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In the Mediterranean region, and in other fire-prone areas of the globe, the risk of human
and economic losses due to forest fires has increased in the past decades, particularly
at the urban-wildland interface. To counter this trend, economic and human resources
are generally invested to combat and suppress wildfires, with much less invested to
adapt through ecosystem-based management. Ecosystem services for fire regulation
are rarely accounted for in the literature and are generally excluded from ecosystem
service classifications. This gap causes fire-regulating services to be overlooked in
socio-ecological assessments and in economic valuations, potentially further hampering
the design and implementation of ecosystem-based approaches. We review the literature
on fire risk reduction related to ecosystem management to define and characterize
fire-regulating services and disservices. We then suggest indicators for the assessment of
these services and disservices, and we propose a conceptual framework linking fire risk,
ecosystem services, and ecosystem management practices. In the second part of the
paper, we apply these concepts to the historical development of the social-ecological
system of the Haifa-Mount Carmel region in Israel, including pre- and post-fire forest
management practices. To inform the case study we investigate reports, relevant
scientific articles, and policy documents, all corroborated with information from expert
lectures on the topic. We conclude by suggesting that human capital should become an
integral part of the description and definition of fire-regulating services and disservices,
especially for highly modified urban and peri-urban environments.

Keywords: ecosystem services, wildfires, land use change (LUC), ecosystem-based disaster risk reduction
(Eco-DRR), urban areas

INTRODUCTION

Forest fires have caused extensive damage in Europe and in the U.S. in recent years. In July 2018,
Greece experienced its worst fire since 2007, which caused the death of 126 people in the Attica
region surrounding its capital, Athens (CRED, 2019). More than 3,200 houses were also destroyed
or damaged during this event. In the same summer period, forest fires affected large parts of Sweden
due to unusually warm and dry conditions. In November 2018, in California, the Camp Fire burned
more than 60,700 hectares, killing 85 people and destroying more than 18,800 structures (WERT,
2018). These catastrophic fires also led to smoke-related health problems and the degradation
of ecosystems.

In recent decades, diverse human activities have caused the increase in risk of catastrophic forest
fires. Among these, intensive forest fire suppression, starting at the beginning of the twentieth
century, and land abandonment have resulted in widespread homogeneous forest cover with, on
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average, more small trees and much greater fuel loads (Caldararo,
2002; Bowman et al., 2011; Pausas and Fernandez-Munoz, 2012).
These outcome are more intense fires capable of reaching the
forest canopy, causing difficult-to-control crown fires (Agee and
Skinner, 2005).

Climate change, causing higher winter and summer
temperatures, further increases fire risk (Westerling et al,
2006). Increased impacts from wildfires have also been associated
with the expansion of the wildland-urban interface (WUI)
(Radeloft et al., 2005; Cohen, 2008). Although the total area
burned seems to have been decreasing in the Mediterranean area
between 1985 and 2011 (Turco et al., 2016), forest fires at the
WUI are instead rising. Large fires tend to occur more frequently
in proximity to the WUT in many European countries and in the
U.S., as more people settle in these areas, increasing exposure to
wildfires and leading to higher chances of fire ignition (Blanchard
and Ryan, 2007; Mell et al., 2010; Modugno et al., 2016). As such,
improved management of peri-urban forests is required (IPCC,
2012; Vila-Cabrera et al., 2018).

Traditionally, in the aftermath of a fire event, resources are
channeled toward responding to fire damage through repair
and restoration, or to increasing resources for firefighting
and preparedness. In contrast, ecosystem-based approaches for
reducing fire risk, which are characterized by the sustainable
management and restoration of ecosystems to reduce disaster
risk, have too often been overlooked. The case is similar for
flood risk. This has been traditionally tackled through hard
infrastructure and engineering approaches (e.g., building dikes
or levees), but these can paradoxically lead to increased risk
from catastrophic events in the long term due to the false
sense of security they generate (Mitchell, 2003). In contrast,
ecosystem-based approaches intervene directly in the structure
and functioning of ecosystems, enhancing regulating services
related to risk and providing long term solutions to avoid
catastrophic events.

A way to design and promote ecosystem-based approaches
is through the characterization, assessment and valuation
of ecosystem services. However, fire-regulating services (and
disservices) are rarely mentioned in the ecosystem service
literature and are omitted from most ecosystem services
classifications (Sil et al., 2019). This oversight hinders the
accounting of the regulating functions of ecosystems that reduce
fire risk, potentially limiting the development of ecosystem-based
approaches (Modugno et al., 2016). One possible reason for this
gap is the confusion that arises when trying to conceptualize
ecosystem characteristics contributing to fire risk. Ecosystem
elements represent, in this case, both the hazard potential and
the services moderating the hazard (Haines-Young and Potschin,
2018). Biomass and vegetation types both determine fire risk, but
they can also determine (limiting or increasing) the intensity,
timing and duration of the fire event. Another reason may be that
fire-regulating services, in order to be effective, generally require
human intervention or management. While other regulating
services can be more easily identified as products of the
functioning of unmanaged ecosystems, requiring low degrees
of human input (e.g., water regulation in forest watersheds
or water purification in wetlands), fire-regulating services, we

suggest, require a broader definition of ecosystem services that
explicitly incorporates human activities as a necessary element of
their production. This is even truer as we approach urbanized
systems. Here, hybrid (mixed ecological and technological)
approaches are often required to supply adequate amounts
of services (Depietri and McPhearson, 2017). Likewise, fire-
regulating disservices, which increase the risk of catastrophic
fires, are also often the result of unsustainable human activities
or, conversely, of land abandonment (Lyytimaki et al., 2008).

