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• The fire-regulatory effect of land gover-
nance has been rarely tested empirically.

• Random Forest models assessed the influ-
ence of major drivers on wildfire impacts.

• The analyses factored out primary drivers
like climate and landscape flammability.

• Reduced wildfire impacts are associated
with active land governance in Italy.
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Wildfire regimes affected by global change have been the cause of major concern in recent years. Both direct preven-
tion (e.g., fuel management planning) and land governance strategies (e.g., agroforestry development) can have an in-
direct regulatory effect on wildfires. Herein, we tested the hypothesis that active land planning and management in
Italy have mitigated wildfire impacts in terms of loss of ecosystem services and forest cover, and burned wildland-
urban interface, from 2007 to 2017. At the national scale, we assessed the effect size of major potential fire drivers
such as climate, weather, flammability, socio-economic descriptors, land use changes, and proxies for land governance
(e.g., European funds for rural development, investments in sustainable forest management, agro-pastoral activities),
including potential interactions, on fire-related impacts via Random Forest modelling and Generalized AdditiveMixed
Model. Agro-forest districts (i.e., aggregations of neighbouring municipalities with homogeneous forest and agricul-
tural characteristics) were used as spatial units of analysis. Our results confirm that territories with more active land
governance show lower wildfire impacts, even under severe flammability and climatic conditions. This study supports
current regional, national, and European strategies towards “fire resistant and resilient landscapes” by fostering agro-
forestry, rural development, and nature conservation integrated policies.
1. Introduction

Wildfires are a complex phenomenon guided by multiple biological,
physical, and human drivers interacting through space and time (Moritz
et al., 2005). In addition to regional climate and fire weather (Turco
et al., 2019; Pereira et al., 2020), previous research highlights the influence
of multiple anthropogenic factors on fire regimes, such as the flammability
related to land uses and their changes (e.g., Moreira et al., 2011; Fernandes
et al., 2016; Mantero et al., 2020), activities related to the rural economy
(García-Ruiz et al., 2020), or fire management policies (Humphrey et al.,
2021). In densely populated areas such as Southern Europe, the human
impact on fire regimes has been particularly strong compared to other geo-
graphical regions (Fernandes et al., 2020).

In Southern Europe, there has been a scientific and political debate on
whether land governance policies based on bio-economy principles
(i.e., economies based on renewable natural resources for the production
of goods, services and energy) and nature-based solutions, fostered by
European funding programs (e.g., Rural Development Programme, LIFE+
program), can mitigate wildfire impacts under current climate change sce-
narios (European Commission, 2018, 2022; Moreira and Pe'er, 2018;
Verkerk et al., 2018; Ascoli et al., 2023). Supported by those who promote
such policies, a great variety of strategies to achieve fire resistant and resil-
ient landscapes have been formulated (Fernandes, 2013; Tedim et al., 2016;
Bacciu et al., 2022). These approaches involve both direct and indirect fire
prevention (Colonico et al., 2022). Direct prevention is pursued by planning
and implementing strategic fuel management actions (e.g., fuel breaks, pre-
scribed burning) to support firefighting, protect the wildland-urban inter-
face, and increase ecosystems resilience (Lachlan McCaw, 2013). Indirect
prevention refers to the ensemble of land governance strategies supporting
rural and natural land development, such as sustainable forest management
(Corona et al., 2015; Verkerk et al., 2018; Varela et al., 2020), agro-pastoral
activities (Moreira and Pe'er, 2018) and active nature conservation pro-
grams (Cánibe Iglesias et al., 2022), that have side-effects in reducing fire
hazard by supporting ecosystems' fire regulation capacity at the landscape
scale, i.e., “the ability of ecosystems and landscapes to regulate spatiotem-
poral attributes of fire regimes through the control of factors affecting fire
behaviour resulting from the interaction between fire and biophysical
structures such as vegetation types” (Depietri and Orenstein, 2019; Sil
et al., 2022). Indirect prevention strategies can be framed within the
broader concept of integrated fire management (Rego et al., 2010;
Wolpert et al., 2022) that fosters cross-sectoral governance approaches, en-
hancing fire prevention targets (European Commission, 2018; Wunder
et al., 2021).

Although several studies have assessed the local effect of direct fuel
management (Ager et al., 2010; Espinosa et al., 2019; Cansler et al.,
2021), the indirect influence of land governance policies in mitigating
fire impacts at the landscape scale is challenging to quantify (Dale, 1997).
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Consequently, the few studies that attempted to test the leverage of such
policies on fire disturbance in Southern Europe, have relied on simulations
of landscape dynamics under alternative land governance approaches
(Regos et al., 2016; Sil et al., 2019a; Aquilué et al., 2020; Pais et al.,
2020; Campos et al., 2022; Lecina-Diaz et al., 2023).

In our research, we used Italy as a representative example of a Southern
European region, characterized by strong climatic, topographic, and socio-
economic gradients (Elia et al., 2022). Such heterogeneity is useful to test if
active land governance has a quantifiable influence on fire impacts under a
wide range of fire drivers. In Italy, many studies have assessed the effect of
several drivers on wildfire metrics, e.g., fire occurrence, total burnt area
(Barbati et al., 2015; Mancini et al., 2018b; Ferrara et al., 2019; Ascoli
et al., 2021; Cilli et al., 2022; Malandra et al., 2022). However, previous re-
search has focused on traditional fire metrics, and mainly on one or a few
types of drivers, such as socio-economic (Michetti and Pinar, 2019;
Mancini et al., 2018b), climate (Cilli et al., 2022), or land use change
(Ascoli et al., 2021), without adopting a multivariate perspective. Further-
more, very few authors have attempted to test whether land governance
measures influence wildfire patterns in Italy (Colonico et al., 2022).

Tofill this gap, we employed amultivariate approach to explain the var-
iability of wildfire impacts in Italy by considering different types of poten-
tial drivers simultaneously.We specifically tested the hypothesis that active
land governance influences wildfires, contributing to the creation of more
fire resistant and resilient landscapes. To do so, we considered and factored
out the variability related to climate, fire behaviour (fire weather and flam-
mability) and other socio-economic aspects (society and land tenure, land
abandonment). In addition, following the approach outlined by Moreira
et al. (2020), we focused on fire impacts rather than on descriptive fire met-
rics (e.g., burnt area, fire recurrence), looking atwhat burns rather than just
how much. We specifically evaluated impacts on ecosystem services, for-
ested areas, and wildland-urban interface, being these different socio-
ecological dimensions on which fire damages have strong repercussions
in ecological, economic, and public safety terms. Herein, we speculate
that land governance mitigates such impacts, in different ways and with
variable relevance.

