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Abstract

This study examines the effects of silvicultural management on the functional connectivity
of fragmented Abies pinsapo forests in southern Spain. Using biomass stock as a resistance
proxy, connectivity was assessed through accumulated cost-distance and least-cost path
analyses under three scenarios: low intervention, traditional silviculture, and intensive thin-
ning aimed at reducing climate vulnerability. The intensive thinning scenario produced the
greatest connectivity gains, reducing mean accumulated costs by approximately 18% and
standard deviation by 15%, with local reductions reaching up to 60% between specific pop-
ulation pairs. Median costs also declined, indicating widespread improvements rather than
isolated effects. Spatial analyses revealed that previously high-resistance zones, particularly
in central and northern sectors, shifted toward more permeable conditions. Least-cost paths
were shortened and alternative, more efficient corridors emerged, especially in areas sub-
jected to silvicultural treatments. Connectivity benefits extended to peripheral populations,
decreasing their relative isolation and contributing to a more balanced network structure.
Targeted biomass reduction may reshape landscape resistance patterns and strengthened
ecological linkages, highlighting adaptive silviculture as a potentially valuable strategy for
improving landscape connectivity and supporting conservation planning.

Keywords: functional connectivity; adaptive silviculture; forest fragmentation; biomass
reduction

1. Introduction

Mediterranean coniferous forests represent one of the most distinctive ecosystems
of the region, shaped by millennia of climatic fluctuations and human influence. They
are dominated by Pinus spp., Abies spp. and Cedrus spp. among other species, including
several relict firs [1-4]. These ecosystems provide key regulating services such as soil
stabilization, water regulation, carbon sequestration, and biodiversity support [5]. Despite
this importance, Mediterranean coniferous forests are under severe threat. Anthropogenic
pressures (e.g., intensive land use, grazing, forest fires) and biotic and abiotic perturbations
(e.g., wildfires, insect outbreaks, and drought events) have historically reduced their extent
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and altered their distribution and structure [6]. Climate change further exacerbates these
risks, with projections indicating increased aridity, longer dry seasons, and more frequent
extreme climatic events, all of which undermine forest regeneration and persistence [7]. Col-
lectively, these factors place Mediterranean coniferous forests among the most endangered
ecosystems in Europe [8,9].

A major consequence of these pressures is the fragmentation of forest landscapes.
Fragmentation reduces forest area into smaller, more isolated patches that are ecologically
and functionally disconnected [10,11]. From a biodiversity perspective, reduced connectiv-
ity limits gene flow, seed dispersal, and faunal movements, increasing the vulnerability of
small populations to inbreeding and local extinction [12]. From an ecosystem perspective,
fragmentation leads to stronger edge effects, changes in microclimatic conditions, and a
decline in ecosystem services at both local and regional scales [13]. Connectivity loss also
diminishes the adaptive capacity of forest ecosystems to respond to global change. For
instance, in fragmented landscapes, species migration in response to changing climatic
conditions is constrained, reducing the likelihood of natural range shifts [14]. Thus, the
restoration and maintenance of forest connectivity have become central objectives in con-
servation biology, landscape ecology, and adaptive forest management [15]. The loss of
landscape connectivity can be analyzed through structural habitat fragmentation metrics
which help elucidate the underlying dynamics of fragmentation processes [16]. One of the
most common approaches to assessing landscape connectivity is “cost analysis” modelling,
which assigns resistance values to distinct habitat or land use types to map the least-cost
routes between defined locations [17]. Effective distances between locations, reflecting the
influence of landscape heterogeneity, are computed as the cumulative cost along least-cost
paths. Yet, assigning appropriate resistance values is a challenging process that largely
depends on expert knowledge and data available [18]. Nevertheless, in recent years, new
approaches in forest inventory field plots and remote sensing technologies provide data to
support the subsequent development and parameterization of models [19]. Thus, spatially
explicit models, such as least-cost path mapping and toolkits for GIS, have been gaining
attention as tool for decision making in forest management.

