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ABSTRACT

The importance of ecological and socio - economic forest fires shows the relevance of research
techniques and approaches for integrating the planning processes of forest management and fire
management . This PhD aimed to investigate these approaches and contributing to the effectiveness
of strategies for preventing fires both at the stand level or landscape level. In this context, probabilistic
models of fire occurrence and estimated mortality to the main Portuguese forest species (maritime pine
and eucalyptus) in pure composition of regular and irregular structures were developed. These were
later integrated into a management model that optimizes harvests scheduling for each stand in order
to create more fire resistant landscapes. It's being developed a technologic platform to test these
models and their combination with an innovative approach to incorporate fire risk and protective

objectives in forest management planning.
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RESUMO

A importancia dos impactos ecoldgicos e sdcio - econdmicos dos incéndios florestais mostra a
relevancia da investigacdo de técnicas e abordagens para a integracdo de processos de planeamento da
gestéo florestal e da gestdo do fogo. Este doutoramento teve como objectivo a investigacdo dessas
abordagens e a contribuicédo para a eficacia das estratégias de prevencao dos fogos quer ao nivel do
povoamento, quer ao nivel da paisagem. Neste &mbito foram desenvolvidos modelos probabilisticos
de ocorréncia de incéndios e estimativa da mortalidade e danos para as principais espécies florestais
portuguesas (pinheiro bravo e eucalipto) em composi¢do pura em estruturas regulares e irregulares.
Estes foram posteriormente integrados num modelo de gestao que optimiza qual o calendario de corte
de cada povoamento por forma a criacdo de paisagens mais resistentes ao fogo. Encontra-se em
desenvolvimento uma plataforma tecnologia, a fim de testar estes modelos e sua combina¢do numa
abordagem inovadora para a incorporacao de objetivos de risco e protecao no planeamento da gestdo

florestal.
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PREAMBLE

This thesis is composed by several scientific articles. Some of the articles have already been published;
others are being edited; while others are ready for submission. The manuscript encloses detailed
descriptions of models developed to predict risk and mortality, as well their integration into harvesting
models for the landscape level, containing explanations of procedures, decisions and assumptions

made throughout this study.

The motivation and the work conducted for the thesis are explained in the general introduction
(Chapter 1). The articles are integrated as chapters of this document and have a Roman numeral
assigned (Il - V). The thesis is the compilation of the articles and the manuscript included as chapters of

this document;
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Article 1 - Assessing wildfire risk probability in Pinus pinaster Ait.stands in Portugal

Article 2 - Developing post-fire Eucalyptus globulus stand damage and tree mortality models for
enhanced forest planning in Portugal

Article 3 - A three-step approach to post-fire mortality modeling in Maritime pine (Pinus pinaster Ait.)
stands for enhanced forest planning in Portugal

Article 4 - A Stochastic, Cellular Forest Harvesting Model Integrating Wildfire Risk and Dispersion

(work in progress)

Susete Maria Gongalves Marques had the main responsibility for the entire work in articles for which is
the first author. Concerning the article that makes up Chapter IV, as a co-author, the candidate was
responsible for all the data collection and treatment, as well did all the statistical work to obtain the

models presented in this article. Besides that she helped writing and formatting the document. Chapter
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VI, contains the final remarks, summarizing the conclusions of the work and also describing some tasks

that were essential to move forward but that were not included in the articles.

The research reported here is part of the PhD supported by grant SFRH/BD/62847/2009 of the
Portuguese Foundation for Science and Technology (FCT). The work done for this thesis was developed
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framework of Marie Curie International Staff Exchange Scheme. Coordination: Instituto Superior de
Agronomia. Other institutions involved: Swedish University of Agricultural Science, Sweden;

Technical University of Madrid, Spain; Pennsylvania State University and Virginia Polytechnic
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funded by Fundac&o para a Ciéncia e Tecnologia.
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Mainland Portugal extends over approximately 89,000 km2 located between 37°N and 42°N latitude
and between 6°W and 10°W longitude. Forestry is a key element in the Portuguese landscape pattern
and forests and woodlands extend over one-third of the country. Further, shrub lands and extend over
about 32% of the country’s area. Albeit ecological diversity as a result of climatic influences that range
from Mediterranean to Atlantic or continental, over 89% of the forest area is occupied by five species:
eucalypt (Eucalyptus globulus), cork oak (Quercus suber), Maritime pine (Pinus pinaster), holm oak
(Quercus rotundifolia) and umbrella pine (Pinus pinea), occupying 26%, 23%, 23%, 11% and 6%,
respectively (ICNF,2013).