2. Materials and methods

2.1. Study area and experimental design

We extracted from the Italian national wildfire information system
(https://geoportale.incendiboschivi.it) and from autonomous regions data-
bases (Aosta Valley, Trentino, South Tyrol, Friuli, Sardinia, Sicily) the wild-
fire perimeters and date of ignition of all the fire events larger than 1 ha
which occurred from 2007 to 2017. The entire fire dataset was checked
to fix possible errors related to spatial geometry and missing data. In
total, we extracted data from 48,953 fire events throughout Italy (Fig. 1),

https://geoportale.incendiboschivi.it


Fig. 1. Case study. The red areas represent all wildfire events larger than 1 ha which occurred in Italy between 2007 and 2017 in the 776 Agro-Forest Districts.
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which were responsible for a burned area of 999,482 ha in the study period
(i.e., 98.8 % of the total burned area in Italy; fires smaller than 1 ha ac-
counted for the remaining 1.2 %).

We adopted the Italian Agro-Forest Districts (AFD) as sample unit for
statistical analyses. AFD are groups of neighbouring municipalities (usually
between 5 and 10) with homogenous agronomic, environmental, and
socio-economic characteristics. Italy is divided into 766 AFD, with an aver-
age size of 394 km2 each (Recanatesi et al., 2015; Sallustio et al., 2018). Pre-
vious studies have attempted to characterize wildfires in Italy by using the
municipality as a sampling unit (e.g., Mancini et al., 2018b; Ferrara et al.,
2019). However, these studies highlighted the need to expand the analysis
to a larger scale to examine wildfire patterns, because large fire events gen-
erally extend beyond the territory of a single municipality. Indeed, Italian
municipalities are highly variable in size, and large fires can affect several
municipalities in one single event. We calculated that 96.6 % of the fire
events in Italy between 2007 and 2017 occurred within one single AFD.
We therefore considered that AFD are a suitable spatial unit for analysing
landscape-scale attributes influencing wildfire impacts.

In this study, wemodelled three types of response variables that charac-
terize wildfire impacts: the amount of specific ecosystem services affected
by fire, forest areas affected by high-severity fire, and burned areas in
the wildland-urban interface (WUI; Table 1). Predictors were grouped
into three classes: climate, fire behaviour, and socio-economic variables
3

(Table 1). The fire behaviour potential driver was further divided into
two subgroups: weather andflammability. Likewise, socio-economic poten-
tial driver was parted into three subgroups: society and land tenure, land
abandonment and land governance. A short state-of-art of the literature
on drivers of wildfire characteristics in Italy, that helped in defining main
predictors, and a summary of the datasets used for this study are presented
in the Supplementary material (Tables S1 and S2). All variables were com-
puted at AFD scale.

2.2. Response variables

2.2.1. Loss of ecosystem services
Landscape multi-functionality is an important aspect of territory plan-

ning. Goods and services provided by ecosystems are known as “ecosystem
services” and may decline in various aspects (Fisher et al., 2009). Wildfire
might have both positive and negative effects on the provision of ecosystem
services, particularly under natural fire regimes or planned condition,
e.g., prescribed burning (Pausas and Keeley, 2019). However, in Italy
most of wildfires originates from unplanned anthropogenic ignitions deter-
mining unfavourable fire regimes under several attributes, i.e., seasonality,
frequency, severity (e.g., Ascoli and Bovio, 2010; Valese et al., 2014), caus-
ing mostly disservices rather than services (Sil et al., 2019b; Roces-Díaz
et al., 2021), and this is the assumption we considered for this study. To



Table 1
Response variables and potential drivers used in the study.

Type Subgroup Variable Unit Reference year(s) Expected relationship
with fire impacts

Description

Response variables
Impact measures ES – 2012 – Measure of the proportions of burned ecosystem services

Burn severity – 2007–2017 – Total area burned at high severity normalized to biomass density
WUI % 2012 – Proportion of burned wildland-urban interface

Potential drivers
Climate tmax °C 1970–2000 Increase Maximum temperature

prec mm 1970–2000 Decrease Mean annual precipitations
bio9 °C 1970–2000 Increase Average temperature of the driest quarter of the year
fwi_p90 – 1979–2018 Increase 90th percentile of daily FWIa values

Fire behaviour Weather fwi_wstd – 1979–2018 Increase Mean FWIa associated to wildfire events
Flammability flammability kW/m 2006 Increase Mean potential fireline intensity

Socio-economic Society and land tenure pop_dens inhab/km2 2001 Decrease Population density
agr_state % 2000 Increase Agricultural land owned by the state on total agricultural land
farm_size % 2000 Increase Average farm size on total agricultural area
marginality % 2012 Increase Land suitable for agriculture but with low profitability
unsuitable % 2012 Increase Land unsuitable for agriculture
agr_value €/ha 2012 Decrease Value of agricultural land

Land abandonment aband_p % 1990–2006 Increase Land cover transitions towards a state of abandonment
pop_growth % 2001–2011 Decrease Population growth rate per year
built-up % 1991–2001 Decrease Dwellings built-up on total dwellings

Land governance managed_p % 1990–2006 Decrease Land cover transitions towards active management
pas n°/ha 2000 Decrease Grazing index: number of livestock units per ha of pasture
protected_p % 2012 Decrease Land within protected areas
life_bud € 1999–2012 Decrease Funds invested by the EU LIFE+ program in local projects
for_cert % 2003–2012 Decrease Forest surface certified by FSCb and by PEFCc on total forest surface
rdp_agr – 2007–2013 Decrease RDPd measures - agricultural sector enhancement
rdp_for – 2007–2013 Decrease RDPd measures - forest conservation efforts
rdp_marg – 2007–2013 Decrease RDPd measures - marginal areas support
for_harv ha 1997–2006 Decrease Harvested forest area

a FWI = Fire Weather Index.
b FSC = Forest Stewardship Council.
c PEFC = Programme for the Endorsement of Forest Certification.
d RDP = Rural Development Programme.
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assess the impact of wildfires on ecosystem services in each AFD, we
used national maps of four different ecosystem services: i) habitat
quality (dimensionless), which assesses the biodiversity conservation
status (Terrado et al., 2016; Sallustio et al., 2017; Di Febbraro et al.,
2018); ii) climate regulation service (ton/ha), estimated through carbon
storage and sequestration (Munafò et al., 2016; FAO and ITPS, 2018;
Assennato et al., 2022); iii) sediment retention service (ton/ha∗year),
which indicates the capacity to retain sediment and it is measured
in terms of avoided soil erosion (Panagos et al., 2015); iv) pollination
potential (dimensionless), which measures pollinators availability
(Munafò et al., 2016; Assennato et al., 2022). The four ecosystem services
were estimated with the use of the InVEST model (Natural Capital
Project, 2022).

