDS ordination plot using the “envfit® function from the "vegan" package, which identified variables
significantly associated with the herbaceous plant community through multiple linear regression of selected factors to the NMDS axes.
The selection of variables for NMDS included statistically significant and marginally significant variables (p < 0.06) from the alpha
diversity regression analyses (Table A1), occurrence of P. cinnamomi, and region. Vectors and centroids were added to the NMDS plot
with the “ggplot” function from the "ggplot2" package. All data analyses were conducted using R 4.3.2 (R Core Team, 202.3).

3. Results
3.1. Floristic composition
A total of 263 different plant (morpho-)species were identified. Herbaceous communities in both regions were predominantly

composed of annual species with spring flowering. Forbs dominated both regions (CO: 63 %; HU: 48 %), followed by grasses (CO:
19 %; HU: 31 %), and legumes (CO: 16 %; HU: 22 %). Within forbs, the most frequent families were Asteraceae, Plantaginaceae,
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Caryophyllaceae, and Geraniaceae. Grasses were mainly from the Poaceae family, and legumes (Fabaceae family) included Trifolium,
Ornithopus, Medicago, and Coronilla genera. In Cérdoba plots, the most abundant species were Trifolium spp., Plantago spp., and
Ornithopus compressus L. (Fig. 3). In Huelva, Trifolium species such as T. lappaceum L., T. angustifolium L., T. campestre Schreb., and
T. cherleri L., were the most abundant. Across the entire study area, Ornithopus compressus L. was the most prevalent species. Other
highly widespread herbaceous plants belonged to the Trifolium and Plantago genera (Fig. 3). When considering both regions together,
the most represented families were Asteraceae, Poaceae, Fabaceae, and Plantaginaceae.

3.2. Herbaceous biomass

Plots in Cérdoba were characterized by a lower dry herbaceous biomass (77.2 + 10.8 g/m?) compared to Huelva (81.6 + 6.4 g/
m?), but there were no significant differences between regions or plot orientation (Table 4). Multivariate analysis revealed, that
biomass variability was mainly explained by climatic variables. Annual temperature (z = 3.263, p < 0.001) and annual precipitation (z
= 3.048, p < 0.01) were positively correlated with biomass, while the average minimal temperature of the coldest month (z = —2.909,
p < 0.01) demonstrated negative correlation. Furthermore, height above mean sea level (z = 2.214, p < 0.05), and soil clay content (z
= 2.971, p < 0.01), had significant positive influence on herbaceous biomass (Table 4 and Table A1).

3.3. Alpha diversity

Species richness in the study area averaged 12 + 0.7 (morpho-)species per quadrat. In Cérdoba, the average richness was 10 + 0.5
species per quadrat, while in Huelva, it was 12 =+ 0.6 species. The highest number of different species was recorded in Huelva, with 31
species per quadrat, while the lowest richness, —only one species per quadrat— was found in one quadrat in both Cérdoba and Huelva.
The maximum species richness in Cérdoba was 24 species per quadrat.

The regression analysis did not show statistically significant differences between the two regions regarding richness (Table 4 and
Table A1). Key soil variables associated with richness included soil clay content (z = 5.616, p < 0.0001), electrical conductivity (z =
4.313, p < 0.001), total carbonate (z = 2.879, p < 0.001), organic matter (z = 2.775, p < 0.01), and assimilable calcium (z = 3.787, p <
0.05). Plot slope showed a marginal influence (z = 1.769, p < 0.1). Species richness was marginally higher on the southern orientation
of the tree (z = 1.846, p < 0.1). Tree characteristics were not relevant for species richness (Table 4 and Table A1).

The Shannon Index values were significantly higher in Huelva than in Cérdoba (z = 2.31, p < 0.05), ranging from 0 (only one
species per quadrat) to 2.64 in Cérdoba and 2.88 in Huelva. The multivariate analysis indicated a marginally significant positive linear
relationship between the Shannon Index and quadrat orientation, with higher values observed on the south side of the tree (Table 4 and
Table Al). Additionally, there was a significant positive correlation with plot slope (z = 1.957, p < 0.03). The Simpson’s Diversity
Index ranged from 0 to 0.90 in Cérdoba and from 0 to 0.93 in Huelva, with significantly higher values in Huelva (z = 0.0297, p < 0.05).
Significant positive correlations with the Simpson’s Index were found for plot slope (z = 2.261, p < 0.05) and annual precipitation (z =
2.093, p < 0.05, Table 4 and Table A1).

Fig. 3. | The most abundant species of herbaceous plants beneath the Quercus ilex L. subsp. ballota (Desf.) Samp. tree crown in the whole study area.
(A) Fresh plant of Plantago coronopus L., collected in one of the Cérdoba subplots; (B) Herbarium sheet of Fabaceae family (from left to right):
Medicago polymorpha L. and three species of Trifolium genus collected in Huelva plots: T. lappaceum, L. T. cherleri L., and T. angustifolium L.; (C)
Herbarium sheet of Ornithopus compressus L., collected in Huelva. Scale bar = 1 cm.
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Table 4

| Statistical summaries obtained from fitting linear mixed-effects models (LMMs) by AIC using the 'lmer’ function from the "lme4" package in R..
Results of each model by environmental group containing adjusted R? and AIC values for Linear Mixed-effects Models (LMMs) are shown. AIC is
Akaike Information Criterion used for model selection, whereas R’m and R%c are marginal and conditional R-Squared (Rz), respectively. Asterisks and
dots by the independent variables represent the significance codes of the Pr(>|z|) of the model averaging in the final model (signif. codes: 0 “***’
0.001 “*** 0.01 “** 0.05‘.” 0.1 ¢ 1). Abbreviations of independent variables are explained in the Tables 1-3. Metadata: dep = dependent variable; ind
= independent variable; group = environmental group; SHANNON = Shannon Diversity Index; SIMPSON’S = Simpson’s Diversity Index. The + sign
indicates the variable selected in the final model.

dep group ind AIC R’m RZ%c
RICHNESS soil + clay***, 4+ CO3**, + microS***, 4+ OM**, + slp., + Ca2+"**, pH 1356.09 0.3075534 0.5820318
climate hamsl, slp_ex, preca, tmincol, ta 1364.582 0.05425904 0.6037529
tree + ORIENT S. 1368.363 0.007015232 0.5391888
region REG - - -
HERBACEOUS BIOMASS soil + clay**, Ca®", COs, cur_m, micros, OM, silt, slp, pH 1978.755 0.2460722 0.6369575
climate + hamsl*, + preca**, + tmincol**, 4 ta**, ins, slp_ex, 1992.13 0.1207498 0.634577
tree CANOPY_m, DEF_POR, HEIGHT m, ORIENT, Pc 2006.468 0.01575166 0.5845139
region REG - - -
SHANNON soil + slp. 357.2224 0.1285226 0.570943
climate preca 358.2531 0.1025845 0.5724177
tree + ORIENT._S. - - -
region + REGHU* 355.7475 0.1298121 0.5707332
SIMPSON’S soil + slp* —85.48296 0.140402 0.5472967
climate + preca* —84.11802 0.1081402 0.5497028
region + REGHU* 86.36119 0.1277835 0.5482839

3.4. Beta diversity

When comparing plots within Cérdoba and Huelva separately, total beta diversity (CO: 85 %, HU: 83 %; Table A2), was mainly
determined by turnover (CO: 80 %, HU: 77 %), while nestedness contribution (CO: 5 %, HU: 6 %) was significantly lower. The same
tendency could be observed, when comparing samples between the two regions (Table A2); however, in this case, turnover was slightly
higher (91 %). Comparison regarding the subplot orientation within the same region showed comparable results both in Huelva and
Cérdoba, with the lowest total beta diversity scores on the southern orientation (CO: 85 %, HU: 81 %; Table A2).