Recent studies have shown that stand structure, canopy density, and biomass accu-
mulation can strongly influence ecological connectivity by modifying habitat permeability,
regeneration dynamics, and the spatial distribution of suitable microsites [19]. In Mediter-
ranean forests, dense and homogeneous plantations often reduce understory diversity,
limit natural regeneration processes, and create structurally simplified landscapes [19].
Consequently, vegetation structure and biomass have increasingly been incorporated as
proxies of landscape resistance in connectivity assessments, particularly when evaluat-
ing restoration-oriented management scenarios. However, forest management has been
associated with timber production and resource extraction. However, in recent decades,
growing evidence highlights the importance of developing silvicultural systems that not
only support timber production but also enhance broader ecosystem services and restore
forest connectivity [20,21]. Specific practices, such as selective thinning, enrichment plant-
ing, assisted regeneration, and the creation of buffer zones or ecological corridors can
be designed to promote structural connectivity by reducing stand isolation and homoge-
nization [22]. Importantly, these practices must be spatially explicit and context-specific,
accounting for the landscape mosaic and the ecological requirements of target species.
Therefore, silviculture not only shapes the structure and composition of individual stands
but also influences the broader functional connectivity of landscapes [23]. Together with
conservation-oriented management plans, it can provide a cost-effective strategy to miti-
gate fragmentation, enhance ecological flows, and increase the resilience of Mediterranean
coniferous forests under global change scenarios.
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Abies pinsapo Boiss. is an emblematic example of the conservation challenges facing
Mediterranean mountain conifers [24]. Endemic to southern Spain, it survives as a Tertiary
relict with a highly restricted distribution, limited to three main mountain ranges: Sierra de
las Nieves, Sierra de Grazalema, and Los Reales de Sierra Bermeja. These forests occupy a
narrow altitudinal belt under specific climatic and edaphic conditions, making them ex-
tremely sensitive to environmental change. Over centuries, A. pinsapo forests have suffered
intense human pressures, including logging, charcoal production, grazing, and frequent
fires [25]. These disturbances have resulted in severe fragmentation, with populations
often reduced to small, isolated patches [26]. This fragmentation is further exacerbated by
the reproductive strategy of the species, as seed dispersal is anemochorous and strongly
influenced by atmospheric conditions [2]. Altogether, these factors have led the A. pinsapo
population to be classified as endangered [27]. However, and despite considerable research
on the ecology, conservation status, and climate vulnerability of Abies pinsapo [28,29], im-
portant knowledge gaps remain regarding the role of forest management in maintaining or
restoring connectivity among fragmented populations. Current models predict a dramatic
contraction of the potential distribution of the species throughout the 21st century, with
upslope migration limited by topography and habitat availability [28,29]. Although pro-
tection measures, such as the establishment of natural parks and the declaration of Sierra
de las Nieves as a National Park, have improved the conservation status of the species,
fragmentation remains a major concern; A. pinsapo populations are classified as endan-
gered [27]. As a result, forest managers currently lack quantitative tools to evaluate the
potential effects of restoration-oriented silviculture on connectivity outcomes of A. pinsapo
forests. Addressing this gap is particularly important in landscapes dominated by dense
pine plantations, where management interventions may substantially influence ecological
processes and future conservation opportunities for A. pinsapo.

This scenario underscores the urgent need for proactive management strategies to
maintain and restore connectivity among A. pinsapo forests, thereby potentially contribut-
ing to genetic exchange, facilitating dispersal opportunities, and supporting ecosystem
resilience [26]. We hypothesize that silvicultural interventions, when strategically planned
and implemented, may contribute to increasing the adaptive capacity, long-term resilience
and functional connectivity in Abies pinsapo forests. This, in turn, may contribute to the
adaptive capacity and long-term conservation of these relict ecosystems under future
environmental change. Nevertheless, the effective application of such management inter-
ventions requires a deeper understanding of habitat fragmentation and connectivity of
A. pinsapo populations in their current distribution. Particularly, current knowledge remains
scarce concerning patch metrics, the degree of structural connectivity among patches, and
the representativeness of low-, medium-, and high-connectivity patches within protected
areas. In this context, the general aid of this study was to analyze the effects of silvicultural
practices on the functional connectivity of Abies pinsapo forests in southern Spain. This
objective was developed in three specifics objectives: (i) to characterize and quantify the
current degree of connectivity among A. pinsapo forest patches using landscape metrics
and modelling approaches, and (ii) to assess the potential impact of different silvicultural
practices on stand structure and connectivity at multiple spatial scales as a central strategy
for the conservation and restoration of A. pinsapo forests. Therefore, the objective of the
modelling exercise was not to test the effect of biomass reduction per se, but to assess how
alternative forest management strategies may modify landscape permeability through their
effects on stand structure and vegetation composition. The results of this study will pro-
vide a scientific basis for designing evidence-based silvicultural strategies that strengthen
the ecological resilience of Abies pinsapo forests. By informing conservation policies and
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management actions, this research aims to contribute to the long-term preservation of one
of the most iconic and endangered Mediterranean conifers.

2. Materials and Methods
2.1. Study Area

The study area is situated in the southern part of Andalusia, Spain, encompassing the
National and Natural Parks of Sierra de las Nieves (Figure 1), which cover the mountain
ranges that host the natural distribution of Abies pinsapo Boiss. in the Iberian Peninsula.
The Sierra de las Nieves declared a Natural Park in 1989, a UNESCO Biosphere Reserve in
1995, and upgraded to National Park status in 2021, containing the most extensive and best-
preserved A. pinsapo stands. The climate is typically Mediterranean, with a marked summer
drought extending into early autumn and precipitation concentrated in winter and spring.
Annual rainfall varies between 600 and 1600 mm depending on elevation and exposure,
while mean annual temperatures range from 8 °C at the highest altitudes to around 18 °C in
the foothills. Summers are warm but moderated by elevation, with August maximum daily
temperatures between 29 °C and 33 °C. Soils are predominantly calcareous in Sierra de las
Nieves. Vegetation here is highly diverse, ranging from fir forests on north-facing slopes
and shaded ravines to holm oak (Quercus ilex subsp. ballota) and Portuguese oak (Quercus
faginea) woodlands. Open areas at lower elevations are dominated by Mediterranean scrub,
including Erica arborea, Pistacia lentiscus, and Rosmarinus officinalis, while higher ridges and
rocky areas support juniper woodlands (Juniperus oxycedrus, |. phoenicea) and grasslands
with numerous endemic species. In addition to natural vegetation, large areas within
and around the Sierra de las Nieves are covered by pine plantations established mainly
during the mid-20th century as part of reforestation and soil protection programs. The
most widespread species is Pinus pinaster, often planted on degraded slopes and Pinus
halepensis at lower elevations. These plantations are generally even-aged and relatively
dense, creating homogeneous stands that contrast with the structural and floristic diversity
of native forests. However, they play a dual role in the landscape. On the one hand,
they provide soil stabilization and partial habitat continuity; on the other hand, they
can limit the natural regeneration of broadleaved species and increase vulnerability to
wildfires. In recent decades, management strategies have shifted toward promoting mixed
stands by thinning plantations and encouraging the natural colonization of oaks (Quercus
ilex, Q. faginea), A. pinsapo, and other native species, with the long-term aim of restoring
more resilient and heterogeneous forest mosaics. The juxtaposition of different geological
substrates, climatic gradients, and vegetation types creates a mosaic of high ecological
value, making the region a priority for biodiversity conservation, forest management, and
connectivity planning.