In this paper, we define and characterize fire-regulating
services and disservices. In the next section of the introduction,
we review how the available ecosystem services literature relates
to fire risk (section Fire Regulation in the Ecosystem Services
Literature). In section Methods, we describe the methodology
and the Haifa-Carmel case study, which we use to apply the
framework developed in section Defining and Assessing Fire-
Regulating Services and Disservices. In section Characteristics
of the Ecosystem and Management Strategies Affecting Fire-
Regulating Services to section Characteristics of Ecosystems
and Mismanagement Leading to Fire-Regulating Disservices,
we characterize fire-regulating services and disservices through
a review of the literature on ecosystem management for fire
risk reduction. In section Assessing Fire-Regulating Services
and Disservices, we present methods to assess and value fire-
regulating services and disservices and in section Conceptual
Framework, we suggest a theoretical framework. In section
An Application to the Haifa-Carmel Case Study, we analyze
the case of forest fires in the Haifa-Carmel region (Israel),
detailing how fire risk and the social-ecological system co-
evolved in the area over the past 200 years leading to different
configurations of fire-regulating services and disservices. In
sections Discussion and Conclusions we discuss results and
provide conclusions.

Fire Regulation in the Ecosystem

Services Literature

Most of the research concerning both ecosystem services and fire
risk focuses on the loss of services caused by forest fires (Hurteau
et al,, 2014; Lee et al., 2015; Thom and Seidl, 2016; Harper et al.,
2018). Forest fires, in fact, alter water quality and carbon cycling,
and can lead to changes in vegetation types and structures, at
least temporarily and particularly in non-fire prone ecosystems
which are more susceptible to impacts (Vaz et al., 2017; Harper
et al., 2018). On the other hand, ecosystem services are provided
by localized or intentionally set fires, and can include increased
agricultural land, hunting opportunities, fodder and pasture, pest
management, charcoal, cultural services, and nutrient recycling
(Schmerbeck et al., 2015). Forest fires also regulate the density
and composition of young trees, create and shape terrestrial
and aquatic wildlife habitats, co-determine the spatial pattern
of landscapes, and influence water and sediment delivery across
watersheds (Noss et al., 2006). Pausas and Keeley (2019) provide
a comprehensive list of ecosystem services provided by wildfires,
including carbon balance, the reduction of catastrophic fires,
decreased evapotranspiration (which increases water storage
important in case of droughts), and specific cultural services,
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such as ecotourism in open ecosystems, recreational hunting, and
information about ancestral fire management techniques.

While the ecosystem services framework has become a
popular approach for studying human-nature relationships (Lele
et al., 2013), most of the available classifications do not include
fire regulation amongst the list of services (see for instance
de Groot et al., 2002; Millenium Ecosystem Assessment, 2005;
Wallace, 2007, 2008; Costanza, 2008; Fisher and Turner, 2008;
Burkhard and Maes, 2017). Even when the category “moderating
extreme events” is included, the case of forest fires is generally
not acknowledged. An exception is the most recent version of
the Common International Classification of Ecosystem Services
(CICES) (v. 5.1).

CICES v. 5.1 covers situations in which the ecological
structure of ecosystems (such as a grassland corridor or a
wetland area) prevents or mitigates the risk of fire spreading
between forest stands (Haines-Young and Potschin, 2018). It
defines fire-regulating services as those leading to “the reduction
in the incidence, intensity or speed of spread of fire by
virtue of the presence of plants and animals that mitigates or
prevents potential damage to human use of the environment or
human health and safety.” The additional definition provided
by CICES expresses “the capacity of ecosystems to reduce
the frequency, spread or magnitudes of fires (e.g., wetland
area between forests, or fire belt in woodland containing
species of low combustibility)” (https://cices.eu/content/uploads/
sites/8/2018/03/Finalized-V5.1_18032018.xlIsx; retrieved on 21st
January 2019). According to Haines-Young and Potschin (2018),
this new category was introduced to make the classification
more comprehensive.

Following the definition given by CICES v. 5.1, Campagne and
Roche (2018) include fire regulation in their list of ecosystem
services. However, they insert them in the accounting matrix
they propose in terms of fire-regulating disservices. Based on
expert judgement, the authors assigned different values to land
cover types according to their relative contribution to accrued fire
risk. In the matrix, the values assigned to the land cover types
capacities to lead to fire-regulating disservices increase across
the land-use gradient from rocky-habitat (with the least fire-
disservice potential) to dense coniferous forest (with the highest
fire-disservice potential). Recently Sil et al. (2019) elaborate
further on the concept of fire-regulating services.

We suggest that, while these definitions provide much needed
attention and detail for dealing with fire-regulating services
and disservice, they are incomplete as they are based on
the partial definition of ecosystem services. Specifically, they
lack consideration of the human role in the co-production
of ecosystem services. When defining ecosystem services, the
research community generally refers to those benefits that are
provided by “nature” or by “natural ecosystems” (Daily, 1997;
Boyd and Banzhaf, 2007; Fisher et al., 2009). The most common
definitions treat ecosystem services as ecological phenomena and
human beings as mere beneficiaries of these functions (Depietri
et al., 2016). In the “cascade model” of de Groot et al. (2010),
services seem to flow effortlessly from ecosystems to beneficiaries,
as free gifts of nature (Spangenberg et al., 2014). Some researchers
have instead suggested that ecosystem services are in most

cases socially co-produced (Palomo et al.,, 2016), particularly
in human-dominated environments such as urban and peri-
urban areas (Ernstson, 2013; Depietri et al., 2016; Brockerhoff
et al., 2017). This means that ecosystem services are often the
subjective products of the interaction between humans and their
environment, and they are extensively affected by human activity
and human alteration of the landscape (Foley et al., 2005). Skills,
management regimes, and technology are often involved in the
production of ecosystem services (Reyers et al., 2013; Diaz et al,,
2015; Outeiro et al., 2017).

