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Abstract: Plant diversity is a core value of forests and is rapidly becoming a primary management
goal under the threat of global environmental changes. Changing conditions, including forestry
interventions, or lack of them, may endanger its preservation. Abandonment of management in
forests previously subjected to a multipurpose silviculture and secondary succession is hypothesized
to have altered the biodiverse Mediterranean forests in recent years and affected plant diversity.
We used data in national forest inventory plots and local landscape ecology metrics from forest
cartography, combined with artificial neural networks, to predict richness and Shannon diversity
indices for the tree and shrub layers of several Mediterranean forest types. We found that richness
and diversity depend on forest structure and on local landscape patterns, and also, though to a lesser
degree, on site conditions (mainly soil pH), but not on forest intervention. In order to benefit plant
diversity in the forest landscapes analyzed, forest management practices need to promote diameter
variety, the presence of large trees, tree cover, variation in the height of trees and shrubs, and a
heterogeneous local landscape at the stand level. Aleppo pine forests and Scots pine forests showed
more consistent results in their models than cork oak and black pine forests, both of which require
further research.

Keywords: landscape metrics; forest management; artificial neural networks; richness; Shannon
diversity index

1. Introduction

Biodiversity is an essential target for applied forestry, particularly after the United
Nations Conference on Environment and Development in Rio de Janeiro, Brazil, in 1992 [1],
but major forest threats persist, and biodiversity is expected to decline in this century [2].
The Mediterranean forests, with very high plant diversity (>100 tree species) and exception-
ally rich in endemics [3], remain highly threatened [4,5], due to processes such as intensive
agriculture, infrastructure development, tourism or urban sprawl, but particularly due
to the pervasive rural exodus that has triggered extensive transformations on the previ-
ously fine-grained cultural Mediterranean mosaics since the 1950s [6] and the overarching
climate change trends [7]. Forests under traditional silviculture (i.e., black pine forests)
or multiple-use exploitation (i.e., cork oak forests) have been left largely unmanaged and
consequently face an uncertain future. Forest expansion has taken place over agricultural
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and pasture land [8,9], joining past reforestations and wildfires in creating denser even-
aged structures [10,11], in coarse-grained landscapes in which fuel build-up and a total
fire exclusion policy have changed fire regimes [12]. Abandonment due to the increasingly
marginal value of forests has become the main driver of the “inherent and associated
biodiversity” of the Mediterranean forests [13], along with climate change [7]. Instead of
leading towards rewilding or a forest transition to higher successional stages, abandonment
has often led to landscape deterioration and ecosystem degradation [14], so it has been
proposed that “biodiversity conservation in Mediterranean transition forests depends on
finding viable ways of reversing the negative effects of rural land abandonment” [15], at
landscape and stand scales. Environmental factors, such as the variable response of poor,
marginal soils to abandonment [14,16], add complexity to decisions on how to manage
fragile forest ecosystems in order to preserve diversity in the Mediterranean.

Plant diversity in forests is deeply related to forest functioning, so that forests with
greater diversity are, in general, more productive [17], and their production is more sta-
ble [18,19]. Moreover, highly diverse forests are better able to cope with disturbances [20];
they are also more resilient (i.e., more ready to recover once a disturbance has ceased) [21].
Management of Mediterranean forests should therefore incorporate diversification as one
of the goals of adaptive silviculture in a context of climate change [22]. Forest stewardship
is needed to conserve Mediterranean forests, since it is recognized that appropriate silvi-
cultural disturbances may aid in preserving and enhancing their diversity [23]. However,
decreasing levels of management due to abandonment have introduced uncertainty in
the current relations between receding forest management and plant diversity. The well-
founded, Mediterranean adaptive forest management applied in the past was based on
the preventive analysis of species composition, stand structure, site-index and main forest
function to approximate a desirable state though successive interventions; the silvicultural
practice aimed at the preservation of structure and species diversity and the “enhancement
of elementary aggregates, namely the cohorts scattered inside each management unit”,
besides protection against risks [13]. Under the current unmanaged state of many forests,
we do not have a good understanding of how structural features relate to actual plant
diversity across a wide variety of Mediterranean forest types. It is our hypothesis that
forest stands with structures created under past management practices, later progressively
abandoned, may have lower plant diversity when compared to stands that have retained
even low-level management interventions.