Forest fires severity has increased substantially in the Mediterranean and in Portugal in the last decades
(Alexandrian et al. 2000, Velez 2006, Pereira et al. 2006). In Portugal, burned area reached a total of
about 3.89*10° ha in the period from 1975 to 2007, i.e., equivalent to nearly 40% of the country area
(Marques et al, 2011). Several factors may explain the ignition and spread of forest fires, such as fuel
characteristics (Rothermel 1972, 1983; Albini 1976), climate, ignition sources, and topography (Agee
1993, Barton 1994, Viegas and Viegas 1994, Mermoz et al. 2005, Pereira et al. 2005). Fuel characteristics
are a function of vegetation structure and composition in addition to anthropogenic factors.
Topography, climate, and socioeconomic factors determine the mix available at any given site
(Rothermel 1983, Cardille et al. 2001, Lloret et al. 2002, Badia-Perpinya and Pallares-Barbera 2006,
Sebastian-Lopez et al. 2008). Topography further affects fire behavior, via its direct influence on flame
geometry and, indirectly, through its effect on weather (Rothermel 1983, Kushla and Ripple 1997).
Climate, cover type, and topographical data are frequently used to develop fire risk indices (Pereira et
al. 2005, Carreiras and Pereira 2006). Recent characterizations of forest fires in Portugal underlined the
impact of climate variables, e.g. wind velocity, wind direction, the number of days with extreme fire
hazard weather, on the number and size of fires (Viegas and Viegas 1994, Pereira et al. 2005, Gomes
and Radovanovic 2008). Pereira et al. (2006) further claimed that more than 2/3 of the interannual
variation of the area burned can be explained by changes in weather conditions. Other studies have
analyzed the impact of species composition and of fuel reduction activities on fire intensity and spread

(Fernandes 2001, Fernandes et al. 2005, Fernandes and Rigolot 2007). Wildfires have a substantial
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economic, social, and environmental impact and became a public calamity and an ecological disaster
affecting a considerable area in Portugal (Gomes 2006). Forest managers and policy-makers thus face

the challenge of developing effective fire prevention policies.

Fire risk models (e.g. Cumming 2001, Gonzalez et al. 2006) are key to explain fire occurrence probability
both at the landscape level and according to stand’s characteristics. The term risk has been defined in
several ways in the natural hazard literature. It has been associated with the probability of occurrence
of a natural hazard (Gonzaélez et al., 2006; Jactel et al., 2009). In the context of forest planning, risk has
been defined as the expected loss due to a particular hazard over a given area and reference period

(Gadow, 2000). We will refer to risk as the probability of wildfire propagation if there is an ignition point.

Many authors have studied the impact on wildfire risk of variables that are uncontrollable by forest
managers such as weather variables (Andrews 1986, Velez 1990, Pifiol et al 1998, Preisler et al. 2004,
Preisler and Westeling 2005, Finney 2005, Chuvieco et al. 2009), physiographical variables (Stephens
1998, Schoenberg et al., 2003, Preisler et al. 2004, Finney 2005, Gonzalez et al. 2006, Carreiras and
Pereira 2006, Marques et al,2011) and demographic and development variables (Carreiras and Pereira
2006, Quintanilha and Ho 2006, Chuvieco et al. 2009, Marques et al,2011). In Portugal, former studies
are related with the characterization of wildfire ignition, using topographic and soil characteristics
variables (Vasconcelos et al. 2001, Catry et al. 2009) and wildfire risk (Pereira & Santos 2003, Nunes et
al. 2005, Carreiras &Pereira 2006, Catry et al. 2008, Marques et al. 2011a). However these models are

not forest planning oriented.