Plantations of Pinus pinaster and Pinus halepensis are usually even-aged, although
structural characteristics differ between the two species due to growth rates, site conditions,
and density management (Table S1 Supplementary Materials).

2.2. Methodological Framework

Our study used several data sets and required the development of remote sensing
predictors and data analysis procedures. A flowchart outlining the steps and relationships
of each process is provided in Figure 2.
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Figure 1. Study area and distribution of forest types within Sierra de las Nieves National Park
(southern Spain) (upper panel). The inset maps show the location of the study area in Europe and
within Andalusia, southern Spain. The main map depicts the boundaries of Sierra de las Nieves
National Park (black outline) and the spatial distribution of the main forest types within the park,
including the natural distribution of Abies pinsapo Boiss. (red). Representative views of Abies pinsapo
forests in Sierra de las Nieves National Park. Photographs show characteristic stands and landscape
settings occupied by Abies pinsapo within its natural distribution range (bottom panel).

2.3. Data Collection
2.3.1. Land Use Dataset

Land use data was acquired from the SIPNA Map of Andalusia (SIPNA) at scale
of 1:10,000 and minimum map unit of 0.1 ha (Andalusia Regional Government, http:
/ /www.juntadeandalucia.es/medioambiente/site /rediam, accessed on 3 October 2024)
for the year 2021 (henceforth, SIPNA 2021). SIPNA map includes 44 land cover classes,
grouped in a three-level hierarchy. Level 3 is composed of 44 land use classes. In this
research, and for generalization purposes, the SIPNA classes were reclassified into eight
classes: Pinus plantations, Abies forests, shrubs and non-forests uses.
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Figure 2. Flowchart used to analyze the effects of silvicultural practices on the functional connectivity
of Abies pinsapo forests at Sierra de las Nieves National Park.

2.3.2. Biomass

Dasometric data from the inventories conducted for the management of public forests
present in both the Sierra de las Nieves National Park and the Natural Park, as well as in
the surrounding Protection Zone, were updated following previously published growth
equations [30]. To ensure the consistency and robustness of the statistical models, tree
diameter and height were updated to the flight date of the first LIDAR-PNOA coverage in
the area (2014) using the following Equations (1)—(3):

ll’l(di) =c1+0+ c;:,ln(Nl-) 4 c4IC; 1)

In(H;) = c5 + celn(E;) + c7In(1S) )

where d;_ is the diameter at breast height of tree i in cm, N; is the density i in trees/ha, IC; is
the competition index, H; is the height of tree i (m), E; is the age of tree i, and c1_y are coeffi-
cients that depend on the species and the IS site index. This site index was acquired in raster
format from the REDIAM data server (https://portalrediam.cica.es/descargas/index.php/s/
descargas?dir=/10_SISTEMAS_PRODUCTIVOS/03_RECURSOS_FORESTALES/Biomasa_F_
And_explotacion/InfGeografica/InfRaster/TIFF /Param_Dendro accessed on 3 October 2024).
The IC; [3] is defined as a distance-independent competition index that considers all individ-
uals of diameter class i of the same species present in the plot as competitors, including all
other individuals of other species.

Nc d

N; 3)
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where d; and N, are the mean normal diameter (m) and total density (trees/ha) of other
species present in the plot, while d; and N; are the diameter and density corresponding to
the diameter class j, of the analyzed species, where j is different from i, and Nc is the total
number of diameter classes.

Once dasometric variables were updated, biomass load was calculated for both tree
and shrub layers, using allometric equations [31-34]. Total biomass per plot was obtained
by adding the biomass of individual trees and shrub strata.

Models for biomass (Mg ha~!) were developed using LIDAR. Data from two sources
were used: a LIDAR-PNOA flight for the first coverage (2014), and for the second (2020),
data was downloaded through the National Geographic Information Center (CNIG) via its
download center (https://centrodedescargas.cnig.es/CentroDescargas/index.jsp accessed
on 3 October 2024). From the normalized point cloud, height and intensity metrics and
statistics were extracted from the 2014 data matching the field plots. These metrics were
calculated with R software (v4.3.2; [35]), using the lidR library (version 4.1.1). Before
developing the models, the best explanatory variables were selected. First, a variance
inflation factor (VIF) analysis was performed to assess multicollinearity and select the best
explanatory variables, considering VIF > 10 as the phase-out threshold. Random Forest
models were selected. To validate the model estimates, the input data were separated
into training and evaluation sets, covering 70% and 30% of the input data, respectively.
The performance of the model was evaluated using the metrics of root mean square error
(RMSE), the correlation coefficient (R?), and the correlation between the predicted value
and the observed value in the field (r). To generate the resulting biomass raster map, model
was applied to the second LiDAR-PNOA coverage, updating biomass values to 2020 at a
spatial resolution of 20 m.