Palomo et al. (2016) detail how most services, and disservices,
are co-produced by a mixture of natural capital (e.g., natural
resources and amenities) and various other forms of capital,
including built capital (e.g., buildings, infrastructures and
machines), cultural capital (e.g., knowledge, beliefs systems,
traditions and language), social capital (e.g., skills, abilities,
health), institutional capital (e.g., relationships, laws, institutions
and organizations, formal networks), political capital (e.g., access
to power, connection to resources and power brokers), and
financial capital (e.g., monetary wealth). This may be self-
evident when considering cultural and provisioning services.
Most of the work on co-production of ecosystem services has
in fact looked at provisioning services (Outeiro et al.,, 2017).
Cultural services also have strong social factors involved in
their production, such as recreational infrastructure, clearing
of paths, buildings for cultural activities and management
of sacred sites (Orenstein et al, 2012; Reyers et al,, 2013).
Regulating services, in contrast, are generally treated as though
they are entirely produced by the functioning of undisturbed
systems, and their provision is diminished with increasing
human intervention (Braat and de Groot, 2012). We suggest,
that in highly modified environments, such as urban and peri-
urban areas, referred by some authors as social-ecological-
technological systems (SETS) (Grimm et al., 2016; McPhearson
et al., 2016; Depietri and McPhearson, 2017; Keeler et al., 2019),
regulating services too are co-produced by human activities.
This recognition allows us to provide a more comprehensive
definition of fire-regulating services and disservices, as detailed
in the following sections.

METHODS
Methodology

We review the academic literature in the domain of fire
risk management and fire risk reduction, particularly that
with ecological relevance. We used this literature to define
fire-regulating service and disservices and to identify the
characteristics of ecosystems that lead to reduced fire intensity
and benefits in terms of avoidance of catastrophic fires,
and vice versa. We also review the literature on trade-
offs between fire-regulating services and other ecosystem
services categories.

To develop the case study, we reviewed policy and planning
documents describing changes in land use and fire occurrence,
including pre- and post-fire management recommendations
and practices related to the Haifa-Mt. Carmel region in
Israel. We then integrate information derived from expert
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lectures regarding fire management in the area, including those
from focused lecture series about fire ecology, management
and policy held in the immediate aftermath of large-scale
fires that occurred in the region in 2010 and 2016 (the
latter given in the context of a University course on fire
management in urban and peri-urban areas, with additional
lectures from an academic symposium on the subject held
at the University of Haifa on the 7th of March 2018). The
aim of this part of the study is to apply the conceptual
framework developed in section Defining and Assessing Fire-
Regulating Services and Disservices by characterizing different
configurations of fire-regulating services and disservices in the
region in response to changes in land use and to suggest
a potential ecosystem-based approach to address fire risk in
the area.

The Haifa-Carmel Case Study

We focus on the Haifa-Mt. Carmel region, a peri-urban, fire-
prone Mediterranean social-ecological system. Mt. Carmel is
located on the Mediterranean Sea in the North of Israel (32°
48" 43" north, 34° 59" 55” east). The city of Haifa, which
sits on the northwest slopes of the mount, has a population
of about 281,000 inhabitants and it is the third largest city
in Israel. It receives a yearly average rainfall of approximately
400 mm, while the mean annual temperature is 19°C (Brand
et al., 2015). The Carmel National Park, which covers an
area of 10,000 hectares, is characterized by forest cover of
Pinus halepensis—Pistacia palestina-Cistus sp. associations on
south facing slopes and Quercus calliprinos—Pistacia palestina
associations on north facing slopes (Wittenberg and Malkinson,
2009). Similar vegetation extends into the city of Haifa via
a network of undeveloped wadis (dry riverbeds). To note
is that most of the homogeneous Aleppo pine forest in
the area is the result of intense afforestation processes, as
detailed in section Changes in the Landscape of the Carmel-
Haifa Region.

The topography of the region, the vegetation, the climate
and the wind patterns all contribute to high risk of fires
(Naveh and Carmel, 2004). In the past 30 vyears, three
large fires, in 1989, 2010, and 2016, affected the area and
burned, respectively, 600, 5,000, and 2,000 ha. The 2010 fire
affected principally the Carmel National Park and resulted
in 44 fatalities, 250 homes destroyed, close to 20,000 people
evacuated from their homes and over 5 million trees lost
(Tal, 2013; Pereira et al, 2017). The 2016 fire, instead,
developed almost exclusively in the urban environment,
spreading throughout the city via the vegetated, dry riverbeds.
It destroyed 527 apartments in 77 buildings and left 1,600
people homeless.

The case study is particularly well-suited for the identification
of fire-regulating services and disservices of the coupled
social-ecological system. The Haifa-Mt. Carmel region
has undergone intensive transformations over time and
it provides examples of a variety of fire regimes and
configurations of the social-ecological system that developed
in different periods due to changes in land use and forest
management strategies.

DEFINING AND ASSESSING
FIRE-REGULATING SERVICES AND
DISSERVICES

Characteristics of the Ecosystem and
Management Strategies Affecting

Fire-Regulating Services

We define fire-regulating services as the benefits provided by
ecosystems in terms of reduction of fire intensity, magnitude,
spread, and avoidance of catastrophic fires and associated
damages for human beings and the environment. We are
thus interested in those ecosystem features that lead to small
but recurrent fires which do not represent a threat for
the environment and human beings. Conversely, ecosystems
(particularly due to human interventions in the system) can
introduce fire-regulating disservices and raise the likelihood
of the social-ecological system to experience catastrophic fires.
Ecosystem disservices are defined as “functions of ecosystems
that are perceived as negative for human well-being” (Lyytimaki
and Sipild, 2009) and are often the product of environmental
degradation and the disruption of ecosystems and their
functioning (Balmford and Bond, 2005). In the case of fire
risk, the increase of fire-regulating disservices (those defined as
increased intensity, magnitude and spread of impacts leading
to potential catastrophic fires) can result in increased property
damage, health problems and loss of life, loss of recreation
potential, loss of carbon storage in ecosystems, soil erosion,
and reduced water quality, amongst other undesirable outcomes.
Table 1 provides examples of ecosystem characteristics that
increase fire-regulating functions of the ecosystem, leading to
benefits in terms of low fire risk, and of characteristics of the
ecosystem that increase the risk of catastrophic fires, leading
to ecosystem disservices. In the next section we describe these
characteristics of the ecosystem.

