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Abstract

Background Long-term farmland abandonment has increased fuel build-up in many Euro-Mediterranean mountain-
ous regions. The high fuel hazard in these landscapes, combined with ongoing climate change, is increasing the fre-
quency of extreme wildfires, thus altering contemporary fire regimes. Mitigating the loss of the landscape’s capacity
to regulate large and intense fires is crucial to prevent future harmful effects of fires. As such, effective strategies

to manage these fire-prone landscapes are needed. Yet, further understanding of their performance under global
change scenarios is required. This study assessed the effects of fire-smart management strategies on future land-
scape dynamics, fire regulation capacity (FRC), and fire regime in a Mediterranean fire-prone mountainous landscape
in Portugal (30,650 ha) undergoing long-term land abandonment and climate change scenarios. For that, we applied
the LANDIS-Il model under climate change scenarios (RCP 4.5 and 8.5) and long-term farmland abandonment (2020-
2050) according to three fire-smart management strategies focused on fire prevention compared with a business-as-
usual (BAU) strategy based on fire suppression.

Results Future fire activity and land dynamics resulted in changes that fostered landscape heterogeneity and frag-
mentation and favoured fire-adapted forests and agroforestry systems while decreasing the dominance of shrublands
and croplands. FRC decreased over time, particularly under RCP 8.5 and the BAU strategy. In turn, fire-smart strate-
gies better prevented large and intense fires than the BAU strategy, but their effectiveness decreased under RCP 8.5.
The loss of FRC resulted in increased burned area and fire frequency, which predicts a shift from contemporary fire
regimes but more markedly under RCP 8.5 and in the BAU strategy.

Conclusions Fire-smart strategies outperformed BAU in averting current fire regime intensification. Merging forest-
and silvopasture-based management is the most promising approach in taming the effects of climate and farmland
abandonment on future fire activity. Our study underlines that planning and management policies in fire-prone Medi-
terranean mountain landscapes must integrate fire-smart strategies to decrease landscape fuel hazard and buffer

the impact of global change on future fire regimes.
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Background

The Euro-Mediterranean region is a highly fire-prone
area (Pausas 2022), recording annually approximately
48,000 fires that burn over 438.9 thousand hectares of
land (San-Miguel-Ayanz et al. 2022). Over the last dec-
ades, landscape fuel build-up driven by land abandon-
ment (Mantero et al. 2020) or wildfire policies (Fernandes
et al. 2020), together with higher temperatures and
extended drought during summer (Jolly et al. 2015; Turco
et al. 2017, 2019) increased the frequency of extreme fire
events (Duane et al. 2021a), which led to high ecological
and socioeconomic damages (Meier et al. 2023; WWF
2019) in Euro-Mediterranean regions.

Future climate projections for Euro-Mediterranean
regions estimate annual warming rates during summer
to be larger (20% to 50%) than the global annual average,
with more intense and extended temperature extremes
and heat waves (Ali et al. 2022). Although there is a
decrease in the number of fires in many southern Euro-
pean countries (Turco et al. 2016), these warmer condi-
tions may aggravate fire danger (Carnicer et al. 2022) and
the likelihood of future fire activity in southern Europe,
particularly in mountainous landscapes with high
amounts of hazardous fuels (Dupuy et al. 2020) where
farmland abandonment is predicted to continue (Per-
pifia Castillo et al. 2021; Dax et al. 2021), thus challenging
their management (Moreira et al. 2020).

Mitigating the harmful ecological and societal effects of
fire is crucial but requires the integration of fire-adapt-
ing management policies at various levels of governance,
land planning, and landscape management (Gillson et al.
2019; UNEP 2022; Moritz et al. 2014). Europe’s policy
instruments acknowledge the need to protect people and
nature from future threats driven by global change, such
as wildfires (EU 2021a, b). Still, the lack of effective fire
management policies in Euro-Mediterranean countries
demands a balanced shift from the business-as-usual
paradigm focused on fire suppression to integrated fire-
smart management (Moreira et al. 2020; Faivre et al.
2018; Fernandes 2020).

Fire-smart management is a promising tool for con-
trolling fire regimes through landscape interventions
to reduce hazardous fuels and foster fire-resistant and
-resilient landscapes (Fernandes 2013; Hirsch et al
2001; Omi 2015). Yet, their integration into plan-
ning and management policies in fire-prone land-
scapes requires further understanding of the combined
effects of ongoing climate change, landscape dynam-
ics, and fire management strategies on fire regimes and
their impacts on ecosystems (Castro Rego et al. 2021;
Moreira et al. 2023; Fernandes 2013). As such, the con-
cept of fire regime, defined as the spatial and tempo-
ral pattern of fires and their effects in a given area over
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a given period (Oddi 2018), helps characterize when,
where, and which types of fires occur. It also addresses
the (pre)conditions of fire occurrence and the imme-
diate ecological and societal effects of fire (Krebs et al.
2010).

Moreover, integrating fire within the ecosystem (dis)
services conceptual framework allows for a more bal-
anced perspective on fire regimes and effects in the socio-
ecological system (Depietri and Orenstein 2019; Sil et al.
2019a). In this sense, the fire regulation capacity (FRC)
emerges as a valuable concept to assess and forecast fire
regimes. FRC refers to ecosystems and landscapes’ capac-
ity to maintain fire impacts under acceptable thresholds
for human well-being based on their structure and func-
tioning (e.g., vegetation type, composition, structure,
productivity, and spatial configuration) (Guenni et al.
2005; Sil et al. 2019b; Pettorelli et al. 2018). Still, further
application and testing of this concept is needed (Depie-
tri and Orenstein 2020).

Indicators derived from fire regime attributes (e.g.,
burned area and fire intensity) can be useful in assessing
FRC and providing insights into how fire-prone land-
scapes respond to the ongoing set of global pressures
(e.g., climate and land use change) in terms of ecological
and socioeconomic effects (Sil et al. 2022). In this sense,
landscape modelling tools can provide relevant informa-
tion for landscape management (Keane et al. 2019). For
example, fire behaviour modelling systems [e.g., Flam-
map; Finney (2006)], integrated fire-vegetation models
[e.g. REMAINS; Pais et al. (2023)], dynamic global veg-
etation models (Argles et al. 2022) and landscape mod-
els [e.g., LANDIS-II; Scheller et al. (2007)] are suitable to
address interactions among climate, fire, and vegetation.