Previous studies have shown the connection between forest structure and plant di-
versity, which we also wanted to test, and how it is linked to variables such as diameter
size distribution, heights, basal area, wood stock, vegetation cover in different layers of the
forest (vertical structure [24]), or tree density and age [25–27], all of which are modifiable
by management [28]. Management directed at changing stand structure variables can
significantly affect plant diversity in the understory by altering environmental factors such
as light and water availability [29–34]. Nevertheless, factors other than forest structure,
such as soil characteristics or stage of development (crop age [24]) can influence plant
community composition and diversity. Recently, Wei et al. [35] found few differences in
understory diversity between managed and unmanaged stands abandoned 20 to 40 years
before. They found soil micro-environment and stand characteristics (basal area, shrub
cover) more influential on understory diversity than management in temperate oak forests
in northern France. Previous work also suggests that not only soils or stand structure
but also local landscape characteristics influence Mediterranean plant diversity [15,36,37],
and these are also modifiable by management. Landscape ecology has provided many
indices or metrics to measure the heterogeneity and spatial characteristics of local patterns
around stands, which can help explain disparities in forest composition and related bio-
diversity [38]. Katayama et al. [39] found heterogeneity metrics to be “good surrogates
of species diversity because, in ecology, habitat diversity is associated with an increase in
niche availability for species”. The use of landscape metrics as explanatory variables when
analyzing the diversity associated with different forest types can improve diversity models’
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performance [36,40]. Understanding how changes in local landscape patterns affect species
diversity at the stand level is critical to efficiently improve forestry practices linked to sound
environmental policies and landscape management [36]. A better knowledge of relations
between local metrics and plant diversity could provide alternative ways to approach
monitoring and predictive modelling of plant diversity [41].

Hence, there is a critical need for quantitative indicators of desirable features in forest
stand structures and best local landscape configurations to implement effective monitoring
and management programs for the maintenance or improvement of plant diversity, as the
support system for other forms of biodiversity [42,43]. Given the scarcity of studies for
Mediterranean abandoned or secondary succession forests on plant diversity and their
association with forest characteristics and landscape structure, the purpose of this work
was to test the relations between stand-level features and local landscape characteristics
with plant diversity measures, namely, richness and Shannon diversity indices for the
tree and shrub layers of several Mediterranean extensive forest types in the northeast
of Spain. “Plant diversity” is used here in relation to trees and shrubs only, as data for
herbs, grasses, and forbs was not available in our data sources. The identification of forest
features significantly related to plant diversity, in conjunction with management evidence
or absence, would allow us to test our hypothesis and improve conservation measures
through forest management interventions targeting said features and the formulation of
management priorities under the reduced budgets affecting the increasingly marginal
Mediterranean forests.

2. Materials and Methods
2.1. Study Area and Data Source

We selected six landscape units (LUs) in the region of Catalonia (NE Spain), located
within 0◦15′ E and 3◦15′ E longitude and 40◦30′ N and 42◦40′ N latitude, encompassing
several Mediterranean forest types (Figure 1). The landscape units were a distinctive
representation of pervasive Mediterranean forest types under continental Mediterranean
conditions and were delimited in a landscape character assessment catalogue published by
the Govern of Catalonia [Link], containing internally homogeneous ecological, managerial
and socioeconomic conditions. These landscape units were the selected sites for a LIFE
project (CLIMARK LIFE16 CCM/ES/000065, in Catlonia and Veneto, Italy) focused on
forest management promotion through a climatic credit based on carbon, water and biodi-
versity as main ecosystem services, which warranted the biodiversity and representative
value of the units for our study.

Montmell LU (35,163 ha) mainly contained stands of Aleppo pine (Pinus halepensis
Mill.) in varied condition and several stages after post-fire regeneration, alternating with
crops and maquias. Serres d’Ancosa LU (52,888 ha) had mature stands of Aleppo pine,
a secondary forest with a shrub layer often described as rich, including Pistacea lentiscus,
Viburnum tinus, Quercus coccifera, Erica multiflora, and many other shrub species. Vall de
Rialb LU (120,051 ha) encompassed extensive mature stands of adult black pine (Pinus
nigra Arn.), irregularly and scarcely mixed with oaks (Quercus faginea L., Quercus ilex L.)
prevented from gaining more presence by a marginal forest explotation in decline. Aspres
LU (43,431 ha) was covered by young, post-fire and adult stands of cork oak (Quercus
suber L.) traditionally managed for cork production. Replans de Berguedà LU (118,862 ha)
alternated young stands under post-fire regeneration and mature stands of Scots pine (Pinus
sylvestris L.), while Capçaleres del Llobregat LU (152,325 ha) was covered predominantly
by mature stands of Scots pine, with intermittent presence of other species depending on
the varied altitudinal gradient (Quercus pubescens, Acer opalus, Sorbus domestica, Populus
tremula, Acer campestris, Tilia platyphyllos, Fagus sylvatica, Abies alba). A full list of species
identified in each LU is included in Appendix A.
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We used National Forest Inventory (NFI) data to characterize the general structure
of the selected forest types. National Forest Inventories (NFIs) have gained value over
the last decades in natural resources management [44], particularly in biodiversity con-
servation [45,46]. As these regular periodic surveys compile relevant information that
can be used to estimate forest diversity measures at 5- to 10-year intervals, they are ideal
also in ecological research [47]. Forest surveys employ precise statistical methods based
on scientific and systematic bases for estimating forest features, with the possibility of
knowing the measurement error quantitatively, and taking into account the spatial changes
in stand structure [48]. As inventory data is the usual basis for forest interventions, these
data make it possible to track or plan changes in forest features that may measurably
benefit plant diversity.