All spatial levels (region, plot, tree, and orientation) significantly influenced total beta diversity and turnover. However, nestedness
was not affected by spatial scale (Table A2). Within each region, the greatest dissimilarities in herbaceous plant species composition
were observed between plots, followed by trees, and then orientations (Table A3).

When considering both regions together, turnover was strongly influenced by the region (13 %), plot (37 %), tree (26 %) and
orientation (0.9 %) (p < 0.001). Total beta diversity showed similar patterns, while nestedness was not significantly affected
(Table A3).

Variation partitioning analysis highlighted the plot level as the most influential, accounting for 38 % of the total variation. The
region level contributed 10 %, while trees from different plots explained 28 %. Tree effects within the same plot accounted for 7 %, and
orientation contributed only 1 %. These trends were consistent within each region (Fig. 4).

The two-dimensional NMDS fit was acceptable (stress = 0.18), clearly separating the 240 subsamples by region (Fig. 5). Plant
communities were influenced by water regime and aridity gradients (Fig. 5 and Table A4). Plots in Huelva showed higher minimum
temperatures and significantly more annual precipitation compared to Cérdoba plots. Edaphic factors such as organic matter, calcium,

CORDOBA and HUELVA beta.sor CORDOBA beta.sor HUELVA beta.sor

CODE PLO _CODE PLO _CODE

A ~Residuals = 0.55 B Residuals = 0.59 C Residuals = 0.62

Fig. 4. | Results of variation partitioning based on redundancy analysis (RDA) relating the selected explanatory dataset (environmental factors),
region (REG), plot (PLOT), tree (TREE_CODE), and subplot orientation (ORIENT), to herbaceous plant beta diversity (total dissimilarity, beta.sor)
are presented for both regions, Cérdoba and Huelva, considered together (A), and separately: for the Cérdoba region (B), and Huelva region (C). The
values in the circles represent independent and shared effects (overlapping circles) expressed as proportions (percentages) of explained variation in
beta-diversity (dissimilarity explained by turnover). The residual values are shown outside the circles, explaining other factors (explanatory vari-
ables) not considered in this Venn diagram.
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Fig. 5. | NMDS ordination of CO and HU plots with environmental variables, based alpha diversity regression analyses (linear mixed modelling),
selecting statistically significant and marginally significant variables. Each point represents a CO-subplot, and the triangles are representing HU-
subplots. The northern orientation is marked in green and the southern in yellow. Metadata: preca = precipitation annual [mm]; tmincol =
average temperature of the coldest month [°C], ta = average annual temperature [°C]; hamsl = height above mean sea level [m]; OM = organic
matter content [%]; slp = plot slope [degrees]; clay = soil clay content [%], Ca = Assimilable calcium Ca?" [ppm]; CO3 = total carbonate [%];
microS = electrical conductivity [S/cm]; RICH = herbaceous species richness [non-dimensional]; REGHU = Huelva region [non-dimensional];
REGCO = Cérdoba region [non-dimensional, Pc1 = P. cinnamomi presence, PcO = P. cinnamomi absence.

and clay content were strongly related to the NMDS axes (Table A4). Plots in Cérdoba exhibited higher electrical conductivity and
elevation above sea level (Table A4).

Fifty-three (morpho-)species from the ’constant group’, occurring more than 17 times per subplot, were included in the NMDS
ordination, along with CO and HU plots and subplot orientations (Fig. 6). Contrary to our expectations, the NMDS did not reveal
significant grouping or composition patterns among the (morpho-)species. However, notable differences between the two regions were
observed (Fig. 6). The five most frequent species (and plant families) differed between regions, with only one species, Ornithopus
compressus, shared (Fig. 6 and Table A5).

3.5. Tree health and Phytophthora cinnamomi influence

Phytophthora cinnamomi was detected in 66.6 % of trees, with a higher prevalence in Huelva (70 %), compared to Cérdoba (63 %).
DNA of the oomycete was found in all but one plot (CO1032). In five plots, including two in Huelva, visually unaffected by decline, the
pathogen was detected in all sampled trees. Other plots had between 2 and 5 trees with P. cinnamomi DNA, with no significant dif-
ference between declining and non-declining plots (Table A6).

The presence of Phytophthora cinnamomi did not show significant relationships with alpha diversity indices, biomass, or richness
(Table 4, Table A1). However, in terms of beta diversity, the occurrence of P. cinnamomi significantly influenced subplot separation in
the NMDS analysis by region, with a more pronounced effect in Huelva (Fig. 5).

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 and beta biodiversity of the herbaceous layer in holm oak dehesas,
focusing on spatial scales and macro-scale environmental factors. Our findings indicate that water availability, a key limiting factor in
Mediterranean climate, primarily determines alpha diversity, while temperature influences herbaceous plant biomass. However, a
range of factors operate at different scales. We observed that herbaceous communities under similar environmental conditions tend to
have comparable species compositions. Beta diversity analyses confirmed this, revealing clear differences in species composition
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Fig. 6. | Subplots (samples) ordination of herbaceous plant data in the NMDS analysis. Points represent CO-subplots, and triangles represent HU-
subplots. Northern orientations are marked in green and the southern in yellow. The most frequent 53 (morpho-)species (or families) according to
the Rodwell’s Method with presence in more than 17 sampling units (subplots/quadrats) across the entire study area are shown as crosses (+) with
corresponding numbers. Additionally, the most frequent plant species are labelled with their names, highlighting the 5 most frequent species from
each region.

between the two regions studied. As with alpha diversity, community differences were mainly driven by precipitation, with additional
significant contributions from plot and tree factors.

4.1. Floristic composition and species richness

Herbaceous layer of the dehesa plots included in this work, were mostly composed of therophyte plants with almost exclusively
annual species. Herbaceous and perennial plants are considered the most important resources in the dehesa, as they constitute the
majority of the diet for livestock and complement other food sources throughout the year (Costa Pérez et al., 2006). The species found
belonged mainly to five plant families: Asteraceae, Poaceae, Fabaceae, Plantaginaceae, and Geraniaceae. The Fabaceae, Asteraceae, and
Poaceae families were considered in previous works as the most dominant herbaceous plant families in the dehesa ecosystem (Burzaco
et al., 1992). In both Cérdoba and Huelva region, forbs were the most prevalent functional group, followed by grasses and legumes,
which are crucial for livestock forage (Devesa Alcaraz, 1991; Marandn, 1986). Gramineous plants were the second most abundant
functional group in our dehesa stands. Besides providing fodder, the main advantages of grasses include preventing soil erosion,
binding soil particles with the help of fibrous root systems, maintaining the soil structure and reducing water loss (Carrasco Martin,
2010). Although legumes made up only 16 % (Cérdoba) and 21 % (Huelva) of species, they are vital for livestock due to their high
protein content (Moreno, 2015). The lower richness of legumes in our study can be explained by the location of our samples in the
transition zone of the oak crown projection,where lower radiation levels may competitively weaken these light-depending plants
(Gea-Izquierdo et al., 2009; Lopez-Carrasco et al., 2015). However, Lopez-Carrasco et al. (2015) reported the highest legume yields
near the edges of the tree crown and outside the canopy. Moreover, soil nitrogen and nitrogen mineralization rate increase beneath oak
canopy (Moreno, 2015). As legumes, due to the symbiotic relationship with Rhizobium bacteria, are capable of nitrogen fixation, they
might exhibit greater competitive advantage in less fertile soils outside the oak canopy projection (Moreno, 2015; Maranén 1986).

4.2. Drivers of plant alpha diversity and herbaceous biomass in dehesas

Plant diversity and richness of the herbaceous layer in Iberian dehesas is usually high (Moreno et al., 2016), and our results confirm
this statement. We recorded an average of 12.0 + 0.7 (morpho-)species per quadrat, similar to Maranons (1986) report of 16.5 species
per 4 m2. Other studies have found even higher richness (spring sampling as well), with up to 37 + 2.5 species per 100 m? (Moreno
et al., 2016), which aligns with our maximum of 36 species per quadrat in one subplot from Huelva.