2.4. Forest Management Scenarios

Three forest management scenarios were generated, as suggested by Ameztegui et al.
(2022) [36]. These were projected onto a specific forest management plan (detailing the age
of each intervention, and the type-regeneration, improvement, and weight of each one, as
detailed in Lépez et al. (2008) [37] and Navarro-Cerrillo et al. (2023) [38]. The three silvi-
cultural scenarios were designed to represent alternative management intensities applied
to the existing pine plantations surrounding remnant Abies pinsapo populations. The first
scenario, named “low intervention”, foresees short rotations (80 years) and “occasional”
thinning actions, promoting the use of wood as biomass (S1). This S1 corresponded to the
current management framework implemented in the study area and was therefore used as
the baseline condition for comparison. It should not be interpreted as a no-management
scenario, but rather as a low-intervention strategy characterized by maintenance-oriented
silvicultural treatments. The second scenario (52), named “traditional silviculture”, seeks
the promotion of long-lasting and useful products (structural wood, furniture), which
implies extending rotations over 100 years and implementing a selective thinning regime
intensity (~30% of basal area). The third scenario (S3), “reduction of climate vulnerability”,
seeks to improve the adaptation of the forests to expected future water scarcity by means of
early and heavy thinning (~50% of basal area). As mentioned above, the vegetation in the
buffer areas of the three national parks is dominated by pine forest plantations. In these for-
est types, a transition toward mixed-species and uneven-aged forests would help respond
to one of the main challenges confronted by forest management: developing climate-smart
forestry that contributes to the mitigation of and adaptation to global change [39]. Therefore,
we applied the three forest management scenarios only to stands composed of pine forest
plantations. Scenarios were applied by using a percentage reduction to total biomass.
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2.5. Connectivity

Connectivity was assessed within a landscape resistance framework in which biomass
was used as a proxy for the structural resistance imposed by the vegetation matrix (e.g.,
seed dispersal, gene flow [12]). This is modeled as a Rivas et al. 2024a, 2024b [40,41]
function of the cost of traversing different land-cover types. In the study area, dense pine
plantations are typically characterized by homogeneous stand structures, high canopy
closure, reduced understory development, and limited regeneration opportunities for Abies
pinsapo. Consequently, high biomass values were interpreted as areas of greater structural
resistance, whereas biomass reduction resulting from silvicultural treatments was assumed
to increase structural heterogeneity, canopy openness, and habitat permeability [12]. There-
fore, biomass was not intended to represent dispersal probability directly, but rather the
degree of structural resistance imposed by the plantation matrix to potential ecological
connectivity among A. pinsapo populations [12].

Two complementary approaches were applied in ArcGIS Pro 3.5 (Esri Inc., Redlands,
CA, USA) [42]: (i) accumulated cost analysis, to characterize spatial variation in move-
ment difficulty, and (ii) least-cost path analysis, to delineate efficient routes connecting
fragmented A. pinsapo populations.

2.5.1. Accumulated Cost Analysis

The first step consisted of a cost-distance analysis [43,44] using the biomass raster as a
resistance surface. Let the landscape be represented as a raster grid of cells ii, each assigned
a cost value ci (per-unit distance cost). The cumulative cost Cj to reach a given destination
cell j from the nearest source cell ss is defined as (Equation (4)):

Cj = min,e P(S,]-)Eiep ci x di 4)

where P (s, j) is the set of all possible paths between source ss and cell j, and di is the distance
traversed within cell ii (usually the raster resolution or a weighted diagonal distance). This
formulation ensures that the minimum cumulative cost is retained for each destination cell,
producing a continuous surface of movement difficulty.

The resulting accumulated cost raster highlights zones where dispersal is more re-
stricted, thereby identifying potential barriers and areas where targeted silvicultural inter-
ventions (e.g., thinning) may improve habitat connectivity.

2.5.2. Least-Cost Path Analysis

To complement the accumulated cost analysis [17,45], least-cost paths (LCPs) were
computed between A. pinsapo populations, treated as habitat nodes. For each pair of
populations aa and bb, the least-cost path is defined as (Equation (5))

LCP(a,b) = argminpep(a,b)ziep ci X di )

This identifies the unique path (or set of paths) minimizing cumulative resistance
across the landscape. The comparison of LCPs under different silvicultural management
scenarios allows quantifying changes in connectivity cost and detecting shifts in optimal
corridor placement. By contrasting current conditions with alternative management sce-
narios, we assessed the relative effectiveness of interventions in maintaining or enhancing
landscape connectivity. This approach integrates ecological theory with spatially explicit
decision-making, providing a robust framework for evaluating the role of silvicultural
practices in conservation planning.