Previous research suggests that de wildfire in Portugal is selective concerning different forestry cover
types (Moreira et al. 2001, Nunes et al. 2005, Moreira et al. 2009, Silva et al. 2009). Further, several
studies were developed to assess the wildfire risk with each forest cover type (Nunes et al. 2005,
Godinho-Ferreira et al. 2005, Moreira et al. 2009, Silva et al. 2009). Recently, simple readily available
biometric variables, shrub biomass load and socio-economic information have been used to model fire
risk probability (Marques et al. 2012). Nevertheless, no modeling strategies to assess the impact of

changes in controllable biometric variables on fire occurrence in maritime pine forests are available in
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Portugal. This lack of information is a major obstacle to effective Pinus pinaster forest management
planning in fire-prone regions. Yet no such models have been developed to explain fire occurrence

probability in forest cover types in Portugal.

Fire damage models (e.g. Beverly and Martell 2003) are key to evaluate forest prescriptions and yet,
again, no such models have been developed for forest cover types in this country. With this working
plan when want to fill this lack, and development of fire risk and fire hazard models that may provide
needed information for effective integration of the risk of fire in forest management in Portugal both
at the stand and the landscape levels. Post-fire mortality has been studied using a variety of methods
(e. g. Fowler and Sieg 2004; Sieg et al. 2006). Different methods have been used to model catastrophic
disturbances, either by using fire behavior simulators (e.g. Finney 1998, 2006) or by using fire-damage
descriptors that are based on measurements of tree tissue damage and use two main categories of
readily observable indicators to assess tree mortality: crown damage and bole damage (Ryan 1982; Sieg
et al. 2006; Keyser et al. 2006). However, these approaches require data such as tree tissue damage,
fire intensity or specific meteorological conditions at the time of the fire event that are hard to predict
over long planning periods (e.g. 20-60 years) (Rothermel 1991; Finney 1999; He and Mladenoff 1999;
Gonzalez et al. 2007; Garcia-Gonzalo et al. 2011a). The unavailability of this information constrains the
applicability of both approaches in long-term forest management planning as they cannot effectively
be used for predicting the long-term consequences of management alternatives (Gonzalez et al. 2007).
Many studies demonstrate that variables controllable by the manager (e.g. mean diameter, stand
density) are related with fire damage (Linder et al. 1998; Pollet and Omi 2002; Hély et al. 2003; McHugh
and Kolb 2003). Stand structure is related to fire intensity (Fernandes 2009), fire severity (Fernandes et
al. 2010) and with damage/mortality (Agee and Skinner 2005; Gonzélez et al. 2007; Garcia-Gonzalo et
al. 2011a; Marques et al. 2011b). Furthermore, stand-level prescriptions provide the biological
framework for managing the stands under fire risk conditions (Weaver 1943; Agee and Skinner 2005;
Peterson et al. 2005; Gonzalez et al. 2005a, 2007; Garcia-Gonzalo et al. 2011a; Marques et al. 2011b;
Pasalodos-Tato et al. 2009, 2010).
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Management may thus modify effectively stand conditions to control expected levels of post fire
mortality (Polletand Omi2002; Gonzalez et al. 2007; Fernandes et al. 2010; Garcia-Gonzalo et al 2011b).
For example, studies reveal that stands with lower densities and higher tree diameters may decrease
post fire mortality (Gonzélez et al. 2007; Garcia-Gonzalo et al. 2011a; Marques et al. 2011b). Hence,
post-fire mortality models oriented to forest planning (i.e. using predictor variables controllable by the
manager) are a valuable forest management planning tool. They support effectively the design of
silvicultural strategies (e.g. management alternatives) that may decrease the fire mortality (Gonzéalez-
Olabarria et al. 2008; Pasalodos-Tato et al. 2009, 2010; Garcia-Gonzalo et al. 2011b; Ferreira et al. 2011,
2012). Moreover, they help to reduce the uncertainty by predicting the outcomes of different

management alternatives (Gadow 2000).