Native, Fire Adapted, Low-Biomass Species

Forest fires are an integral part of the functioning of
Mediterranean ecosystems, such that their structure and function
can be considered fire dependent (Naveh and Carmel, 2004;
Moritz et al., 2014). This means that the vegetative composition
and structure of these systems is adapted to the recurrence of fires
(Pausas et al., 2008). In such ecosystems, plant and animal species
flourish in post-fire conditions, and some may even decline due
to fire exclusion and post-fire logging (Hutto, 1995; Noss et al.,
2006). Native species in fire-prone environments generally have
relatively small amounts of flammable biomass (Naveh, 1975; Tal,
2013), reducing fire risk and providing fire-regulating services.
Some authors have suggested that ecosystem processes, such as
biological decomposition, also reduce potential fuel for wildfires
(Layke, 2009).

Landscape Heterogeneity and Patchiness

Complex landscape mosaics, patchiness and diversity in land uses
are qualities that can reduce the intensity and spread of forest
fires (Spies et al., 2006). For instance, the presence of patches of
broadleaf, deciduous forest, amid evergreen forests, is a means to
achieve more fire-resilient ecosystems and landscapes (Fernandes
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TABLE 1 | Characteristics of the (managed) ecosystem that lead to fire-regulating
services and disservices.

Characteristics of ecosystems
providing fire-regulating services

Characteristics of ecosystems
providing fire-regulating disservices

e Native, fire adapted, low-biomass e Highly flammable, high biomass,

species invasive species
® | andscape heterogeneity and ¢ Homogeneous landscape
patchiness
e | ow forest density e High tree and canopy density and large
amounts of young trees
* Fire breaks and buffers e Continuous forest

et al., 2013). Sustainable and traditional agricultural activities
greatly increase landscape patchiness and reduce fire spread and
intensity (Badia et al., 2002). Grazing is often recommended
for reducing fuel load and increases patchiness in ecosystems
(Perevolotsky and Seligman, 1998; Ruiz-Mirazo and Robles,
2012; Bernués, 2017). According to Loehle (2004), even moderate
degrees of diversification can significantly reduce the occurrence
of catastrophic fires.

Fires themselves can enhance landscape-level patch
heterogeneity (Valké et al, 2014). The occurrence of fires
at regular intervals creates a mosaic of different habitat patches
and reduces the intensity of future fires (Bond and Keeley,
2005; Parks et al.,, 2015). Prescribed or controlled burning is
an effective management strategy of the vegetation that leads
to fire regulation and avoidance of catastrophic fires (Pausas
and Keeley, 2019). Controlled burns, to be effective, should
mimic the local fire regime as much as possible (Noss et al.,
2006). Prescribed burning can also meet other conservation
goals, such as the control of invasive species (Valko et al., 2014).
Note that the benefits of this practice, while offering short-term
protection from potentially large fires, quickly disappear as the
forest recovers and if left unmanaged (Brose and Wade, 2002).
Furthermore, human induced prescribed burning reduces most
fine fuels, but does not always sufficiently reduce coarse and tall
fuels (Shang et al., 2004).

Low Forest Density

The main ecosystem characteristics that regulate fire extent,
intensity, and occurrence are fuel loads and tree density (Reyers
etal., 2015). Grazing limits shrub and herb biomass accumulation
and maintains landscape heterogeneity, helping to reduce fire
risk (Ruiz-Mirazo and Robles, 2012; Bernués, 2017). Heavy
goat grazing of woody vegetation in the Mediterranean area
is one of the most efficient management techniques for fire
prevention and maintenance of habitat diversity (Perevolotsky
and Seligman, 1998). It is generally used both for fuel load
reduction and the maintenance of fire breaks. Advantages over
technological options are that livestock disturb soils less than
mechanical thinning, it has a lower risk of environmental
contamination compared with herbicides, it avoids impairing air
quality (occurring, for instance, through prescribed burning) and
is relatively less expensive (Taylor, 2006). Grazing is also highly
valued by the local population of Mediterranean agroecosystems

(Bernués et al., 2014) and by urban and peri-urban residents (Tal,
2013; Depietri and Orenstein, 2018).

Thinning, through mechanical removal of parts of the
vegetation, is an effective strategy to reduce fire risk while
maintaining ecosystem health (Gonzalez-Olabarria and Pukkala,
2011). It can be done in multiple ways, including: reducing
surface fuels to decrease potential flame length; increasing the
height to live crown, which requires longer flame length to
begin torching; decreasing crown density, which makes tree-
to-tree crown fire less probable, and; clearing vegetation while
maintaining large trees of fire-resistant species, leading to less
mortality for similar fire intensities (Agee and Skinner, 2005).
Low ground thinning seems more effective than crown or
selection thinning (Agee and Skinner, 2005). Pollet and Omi
(2002) found instead that prescribed burns, whole-tree thinning,
and thinning followed by prescribed burns (which removes small
diameter trees) are all beneficial for reducing crown fires. By
reducing forest biomass density, human activities reduce the
associated risk of large fires, or, in other words, reduce the
negative services or impacts associated with abundant flammable
biomass. This situation is better for humans and can also increase
the likelihood that the stand will survive a wildfire.

Fire Breaks and Buffers

Fire breaks and buffers (around buildings) are additional
important strategies for managing ecosystems to lower fire
spread and intensity. The presence of water bodies (i.e., rivers,
lakes, ice, and snow), grassland corridors, gravel beds, areas
with sparse plant growth and other elements of discontinuity
in the ecosystem, such as areas with less flammable broadleaf
forest, generate (“natural”) fire breaks and buffers which block
or slow down the advancement of fires. But while fuel breaks
might be effective in slowing down the spread of a fire, they do
not extinguish it (Loehle, 2004). Another drawback is that the
heavy equipment required in the case of mechanical removal
of the vegetation in human-made fire breaks disturbs the soil,
contributes to erosion and can cost hundreds of dollars per acre
(Taylor, 2006).