Accumulated cost (Cj) and LCP were performed using ArcGIS Pro (ESRI Inc., Redlands,
CA, USA). The biomass raster was used as the resistance surface and processed using an
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eight-neighbor connectivity scheme. Cost-distance calculations were implemented under
an isotropic resistance framework, assuming equal movement costs in all directions.

3. Results
3.1. Biomass Distribution Under Forest Management Scenarios

The application of the three forest management scenarios revealed significant contrasts
in the spatial distribution of biomass within the analyzed pine stands (Figure 3). In the low
intervention scenario (top left), characterized by short rotations and occasional thinning, a
greater accumulation of biomass was observed, with a predominance of high values (red
areas). This trend reflects the low intensity of silvicultural interventions and the consequent
accumulation of woody material available for energy uses.

Low intervention scenario ‘ | Traditional silviculture scenario |

Legend

I A Pinsapo populations
« _ 1 Area of Interest
Biomass (Mg ha™)

P 247.001

L 5.09984

Figure 3. Spatial distribution of aboveground biomass (Mg ha~!) under the three forest management
scenarios evaluated for A. pinsapo populations. Biomass values are represented on a continuous gra-
dient from low (green) to high (red) biomass. Insets highlight representative areas where differences
among management strategies are more evident. All maps are displayed using the same biomass
scale to facilitate direct visual comparison among scenarios.

The traditional silviculture scenario (top right), which promotes long-lasting products
through extended rotations and a moderate thinning regime (~30% of basal area), showed
a more balanced distribution, with a predominance of intermediate biomass values (yellow
and green areas). This indicates a partial reduction in stand density compared to the
previous scenario, while maintaining sufficient stock for high-quality timber.

Finally, the climate vulnerability reduction scenario (bottom left), based on early
and heavy thinning (~50% of basal area), resulted in a marked decrease in accumulated
biomass, as evidenced by the predominance of green areas. Although this strategy reduces
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the total volume, it may reduce water competition and create conditions that are generally
considered more favorable for adaptation to future water scarcity.

3.2. Accumulated Cost

Figure 4 illustrates the spatial distribution of accumulated cost for Abies pinsapo con-
nectivity under two conditions: in the low intervention scenario (left) and the climate
vulnerability reduction scenario (right). In the low intervention scenario, the cost surface
showed extensive areas of medium-to-high resistance (yellow to red), particularly in the
southern and central sectors of the study area. These zones corresponded to landscapes
with lower forest biomass or discontinuous vegetation, which act as barriers to dispersal.
Low-cost areas (green) were mainly concentrated around the existing A. pinsapo stands
in the northern massif, creating localized connectivity but limited long-distance linkages
across the broader landscape.

In the climate vulnerability reduction scenario, cost values were noticeably reduced
across much of the study area. The improvement is especially evident in the central and
southern sectors, where previously high-resistance zones shift towards lower-cost values
(green shades). This indicates that silvicultural interventions according to the resistance
assumptions adopted in the connectivity model between isolated A. pinsapo populations.

3.3. Least-Cost Paths

Figure 5 shows the least-cost paths (LCPs) linking Abies pinsapo populations under
two conditions: in the low intervention scenario (blue paths) and the climate vulnerability
reduction scenario (red paths). Under both scenarios, some routes remain relatively similar;
however, in other cases, the least-cost paths show notable variations because of biomass
reduction. Lower structural resistance values decrease landscape resistance, thereby facili-
tating dispersal and enabling new or alternative routes to emerge. This effect is particularly
evident in areas where silvicultural interventions were applied, as the reduction in biomass
not only alters local cost surfaces but also reshapes the broader spatial configuration of
connectivity. As a result, least-cost paths are redirected through zones where resistance has
been reduced, creating novel routes between patches (Figure 5, detailed images).

The results indicate that the average cost decreased by 18.31%, while the median
decreased by 2.92% (Table 1). Additionally, this comparison among scenarios confirmed
the patterns observed in the accumulated cost maps. The standard deviation decreased
—15.47%, indicating a reduction in the spatial variability of resistance values across the
landscape. The cost gradually increases toward the edges of the study area, with the
most distant populations showing lower connectivity and higher accumulated costs. The
reduction between the low-intervention and silvicultural scenarios can reach up to 60%
of the cost required to connect a population with its neighbors, with the areas where
silviculture has been applied showing the most pronounced decrease (Figure 4).

Table 1. Mean, median and standard deviation (S.D.) of the distances in cost for low intervention
scenario (S1), traditional silviculture (S2), and the climate vulnerability reduction scenario (S3), with
variation (A) between low intervention and climate vulnerability reduction scenario.

S1 S2 S3 A
Mean 39,148.20 35,362.23 31,978.92 —18.31
Median 14,549.36 14,549.36 14,124.33 —2.92
S.D. 49,457.31 44,280.40 41,804.58 —15.47

Where: (A = (53 — S1)/S1 x 100).
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Figure 4. Spatial distribution of accumulated cost-distance under the low-intervention and climate-vulnerability reduction scenarios. Accumulated cost values are

represented on a continuous color gradient ranging from low values (green) to high values (white), with intermediate values shown in yellow, pink, and purple

tones. Insets highlight representative areas where differences between scenarios are more evident. A. pinsapo populations are shown in black. All maps are displayed
using the same cost-distance scale to facilitate direct visual comparison between management scenarios.
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Figure 5. Least-cost paths connecting Abies pinsapo populations under the low-intervention scenario
(blue) and the climate-vulnerability reduction scenario (red). A. pinsapo populations are shown
in black. The background raster represents the spatial distribution of biomass reduction between
scenarios, calculated as biomass under the traditional silviculture scenario minus biomass under
the climate-vulnerability reduction scenario. Darker green tones indicate greater biomass reduction.
Insets highlight representative areas where differences in least-cost path location between scenarios
are more evident.

