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1. Introduction

Global climate warming is expected to increase wildfire hazard in
many regions worldwide, leading to large-scale changes in fire regimes
(Abatzoglou and Williams, 2016; IPCC, 2018). In southern Europe, land
abandonment has been a dominant factor contributing to wildfire risk by
increasing fuel accumulation and continuity (Moreira et al., 2011). Fire
management is primarily centred on suppression orientation measures
(Fernandes, 2013). Billions of euros have been invested in fire sup-
pression, with approximately 2500 million € annually in the Mediter-
ranean basin in recent years (Verkerk et al., 2018). This focus on fire
suppression instead of strategic wildfire management (Castellnou et al.,
2019) has contributed further to the large-scale accumulation of fuel
that combined with rising temperatures and more frequent and severe
droughts, results often in more severe and larger fires with high eco-
nomic losses (San-Miguel-Ayanz et al., 2013, see ‘fire-fighting trap’ in
Moreira et al., 2020). For example, large fires in 2005 and 2017 in
Portugal caused losses of 800 million € and 1.5 million €, respectively
(San-Miguel-Ayanz et al., 2020, 2013); and wildfires in black pine
afforestation in northern Spain were valued under 124 €/ha (Alcasena
et al., 2016).

There is, therefore, a demand for a paradigm change in fire man-
agement policies from suppression to prevention, addressing the inter-
linked social, ecological, and economic systems behind the ignition and
spread of wildfires (Moritz et al., 2014; Moreira et al., 2020), especially
in complex socio-ecological systems such as the abandoned landscapes
of southern Europe. Fire-smart management has been proposed as “an
integrated approach primarily based on fuel treatments through which
the socio-economic impacts of fire are minimised while its ecological
benefits are maximised” (see Hirsch et al., 2001; Fernandes, 2013).
Fire-smart management (e.g. conversion from fast-growing tree plan-
tations to more fire-resistant woodlands) was predicted to have positive
effects on climate regulation while also contributing to fire regulation, i.
e. the capability of landscapes to regulate spatiotemporal properties and
characteristics of fire through the control of key factors that determine
how fire behaves and its effects (Pettorelli et al., 2018; Sil et al., 2019).
In that sense, agricultural policies have been claimed as a ‘fires-smart’
solution since they can contribute to the increase of landscape hetero-
geneity, reducing fire spread and lowering the continuity of fuel, accu-
mulated due to rural abandonment and fire exclusion policies (Moreira
and Pe’er, 2018; Pais et al., 2020). However, in Europe, the Common
Agricultural Policy (CAP) failed to reverse rural abandonment and
preserve biodiversity (Pe’er et al., 2020). The new CAP offers an op-
portunity to secure the future of agriculture and forestry sectors as well
as to achieve the objectives of the European Green Deal, especially in
mountainous rural landscapes where low-intensity agricultural and
livestock activities are often associated with areas rich in biodiversity
(also known as High Nature Value farmlands, HNVf) (Lomba et al.,
2015). There is therefore an increasing need to incorporate fire-smart
management into the upcoming European land-use policies to reduce
wildfire hazard while preserving biodiversity and regulating climate
(Fernandes, 2022; Regos, 2022).

Wildfires and their management (including fire-smart strategies)
affect ecosystem services from agricultural and forest landscapes, such
as timber and food provision, erosion control or water and climate
regulation (Pais et al., 2020; Roces-Diaz et al., 2021; Iglesias et al.,
2022). Thus, any preventing wildfire management strategy based on
land-use changes would inevitably lead to ecosystem service trade-offs
(Moudio et al., 2021; Mercer et al., 2008; Pereira et al., 2021). There-
fore, a comparison of the long-run net expected benefits of fire-smart
strategies to reduce wildfire hazard is essential not only to support
decision-making but also to assess the economic efficiency of govern-
ment budget spending needed to support such land-use policies (i.e.
ensuring that those expenditures pay off and are therefore justifiable).
However, the application of economic analysis to assess the effective-
ness of wildfire prevention strategies has been limited to fuel
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management through prescribed burning or mechanical fuel treatment
(Mercer et al., 2007; Prestemon et al., 2012; Penman and Cirulis, 2019;
Penman et al., 2020). In this regard, some studies have taken a public
policy evaluation perspective and conducted an ex-post assessment of
effectiveness measures using biophysical indicators such as the occur-
rence and intensity of wildfires (Butry et al., 2010; Lydersen et al.,
2017). Ex-ante analysis, such as cost-benefit and cost-effectiveness
analysis, is advisable when a manager is interested in choosing among
alternative wildfire management actions that provide the highest soci-
etal net benefits (Butry and Prestemon, 2019). Cost-effectiveness ana-
lyses are used more frequently in the literature because the expected
benefits of avoiding fires do not need to be expressed in monetary terms.
For example, Penman et al. (2014) and Elia et al. (2016) evaluated the
cost-effectiveness of fuel load removal, which reduced the likelihood of
wildfire damage to houses. Similarly, economic studies have focused on
determining the optimal investment level for wildfire management.
Donovan and Rideout (2003) provided a rigorous analysis of the
“cost-plus-net-value-change” (C + NVC) criteria to identify the most
efficient level of fire management expenditure, where the
decision-maker is set to minimise all management-related expenditures
and wildfire damages. The work of Florec et al. (2020) used these
criteria to evaluate the efficiency of alternative arrangements of pre-
scribed burning treatments in the landscape. On a similar vein, Pre-
stemon et al. (2012) questioned how much forestland can be
mechanically treated with positive long-run net benefits, including
benefits derived from timber revenues from treatment, and those
derived from a reduction in wildfire occurrence (e.g. avoided timber
losses, reduced suppression costs, and reduced property damage). Their
results illustrated that, unless timber sales from mechanical treatment
are allowed, such a prevention strategy will not generate net societal
benefits. More recently, ecosystem assessments that account for the
economic benefits from ecosystem services when evaluating land-use
wildfire-related decisions have been emerging in the literature. Raviv
et al. (2021) estimates the change in the economic value of ecosystem
services affected by wildfires and consequent land-cover changes under
land restoration scenarios. Jones et al. (2022) quantifies the co-benefits
of water programs, based on payment for ecosystem services programs
in Colorado (US), on protecting societal values at risk from wildfires.
Gamboa et al. (2023) conducts a multicriteria analysis to account for the
diversity of landscape values (e.g. historical, recreation) and societal
perceptions when prioriotirising areas for fuel treatment to protect
against wildfires. However, there is little understanding of how policies
that drive land-use changes based on agricultural conversion or
forest-type conversion (fire-smart management strategies), can
contribute to reducing wildfire economic losses.