Modelling studies in Euro-Mediterranean ecosys-
tems have addressed the effects of land abandonment
(Azevedo et al. 2011) or alternative landscape manage-
ment strategies (Aquilué et al. 2020; Benali et al. 2021)
on fire regime attributes and their impacts on ecosystem
services and biodiversity (Pais et al. 2020; Campos et al.
2022; Iglesias et al. 2022). Yet, few have covered feedback
between climate-fire-landscape dynamics and manage-
ment strategies in a spatially explicit manner (Henne
et al. 2015; Mairota et al. 2014; Millington et al. 2009;
Mouillot et al. 2002).

Our study applies the LANDIS-II forest landscape
model (Scheller et al. 2007) to a Mediterranean fire-prone
landscape in NE Portugal to assess how alternative fire
management strategies affect future landscape dynam-
ics, the fire regulation capacity, and fire regimes under
long-term farmland abandonment and climate change
scenarios. Ultimately, this research aims to provide rele-
vant information for planning and managing of the Sabor
River upper basin and similar fire-prone mountainous
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landscapes elsewhere in the Euro-Mediterranean region
in the context of global change.

Methods

Study area

The study area is the Sabor River upper basin (NE Por-
tugal), a Mediterranean mountainous landscape with
a total surface of 30,650 ha [Fig. 1a; EEA (2016)]. The
area comprises a variety of land cover types, including
native deciduous (e.g., Quercus pyrenaica) and evergreen
broadleaved woodlands (e.g., Quercus rotundifolia), pine
(e.g., Pinus pinaster) and non-native other conifers (e.g.,
Pseudotsuga menziensii) forests, shrublands (e.g., domi-
nated by Erica spp., Cytisus spp. or Cistus spp.), natural
grasslands (e.g., Festuca elegans), agroforestry systems
(e.g., Castanea sativa), and agricultural areas. Seminatu-
ral areas of shrublands dominate the area (41%) followed
by forests and woodlands (20%), grasslands (13%), and
agroforestry (12%) and agricultural (9%) systems [Fig. 1b;
DGT (2020)].
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The Sabor River upper basin is a fire-prone landscape
(Oliveira et al. 2021). Fire activity (1989-2019) is char-
acterized by 35 fires/year that burn 1.7% of the area
annually, with a fire rotation period of 58 years. Fires
are usually small and low-intensity linked to agricul-
tural or pastoral activities (Pereira et al. 2022). Large
fires (>100 ha) average 1 fire/year and are responsi-
ble for ca. 60% of the total burned area (Fig. 1c; ICNF
(2021)).

Rural depopulation over the last decades (Azevedo
et al. 2011) resulted in significant landscape changes,
such as the decrease of croplands (24%) by conversion
to seminatural areas (8%) and agroforestry systems
(10%) or the expansion of forests (12%) at the expense
of seminatural (6%) and former croplands (4%) areas
(DGT 2019). Simultaneously, these changes increased
the landscape’s fire-proneness, leading to larger and
more intense fires (Azevedo et al. 2011; Sil et al. 2019b).
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Fig. 1 a Location of the Sabor River upper basin in NE Portugal, including the distribution of the Mediterranean biogeographical region in the NW
Iberian Peninsula (EEA 2016); b Land cover map with indication of major land cover types in 2020 (DGT 2020); ¢ Elevation map with indication

of burned areas in three-time intervals between 1990 and 2019 (ICNF 2021)
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General approach and modelling framework

We applied a modelling and simulation approach using
the LANDIS-II forest landscape model (FLM) (Scheller
et al. 2007). LANDIS-II model is suitable for the devel-
opment of this research because it simulates interactively
the dynamics of several ecological and social processes
at large temporal and spatial scales, incorporating cli-
mate and climate change within the simulated processes
(Scheller et al. 2007). In our application, LANDIS-II
was used to simulate at the site and landscape levels
fire disturbance, vegetation succession, post-fire regen-
eration, and socio-ecological processes such as LULC
change driven by farmland abandonment or fire man-
agement strategies over 30 years (2020-2050) under two
climate change scenarios (Fig. 2). To do so, we coupled
three LANDIS-II model extensions: the BFEOLDS-FRM,
the Boreal Forest Landscape Disturbance Simulator—
Fire Regime Module v.2.1 (Ouellette et al. 2020; Perera
et al. 2014), the Age-Only Succession v.5 (Scheller and
Domingo 2019), and the Base Harvest v.5 (Scheller et al.
2019). Based on LANDIS-II FLM outputs, we assessed
landscape dynamics (changes in composition and config-
uration), the capacity of the landscape to regulate poten-
tially large and intense fires (FRC), and the fire regimes
considering spatial and temporal patterns of fires (Fig. 2).

LANDIS-II FLM overview and setup

LANDIS-II FLM simulates temporal and spatial land-
scape dynamics through several ecological and social
processes, such as fire and harvest disturbances, vegeta-
tion succession, and recovery after disturbance (Scheller
et al. 2007). LANDIS-II FLM has been applied world-
wide, although its application in Euro-Mediterranean
ecosystems is scarce (Mairota et al. 2014; Sil et al. 2022;
Sudrez-Muioz et al. 2021). Ecological and social pro-
cesses run as software extensions (plug-ins) that operate
at individual time steps and interact through the LAN-
DIS-II core modelling platform during the simulation
process in a grid cell environment (Figure A1—Appen-
dix A). Feedback between landscape processes and spa-
tial patterns allows continuous spatiotemporal outputs to
assess disturbances and vegetation dynamics.

