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Abstract

This study explores the potential for afforestation in Portugal that could balance wood
and non-wood forest production under future climate change scenarios. The Climate Enve-
lope Models (CEM) approach was employed with three main objectives: (1) to model the
current distribution of key Portuguese forest species—eucalypts, maritime pine, umbrella
pine, chestnut, and cork oak—based on their suitability for wood and non-wood produc-
tion; (2) to project their potential distribution for the years 2070 and 2090 under two Shared
Socioeconomic Pathway (SSP) scenarios: SSP2—4.5 (moderate) and SSP5-8.5 (high emis-
sions); and (3) to generate integrated species distribution maps identifying both current
and future high-suitability zones to support afforestation planning, reflecting climatic
compatibility under fixed thresholds. Species’ current CMEs were produced using an
additive Boolean model with a set of environmental variables (e.g., temperature-related
and precipitation-related, elevation, and soil) specific to each species. Species’ current
CEMs were validated using forest inventory data and the official Land Use and Land Cover
(LULC) map of Portugal, and a good agreement was obtained (>99%). By the end of the
21st century, marked reductions in species suitability are projected, especially for chestnut
(36%—44%) and maritime pine (25%-35%). Incorporating future suitability projections
and preventive silvicultural practices into afforestation planning is therefore essential to
ensure climate-resilient and ecologically friendly forest management.

Keywords: Climate Envelope Models; forest species; suitability; climate change

1. Introduction

Afforestation has been recognized as a valuable, cost-effective, and readily avail-
able option for mitigating climate change by carbon sequestration and providing various
environmental benefits [1-5]. Effective afforestation planning requires comprehensive
knowledge of the current and projected distributions of species, biological communities,
and habitats under future climate change scenarios. Ecological niche modeling provides a
fundamental framework for achieving this understanding.
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A range of modeling approaches has been employed to estimate species distributions,
including Climate Envelope Models (CEMs) and Species Distribution Models (SDMs).
CEMs rely on the concept of habitat envelopes, which characterize the relationship between
species’ observed distributions and environmental variables, typically without the need for
detailed presence data [6]. So, CEMs are instrumental in predicting species ranges based
on climate conditions by (i) assisting in understanding the fundamental ecological require-
ments of species; (ii) extrapolating these requirements into other geographical regions;
and (iii) offering valuable insights into species distribution and its responses to environ-
mental changes [7,8]. Indeed, climate change has caused shifts in the climate envelopes of
many forest species [9,10], with scenarios showing shifts in species distributions, includ-
ing latitudinal and altitudinal movements, or even the disappearance of critical climate
types [11-14]. Moreover, CEMs represent potential climatic envelopes under equilibrium
assumptions, excluding biotic interactions, dispersal constraints, and management effects.
The SDMs employ several statistical modeling techniques to predict past, current, and
future species distributions, utilizing species presence/absence data and relating these
occurrences to environmental variables. As a result, the SDMs’ predictions are closely
tied to the species distribution, climate, soil, and land cover datasets; model explanatory
variable selection; and the choice of the Global Climate Model (GCM) and climate scenario
used in the modeling process [15].

A previous study comparing Climate Envelope Models and Species Distribution
Models for maritime pine in Portugal under current conditions and future projections for
2070 using two climate change scenarios (RCP 4.5 and RCP 8.5) showed that the CEM
approach produced species distribution predictions closer to the species” empirical potential
distribution. This is because CEMs rely exclusively on threshold values of environmental
variables that define the species’ ecological envelope [16]. In contrast, the SDM developed
using a machine learning approach based on the maximum entropy algorithm (MaxEnt)
yielded predictions that more closely matched the species” current known distribution, as
species occurrence data were derived from the official Land Use and Land Cover (LULC)
map. Concordance between the two modeling approaches ranged from 44% under current
conditions to over 30% in future projections (2070) [16]. Overall, the CEM approach likely
provides advantages in validating physiological limits, reducing uncertainty, and enhancing
the ecological robustness and transferability of projections, particularly in the context of
climate change [17].

Currently, in mainland Portugal, the forest area (36%; 3.2 million ha) is mainly com-
posed of eucalypts (Eucalyptus L'Hér.; 845 x 103 ha; 26%), cork oak (Quercus suber L.;
720 x 103 ha; 22%), maritime pine (Pinus pinaster Aiton; 713 x 103 ha; 22%), and holm
oak (Quercus rotundifolia Lam.; 349 x 103 ha; 11%). The remaining forest area is occupied
by other oaks (e.g., Quercus pyrenaica Willd., Quercus faginea Lam., and Quercus robur L.;
82 x 103 ha; 3%), umbrella pine (Pinus pinea L.; 194 x 103 ha; 6%), chestnut (Castanea
sativa Mill.; 48 x 103 ha; 2%), other broadleaved trees, and other coniferous trees [18] (see
Supplementary Table S1 for studied species description).