To this end, we combined scenario analysis, fire landscape model-
ling, and economic tools to evaluate the economic efficiency of alter-
native land-use policies as a wildfire prevention strategy. The question
addressed here is which land-use policies would minimise the expected
wildfire-related losses. Four competing land-use scenarios were evalu-
ated: (1) a Business as Usual (BAU) scenario, which represents the long-
standing rural abandonment; (2) a scenario that assumes a gradual
conversion from forestry plantations to native oak woodlands (fire-
smart); (3) a contrasting scenario that envisages a policy that aims to
promote extensive agriculture and livestock activities (HNVf); and (4)
an integrative scenario where policies ensuring HNV farmlands are
combined with large fire-smart forest conversions. Our fire-landscape
modelling approach allowed us to explore the spatial interactions be-
tween fire ignition, spread and suppression, and land-use changes at the
landscape level over time. This allows us to evaluate the expected gains
of land-use interventions in reducing burned areas due to the suppres-
sion capabilities of the simulated landscape policies. We then estimate
the “cost-plus-net-value-change” in the form of the present value of
future net reductions in suppression costs and wildfire damages to
ecosystem services. Impacted ecosystem services flows included those
that affect landowners’ private returns, e.g. from the provision of crops,
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and to the wider society such as recreation and climate regulation.
Therefore, this study improves the understanding of the financial and
societal benefits derived from reducing fire suppression spending and
ecosystem services damage by undertaking fire-smart land-use strate-
gies, which can be essential to enhance local stakeholders’ support for
wildfire prevention policies. The case study is the Transboundary
Biosphere Reserve Gerés-Xurés (Spain-Portugal), where the current
abandonment of traditional and livestock activities in this area is
representative of the socio-demographic and wildfire management
challenges in the mountainous areas of the northwestern Iberian
Peninsula.

2. Material and methods

We followed the cost-plus-net-value change approach, which is
widely used for economic evaluation of fire management programs as a
conceptual framework to evaluate alternative land-use policies (e.g.
Florec et al.,, 2020; Houtman et al., 2013; Rodriguez Y Silva and
Gonzalez-Caban, 2010). This approach assumes that wildfire managers
follow a cost-minimising behaviour, and the most economically efficient
land-use change scenario would be the one that minimises the man-
agement cost plus the net-wildfire-related losses (value). Our evaluation
criterion includes only suppression costs as a management cost. The cost
of implementing land-use interventions was not considered here because
most of the land-use changes simulated were through natural regener-
ation (e.g. natural succession, vegetation encroachment, or forest
expansion due to abandonment), with some exceptions as HNVf strate-
gies which promote cropland expansion. We modelled net-value-change
(NVCQ) as net wildfire damages that reflect the effect on natural asset
values. Therefore, we evaluated the net changes in ecosystem services
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flows associated with each land-use scenario for all years simulated.
Thus, our analysis relies on the estimation of the effects of simulated
land-use changes on wildfire ignition, spread, extinction, and the
resulting burned areas per land cover. Therefore, using a process-based
model developed for the study area (Pais et al., 2020), we simulated the
spatial interaction of fire ignition, spread and suppression, and vegeta-
tion dynamics in the case study area under different land-use scenarios
over a 40-year period (2010-2050). Our economic estimation of the
present value of net wildfire damages from changes in ecosystem ser-
vices flows uses the land cover map output from the REMAINS model (i.
e. the burned and avoided area, identified separately for each land
cover) as inputs. The counterfactual for all scenarios was the expected
burned area, assuming that fire ignition and spread followed a historical
trend (1987-2010) without suppression. This counterfactual allows us
to compare the capacity of the simulated landscapes policies to suppress
fire, and achieve benefits in terms of reduction in burned area. We detail
below the case study area, scenarios simulated, fire landscape, and
economic framework for the analysis.

2.1. Study area

The Gerés-Xurés transboundary Biosphere Reserve is located be-
tween 41° 35" and 42° 10’ latitude North and 7° 35’ and 8° 31’ longitude
west, covering an area of 2760 km? (71% in Portugal and 29% in Spain)
(Fig. 1). It was established in 2009 and includes three EU Natura 2000
sites and two nationally designated protected areas (the Peneda-Gerés
National Park in Portugal and the Baixa Limia-Serra do Xurés Natural
Park in Spain). Ranging in elevation from 15 to 1545 m.a.s.l., it includes
deep valleys, plains, and steep slopes (Regos et al., 2015). It is located at
the transition between the Mediterranean and Eurosiberian

Land cover types (Corine 2018)

"] Crops and pastures

[ Grasslands and heathlands

I Broad-leaved forests

Il Coniferous forests

Il Mixed forests

B Woodland-shrub, rocky and sparse vegetation
I water bodies

I urban/construction

0 10 20 km
)

Fig. 1. A) Location of the Gerés-Xurés Biosphere Reserve in Southern Europe and B) Land cover types of the Gerés-Xurés Biosphere Reserve based on the Corine Land

cover (2018).
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biogeographic zones, with a climate mainly Atlantic (monthly average
temperature below 22 °C; Kottek et al., 2006). The predominant land-
scape is dominated by heathlands, as well as fragmented forests of de-
ciduous trees (mostly Quercus robur and Q. pyrenaica) and conifers (Pinus
sylvestris and P. pinaster) (Fig. 1). Rural abandonment has been a com-
mon trend in the area during the last century (Macedo et al., 2009; Regos
et al., 2015). The population decreased by 17.8% from 2011 until 2021
(Martins, 2022), with a current population density of 29.4 inhabitants
km?. Frequent human-caused wildfires are common in the study area
(Calvino-Cancela et al., 2016; Chas-Amil et al., 2010, 2015). Conse-
quently, there were a large number of fires and a total burned area (i.e.
12,755 fires between 1983 and 2010 burning a total of 195,000 ha,
Regos et al., 2015).