Literature shows examples of the development and/or use of post-fire mortality models in forest
planning (Peterson and Ryan 1986; Reinhardt et al. 1997; Reinhardt and Crookston 2003; Gonzalez et
al. 2007; Hyytianinen and Haight 2009). Originally, mortality models were mostly developed to serve as
guidelines for timber salvage following fire, to be used for prescribed fires or to make post-fire
management decisions (Ryan and Reinhardt 1988; Botelho et al. 1996; Reinhardt et al. 1997; Guinto et
al. 1999; Rigolot 2004; Sieg et al. 2006). However, more recently models have been developed to
address long term planning periods (i.e including explanatory variables easily obtainable from forest
inventories without using tree tissue damage or detailed climatic data) to make pre-fire management

decisions (Gonzalez et al. 2007; Marques et al 2011b; Garcia-Gonzalo et al. 2011a).

Most of the post-fire mortality models developed in Portugal have addressed fire effects on pure
maritime pine stands (e.g. Fernandes et al. 2004; Fernandes and Rigolot 2007; Fernandez et al. 2008),
pure eucalypt stands (Curtin 1966; Guinto et al. 1999) and cork oak covers (Catry et al. 2010). Only one
has been developed for uneven-aged stands (Catry et al. 2010). Marques et al (2011b) and Garcia-
Gonzalo et al. (2011a) have recently presented post-fire mortality models developed for pre-fire forest
planning for pure eucalypt and maritime pine stands, respectively. However, no such models have been

developed for stands with different structures and species compositions (e.g. pure, mixed, even and
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even-aged) in Portugal. These models would allow predicting the effect of changes in stand structure
and species compositions on the expected mortality and therefore may be applied in forest

management optimization systems.

The occurrence of stem death in a sample plot over a given period of time is a binomial outcome that
may be modeled by logistic regression (Hosmer and Lemeshow 2000). These methods have been
previously used to predict the probability of a single tree to survive or die due to fire (e.g. McHugh and
Kolb 2003; Rigolot 2004; Kobziar et al. 2006; Sieg et al. 2006; Gonzélez et al. 2007). When modeling tree
mortality it is often the case that researchers find many plots where no post-fire mortality occurred
(Monserud and Sterba 1999). Thus, if the data set for tree mortality modeling includes all plots, as in
the case of traditional methods, the final models will always generate some mortality in all plots due to
the binomial nature of the mortality event (Fridman and Stahl 2001; Alvarez Gonzalez et al. 2004).
Conversely, if only the plots where mortality has occurred are used, the model may overestimate the
mortality rate (Eid and Oyen 2003). For this reason, recent studies have suggested the use of two or
three step modeling methods (Woollons 1998, Fridman and Stahl 2001, Alvarez Gonzalez et al. 2004).
Some authors have previously used the three stage modeling technique in Portugal for pure species

compositions (Marques et al. 2011b; Garcia-Gonzalo et al. 2011a).

This context suggests the need for the development of effective fire prevention policies. It further
places a challenge to forest researchers and managers as they call for methods and tools that may help
integrate forest and fire management planning activities currently carried out mostly independently of
each other. Forest planning is characterized for the long-term nature of their outcomes. With such a
long planning horizons many sources of uncertainty and risk are faced, i.e. regarding growth, market
conditions, occurrence of catastrophic events, and behavior of the managers or preferences of the

decision maker.
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The economics of forest management under risk of disturbances have been analyzed in several studies,
both at the stand level (Martell 1980; Gonzalez et al 2005a) and at the forest level (Lohmander 1987;
Gonzélez et al 2005b).