We used the most recent survey, the Fourth Spanish National Forest Inventory
(SNFI4 [49]), as a source of field information for the forests’ structure and composition
present in the LUs. SNFI4 is a network of permanent field plots at the intersections of a
1 km × 1 km UTM grid established over digital maps (1:25,000) [50]. Each plot consists
of four concentric fixed circles with radii of 5, 10, 15 and 25 m, used for acquisition of
different stand and site variables. For management status, the SNFI4 provides information
on regeneration treatments applied, but based on what can be observed in the field, so it
was not possible to accurately estimate the intervention time, the only evidence being that a
treatment had been applied at an earlier time in managed plots. Unmanaged plots showed
no sign of treatment, for instance, stumps from felled or thinned trees, and given that
they should be evident for many years in our climate, they were considered abandoned.
We used all the SNFI4 plots located within windows delimiting the limits of the 6 LUs
(Figure 2), which included 875 plots distributed as follows: Serres d’Ancosa, 64 plots (with
37.5% of the plots of the SNFI4 showing evidences of previous management, regenera-
tion felling, 62.5% unmanaged); Aspres, 87 plots (21.8% managed, 78.2% unmanaged);
Replans de Berguedà, 231 plots (62% managed, 38% unmanaged); Capçaleres del Llobregat,
309 plots (49.3% managed, 50.7% unmanaged); Montmell, 34 plots (23.5% managed, 76.5%
unmanaged); and Vall de Rialb, 150 plots (44.1% plots managed, 55.9% unmanaged). All
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forest types had a tree canopy cover over 70%, except the black pine stands in Vall de Rialb,
with 60%.
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2.2. Stand-Level Diversity and Structure Variables

From the SNFI4 data, we computed four common plant diversity indicators related to
the tree and shrub layers: tree species richness (TreeRich), tree species Shannon diversity
index (TreeShDI), shrub species richness (ShrubRich) and shrub Shannon diversity index
(ShrubShDI), following the literature on the topic [36,51–56]. Tree richness was computed
as the number of different tree species in the plot, considering trees with a height > 1.30 m,
shrub richness as the number of different shrub species in a plot. We calculated the Shannon
diversity index (H’) for trees using the relative abundance of tree species from density
counts, as in [57,58]. As for shrubs, individuals are not counted in SNFI4, so Shannon
diversity index was determined using the proportion of cover for each species as the term
for relative abundance.

We also extracted stand-level variables potentially related to plant diversity from the
SNFI4, including commonly recorded (in all SNFIs) and easily acquired variables indicative
of stand origin and development status of the dominant trees (natural age class), canopy
and shrub cover data, average shrub and tree height, diameter characteristics (diameter at
breast height, DBH) of the surveyed trees (height > 1.30 m), soil indicators, and evidence of
past silvicultural treatment of regeneration felling. Regeneration feeling leaves traceable
signs (i.e., stumps) over many years and was reliably recorded in the SNFI4. The set of
17 variables selected as potential predictors of tree and shrub diversity are listed in Table 1.
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Table 1. List of the independent variables derived from SNFI4 [49].

Abbreviation of Variable Variable Description Type of Variable

Dominant tree species data

Develop Development status of the dominant species (seedling, sapling,
thicket, pole, mature stand) Categorical

Even/Uneven Coetaneous, even-aged, mixed-aged, uneven-aged Categorical
Origin Natural, artificial, naturalized Categorical

Shrubs data
Mean.HShrub Mean shrub height Interval

Std.HShrub Standard deviation of shrub height Interval

Trees data
D.Max Maximum tree diameter Interval
D.Min Minimum tree diameter Interval

Mean.D Diameter mean Interval
Std.D Diameter standard deviation Interval

Mean.HTrees Mean tree canopy height Interval
Std.HTrees Standard deviation of tree canopy height Interval

Cover and site data
Fcc.Tot Fraction cover of total vegetation Interval

Fcc.Trees Fraction cover of tree canopy Interval
Texture Soil texture of the plot (1, sand; 2, mixed; 3, clay) Categorical

MatOrg Organic matter present in the plot soil (1, high humus content; 2,
moderate humus; 3, low humus) Categorical

pHSoil pH level of the soil in the plot (1–14) Interval
RegFelling Evidence of regeneration fellings applied (dummy; no, 0; yes, 1) Categorical

2.3. Local Landscape Variables

We used a forest type classification map elaborated by the Centre de la Propietat
Forestal of the Catalan Government [59,60] as a source of land cover information at the
landscape scale. Rectangular windows of variable extent were created around each LU,
and the forest type layer was transformed into raster format (10 × 10 m pixel resolution)
for further processing of landscape features and metrics. We calculated a set of 18 class-
level metrics and 19 landscape-level metrics using FRAGSTATS 4.2 [61]. We set a 100 m
buffer around the central position of each forest plot (X,Y-UTM coordinates) and applied
an eight cell-neighborhood rule for computing the metrics around the plots. The set of
variables included area-edge metrics, shape metrics, aggregation metrics and diversity
metrics (Table 2). Class metrics (Clas.) consider only patches of the same forest type
within the 100 m buffer, whereas landscape metrics (Land.) include all patches, without
differentiating forest types.