The level of ecosystem services potentially affected by fire was calcu-
lated by dividing the amount of each ecosystem service within burned
areas by the total amount of the given ecosystem service in the agro-
forest district. Principal Component Analysis (PCA) was then applied to re-
duce the data on ecosystem services from four variables to one (Marsboom
et al., 2018). The first Principal Component (PC) explained 89.9 % of the
variance. Higher values of the first PC (i.e., “ES” in Table 1) indicate that
larger amounts of ecosystem services were potentially affected by fire in re-
lation to their total extent within the agro-forest district.

2.2.2. Burn severity
For this study, we defined high-severity fires as the events causing

abrupt tree canopy cover loss. Due to the lack of data on burn severity cov-
ering the whole country and the study period, we used the tree cover loss
layer from the Global Forest Change (GFC) product (Hansen et al., 2013)
with a spatial resolution of 30 m (Elia et al., 2022). Because GFC does not
provide information on the cause of tree cover loss, we assumed that the
tree cover loss detected within a given fire perimeter in the year of fire
4

occurrence and in the following year was due to immediate and delayed
post-fire mortality, respectively. Salvage logging in Italy rarely occurs
within two years after fire (Ascoli et al., 2013); consequently we assumed
that the forest cover loss within fire perimeter is due to post-fire tree mor-
tality and not by tree harvesting. We aggregated the tree cover loss within
two years from the fire event in each fire perimeter, for every fire in AFD,
to obtain the total forest cover loss due to fire in AFD from 2007 to 2017.
Given the probability that high severity fire increases with live fuel load
(i.e., in areas with dense live biomass; Parks et al., 2018a; García-Llamas
et al., 2019), we rescaled burn severity by dividing total tree cover loss
area by the total forest biomass (Avitabile et al., 2020) in each AFD to ob-
tain the response variable “Burn severity”.

2.2.3. Wildland-urban interface (WUI)
The wildland-urban interface (WUI) refers to areas or locations where

wildfires can potentially ignite homes (Radeloff et al., 2018). In this
study, we consider not only residential areas but also other artificial sur-
faces of high social and economic value. A WUI map for Italy was built fol-
lowing the approach of Modugno et al. (2016). First, we selected artificial
areas and wildland fuels from the Italian CORINE Land Cover (CLC) map
(2012 version; Feranec et al., 2016). Artificial surfaces correspond to
urban, industrial and infrastructure areas, whereas wildland fuels corre-
spond to forest, natural grassland, moorland, shrubland, other wooded
lands, and recently burned areas. Second, a buffer zone was calculated for
wildland fuels (400 m) and artificial surfaces (200 m; Mitsopoulos et al.,
2020). Overlapping wildland fuel and artificial areas, with their respective
buffers, were identified as WUI areas. For each AFD, we calculated: i) the
total area of WUI; ii) the total area of burnedWUI (i.e., the WUI area inside
the fire perimeters); and iii) the ratio between burned WUI and total WUI.
The latter, “WUI” in Table 1, was selected as a response variable and indi-
cates the proportion of WUI affected by fire.
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2.3. Potential drivers

2.3.1. Climate
Climate datawere obtained from the global datasetWorldClim, contain-

ing monthly records for the period 1970–2000 with a 1 km2 spatial resolu-
tion (Fick and Hijmans, 2017). Climatic grids were averaged, temporally
and spatially, to obtain mean values of climatic variables for each AFD. In
particular, the selected climatic variables were: i) maximum temperature
(“tmax”); ii) mean annual precipitation (“prec”); iii) mean temperature of
driest quarter (i.e., the driest three months) of the year (“bio9”). Addition-
ally, we calculated local (i.e., cell by cell) 90th percentiles of Fire Weather
Index (FWI; Van Wagner, 1987) daily time series from global data (spatial
resolution 0.25°) for the period from 1979 to 2018 (Vitolo et al., 2020)
and averaged them spatially over eachAFD. Percentiles of FWI are often ap-
plied to describe the climatology of fire danger (Vitolo et al., 2020;
Abatzoglou et al., 2021).

2.3.2. Fire behaviour

2.3.2.1. Fire weather. FWI data were also used to assess fire weather condi-
tions during wildfire events (Vitolo et al., 2020). The FWI system is used
to estimate fire danger worldwide (Field et al., 2015). For each fire
>1 ha, we extracted the FWI value of the recorded starting day from the
grid cell that contains the centroid of the final fire perimeter. The centroid
was used because the FWI grid spatial resolution (0.25°) ismuch larger than
individual burned areas and, therefore, fire perimeters stay mostly in one
grid cell. Likewise, we used the start date because the fire duration was un-
known. In fact, initialfireweather conditions and the relatedfire spread are
commonly assumed to greatly affect the final burned area and the fire-
fighting capacity in the region (Pezzatti et al., 2020).

FWI values can be interpreted better within the range of possible histor-
ical values in a particular area, especially when comparing different geo-
graphical zones (Vitolo et al., 2019). Therefore, the FWI value of each fire
was standardized by dividing it by the maximum FWI value ever reported
in the daily time series from 1979 to 2018 from the same grid cell. We
then calculated the area-weighted average (i.e., the burned area of each
fire was used as weight) of the standardized FWI values from all the fires
that occurred in each AFD. This final value (“fwi_wstd” in Table 1) is as-
sumed to characterize the average fire weather conditions during the fire
events in each single AFD for the 2007–2017 period.

2.3.2.2. Flammability. We simulated potential fire activity with FlamMap
(Finney et al., 2020) to characterize the gradient in landscape scalefire haz-
ard among AFDs. Basic fire activity simulations in FlamMap require data on
elevation, slope, aspect, canopy cover and fuel model (Finney, 2006). A na-
tional Digital Elevation Model (DEM) was used to derive data on elevation,
slope and aspect,while a European tree cover density dataset was employed
to extract canopy cover data (https://land.copernicus.eu/pan-european/
high-resolution-layers/forests/tree-cover-density/status-maps/2015). The
CLC map of 2006 (i.e., land cover before the start of the period of analysis
in 2007; Feranec et al., 2016) was used to characterize the fuel models.
Fuel data were generated by assigning a standard fuel model, according
to Scott (2005), to each CORINE class (Kosztra et al., 2019) present in
Italy (Table S3). All rasters were harmonized at a resolution of 60 × 60 m
(the format used to compute elaborations on FlamMap) before the simulation
in FlamMap.

Thefire activity simulationwas carried out under constant weather con-
ditions for the whole national territory assuming a full alignment between
wind and slope. In the simulation, wind was set to blow uphill at
16.1 km h−1 in all the cells, and fuel moisture content was constant for
all the standard fuel models (i.e., 5 %, 6 % and 7 % for the dead fuel 1-h,
10-h and 100-h classes, respectively, as well as 30 % and 60 % for the
live herbaceous and woody classes, respectively). Fireline intensity was se-
lected to characterize flammability in the study. Fireline intensity (kW/m)
represents the rate of energy or heat release per unit time per unit length of
fire front (Alexander and Cruz, 2019). Calculations of potential fireline
5

intensity were performed independently for each cell. FlamMap generated
a 60 × 60 m grid of fireline intensity, and the average value for each AFD
was then calculated. This allows comparing the flammability across the
country because the potential fire activity in each AFD will vary as a func-
tion of its topography and vegetation features. This fireline intensity vari-
able was then renamed as “flammability” (Table 1).