2.2. Land-use scenarios for wildfire management

Four land-use change scenarios were simulated for the study area
over a 40-year period from 2010 to 2050, following Pais et al. (2020):
Business as Usual (BAU), fire-smart forest conversion (fire-smart), High
Nature Value farmlands (HNVf), and a combination of HNVf and
fire-smart. The BAU simulates fire ignition, spread, and extinction rep-
resenting the historical fire regime and land-use change trends reported
between 1987 and 2010 (Pais et al., 2020; Regos et al., 2015). These
historical changes are clearly dominated by farmland abandonment
corresponding to 400 ha of annual conversion from cropland to shrub-
land, and 1.6 conversion rate from shrubland to oak due to the natural
succession (Pais et al., 2020). The fire-smart scenario corresponds to a
strategy that fosters more fire-resistant (less flammable) and/or
fire-resilient landscapes by promoting forest-type conversion from
evergreen (mostly pine plantations) to native oak forests. To do so, this
scenario uses the highest conversion rate from shrubland to oak among
all fire-smart scenarios evaluated by Pais et al. (2020) (i.e. 2.4, consid-
ering that 1.6 is the natural succession rate) with the historical land
abandonment of 400 ha of annual conversion from cropland to shrub-
land and a rate of 1 of conversion from coniferous to deciduous wood-
lands. The HNVf scenario was developed to envisage a new CAP policy,
wherein the abandonment of extensive agriculture is reversed (Moreira
and Pe’er, 2018). This is, agricultural crops gradually expand over
previously abandoned areas (shrublands). We selected the HNVf sce-
nario with the highest amount of land-cover change (i.e. 1600 annual ha
from shrubland to cropland) among all scenarios in Pais et al. (2020)
because it represents the best-case scenario where changes in the fire
regime are more evident (i.e. burned and suppressed areas). Finally, the
last scenario, HNVf + fire-smart, incorporates conversions towards more
resistant and less flammable forest types (fire-smart) into new land-use
policies promoting agricultural areas (HNVf). In this scenario, the
highest conversion rates from shrubland to oaks among all scenarios (i.e.
2.4 conversion rate) and from shrubland to cropland (i.e. 1600 annual
ha) were applied. All scenarios assume the same level of suppression,
considering the current firefighting levels based on fire exclusion pol-
icies (see Pais et al., 2020 for details).

2.3. Fire landscape modelling

We used a spatially explicit process-based model, REMAINS, which
integrates the main factors driving fire-landscape dynamics in Southern
European mountain landscapes (Pais et al., 2020). The REMAINS model
considers how the spatio-temporal interactions between fire and vege-
tation dynamics, fire suppression, and land-use changes affect the fire
regime (and consequently landscape composition and dynamics) at
short and medium timescales. It reproduces fire-landscape dynamics
according to the pre-designed scenario storylines explained above,
simulating wildfires (including fire ignition, spread, burning, and
extinction), vegetation dynamics (i.e. natural succession and post-fire
regeneration), land-use changes (e.g. agriculture abandonment or
intensification), and forest-type conversions (e.g. increase in intensive
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plantations for timber production). At each time step (1 year), the model
simulated fire ignition, spread, and extinction. Fires were simulated
each year until the potential annual area to be burned (i.e. the target
area) was reached in each scenario. The target annual area refers to the
area expected to burn according to historical fire data from 1983 to 2010
(INCF, 2020; MITECO, 2020). Since the case study area expanded over
Spain and Portugal, fire size distributions were taken one per country as
model inputs, and the actual final fire sizes (burnt areas) emerged from
the spatial interaction between the location of fire ignitions, landscape
composition and configuration, topography, and fire suppression. The
probability of fire ignition is a function of human and biophysical var-
iables (Pais et al., 2020). The spread rate was formulated as a poly-
nomial expression with three factors (slope, aspect, and fire-proneness
of each land-cover type) adapted from Duane et al. (2016). Two
fire-suppression strategies are implemented: (1) ‘active fire suppres-
sion’, in which suppression of a fire front starts when the fire spread rate
is below a specific threshold, mimicking the current capacity of fire
brigades to extinguish low-intensity fires; and (2) ‘passive fire suppres-
sion’, based on firefighting opportunities created by the presence of
agricultural areas (set as 1 ha) which break the continuity of highly
flammable vegetation. Therefore, this fire-suppression strategy mimics
the advantage that fire brigades can take from heterogeneous low-fuel
landscape mosaics. The model tracks not only the area effectively
burned in each fire event but also the target area to be burnt in the
absence of suppression over the entire simulated period for all scenarios,
allowing us to calculate the avoided burned area for all scenarios. The
wildfire management scenarios set the changes in land-use changes and
the REMAINS model uses a spatial procedure following Aquilué et al.
(2017) to allocate the quantity of change (i.e. to select the cells to be
transformed to the target land-cover type). The quantity of change at
each time step was based on a landscape change analysis performed
using historical information for the 1987-2010 period (details can be
found in Pais et al. (2020)), which was simulated in locations with a
higher likelihood of being transformed to the target land-cover type,
using the neighbour factor approach introduced by Verburg et al.
(2004). We ran 100 replicates for each scenario to deal with the un-
certainty arising from fire stochasticity (i.e. the spatial distribution of
fire ignitions and subsequent spread) for the 2010-2050 period (see Pais
et al., 2020 for more details).