We coupled three LANDIS-II FLM extensions to
develop landscape scenarios that simulate the outcome of
fire management strategies in the context of the ongoing
trend of farmland abandonment and under two climate
change scenarios:

i) the Age-Only succession (Scheller and Domingo
2019) simulates ecological succession and post-
disturbance regeneration based on spatially and
non-spatially explicit processes. Model parameters,
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e.g., initial communities, species life history attrib-
utes, and species probability of establishment, were
calibrated and validated for the study area based on
several data sources, including spatial databases for
the analysis of land cover changes and an extensive
literature review for each species or vegetation types
modelled (Appendix A—Sect. 1.1). Also, we con-
ducted model sensitivity analysis to test assumptions
on seed dispersal distance parameters (Appendix A—
Sect. 1.1, Table A1.3);
the BFOLDS-FRM (Ouellette et al. 2020; Perera et al.
2014) is a spatially explicit process-based model that
simulates fire ignition, growth, and extinguishment
at hourly time steps based on daily ignitions and
weather conditions, fuel type, and terrain conditions
as well as user-defined assumptions to derive spa-
tial and temporal patterns of fire regime indicators.
Model parameters were retrieved from a previous
study for the Sabor River upper basin (Sil et al. 2022),
wherein we tested model sensitivity against differ-
ent assumptions in input data quality and conducted
model calibration and validation by adjusting model
parameters to emulate key fire regime attributes
accurately (Appendix A—Sect. 1.2);
iii)the Base-Harvest (Scheller et al. 2019) simulates
landscape disturbance driven by vegetation-man-
agement activities by combining spatial, temporal,
and cohort removal components (Gustafson et al.
2000). We parametrized model extension (Appendix
A—Sect. 1.3) to simulate potential land cover transi-
tions driven by farmland abandonment and cropland
conversion based on scientific literature addressing
the influence of land use changes on farmland aban-
donment in mountainous regions of northern Portu-
gal (Aguiar et al. 2009; Azevedo et al. 2011) and land
cover change analysis in the study area. Also, model
parameters to simulate fire management strategies
were based on a previous study assessing the influ-
ence of land use and topography on wildfire occur-
rence in northern Portugal (Carmo et al. 2011).

=

ii

We ran each extension at 1-year time steps and pre-
pared spatial inputs at 10-m resolution. Also, we
conducted a sample size study (Appendix A—Sect. 2, Fig-
ure A2), based on which 15 replicates for each combina-
tion of landscape/fire management and climate scenarios
were run to account for model variability.

Farmland abandonment modelling

Long-term land abandonment in European regions
is predicted to continue in the future, particularly in
Mediterranean mountainous areas due to socio-eco-
logical factors (Perpifia Castillo et al. 2021; Dax et al.
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Fig. 2 Modelling workflow on the LANDIS-II FLM platform for the combination of long-term landscape trajectory, fire management scenarios (BAU
Business-as-usual, FFS Forest-based fire-smart, SPFS Silvopasture-based fire-smart, FFS + SPFS Forest- and Silvopasture-based fire-smart), and climate
change scenarios (RCP Representative Concentration Pathways 4.5 and 8.5) under four climate models (CNRM, ICHEC, IPSL, and MPI), and outputs

used to assess landscape dynamics and fire regulation capacity, and characterize fire regimes in the Sabor River upper basin
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2021). For example, the farmland abandonment rate
for the NUTS 3—Terras de Tras-os-Montes region, of
which the study area is part of, is projected between 0.6
and 1%/year until 2030 (Perpifia Castillo et al. 2021).
Likewise, in the Sabor River upper basin, the loss in
population in rural areas observed between 2011 and
2021 (INE 2021) along with the decrease in croplands
observed between 1995 and 2018 (DGT 2019), suggests
that the ongoing process of farmland abandonment will
prevail in the area.

Based on these trends, we designed a farmland aban-
donment scenario, assuming the landscape pathway
observed in the study area between 1995 and 2018 will
continue over the simulation period. To do this, we
analysed the land use and land cover changes observed
in the area between 1995 and 2018, from which we
identified the main transitions involving the loss of
croplands. Specifically, we considered the conversion of
marginal agricultural land into grassland and shrubland
caused by vegetation encroachment and the conversion
of croplands into agroforestry systems (sweet-chest-
nut groves). Simulated cropland transitions to mimic
farmland abandonment were designed through the
Base Harvest extension (Table A1.7—Appendix A) and
applied to each combination of fire management strat-
egy and climate change scenarios based on the rate of
conversion of agricultural land to seminatural areas
(shrubland and grasslands) and agroforestry systems
observed between 1995 and 2018 in the study area
(DGT 2019) as shown in Table 1.

Fire management strategies modelling
Three fire-smart management strategies focused on
fire prevention were contrasted against a business-
as-usual (BAU) management strategy focused on fire
suppression.

We assumed that the BAU strategy reflects the cur-
rent fire management policy in Euro-Mediterranean

Table 1 Mean annual rate of cropland area converted (%/
year) to seminatural and agroforestry classes observed in the
study area (1995-2018) and simulated (2020-2050) in each
fire management strategy (15 repetitions) to mimic farmland
abandonment in the Base Harvest extension

Transition Observed Simulated
(1995-2018) (2020-
From To 2050)
Cropland Grassland 0.5 0.2
Cropland Shrubland 0.2
Cropland Agroforestry 0.6 0.7
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countries focused on fire suppression (Fernandes et al.
2020). In this sense, the BAU strategy assumes that fire-
preventive management (i.e., landscape interventions
to reduce wildfire hazard) remains negligible over time.

Fire-smart strategies were assumed as fire-preventive
measures, i.e., aim to regulate the fire regime by decreas-
ing fire behaviour potential (fire spread and intensity) as
determined by vegetation, thus enabling more fire-resist-
ant and fire-resilient landscapes (Fernandes 2013; Hirsch
et al. 2001; Omi 2015). We modelled fire-smart manage-
ment strategies based on a previous regional study on
stakeholders’ perceptions regarding fire management,
where forest-based management (e.g., fuel types conver-
sion, prescribed fire and vegetation thinning) and sil-
vopasture-based management (e.g., livestock grazing and
mechanical methods) were perceived as highly neces-
sary to prevent large wildfires (Lecina-Diaz et al. 2023a).
Three strategies were designed:

1. Forest-based fire-smart (FES): applies fuel manage-
ment by treating forest stands and seminatural areas
to decrease fuel load and its vertical and horizontal
continuity or by increasing the presence of less flam-
mable and more fire-resilient forest types in the land-
scape (e.g., conversion of shrubland and conifer for-
ests to evergreen oak woodlands);

2. Silvopasture-based fire-smart (SPES): applies live-
stock grazing and mechanical operations to reduce
fuel load and continuity in potentially abandoned
marginal agricultural land (e.g., conversion of aban-
doned marginal cropland to grazed grassland),
shrublands around forest stands (e.g., conversion to
grasslands with low fuel load), and agroforestry areas;
and

3. Forest- and Silvopasture-based fire-smart
(FFS+ SPFS): combines FFS and SPFS treatments and
vegetation type conversions targeting fuel hazard.