2.3.3. Socio-economic variables

2.3.3.1. Society and land tenure. Social and land tenure factors can have a
strong influence on the fire regime of a territory (Vilar et al., 2016;
Mancini et al., 2018b; Viedma et al., 2018). Accordingly, we included in
our study the following variables: population density (“pop_dens”); agricul-
tural land owned by the state (“agr_state”); average farm size (“farm_size”);
land predisposition to agricultural activities (“marginality”); land unsuitable
for agriculture (“unsuitable”); and value of agricultural land (“agr_value”).
See Table 1 for a description of these variables. Population and agricultural
production data were retrieved from Ferrara et al. (2019), while data on
marginality, unsuitability and value of agricultural land were collected
from Sallustio et al. (2018). Original data were available at municipal
level but were aggregated to obtain values at AFD level.

2.3.3.2. Land abandonment. We examined land cover changes (LCCs) to-
wards land abandonment, which is a predominant process in Southern
Europe. Previous studies found a positive relationship between land aban-
donment and wildfire metrics (Pausas and Fernández-Muñoz, 2012;
Sallustio et al., 2015; Viedma et al., 2015; Mantero et al., 2020; Ascoli
et al., 2021). We assessed LCCs from 1990 to 2006 (i.e., changes before
the start of the study period) based on the CLC Level 3 (Feranec et al.,
2016) datasets. After merging the original CLC categories into six larger
groups: forest (FO), shrubland (SH), grassland (GR), cropland (CR), urban
(UR), and unvegetated (UV) (Table S4), we estimated the land cover
changes of thesemajor groups from 1990 to 2006.We then defined the pro-
portion of abandoned areas (“abandon_p” in Table 1), which we calculated
for each AFD, as the ratio between total hectares of transitions CR to FO, CR
to SH, GR to FO, and GR to SH, and the AFD area.

In addition, two variables, collected from Ferrara et al. (2019), were ex-
tracted for each AFD: population growth rate per year (“pop_growth”) and
dwellings built-up from 1991 to 2001, relative to total dwellings (“built-
up”). These two variables offer information on processes opposed to land
abandonment.

2.3.3.3. Land governance. Here, land governance refers to active land man-
agement initiatives, actions, policies, and strategies. Land governance, ac-
cording to our main study hypothesis, may indirectly prevent and
mitigate wildfire impacts having multiple side effects on ecosystems' fire
regulatory capacity (Fernandes, 2013; Regos et al., 2016; Sil et al., 2019a;
Campos et al., 2022). As land governance is the core feature of our study,
we included a wide set of proxies to characterize its many facets (Table 1).

Two proxies of agro-pastoral land management were created. First, fol-
lowing the approach described in Section 2.3.3.2, we used the transition
matrix of CLC 1990–2006 to calculate the proportion of changes towards
managed land (i.e., transitions FO to CR, and SH to CR) in each AFD,
forming the variable “managed_p” (Table 1). Second, given the effect of
grazing on fuel reduction (Taylor Jr., 2006; Moreira and Russo, 2007;
Siegel et al., 2022), we retrieved a grazing index (i.e., number of
livestock units per ha of pasture) from Ferrara et al. (2019) named “pas”
(Table 1).

Another proxy was used to characterize sustainable forest management.
The variable “for_cert” (Table 1) quantifies the proportion of forest area cer-
tified according to the Forest Stewardship Council (FSC; https://fsc.org/en)
and to the Programme for the Endorsement of Forest Certification schemes
(PEFC; https://www.pefc.org/) in relation to the total forest area of the
AFD. FSC and PEFC are the two major organizations providing worldwide
forest certifications for forest owners and managers (public administra-
tions, associations, and private companies; Clark and Kozar, 2011;

https://land.copernicus.eu/pan-european/high-resolution-layers/forests/tree-cover-density/status-maps/2015
https://land.copernicus.eu/pan-european/high-resolution-layers/forests/tree-cover-density/status-maps/2015
https://fsc.org/en
https://www.pefc.org/


G.L. Spadoni et al. Science of the Total Environment 890 (2023) 164281
Mikulková et al., 2015).We obtained data on certified forest areas from the
Italian FSC and PEFC offices.

As active forest management proxy, we estimated the amount of forest
harvesting for each AFD in the period 1997–2006 (variable “for_harv”;
Table 1). To do so, we exploited 3I3D, a forest disturbance detection algo-
rithm specifically designed for Italy (Francini et al., 2021; Francini et al.,
2022a) and recently implemented over Landsat imagery to detect natural
and anthropogenic forest disturbances over the last four decades in Italy
(Francini et al., 2022b). To filter out natural forest disturbances, for each
AFD we calculated the median value of the annual forest disturbance
areas over the entire period, which was assumed to be a good indicator of
harvest because median values should limit the influence of random and
sporadic natural forest disturbance events (e.g., wind, fire) and adequately
represent the annual extent of planned and regular harvesting activities.

We included two proxies of active nature conservation. We assessed the
amount of land within protected areas for each AFD, obtaining the variable
“protected_p” (Table 1; Sallustio et al., 2018). Protected areas in Italy have
competencies in wildfire prevention and must implement a fire manage-
ment plan, which increases their resistance and resilience towildfires, com-
pared to other territories (Pereira et al., 2012; Rodrigues and de la Riva,
2014; Vilar et al., 2016). Additionally, we determined the total budget of
all projects funded by the EU LIFE+ program, at the AFD level over the
1999–2012 period (“life_bud” in Table 1). LIFE+ projects promote actions
for nature conservation and climate change adaptation, including fire pre-
vention (https://cinea.ec.europa.eu/programmes/life_en). We assumed
that LIFE+ projects reflect the attention of local communities, administra-
tions, universities and other institutions towards nature conservation and
adaptation to climate change through active landmanagement and innova-
tive solutions (D'Alfonso, 2015). In particular, we focused on LIFE+ pro-
jects gathered by the “GoProFor” database (https://www.lifegoprofor.eu/
it/), which collects forestry-related LIFE+ projects developed in Italy
since 1999.