The main wood-production species in Portugal, eucalypts (mainly Eucalyptus globulus
Labill. ssp. globulus) and maritime pine (Pinus pinaster) (IFN6, [18]), are expected to be
significantly affected by climate change by the end of the 21st century. Climate Envelope
Models (CEMs) developed for these species under current conditions and future projections
(2025 and 2070) using two climate change scenarios (RCP 4.5 and RCP 8.5) are already
available and provide valuable support for afforestation planning [16,19,20]. In contrast,
umbrella pine, chestnut, and cork oak are classified as non-wood production species in
Portugal, according to IFN6 [18], due to the main products obtained (non-timber ones).
Assessing the impacts of climate change on the suitability of these species is therefore
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essential for formulating effective recommendations to ensure their successful integration
into future afforestation programs.

Indeed, over recent decades, the area occupied by Eucalyptus spp. has increased by
approximately 127,000 ha, while Pinus pinea has expanded by about 73,000 ha. The smallest
increase was observed in Castanea sativa, with a gain of just over 15,000 ha. Although
modest in absolute terms, this increase partly reflects the recovery or expansion of chestnut
cultivation driven by the growing economic importance of chestnut production [21]. In
contrast, Pinus pinaster has experienced a substantial decline, losing nearly 265,000 ha over
the past two decades. This sharp reduction reflects shifts in land use and the replacement
of maritime pine by faster-growing species. Quercus suber also showed a slight decrease in
area (approximately 27,000 ha); however, it continues to occupy extensive regions. Overall,
these trends highlight significant changes in forest management practices, species economic
value, and land-use dynamics, including rural abandonment, wildfire impacts, and an
increasing preference for fast-growing species.

The updated integration adopted in this study was motivated by several key con-
siderations. First, it enables the assessment of species responses to climate change using
the most recent climate models. Second, forest composition in Portugal has changed sub-
stantially, with a marked reduction in maritime pine area and an increase in other forest
species. Third, increasing wildfire and drought risk underscores the need for ecologically
friendly solutions, such as the establishment of landscape mosaics or mixed forests. These
mosaic-based plantations with adapted species can enhance biodiversity while helping to
buffer wildfire severity and risk, as well as increasing resilience to drought.

The forest species inventory data (IFN6) [18] were employed, together with the official
Land Use and Land Cover (LULC) map (COS 2018) [22], to validate species’ current
CEMSs and to inform afforestation planning and management strategies under projected
climate change scenarios. Since CEMs, which are based on literature-validated approaches,
overcome SMDs in the context of climate change, we employed this approach for modeling.
The main objectives were (1) to model the current distributions of key Portuguese wood
and non-wood production species—eucalypts, maritime pine, umbrella pine, chestnut,
and cork oak; (2) to project their potential distributions for 2070 and 2090 under the SSP2-4.5
and SSP5-8.5 climate scenarios; and (3) to produce distribution maps identifying high-
suitability zones for current and future mosaic afforestation planning in Portugal to increase
buffer zones for wildfires occurrence and drought resistance.

2. Materials and Methods
2.1. Study Area

This study focused on mainland Portugal (36.9636° N, 9.4944° W to 42.1543° N,
6.1892° W) and examined key Portuguese wood and non-wood production species: eu-
calypts (Eucalyptus L'Hér.), maritime pine (Pinus pinaster Aiton), umbrella pine (Pinus
pinea L.), chestnut (Castanea sativa Mill.), and cork oak (Quercus suber L.) (Figure 1). Cli-
mate Envelope Models (CEMs) were developed for both current conditions and future
periods (2070 and 2090) under two climate change scenarios, SSP2-4.5 and SSP5-8.5, to
support comprehensive key recommendations for afforestation planning in Portugal
for all those species.
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Figure 1. The study area with the current distribution of the focal species: mainland Portugal. “+” is
the latitude and longitude crossing.