Our results indicate that the herbaceous communities differ markedly in structure and species composition, primarily due to
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topographic and edaphic factors. Vegetation cover in agroforestry ecosystems vary in space and time due to differences in soil,
topography, climate, weathering processes, and microbial activities (Manral et al., 2022, 2023; Paudel and Sah, 2003). In semi-arid
dehesas ecosystem, higher clay content can help moisture retainage by the higher water holding capacity of clay (Gonzdlez
Gonzalez et al., 2012). Moreover, high clay content may be positively linked to soil electrical conductivity, which also showed strong
correlation with richness in our study. Clay particles contribute to higher soil conductivity (Tabbagh and Cosenza, 2007) and therefore
to higher presence of dissolved ions (Maathuis, 2009). Interestingly, calcium had a notable but negative impact on plant richness. In
some cases, nutrient excess can lead to decline in plant species diversity and significant changes in the community composition,
(Bedford et al., 1999). In the highly fragmented landscapes of disturbed ecosystems bioclimatic conditions change rapidly and may
vary within short distances, resulting in a pronounced heterogeneity of soil types and vegetation (Bargali et al., 2018; Baumler, 2015).

The Shannon and Simpson’s indices showed higher biodiversity in Huelva compared to Cérdoba. These differences are likely
attributable to climatic variations: Huelva experiences milder summer temperatures and significantly more annual precipitation than
Cordoba. These favorable conditions in Huelva support better plant growth and diversity within the semi-arid Mediterranean climate.
The positive correlation between annual precipitation and biodiversity, particularly evident in the Simpson’s Index, supports this
observation. Chang (2000) similarly found that increased precipitation in fixed-dune grasslands led to higher species diversity,
aligning with our findings. In semi-arid climates,precipitation is crucialas it affects soil moisture and plant growth. Variations in
precipitation enable different plant species, both short-lived and long-lived, to complete their life cycles and contribute to overall
community diversity. Fieldwork in Cérdoba was conducted from March to mid-April, while sampling in Huelva occurred from late
April to May. This sampling time was carefully scheduled attending to the different phenotypic characteristics of both zones, aiming to
start in areas where herbaceous species were anticipated to proliferate earlier. We believe these differences may create discrepancies in
relative abundance values, but not in richness and species composition, as the identification was carefully checked across the different
stages of plant development.

We also identified plot slope as significant factor positively correlating with Simpson’s Index and marginally significant with
Shannon Index. This finding contrasts with other studies, which typically report increased plant cover and species richness with
decreasing slope angles (Nadal-Romero, 2014). The opposing result in our study may be attributed to the influence of moderate slope
levels of local conditions and habitats due to microtopography and microclimate variations. In terms of geophysical effects, slope angle
can influence soil stability and erosion patterns, with steeper slopes potentially causing greater soil erosion and nutrient redistribution.

Statistical analysis revealed no significant differences in the biomass of herbaceous plants between the two regions according to the
multivariate analysis. However, climatic variables emerged as crucial factors influencing biomass. Research by Diaz de Leon-Guerrero
et al., (2021) in the Mediterranean-climate shrubland in Baja California (Mexico), suggested that environmental controls played a
crucial role in shaping properties of plant communities, with biomass being strongly linked to water availability (Diaz de Ledn--
Guerrero et al., 2021). In our study, annual temperature and annual precipitation were strongly positively correlated with biomass,
while the average minimum temperature of the coldest month showed a negative correlation. In semiarid regions, adequate precip-
itation ensures a steady water supply, which is a limiting factor in Mediterranean climates (Jacobsen et al., 2012). As long as water
supply is not limited, the combination of warmth and sunshine create ideal conditions for plant development, since higher temper-
atures often fall within the optimal growth range of many plant species adapted to semi-arid conditions. Additionally, herbaceous
biomass was positively influenced by plot characteristics such as height above mean sea level. Higher altitudes, especially in summer,
typically offer milder temperatures and greater winter precipitation, which can enhance plant growth and biomass production
compared to the more extreme climates of lowlands. Furthermore, soil clay content exhibited a positive linear correlation with
biomass.

Clay is one of the main factors in retaining moisture in dryland soils (Kramer and Boyer, 1995). Its high fertility also promotes crop
production (Hoekstra et al., 2005). In heavy rainfall conditions, clay-rich soils can enhance woody plant biomass due to their high
water-holding capacity (Laurance et al., 1999).

4.3. Beta diversity patterns

Our results indicated that nestedness contributed significantly less to total beta diversity than turnover, both within and between
regions. This suggests that species assemblages across subplots are notably distinct and do not commonly overlap. High beta diversity
reflects substantial variation within communities, likely driven by considerable environmental differences among the locations studied
(Nekola and White, 1999).

Beta diversity partitioning revealed that plot level was the primary driver of dissimilarities among samples, with smaller contri-
butions from tree-level factors within plots. Given that Phytophthora cinnamomi was present in all but one plot, differences in plant
communities are more likely attributed to tree and microsite characteristics rather than the tree health alone.The findings from alpha
diversity support this, suggesting that varying sampling positions within plots, which provide different microhabitats, are more critical
than phytosanitary state in explaining community differences.. Considering the combined effect of plot and tree levels, we infer that
the geographical and climatic factors at larger, regional scale are equally important as the microsite characteristics and features. Plant
communities often exhibit spatial heterogeneity, by altering the composition and abundance of species across different microsites
within a plot (Chesson, 2000; Levins, 1979). Hence, sampling localities may affect the plant community compositions by capturing
broad range of species due to microenvironmental gradients, different degrees and types of species interactions, microclimatic dif-
ferences, or variations in soil conditions (Liu et al., 2020; Xu et al., 2000).

We observed significant regional and local heterogeneity among dehesa plots, influenced by various ecological factors at both
scales. The NMDS clustering analysis revealed that samples were predominantly separated by region, reflecting the milder and wetter
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conditions in Huelva compared to Cérdoba, likely due to Huelva’s maritime influence. At a finer scale, edaphic variables played a
crucial role, with Cérdoba plots showing less organic material and higher soil conductivity. In summary, regional differences in
herbaceous diversity were strongly influenced by water availability and soil quality, with a gradient from the wetter West (Huelva) to
the drier East (Cordoba).

4.4. Tree health and Phytophthora cinnamomi presence

The soil-borne pathogen Phytophthora cinnamomi Rands is a severe threat to plant health worldwide and is a major driver of tree loss
in Quercus ilex and Quercus suber forests in the Iberian Peninsula (Hardham and Blackman, 2018; Sena et al., 2018; Ruiz-Gomez et al.,
2019). We hypothesized that its presence in dehesas would influence herbaceous layer composition, either directly or through effects
on tree health. However, our analysis revealed no significant relationship between P. cinnamomi presence, tree characteristics (such as
size or defoliation), and herbaceous diversity or biomass.

We were surprised to find that Phytophthora cinnamomi was present in all but one of the plots deemed healthy for our study. This
suggests that P. cinnamomi may not be the primary cause of tree decline but rather a contributing factor, consistent with the concept of
forest decline as a syndrome involving predisposing, inciting, and triggering factors (Manion and Lachance, 1992). Our experimental
design relied on expert assessments based on visual symptoms. Consequently, P. cinnamomi may be present in plots without apparent
symptoms until a clear decline becomes evident. This finding indicates that the pathogen’s spread is more extensive than previously
understood and poses a threat to the sustainability of holm oak dehesas.