The development of stand management models with fire risk has involved an adaptation of the
Faustmann framework to address stochastic events (e.g. Martell 1980, Reed 1984, Caulfield 1988,
Englin et al. 2000, Gonzalez et al. 2005a). The optimization of stand management has encompassed
the definition of rotation age, thinning regime and regeneration treatment. Non-linear techniques have
proved to be effective in addressing this problem. Yet there is little experience in developing models
where treatments, namely fuel treatments, affect the level of fire risk. This Ph.D. working plan will
enable expanding research on the use of quantitative techniques to address the risk of fire in stand
management. Namely it will focus on models where fuel treatment scheduling impacts the risk of fire.
In Portugal, there is some experience in developing dynamic programming stand-level management
models for Maritime pine (e.g. Borges and Falcdo 1999). Yet these models to not incorporate the risk of
fire. This project will integrate existing stand and fuel growth and yield models (e.g. Falcdo 1999, Tomé
et al. 1998, Pereira et al. 2006) within a stand management optimization framework. It will further

provide management models for integrating the risk of fire in stands of forest cover types in Portugal.

At a broader spatial scale, a forest serves a multitude of functions across a range of land uses that may
include a populated wildland urban interface. Other fuel treatments such as fuel breaks should be
considered. Further, in addition to fuel treatments, there are other activities such as the spatial layout
of timber harvesting and road construction that affect fire size and intensity and should also be
addressed. The landscape mosaic that results from forest management plans has been used to simulate
and monitor fire behavior (e.g. Viegas et al. 1997, USDA 1999, Finney 2001) within a fire management
framework. The development of decision trees (e.g. Cohan et al. 1983), mathematical programming
models (e.g. Boychuck and Martell 1996) and heuristic methods (e.g. Gonzalez et al. 2005b) has helped
address fire risk considerations in landscape-wide forest management. Yet new approaches are needed

to integrate effectively fire and forest management activities.
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This Ph.D. will enable expanding research on the use of both mathematical programming models and
heuristic methods to formulate and solve the integrated problem of determining fuel treatment,
harvest scheduling, and road construction to optimize various objectives while sustaining effective fire
prevention levels. Specifically, it will build upon state-of-the-art spatial analysis heuristics (e.g. Borges
et al. 2002) and mathematical programming formulations (e.g. Martins et al. 2005) and it will involve
the integration of simulation models for fire occurrence and spread with spatially explicit models for

scheduling fuel treatments, road construction and maintenance and timber harvests.

Forest Management Decision Support System have been proved to be suitable platforms for the
integration of information, models and methods required to solve complex forest management
problems (e.g. Reynolds et al. 2005). Yet forest planning packages exist that do not always integrate
state-of-the-art models and technology and are a source of confusion to forest managers wishing to
apply the new technology (Rose, 1999). This project will enable the enhancement of current Portuguese
technological applications (Borges et al, 2003) by integrating new information and new ecosystem
management models, thus contributing for advanced and user-friendly decision support. Specifically,
it will provide a decision support tool with new capabilities for addressing fire risk both at stand and
landscape levels, for integrating forest and fire management and thus for effective fire prevention

planning.
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Assessing wildfire occurrence probability in Pinus pinaster Ait.
stands in Portugal
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Abstract

Maritime pins (Pinws pdnarter Ait) is an inportant conifer from the wastarn MMediterransan Basin extending over 22%
of the forest area in Pormagal In che Last three decades nearly 4% of Madmme pine area kas been bumed by wildfives. YWet
o wildfire eoonrmence probability models are available and forest and fire mamagement planning activities ate thus carried
out mostly independently of each other. This paper presents research to address this gap. Specifically, it presents & model
to assess wildfire acomrence probability n regular and pare Martime pine stands m Portegal. Emphasis was in developing
a madel bazad on easily available inventory data so that it might be wsafnl to forest managers. For that parpoese, data from
the last two Porzguese Mational Forest Inventories (WEI) and dama from wildfire perimeeters in the years from 1998 o 2004
and from 2006 to 2007 were nsed. A binary logistic regression moedel was iild nsing biomemic data from the WFIL Blometric
data inchuded mdicators that might be changed by operations prescribed in forest planning. Fesalts showed that the prob-
akbility of wildfire ocowmence in & stand increases in stand located at steeper slopes and with kigh shrobs load whils it de-
creases with precipitaton and with stand basal area. These results are instumental for assessing the impact of forest
management options on wildfire probabiliy thus belping forest managers to raduce the msk of wildfires.