2.2. Environmental Data

The WorldClim version 2.1 (spatial resolution of 1 km) [23] allowed us to download
the bioclimatic variables for the current (generated with data collected during the period
between 1970 and 2000). The projected climate variables were downloaded from the
EC-Earth3 -Veg model for 2070 and 2090 [24]. The EC-Earth Model is an Earth System
Model (ESM) that comprises models of coupled components for atmosphere, ocean, sea ice,
and land [24]. Earth System Models (ESMs) are the primary tools for understanding the
Earth’s climate responses, attributing observed changes to specific drivers, projecting future
climate conditions, and supporting the development of mitigation policies. Two “Shared
Socio-Economic Pathways” (SSPs) [25] were chosen, namely (i) SSP2-4.5 Middle of the Road;
and (ii) SSP5-8.5 Fossil-fueled Development—Taking the Highway. These two climate
change scenarios (S5P2—4.5 and SSP5-8.5) represent a moderate climate change scenario
(meeting the Kyoto goal) and a severe climate change scenario (not meeting the Kyoto
goal), respectively.

In this study, climate variables followed the original WorldClim symbology, where
variables from BIO1 to BIO11 are temperature-related, and variables from BIO12 to BIO19
are precipitation-related. The EC-Earth3-Veg model was selected as GCM because it ex-
plicitly integrates dynamic vegetation and biogeochemical cycles, enabling a more realistic
assessment of forest species’ climate adaptation under different climate change scenarios
and ensuring consistency among climate forcing, water availability, and ecophysiological
responses [24]. The elevation data were obtained from the Shuttle Radar Topography
Mission 1 Arc-Second Global (SRTM) [26]. The soil data were derived from the ESDBv2
Raster Library in grid cell ~ 1 km? [27-29]. The soil-related variable used the soil codes
(WRBFU) according to the international classification system.

2.3. Species Climate Envelope Models (CEMs)

The Climate Envelope Model was used as a reliable and understandable starting
point for analysing species distribution, as it clearly connects the observed presence of
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species to climate conditions and their possible environmental limits [30]. This study
considers the amplitude and limits of a set of environmental variables, topography, and soil
type (see Table 1) that determined the distribution of each species (Supplementary Tables
52 and S3 contain the set of selected variables and the limits for species current data
occurrences). These species CEM variables thresholds are published in the Portuguese
Regional Forest Management Plans of 2005 and were constructed using bibliographic data
(defining the ecological limits of each species), therefore containing most of each species’
forest inventory plots (IFN4) (75% for eucalyptus and maritime pine; 95% for the remaining
species). Each species CME is defined by a unique combination of environmental variables
and corresponding thresholds. Later, Heikkinen et al. (2006) [17] produced the CMEs
for eucalyptus and maritime pine with updated sources of ecological data and validated
them with the species distribution data, obtaining variable thresholds consistent with
those published in the Portuguese Regional Forest Management Plans of 2005. Afterwards,
ICNF (2019) [18] also validated maritime pine CME environmental variables selection
and corresponding thresholds by Machine Learning, Classification and Regression Trees
(CART), and classification with the tree algorithm J48, performed by means of WEKA
software (V3.8.4), using 88,455 presence points. This model had a 65% fitting efficiency
and used basically the same environmental variables, and its thresholds were quite close to
the ones published in the Portuguese Regional Forest Management Plans of 2005. Therefore,
the species variables thresholds published in the Portuguese Regional Forest Management
Plans of 2005 (Table 1) were considered valid and used to produce the species CEM in
this study, except for the maritime pine, for which the thresholds were retrieved from
ICNF (2019) [18]. These environmental variables were structured in a GIS (Geographic
Information Systems) database, utilizing ArcGIS Pro V3.3 software to generate each variable
map. For each species, the environmental variables thresholds were applied to get species
variables maps reclassified by the Boolean method (0—Inadequate, 1—Adequate). Then,
the species CEMs for the current were obtained by map algebra, an algebraic addition
of the binary maps of the environmental variables, resulting in a final map after being
reclassified into the following four suitability classes: (0) Unsuitable, (1) Low, (2) Regular,
and (3) High; “Unsuitable” means no variable thresholds are verified, “Low” means
one variable threshold is observed, “Regular” means two to three variable thresholds are
observed, and “High” means all variable thresholds are observed. The additive Boolean
method was employed because it allows multiple environmental criteria to be integrated
transparently and robustly, reducing the influence of data uncertainty and facilitating the
identification of areas that satisfy a greater number of relevant ecological conditions [30].

Table 1. CEMs—species environmental variables thresholds [16,19,20,31].