Finally, we included the Rural Development Programme (RDP) funds
spent at the municipal level in Italy (Colonico et al., 2022) as a proxy of
rural activities, aggregating them at AFD level. RDP is a financing tool of
the European Common Agricultural Policy (CAP) aimed to support rural
areas development (European Commission, 2006) and is articulated in
various measures. We selected 13 measures which, according to Colonico
et al. (2022), are related to indirect fire prevention (Table S5). We then
combined these measures with a PCA (Fig. S2) and extracted the first
three principal components. Each component reflects a different cluster of
RDPmeasures (Table 1). In particular, “rdp_agr” is connected to agricultural
measures, “rdp_for” reflects forest conservation efforts, and “rdp_marg”
reflects support to marginal areas (Table 1). The number of PCs to be
Fig. 2.Workflow of the
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extracted was limited to those that together explained >50 % of the total
variance.

2.4. Data analyses

Fig. 2 provides a summary of the analysis carried out for this study.
Once all the data were organized at AFD level, we followed some explor-
atory data analyses according to Zuur et al. (2010). We excluded AFD
that did not reach a total burned area of 10 hawithin the 11-year period be-
cause fire disturbance was of little relevance (e.g., AFD with strong urban-
ization and industrialization); consequently, these areas were considered as
unsuitable to test the study hypothesis. From the initial 766 AFD, we ex-
cluded 164, mostly within the Po Valley, reducing our dataset to 602
AFD. Each of these AFD reported values associated with the 3 response var-
iables and 24 independent variables grouped into 3 groups and 6 subgroups
of potential drivers (Table 1).

We carried out a variable reduction of independent variables to concen-
trate the variability of our dataset on fewer components (McCune et al.,
2002; Adler and Yazhemsky, 2010). We applied four Principal Component
Analyses (PCAs) separately to climate, society and land tenure, land aban-
donment and land governance subgroups (Table 1). PCAs were computed
with the R package Factominer (Lê et al., 2008). We did not apply PCA to
the weather and flammability subgroups because both are represented by
single variables that are computed using multivariate models (Table 1).
For each PCA, we extracted PCs to reach 50 % or more of the variance ex-
plained. We carried out an additional PCA, in which we used the 10 inde-
pendent variables that resulted from the variable reduction process
(Table 2) to explore relationships within the dataset in a multivariate
space (Fig. S4). Finally, we used Pearson's correlation coefficients to
check collinearity among these 10 variables.

We applied Random Forest (RF; Breiman, 2001) to test the influence of
the potential drivers on the three response variables (ES, Burn severity,
WUI). RF modelling allows dealing with many different variables and pro-
duces outputs that are easy to interpret (Moris et al., 2017; Jain et al.,
2020). Furthermore, RF has been previously used in similar studies
(Cansler et al., 2021; Stritih et al., 2021; Cilli et al., 2022; Canadas et al.,
2023). We ran a RF for each of the three response variables (Table 1). We
set: i) the number of trees = 500 to find a balance between error rate
(which decreases as the number of trees increases) and computational
costs; ii) the number of variables tried at each split = 4 to be close to the
square root of the total number of predictor variables; and iii) the resam-
pling method used to grow trees = sampling without replacement, which
is the most suitable method according to the literature (Boulesteix et al.,
2012). Model performance was estimated in terms of R-squared values
main data analyses.

https://cinea.ec.europa.eu/programmes/life_en
https://www.lifegoprofor.eu/it/
https://www.lifegoprofor.eu/it/


Table 2
Variables used in RF modelling.

Type Subgroup Variable Unit Expected relationship with fire impacts Description

Potential drivers
Climate C1 – Increase Warm and dry climate
Fire behaviour Weather fwi_wstd – Increase Mean FWIa associated to wildfire events

Flammability flammability kW/m Increase Mean potential fireline intensity
Socio-economic Society and land tenure S1 – Decrease High profitability and densely populated areas

S2 – Increase Marginal, hardly accessible and less developed areas
Land abandonment LA1 – Increase Land abandonment
Land governance LG1 – Decrease Forest and mountain areas governance

LG2 – Decrease Rural and marginal areas governance
LG3 – Decrease Intensive agriculture
LG4 – Decrease Sustainable forest management

a FWI = Fire Weather Index.
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between observed and predicted values. We used the R package
“randomForest” to carry out the RFs (Liaw and Wiener, 2002). For each
RF model, we obtained two main outputs: Variable Importance (VIMP)
and Partial Dependence Plots (PDP). VIMP shows the relative importance,
in terms of percentage increase in mean squared error (%incMSE), of inde-
pendent variables in predicting the response variable, while PDPs show the
effect of each single predictor on the response variable after removing the
effect of the remaining predictors. To check for potential interactions
among drivers, we furtherly perform RFmodels, to test if the regulation ca-
pacity of land governance on the extent of wildfire affecting ecosystem ser-
vices varied along different levels of predominant potential drivers,
producing Partial Dependence Surfaces (PDS; i.e., three dimensional sur-
faces that, after removing the effect of the other drivers, display the com-
bined influence of two predictors on a response variable). In addition, to
further corroborate the relationships between interacting potential drivers
and fire impacts on ecosystem services, we applied Generalized Additive
Mixed Modelling (GAMM; Zuur et al., 2009). We categorized the agro-
forest districts into three regions based on the clusters described in Ascoli
et al. (2021) and illustrated in Fig. S5. These three regions are based on
the main fire season (winter, mixed, summer) and a climate gradient
(Alpine in the north, temperate in the centre, Mediterranean in the south
and islands). We included these regions as a random factor in the GAMM,
while the other potential drivers (excluding climatic variables) were con-
sidered as fixed factors. To model the affected ecosystem services (ES),
we utilized the R package gamm4 (Wood and Sheipl, 2020) to implement
a GAMM with a Gaussian distribution and an identity link function.

3. Results

The Principal Component Analyses (PCAs) reduced the number of pre-
dictor variables from 24 (Table 1) to 10 (Table 2). Land governance re-
quired four Principal Components (PCs) to achieve >50 % of the variance
explainedwithin the initial set of proxies, while society and land tenure var-
iables required two, and climate and land abandonment only one PC
(Table 2). We interpreted the new variables obtained from the PCA accord-
ing to the set of original variables most correlated to each eigenvector
(Table 2; Fig. S3 and Table S6). Additionally, we found that these 10 vari-
ables were not affected by strong collinearity, since absolute bivariate
Pearson's correlation coefficients were all lower than 0.65, with an average
value of 0.18 (Schober et al., 2018). Results from the descriptive PCA with
the 10 eigenvectors are reported in the Supplementary results (Fig. S4). The
reduced set of 10 variables (Table 2) was used as predictor variables in the
subsequent RF.