Eey words: forest management; risk; fire oconrrence model; Pinws pimastar Alt.

Eesumen
Evaluacion de la probabilidad de ocurrencia de fuegos en rodales de Pings pinaster en Portugal

El articule preseata un modele para evaluar la probabilidad de ocurrencia de incendics en masas regulares ¥ puras
de Pinus pinaster en Portugal. Se desarrolla no modelo basado en datos de inventario facilmente disponibles de tal

formia gue pueds seruns herramibents Wil para los gestores forestales. Los datos procedsn de los dos Inventarios Macionslas
de Portugal (1FI) v de los datos de los paramietros de incendios forestales durants los afos 1903-2004 v da 2006 2 2007,

Se ha utilizado un modslo de rezresion logistica hinarias wtlizando damos biomeétricos del MFL Los datos biomémicos
incluyen indicadores que puedan ser cambios en las operaciones prescritas en los planes forestales. Los resultados
muesiran que la probabilidad de ocurrencia de mcendics en un rodal sumenta en rodales localizados en grandes pen-
dientes ¥ con una carga zlta de matorralss, mientras gque decrece con la precipitacion v con el area basimétrica. Estos
resultados son insmunentos para evaluar el fmpacto de las opciones de gestion forestal en la probabilidad de incendios
ayndando por tanto 3 los gestores & reducir el resgo de incendio.

Palabras clave: gestion forestal, resgo, modele de ocourrencia de incendios, Pinws pimasser Al

Introduction forested landscape configmration and composition. For
example, the relatrve mportance of the manfims pine

In Porfugal, nearly 40% of the country’s territory  area decreasaed from 309 to 22%: of the total forest avea
was burned i the last thee decades (Marques efal.,  m the pened from 1995 to 2008 (DGEE, 2008). In the
2011). These wildfires had a substantial impact mthe  last ten vears wildfires buoned about 26,000 hectares,

* Correzpondme anthar: smarquesidisa wil pt
Baceived: 13-01-11. Acceprad: 27-04-11.
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which 15 around 3.7% of total maritime pine stands
(MIE, 20097, Mantime pine 15 stull the most important
timber producing species m Portugal and 15 mammly
managed as even-aged plantations with a clear-cut
harvest. Forest owners and forest managers need infor-
mation that may help them develop management plans
to onmmize wildfre nsk.

The term risk has been defined in several ways in
the natural hazard liferature. According to the defim-
tions proposed by Hardy (2003), fire rnisk 1= defined
as the chance that a fire mught start m a context char-
acterized by both natural and buman causes (e.z. 1gm-
tions) and fire hazard as the potential five behavior
for a fuel tvpe, regardless of the fusl type’s weather-
mfluenced fuel moisture content. Gonzalez er al
(2006) proposed the term endogenous risk and Jactel
er al. (2004 proposed the term hazard likelibood We
will refer to the terma nisk as the probabality of a stand
to be affected by a wildfire (1.e. probability of oconr-
rance).

Many autheors have studied the mipact on wildfire
1izk of vanables that are wncontrellable by forest man-
agers such as weather vanables (Chinneco er al., 2010,
Drurdo er al , 2010; Fmney, 2005; Pereira ar al_, 2003;
Preizler ef al , 2004, physiographical vanables (Car-
reiras and Perewa, 2006; Fmney, 2005; Gonzalez et al.,
2006; Maroues et al., 2011; Moveira of al, 200%; Pre-
isler er al., 2004) and wildfre 1gnition i Portugal
(Catry er al, 2009; Vasconcelos ef al., 2001). How-
ever these modals are not forest planning onented. Yot
the effectiveness of forest management depends on the
availability of information about the mipact on wildfire
ocowrence of biometric variables that are controllable
by forest managers.