Figure 6 shows the spatial distribution of connectivity costs for Abies pinsapo popu-
lations under the low intervention scenario (left) and the climate vulnerability reduction
scenario (right), and illustrates that a large number of populations exhibit relatively low
connectivity costs, as indicated by smaller circles, with the central region of the study
area hosting the majority of populations with minimal resistance. In contrast, populations
located in peripheral or more distant areas are represented by larger circles, reflecting
higher connectivity costs and greater landscape resistance in these zones. Under the climate
vulnerability reduction scenario, which involves biomass reduction through silvicultural
interventions, connectivity costs decrease across the landscape. This effect is particularly
pronounced in areas adjacent to the applied management treatments, where reductions in
biomass lower resistance values and facilitate dispersal. As a result, previously large circles
become smaller, indicating improved connectivity.

Figure 7 presents the percentage reduction in accumulated connectivity costs among
Abies pinsapo populations when comparing the low intervention scenario with the climate
vulnerability reduction scenario. The results show a substantial decrease in movement
costs across most of the network, confirming that silvicultural management enhances
functional connectivity.
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Figure 6. Population cost and least-cost paths under the low-intervention scenario (left) and the
climate-vulnerability reduction scenario (right). Circle size represents the cumulative cost associated
with routes connecting Abies pinsapo populations, with larger circles indicating higher costs. Blue and
red lines represent least-cost paths under the low-intervention and climate-vulnerability reduction
scenarios, respectively. The background raster shows biomass reduction, calculated as biomass under
the traditional silviculture scenario minus biomass under the climate-vulnerability reduction scenario,
with darker green tones indicating greater reductions.

The greatest reductions were observed in the central and northern sectors, where large
circles highlight populations that benefit most from improved biomass conditions; these
populations exhibit connectivity cost reductions greater than 36%. These areas correspond
to zones that previously exhibited medium resistance but are strongly alleviated under the
management scenario, allowing for the formation of more efficient corridors.

In the southern and peripheral populations, reductions are smaller but still consistent,
suggesting that management interventions have positive, though more localized, effects in
these drier and more fragmented landscapes. Notably, all populations except one show
some degree of cost reduction, indicating that the benefits of management extend across
the entire network rather than being concentrated in a single area. The population with the
highest cost (Figure 7, detailed view) reflects the creation of a new, more efficient pathway
due to silvicultural management, which establishes an alternative route that optimizes
connectivity among all patches.

The silvicultural scenario not only reduces overall connectivity costs but also balances
the distribution of connectivity among populations, decreasing isolation for both central
and peripheral nuclei. This demonstrates that management interventions can substantially
mitigate landscape resistance, thereby enhancing the robustness and resilience of the
connectivity network for A. pinsapo.
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Figure 7. Percentage reduction in accumulated cost between the climate-vulnerability reduction and
low-intervention scenarios for populations connected by least-cost paths. Circle size is proportional
to the magnitude of the accumulated cost reduction, with larger circles indicating greater decreases in
cost. Negative values indicate lower accumulated costs under the climate-vulnerability reduction sce-
nario relative to the low-intervention scenario. The background raster represents biomass reduction,
while black polygons indicate Abies pinsapo populations. Where: (A = (Cost in climate vulnerability
reduction scenario-Cost in low intervention scenario)/Cost in low intervention scenario x 100).

4. Discussion

One of the most outstanding plant species of the Iberian Peninsula is the Spanish
fir, Abies pinsapo a tertiary relict species endemic to SW Spain [46]. Considered one of the
most threatened and emblematic species in the country, its population is continuously
declining [47], with only five populations estimated to remain worldwide [48]. Although
habitat fragmentation can sometimes offer protection against recurrent wildfires, it also
compromises the long-term viability of these populations due to the lack of connectivity [49].
The prolonged isolation of populations has resulted in reduced or nonexistent gene flow
among some of them [50].

The results of this study provide new insights into the role of silvicultural practices in
enhancing connectivity among Abies pinsapo populations in the Sierra de las Nieves and
surrounding ranges. By combining cost-distance and least-cost path analyses under current
and alternative management scenarios, we show that targeted interventions aimed at de-
crease biomass and structural complexity substantially reduce landscape resistance, thereby
improving functional connectivity. These findings highlight the potential of adaptive silvi-
cultural management as a key tool in the conservation of A. pinsapo, a relict Mediterranean
fir of high ecological and biogeographical importance.

4.1. Effects of Silvicultural Interventions

The effects of silvicultural interventions on A. pinsapo populations are twofold. First,
by reducing biomass density in the forest, the establishment of new seeds is facilitated
through decreased competition and enhanced germination [51,52], potentially leading to
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the formation of new populations that serve as ecological connectors between existing
ones. Furthermore, biomass reduction not only improves germination but also promotes
seed dispersal; being anemochorous, seeds can travel greater distances without obstacles
impeding their movement [53].