Each of the fire-smart management strategies was
implemented by shifts in parameters of BFOLDS-FRM
and/or Base Harvest extensions (Tables A1.6 and A1.7—
Appendix A). The potential managed area resulting from
each of the management strategies is shown in Table 2.

Climate change scenarios

We controlled uncertainty around future climate condi-
tions by using four climate models to simulate the effects
of two climate change scenarios for 2050: Representative
Concentration Pathways (RCP) 4.5 and 8.5 (Pedersen
et al. 2020). RCP 4.5 and RCP 8.5 represent intermediate
and more extreme conditions compared to the reference
period (1989-2005). Data for the climate scenarios were
obtained from four climate models (CNRM, ICHEC,
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Table 2 Potential mean managed area (%) per management operation in each fire-smart management strategy (15 repetitions) and
climate scenario over the 30 years of simulation in BFOLDS-FRM and Base Harvest extensions

Fire Climate scenario Management operations
management
strategy Fuel reduction (vegetation Fuel structure Fuel type Fuel Fuel reduction Total
removal + prescribed modification conversion reduction (mechanical)
burning) (pruning) (grazing)
FFS RCP 45 1.2 19.5 55 - - 26.2
RCP 85 12 19.9 55 - - 26.7
SPFS RCP 45 - - - 134 120 254
RCP 85 - - - 134 12.0 254
FFS+SPFS RCP 4.5 12 19.0 52 136 121 51.2
RCP 8.5 12 194 52 137 12.1 517

FFS Forest-based fire-smart, SPFS Silvopasture-based fire-smart, FFS+ SPFS Forest- and Silvopasture-based fire-smart strategy

IPSL, and MPI) generated within the EURO-CORDEX
project (Jacob et al. 2020). This framework has been
applied recently in studies encompassing our study area
(Aparicio et al. 2022; Iglesias et al. 2022; Campos et al.
2022). Climate data were used to feed the BFEOLDS-FRM
extension of LANDIS-II FLM. These datasets consist of
data points in a 9%x9 grid cell for daily mean values of
temperature and wind speed and direction measured
at 10-m height, daily minimum relative humidity and
cumulative daily precipitation, which were used to com-
pute the Canadian Forest Fire Weather Index (FWTI) Sys-
tem codes required by the model (i.e., FFMC, DMC, and
BUI) using the CFFDRS R package (Wang et al. 2017).
Then, two supplementary software applications compan-
ion of BFOLDS-FRM (Ouellette et al. 2020; Perera et al.
2014) were used to create two spline weather surfaces
based on the FWI codes (FFMC, DMC, and BUI), and the
wind profile (wind direction and wind speed), in order
to provide the model with the required weather inputs.
Fire disturbance is the only process directly affected by
climate conditions since the Age-Only Succession and
Base Harvest extensions do not include climate variables
in their models.

Assessment of future landscape dynamics and fire
regulation capacity (FRC)

We assessed future (2020-2050) landscape dynamics and
FRC by contrasting the fire-smart management strategies
(FES, SPFS, and FFS+SPEFS) against the BAU strategy,
assuming the latter as the baseline scenario.

For landscape dynamics, we computed landscape com-
position, i.e., the proportion of land cover and changes
(2020-2050) for eight land cover classes (Table 3), as
well as landscape diversity and configuration through
landscape metrics (Table 4) by applying the ‘landscapem-
etrics’ R package (R Core Team 2020). All landscape met-
rics refer to the overall study area.

Table 3 Land cover classes in the Sabor River upper basin and
correspondent dominant species, vegetation types, or land use
class

Land cover Dominant species,
vegetation types, or

land use

Deciduous broadleaved Quercus pyrenaica

Coniferous Pinus pinaster
Other coniferous Pseudotsuga menziensii

Evergreen broadleaved Quercus rotundifolia

Shrublands Erica spp.
Grasslands Festuca elegans
Agroforestry systems Castanea sativa
Agricultural areas Croplands

For FRC analysis, we assessed the capacity of the
landscape to restrain potentially large, i.e., >100 ha,
the official fire size threshold in Portugal (ICNF
2019), and intense fires, i.e., the annual burned frac-
tion at Very High (4000-10,000 kW/m) and Extreme
(>10,000 kW/m) fire intensity classes (Alexander and
Lanoville 1989). We assumed a decrease in FRC when-
ever the number of large fires and/or the annual per-
centage of burned area at fire intensity >4000 kW/m
increase.

First, we computed fire size and the annual fraction
of burned area per fire intensity class for each combi-
nation of climate scenario and fire management strat-
egy based on LANDIS-II spatial outputs for the annual
burned area and fire intensity. Then, we applied the
Mann—Kendall Trend Test to test for the presence of
monotonic trends in FRC indicators (2020-2050) and
the Wilcoxon signed-rank test and respective effect size
to compare FRC indicators between BAU and fire-smart
management strategies under RCP 4.5 and 8.5 climate
scenarios. All statistical analyses were performed in
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Table 4 Diversity and configuration (aggregation and area/edge) landscape metrics computed for the Sabor River upper basin

Class Metric Level Units Range

Diversity Shannon’s Diversity Index (SHDI) Landscape None SHDI>0
Simpson’s Diversity Index (SIDI) Landscape None 0<SIDI<1
Shannon's Evenness Index (SHEI) Landscape None 0<SHEI<1
Simpson’s Evenness Index (SIEI) Landscape None 0<SIEI<1

Aggregation Landscape Shape Index (LSI) Landscape None LSI=1
Number of Patches (NP) Landscape None NP >1
Contagion Index (CONTAG) Landscape None 0<CONTAG<100

Area/Edge Largest Patch Index (LPI) Landscape % 0<LPI<100
Mean of patch area (AREA_MN) Landscape ha AREA_MN >0
Edge Density (ED) Landscape m/ha ED>0

RStudio by applying the ‘rstatix” and ‘Kendall’ packages
(R Core Team 2020).