Although there were no differences in P. cinnamomi prevalence between the plots, the varying levels of defoliation might have
affected herbaceous diversity. The choice of quadrat locations at the tree crown edges might have created a mixed community of open
and shade-adapted species, potentially diminishing the impact of tree shade changes on herbaceous diversity. Alternatively,
P. cinnamomi might primarily affect specific plant species or Quercus ilex roots, leaving other species unaffected. If the herbaceous
community primarily consists of species resistant to or less affected by the oomycete, their diversity might remain largely unchanged,
with these species potentially acting as symptomless hosts (Crone et al., 2013a; Wills, 1993).

Despite evidence of P. cinnamomi presence in various herbs (Crone et al., 2013b; Serrano et al., 2010, 2012), research on its
pathogenicity to herbaceous plants remains limited. Further studies are needed to fully understand these interactions. Nonetheless, the
correlation between the presence of pathogen DNA in the soil rhizosphere and the separation of CO and HU plots—particularly the
higher prevalence in HU—supports previous findings. This suggests that while environmental factors modulate the pathogen’s impact
on trees (Sanchez-Cuesta et al., 2021), P. cinnamomi plays a significant role as a triggering factor in forest decline. Moreover, it has been
shown, that in various Mediterranean ecosystems, the presence of trees and woody species negatively impacts the diversity of her-
baceous communities. Madrigal-Gonzadlez et al., (2010) demonstrated that the understory of Pinus pinaster mediterranean forests vary
significantly, as well in evergreen maquis (Agra and Ne’eman, 2009). Despite the evidence that in most of the Mediterranean forests
herbaceous vegetation is strongly modulated by canopy cover, it seems that in agroforestry systems like dehesa, this effect is low or
even negligible.

5. Conclusions

Our results showed that herbaceous plant communities in dehesa stands are affected by both climatic conditions and microsite
characteristics. At the regional scale, annual precipitation significantly impacts herbaceous biomass and diversity, reflecting its role as
a limiting factor in Mediterranean climate. At the site scale, factors like soil clay content and plot slope positively correlate with plant
biodiversity, richness, and growth, though these effects vary by diversity index. Small-scale variations in resource availability
significantly affect floristic composition and productivity of annual plants in semi-arid environments (Haase et al., 1996). Limited
nutrient availability may reduce competition and enhance positive species interactions under environmental stress. Although
P. cinnamomi did not appear to impact herbaceous diversity or composition, its widespread presence across the study area suggests that
further research is needed to confirm its effects. Overall, climate, local environmental conditions, and plant adaptations are crucial in
shaping herbaceous community structures beneath holm oak canopies.

Our study’s findings have direct implications for the sustainable management of dehesa ecosystems. The critical role of annual
precipitation suggests that water conservation practices, such as mulching and water-retaining structures, are vital to mitigate drought
impacts and enhance plant diversity. Improving soil health through reduced tillage, cover cropping, and organic amendments can
increase water retention and nutrient availability, thereby fostering herbaceous diversity (Lal, 2015). Given the positive impact of soil
clay content, amending sandy soils with clay or organic matter could be beneficial. Maintaining microsite heterogeneity is crucial and
can be achieved by preserving tree cover, promoting natural tree regeneration, and integrating agroforestry practices to create diverse
microhabitats (Jose, 2009). Although tree health did not significantly affect herbaceous diversity, monitoring it remains important for
overall ecosystem resilience and sustainability (Plieninger et al., 2003).

CRediT authorship contribution statement
Conceptualization, P.G.M. and F.J.R-G.; methodology, P.G.M, F.J.R-G. and A.L.G; formal analysis, K.O., P.G.M. and L.L.; resources,
K.O., P.G.M. data curation, K.O.; writing—original draft preparation, K.O. and P.G.M.; writing—review and editing, all the authors;

supervision, P.G.M. and F.J.R-G.; All authors have read and agreed to the published version of the manuscript.

13



K. Onoszko et al. Global Ecology and Conservation 54 (2024) e03162
Declaration of Competing Interest

The authors declare the following financial interests/personal relationships which may be considered as potential competing in-
terests: Francisco Jose Ruiz Gomez reports financial support was provided by Life FAGESOS project (101074466-LIFE21-CCA-IT-LIFE
FAGESOS). Francisco Jose Ruiz Gomez reports financial support was provided by Spain Ministry for the Ecological Transition and
Demographic Challenge. Pablo Gonzalez Moreno reports financial support was provided by Ramon y Cajal School. Francisco Jose Ruiz
Gomez reports financial support was provided by Government of Andalusia. Pablo Gonzalez Moreno reports financial support was
provided by IES Juan de la Cierva y Cordorniti. Francisco Jose Ruiz Gomez reports financial support was provided by European Social
Fund 2014-2020. Katherine Onoszko reports financial support was provided by CeiA3 Excellency Campus. If there are other authors,
they declare that they have no known competing financial interests or personal relationships that could have appeared to influence the
work reported in this paper.

Data Availability

Data will be made available on request.

Acknowledgments and funding source

This work was supported by the Life FAGESOS project (101074466-LIFE21-CCA-IT-LIFE FAGESOS) and the project "Identificacién
de pies tolerantes de encina y alcornoque mediante caracterizacion del estatus fisiolgico y de las condiciones de micrositio en focos de
seca de Andalucia” (TSA0068038) funded by MITECO. Thanks for the support of the CeiA3 Excellency Campus. PGM was funded by
RyC (MCIN/AEI and Next Generation EU/PRTR, RYC2021-033138-I) and Juan de la Cierva-Incorporacién” fellowships (MINECO,
1JCI-2017-31733). FJRG was funded by the Junta de Andalucia and the European Social Fund 2014-2020 (DOC_055). Special thanks
to the team who helped us in the field work, M.A. El Chami, R. Sanchez de la Cuesta, A. Ariza, J.L. Quero, A. Pérez de Luque, R. Cabrera
Puerto, R. Ramirez Luna, P. Sanchez y S. Rodriguez.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.gecco.2024.e03162.

References

Agnelli, A., Ascher, J., Corti, G., Ceccherini, M.T., Nannipieri, P., Pietramellara, G., 2004. Distribution of microbial communities in a forest soil profile investigated by
microbial biomass, soil respiration and DGGE of total and extracellular DNA. Soil Biol. Biochem. 36 (5), 859-868. https://doi.org/10.1016/j.50ilbi0.2004.02.004.

Agra, H., Ne’eman, G., 2009. Woody species as landscape modulators: Their effect on the herbaceous plants in a Mediterranean maquis. Plant Ecol. 205 (2), 165-177.
https://doi.org/10.1007/511258-009-9606-3.

Baboo, B., Sagar, R., Bargali, S.S., Verma, H., 2017. Tree species composition, regeneration and diversity within the protected area of Indian dry tropical forest. Trop.
Ecol. 58 (3), 409-423.

Bargali, K., Manral, V., Padalia, K., Bargali, S.S., Upadhyay, V.P., 2018. Effect of vegetation type and season on microbial biomass carbon in Central Himalayan Forest
soils, India. Catena 171, 125-135. https://doi.org/10.1016/j.catena.2018.07.001.

Bargali, S.S., Padalia, K., Bargali, K., 2019. Effects of tree fostering on soil health and microbial biomass under different land use systems in the Central Himalayas.
Land Degrad. Dev. 30 (16), 1984-1998. https://doi.org/10.1002/1dr.3394.

Bargali, S.S., Shahi, C., Bargali, K., Negi, B., Khatri, K., 2022. Energy and monetary efficiencies at the different altitudinal agroecosystems in central Himalaya, India.
Heliyon 8 (11). https://doi.org/10.1016/j.heliyon.2022.e11500.

Barton, K. (2023). _MuMIn: Multi-Model Inference_. R package version 1.47.5, https://cran.r-project.org/package=MuMIn.