Random Forest (RF) produced accurate models, returning high R-
squared values for the three response variables: 0.85 for loss of ecosystem
services, 0.73 for burn severity, and 0.83 for burned wildland-urban inter-
face. Climate was the most important predictor in the Burn severity and
WUImodels, and the second most important in the ESmodel (Fig. 3). Con-
cerning the fire behaviour variables, fire weather was a moderate predictor
of ES andWUI though, surprisingly, a poor predictor of Burn severity. On the
contrary, flammability was a strong predictor of ES andWUI, and to a lesser
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extent of Burn severity. Socio-economic factors have a lower weight, com-
pared to climate and fire behaviour. Society and land tenure ranked third
in the ES and Burn severitymodels and fourth forWUI, with a predominance
of S1 for the Burn severity model and of S2 for the other two models. Land
abandonment showed a low-to-moderate role in all the models. Predictors
characterizing land governance obtained a lesser ranking, compared to
other potential drivers, except for LG2 (i.e., proxy of governance of rural
and marginal areas), which was the second most important variable in
the Burn severity model (Fig. 3).

Fire impacts increased with warm and dry climate (C1), more severe
fire weather (fwi_wstd) and higher flammability (flammability) (Figs. 4–6).
C1 and fwi_wstd show similar relationships with the response variables in
all three RF models (Figs. 4–6). Flammability also shows a positive relation-
ship in all models, although, for ES and WUI, relationships are non-linear
(Figs. 4–6), and linear for Burn severity (Fig. 5). Regarding the socio-
economic predictors, S1 had positive and non-linear relationships with
the response variables (Figs. 4–6), while for S2 the relationships were
negative (Figs. 4 and 5), except for the WUI model (Fig. 6). Fire impacts
also increased with land abandonment, even though the relationships are
non-linear (Figs. 4–6). In general, fire impacts decreased with increasing
values of the predictors characterizing active land governance. However,
the relationships were not consistently negative, with strong non-linear pat-
terns in some of them (Figs. 4–6). For instance, Burn severity decreased with
LG2 up to the 50th percentile, and increased from that point on.

Results related to Generalized Additive Mixed Modelling are shown in
the Supplementary materials (Table S7 and Fig. S6). GAMM supported
our initial hypothesis (Table 2) and concurred with the primary outcomes
of the RFmodel related to impacts on ES (Figs. 3–4). Furthermore, findings
fromGAMM revealed a significant positive interaction between land gover-
nance variables (LG3, LG4) and fwi_wstd, indicating a decreased impact of
the fire regulatory capacity of active land management as fire weather
values increased. Similarly, results obtained with the Partial Dependence
Surfaces (Fig. S7) showed a reducing effect of LG4 to increasing values of
fwi_wstd, which indicates a limited mitigating effect of land governance as
fire weather increases. Diversely, due to an increase of flammability and
C1, the negative slope of LG4 appeared steeper (Fig. S7). Finally, no inter-
action seemed to affect land abandonment and LG4.

4. Discussion

The role of land governance in mitigating wildfire impacts is a contro-
versial issue in Southern Europe (European Commission, 2018; Moreira
and Pe'er, 2018; Verkerk et al., 2018), mainly addressed through position
papers (Moreira et al., 2020; Bacciu et al., 2022) or landscape simulation
analyses (Regos et al., 2016; Sil et al., 2019a; Pais et al., 2020; Campos
et al., 2022; Lecina-Diaz et al., 2023). Following these earlier theoretical
and modelling investigations, our study aimed to quantify the fire regula-
tory capacity of land governance by employing data related to real pro-
cesses and landscapes. By using Italy as a case study, we collected various
proxies of land governance aspects, such as rural development,
agro-pastoral activities, sustainable forest management, and active nature



Fig. 3. Variable importance (VIMP) rankings from Random Forest models predicting burned ecosystem services (A), burn severity (B) and burned wildland-urban interface
(C). C1=warm and dry climate; S1= high profitability and densely populated areas; S2=marginal, hardly accessible and less developed areas; LA1= land abandonment;
LG1 = forest and mountain areas governance; LG2 = rural and marginal areas governance; LG3 = intensive agriculture; LG4 = sustainable forest management;
flammability = mean potential fireline intensity; fwi_wstd = mean FWI (Fire Weather Index) associated to wildfire events.
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Fig. 4. Partial dependence plots for the response variable ES. Ticks on the x-axis represent the deciles of predictors distribution. The black lines represent the outputs from RF
while the blue lines represent smooth curves obtained fromLOESS (locally estimated scatterplot smoothing). C1=warmand dry climate; S1=high profitability and densely
populated areas; S2 = marginal, hardly accessible and less developed areas; LA1 = land abandonment; LG1 = forest and mountain areas governance; LG2 = rural and
marginal areas governance; LG3 = intensive agriculture; LG4 = sustainable forest management; flammability = mean potential fireline intensity; fwi_wstd = mean FWI
(Fire Weather Index) associated to wildfire events.
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conservation.We then examined how these proxies were related towildfire
impacts, such as burned ecosystem services, burned wildland-urban inter-
face, and burn severity in forest ecosystems, while accounting for other
major potential drivers of wildfire activity, such as climate, fire weather,
Fig. 5. Partial dependence plots for the response variableBurn severity. Ticks on the x-axis
from RF while the blue lines represent smooth curves obtained from LOESS (locally esti
and densely populated areas; S2 = marginal, hardly accessible and less developed areas
rural and marginal areas governance; LG3 = intensive agriculture; LG4 = sustainable
mean FWI (Fire Weather Index) associated to wildfire events.
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and flammability. Our research showed that land governance, expressed
as sustainable forest management, extensive farming practices, and active
nature conservation practices tends to mitigate and reduce the impacts of
wildfires.
represent the deciles of predictors distribution. The black lines represent the outputs
mated scatterplot smoothing). C1 = warm and dry climate; S1 = high profitability
; LA1 = land abandonment; LG1 = forest and mountain areas governance; LG2 =
forest management; flammability = mean potential fireline intensity; fwi_wstd =



Fig. 6. Partial dependence plots for the response variableWUI. Ticks on the x-axis represent the deciles of predictors distribution. The black lines represent the outputs from
RF while the blue lines represent smooth curves obtained from LOESS (locally estimated scatterplot smoothing). C1 = warm and dry climate; S1 = high profitability and
densely populated areas; S2 = marginal, hardly accessible, and less developed areas; LA1 = land abandonment; LG1 = forest and mountain areas governance; LG2 =
rural and marginal areas governance; LG3 = intensive agriculture; LG4 = sustainable forest management; flammability = mean potential fireline intensity; fwi_wstd =
mean FWI (Fire Weather Index) associated to wildfire events.
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4.1. Drivers of wildfire impacts