Characteristics of Ecosystems and
Mismanagement Leading to

Fire-Regulating Disservices

Particular changes in forest structure may lead to catastrophic
or mega-fires (Stephens et al., 2014), causing damages to people,
buildings, infrastructures and ecosystems. Diverse ecosystem
features and activities, that have been shown to increase the
risk of catastrophic fires, are summarized in Table1l and
include: land abandonment (including the reduction of pastoral
activities driven by rural depopulation); the homogenization of
the landscape; changes in the vegetation composition, such as
through the introduction of highly flammable invasive species;
large-scale afforestation; fire suppression, which leads to high
density of trees; strict ecosystem conservation, which leads
to high canopy density and a large amount of young trees
(MacDonald et al., 2000; Badia et al., 2002; Agee and Skinner,
2005; Pausas et al., 2008; Martinez et al., 2009; Fernandes et al.,
2013; Bernués, 2017; Bond and Keane, 2017). Most of these
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features lead to increased fire risk, high impacts and are a (often
undesired) product of human activities.

Highly Flammable, High Biomass Invasive Species
Non-native invasive trees, especially when located in and around
urban and peri-urban areas, can greatly increase the risk of fires
(Reyers et al., 2015). Exotic tree species, with abundant above-
ground biomass (i.e., fuel) and horizontal or vertical continuity,
can increase fire intensity (Brooks et al., 2004; Nel et al,
2014). Invasive grasses can also lead to greater fire frequency
and intensities, and encourage negative feedback loops which
reduce the recruitment of native species and enhance that of
the invasive ones (Rossiter et al., 2003; Gaertner et al., 2014).
Invasive species can indeed change fire regimes and initiate fire
cycles that are difficult to break (Brooks et al., 2004; Wagner
and Fraterrigo, 2015). In arid ecosystems, the interaction between
fire and invasive species may lead to more frequent and intense
fires that reduce the fertility and productivity of these areas
(Higgins et al., 1997). Invasive weeds, such as wild sage (Lantana
camara), have been documented to increase fire intensity in
dry rainforests (Berry et al., 2011). Invasive fire-prone woody
plants or plants with highly flammable leaves can have similar
effects (Beest et al., 2012; Murray et al., 2013). For instance, pine
trees of different species, often introduced through afforestation
efforts, generally increase fire risk (Richardson and Wilgen,
2004). The construction of fire breaks can themselves, if left
unmanaged, facilitate the spread of such flammable invasive
species (Keeley, 2001).

Homogenous, Continuous Landscapes, and High
Forest Density

Ecosystems that are susceptible to catastrophic fires which bring
significant damage to people, infrastructures and ecosystems (or
fire-regulating disservices) are generally ecosystems in which
landscape diversity and natural disturbances are suppressed.
An increase in fire-regulating disservices is often a direct
or indirect consequence of human activities. While fire-
regulating services are strongest in diverse ecosystems with
moderate disturbance regimes (e.g., recurrent small fires), the
suppression of disturbances generates fire-regulating disservices.
Homogeneous and continuous landscapes with high forest
density, formed due to land abandonment, fire suppression
activities and strict conservation or afforestation, can lead to an
increased risk of catastrophic fires (Azevedo et al., 2011). The
presence of high density and continuous coniferous forests, for
instance, can lead to fires with high intensity and magnitude,
likely to cause significant damages. High canopy density also
leads to crown fires that are difficult to control, often leading to
catastrophic impacts (Mitsopoulos and Dimitrakopoulos, 2007).

Trade-Offs Between Fire-Regulating

Services and Other Ecosystem Services

There are trade-offs between fire-regulating services and other
services provided by ecosystems. According to Fernandes et al.
(2013), no single fire regime is optimal or even beneficial for
all ecosystems. For example, thinning reduces fire risk, but also
reduces climate-regulating services through the reduction of

standing biomass (capable of carbon storage). However, it is also
documented that ecosystems have experienced an increase in the
amount of CO; released due to the policy of fire suppression,
which leads to build-up of fuel. In these conditions, the fire, when
it occurs, is of higher intensity and leads to a higher amount of
biomass burned, releasing more CO, than a typical forest fire
would (Hurteau et al., 2008; Mitchell et al., 2009; Daigneault
et al, 2010). According to Mitchell et al. (2009), balancing
demand for landscape carbon storage with the demand for
reduced wildfire severity might require treatments to be applied
strategically throughout the landscape rather than treating all
stands indiscriminately.

Wildfires interfere with other services, such as soil erosion
regulation, the provision of clean drinking water, and the
preservation of aquatic biodiversity (Fernandes et al, 2013).
Prescribed forest fires might in fact lead to a temporary increase
in soil erosion. Fires leave the soil unprotected and intensify
runoff, which leads to soil losses in the aftermath of a fire
event (Wittenberg and Inbar, 2009). Excessive and heavy grazing,
thinning and the construction of fire breaks can increase runoff
and soil erosion. Ashes and fire from prescribed burning may
temporarily affect water quality (and thus water supply) and
environmental health, leading to a temporary loss of biodiversity.
The aesthetical and recreational value of ecosystems can be also
temporarily affected by prescribed burning.

Assessing Fire-Regulating Services

and Disservices

Tables 2, 3 list possible proxies to assess, in biophysical terms, fire
characteristics of the ecosystem leading to fire-regulating services
and disservices. While these lists are not exhaustive, they provide
a basis for ecosystem assessment about fire-regulating services
and disservices. Prevented or potential damages and losses can
in fact be linked to ecosystem features that determine fire risk.
Specific species compositions, for example, can be associated to
a decrease or to an increase in fire intensity, magnitude and
spread, and thus to potential impacts. These measurements can
thus serve as biophysical proxies for fire-regulating services or
disservices. An example is provided by Sil et al. (2019), who
include the types of forest trees in their simulations of fire
risk. This represents a step to associate ecosystem features and
structures to avoided or potential damages and losses. This
is a fundamental step toward assessing alternative ecosystem
states and their potential for preventing or facilitating ecosystem
damages (i.e., fire-regulating services or disservices).