Baselga A., Orme D., Villeger S., De Bortoli J., Leprieur F., Logez M., Martinez-Santalla S., Martin-Devasa R., Gomez-Rodriguez C., Crujeiras R. (2023). _betapart:
Partitioning Beta Diversity into Turnover and Nestedness Components_. R package version 1.6, (https://cran.r-project.org/web/packages/betapart/betapart).

Bates, D., Maechler, M., 2023. Fitting Linear mixed-effects models using lme4. J. Stat. Softw. 67 (1), 1-48. https://doi.org/10.18637/jss.v067.i01.

Baumler, R., 2015. Soils. In Nepal: An introduction to the natural history, ecology and human environment in the Himalayas — A companion to the Flora of Nepal, 1st
ed. The Royal Botanical Garden Edinburgh, pp. 125-134.

Bedford, B.L., Walbridge, M.R., Aldous, A., 1999. Patterns in Nutrient Availability and Plant Diversity of Temperate North American Wetlands. Ecology 80 (7),
2151-2169. https://doi.org/10.1890/0012-9658(1999)080[2151:PINAAP]2.0.CO;2.

Bélair, C., Ichikawa, K., Wong, B.Y.L., Mulongoy, K.J., 2010. Sustainable use of biological diversity in socio-ecological production landscapes: Background to the
"Satoyama initiative for the benefit of biodiversity and human well-being. Secr. Conv. Biol. Divers. (http://www.deslibris.ca/ID/242845).

Bisht, S., Bargali, S.S., Bargali, K., Rawat, G., Rawat, Y., Fartyal, A., 2022. Influence of anthropogenic activities on forest carbon stocks-a case study from gori valley,
Western Himalaya. Sustainability 14, 16918. https://doi.org/10.3390/s5u142416918.

Bisht, S., Rawat, G.S., Bargali, S.S., Rawat, Y.S., Mehta, A., 2024. Forest vegetation response to anthropogenic pressures: a case study from Askot Wildlife Sanctuary,
Western Himalaya. Environ., Dev. Sustain. 26 (4), 10003-10027. https://doi.org/10.1007/510668-023-03130-2.

Brasier, C.M., Robredo, F., Ferraz, J.F.P., 1993. Evidence for Phytophthora cinnamomi involvement in Iberian oak decline. Plant Pathol. 42 (1), 140-145. https://doi.
org/10.1111/j.1365-3059.1993.tb01482.x.

Breshears, D.D., Nyhan, J.W., Heil, C.E., Wilcox, B.P., 1998. Effects of Woody Plants on microclimate in a semiarid woodland: soil temperature and evaporation in
canopy and intercanopy patches. Int. J. Plant Sci. 159 (6), 1010-1017. https://doi.org/10.1086/314083.

Burzaco, A., Vazquez, F.M., Perez, M.C., Esparrago, F., 1992. Especies herbaceas de interes apicola en las dehesas del sw de Badajoz (Espana). Serv. De. Invest. ON.
Agrar. Junta De. Extremad. 15.

Carrasco Martin, C., 2010. Guia de la Flora y la Fauna de la Dehesa “El Carrascal.”. Ayuntamiento de Arganda del Rey.

Castroviejo, S., 2020. Flora Ib. érica: Plantas Vasc. De. la Peninsula Ib. érica e Islas Balear. 1, 784.

14


https://doi.org/10.1016/j.gecco.2024.e03162
https://doi.org/10.1016/j.soilbio.2004.02.004
https://doi.org/10.1007/s11258-009-9606-3
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref3
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref3
https://doi.org/10.1016/j.catena.2018.07.001
https://doi.org/10.1002/ldr.3394
https://doi.org/10.1016/j.heliyon.2022.e11500
https://cran.r-project.org/web/packages/betapart/betapart
https://doi.org/10.18637/jss.v067.i01
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref8
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref8
https://doi.org/10.1890/0012-9658(1999)080[2151:PINAAP]2.0.CO;2
http://www.deslibris.ca/ID/242845
https://doi.org/10.3390/su142416918
https://doi.org/10.1007/s10668-023-03130-2
https://doi.org/10.1111/j.1365-3059.1993.tb01482.x
https://doi.org/10.1111/j.1365-3059.1993.tb01482.x
https://doi.org/10.1086/314083
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref15
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref15
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref16
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref17

K. Onoszko et al. Global Ecology and Conservation 54 (2024) e03162

Chang, X.-L., 2000. Responses Species Divers. Precip. Change Fixed-dunes Naiman Banner Reg. (https://typeset.io/papers/responses-of-species-diversity-to-
precipitation-change-on-c4tstbmnmv).

Chesson, P., 2000. Mechanisms of Maintenance of Species Diversity. Annu. Rev. Ecol. Syst. 31 (1), 343-366. https://doi.org/10.1146/annurev.ecolsys.31.1.343.

Costa Pérez, J.C., Martin Vicente, AA, Fernandez Alés, R., Estirado, M., 2006. Dehesas de Andalucia: Caracterizacion Ambiental. Consejeria de Medio Ambiente y
Ordenacion del Territorio. Junta De. Andal. ia 19 (32), 289, 82, 51.

Crone, M., McComb, J.A., O’Brien, P.A., Hardy, G.E.S.J., 2013a. Annual and herbaceous perennial native Australian plant species are symptomless hosts of
Phytophthora cinnamomi in the Eucalyptus marginata (jarrah) forest of Western Australia. Plant Pathol. 62 (5), 1057-1062. https://doi.org/10.1111/ppa.12016.

Crone, M., McComb, J.A., O’Brien, P.A., Hardy, G.E.S.J., 2013b. Survival of Phytophthora cinnamomi as oospores, stromata, and thick-walled chlamydospores in roots
of symptomatic and asymptomatic annual and herbaceous perennial plant species. Fungal Biol. 117 (2), 112-123. https://doi.org/10.1016/j.funbio.2012.12.004.

Davidar, P., Sahoo, S., Mammen, P.C., Acharya, P., Puyravaud, J.-P., Arjunan, M., Garrigues, J.P., Roessingh, K., 2010. Assessing the extent and causes of forest
degradation in India: Where do we stand? Biol. Conserv. 143 (12), 2937-2944. https://doi.org/10.1016/j.biocon.2010.04.032.

Devesa Alcaraz, J.A. (Ed.), 1991. Las gramineas de Extremadura. Univ. de Extremadura.

Di Musciano, M., Zannini, P., Ferrara, C., Spina, L., Nascimbene, J., Vetaas, O.R., Bhatta, K.P., d’Agostino, M., Peruzzi, L., Carta, A., Chiarucci, A., 2021. Investigating
elevational gradients of species richness in a Mediterranean plant hotspot using a published flora. Front. Biogeogr. 13 (3) https://doi.org/10.21425/F5FBG50007.

Diaz de Leén-Guerrero, S., Méndez-Alonzo, R., Bullock, S.H., Vivoni, E.R., 2021. Hydrological and topographic determinants of biomass and species richness in a
Mediterranean climate shrubland. PloS One 16 (5), €0252154. https://doi.org/10.1371/journal.pone.0252154.

Dip, A.B., Sampietro-Vattuone, M.M., Garey, M.V., Eleuterio, A.A., 2020. Altitudinal gradient of plant diversity patterns in the Sierra de Quilmes (Monte desert —
Argentina). J. Arid Environ. 182, 104274 https://doi.org/10.1016/j.jaridenv.2020.104274.

Erd6s, L., Kréel-Dulay, G., Batori, Z., Kovécs, B., Németh, C., Kiss, P.J., Tolgyesi, C., 2018. Habitat heterogeneity as a key to high conservation value in forest-grassland
mosaics. Biol. Conserv. 226, 72-80. https://doi.org/10.1016/j.biocon.2018.07.029.

Fartyal, A., Khatri, K., Bargali, K., Bargali, S.S., 2022. Altitudinal variation in plant community, population structure and carbon stock of Quercus semecarpifolia Sm.
Forest in Kumaun Himalaya. J. Environ. Biol. 43 (1), 133-146. https://doi.org/10.22438/jeb/43/1/MRN-2003.