2.4. Economic evaluation of net wildfire damages on ecosystem services

To compare landscape policy scenarios, we assumed that the wildfire
manager would choose the alternative that generates the lowest sup-
pression spending and wildfire damages on ecosystem services provi-
sion. Thus, we estimate the net present value of suppression costs and
wildfire ecosystem services damages associated with the net changes in
burned land covers in the case study area over the years simulated (we
use a 40-year time horizon and a 3% discount rate, §). Discounting
future benefits is standard in economic analysis, even though it is subject
to great debate (Price, 2014). The discount rate used here fits within the
time preference discount rate range (0-8%) often applied to forestry
projects (Sauter and Mufhoff, 2018). Our framework is as follows:

Min NSC + NVC o)
with
2 2
n AW XA —An)W
NSC:;(IM)’ 7; (1+05) @
n iAlnLi u i(AOfi_Aln)Li

_ i=1 _ i=1
Nve= Z(l+5)’ (1+9) @)

=1 =1

where NSC and NVC represent the present value of net suppression



J. Lecina-Diaz et al.

costs and net value change in wildfire damages, respectively. The ele-
ments contained in the NSC and NVC include the suppression spending
and wildfire ecosystem services damages associated with the wildfire
regime under each land-use policy (first term in equations (2) and (3),
respectively), which are net of the potential beneficial effects, in terms of
reduced wildfire burned area, arising from the suppression capabilities
of the simulated land-use changes (the second term in equations (2) and
(3), represent avoided suppression costs and wildfire damages, respec-
tively). Agy and Ajy; represent the REMAINS burned area output under
the baseline situation (i.e. historical trend without suppression effort),
and under the land-use policy simulated for each year t and land cover i,
respectively. We calculated the discounted value of net suppression costs
for each fire season by multiplying the average suppression cost per
hectare, W, for the annual burned and avoided burned land cover i of the
evergreen and deciduous forests. When the NSC is positive it represents
a cost; and when NSC is negative it represents saving from the land-use
policy, and the more negative it is the larger the saving. This occurs
because the avoided suppression costs due to the suppression capabil-
ities of the landscape exceeded the suppression costs incurred over the
period simulated. The suppression cost per hectare was based on
Vazquez-Vazquez et al. (2014), who used wildfire reports of 6383 fires
in the Galician XV forest district, where part of our study area is located,
for the period 1999-2008. Similarly, the present value of the net damage
on ecosystem services for all the fire seasons simulated, depends on the
number of hectares burned, the type of land cover m burned (croplands,
shrublands, evergreen forests and deciduous forest), and avoided to be
burned, and the monetary value per ha associated with the ecosystem
service affected, L. The computation of these net wildfire damages was
carried out as a collection of economic models for each of the most
relevant economic activities associated with ecosystem services provi-
sion, in the Biosphere Reserve: agricultural, pasture, forestry, and rec-
reational use. We also included wildfire impacts on climate regulation
because of the role that woodland landscapes can play in supporting the
European commitment to net zero. We based our analysis on
market-based valuation approaches, using market prices, replacement
costs, and avoided costs, as follows to quantify the damages per ha for
each of the ecosystem services included in our analysis.

2.4.1. Food provision

Agricultural land accounts for 8% of the total study area. Production
activities are essentially dedicated to mixed crop-livestock farming, and
our analysis focused on the five most abundant crops in the Gerés-Xurés:
cereals for grain, fodder crops, potatoes, fruit trees, and vineyards. The
annual economic returns of agricultural production were obtained as the
sum of the per-hectare annual returns for crop j (p;:Yj: - ¢j) multiplied by
the number of hectares burned (or avoided burned) dedicated to crop j
(Hjp as follows:

M
Ag = Z['Ijr(Perjr*Cj) @

Jj=1
where Hj; is obtained by multiplying the burned or avoided burned
area of agricultural land cover obtained by the model in year t (Hy) by the
proportion of the total area dedicated to crop j (wj); pj: is the observed
market price; Yj; is the productivity per hectare; and c; is the cost of
production per hectare. The proportion of crop j (w)) in the entire Gerés-
Xurés area was obtained as an average of the proportion of crop; in
Portugal (Instituto Nacional de Estatistica, www.ine.pt) and Spain
(Instituto Galego de Estatistica, www.ige.gal) weighted by the impor-
tance of each region in the total area of the Gerés-Xurés (Table S1).
Prices, productivity, and cost for each crop were obtained from official
Spanish statistics, i.e. Statistical Yearbook and Farm Cost Studies
(Ministerio de Agricultura, 2000-2018, 2009-2019, 2010-2017),
weighted, in the case of cereals for grain, fodder crops, and fruit trees, by
the specific crop percentage obtained from the 2019 Spanish Statistical
Yearbook (Ministerio de Agricultura, 2009-2019; Table S2). To estimate
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the predicted future prices and costs of each crop (2019-2050), we
applied the compound annual growth rate observed in the available
period (2009-2019), using the average of half first data values as the
initial value and the average of half last data values as the last value to
avoid the strong variation observed in the time series. Although tech-
nological improvements in agriculture could take place over the next
decades (Friha et al., 2021), we assumed that productivity would not
change over the simulation period due to the structural deficiencies in
the study area which are reflected in farmland property fragmentation
(Crecente et al., 2002; Lopez-Iglesias, 2019).