Table 2. List of FRAGSTATS metrics computed for class and landscape levels, the independent variables for analysis (all of
them numeric).

Class
Metrics (Clas.) Description Landscape

Metrics (Land.) Description

CA Total (Class) Area TA Total Area

PLAND Percentage of Landscape

NP Number of Patches NP Number of Patches

LPI Largest Patch Index LPI Largest Patch Index

TE Total Edge TE Total Edge

AREA_MN Mean Patch Area AREA_MN Mean Patch Area

AREA_SD Standard Deviation in Patch Area AREA_SD Standard Deviation in Patch Area

SHAPE_MN Mean patch area SHAPE_MN Mean Patch Area
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Table 2. Cont.

Class
Metrics (Clas.) Description Landscape

Metrics (Land.) Description

SHAPE_SD Standard deviation in patch area SHAPE_SD Standard Deviation in Patch Area

ENN_MN Euclidean Nearest-Neighbor
Distance—mean ENN_MN Euclidean Nearest-Neighbor

Distance—mean

ENN_SD Euclidean Nearest-Neighbor
Distance—standard deviation ENN_SD Euclidean Nearest-Neighbor

Distance—standard deviation

CLUMPY Clumpiness Index CONTAG Contagion

PLADJ Percentage of Like Adjacencies PLADJ Percentage of Like Adjacencies

IJI Interspersion and Juxtaposition
Index IJI Interspersion and Juxtaposition

Index

COHESION Patch Cohesion Index COHESION Patch Cohesion Index

DIVISION Landscape Division Index DIVISION Landscape Division Index

SPLIT Splitting Index SPLIT Splitting Index

AI Aggregation Index AI Aggregation Index

SHDI Shannon Diversity Index

SHEI Shannon Evenness Index

2.4. Model Building with Artificial Neural Networks

Since variables taken within a plot or its near area are likely to be highly correlated, we
used artificial neural networks (ANNs) to disentangle the effect of explanatory variables
on tree and shrub diversity. ANNs are a robust analytical technique, with high potential for
pattern recognition and not affected by multicollinearity problems. ANNs have been often
used in the forestry field, in studies related to tree mortality [62,63], height and diameter
estimation [64,65], and wildfire prediction [66,67].

We built 24 models, one ANN model for each combination of the dependent vari-
able (TreeRich, TreeShDI, ShrubRich, ShrubDI) and each landscape unit (4 dependent
variables × 6 LUs = 24 models). Models for different forest types (i.e., young and mature
Aleppo pine, mixed black pine, cork oak, young and mature Scotch pine) were built using
Neural Works Predict® 3.30 software [68] to relate stand structure and local landscape
predictors with tree and shrub diversity indices.

We used multilayered feed-forward cascade-correlation networks, as defined by
Fahlman and Lebiere [69], and following the same model building procedure as in other
applications by Alcázar et al. [70] and Vega-Garcia et al. [71]. The number of layers was set
to three (an input, a hidden layer, and an output layer), fully connected, with a weight de-
cay function to speed up the convergence of the networks. The iterative learning algorithm
was based on an adaptative gradient learning rule [69], a variant of the general algorithm
of back-propagation [72]. As the number of observations (plots) was not too high in each
LU, we developed explicative models for assessing plant diversity; models were built with
all data in the validation dataset (100%), 70% of the data in the train set, and 30% in the test
set. Data splitting into sets was conducted randomly at least three times for each model to
avoid problems linked to uneven distribution of plots in the sets. Several transformations
of the input variables were tested, and a genetic algorithm for variable selection preceded
each model training trial, with network weights starting at different randomized values
(at least three). In the selection of the best models, we analyzed as main diagnostics the
Pearson product-moment correlation (r) of the datasets, measuring the linear association
between observed and predicted outputs (the higher, the better), and the root mean square
error (RMSE). Under equivalent performance, we preferred parsimonious models with
lower numbers of input variables and processing elements and layers, in order to support
managerial decisions based on the lowest number of forest features. The best models for
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each forest type were chosen combining criteria based on higher correlation and lower
RMSE between observed and predicted responses in train, test and validation datasets
and the simplicity of the network architecture. The signs and relative importance of the
significant variables within the best models was evaluated through a sensitivity analysis
tool provided by NeuralWare [68], which is based on the computation of the matrix of
the partial derivatives of the richness or diversity output variable for each of the input
variables in the corresponding model [71]. Some variables were selected as inputs to the
models more than once, using different transformations (i.e., linear and log), which was
also indicative of the relevance of the variable.