The implementation of the silvicultural scenario markedly improved connectivity
across the study area. Accumulated costs decreased substantially, as evidenced by the
widespread reduction in circle sizes across populations, with the strongest improvements
observed in central and northern regions (Figure 7). Least-cost path analysis further
demonstrated that silvicultural interventions not only reduce the resistance of existing
corridors but also create alternative routes, facilitating connectivity (Figure 5 and Table 1).

These results illustrate how forest management can directly influence landscape-scale
processes. By increasing forest biomass through thinning, stand diversification, and promo-
tion of natural regeneration, silvicultural practices enhance structural continuity and canopy
cover, thereby reducing resistance to dispersal. Compared with previous connectivity stud-
ies in Mediterranean forests [14,28], our results indicate a relatively strong response of
landscape permeability to restoration-oriented silvicultural treatments. Whereas most pre-
vious studies for Mediterranean forests have primarily identified connectivity constraints
or mapped potential corridors under current landscape conditions [54], our scenario-based
approach explicitly quantifies the relative improvement achieved through alternative man-
agement strategies. These findings reinforce previous evidence while highlighting the
value of integrating connectivity modelling with practical silvicultural planning [55].

However, results suggest that intensive thinning may temporarily alter local microcli-
matic conditions by increasing solar radiation, air temperature, and evaporative demand at
the forest floor [55]. Similarly, reductions in canopy cover may increase soil exposure and
susceptibility to erosion, particularly on steep slopes typical of Mediterranean mountain
landscapes, and also modify understory composition and facilitate the establishment of
opportunistic or disturbance-adapted species [55]. Consequently, thinning treatments
should be implemented within an adaptive management framework that balances con-
nectivity benefits with potential short-term ecological impacts and incorporates long-term
monitoring of vegetation responses.

4.2. Connectivity of Abies pinsapo Under Current Conditions

The connectivity improvements observed under the alternative silvicultural scenarios
are consistent with recent studies emphasizing the role of forest management in enhancing
landscape permeability and supporting the long-term adaptive capacity of fragmented
forest ecosystems. Although connectivity alone cannot guarantee population persistence,
reducing structural barriers within the landscape may create more favorable conditions for
ecological processes associated with conservation and restoration under ongoing environ-
mental change.

Under present biomass distributions, connectivity between the A. pinsapo nuclei is
strongly constrained by high-resistance areas, particularly in the southern and central parts
of the study area. The cost-distance analysis revealed that populations in these sectors are
associated with higher accumulated costs, reflecting both lower structural resistance and the
prevalence of open or degraded habitats. As a result, least-cost paths are short and clustered
around the northern massif, while long-distance linkages toward more isolated populations
remain costly and limited. Such patterns are consistent with previous studies emphasizing
the vulnerability of A. pinsapo to habitat fragmentation and climate stress [56,57].

Fragmentation of A. pinsapo forests is not only a historical outcome of land use change
but also exacerbated by contemporary disturbances such as fire, drought, and pest out-
breaks [58]. The isolation of marginal populations can reduce gene flow, increase in-
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breeding, and compromise long-term adaptive capacity [12,55]. Our results confirm that
under current conditions, functional connectivity is highly uneven, with central populations
acting as hubs while peripheral ones remain poorly connected. However, the connectivity
improvements identified here should be interpreted as changes in landscape permeability
under alternative management scenarios rather than as direct evidence of increased climate
resilience. Demonstrating enhanced resilience would require integrating connectivity anal-
yses with climate suitability projections, demographic models, regeneration dynamics, and
long-term monitoring of population responses [55,56].

4.3. Implications for Conservation and Forest Management

The conservation of A. pinsapo requires not only the protection of existing stands
but also the maintenance of ecological processes that ensure their long-term viability.
Our results demonstrate that silvicultural management can play a pivotal role in this
regard by enhancing habitat connectivity. Improved connectivity facilitates seed dispersal,
colonization of suitable sites, and gene flow between fragmented stands, all of which are
essential to buffer the species against environmental change.

Connectivity also enhances the capacity of forests to respond to climate change.
Mediterranean firs are highly sensitive to increasing temperatures and prolonged droughts,
which threaten their survival at lower elevations [59]. By improving connectivity, manage-
ment can allow populations to track suitable habitats along elevational and microclimatic
gradients, thereby reducing the risk of local extinction. This aligns with broader con-
servation strategies emphasizing the creation of ecological networks to support species
persistence under changing climates [15,60].

From a practical standpoint, our findings suggest that management actions should
prioritize areas of currently high resistance that act as barriers between populations. In-
terventions in these areas (e.g., reducing pine plantation density, facilitating oak and fir
regeneration, and enhancing structural diversity) would yield disproportionate benefits in
terms of connectivity. From a practical management perspective, the results suggest that
restoration efforts should be prioritized in the central sectors of Sierra de las Nieves, where
silvicultural interventions produced the largest reductions in accumulated connectivity
costs. These areas currently function as high-resistance zones separating several of the
main Abies pinsapo nuclei and therefore represent strategic locations for improving land-
scape permeability. In these areas, thinning treatments generated substantial reductions
in modeled resistance and promoted the emergence of more efficient least-cost pathways.
Consequently, rather than applying silvicultural treatments uniformly across the landscape,
management efforts should focus on those sectors where reductions in structural resistance
are most likely to improve connectivity between currently fragmented populations [49,61].