2.4.2. Pasture provision

The landscape in the study area is dominated by shrublands (32%).
This area is used for extensive agropastoral activities and is therefore
associated with pasture production (Celaya et al., 2022). However, since
the agro-livestock uses in mountainous areas almost disappeared in the
region in recent decades (Corbelle-Rico et al., 2022), we assumed that
only 10% of the shrubland area is oriented toward animal feeding. The
value of the annual economic returns of the damages (and avoided
damages) on pasture production in year t was obtained as the product of
the per-hectare annual pasture returns multiplied by the number of
hectares of shrubland burned (and avoided to be burned). Prices (p;) and
productivity (Yy) of the fodder crops were assigned to pasture produc-
tion, using a replacement cost to farmers in fodder, and zero cost was
considered as the result of natural regeneration. The compound annual
growth rate observed in the available period for fodder crop prices
(2009-2019) was used to estimate future pasture prices.

2.4.3. Timber provision

Coniferous plantations cover 11% of the total study area and are
largely used to generate benefits for timber production (Pasalodos-Tato
etal., 2010). The net present value of the wildfire damages (and avoided
damages) on forestry returns depends on the productivity of the parcel
for growing timber (i.e. site quality), the net price of timber, rotation
time, and the percentage of value destroyed due to wildfire. The land
expectation value sensu Faustam (Amacher et al., 2009) was calculated
to assess the impact of wood production on annual economic returns
under simulated landscape policies. The land expectation value is a
common discounted cash flow method applied to value forest stands
(Tahvonen, 2004) dedicated to perpetuity to forestry (i.e. a perpetual
series of rotations), and annual returns are computed as the interest on
this natural capital stock using an interest rate of 3%. Based on the
growth model for even-aged stands of maritime pine (Pinus pinaster) in
Galicia proposed by Gonzalez et al. (1999, 2005), we calculated the
timber growth and volume. The even-aged maritime pine stand was
assumed to be of site class (height of dominant trees) of 130 dm, which
corresponds to the interior areas of Galicia, with an initial density of
1300 trees/ha and a natural mortality rate of 0.01 trees/ha. Therefore,
we captured the fact that inland stands have lower growth in height than
coastal stands (Rodriguez-Soalleiro et al., 1994). Mean net prices/rn3 at
the roadside for pulpwood with bark were obtained from the Database
prices of the Galician Forestry Association for the 1990-2021 period
(Asociacion Forestal de Galicia, 1990-2021), ranging from 18.2 €/m® to
23 €/m>. Following Pasalodos-Tato et al. (2010) study in the region of
the case study area, the percentage of Pinus pinaster timber value
reduced after a wildfire was taken to be 25%. The timber price change
rate over the years simulated was calculated as described in section
2.4.1. The cost of planting was assumed to be zero because forests are in
general not managed in the area and we also assumed no silvicultural
activities occur due to a lack of data availability.

2.4.4. Recreational benefits

Recreational use is one of the most recognised ecosystem services
provided by the Gerés-Xurés Biosphere Reserve, especially in Portugal,
where its only national park, Peneda-Gerés National Park, is located and
has a large number of visitors (Martins et al., 2021). We estimated
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recreation based on the presence of deciduous woodlands, mostly rep-
resented by oak forests (18% of the studied area) and old conifer forests,
which are considered to be highly valued for recreation (Ciesielski and
Sterenczak, 2018; Lof et al., 2016; Norman et al., 2010). A recent study
also suggested that oak is the tree species most appreciated by the local
population (Calvino-Cancela and Canizo-Novelle, 2018). To estimate
the monetary value of recreational benefits, we used the travel cost
study of Mendes and Proenca (2009), conducted in Peneda-Gerés Na-
tional Park, which generates an average recreational benefit per visitor
of 194 €, with values ranging from 116 € to 448 €. The per-hectare
recreational benefits were obtained by multiplying this average recre-
ational value by the average annual number of visits over the years
2017-2019 obtained from the Institute for Nature Conservation and
Forest (2020), accounting for 111,000 visitors per year. This resulted in
a value of 297 € per hectare, which was used for the Portuguese side of
the study area, and was halved in the Spanish area (149 €) due to its
relatively smaller attractiveness. These values are consistent with the
wide range of monetary benefits of forest recreation in Mediterranean
countries (Merlo and Croitoru, 2005). The value of the annual economic
returns of recreation in year t was obtained as the product of the
per-hectare annual returns multiplied by the number of hectares burned
and avoided to be burned dedicated to deciduous forest and more than
60 years old coniferous forest.

2.4.5. Climate regulation

We applied the Integrated Valuation of Ecosystem Services and
Tradeoffs (InVEST) Carbon Storage and Sequestration module (Sharp
et al., 2020) to assess the climate regulation ecosystem service by
computing the carbon sequestrated in the entire landscape. The InVEST
carbon module is a spatially explicit tool that uses carbon stocks in four
different pools (above- and below-ground biomass, litter, and soil
organic carbon) in each land cover class to estimate carbon storage per
map pixel. The amount of carbon sequestration across a particular time
period (in our case a decade) was computed by comparing the carbon
storage levels in each map pixel of the landscape at the beginning of the
time period with that stored in the area at the end of the time period.
Therefore, carbon sequestration (or emission) only occurs when a map
pixel of a given land cover type changes between the beginning and end
of a period, which in our case is driven by fire-vegetation and/or land
cover change; otherwise, the carbon sequestration/emission rate will be
zero. This analysis used the land cover map output from REMAINS for
the years 2010, 2020, 2030, and 2050, while the estimates of carbon
stocks for each land cover class in the study area were based on data
collection (i.e. published scientific literature, official statistics from the
Portuguese and Spanish national forest inventories) and/or modelling
(see Pais et al., 2020 for a detailed description). We used the social cost
of carbon as a standard metric to compute the costs (benefits) of emitting
(sequestering) COs in policy evaluation. This represents the discounted
sum of additional damages by an incremental tonne of CO5 emissions in
a particular year. The uncertainties in Integrated Assessment Models
have generated considerable variations in the available estimates of the
social cost of carbon. Moreover, they have also been heavily criticised
due to the high sensitivity of these models outcomes to the assumptions
regarding the values of the social discount rate, and the damages, which
they are projected to come smoothly and gradually, and also due to the
inadequate treatment of differential impacts of climate change among
different segments of the population (Pindyck, 2013; Stern, 2016). Wang
et al. (2019) meta-analysis showed that values can range from —50 to
8.752 $/t C (13.36e2386.91 $/t CO,), with a mean value of 200.57 $/t C
(54.70 $/t CO2). We took a conservative approach within this range and
applied a social cost of carbon of 44 $/t C, reflecting the value of around
40 $/t C by 2020 proposed by Nordhaus (2019) as optimal carbon price
proposed in his economic analysis for climate policy, being smaller than
the US government’s most cited mean value of 51 $/t COo, using a 3%
discount rate (Interagency Working Group on Social Cost of Greenhouse
Gases, 2021). It is however higher than the market prices of voluntary
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carbon credits, which would reflect the average economic income that
forest owners in the study area could earn by selling credits (Forest
Trends’ Ecosystem Marketplace, 2021); because these market prices
underestimate the social cost (benefits) of emissions (avoiding
emissions) (Wegner and Pascual, 2011). We support our analysis with
a sensitivity analysis for the carbon prices implemented in the InVEST
package (23, 44 and 312 $/t C), consistent with the rage of values in
Hansel et al. (2020), that updates the damage values in Nordhaus (2019)
analysis and includes expert views on intergenerational equity in the
social discount rate. The present value benefits for the climate regulation
under the alternative land-use scenarios for the Gerés-Xurés over the
studied period were converted to euros by applying a conversion rate of
0.8619 (average conversion rate between March 9, 2020 and March 9,
2021 - European Central Bank); and the average discounted annual
benefit per ha was used to compute the damages (and avoided damages)
to estimate the net value change on this ecosystem service.