Assessment of current and future fire regimes

We characterized contemporary (1989-2019) and simu-
lated future fire regimes (2020-2050) by computing
fire regime metrics describing temporal and spatial fire
attributes (Krebs et al. 2010; Oddi 2018) namely, the
annual burned fraction (i.e., area burned per unit time
within a given area and during a certain period)—Eq. 1;
the fire rotation period (i.e., time required for an area
equivalent to the size of an area of interest to burn)—
Eq. 2; the annual number of fires (i.e., number of occur-
rences of fire during a certain period)—Eq. 3:

TBA
ABF = [ —— ) x 100 (1)
AxN
mrp = AN @)
T TBA
ANF = NE (3
= N )

where ABF is the annual burned fraction (%), FRP is the
fire rotation period (years), ANF is the annual number
of fires, TBA is the total burned area over the simulation
period, A is the total burnable area, N is the number of
years over the simulated period, and NF is the total num-
ber of fires over the simulated period.

To do this, we used data on burned area and number of
fires observed in the study area in 1989-2019 retrieved
from the Portuguese fire database (ICNF 2021) and pro-
jections for the same attributes for the 2020-2050 period
obtained from the outputs of BFOLDS-FRM simulations.
Based on these metrics, we assessed potential shifts
between contemporary and future fire regimes driven

by climate conditions, using the BAU fire management
strategy as the baseline.

Then, we compared three fire-smart management strat-
egies (FFS, SPES, and FFS+SPES) to the BAU strategy
under the RCP 4.5 and 8.5 climate scenarios to assess the
potential effect of fire management strategies on future
fire regimes. We applied nonparametric statistical meth-
ods, namely the Wilcoxon signed-rank test and respective
effect size, to compare fire regime metrics between past
observed and future simulated data and between baseline
and each combination of landscape/fire management and
climate scenarios in the future.

Results

Landscape composition

Landscape composition changed between 2020 and
2050 for all fire management strategies and climate sce-
narios (Fig. 3). In the BAU strategy, seminatural areas
still dominate the landscape in 2050 despite decreasing
over time under both climate scenarios. Forests (conifer-
ous and deciduous broadleaved) and agroforestry areas
increased under both climate scenarios, while agriculture
decreased (Fig. 3).

Likewise, in the fire-smart strategies, seminatural areas
remained dominant in the landscape, followed by forests,
agroforestry systems, and last, agricultural areas (Fig. 3).
Yet, under the FFS strategy, seminatural areas (shrub-
lands and grasslands) and other conifer forests decreased
more than in the BAU strategy, while evergreen wood-
lands increased considerably. In the SPES and FFS 4+ SPES
strategies, the increase in grasslands balanced the loss of
shrublands. Forest areas increased less than in the BAU
strategy, although in the FFS4 SPES strategy evergreen
woodlands increased substantially (Fig. 3).

In the fire-smart strategies, landscape fragmentation
and complexity also increased (Fig. 4). Yet, in the first
decade, landscape aggregation levels decreased more
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markedly in the FFS and FFS+SPES strategies than in
the BAU strategy, but were less pronounced in the SPFS
strategy. From 2030 on, landscape aggregation lev-
els decreased sharply in the FES strategy and slightly in
FFS+SPFES and SPES (Fig. 4).

Landscape configuration

Levels of landscape fragmentation and complexity
increased in the BAU strategy (Fig. 4), as showed by land-
scape aggregation metrics, i.e., the increase in the num-
ber of patches (NP) and the landscape shape index (LSI)

and the decrease in the contagion index (CONTAG),
and by landscape spatial complexity metrics, ie., the
increase in edge density (ED) and decrease in the patch
area (AREA_MN) and the lower dominance of the largest
patch (LPI).

In the fire-smart strategies, landscape fragmenta-
tion and complexity also increased (Fig. 4). Yet, in the
first decade, landscape aggregation levels decreased
more markedly in the FES and FFS+ SPES strategies
than in the BAU strategy, but were less pronounced in
the SPES strategy. From 2030 on, decreased sharply in
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the FFS strategy and slightly in FFS+ SPFS and SPFS
(Fig. 4). Also, the landscape became more spatially
complex in the FFS and FFS+ SPES strategies than in
the BAU strategy during the first decade, but less pro-
nounced in the SPFS strategy (Fig. 4). Then, levels of
landscape complexity became more pronounced in the
FFS strategy than in the SPFS and FFS+ SPES strate-
gies (Fig. 4).

Fire regulation capacity

The mean annual number of large fires and high-inten-
sity burned areas showed a slight upward trend between
2020 and 2050 in all fire management strategies and
under both climate scenarios (Fig. 5 and Appendix B—
Table B1.1). Overall, the average number of large fires
and areas burned at high intensity were substantially
higher under RCP 8.5 for all fire management strategies
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(Fig. 6 and Appendix B—Table B1.3). Yet, fire-smart
strategies resulted in fewer large fires and high-intensity
burned areas than the BAU strategy (Fig. 6 and Appendix
B—Table B1.2), particularly in the FFS+SPES strategy
(Fig. 6 and Appendix B—Table B1.4).