3. Results

Successful richness and Shannon diversity indices (Rich and ShDI) models were
built for trees (Table 3) and shrubs (Table 4) for the six main forest types in each LU. All
models had good correlation values (r > 0.5) between predicted and observed values
across all datasets (training, test and validation), though the best results were found
for TreeShDI of young Aleppo pine forest types in Montmell (r > 0.85). RMSE values
were <1 for all tree models, and <3 for shrub models. In the model building process,
some of the 37 variables initially considered were systematically excluded by the variable
selection process with the GA (i.e., stand origin) as they proved not relevant or did not
present enough variability. The best models included 20 independent variables globally,
but only four were local landscape metrics, and no more than nine entered any given
model. The variables more frequently included in models (>10) were, in decreasing order,
maximum tree diameter (D.Max), canopy cover (Fcc.Trees), standard deviation of shrub
height (Std.Hshrub), mean shrub height (Mean.Hshrub), standard deviation of tree height
(Std.Htrees), standard deviation of diameter (Std.D), and soil pH. The sensitivity analysis
of the models highlighted differences in the relative influence of variables across forest
types with different main species composition.

As a general rule, plant richness and diversity in the tree canopy (overstory) of these
Mediterranean forest types were positively linked to variety in heights (Std.Htrees) and
diameters (Std.D) (Table 3). Large trees (high D.Max) were relevant in Pinus sylvestris and
Pinus halepensis forests, as was an advanced development stage (pole-mature natural age
class, Develop). Lack of evidence of previous silvicultural treatments (RegFelling) was
related to TreeShDI in the model for mature Aleppo pine forests.

Plant diversity in the shrub layer generally depended on the presence of a sparse tree
canopy, except for forest types with a presence of Quercus spp., in which shrub diversity was
favored by denser canopy cover (Table 4). A taller shrub layer was favorable to diversity
in Pinus halepensis and Quercus suber forests (Ancosa and Aspres) but unfavorable for
Pinus sylvestris (Bergueda and Llobregat). Large-diameter trees were negatively related to
shrub richness, except in Quercus suber forests (Aspres). Evidence of previous silvicultural
treatment was positively related to shrub ShDI in the model for mixed mature black pine
and oak forest in Rialb.

Structural stand variables predominated in the models, but four local landscape
variables (Class.PLAND, Class.SPLIT, Land.SHDI, Land.NP) were included in most of
them. These four variables were often the most influential variables in the corresponding
model (Tables 3 and 4). The exceptions were models for tree diversity in cork oak forest
and shrub diversity in mature Scots pine forest (both for Rich and ShDI).
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Table 3. Model results by forest type for the tree species richness (TreeRich) and diversity (TreeShDI). Model performance was evaluated by parsimony in network architecture (Net Arch)
and the Pearson product-moment correlation (r) of the training, test and validation datasets. Numbers indicate times a variable enters the corresponding model, and sign in the model,
whereas numbers in bold identify the highest impact predictor for each model in the sensitivity analysis.

Variables LU Rich ShDI LU Rich ShDI LU Rich ShDI LU Rich ShDI LU Rich ShDI LU Rich ShDI
Total
Times
in Tree
Models

Models

Net
Arch 8–14–1 6–6–1 Net

Arch 6–3–1 7–17–1 Net
Arch 7–2–1 6–17–1 Net

Arch 8–19–1 9–9–1 Net
Arch 2–12–1 7−20−1 Net

Arch 9−3−1 7–12–1

rTrain 0.92 0.7 rTrain 0.8 0.88 rTrain 0.6 0.53 rTrain 0.58 0.4 rTrain 0.47 0.55 rTrain 0.6 0.56
rTest 0.75 0.7 rTest 0.9 0.89 rTest 0.7 0.55 rTest 0.65 0.6 rTest 0.48 0.71 rTest 0.6 0.56
rValid 0.86 0.6 rValid 0.8 0.85 rValid 0.6 0.54 rValid 0.60 0.5 rValid 0.47 0.58 rValid 0.60 0.55
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Even/Uneven −1 1 2
Mean.Hshrub 2 1 3

Std.Hshrub 1 1 1 2 1 6
D.Max 1 −1 1 1 2 1 −1 8
D.Min −2 −1 −1 −1 1 6

Mean.D −1 −1 −1 −1 −1 −1 6
Std.D 1 1 1 1 2 2 8

Mean.HTrees −1 −1 1 −2 5
Std.HTrees 1 1 1 1 1 1 1 1 8

Fcc.Tot −1 −1 −1 −1 4
Fcc.Trees 1 1 2
Texture −1 1
MatOrg −1 1 −1 3
PhSoil −1 2 1 4

RegFelling −1 1
Class.PLAND −1 −1 −1 3
Class.SPLIT 1 1
Land.SHDI 1 1 −1 3

Land.NP 1 1 2
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Table 4. Model results by forest type for the shrub species richness (ShrubRich) and diversity (ShrubShDI). Model performance was evaluated by parsimony in network architecture (Net
Arch) and the Pearson product-moment correlation (r) of the training, test, and validation datasets. Numbers indicate times a variable enters the corresponding model, and sign in the
model, whereas numbers in bold identify the highest impact predictor for each model in the sensitivity analysis.