3. Results

3.1. Predicted burned and avoided burned area trends for each land cover
type and their associated ecosystem services

Overall, policies promoting HNVf by itself, and in combination with
fire-smart forest conversions (i.e. the HNVf + fire-smart scenario) were
predicted to increase the avoided burned area for all land-cover types, in
particular those linked to agricultural land cover and, to a lesser extent,
oak land cover (Fig. 2b). However, agricultural land was found to be
more exposed to wildfire due to the gradual increase of the extent of this
cover type promoted by agricultural policies (see HNVf and HNVf + fire-
smart scenarios Fig. 2a). The oak native woodlands exposed to burning
increases over the studied period under the large-scale fire-smart forest
type conversion toward more fire resistant species (Fig. 2a). According
to our simulations, land cover with coniferous trees is predicted to
decrease over the simulated period under all scenarios due to progres-
sive reduction caused by fire and the fact that scenarios do not include
tree planting activities (Fig. 2). Shrublands in sparsely vegetated areas
are predicted to remain constant at approximately 1500 ha/year under
the BAU and fire-smart scenarios due to natural succession processes for
the coming decades (Fig. 2a). The gradual conversion of this land-cover
type to agricultural lands and oak forests (under HNVf and HNVf -+ fire-
smart scenarios, respectively) is captured through a decrease in its
coverage in the study area, and therefore it is gradually less affected by
fires (Fig. 2).

3.2. Wildfire net suppression costs and ecosystem services net value
change under land-use management scenarios

HNVf and its combination with more fire-resistant tree species, i.e.
HNVf + fire-smart, generate the best suppression cost outcomes, which
is consistent with the fact that these two scenarios generate the largest
avoided burned area (32,000 ha and 34,000 ha for HNVf and HNVf +
fire-smart, respectively). The results show that these scenarios generate
negative net suppression costs, this is, they lead to savings in suppres-
sion costs because of the large benefits generated in terms of avoided
costs (Fig. 3). The expected present value of net suppression costs is
—3959 K€ for HNVS + fire-smart and —3922 K€ for HNVf (Table S3). In
contrast, the expected present value of net suppression cost in the fire-
smart scenario and BAU is positive, and therefore represents a cost,
which it is higher in the fire-smart scenario (2308 K€) than that in the
BAU scenario (1149 K€) (Table S3), as a result of having a larger burned
area of deciduous trees than in the BAU (Fig. 2).

The largest component of the cost-plus-net-value change is the
wildfire net damages on ecosystem services flows. Fig. 4a and b shows
the mean present value of wildfire damages and avoided damages from
reduced burned area, respectively. All scenarios show the small ex-
pected private returns associated with crop production; which is due to
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Fig. 3. Present value of wildfire suppression costs, avoided suppression costs
and net suppression costs under land-use management scenarios (Business-as-
Usual (BAU), fire-smart, High Nature Value Farmlands (HVNf), and HVNf +
fire-smart) over the 50 years simulated period.

the fact that costs are expected to rise at a higher rate than prices over
the period analysed. Therefore, under all scenarios, the net present value
of damages in crop production are very modest (ranging from 958 K€ for
HNVf to 1269 KE€ for BAU; see Table S4), when valued purely on market
prices, as farmers’ financial returns that are lost due to wildfire. These
results reflect the existing trade-offs under HNVf policies between the
financial returns to crop producers in the study area and the societal
gains from fire suppression savings. The wildfire net damages are
slightly lower for pasture production in all scenarios because of the