The formulation of the benefits provided by ecosystems
in terms of fire-regulation opens a door for monetary and
non-monetary valuation of services. Despite the numerous
controversial aspects of ecosystem services valuation (Kosoy
and Corbera, 2010; Gomez-Baggethun and Ruiz-Pérez, 2011;
Kallis et al., 2013), this practice has advantages in terms of
rendering visible to economic accounting the benefits that certain
ecosystem features and management strategies can bring in terms
of reduced fire risk. While being only a layer of the decision-
making process, economic valuation can in fact support and
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TABLE 2 | List of characteristics of ecosystems that provide fire-regulating
services and biophysical proxies to assess them.

Characteristics of the ecosystem Biophysical proxies
providing fire-regulating services

Native, fire adapted, low biomass
species

Type of vegetation and its flammability

Landscape heterogeneity and
patchiness

Patch size distribution, i.e., the number of
patches of individuals of the same species

as a function of their size (Kéfi et al., 2007)
Area (intentionally) burned (ha)
Low forest density Density of the forest (trees per ha)

Fire breaks and buffers Number, distribution and spatial extent of

fire breaks (ha)

TABLE 3 | List of characteristics of ecosystems that produce fire-regulating
disservices and biophysical proxies to assess them.

Characteristics of the ecosystem
providing fire-regulating
disservices

Biophysical proxies

Highly flammable, high biomass,
invasive species

Type of vegetation and its flammability
Homogenization of the landscape Landscape uniformity (ha)

Protected area which excludes human
activities such as herding (ha)

Area in which fire suppression has been
performed (ha)
High tree density and large amounts
of young trees

Forest age (average trees age in years)

Density of forest (trees per ha)

Continuous forest Continuous forest area (ha)

strengthen ecosystem-based approaches to disaster risk reduction
by providing additional justifications for their adoption.

Assessing fire-regulating ecosystem services in economic
terms can be done, for instance, by measuring the avoided
damage cost (de Groot et al., 2002). Fire-regulating services
should be valued at least as much as the cost society would
incur if fire damages were not avoided. Replacement cost or
substitute cost methods are also relevant for estimating values
of fire-regulating services (Farber et al., 2002). The replacement
cost method determines whether property owners have spent
money to protect their property (i.e., through insurance or
by fireproofing the house through, for instance, fire retardant
paints). The method uses these avoidance expenditures to
estimate fire-regulating services. Replacement or substitute cost
methods are used to estimate the costs of providing a substitute
for the degraded or lost services (TEEB, 2012). Overall, these
methods are based on the cost of replacing the services (or on
the cost of providing substitutes for the services) of reduced
risk. Note that all these measurements refer mainly to damages
to infrastructures, buildings, other man-made capital and only
partially to the environment and human beings. Loss of human
life and species is ethically and practically challenging to translate
into economic terms.

Conceptual Framework

Based on the literature reviewed above, we developed the
conceptual framework presented in Figure 1. The framework
illustrates how fire hazard can be mitigated by certain ecosystem
characteristics which can either increase or decrease the intensity
and extent of fires. These ecosystem characteristics are often co-
produced by (intended or unintended) human interactions with
the natural landscape. Resultant fires impact the social system-
more intensely or less—, which then responds (or not) to losses,
thereby determining the supply of fire-regulating services or
disservices. Changes in the social-ecological system also directly
determine chances of fire ignition and fire intensity, thereby
closing the feedback cycle.

AN APPLICATION TO THE HAIFA-CARMEL
CASE STUDY

Changes in the Landscape of the

Carmel-Haifa Region

The landscape of Mt. Carmel has been modified and extensively
and intensively managed since prehistoric times (Naveh and
Carmel, 2004). The historical vegetation composition was
characterized by Quercus calliprinos, Pistacia palestina, Pistacia
lentiscus typicum, Ceratonieto, and Olea europaea (Naveh, 1973;
Danin, 1988). These species are scrub-like in Mediterranean
ecosystems, with relatively low biomass for trees, and are adapted
to fires (Naveh, 1975). Prevalence of these locally adapted species
reduce the risk of catastrophic fires due to their low biomass
and low flammability, leading to benefits to the population and
the environment in terms of reduced extreme fire impacts (fire-
regulating services).

In the past thousand years, the region’s forests were decimated
by wars, overgrazing, harvesting for fuel and by forest fires (Amir
and Rechtman, 2006; Tal, 2016). Only some areas of the Carmel
forest survived the extirpation of most of the region’s forests
during the Ottoman rule, which concluded at the beginning of
the twentieth century (Tal, 2013). During this period the risk
of wildfire diminished greatly, but the environment was largely
overexploited and potentially degraded.

Logging and livestock grazing in the area was stopped only
during the British mandate (1923-1948), as the British
government perceived that the practices were bringing
widespread environmental devastation. After 1948, Israeli
land managers also adopted an anti-grazing bias (Tal, 2013).
This bias was reflected in the legislation preventing livestock
grazing on public lands, including forests and rangelands (i.e.,
“The Black Goat Law” of 1950) (Safriel, 1997; Perevolotsky
and Seligman, 1998). Exclusion of grazing on public land has
been suggested to have contributed to increased fire risk, as it
produced fire-regulating disservices. While goat grazing pressure
was reduced, the density of the remaining woody vegetation
increased (Carmel and Kadmon, 1999), and the forest and shrub
cover became thicker, which made it impenetrable to humans
and highly flammable (Tal, 2013). Although grazing is no longer
opposed by land use agencies, it has not been fully reintroduced
in the area (Pereira et al., 2017).
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FIGURE 1 | Conceptual framework summarizing interactions between the hazard and the social-ecological system. Although social and ecological systems are

Parallel to grazing trends, at the end of the nineteenth
century, entire areas of Mt. Carmel were re-forested by the
German Templers (Kaplan, 2011). This practice was adopted
and maintained by the Keren Kayemeth Lelsrael (KKL or the
Jewish National Fund—JNF), who became the de facto national
forest service following the establishment of Israel in 1948.
Most of the forests on Mt. Carmel and elsewhere are the
result of these historical afforestation efforts (Ne'eman et al.,
1997). More than 50% of the forests in Israel were planted
with coniferous trees, the most common of which was the
Aleppo pine (Pinus halepensis). The choice of this species was
primarily due to the desire to reproduce green and thick forests
reminiscent of European landscapes (Amir and Rechtman,
2006; Kaplan, 2011). It was also thought that pine trees were
particularly well-suited to the local climate, requiring minimal
care (Stemple, 1998).