Variables LU Rich ShDI LU Rich ShDI LU Rich ShDI LU Rich ShDI LU Rich ShDI LU Rich ShDI
Total
Times

in
Shrub

Models

Models

Net
Arch 9–15–1 3–19–1 Net

Arch 3–23–1 6–0–1 Net
Arch 7–15–1 6–13–1 Net

Arch 8–3–1 7–19–1 Net
Arch 8–7–1 8–9–1 Net

Arch 5–23–1 7–17–1

rTrain 0.66 0.57 rTrain 0.62 0.5 rTrain 0.62 0.55 rTrain 0.5 0.53 rTrain 0.5 0.6 rTrain 0.52 0.5
rTest 0.58 0.73 rTest 0.87 0.9 rTest 0.57 0.54 rTest 0.6 0.52 rTest 0.5 0.8 rTest 0.57 0.53
rValid 0.62 0.62 rValid 0.72 0.6 rValid 0.6 0.55 rValid 0.54 0.52 rValid 0.5 0.6 rValid 0.54 0.51
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Even/Uneven −1 −1 1 3
Mean.Hshrub 2 −1 −1 −2 1 1 8
Std.Hshrub −1 1 −1 2 −1 6

D.Max −1 −2 −1 −1 1 −1 7
D.Min 1 1 1 3

Mean.D −1 1
Std.D −1 1 2

Mean.HTrees 3 3
Std.HTrees 1 1 1 3

Fcc.Tot −1 −2 3
Fcc.Trees −1 −1 −1 −2 −1 −1 2 1 10
Texture −1 1 2
MatOrg 1 1 2
PhSoil 1 −1 −1 2 1 6

RegFelling 1 1
Class.PLAND −1 −1 −1 3
Class.SPLIT −1 −1 −1 −1 4
Land.SHDI 3 −1 1 5

Land.NP 1 −1 −1 1 4
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4. Discussion

The fitted ANN models allowed us to identify the stand structure variables and local
landscape metrics most closely linked to tree and shrub diversity in targeted Mediterranean
forest types, providing valuable insights to inform species assemblies and to guide man-
agement to foster higher species diversity. About half of the 37 variables explored were
selected in the final models, but each model was unique, and therefore the combination of
relevant variables varied across the forest types and landscape units (LUs). All the models
presented high values of the Pearson product-moment correlation, although models for
the shrub layers showed higher RMSE than the tree models for all forest types. This may
reflect the higher natural variability of shrub species in any site as compared to tree species
(Appendix A), which could affect prediction accuracy. However, it must be noted that
shrub-related variables are not measured in the Spanish National Forest Inventories with
the same accuracy as tree variables, as pointed out by Torras et al. [53,73]. Some of these
limitations include issues such as the identification of rare shrub species or the estimation
of species-level coverage and height, rather than the measurement of each individual shrub,
which could have led to an underestimation of shrub richness in some plots.

4.1. Structural and Landscape Predictors of Tree and Shrub Diversity

In our study, both tree diameter and height variability played a relevant role in the
specific diversity of the tree layer, as well as tree canopy cover and the presence of large
trees in the diversity of the shrub layer. Our results agree with Özçelik et al. [74], who
found that large diameters and diameter variability were positively related to tree diversity
in Turkey, although they found the relationship between tree species diversity and stand
structural parameters highly variable (r = 0.02–0.70). Neuman et al. [75] also found that
variation of tree diameter showed a strong correlation with species diversity in permanent
plots in Austrian forests. Variation in tree size is an important feature of stand structure
because diversity in tree diameter arises from diversity in tree ages and species, thus
increasing the variety of micro-wildlife environments [76]. Shater [77] found a positive
correlation between average diameter and richness in Pinus sylvestris and Pinus nigra forests
in southern France. Conversely, this variable was negatively related to tree diversity in our
Pinus sylvestris models, although the positive effect of maximum tree diameter suggests
that it is the presence of large trees, as well as high diameter variability, that ultimately
drives tree species diversity in these forests.

Most models (15 out of 24) included between one and three landscape metrics, either
at the class or landscape level. Selected variables included the percentage of the land-
scape occupied by the same forest type (Class.PLAND), the class-level splitting index
(Class.SPLIT) or landscape diversity metrics such as the number (Land.NP) and diversity
(Land.SHDI) of patches around the inventory plots. In agreement with Katayama et al. [39],
who found heterogeneity metrics to be “good surrogates of species diversity”, we found
that Land.SHDI played a role in four of the Mediterranean forest types. Indeed, the model
for Montmell, a fire-prone area containing P. halepensis stands in different stages of post-fire
regeneration, included Land.SHDI as the main predictor. In these areas, wildfire induces
a mosaic of different forest types at the local level, indicating that wildfire can act as an
intermediate disturbance and favor diversity in Mediterranean landscapes [78]. In line
with Torras et al. [53], a composition metric, such as percentage of landscape area occupied
by the focal forest type (Class.PLAND), was a significant predictor in seven of the models;
however, we did not find them “much more relevant to explain biodiversity patterns” than
configuration metrics like Land.NP or Class.SPLIT, both included in six models.