assumption that only a very small fraction of shrubland is under this type
of use. In fact, the largest expected damages in private returns of fires are
associated with timber production, mainly under the BAU and HNVf
scenarios, as these generate the most burned area of coniferous forests.
Promoting more fire-resistant species (fire-smart and HNVf + fire-smart)
leads to a significant reduction in the damages and avoided damages on
private forest returns from timber production compared to the BAU
scenario (52% and 25% smaller in terms of net damages, respectively).
The net present value of societal benefits from climate regulation over
the period studied under HNVf land use policies is very limited (12,408
K€); therefore, it is not surprising that the damages (Fig. 4a) and avoided
damages (Fig. 4b) on this ecosystem service are practically negligible.
The highest net present value from carbon sequestration and storage is
under the fire-smart strategy (375,998 K€). Fire-smart also generates the
highest recreational values, and thus the highest wildfire damages on
this ecosystem service (Fig. 4a, Table S4) because of the higher presence
of deciduous forests in relation to other scenarios. Combining both HNVf
and fire-smart policies generates the largest avoided damages on these
recreational benefits (6255 K€, Table S4). Finally, our results show that
the lowest societal discounted net suppression costs and ecosystem
services damages are associated with the HNVf + fire-smart scenario
with 7132 K€ for the period 2010-2050 (Fig. 5, Table S5). This is
because this scenario results in suppression cost savings from agricul-
tural expansion, while also generating a significant reduction in dam-
ages on timber and recreational benefits. In contrast, the least efficient
scenario is BAU, representing land abandonment, which generates dis-
counted societal net costs and damages of 25,710 K€ (Fig. 5, Table S5).
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Fig. 4. Bar plots of a) damages; b) avoided damages; and c) net value change (damages - avoided damages) for each ecosystem service (food provision, pasture
provision, timber provision, recreation and climate regulation) over the 2010-2050 period under the different scenarios (Business-as-Usual (BAU), fire-smart, High
Nature Value Farmlands (HVNf), and HVNf + fire-smart). Error bars indicate the standard deviation computed across the 100-fold REMAINS simulations.

4. Discussion

Reverting land abandonment through recultivation and promoting
fire-resistant tree species in woodland creation has been shown to be an
attractive way to reduce wildfire hazard, to the detriment of more
flammable landscapes such as shrublands (Aquilué et al., 2020; Moreira
and Pe’er, 2018; Pais et al., 2020). Changing forest composition to in-
crease fire resistance is also considered acceptable for the stakeholders
from the study area (Lecina-Diaz et al., 2023 in press). We applied the
least-cost-plus-net-value-change approach of wildland fire economics
and estimated net changes in wildfire damages based on their implica-
tions for ecosystem services that affect financial returns to landowners in
the study area (e.g. agriculture, pasture, and timber), and wider eco-
nomic benefits (recreation and climate regulation). Changes in the flow
of these ecosystem services are simulated under alternative land-use
scenarios that affect wildfire regimes and vegetation dynamics out-
comes (including fire ignition, spread, extinction or post-fire regenera-
tion) over a 40-year time horizon. Thus, we computed the expected
present value of suppression and wildfire costs and avoided costs of the

land use management options to inform wildfire decision-making. The
Transboundary Biosphere Reserve Gerés-Xurés (Spain-Portugal) was
used as an illustrative case of the abandoned rural landscapes of
Southern Europe.

Firstly, our results suggest that the potential net suppression cost
savings can be substantial under the HNVf-related scenarios. The ex-
pected present value of suppression cost savings is 3959 K€ for HNVf +
fire-smart and 3922 K€ for HNVf land use policies. Therefore, our study
highlights the effects of HNVf agricultural policies in reducing govern-
mental suppression of wildfire costs. This is consistent with previous
studies that also concluded that the promotion of extensive agriculture
increases avoided burned area in agricultural and forest land covers; and
promoting agriculture can help suppress wildfires to the detriment of
more flammable landscapes such as shrublands (Aquilué et al., 2020;
Moreira and Pe’er, 2018; Pais et al., 2020). This is also consistent with
other studies in the same area that suggested that large-scale forest
conversions to more fire-resistant forests (fire-smart scenario) would not
be enough to effectively reduce potential burned area (Pais et al., 2020),
a strategy that would be effective in a matrix of agricultural areas. Our
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Fig. 5. Present value of net suppression costs + total net value change on
ecosystem services damages over the 2010-2050 period under the different
scenarios (Business-as-Usual (BAU), fire-smart, High Nature Value Farmlands
(HVNf), and HVNf + fire-smart). Error bars indicate the standard deviation
computed across the 100-fold REMAINS simulations.

results are in line with existing literature suggesting that farmland
abandonment would decrease the fire regulation capacity and the fire
protection ecosystem services in mountain landscapes (see e.g. Sil et al.,
2019). In this regard, our simulations also suggest that if agricultural
abandonment continues over the next few decades (see BAU and
fire-smart scenarios in Fig. 4), the avoided fire damages on the targeted
ecosystem services would likely be lower compared to scenarios that
promote agriculture (see HNVf and HNVf + fire-smart in Fig. 4).

Secondly, we found that the most efficient scenario that generates
the lowest expected present value of suppression costs plus NVC, is
HNVf + fire-smart, whereas the worst scenario is BAU. However, the
lack of financial viability of agriculture shown under all scenarios in our
results made the implementation of HNVf policies to address wildfire
management challenging. In fact, agriculture abandonment has been
predominant in the study area as well as in Southern Europe in the last
decades, consequently increasing wildfire risk (Estoque et al., 2019;
Mantero et al., 2020; Terres et al., 2015). Thus, our findings suggest that
as long as policies fail to cope with agricultural abandonment, this
wildfire risk is expected to persist; as farmers are only financially
rewarded for commodity production, but not for the societal benefits
derived from provision of public good ecosystem services and their
contribution to suppressing wildfires. These findings call for the need for
a natural capital and ecosystem services framework in agricultural
policies and developing policies that encourage farmers’ choices that
enhance the social benefits from crop and pasture production, including
their role on fire suppression shown here. In this sense, payments for
ecosystem services (PES) (Rodriguez-Ortega et al., 2018) could enhance
the maintenance of farmland landscapes that would contribute to fire
regulation (Sil et al.,, 2019). However, designing and implementing
effective PES policy instruments that ensure landowners’ participation
and additionality on ES provision is not a simple task (Engel, 2016), with
some arguing for the need of spatial targeting, payment differentiation
and enforced conditionality as key design elements (Borner et al., 2017;
Wunder et al., 2018). Moreover, the role of PES schemes in the liveli-
hoods and well-being of ecosystem services suppliers is still questionable
(Arriagada et al., 2015; Liu and Kontoleon, 2018). Nevertheless, our
results are consistent with studies in the case study area that found
significant beneficial effects of public policies that incentivise reculti-
vation of abandoned farmlands for agriculture and animal husbandry
(Corbelle-Rico et al., 2022).