Ferretti, M., Konig, N., Granke, O., 2016. Quality assurance within the ICP forests monitoring programme. Manual Part III. In: Manual on Methods and Criteria for
Harmonized Sampling, Assessment, Monitoring and Analysis of the Effects of Air Pollution on Forests, 10. UNECE ICP Forests Programme Co-Ordinating Centre,
Eberswalde, Germany. https://doi.org/10.1007/BF00477148.

Garcia Del Barrio, J.M., Alonso Ponce, R., Benavides, R., Roig, S., 2014. Species richness of vascular plants along the climatic range of the Spanish dehesas at two
spatial scales. For. Syst. 23 (1), 111. https://doi.org/10.5424/fs/2014231-04521.

Gea-Izquierdo, G., Montero, G., Canellas, I., 2009. Changes in limiting resources determine spatio-temporal variability in tree-grass interactions. Agrofor. Syst. 76 (2),
375-387. https://doi.org/10.1007/5s10457-009-9211-4.

Gonzalez Gonzélez, 1., Grau Corbi, J.M., Fernandez Cancio, A., Jiménez Ballesta, R., Gonzdlez Cascon, M.R., 2012. Soil carbon stocks and soil solution chemistry in
Quercus ilex stands in Mainland Spain. Eur. J. For. Res. 131 (6), 1653-1667. https://doi.org/10.1007/s10342-012-0623-8.

Guzman Alavarez, J., Venegas Troncoso, J., Sesena Rengel, A., Sillero Almazan, M.L., Rodriguez Alvarez, J.A., 2012. Biomasa Forestal en Andalucia. 1. Modelo de
existencias, crecimiento y producciéon. Coniferas. Consejeria de Agricultura. Junta de Andalucia. Pesca y Medio Ambiente, Sevilla, Spain, p. 284.

Haase, P., Pugnaire, F.I., Fernandez, E.M., Puigdefébregas, J., Clark, S.C., Incoll, L.D., 1996. An investigation of rooting depth of the semiarid shrub Retama
sphaerocarpa (L.) Boiss. By labelling of ground water with a chemical tracer. J. Hydrol. 177 (1), 23-31. https://doi.org/10.1016/0022-1694(95)02794-7.

Hardham, A.R., Blackman, L.M., 2018. Phytophthora cinnamomi. Mol. Plant Pathol. 19 (2), 260-285. https://doi.org/10.1111/mpp.12568.

Hashoum, H., Santonja, M., Gauquelin, T., Saatkamp, A., Gavinet, J., Greff, S., Lecareux, C., Fernandez, C., Bousquet-Mélou, A., 2017. Biotic interactions in a
Mediterranean oak forest: role of allelopathy along phenological development of woody species. Eur. J. For. Res. 136 (4), 699-710. https://doi.org/10.1007/
$10342-017-1066-z.

He, F., Hu, X.-S., 2005. Hubbell’s fundamental biodiversity parameter and the Simpson diversity index. Ecol. Lett. 8 (4), 386-390. https://doi.org/10.1111/j.1461-
0248.2005.00729.x.

Herrmann, T.M., 2006. Indigenous Knowledge and Management of Araucaria araucana Forest in the Chilean Andes: Implications for Native Forest Conservation.
Biodivers. Conserv. 15 (2), 647-662. https://doi.org/10.1007/s10531-005-2092-6.

Hoekstra, J.M., Boucher, T.M., Ricketts, T.H., Roberts, C., 2005. Confronting a biome crisis: Global disparities of habitat loss and protection. Ecol. Lett. 8 (1), 23-29.
https://doi.org/10.1111/j.1461-0248.2004.00686.x.

Jacobsen, S.-E., Jensen, C.R., Liu, F., 2012. Improving crop production in the arid Mediterranean climate. Field Crops Res. 128, 34-47. https://doi.org/10.1016/j.
fcr.2011.12.001.

Jose, S., 2009. Agroforestry for ecosystem services and environmental benefits: An overview. Agrofor. Syst. 76 (1), 1-10. https://doi.org/10.1007/510457-009-9229-
7.

Kramer, P.J., Boyer, J.S., 1995. Water Relations of Plants and Soils. Academic Press.

Kuznetsova, A., Bruun Brockhoff, P.B., Christensen, R.H.B., Pgdenphant Jensen, S., 2022. ImerTest Package: Tests in Linear Mixed Effects Models. J. Stat. Softw. 82
(13), 1-26 doi:10.18637/jss.v082.i113 <https://doi.org/10.18637 /jss.v082.i13.

Lal, R., 2015. Restoring Soil Quality to Mitigate Soil Degradation. Article 5. Sustainability 7 (5) https://doi.org/10.3390/5u7055875.

Laurance, W.F., Fearnside, P.M., Laurance, S.G., Delamonica, P., Lovejoy, T.E., Rankin-de Merona, J.M., Chambers, J.Q., Gascon, C., 1999. Relationship between soils
and Amazon forest biomass: A landscape-scale study. For. Ecol. Manag. 118 (1), 127-138. https://doi.org/10.1016/50378-1127(98)00494-0.

Levins, R., 1979. Coexistence in a Variable Environment. Am. Nat. https://doi.org/10.1086/283527.

Liu, Y., Du, J., Xu, X., Kardol, P., Hu, D., 2020. Microtopography-induced ecohydrological effects alter plant community structure. Geoderma 362, 114119. https://
doi.org/10.1016/j.geoderma.2019.114119.

Lloveras, J., Gonzalez-Rodriguez, A., Vazquez-Yanez, O., Pineiro, J., Santamaria, O., Olea, L., Poblaciones, M.J., 2006. Sustain. Grassl. Product.

Lopez-Carrasco, C., Lopez-Sanchez, A., San Miguel, A., Roig, S., 2015. The effect of tree cover on the biomass and diversity of the herbaceous layer in a Mediterranean
dehesa. Grass Forage Sci. 557-704.

Lépez-Sanchez, A., San Miguel, A., Lopez-Carrasco, C., Huntsinger, L., Roig, S., 2016. The important role of scattered trees on the herbaceous diversity of a grazed
Mediterranean dehesa. Acta Oecologica 76, 31-38. https://doi.org/10.1016/j.acta0.2016.08.003.

Lorenzo, P., Rodriguez-Echeverria, S., Gonzalez, L., Freitas, H., 2010. Effect of invasive Acacia dealbata, Link on soil microorganisms as determined by PCR-DGGE.
Appl. Soil Ecol. 44 (3), 245-251. https://doi.org/10.1016/j.aps0il.2010.01.001.

Maathuis, F.J., 2009. Physiological functions of mineral macronutrients. Curr. Opin. Plant Biol. 12 (3), 250-258. https://doi.org/10.1016/j.pbi.2009.04.003.

Madrigal, J., Garcia-Rodriguez, J.A., Julian, R., Puerto, A., Fernandez-Santos, B., 2008. Exploring the influence of shrubs on herbaceous communities in a
Mediterranean climatic context of two spatial scales. Plant Ecol. 195 (2), 225-234. https://doi.org/10.1007/s11258-007-9321-x.

Madrigal-Gonzalez, J., Garcia-Rodriguez, J.A., Puerto-Martin, A., Fernandez-Santos, B., Alonso-Rojo, P., 2010. Scale-dependent effects of pines on the herbaceous
layer diversity in a semi-arid mediterranean ecosystem. Community Ecol. 11 (1), 77-83. https://doi.org/10.1556/ComEc.11.2010.1.11.

Manion, P.D., Lachance, D., 1992. Forest Decline Concepts. APS Press.