We observed that stand structure variables were present in our models more often
than landscape variables and soil factors. However, soil-related variables were relevant for
some forest types (mainly soil pH, but occasionally also other variables, such as texture and
organic matter), as observed in Tiscar-Oliver [79] and Wei et al. [35]. pH was particularly
relevant in LUs with Quercus species, where the sign of the pH effect matched the specific
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soil requirements of the main Quercus species in the LU (Table 4). While Quercus ilex and
Quercus faginea require soils with a pH range of 4.5–8.5, the presence of secondary species
like Acer monspessulanum has been linked to higher pH in NE Spain [80]. Quercus suber, on
the contrary, generally occur in soils developed from siliceous substrates [81].

Though the models were calibrated separately for trees and shrubs, the interaction of
the shrub layer with trees found in previous work [82,83] was manifest here by the entry of
variables related to shrub height (Mean.Hshrub, Std.Hshrub) in all tree models, except for
Quercus suber forests. Shrub development is usually considered a relevant variable in the
evaluation of plant diversity [35,84]. We also found a decrease in shrub and tree diversity
with increasing total cover and tree canopy cover in pine stands, in agreement with
studies by Vilà et al. [85], Smee [86], and Coll et al. [87], which found limitations for shrub
development below dense canopy covers. Since the understory–overstory relationship
is mostly controlled by the tree layer [87], and shrubs do compete with trees for light,
water, and nutrients [57,79,81], the negative sign of the tree cover variables on the shrub
models was also to be expected. These results support the warning by other authors on the
effects of abandonment—and subsequent forest densification—on diversity [13]. Again,
Quercus species displayed a different pattern, with a positive influence of the tree cover
on the Shannon diversity index of the shrub layer. While these results may be explained
by the more umbrophilic character of the black pine–oak forest in Vall de Rialb LU, the
current state of most Quercus suber stands is the evolution of a traditional management
for productive reasons (cork extraction), which has favored relatively low densities with
scarce shrub layers. Our results indicate that the current higher tree cover may thus be
more favorable to plant diversity.

4.2. Structural and Landscape Target Characteristics for Tree and Shrub Diversity in Specific
Mediterranean Forest Types

The variable directly related to our hypothesis, and to management (RegFelling),
was only retained in two of 24 models, which agrees with Wei et al. [35], who found that
in France managed and unmanaged forests do not differ substantially in plant diversity.
Evidence of previous silvicultural treatment was negatively related to TreeShDI in the
mature Aleppo pine forests in Ancosa, but positively associated with shrub ShDI in the
mixed black pine and oak forest in Vall de Rialb. These forest types with similar manage-
ment intensity in past years differ in that mature Aleppo pine stands mainly originated
in secondary succession after abandonment or wildfire. In contrast, mature black pine
stands have been exposed to silvicultural management for decades followed by a decline
in forest exploitation. These processes need to be investigated further in the future, since
management legacies are likely to exert an influence on forest structure and diversity
that go well beyond the period of time in which the direct signs of the harvest (mainly
stumps) can be detected. Indeed, the most influential independent variables in our study
were related to stand structure and reflect this legacy of forest management in the past
followed by abandonment or the lack of it in cases of “new forests” generated after land
abandonment. We believe that these structural variables already capture the effects of
past management and could have made RegFelling redundant. In this regard, it would be
useful to explicitly monitor the effects of management decline on plant diversity over time,
but information about time since the last treatment was not available in the SNFI4.

Stand structure variables can be modified by forest management to favor plant di-
versity conservation and enhancement in our Mediterranean stands and provide better
guidance to managers. Consequently, and based on our models’ results, we can formulate
some recommendations regarding stand structure and local landscape configuration for
the forest types analyzed. The mature Pinus halepensis forests (Serres d’Ancosa) (37.5%
plots treated) benefit—in terms of canopy diversity—from reaching an advanced stage of
development without intervention, with an even-aged but varied canopy height, with large
and small diameters present, a low canopy cover that allows for a well-developed shrub
layer, and local landscape diversity in nearby stands. Plant diversity in the shrub layer also
depends on the even-age low tree cover, good development (height) of the shrub layer, and
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especially on local patch diversity. For younger stands of the same species (P. halepensis in
Montmell) (23.5% plots treated), tree diversity similarly relies on varied canopy heights,
variety in tree diameter, diverse shrub heights, and a diverse or divided local landscape.
The presence of prominent individuals seems detrimental to tree richness but favorable
to Shannon diversity for both trees and shrubs. The benefits of even-aged structure, an
advanced stage of stand development, and local landscape heterogeneity obtained for
shrub diversity are also in agreement with recommendations for the more mature stands
in Serres de Ancosa. However, high tree cover improves tree richness and decreases shrub
richness in young stands, so it seems advisable to apply treatments that progressively open
the tree canopy over time, while monitoring the persistence of the tree species present in
the early stages of development.