Thirdly, the trade-offs among various policy strategies highlight the
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importance of undertaking an ecosystem service approach when
assessing wildfire land-use policies, since all potential land-use policies
affect ecosystem functioning and its ability to deliver a wide range of
ecosystem services in fire-prone systems (Raviv et al., 2021). Even
though HNVf was the best strategy for suppression cost savings, we
found that it generated the lowest expected present value for climate
regulation because carbon sequestration in farmlands is very limited. In
fact, the combination of HNVf with fire-smart seems critical because
fire-smart complements HNVf by introducing fire-resistant and resilient
tree species that sequester carbon and thus regulate climate. In addition,
HNVf + fire-smart added co-benefits in reducing timber damages and
increasing recreational benefits (Fig. 4). Therefore, future land-use
policies should not only enhance HNVf to reduce wildfire impacts
(and suppression costs reduction) but should also complement them by
promoting fire-resistant and resilient tree species to avoid losing the
landscape societal benefits associated with climate regulation. More-
over, previous studies in the area have predicted that BAU would overall
decline species habitat suitability and that HNVf and fire-smart policies
could be beneficial for biodiversity conservation (Pais et al., 2020). In
particular, promoting agriculture would benefit bird species breeding in
open habitats, whereas HNVf + fire-smart could benefit reptile species
by providing more favourable habitats for thermoregulation, shelter and
food availability (Pais et al., 2020).

We have assessed the damages and avoided damages on ecosystem
services resulting from alternative landscape planning as a wildfire
management policy, yet some challenges remain. Our results are likely
to underestimate the economic impact of wildfires in the future because
climate change was not explicitly included in the scenarios within the
fire landscape model. Future studies should therefore include climate-
fire relationships and interactions among climate, vegetation dy-
namics, and fire management (Abatzoglou et al., 2018). Moreover, even
though technological advances such as unmanned aerial vehicles,
wireless technologies, open-source platforms or cloud computing (Friha
et al., 2021) could increase crop productivity in these marginal moun-
tain landscapes, this was not accounted for in our analysis. Information
on fire severity (and not burned area) by means of remote sensing could
also provide more accurate estimate of what are the societal costs of
wildfires (e.g. high fire severity may involve more negative impacts than
low severity) and the post-fire recovery rates of the targeted ecosystem
services (Marcos et al., 2023). The current uncertainty on the literature
on the social cost of carbon values was shown not to affect the policy
recommendations derived from our results (see Fig.S1-S4). Neverthe-
less, future work could include a wider range of ecosystem services
impacts. For example, we only included wildfire impacts on recreational
benefits due to a lack of data availability and the qualitative nature of
other cultural values (e.g. sense of place, identity and spiritual value).
Including the economic valuation of regulating ecosystem services
beyond climate regulation, such as those related to habitat quality or
biodiversity, could also provide a more accurate picture given the
relevance of nature conservation within the Biosphere Reserve case
study area (e.g. Campos et al., 2021). A further extension of this study
could also explicitly address the spatial arrangements of the proposed
land-use changes, which can facilitate answering relevant management
questions, such as how the promoted land-use changes can be arrayed
across the landscape to achieve the greatest reduction in wildfire eco-
nomic losses. This could address our simple assumption regarding fire
suppression costs with a single value per hectare for all study areas,
which can be considered unrealistic since spatial factors could affect
suppression costs (e.g. proximity and accessibility to inhabited areas).
Similarly, the agricultural pasture and forestry yield were assumed to be
constant across space and time as often assumed in other studies such as
Butry etal. (2010) and Mercer et al. (2007), an issue that could affect our
model predictions since some areas and years could be more productive
than others. Finally, further research is needed to estimate the full least
cost-plus-net-value-change model that includes estimates of the imple-
mentation costs of the different land-use policies investigated here, to
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provide better tools for assessing prevention policies on wildfire
management.

5. Conclusions

Our results added economic evidence to recent research about the
critical role that fire-smart agroforestry policies could play to promote
sustainable solutions to the wildfire problem in abandoned rural land-
scapes of Southern Europe (Aquilué et al., 2020; Moreira and Pe’er,
2018; Pais et al., 2020). Promoting extensive agriculture is shown here
to provide fire-suppression opportunities, generating societal benefits in
the form of savings in fire suppression costs. However, the effect on
suppression costs must be weighted against the effect on ecosystem
services from these landscape changes as wildfire strategies. To address
this, we constructed an estimate of the net-value-change in ecosystem
services flows under the simulated landscape policies. Our results
showed that large-scale forest conversion to more fire-resistant trees
would not be on their own the most economically effective solution to
reduce potential burned area and consequently suppression costs;
however, when integrated with HNVf policies to jointly reduce fire
hazards, this strategy generates the lowest net suppression cost and
wildfire ecosystem services damages. In this sense, the new European
Common Agricultural Policy offers an excellent opportunity to incor-
porate fire-smartness into renewed EU agricultural policies that would
contribute to wildfire costs and damage mitigation. Our findings
emphasise the need for design payments for ecosystem services as a
governance approach to reward private landowners’ services for the
wildfire protection of their crops. However, while a large amount of
strategically allocated cropland areas (at least 1200 ha per year in the
Biosphere Reserve ‘Géres-Xurés’ in our simulations) could be gradually
incorporated into the landscape over the next few decades to signifi-
cantly reduce the suppression cost from wildfires; we also showed that
relying on promoting crop could reduce public good climate regulation
services from the landscape. This emphasises the need to fully evaluate
the ecosystem services trade-offs in wildfire management
decision-making.
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