Fire regimes

The annual percentage of burned landscape (ABF) under
RCP 4.5 was slightly higher in the BAU strategy than in
the historical period and substantially higher under RCP
8.5 (Fig. 7; Appendix B—Tables B1.5 and B1.6). ABF
under RCP 4.5 was significantly lower in the FFS and
FES+SPFS management strategies than in the histori-
cal period but slightly higher in the SPFS strategy. Under
RCP 8.5, ABF was moderately higher in the FFS+ SPES
strategy than in the historical period but considerably
higher in the SPFS and FFS strategies (Fig. 7; Appen-
dix B—Tables B1.5 and B1.6). All fire-smart strategies
showed a lower ABF than the BAU strategy, particu-
larly the FFS+ SPES, whose differences were more pro-
nounced in both climate scenarios (Fig. 7; Appendix
B—Tables B1.6 and B1.7).
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Under RCP 4.5, the fire rotation period (FRP) was
slightly shorter in the BAU strategy than in the his-
torical period and significantly shorter under RCP
8.5 (Fig. 7; Appendix B—Tables B1.5 and B1.6). FRP
under RCP 4.5 was considerably higher in the FEFS and
FFS+ SPFS management strategies than in the histori-
cal period but slightly lower in the SPES strategy. Under
RCP 8.5, FRP was slightly shorter in the FFS+ SPES
strategy than in the historical period but substantially
shorter in the SPFS and FFS strategies (Fig. 7; Appen-
dix B—Tables B1.5 and B1.6). FRP was longer in all fire-
smart strategies than in the BAU strategy, particularly
the FFS+ SPES strategy, whose differences were more
marked in both climate scenarios (Fig. 7; Appendix B—
Tables B1.6 and B1.7).

The annual number of fires (ANF) was substantially
lower in all fire management strategies than in the his-
torical period under both climate scenarios (Fig. 7;
Appendix B—Tables B1.5 and B1.6). ANF was similar in
both BAU and SPFS strategies. In the FFS and FFS+ SPFS
strategies, ANF was lower than in BAU under both RCPs
(Fig. 7; Appendix B—Tables B1.6 and B1.7).

ol b B

BAU FFS SPFS FFS+SPFS
Fire management strategy
C
( ) 35_ ____________________________________________________________
30+
w 25-
=z
< 20-
15 = e—— = —j— . .
10- T 1 1 X T
BAU FFS SPFS FFS+SPFS
Fire management strategy
—- Historical E3 RCP45
B3 RCP 85

Fig. 7 Fire regime metrics for the historical period (1989-2019) and fire management strategies under RCP 4.5 and RCP 8.5 (2020-2050): a annual
burned fraction (ABF), b fire rotation period (FRP), and ¢ annual number of fires (ANF). Boxplots show median, quartiles, and outlier values
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Discussion

Trends in landscape dynamics

Our results suggest that the compound effect of farmland
abandonment, fire management strategies, fire activity,
and vegetation traits affected landscape dynamics in the
Sabor River upper basin between 2020 and 2050.

Farmland abandonment, for example, modified land-
scape composition by fostering the increase of agrofor-
estry systems and seminatural areas at the expense of
croplands in all fire management strategies. Besides, dif-
ferent levels of landscape heterogeneity were observed
depending on the management strategy. For example, in
the BAU strategy, vegetation encroachment (e.g., semi-
natural areas) at the expense of croplands kept the land-
scape homogenous during the first decade of simulation.
Likewise, in the SPFS strategy, management measures
focused on fuel load reduction rather than fuel type con-
version resulted in a less heterogeneous landscape. In
contrast, fuel type conversion (e.g., other coniferous for-
ests and shrublands converted into evergreen oak wood-
lands) in the FFS and FFS+SPES strategies increased
levels of landscape heterogeneity. Our results agree with
the findings regarding the lasting effects of rural exodus
in mountainous landscapes (Azevedo et al. 2011; Man-
tero et al. 2020; Lasanta et al. 2017) and the potential
effects of fire management measures on landscape struc-
ture (Gillson et al. 2019; Lasanta et al. 2022).

Moreover, our results show an increasing trend in over-
all landscape heterogeneity and fragmentation for all
fire management strategies from 2030 on. Fire activity
intensification under increasing severity of fire weather
conditions (particularly under RCP 8.5) and subsequent
fire-vegetation feedback combined with the legacy of
farmland abandonment and vegetation succession (con-
version of seminatural into forest areas) can help explain
this trend, particularly in the BAU and FES strategies.
Yet, the maintenance of grazed grasslands smoothed this
effect in the SPFS and FFS+ SPES strategies. Our results
are in line with findings reporting that, at intermediate
levels, fire can alter ecosystem composition and spatial
configuration, increasing heterogeneity (Turner 2010) or
fragmentation (Driscoll et al. 2021).

In addition, the fire-adaptive traits of most of the
modelled species help explain the relative stability in
landscape composition in our simulations. These traits
allow species to cope with changes in fire regimes, at
least within a certain threshold (Clarke et al. 2013; Pau-
sas and Keeley 2014; Ne'eman et al. 2012), and persist
through time, resembling an auto-succession process
commonly found in Mediterranean ecosystems (Trabaud
1992). For example, the high resprouting capacity (Calvo
et al. 2003; de Rigo and Caudullo 2016; Conedera et al.
2016) and relatively moderate flammability (Aparicio
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et al. 2022; Azevedo et al. 2013; Fernandes 2009) of many
broadleaved species (e.g., Quercus pyrenaica, Quercus
rotundifolia or Castanea sativa) enabled their recovery
and persistence through time; serotiny and the relatively
long seed dispersal range in fire-embracing pines, such as
Pinus pinaster, enabled the colonization of burned areas
and opportunistically replace other species (van Wilgen
and Siegfried 1986; Fernandes and Rigolot 2007); the high
resprouting ability of some Erica spp. enabled individuals
to thrive in post-fire environments (Clarke et al. 2013),
although in our study, the decreasing trend from 2030
on may reflect the potential loss of post-fire regeneration
capacity due to ageing (Clarke et al. 2013; Ne'eman et al.
2012) and the opportunistic colonization from surround-
ing vegetation (e.g. grasslands or pines). However, not
all the species/cover types modelled managed to thrive
under the future fire regime. For example, other conifer
forests showed a downward trend in the landscape. This
agrees with other studies that reported high regenera-
tion failure of the non-serotinous Pseudotsuga menziesii
in highly fire-prone environments (Hansen et al. 2018;
Vazquez et al. 2015; Tapias et al. 2004).