Manral, V., Bargali, K., Bargali, S.S., Jhariya, M.K., Padalia, K., 2022. Relationships between soil and microbial biomass properties and annual flux of nutrients in
Central Himalaya Forests, India. Land Degrad. Dev. 33 (12), 2014-2025. https://doi.org/10.1002/1dr.4283.

Manral, V., Bargali, K., Bargali, S.S., Karki, H., Chaturvedi, R.K., 2023. Seasonal Dynamics of Soil Microbial Biomass C, N and P along an Altitudinal Gradient in
Central Himalaya, India. Article 2. Sustainability 15 (2) https://doi.org/10.3390/s5u15021651.

Maranon, T., 1986. Plant species richness and canopy effect in the savanna-like “dehesa” of S.-W. Spain. Ecol. Mediterr. 12 (1), 131-141. https://doi.org/10.3406/
ecmed.1986.1121.

Melendo, M., Cano, E., Valle, F., 1996. Aportaciones al conocimiento de los pastizales mediterraneo-iberoatlanticos (Sierra Morena, Espana). Ecol. Mediterr. 22 (1),
25-37. https://doi.org/10.3406/ecmed.1996.1800.

15


https://typeset.io/papers/responses-of-species-diversity-to-precipitation-change-on-c4tstbmnmv
https://typeset.io/papers/responses-of-species-diversity-to-precipitation-change-on-c4tstbmnmv
https://doi.org/10.1146/annurev.ecolsys.31.1.343
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref20
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref20
https://doi.org/10.1111/ppa.12016
https://doi.org/10.1016/j.funbio.2012.12.004
https://doi.org/10.1016/j.biocon.2010.04.032
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref24
https://doi.org/10.21425/F5FBG50007
https://doi.org/10.1371/journal.pone.0252154
https://doi.org/10.1016/j.jaridenv.2020.104274
https://doi.org/10.1016/j.biocon.2018.07.029
https://doi.org/10.22438/jeb/43/1/MRN-2003
https://doi.org/10.1007/BF00477148
https://doi.org/10.5424/fs/2014231-04521
https://doi.org/10.1007/s10457-009-9211-4
https://doi.org/10.1007/s10342-012-0623-8
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref34
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref34
https://doi.org/10.1016/0022-1694(95)02794-7
https://doi.org/10.1111/mpp.12568
https://doi.org/10.1007/s10342-017-1066-z
https://doi.org/10.1007/s10342-017-1066-z
https://doi.org/10.1111/j.1461-0248.2005.00729.x
https://doi.org/10.1111/j.1461-0248.2005.00729.x
https://doi.org/10.1007/s10531-005-2092-6
https://doi.org/10.1111/j.1461-0248.2004.00686.x
https://doi.org/10.1016/j.fcr.2011.12.001
https://doi.org/10.1016/j.fcr.2011.12.001
https://doi.org/10.1007/s10457-009-9229-7
https://doi.org/10.1007/s10457-009-9229-7
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref43
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref44
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref44
https://doi.org/10.3390/su7055875
https://doi.org/10.1016/S0378-1127(98)00494-0
https://doi.org/10.1086/283527
https://doi.org/10.1016/j.geoderma.2019.114119
https://doi.org/10.1016/j.geoderma.2019.114119
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref49
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref50
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref50
https://doi.org/10.1016/j.actao.2016.08.003
https://doi.org/10.1016/j.apsoil.2010.01.001
https://doi.org/10.1016/j.pbi.2009.04.003
https://doi.org/10.1007/s11258-007-9321-x
https://doi.org/10.1556/ComEc.11.2010.1.11
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref56
https://doi.org/10.1002/ldr.4283
https://doi.org/10.3390/su15021651
https://doi.org/10.3406/ecmed.1986.1121
https://doi.org/10.3406/ecmed.1986.1121
https://doi.org/10.3406/ecmed.1996.1800

K. Onoszko et al. Global Ecology and Conservation 54 (2024) e03162

Montero, G., San Miguel, A., Canellas, 1., 1998. Systems of Mediterranean Silviculture 'La Dehesa. Mundi-Prensa Libros, 519-554.

Moreno, G., 2015. AGFORWARD Project Report. Syst. Rep.: Iber. Dehesas, Spain 60.

Moreno, G., Aviron, S., Berg, S., Crous-Duran, J., Franca, A., de Jaldn, S.G., Hartel, T., Mirck, J., Pantera, A., Palma, J.H.N., Paulo, J.A., Re, G.A., Sanna, F., Thenail, C.,
Varga, A., Viaud, V., Burgess, P.J., 2018. Agroforestry systems of high nature and cultural value in Europe: provision of commercial goods and other ecosystem
services. Agrofor. Syst. 92 (4), 877-891. https://doi.org/10.1007/s10457-017-0126-1.

Moreno, G., Gonzalez-Bornay, G., Pulido, F., Lopez-Diaz, M.L., Bertomeu, M., Juarez, E., Diaz, M., 2016. Exploring the causes of high biodiversity of Iberian dehesas:
the importance of wood pastures and marginal habitats. Agrofor. Syst. 90 (1), 87-105. https://doi.org/10.1007/s10457-015-9817-7.

Nadal-Romero, E., 2014. Eff. slope angle Asp. Plant Cover Species richness a humid Mediterr. badland. https://doi.org/10.13039/501100003329.

Nekola, J.C., White, P.S., 1999. The distance decay of similarity in biogeography and ecology. J. Biogeogr. 26 (4), 867-878. https://doi.org/10.1046/j.1365-
2699.1999.00305.x.

Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., O’Hara, R., Solymos, P., Stevens, M., Szoecs, E., Wagner, H., Barbour, M., Bedward, M.,
Bolker, B., Borcard, D., Carvalho, G., Chirico, M., De Caceres, M., Durand, S., Evangelista, H., FitzJohn, R., Friendly, M., Furneaux, B., Hannigan, G., Hill, M.,
Lahti, L., McGlinn, D., Ouellette, M., Ribeiro Cunha, E., Smith, T., Stier, A., Ter Braak, C., Weedon, J. (2022). _vegan: Community Ecology Package_. R package
version 2.6-4, (https://CRAN.R-project.org/package=vegan).

Paudel, S., Sah, J., 2003. Physiochemical characteristics of soil in tropical sal (Shorea robusta Gaertn.) forests in eastern Nepal. Himal. J. Sci. Vol 1 https://doi.org/
10.3126/hjs.v1i2.207.

Peco, B., de Pablos, 1., Traba, J., Levassor, C., 2005. The effect of grazing abandonment on species composition and functional traits: The case of dehesa grasslands.
Basic Appl. Ecol. 6 (2), 175-183. https://doi.org/10.1016/j.baae.2005.01.002.

Plieninger, T., Pulido, F.J., Konold, W., 2003. Effects of land-use history on size structure of holm oak stands in Spanish dehesas: implications for conservation and
restoration. Environ. Conserv. 30 (1), 61-70. https://doi.org/10.1017/50376892903000055.

Pulido, F., Picardo, A., 2010. Libro Verde de la Dehesa. Documento para el debate hacia una Estrategia Ibérica de gestion. Consejeria de Medio Ambiente. Junta De.
Castilla Y. Le. 6N. (https://www.eweb.unex.es/eweb/accionporladehesa/documentos/libro_verde_dehesa.pdf).

Core Team, R., 2023. R: A language and environment for statistical computing. R. Found. Stat. Comput. (https://www.R-project.org/).

Rodriguez-Rojo, M.P., Roig, S., Lopez-Carrasco, C., Garcia, M.M.R., Sanchez-Mata, D., 2022. Which Factors Favour Biodivers. Iber. Dehesas.

Rodwell, J.S., 2006. Natl. Veg. Classif.: Users’ Handb.