Species Tf;:;]ztesr?gtg;e Tﬁg;pgeere(lgtér)e Prec(in]iilfla)tion Ele(w;:‘t)ion (W?{(])Si%:U)
Eucalypts 622 BIO7 <26 BIO12 > 600 E <500 ;\Zﬂz fl 1%13?:152223:3”
Maritime pine > 28 BIO7 < 25.1 BIO12 > 821 E<731 Soils # Limestone
Umbrella pine e - 300 < BIO12 < 1500 E <600 -

Chestnut s 215 - BIO18 > 56 E > 1000 -

Cork oak BN - 565 < BIO12 < 850 E < 700 -

Legend: Temperature-related variables: tmin_08—minimum temperature in August (°C); BIO5—maximum tem-
perature of the warmest month (°C); BIO6—minimum temperature of the coldest month (°C); BIO7—temperature
annual range (°C). Precipitation-related variables: BIO12—annual precipitation (mm); BIO18—precipitation of the
wettest quarter (mm). Topographic-related variable: E—elevation (m). Soil-related variable: Soil codes (WRBFU):
@ limestone (LVee, CMca, and FLca) and @ wind alluvial sands (FLeu, SCgl, ARha, LVgl, and Umar).
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Afterwards, the environmental variables were projected for the future (2070 and 2090)
under the two climate change scenarios (SSP2-4.5 and SSP5-8.5) to produce the species
CEMs and also for the current conditions. The methodological workflow is synthesized in

Figure 2.
A (1970-2000) GCM (CMIP6)
* BIOS
| Bloe INF6 EC-Earth3-Veg
* BIO12
* tmin_08

(2061-2080) (2081-2100)

SSP2-4.5 SSP2-4.5
Current

SSP5-8.5 SSP5-8.5
st Cos 2018
. Ec:ailvatlon > 80% of the Shared Socio-economic

current area [ Pathways

Figure 2. Methodological workflow—current species and future CEMs for current conditions (2070
and 2090) under two climate change scenarios (SSP2-4.5 and SSP5-8.5).

The current species CEMs were validated using the species national forest inventory
data (IFN6) (pure dominant stands) [18]. The LULC official map (COS 2018) [22] was
used to compare the current distribution of species (eucalypts, maritime pine, umbrella
pine, chestnut, and cork oak) and the impact of climate change scenarios for the future
(2070 and 2090).

The validation metrics (accuracy, sensitivity, specificity, and TSS) of the CEMs are
based on spatial agreement with observed distributions using national forest inventory
data from dominant pure stands of INF6 [18] and were performed for the species under
study (Table 2).

Table 2. Validation metrics (accuracy, sensitivity, specificity and TSS).

Species Accuracy Sensitivity Specificity TSS

Eucalyptus 0.9968 0.9993 0.9962 0.9955
Maritim pine 0.9936 0.9952 0.9860 0.9813
Umbrella pine  0.9928 0.9901 1.0 0.9901
Chestnuts 0.9977 0.9977 1.0 0.9977
Cork oak 0.9991 0.9990 1.0 0.9990

Finally, a combined CEM (Supplementary Figure 56, which includes data for the com-
bined options content in this study) was obtained for these species to highlight hotspots
of excellent suitability for each species, thereby supporting a comprehensive key recom-
mendation for afforestation planning in Portugal, particularly for wood and non-wood
production species.
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3. Results
3.1. Afforestation Suitability CEM-Based

Climate Envelope Models (Figure 3) indicate high current afforestation potential for
wood-production species within the highest suitability class (Class 3), with eucalypts occu-
pying approximately 80% of suitable areas and maritime pine about 50%. However, strong
contractions are projected under future climate scenarios (Supplementary Figures S1 and S2).
By 2090, eucalypt suitability declines to <38% under SSP2—4.5 and ~23% under SSP5-8.5,
while maritime pine decreases to <26% and ~15%, respectively. For both species, remaining
high-suitability areas become largely confined to a narrow Atlantic coastal strip. Similarly,
current CEMs for non-wood production species (Supplementary Figures S3-S5) show high
suitability for umbrella pine (~90%), chestnut (~45%), and cork oak (~80%), followed by
widespread declines by 2090 under both scenarios. Umbrella pine exhibits a slight increase by
2070 and remains relatively stable under SSP5-8.5, whereas chestnut experiences the most
severe reductions, declining to <9% (SSP2—4.5) and ~1% (SSP5-8.5) (Figure 3). Cork oak shows
a continuous loss of suitable area throughout the study period.

SSP2-4.5 S5P5-8.5

Current

W Eucalypts

2070 2090 2070 2090
B Maritime pine B Umbrella pine B Chestnut B Cork oak

Figure 3. High-suitability class areas distribution (%), under current and SSP2-4.5 and SSP5-8.5
conditions, for eucalypts, maritime pine, umbrella pine, chestnut, and cork oak.