Trends in fire regulation capacity
Overall, our results anticipate that fire regulation capac-
ity (FRC) will decrease over time in all fire management,
particularly in the BAU strategy and under RCP 8.5. This
trend reflects the effect of future climate conditions and
the legacy of past landscape changes on fire activity in the
study area. For example, the aggravation of climate condi-
tions can increase the frequency of days with extreme fire
danger (e.g., high temperature and low relative humid-
ity), resulting in an increased likelihood of extreme fire
events (Duane et al. 2021a; Aparicio et al. 2022; Ruffault
et al. 2020). Also, the loss of agricultural mosaic over the
last decades and the increase of hazardous fuels in the
landscape (e.g., shrublands and forest) resulted in a more
homogeneous and flammable landscape, thus favouring
the occurrence of large and intense fires (Azevedo et al.
2011; Sil et al. 2019b; Fernandes et al. 2016, 2014).
Nevertheless, our results indicate that fire-smart man-
agement strategies can mitigate the potential intensifica-
tion of fire activity in the study area, particularly when
combining forest- and silvopasture-oriented manage-
ment, as shown in the FFS+ SPES strategy. For example,
fuel type conversion and fuel treatments in forests and
shrublands maintained or increased landscape hetero-
geneity levels and reduced the fire behaviour potential,
which in turn helped restrain large fires and areas burned
at very high fire intensity (Benali et al. 2021; Azevedo
et al. 2013; Pais et al. 2020; Sil et al. 2019b). Also, fuel load
reduction in grasslands and agroforestry systems helped
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decrease fire intensity (Bergmeier et al. 2021; Damianidis
et al. 2021; Rouet-Leduc et al. 2021).

In addition, the size of the managed area can also help
explain the higher effectiveness of the FFS+SPES strat-
egy (managed area =50%) than the other fire-smart
strategies (managed area ~25%). For example, manage-
ment measures in the FFS+ SPFS strategy helped avoid
the critical percolation threshold (=60%), commonly
described as essential for disturbance processes, such as
fire, to spread across the landscape (Duane et al. 2021b;
Turner et al. 1989; Desmet 2018). On the contrary, in the
FES strategy, lack of fuel load management in grassland
fuel types resulted in fast and moderate- to high-intensity
fires during summer (Alexander and Cruz 2018; Cruz
et al. 2022b), while in the SPFS strategy, fuel load reduc-
tion in grassland fuel types was insufficient to stop fires
from spreading and reaching areas of unmanaged forests
and shrublands. Yet, from 2040 onwards, the absence of
management actions to control post-fire regeneration
(i.e., outside the pre-defined management areas) led to
fuel build-up, thus decreasing the fire regulation capacity.

Trends and drivers of fire regimes

Our results indicate that future fire activity will remain
high in the Sabor River upper basin, leading to a change
in the contemporary fire regime (1989-2019), as indi-
cated by fire regime metrics. Still, the magnitude to
which the current fire regime will change depends on
whether ongoing climate change follows an intermedi-
ate (RCP 4.5) or high (RCP 8.5) emissions scenario and
which fire management strategies are implemented over
time.

In the BAU strategy, further intensification of the fire
regime is expected due to the marked decrease in the
landscape capacity to regulate large and intense fires,
particularly under RCP 8.5. On the other hand, all fire-
smart management strategies proved more effective than
the BAU strategy in regulating fire regimes, particularly
in the FFS 4 SPES strategy. Yet, the effect of fuel manage-
ment on fire regimes is likely to be reduced under severe
burning conditions (Cruz et al. 2022a).

Overall, our results are in line with findings reported
in other modelling studies in Euro-Mediterranean land-
scapes that suggest an overall increase in the burned area
either due to land abandonment processes (Pais et al.
2020) or changes in climate conditions (Amatulli et al.
2013) and a reduction in the fire rotation period due to
increasing fire activity influenced by changes in climate
(Vazquez et al. 2015). Also, our results are in line with the
decreasing trend in ANF observed at the national level
(San-Miguel-Ayanz et al. 2022) and for the study area,
where ANF has been decreasing on average at a rate of 23
fires/year between 2001-2019 (ICNF 2021).
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Insights for management and planning

The lack of effectiveness in fire management policies in
Euro-Mediterranean landscapes suggests the need to
change the current fire suppression-oriented model to
cope with current challenges posed by global change
(Moreira et al. 2020). In this context, managing fuel haz-
ard is crucial to attaining climate- and fire-resilient land-
scapes (Fernandes 2022; Regos 2022). This is particularly
significant given the technological limitations of current
fire suppression approaches under extreme weather con-
ditions (Tedim et al. 2018; UNEP 2022; Carnicer et al.
2022).

Our results identified that ongoing land abandonment
and fire management policies focused on fire suppres-
sion are relevant drivers of change in contemporary fire
regimes, which are in line with studies elsewhere in the
Mediterranean basin (Mantero et al. 2020; Fernandes
et al. 2020). Also, our results agree with findings indicat-
ing that the combination of highly flammable landscapes
with increased fire weather season length (Aparicio et al.
2022; Jolly et al. 2015) and hot and dry summer condi-
tions (Turco et al. 2017; Aparicio et al. 2022) may shift
fire regimes from a historically fuel-limited towards a
climate-driven fire regime in the Mediterranean basin
(Pausas and Ferndndez-Mufoz 2012; Fernandes et al.
2014). In this sense, our study highlights that integrating
fire-smart strategies into landscape planning and man-
agement can improve fire resistance and resilience of
fire-prone landscapes in the Euro-Mediterranean region
under future global change conditions (Fernandes 2013;
Moreira et al. 2020; Regos et al. 2023).