Royer, P.D., Cobb, N.S., Clifford, M.J., Huang, C.-Y., Breshears, D.D., Adams, H.D., Villegas, J.C., 2011. Extreme climatic event-triggered overstorey vegetation loss
increases understorey solar input regionally: Primary and secondary ecological implications. J. Ecol. 99 (3), 714-723. https://doi.org/10.1111/j.1365-
2745.2011.01804.x.

Ruiz de la Torre, J. (2006). Flora Mayor (ICONA (Organismo Auténomo de Parques Nacionales)).

Ruiz-Gomez, F.J., Pérez-de-Luque, A., Navarro-Cerrillo, R.M., 2019. The Involvement of Phytophthora Root rot and drought stress in holm oak decline: from
ecophysiology to microbiome influence. Curr. For. Rep. 5 (4), 251-266. https://doi.org/10.1007/540725-019-00105-3.

Sanchez Pena, G., Torres Martinez, B., Prieto Gonzalez, M., Revenga Fernandez, G., 2010. Anuario de sanidad forestal, 2010. Servicio de Sanidad Forestal y Equilibrios
Biologicos (SSF) Subdireccién General de Politica Forestal y Desertificacién. Gobierno de Espana.

Sanchez-Cuesta, R., Ruiz-Gomez, F.J., Duque-Lazo, J., Gonzalez-Moreno, P., Navarro-Cerrillo, R.M., 2021. The environmental drivers influencing spatio-temporal
dynamics of oak defoliation and mortality in dehesas of Southern Spain. For. Ecol. Manag. 485, 118946 https://doi.org/10.1016/j.foreco.2021.118946.

Santos, R. (2004). Reserva de la Biosfera Dehesas de Sierra Morena: La mayor reserva de Espana.Ambienta (Espana), 33. (https://agris.fao.org/search/en/providers/
122599/records/647760235eb437ddff779db6).

Sena, K., Crocker, E., Vincelli, P., Barton, C., 2018. Phytophthora cinnamomi as a driver of forest change: implications for conservation and management. For. Ecol.
Manag. 409, 799-807. https://doi.org/10.1016/j.foreco.2017.12.022.

Serrano, M.S., Fernandez-Rebollo, P., De Vita, P., Carbonero, M.D., Trapero, A., Sanchez, M.E., 2010. Lupinus luteus, a new host of Phytophthora cinnamomi in Spanish
oak-rangeland ecosystems. Eur. J. Plant Pathol. 128 (2), 149-152. https://doi.org/10.1007/s10658-010-9652-7.

Serrano, M.S., Fernandez-Rebollo, P., De Vita, P., Sdnchez, M.E., 2012. Susceptibility of common herbaceous crops to Phytophthora cinnamomi and its influence on
Quercus root rot in rangelands. Eur. J. Plant Pathol. 134 (2), 409-414. https://doi.org/10.1007/510658-012-9999-z.

Servicio de Ordenacién y Defensa de los Recursos Forestales. (2006). Manual para el establecimiento y la evaluacién de las parcelas de: La Red Andaluza de
Seguimiento de Danos Sobre Ecosistemas Forestales (Red Seda) y La Red Andaluza de Seguimiento de Danos Sobre Ecosistemas Forestales con Presencia de
Pinsapo (Red de Pinsapo). Consejeria de Medio Ambiente. Junta de Andalucia. Sevilla.

Shannon, C.E., Weaver, W., 1949. The Mathematical Theory of Communication. University of Illinois Press.

Simpson, E.H., 1949. Measurement of Diversity, 688 Nature 163 (4148), 688. https://doi.org/10.1038/163688a0.

Tabbagh, A., Cosenza, Ph, 2007. Effect of microstructure on the electrical conductivity of clay-rich systems. Phys. Chem. Earth, Parts A/B/C. 32 (1), 154-160. https://
doi.org/10.1016/j.pce.2006.02.045.

Valdés, B., Talavera, S., & Fernandez-Galiano, E. (1987). Flora Vascular de Andalucia Occidental (Fundacién para la Ecologia y la Proteccién del Medio Ambiente,
Vols. 1-3). Ketres.

Vega, E., Martinez-Ramos, M., Garcia-Oliva, F., Oyama, K., 2020. Influence of environmental heterogeneity and geographic distance on beta-diversity of woody
communities. Plant Ecol. 221 (7), 595-614. https://doi.org/10.1007/s11258-020-01036-x.

Wei, T., Simko, V., 2021. R. Package ’corrplot’: Vis. a Correl. Matrix (Version 0. 92). Available from (https://github.com/taiyun/corrplot).

Wills, R.T., 1993. The ecological impact of Phytophthora cinnamomi in the Stirling Range National Park, Western Australia. Aust. J. Ecol. 18 (2), 145-159. https://doi.
0rg/10.1111/§.1442-9993.1993.tb00439.x.

Xu, M., Qi, Y., Chen, J., Yin, W., 2000. Effects of spatial heterogeneity of microenvironment on plant biodiversity in the southeastern missouri ozarks. Geogr. Inf. Sci. 6
(1), 38-47. https://doi.org/10.1080/10824000009480532.

16


http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref61
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref62
https://doi.org/10.1007/s10457-017-0126-1
https://doi.org/10.1007/s10457-015-9817-7
https://doi.org/10.13039/501100003329
https://doi.org/10.1046/j.1365-2699.1999.00305.x
https://doi.org/10.1046/j.1365-2699.1999.00305.x
https://CRAN.R-project.org/package=vegan
https://doi.org/10.3126/hjs.v1i2.207
https://doi.org/10.3126/hjs.v1i2.207
https://doi.org/10.1016/j.baae.2005.01.002
https://doi.org/10.1017/S0376892903000055
https://www.eweb.unex.es/eweb/accionporladehesa/documentos/libro_verde_dehesa.pdf
https://www.R-project.org/
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref72
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref73
https://doi.org/10.1111/j.1365-2745.2011.01804.x
https://doi.org/10.1111/j.1365-2745.2011.01804.x
https://doi.org/10.1007/s40725-019-00105-3
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref76
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref76
https://doi.org/10.1016/j.foreco.2021.118946
https://agris.fao.org/search/en/providers/122599/records/647760235eb437ddff779db6
https://agris.fao.org/search/en/providers/122599/records/647760235eb437ddff779db6
https://doi.org/10.1016/j.foreco.2017.12.022
https://doi.org/10.1007/s10658-010-9652-7
https://doi.org/10.1007/s10658-012-9999-z
http://refhub.elsevier.com/S2351-9894(24)00366-4/sbref81
https://doi.org/10.1038/163688a0
https://doi.org/10.1016/j.pce.2006.02.045
https://doi.org/10.1016/j.pce.2006.02.045
https://doi.org/10.1007/s11258-020-01036-x
https://github.com/taiyun/corrplot
https://doi.org/10.1111/j.1442-9993.1993.tb00439.x
https://doi.org/10.1111/j.1442-9993.1993.tb00439.x
https://doi.org/10.1080/10824000009480532

	Diversity patterns of herbaceous community in environmental gradients of dehesa ecosystems
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Experimental design
	2.3 Tree phytosanitary and dasometric data
	2.4 Soil sampling and processing
	2.5 Phytophthora cinnamomi diagnostic
	2.6 Herbaceous data sampling and identification
	2.7 Alpha herbaceous biodiversity indices
	2.8 Environmental information
	2.9 Statistical analyses
	2.9.1 Alpha diversity
	2.9.2 Beta diversity


	3 Results
	3.1 Floristic composition
	3.2 Herbaceous biomass
	3.3 Alpha diversity
	3.4 Beta diversity
	3.5 Tree health and Phytophthora cinnamomi influence

	4 Discussion
	4.1 Floristic composition and species richness
	4.2 Drivers of plant alpha diversity and herbaceous biomass in dehesas
	4.3 Beta diversity patterns
	4.4 Tree health and Phytophthora cinnamomi presence

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments and funding source
	Appendix A Supporting information
	References