Pinus halepensis, however, is a very flammable species
characterized by a pronounced ability to regenerate via seeds
after fires (Ne'eman et al., 2004). This quality defines its invasive
nature. Planted forests were also uniform, dense, monocultured
and even-aged, all characteristics which increase the risk of forest
fires (Amir and Rechtman, 2006; Osem et al., 2008). The history
of the afforestation of Israel and the Carmel Forest is thus one of
introduction of highly flammable, largely allochthonous species,
which was driven mainly by a landscape aesthetic inspired from
more mesic ecosystems in Europe (Osem et al., 2008). In this
way, afforestation using coniferous species produced catastrophic
fires (e.g., in 2010) leading to impacts on the population and the
environment (fire-regulating disservices).

More recently, nature preservation practices, which exclude
most human agro-pastoral activities and limit the active
management of the forest, coupled with an expanding tourist
infrastructure, including scenic routes, footpaths and hiking
trails, have further exposed forests in the Haifa-Mt. Carmel
region to the risk of catastrophic fires (Carmel et al., 2009;
Tal, 2013). A strict nature conservation approach, which tends
to exclude human agropastoral activities from forested areas,
including grazing, produces a dense and thick forest and

has caused catastrophic fires (or fire-regulating disservices)
(Pereira et al., 2012).

Fire Risk Management in the Haifa-Carmel

Region Since the 1990s

After the two major Carmel fires in 1989 and 2010, expert
committees were assembled to develop and assess management
options to reduce fire risk in the region. Experts committees,
convened after each fire event, came to similar conclusions
regarding the fire prevention strategies to be adopted. These
mainly concerned the need to dedicate more resources
to ecosystem management in the Carmel area, principally
addressing fuel loads and landscape diversity. When the
expert committee was assembled to provide post-2010 fire
recommendations, it explained that their recommendations
were nearly identical to those offered following the 1989 fire
(Perevolotsky, 2011; Pereira et al., 2017).

Some of the recommendations included in the reports
produced by the post-1989 and 2010 fires commissions of
enquiry were: the elimination of understory vegetation by
prescribed burns and herbicides; pruning of lower branches
to prevent fire from climbing to the crown; development of
fire breaks and buffers along buildings and roads; planting of
less flammable tree species (including oaks, cypress and carob
or groves of fruit trees); the removal of pine trees; forest
thinning; the removal of biomass residue from various fire
management activities, and; constructing roads into the forest
to improve access for firefighters (Safriel, 1997; Perevolotsky,
2011; Tal, 2013). Overall these strategies can be considered as
ecosystem management that would encourage characteristics of
the ecosystem that reduce likelihood of catastrophic fire and thus
provide fire-regulating services.

However, between 1989 and 2010, ecosystem-based fire
management strategies were only partially implemented, despite
nearly unanimous support among experts. The scientific report
prepared in the aftermath of the 2010 fire clearly stated that
the central problem concerning fire risk is the lack of the
implementation of the recommendations, particularly regarding
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the management of forest and shrubland (Perevolotsky, 2011).
The post-fire activities implemented were criticized, primarily
for their lack of consistency with the recommendations. For
instance, management plans did not support the reduction of
the high biomass, high risk Aleppo pine forests. When firebreaks
were developed, they were not adequately maintained by the
Nature and Parks Authority and little was done about thinning
and pruning (Tal, 2013). The 1995 Israeli National Master Plan
for Forests and Afforestation (NOP 22), written after the 1989
Carmel Fire, merely cites the issue of forest fires in a short
paragraph with no mention about the need to improve the
management of the afforested land to prevent forest fires (Kaplan,
2011). To date, a clear ecosystem-based management approach to
fire risk reduction in Israel has not been adopted.

The approach for dealing with forest fires in the Carmel
area, and in Israel in general, continues to focus primarily on
strengthening fire-fighting capacity. A lack of consistent forest
management practices in the Carmel National Park has led to the
proliferation of invasive species of trees, accumulation of organic
matter (potentially leading to increased fire risk or ecosystem
disservices). However, despite the incomplete implementation
of ecosystem approaches, government funding continues to be
dedicated to post-fire research, preparedness and restoration,
particularly following catastrophic fires. By not intervening in the
forest, and by focusing resources primarily on fire suppression,
the catastrophic fire risk on Mt. Carmel area is only perpetuated.

Recently, some progress in this regard is being made. Most of
the newly planted forests in Israel take into account fire risk and
their management is commensurate with the recommendations
given by the post-1989 and post-2010 Carmel fire expert
committees (Tal, 2013). Since the 1990s, afforestation efforts
have tried to combine a variety of forest types associated with
various habitat conditions (Amir and Rechtman, 2006). After the
2010 fire that affected the Carmel, replanting was dominated by
broadleaf and indigenous species and funding was allocated for
developing firebreaks and vegetation thinning (Tal, 2013). But
these interventions remain insufficient and the funds collected
by KKL are dedicated only partly to replanting efforts (due
to the recommendations by experts to leave the forest to
natural regeneration), and have been used instead to enlarge the
firefighting fleet (Tal, 2013).

The case study clearly shows how the ecosystem
characteristics leading to ecosystem services or disservices
in the case of fire regulation are generally co-produced by
human activities.

A companion paper has analyzed trade-offs between fire-
regulating services and cultural services (such as recreation,
educational activities and aesthetic values) in Haifa, Israel,
documenting how these trade-offs may arise in the case study
area. Managing the peri-urban ecosystem to reduce fire risk, on
the one hand, and facilitating the desire to keep the forest as
“natural” or untouched as possible on the other, can interfere and
generate conflicts (Depietri and Orenstein, 2018).