Fire-smart management strategies tested in our study
helped to maintain or improve landscape diversity in
terms of composition, structure, and spatial organiza-
tion of fuels. For example, under the current fire manage-
ment model focused on fire suppression (BAU), the high
landscape fuel hazard driven by seminatural vegetation
encroachment in former cropland kept the landscape
homogenous (e.g., diversity indices decreased, and land-
scape fragmentation and complexity were maintained
constant during the first decade). Thus, under more
severe weather conditions, larger fires and more areas in
the landscape were enabled where fire intensity exceeds
suppression capacity. In turn, fire-smart management
focused on modifying fuel composition and structure in
the landscape increased landscape heterogeneity (e.g.,
increase in diversity indices and landscape fragmentation
and complexity). This helped prevent large and intense
fires more than the BAU strategy in both climate scenar-
ios, thereby mitigating fire regime intensification caused
by land abandonment and climate change, particularly
when combining forest- and silvopasture-based measures
(FES+ SPES).
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Moreover, our results indicated that most species mod-
elled in the Sabor River upper basin are highly resilient
to potential changes in current fire patterns. Fire-adapted
forest species such as serotinous conifers (Pinus pinaster)
or broadleaved forests (Quercus pyrenaica, Quercus
rotundifolia) increased over time. Although broadleaved
forests tend to be less flammable than conifers (Azevedo
et al. 2013; Fernandes 2009), thereby more suitable for
future afforestation actions, managing fuel in both for-
est types is crucial to mitigate potentially catastrophic
fires promoted by more severe fire weather (Oliveira et al.
2023). On the other hand, it is expected that some veg-
etation types may fade away (e.g., Pseudotsuga menziesii).
In such cases, forest areas may hold scenic and recrea-
tional values and act as carbon sinks, and thus maintain-
ing these areas could be important to providing cultural
and regulating ecosystem services in the study area (Fon-
seca et al. 2019; Spiecker et al. 2019). In addition, the low
fire-proneness and moderate fire resistance of short-nee-
dles conifers such as Pseudotsuga menziesii can reduce
severe wildfires compared to Pinus pinaster stands (Fer-
nandes et al. 2010). Still, as a non-native species, caution
is needed to avoid dense and continuous plantations that
can incur negative impacts (Spiecker et al. 2019; Thomas
et al. 2022). Moreover, other vegetation types may
decrease their area of dominance in the landscape (e.g.,
shrublands). In such cases, their replacement with scle-
rophyllous native species (e.g. Quercus rotundifolia), can
increase landscape heterogeneity levels, disrupt fuel con-
tinuity and decrease fire spread potential. Still, post-fire
emergency measures in steeper terrain may be necessary
to avoid soil erosion and maintain ecological processes
and the supply of ecosystem services (Girona-Garcia
et al. 2023; Lucas-Borja et al. 2022).

In this sense, the future planning, design, and man-
agement of fire-prone mountainous areas similar to the
Sabor River upper basin must: (1) foster the expansion
of low-flammability species in the landscape (e.g., holm
oak) to break spatial continuity of more flammable veg-
etation types, particularly in steeper terrain; (2) restore
natural pastures and promote pastoral practices to
decrease fuel hazard; (3) combine mechanized operations
and prescribed burning to modify fuel load and struc-
ture in more flammable vegetation types; (4) monitor and
manage post-fire regeneration to avoid increased future
wildfire risk; and (5) identify and restore more vulnerable
areas affected by fire to mitigate harmful impacts of fire
and maintain ecological processes and the supply of eco-
system services.

In addition, implementing effective fire management
strategies requires (1) acknowledging stakeholders’ per-
ceptions of wildfires and land management (Lecina-Diaz
et al. 2023a; Varela et al. 2018), (2) assessing economic
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costs and benefits of fire and land management strate-
gies (Elia et al. 2016; Lecina-Diaz et al. 2023b; Verkerk
et al. 2018), and (3) incorporating scientific and social
knowledge into fire management policy instruments for
planning and management fire-prone landscapes under
global change (Iglesias et al. 2022; UNEP 2022).

Modelling limitations

Our study showed that LANDIS-II FLM is useful for
simulating the feedback between climate-fire-vegeta-
tion under farmland abandonment and fire manage-
ment strategies. We acknowledge, however, modelling
limitations whose future incorporation would improve
the accuracy of our predictions. For example, directly
addressing the effects of climate on vegetation is relevant
to simulate landscape dynamics in the future (Williams
et al. 2023), particularly on post-fire resprouters dynam-
ics of some oak and shrub species (Batllori et al. 2019;
Baudena et al. 2020) and chestnut species (Freitas et al.
2021) in Mediterranean landscapes.

Also, better integration of fire-adapting traits in LAN-
DIS-II FLM would improve simulations of post-fire
regeneration of modelled species, for example, include
variability in the degree of serotiny among individuals
in Pinus pinaster stands (Tapias et al. 2004; Herndndez-
Serrano et al. 2013), or fire resistance, for example, bark
thickness protects Pseudotsuga menziesii from most
surface fires (Uchytil 1991; Fernandes et al. 2010), thus
requiring a different threshold for stand-replacement fire
compared to other species (e.g., shrublands).

Furthermore, we acknowledge that more recent climate
scenarios are available [e.g. CMIP6 climate projections;
Copernicus Climate Change Service (2021)] and their
incorporation in the simulation framework may improve
future model applications. However, although CMIP6
scenarios may present advantages over previous ones
(Wyser et al. 2020), uncertainties on future projection
still exist (Cos et al. 2022) and further testing is needed
to ensure the suitability of data projections in simulating
fire weather conditions that many fire modelling systems
require as input (Gallo et al. 2023).

Conclusions

In this study, we modelled future landscape dynamics
and the capacity to regulate potential large and intense
fires and their impacts on contemporary and future fire
regimes in the Sabor River upper basin under differ-
ent fire management strategies in the context of climate
change and long-term farmland abandonment. Climate-
fire-vegetation interactions, combined with changes
driven by farmland abandonment and fire management
strategies, played an important role in landscape dynam-
ics (composition and configuration). Also, the combined
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effect of landscape and climate change may alter con-
temporary fire regimes due to decreased fire regulation
capacity over time.

Fire-smart strategies performed better than BAU in
averting the current fire regime intensification. In this
sense, combining forest and silvopasture-based measures
(FES+SPES) is the most promising strategy for taming
the effects of climate and farmland abandonment on fire
activity in the Sabor River upper basin. Therefore, fire
management policies implemented in the Sabor River
upper basin, as well as in areas with similar settings, must
incorporate fire-smart strategies to buffer the effects
of climate and landscape change on fire regimes in fire-
prone Mediterranean mountains.

Abbreviations

ABF Annual burned fraction

ANF Annual number of fires

BAU Business-as-usual

FFS Forest-based fire-smart

FFS+SPFS  Forest- and silvopasture-based fire-smart
FRC Fire regulation capacity

FRP Fire rotation period

RCP Representative concentration pathways
SPFS Silvopasture-based fire-smart

TBA Total burned area
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