3.2. Afforestation Planning

The analysis of the expression of the CEMs current suitability classes regarding the
species forest inventory data/occurrences (Figure 4) indicated that 80.6% to 99.6% fall into
the highest suitability class (Table 3).

The analysis of current suitability classes as expression of the CEMs regarding the
LULC map COS 2018 (Figure 5) indicated that 72% to 99.8% fall into the highest suitability
class (Table 4).

Current species CEMs were validated based on spatial agreement with observed
distributions, using National Forest Inventory data (INF6) and the official Portuguese
Land Use and Land Cover map (COS 2018). COS 2018 areas for the five species showed
agreement values above 80%, while INF6 point data indicated overall agreement exceeding
99%, reflecting concordance with current distributions.
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Figure 4. Current species forest inventory occurrences (IFN6) [18] by CEMs suitability classes for
wood production species (eucalypts and maritime pine) and non-wood production species (umbrella
pine, chestnut, and cork oak), in gray appears the urban areas, rivers and dams.

Table 3. Species CEMs current suitability classes expression (%), considering species national forest
inventory data/occurrences (IFN6) [18] for wood production species (eucalypts and maritime pine)
and non-wood production species (umbrella pine, chestnut, and cork oak).

Species IFN6 Data/Occurrences (3) High (2) Regular (1) Low (0) Unsuitable
Eucalypts 28,208 80.6% 18.5% 0.1% 0.8%
Maritime pine 21,431 81.6% 17.4% 0.6% 0.4%
Umbrella pine 6429 99.8% 0.2% 0.0% 0.0%
Chestnut 1742 99.6% 0.2% 0.1% 0.1%
Cork oak 26,534 97.1% 2.9% 0% 0%

Concerning combinations of wood species, both species are unsuitable in Class A (0, 0).
Maritime pine is suitable in Class B (0, 1), and Eucalyptus is suitable in Class C (1, 0). Both
species are suitable in Class D (1, 1) (Supplementary Figure S6).

The combined CEMs analysis (Figure 6) of the highest suitability class for the two wood
production species (Eu—eucalypts; and Ma—maritime pine) confirmed that the country’s
coastal area is very suitable for both species” afforestation. Thus, future conflicts about
afforestation areas with these two species will occur.
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Figure 5. Species’ current distribution (COS 2018) by CEMs suitability classes for wood production
species and non-wood production species, in gray the urban areas, rivers and dams.

Table 4. Species CEMs current suitability classes expression (%) regarding species’ current distribution
(COS 2018) for wood production species (eucalypts and maritime pine) and non-wood production

species (umbrella pine, chestnut, and cork oak).

Species (3) High (2) Regular (1) Low (0) Unsuitable
Eucalypts 94.0% 6.0% 0% 0%
Maritime pine 80.0% 20.0% 0% 0%
Umbrella pine 99.8% 0.2% 0% 0%
Chestnut 96.0% 0.2% 0.2% 0%
Cork oak 96.7% 3.3% 0% 0%

Concerning combinations among the non-wood species, namely umbrella pine (Um),
chestnut (Ch), and cork oak (Oa), Class E (0,0,0) proves unsuitable for non-wood species;
F (0,0,1) is suitable for chestnut; G (0,1,0) is suitable for cork oak; H (1,0,0) is suitable
for umbrella pine; I (0,1,1) has combined chestnut and cork oak suitability; ] (1,1,0) is
suitable for a combination of umbrella pine and chestnut; K (1,0,1) is suitable for the
combination of umbrella pine and cork oak; and L (1,1,1) is suitable for all non-wood

species (Supplementary Figure S6).
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Figure 6. Combined CEMs of the highest suitability class (3—High) for wood production species
(Eu—eucalypts; and Ma—maritime pine): (a) current; (b) future 2070 and scenario SSP2—4.5;
(c) future 2090 and scenario SSP2-4.5; (d) future 2070 and scenario SSP2-8.5; (e) future 2090
and scenario SSP2-8.5.

CEMs analysis (Figure 7) for the highest suitability class of the three non-wood pro-
duction species, namely umbrella pine (Um), chestnut (Ch), and cork oak (Oa), reveals that
umbrella pine will likely remain the only species capable of maintaining suitable conditions
in inland Portugal under future climates. In contrast, coastal regions are projected to retain
high suitability, particularly for umbrella pine—chestnut mixtures in the north and umbrella
pine—cork oak mixtures in south-central areas. These findings support the promotion of
mixed afforestation strategies, such as combining umbrella pine with chestnut or cork oak,
to increase forest resilience to climate change.