Moreover, silvicultural strategies should be integrated with broader landscape-scale
planning. The Sierra de las Nieves National Park already serves as biodiversity reservoirs,
but functional connectivity between them and adjacent areas is not guaranteed. Our results
support the establishment of management corridors that link these protected areas, in line
with the principles of the EU Habitats Directive and the Natura 2000 network [62].

Moreover, the connectivity calculations show us the most isolated populations, as well
as the paths or routes to connect populations. These areas can be used to promote reforesta-
tion efforts, which would allow the creation of new populations that act as steppingstones,
increasing connectivity and reducing isolation [63,64].

4.4. Limitations and Future Research

While the modelling framework applied here provides valuable insights, it is subject
to certain limitations. First, the assumption of biomass as a resistance variable represents
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a simplification of the ecological processes governing connectivity. Although vegetation
structure influences habitat permeability and regeneration dynamics, other factors such as
microclimatic conditions, topographic complexity, soil properties, disturbance history, and
species-specific dispersal mechanisms may also affect connectivity patterns. Future studies
should incorporate these variables to develop more comprehensive resistance surfaces
and evaluate their relative contribution to connectivity outcomes. We acknowledge that
connectivity improvements observed under the alternative management scenarios are
partly influenced by the resistance assumptions adopted in the model. Therefore, results
should be interpreted as comparative assessments of relative changes in landscape perme-
ability rather than as direct predictions of future dispersal dynamics. The strength of the
approach lies in its ability to evaluate the relative effectiveness of alternative management
strategies under a consistent ecological framework. Other factors, such as microclimate,
soil type, and disturbance regimes, also influence dispersal and connectivity and should be
incorporated in future models. Second, our analysis assumes uniform dispersal capacities
across populations, whereas A. pinsapo dispersal is likely to be spatially heterogeneous due
to topography and local environmental conditions.

An additional limitation of this study relates to the assumptions underlying the resis-
tance surface and the connectivity modelling framework. Biomass was used as a proxy for
structural resistance because the primary objective was to evaluate the potential effects of
alternative silvicultural interventions on landscape permeability. Although this approach
provides a consistent basis for comparing management scenarios, other environmental
factors, including microclimatic conditions, soil properties, topographic complexity, distur-
bance history, and species-specific dispersal mechanisms, may also influence connectivity
patterns. Furthermore, the resistance model was based on a single resistance formulation,
and no formal sensitivity analysis was performed to evaluate the influence of alternative re-
sistance surfaces on connectivity outcomes. Consequently, the results should be interpreted
as comparative assessments of relative changes among management scenarios rather than
as absolute predictions of dispersal dynamics or population responses. Future studies
should incorporate uncertainty and sensitivity analyses to assess the robustness of connec-
tivity indicators under alternative ecological assumptions and modelling approaches.

Future research should combine resistance-based modelling with empirical data on
genetic connectivity and demographic processes to validate model predictions. The inte-
gration of circuit theory approaches [65] could also provide complementary insights into
multiple-path connectivity and redundancy. Finally, long-term monitoring of management
interventions would be critical to assess whether predicted improvements in connectivity
translate into measurable conservation outcomes.

5. Conclusions

This study shows that silvicultural management can play a decisive role in enhancing
functional connectivity among Abies pinsapo populations in southern Spain. By integrating
biomass-based resistance surfaces with cost-distance and least-cost path analyses, we pro-
vide robust evidence that targeted interventions—particularly those involving intensive
thinning—substantially reduce landscape resistance and facilitate ecological flows across
fragmented forest systems. The results consistently show that connectivity improvements
are not limited to isolated areas but occur across the entire network. Reductions in accu-
mulated cost, alongside the emergence of shorter and alternative least-cost paths, indicate
that silvicultural treatments can effectively reconfigure landscape permeability. These
improvements were concentrated in central high-resistance sectors of S* de Las Nieves
National Park, suggesting that restoration-oriented silvicultural interventions should prior-
itize these areas. This is particularly relevant in previously high-resistance zones, where

https:/ /doi.org/10.3390/£17070777


https://doi.org/10.3390/f17070777

Forests 2026, 17,777 18 of 21

management actions lead to disproportionately large gains in connectivity. Importantly,
these benefits extend beyond core populations, contributing to the integration of peripheral
and more isolated stands, which are critical for maintaining genetic diversity and long-term
adaptive capacity.

Although the model does not directly evaluate regeneration, population dynamics,
or climate-change adaptation, the observed reductions in landscape resistance indicate
that adaptive forest management may contribute to improving habitat permeability and
supporting long-term conservation planning for this endangered Mediterranean fir.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/£17070777/s1, Table S1. Forest inventory variables for the main tree species
present in the study area. Variables include tree density (Trees ha—!), basal area (G, m? ha~!), standing
volume (Vee, m® ha™1), and current annual increment (Iv, m3 ha~? yrfl), mean tree height (Ht, m).
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