The predominance of climate and fire behaviour drivers (i.e., fire
weather and flammability) in explaining wildfire impacts (Fig. 3) con-
firmed that warm and dry climate, highly flammable land uses, and
favourable weather conditions during wildfire events strongly influence
wildfire activity and its impacts (Fernandes et al., 2016; Zald and Dunn,
2018). Italy displays a strong north-south gradient in both climate and land-
scape scale fire hazard (Ascoli et al., 2021; Elia et al., 2022), which might
have a confusing effect. However, the significant positive slope of flamma-
bility on burned ecosystem services displayed in the GAMM model
(Table S7), where climate regions (Alpine, temperate, and Mediterranean)
were included as random factor, pointed out that flammable land uses are a
major driver of fire impacts in most climate regions of Southern Europe
(Moreira et al., 2020). Besides physical factors, our findings highlighted
the key role of socio-economic factors in driving fire regimes in Southern
Europe. The positive effect of land abandonment (LA1) on the three re-
sponse variables is consistent with our hypothesis (Table 2) and with previ-
ous studies (Pausas and Fernández-Muñoz, 2012; Sallustio et al., 2015;
Viedma et al., 2015; Mantero et al., 2020; Ascoli et al., 2021). Land aban-
donment (LA1) was, in fact, intended as a measure of lack of land gover-
nance. In this context, the absence of human activities may increase fire
hazard at the landscape scale by reducing landscape heterogeneity and
connecting fuel loads available to burn (Moreira et al., 2011; Sil et al.,
2019a, 2019b; Kelly et al., 2020; Ascoli et al., 2021).

Although land governance displayed a limited effect, both the Random
Forest and the GAMMmodels suggest that active land management played
a key role in reducing wildfire impacts in Italy. In the ecosystem services
(ES) and wildland-urban interface (WUI) models (Fig. 3), sustainable forest
management (LG4) and forest and mountain areas governance (LG1) were im-
portant land governance predictors as ecosystem services and wildland-
urban interfaces are strongly linked to forested areas. Given the negative
relationships between these land governance proxies in the ecosystem ser-
vice and WUI models (Figs. 4 and 6), we can assume that territories that
invested in sustainable forest management, forest certifications, nature
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conservation, and in the agro-pastoral sector, displayed reduced
wildfire impacts, despite other factors conducive to fire activity
(e.g., flammability; Gan et al., 2015; Dini et al., 2019; Ascoli et al., 2023).
Results are consistent with the drivers' PCA (Fig. S4), in which LG4 and
LG1 show a negative correlation to fire predictors (C1, flammability,
fwi_wstd, LA1).

Rural and marginal areas governance (LG2), mainly linked to forest har-
vesting and Rural Development Programme (RDP) funds (Fig. S3,
Table S6), was an important predictor of Burn severity. However, the sign
of this relationship was unexpected. Burn severity decreased initially with
LG2, but, once it reached the mid LG2 value, Burn severity increased
(Fig. 5F). A possible explanationmight be related to the intensive forest har-
vesting that correlates with higher LG2 values (Lindenmayer et al., 2009;
Santopuoli et al., 2015; Zald and Dunn, 2018). For instance, an excess in
coppicing under Mediterranean conditions might favour coarse woody de-
bris accumulation and the recolonization of open space bymore flammable
grass and shrub species (Cassagne et al., 2011; James et al., 2011). LG2was
also linked to the RDP measures supporting marginal areas (rdp_marg;
Table S6). Significant investmentsmay be directed to particularly disadvan-
taged regions which are often fire prone (Marcu, 2015; Viedma et al., 2015;
Akter and Grafton, 2021) and in which RDP policy effects may not be de-
tectable yet (Colonico et al., 2022). Indeed, in the drivers' PCA (Fig. S4)
LG2 was positively correlated to flammability and land abandonment pre-
dictors. Similar conclusions can be assumed for the trends found in the
models of ecosystem services andWUI (Figs. 4F and 6F). The less influence
of intensive agriculture (LG3) on the three fire impacts suggested that inten-
sive agricultural systems, when mediated over the entire country, do not
have a primary role in driving the response variables analysed here. This re-
sult might also be explained by a bias towards a lower presence of wildfires
in areas intensively cultivated (Marques et al., 2011; Moreira and Pe'er,
2018; Kganyago and Shikwambana, 2020).

Marginal, hardly accessible and less developed areas (S2) was an important
predictor of impacts on ecosystem services, although the negative relation-
ship was unexpected (Fig. 4C; Table 2). It's well proven that many ecosys-
tem services are linked to forest cover. However, especially in southern
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Italy, marginal areas are often characterized by transitional land uses to-
wards wooded areas, such as secondary shrublands, as a consequence of
abandonment or forest degradation processes, providing lower levels of
ecosystem services (Gallego Fernández et al., 2004; Acácio et al., 2009;
Quintas-Soriano et al., 2022). Likewise, positive relationships between
high profitability and densely populated areas (S1) and fire impacts were
also surprising (Figs. 4B, 5B, 6B; Table 2). Complex dynamics between
human ignitions, land fragmentation and suppression capacity may regu-
late these relationships. Other studies on fire drivers in Italy highlighted
this complexity, showing how human activities decrease fire spread but in-
crease ignitions (Mancini et al., 2018a; Ferrara et al., 2019; Table S2).

Drivers' interactions tested by both Random Forest (Fig. S7) and GAMM
models (Table S7) revealed that land governance had a stronger mitigation
effect in more flammable landscapes or in environments with a warm and
dry climate, while it appeared to be less effective when favourable weather
conditions for fires are occurring (Finney, 2001; Schmidt et al., 2008;
Espinosa et al., 2019). This might depend on the discrepancy between the
adaptability of land governance models to long term and stable conditions,
which, in some unfavourable cases, might amplify their effects (i.e., where
land governance is more needed, it leads to higher benefits; Finney, 2001),
and the inability to deal with short termmeteorological extremes (Espinosa
et al., 2018). These results highlighted how it is essential to promote land
governance strategies in warm, dry, and flammable landscapes but, at the
same time, how these actions might have limited effects under extreme
fire weather conditions, which are becoming more and more frequent due
to climate change (Fernandes et al., 2016; Moreira et al., 2020).

Our results are consistent with findings from modelling approaches
simulating fire regimes in different land governance scenarios in other
Southern European regions. Pais et al. (2020), Campos et al. (2022) and
Lecina-Diaz et al. (2023), using a border area between Spain and Portugal
as a case study, showed that high nature value farmlands
(i.e., agricultural landscapes of high nature conservation value and domi-
nated by low-intensity farming systems; Lomba et al., 2015; Moreira and
Pe'er, 2018), fire smart management (i.e., vegetation cover mosaic conver-
sions aimed at fostering a more fire resistant and resilient landscape;
Fernandes, 2013) agro-silvo-pastoral sustainable systems and traditional
farming activities can reducefire hazard and support biodiversity conserva-
tion, climate regulation and the provision of other ecosystem services,
while optimizing costs compared to suppression based approaches. Regos
et al. (2016) and Aquilué et al. (2020) tested the positive influence of bio-
mass extraction and natural and semi-natural areas conversion to agricul-
tural land on fire suppression effectiveness in Catalonia (Spain), while Sil
et al. (2019a) proved that a reduction of land management decreases eco-
systems' fire regulation capacity in Portugal.