The combined scheme for all species integrates the two previous explained phases:
each combined code (Ex. A+ L,B+L,C+LorD + L) represents the co-occurrence of
one or more of the five species, with classes reflecting the unsuitability of the study species
(A+ E), single-species presence (A + H; A + G; A + F; B+ E and C + E), or multiple-species
co-occurrence (e.g., A + L—umbrella pine, chestnut, and cork oak; B + L—maritime pine,
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Non-wood production species

umbrella pine, chestnut, and cork oak; C + L—eucalyptus, umbrella pine, chestnut, and cork
oak; and D + L—all species in the study (Supplementary Figure S6).
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Figure 7. Combined CEMs of the highest suitability class (3—High) for non-wood production species
(Um—umbrella pine, Ch—chestnut, and Oa—cork oak): (a) current; (b) future 2070 and scenario
SSP2-4.5; (c) future 2090 and scenario SSP2-4.5; (d) future 2070 and scenario SSP5-8.5; (e) future 2090
and scenario SSP5-8.5.

Finally, the analysis of the combined CEMs (Figure 8) for the highest suitability class
of the wood production species and the non-wood production species reveals that coastal
areas of the country are likely to experience afforestation conflicts between highly intensive
forestry and multifunctional or combined-objective forestry. Notably, due to putative
sources of uncertainty arising from threshold rigidity, scenario uncertainty (SSP2—4.5 vs.
SSP5-8.5), and the use of a single GCM (EC-Earth3-Veg), the results should be interpreted
as scenario-consistent tendencies rather than precise forecasts.
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Figure 8. Combined CEMs of the highest suitability class (3—High) for both wood and non-wood
production (Eu—eucalypts; Ma—maritime pine; Um—umbrella pine; Ch—chestnut; Oa—cork oak):
(a) current; (b) future 2070 and scenario SSP2—4.5; (c) future 2090 and scenario SSP2—-4.5; (d) future
2070 and scenario SSP5-8.5; and (e) future 2090 and scenario SSP5-8.5.

4. Discussion

In this study, Climate Envelope Models (CEMs) were developed for five Portuguese
forest species, two wood-production species (eucalypts and maritime pine, Figure 6)
and three non-wood production species (umbrella pine, chestnut, and cork oak, Figure 7),
for current conditions and future periods (2070 and 2090) under two climate change sce-
narios (SSP2—4.5 and SSP5-8.5). Under current climate conditions, Portugal shows high

https://doi.org/10.3390/17010139


https://doi.org/10.3390/f17010139

Forests 2026, 17, 139

13 of 20

afforestation suitability for all species, particularly chestnut, maritime pine, eucalypts, cork
oak, and umbrella pine (Figure 3).

Observed species distributions, based on National Forest Inventory data (IFN6, Figure 3)
and the official Land Use and Land Cover map (COS 2018, Figure 4), largely coincide with
high suitability classes, ranging from 80.6% to 99.6%. Similar patterns were observed when
compared with the EPIC WebGIS Portugal maps [32] (Supplementary Figure S7).

Climate change is expected to intensify droughts, heatwaves, and wildfires, with
strong impacts on plant communities. Recent evidence shows a clear increase in wildfire
severity in Portugal, leading to slower post-fire recovery and reduced ecosystem resis-
tance and resilience, thereby increasing the risk of long-term ecological degradation [33].
Because temperature and precipitation are primary controls of plant growth, survival,
and distribution, these changes are likely to generate substantial ecological and economic
consequences [34,35]. Mediterranean regions are projected to experience particularly strong
pressures, with warming and drought frequency exceeding global averages [36,37].

Seasonal climatic constraints further limit productivity, as low temperatures restrict
growth during winter and early spring, while reduced precipitation during warmer periods
intensifies water stress. Species responses to these stressors depend on genetic adaptation
and phenotypic plasticity, which vary widely and govern the capacity to persist under
altered climatic regimes [34,35]. Vulnerability is greatest during juvenile and reproductive
stages, when root systems are poorly developed, or reproductive success depends on
favorable conditions, whereas adult trees generally exhibit greater tolerance due to deeper
roots and stored reserves. Climate change will also alter biotic pressures by affecting pest
and pathogen dynamics and may increase plant susceptibility to invasion. Finally, abiotic
disturbances such as fire are closely linked to climate, particularly precipitation seasonality,
which modulates fuel availability and fire extent [35].