Synthesis of Interactions Between Fire
Risk and the Changing Social-Ecological

System in the Haifa-Carmel Region
We visualize the interactions between land use management,
changes in fire occurrence and fire-regulating services or

disservices in the context of the Haifa -Mt. Carmel area
in Figure2. The figure illustrates the multiple interactions
occurring due to changes in land-uses in the area, different
degrees of human intervention leading to changes in fire-
regulating services and disservices, and changes in the
fire occurrence.

The right side of the figure depicts the extreme situation
when the Haifa-Mt. Carmel region underwent periods of
intensive exploitation and overgrazing (e.g., during the Ottoman
rule). In this period, although human activities and ecosystem
interventions reduced (or even extinguished) the risk of
fire, the same activities produced an undesirable situation of
overexploitation and environment degradation. The extreme
left side of the figure represents the subsequent, extended
period of intensive afforestation (with the creation of dense
and homogeneous Aleppo pine forests) which comprised a
combination of intensive human intervention then coupled
with strict environmental conservation (exclusion of agricultural
activities and grazing from protected areas). This combination
of management decisions increased the fuel load and density,
producing increased fire risk and impacts (i.e., fire-regulating
disservices). The natural environment has not been pristine (or
“natural” with no human interventions) since prehistoric times.
Humans are now a permanent fixture on the landscape, and so
sustainable management through an ecosystem-based approach
must entail a mix of human activities that focus on managing
for ecosystem characteristics that reduce fire risk promoting fire-
regulating services. This represents the desirable situation that
planners, landscape managers and foresters should aim for.

DISCUSSION

We defined fire-regulating services and disservices by extensively
reviewing the literature related to the ecosystem features and
the management strategies that decrease or increase the risk of
catastrophic fires. Defining and assessing fire-regulating services
and disservices by identifying and measuring the links between
ecosystem characteristics and fire risk is an important starting
point for designing effective ecosystem-based approaches for
fire risk reduction. Ecosystem-based approaches are consistently
recommended by expert committees and have been shown to
be effective in reducing risk in multiple contexts (Renaud et al,,
2013). In the context of fire risk, the production of fire-regulating
services needs continuous inputs of human capital, not only to
produce them initially, but also to maintain their provision in the
long term. This means that adequate budgets and consistency in
management are required.

As illustrated by the Haifa-Mt. Carmel case, it is challenging to
concurrently maintain ecosystem integrity, allow diverse human
activities and minimize fire risk. The desirable situation is that
of sustainable management of the ecosystem that enhances fire-
regulating services. This can be achieved through reintroducing
grazing, practicing thinning, developing and maintaining
firebreaks and the planting of low-biomass locally adapted
species. Fire-regulating services can increase with human
intervention, although intervention can also be excessively
intensive, threatening ecosystem integrity (Figure2). In the
case of the Haifa-Mt. Carmel region, the period of intensive
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overgrazing and logging surely lowered the fire risk, but it also
produced an undesirable situation of environmental degradation.
In order to be beneficial overall, fire prevention management
should produce less damage to the ecosystem than a catastrophic
fire itself would cause. At the other extreme, land abandonment,
excessive nature conservation that restricts human activities from
forested areas, and intense afforestation, can lead to biomass
accumulation potentially feeding megafires with catastrophic
impacts, producing fire-regulating disservices.

An important caveat: urban planning is another important
human factor at play in fire risk, particularly at the WUI
where urban sprawl has significantly increased fire risk in
Mediterranean areas (Mell et al., 2010; Modugno et al., 2016).
In areas of sprawl (low-density residential development), the
WUI widens, structures and vegetation are intermingled and the
proximity of new structures to the forest also increases (Badia
etal., 2011). All of these conditions increase exposure to fire risk
while further rendering difficult the work of firefighters (Lampin-
Maillet et al., 2010). Under conditions of urban sprawl, ecosystem
management alone will not be able to adequately compensate for
increased risk in these sensitive areas.

CONCLUSIONS

The lack of definition of fire-regulating services and disservices
represents a major gap in the ecosystem services literature.
This hampers biophysical and economic valuations that might
contribute to the design and implementation of effective
ecosystem-based approaches for fire risk reduction.

We offer our definition of fire-regulating services: those
benefits resulting from specific, co-produced ecosystem features
and ecosystem management, that prevent the social-ecological
system from experiencing impacts from catastrophic fires.

We also define, vice versa, fire-regulating disservices as those
which increase the potential for catastrophic fires affecting
people, buildings, infrastructures and ecosystems, which can
be linked to unfavorable ecosystem features, often produced
by environmental degradation and ecosystem mismanagement.
We then provide a list of biophysical proxies for assessing
ecosystem characteristics linked to fire intensity and spread and
potentially leading to fire-regulating services and disservices. We
also provide a conceptual framework depicting the interactions
between the hazard, the ecosystem and the social system.

To apply these concepts, we analyzed the historical
development of the social-ecological system and the changes in
fire regimes in the Haifa-Mt. Carmel region and we identified
when and how the system provided fire-regulating services or
disservices. We also looked at forest management practices
that should be adopted in the area to reduce fire risk today.
The region went through different development phases that
affected fire regimes and, by analyzing them, we identified
distinct conditions of the social-ecological system that lead to
producing fire-regulating services or disservices. A period of
overexploitation was followed by intensive afforestation and by
managerial neglect, which inadvertently increased the risk of
forest fires by enhancing the characteristics of the ecosystem that
lead to ecosystem disservices. Restoring fire-adapted vegetative
communities, combined with moderate to low-impact human
activities can reduce the risk of incurring in catastrophic fires
and lead to a higher provision of fire-regulating services.

Fire-regulating services in human-modified environments or
social-ecological systems are often co-produced by different types
of capital. From the literature review and from an analysis of
the experience dealing with fires on Mt. Carmel, we conclude
that risk reduction, via improved regulating services, necessitates
active ecosystem management within social-ecological systems.
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