On the other hand, our findings are also in line with previous empirical
results. Some related to direct fire prevention practices, such as the ones ob-
tained by Ager et al. (2010), Espinosa et al. (2019), and Cansler et al.
(2021), who demonstrated how silvicultural treatments can lower burn
probability and reduce fire severity in different European and North
American regions. Other studies mainly focused on socio-economic aspects
associated with the governance. For instance, Rodrigues and de la Riva
(2014) and Vilar et al. (2016) showed that the presence of protected
areas reduced wildfire occurrence in Spain; while Taylor Jr. (2006),
Moreira and Russo (2007) and Siegel et al. (2022) found that pasture,
through fuel reduction, can have positive effects in terms of wildfire activity
regulation, in different environments.

Our study presented elements of continuity and innovation compared to
the state of the art of research onwildfire drivers in Italy (see Table S2). The
positive relationship between land abandonment and wildfire impacts
found in our study (Figs. 4D, 5D, 6D) strengthen previous findings
(Ferrara et al., 2019; Ascoli et al., 2021). Similarly, some outcomes related
to the fire regulatory capacity of the land governance were anticipated by
Ascoli et al. (2021) and Colonico et al. (2022). Nonetheless, our experimen-
tal design, based onmultivariate modelling and including different types of
predominant drivers (i.e., biophysical and socio-economic), was able to
address potential confounding factors, associated with the significant
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north-south climate, land use flammability, and socio-economic gradient,
that affect fire activity, such as marginalization, rurality, or the use of fire
in agriculture (Ascoli and Bovio, 2010; Mancini et al., 2018b; Sallustio
et al., 2018; Michetti and Pinar, 2019), which have hindered to draw firm
conclusions in past studies (Elia et al., 2022).

4.2. Management implications

Our findings are key for ongoing and future land planning within wild-
fire risk mitigation strategies in Southern Europe, and especially in Italy.
Current wildfire prevention measures are mainly based on fuel reduction
treatments in strategic areas, to support suppression capacity (Fernandes,
2013; Salis et al., 2018). However, fuel reduction programs often do not
reach the necessary landscape scale to effectively mitigate wildfire risk,
and lack of economic sustainability (Sil et al., 2019a, 2019b; Ascoli et al.,
2023). Conversely, landowners and managers in the agro-silvo-pastoral
and nature conservation sectors, by crossing their primary goals, might ob-
tain an economic return (Pulido et al., 2023). This means that activities
from these sectors which, as demonstrated in this study, have a scattered
fire regulatory effect, can be renewed in space and time, representing a
key element in terms of wildfire prevention and strategic fuel management.
Our results emphasised the significance of promoting cross-sectoral policies
at the local level, while integratingwildfire risk prevention and civil protec-
tion goals, especially in European funding strategies for rural development
and nature conservation. Supported by various funding sources from differ-
ent levels, wildfire management actions can achieve greater stability and
continuity, thereby also stimulating, and encouraging private investments
(Ascoli et al., 2023; Lecina-Diaz et al., 2023; Pulido et al., 2023).

4.3. Limitations

Limitations of this study aremostly due to the lack of availability of land
governance data, namely concerning land planning and forest harvesting
aspects. In consequence, we had to rely on several proxies, which limited
our capacity to characterize and quantify the effect of land governance on
fire impacts. For instance, in Italy country-wide databases covering forest
harvesting operations are basically lacking; to overcome this aspect, we
made use of the 3I3D algorithm to obtain a median disturbance value
which may show some limitations. First, agro-forest districts (AFDs) with
a consistent amount of annual burned area may represent a bias for theme-
dian forest disturbance value. Second, very small clear-cuts or low-intensity
thinning areas may have remained undetected, given the 30-m spatial res-
olution of the Landsat imagery. Nevertheless, those low intensity harvested
areas are not expected to significantly alter the relative ranking in total for-
est harvest among AFD (Chirici et al., 2020). Furthermore, 3I3D has been
proven to be more accurate compared to other existing products (Francini
et al., 2022a), and large detection performance was confirmed in several
country-wide studies (Francini et al., 2021; Francini et al., 2022b).

Regarding burn severity, we usedGlobal Forest Change (GFC) dataset as
a proxy of high burn severity areas (associatedwith tree stand replacingfire
events). We verified the reliability of this proxy by finding a high correla-
tion with measures made with Normalized Burn Ratio (NBR) data (Parks
et al., 2018b) and with a European Landsat-based map of forest distur-
bances (Senf and Seidl, 2020). Further details on these comparative analy-
ses and the reasons for choosing GFC are reported in Section 2.2.2 of the
Supplementary materials.

Another limitation concerns the assumption of wildfires having exclu-
sively negative impacts on ecosystem services. Wildfires may have hetero-
geneous impacts on ecosystem services like habitat quality and
pollination potential (Pausas and Keeley, 2019). For instance, the impact
of wildfire on habitat quality might depend on fire severity and vary ac-
cording to the individual relationship between species and their habitat
(Flitcroft et al., 2016; Rockweit et al., 2017; Whitman et al., 2017). Simi-
larly, pollination potential may increase following wildfires when they pro-
mote a more diverse understory vegetation community (Carbone et al.,
2019). Nonetheless, for unplanned fires (i.e., as most wildfires occurred
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in Italy between 2007 and 2017), our assumption is well founded (Sil et al.,
2019b; Roces-Díaz et al., 2021).

5. Conclusions

This study contributes to disentangle the complex relationships among
wildfire drivers by quantifying the role of land governance in regulating
wildfire impacts in Italy. Despite study limitations, mainly related to lack
of harmonized data for the entire study area, results suggested that active
land governance, classified into rural development policies (e.g., Rural De-
velopment Programme funds), forest certifications (e.g., FSC and PEFC) and
biodiversity conservation programs (e.g., Life Program), contributed to
build-up fire resistant and resilient landscapes in Italy along the last few de-
cades. Accordingly, land governance seems to have amoderate but relevant
effect in preventing and mitigating fire impacts on ecosystem services, for-
estfire severity, and thewildland-urban interface. Consequently, increasing
activelymanaged areas appeared to be a viable strategy to decreasewildfire
impacts in fire-prone landscapes.

Our findings support current European strategies under the Green Deal
aimed at integrating agricultural, forestry, rural development, and nature
conservation policies in structural wildfire risk mitigation strategies
(Moreira and Pe'er, 2018; Ascoli et al., 2023; Lecina-Diaz et al., 2023).
We encourage a step forward towards a wildfire governance system
which recognizes the key role of land management in providing civil pro-
tection and ecosystem conservation under climate and land use changes.
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