A new plantation paradigm is required to address the challenges posed by future
climate warming, integrating projections of species” future suitability with afforestation
alternatives that reduce associated risks. Strategies based on ecologically friendly species
mosaics and mixed stands can enhance biodiversity, increase resilience, better mimic natural
forest dynamics, and support the success of the species plantation. As an example, both
wood-production species (eucalypt and maritime pine) suitability areas will shrink in the
future to a coastal strip; thus, their long-term production might be compromised, which
could prevent forest owners from investing and make forest management unattractive,
which will further trigger wildfire recurrence and severity since those species are known to
be fire-prone. Broadening plantations with intermixed adequate species could overcome the
referred problems (Figure 6). Moreover, establishing umbrella pine plantations followed by
thinning and the introduction of cork oak in the understory can mimic natural succession,
enhancing plantation success in very dry areas in the south of the country through the
high drought tolerance of umbrella pine and its facilitation of cork oak establishment;
additionally, a source of multiple incomes can be obtained with those non-wood species
(Figure 7). These findings highlight the importance of adaptive silvicultural practices,
including density management, to support forest investment and regeneration under
future climate scenarios.

Indeed, forest sustainability is closely linked to regeneration success, which is partic-
ularly critical in systems reliant on natural regeneration, such as maritime pine and cork
oak stands [18,38]. In maritime pine, regeneration is influenced by climate and disturbance
across all phases (seeding, germination, and seedling establishment), with failure becoming
more likely under drier conditions [34]. Although fire recurrence may not directly affect
seed viability or germination, repeated or severe fires can impair root development through
increased water stress and can damage the soil seed bank [39]. Forest management, there-
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fore, plays a key role in sustaining regeneration processes [34]. In Portugal, the lack of
natural regeneration in approximately 59% of cork oak stands raises serious sustainability
concerns, which may be further exacerbated by climate change. Cork oak regeneration has
been shown to benefit from higher stand density, as increased canopy cover can mitigate
extreme climatic conditions and enhance seedling survival during drought periods, despite
potential competition for water [38].

The combined Climate Envelope Models (CEMs) for the highest suitability class of
both wood-production species (eucalypts and maritime pine) and non-wood production
species (umbrella pine, chestnut, and cork oak) were used to identify key drivers and de-
rive recommendations for afforestation planning under future climate change scenarios
(Figures 6 and 7). Species-specific traits and management regimes are central to these
recommendations. Eucalypts are exotic, fast-growing, light-demanding species, typically
intensively managed under short coppice rotations (10-12 years) for high wood yield,
but they are associated with adverse environmental impacts, including soil compaction,
nutrient depletion, allelopathy, erosion, and increased agrochemical inputs [40-43]. In
contrast, maritime pine and umbrella pine are native, light-demanding species managed
under medium-long (4045 years) and long (80-100 years) rotations, respectively, with
umbrella pine primarily valued for non-wood products and protective functions [44]. Cork
oak and chestnut are native, shade-tolerant, slow-growing species managed under very
long rotations (100-110 years) for non-wood production [45]. Moreover, for equivalent
management intensities, maritime pine production systems generally exert lower envi-
ronmental impacts than eucalypt plantations across multiple impact categories, including
resource depletion, climate forcing, acidification, and eutrophication [46].

This approach allows the identification of the main climatic factors that constrain the
potential distribution of the species studied. For chestnuts, the most relevant limiting factor
is the minimum temperature in August (tmin_08). In the case of cork oak and maritime
pine, limitations to the potential ecological envelope are mainly related to the maximum
temperature of the warmest month (BIO5). For eucalyptus, the potential envelope is
constrained by the combined effect of the annual temperature range (BIO7) and annual
precipitation (BIO12). Finally, for stone pine, the expansion of the potential ecological
envelope is primarily associated with the minimum temperature of the coldest month
(BIO®6) (Figure 8). Thus, in the 2090 scenarios, the prevailing species will be the umbrella
pine and the cork oak; they may dominate in mixed or pure stands. In the least severe
SSP2-2.45, the dominant combinations will keep stone pine and cork oak but contain a
transition area with combined stands of (1) eucalyptus, maritime pine, and umbrella pine;
(2) eucalyptus, maritime pine, umbrella pine, and cork oak; and (3) umbrella pine and cork
oak (Figure 8). Accordingly, afforestation in areas highly suitable for eucalypts and/or
maritime pine should be planned at the landscape scale, favoring spatially structured
mosaics that combine intensively managed wood-production stands with pure or mixed
non-wood production patches (e.g., Ma + Oa; Ma + Ch; Um + Oa). Such configurations can
promote cork oak and chestnut natural regeneration, enhance biodiversity, and increase
landscape resilience, thereby reducing vulnerability to biotic and abiotic risks under future
climate change.