The young and mature stands of Scots pine forest (P. sylvestris) in Replans de Berguedà
appear to hold more tree diversity when uneven-aged, with young and mature trees mixed,
and a variety of tree canopy and shrub heights. Both tree and shrub diversity improved
with nearness to other forest types in undivided local landscapes and with openness of the
tree cover. Shrubs also benefit from variety in tree canopy height, but richness is decreased
by large trees, and Shannon diversity increases when the shrub layer is low and varies
little in height. The more mature Pinus sylvestris forest in Capçaleres del Llobregat (49.3%
treated) shows higher tree diversity with an advanced stage of development, diameter
variety, varied shrub height and local heterogeneity. Shannon diversity for trees also
increases with tree height and varied canopy height. As in the Aleppo pine forest types,
richness and Shannon diversity for shrubs are linked to lower tree cover. In these mature
stands, maximum diameter (D.max) shows a negative sign, suggesting that big dominant
trees are not favorable to shrub diversity, while acid soils with more organic matter clearly
are. In these mature stands shrub richness increased with tree height and varied shrub
height, but the lower shrub height linked to higher Shannon diversity agrees with results
in the younger Scots pine forests in Replans de Berguedà.

Cork oak (Q. suber) forest in Aspres include young and adult stands in which tree
richness is related to diverse tree diameters and acid soils. Shannon diversity also depends
on the varied diameters present in the first stages of development (young forest) and on
soils that are sandy and rich in organic matter. Richness for shrubs is dependent on shrub
height, low variety in shrub height, larger trees, less acidic soil, and an undivided and
homogeneous local landscape. Shannon diversity for shrubs also relies on a well-developed
layer (shrub height) but with higher variety in shrub height, higher tree cover, less acidic
soil, and an undivided but diverse local landscape. As the treatment traditionally applied
for cork production in Catalonia tends to open the stands, clear the understory, and keep
productive cork oak trees as long as they are profitable and have good technological charac-
teristics, eliminating competing species (i.e., other Quercus sp., Pinus pinea or Pinus pinaster),
younger stands regenerating after fire and less modified by management apparently hold
more plant diversity than older abandoned stands. It has to be noted that these Catalonian
stands do not resemble either the characteristic physiognomy of open savannas found
elsewhere in the Western Mediterranean Basin [88] or the potential rich mixed cork oak
forests with very dense and tall tree cover which could develop if these forests had not
been intensively modified; aging, wildfires [89] and rapid socioeconomic changes [90]
make it very difficult to formulate management recommendations for plant diversity in
these stands at this time.

The mature black pine forests in Vall de Rialb (P. nigra, irregularly mixed with
Q. faginea, and Q ilex) showed a clear preference for basic soils in the tree models, in
agreement with the usual distribution of the species. However, in this forest type, the mod-
els for richness and Shannon diversity differed in relevant variables. Richness for trees and
shrubs mainly depends on diameter distribution. Richness is increased with varied but not
large diameters, tall shrubs and varied canopy height or unevenness, which would seem to
point to increased richness by abandonment of the traditional even-aged management that
allows the advance of the Quercus species. Shannon diversity for trees and shrubs relies
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on lower general cover but higher tree cover (though it was lowest across the stands stud-
ied, 60%) and local landscape heterogeneity. For shrubs, low variety in shrub height and
evidence of previous silvicultural treatment also benefit Shannon diversity. As discussed
before, this may indicate a dependence on periodic management disturbance [78], which
requires further research, since management intervention is declining.

5. Conclusions

Our analyses suggest that plant diversity in Mediterranean forests, estimated through
richness and Shannon diversity for trees and shrubs, depends on forest structure and on
local landscape patterns, and, though to a lesser degree, on site conditions (mainly soil
pH). Tree diameter distribution, the presence of large trees, tree cover, and variation in
tree and shrub height were the best predictors of tree and shrub diversity, and should be
carefully considered on a site-by-site basis by managers aiming at preserving/improving
biodiversity under changing conditions. Aleppo pine and Scots pine forests displayed
consistent results in their models that allowed us to formulate some recommendations
regarding stand structure and local landscape to foster plant diversity, while cork oak and
black pine forests require further research.

Forest management did not seem to positively and generally affect the diversity of
trees or shrubs, contrary to expectations, but this may be due to its being based on visual
evidence of regeneration felling, this being the only available indicator.

Our findings confirm that some key variables (tree diameter distribution, presence
of large trees, canopy cover, and variation in tree and shrub height) should be retained
in the design of future inventories for plant diversity, and in forest management and
planning aiming at preserving/improving biodiversity under changing conditions. Forest
management shapes landscape patterns, but the creation of these patterns is not usually
a management goal. Since some simple metrics certainly contributed to diversity, they
should also be taken into account, since forestry intervention may benefit local biodiversity
(i.e., by setting a maximum stand size, or by creating gaps and a more heterogeneous tree
and shrub layer), or undermine it by promoting extended homogeneous and excessively
shadowed structures or simply letting abandonment progress.

In closing, SNFI4 variables and landscape ecology metrics allowed the quantitative
estimation of two plant diversity indicators useful for preserving plant diversity in selected
Mediterranean forest types. Our findings suggest that the local spatial patterns of forest
stands need to be considered in plant diversity management along with forest structure
variables that are more traditionally considered to prescribe treatments.
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