Although forest landscapes are inherently multifunctional, the degree of multifunc-
tionality can vary, as not all spatial units possess the same capacity to provide all desired
functions. From a spatial perspective, three types of multifunctionality can be distinguished:
(i) a mosaic of distinct spatial units, each performing a single function; (ii) the coexistence
of multiple functions within the same spatial unit but separated in time; and (iii) the full
integration of multiple functions within the same spatial unit and time [47,48]. So, forest
landscape planning must entail the strategic organization of different ecological patches
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within a landscape to maximize the functions of forest ecosystems and enhance ecosystem
services [49,50]. By protecting key areas, enhancing connectivity between forest patches,
and supplementing woodland areas, forest management can optimize the provision of
ecosystem services [50,51]. Integrating ecosystem services into forest management practices
not only allows for the sustainable use of forest resources but also supports the optimal
allocation of these resources for long-term sustainability [52,53]. Both wood and non-wood
species are fundamental to maintaining the functional integrity of forest ecosystems; at the
same time, timber remains among the key products derived from these systems [54] and, ad-
ditionally, provides ecosystem services from carbon storage to biodiversity conservation,
climate change mitigation, and water and soil protection [55].

Furthermore, Portuguese forest stands are unevenly prone to fire, with mature forests
of broadleaved deciduous and mixed forests having a lower fire hazard compared to
pure pine forests, eucalyptus plantations, or mixed pine and eucalyptus stands [56-59].
Therefore, priority should be given to the expansion of deciduous broadleaved and mixed
forests instead of pine or exotic species plantations, especially within fire-prone areas.
Also, afforestation strategies should promote the development of spatially dispersed for-
est patches smaller than 30 ha to increase landscape resilience and minimize wildfire
propagation [58,59]. In fact, the fragmentation of a fire-prone landscape with patches in
different succession stages, the introduction of narrow corridors between wooded patches,
and the promotion of convoluted perimeters are effective measures to reduce the potential
fire size and fire severity [59]. Indeed, in Portugal, factors such as small property size,
the predominance of private forest ownership, land abandonment, and the lack of active
forest management, combined with the spread of unmanaged forests (particularly pine)
and shrubland regeneration (mainly Cistus spp. and Cytisus spp.), create conditions that
exacerbate the occurrence of severe wildfires, further intensified by the effects of climate
change [60].

Finally, afforestation may also contribute to the rehabilitation of degraded lands
and mitigate the effects of desertification. As is known, afforestation success relies firstly
on the right selection of species (CEMs’ best-suitability areas) combined with appropriate
procedures for species establishment and management. Ultimately, it will depend on the
correct choices regarding rootstock and size (age) of seedlings, the time and method of
planting, and the protection of seedlings from competition and predators (e.g., by using
either individual tree protection or individual tree protection and fences combined) [61].

5. Conclusions

In conclusion, afforestation policies must be explicitly aligned with climate change pro-
jections and prioritize species and management systems that are expected to remain suitable
under future environmental conditions. Policy frameworks should promote the adoption
of preventive silvicultural measures, including fuel management, species diversification,
and ecosystem-based planning, as core instruments to enhance forest resilience and reduce
climate-related risks. The suitability of the species will change because annual precipitation
is the main limiting factor for the species under study. As a result, suitability will fluctuate
depending on the amount of rainfall projected in each scenario. In both 2090 scenarios,
umbrella pine and cork oak emerge as the most suitable species, and they may dominate
in either mixed or pure stands. In the less severe SSP2-2.4 scenario, these two species
remain dominant; however, a transitional zone appears, containing mixed stands composed
of (1) eucalyptus, maritime pine, and umbrella pine and (2) eucalyptus, maritime pine,
umbrella pine, and cork oak. Afforestation planning should move toward multifunctional
landscape designs, favoring mosaics of intensively managed wood-production species in-
terspersed with non-wood production species, thereby reducing vulnerability to wildfires,
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drought, and biotic disturbances. Herein, the results clearly support the potential for mixed
and mosaic plantations in the future, scattered across the country. Such an approach enables
the simultaneous delivery of ecological, economic, and social objectives; supports long-term
forest sustainability; and ensures diversified and temporally distributed income streams for
landowners. Integrating these principles into national afforestation and forest management
policies will be essential to safeguard Portugal’s forest landscapes under ongoing climate
change. Future studies should be focused on methodology comparison, such as the CEM
limitations (such as niche truncation and non-equilibrium distributions, among others), the
lack of soil moisture dynamics, and demographic processes. Additionally, we advise the
start of site-specific studies about mixed stands and mosaic species combinations with a
robust experimental design.
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