The forest cover type, the presence of mlti-layersd
or voung stands and the fiusl load have a substantial
mpact on the probability of wildfive ocoumrence (Cas-
tro af al., 2003; Ceceato ef al., 2002; Cumsmmng, 2001;
Bead, 1994; Velez, 1990). Meodification of any of these
fuel strata by silvicultural cperations will thus have
mplications on wildfire ocomrence (Jactel ef al | 2009,
Paterson er al, 2005). Thas i order to address wildfire
rizk, forest managers nesd mfoomation about the mipact
of “controllable™ vanablas such as stand density, spe-
cles composition, fuel availability at suface level (1e.
shibs) and vertical shuchoe of the stand oo the prob-
ability of fire ocoumrence (Cumming, 2001 ; Finney,
200%). In this framework, Gonzalez er al. (2006) de-
veloped a fire probability model for forest stands
Cataloma with iometnie vanables that mayv be readily

available i order to meluds them mn forest plannng
opimization to miminuze risk (Gonzalez-Olabarna
et al, 2008). In Portugal such models are not vet avail-
able and would help reverse cumrent frends of martime
pine forestry.

The successful management of martime pine In
five-prone regions 15 thus a challenging task that calls
for the mtegration of wildfire risk in forest manage-
ment planmng. This research addresses this integra-
fion need by developing a management-orientad
modsl (1.e. using easily measurable biomstric vana-
bles) that may be able to predict the effects of man-
agement options (e g silvicultwz] treatments) on the
probabulity of wildfire ocowrrence 1n pure and even-
aged manfime pine stands,

Materials and methods

Materials

The assessment of wildfire sk probability 1n pine
stands was based on historical five mnformation from
1998 to 2004 and 2006 to 2007, The fire data consisted
of all perimeters of wildfires larger than 5 hectares,
obtained by semm-automated classification of high-
resolution remots sensing data (1.e., Land=at hult:-
Spectral Scanner (M55), Landsat Thematic Mapper
(TM}, and Landsat Enhanced ThI=), that ccomred 1n
the two periods. In total 9,260 and 2,313 foe perometers
were 1denfifisad in the first and in the second pered,
respectively. These wildfires burmed over 150,000 ha.

The offictal wildfre database from the Portuguese
Forest Service (AFN) that stores the startmg coord:-
nates (1gmtion) of wildfres was fimther used. For each
vear, a buffer around each 1gmtion point was created
with the mminmm size nesded to cover all bumed plots
m that year (Fig.1).

Biometric and environmental data considered for
further analysis was acquired m 233 amd 300 pure and
even-aged maritime pine plots out of the 2,336 and
12,000 plots measwred in the National Forest Invento-
nes (MNFT) cammed out in the periods from 1995 to 1998
and 2005 to 2008, respectively. These plots were 1den-
tified by overlappmz IMF] maps and waldhre perimaters.
The status (bwned umbwmed) of each plot and the fire
event were also recorded.

Chur research extended the approach of Gonzalez
ef al. (2008) in order to obtain an ameal probability
of wildfire. For that pipose an estimate of the bio-
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Figure 1. The map displays the fire perimeters occumed m Poc-
mgal durning two perieds: 1997-2004 and 20052007 and plots
of pure / evep-aged Maritims pioe plets (2], a part of the data
acquisition pational forest inventory (NET) plots used in the study
(b}, elimination of unburned plots due to the large dishoce o
ignition podnts ().

L

Bl mmnm

mefric variables of each plot in each vear in the pe-
riod rangmg from the mventory date to erther the fire
event date or the date of the mext mmventory was

needed (Table 1}, Thus, the stand-level growth and
vield model, DUNAS (Falede, 1997) was used to
project Mantime pme growth and to estimate biomet-
ric vanables in each plot. For medeling purposes a
categorical vanable was created for each observation
and vear with the value of O (fire did not ocow) or 1
(fire did oceur), (Tabla 1), If the stand bwmed 2 di-
chotomons variable (1) was assigned and the projec-
tion was stopped. If the stand did not bum, a value 0
was assigned and a projection dene for the next year.
A5 a consequence of the growth projections over fime,
one plot from the W] resulted n several ohservations.
The year 2005 was not included because we consid-
erad that projectmg the forest growth over more than
& vears mught lead to errors due to forest cover chang-
es (e.z. harvests).

The maps with the buffars were overlaid with the
maps with the Mantime pme observations (1.e. NFI
plots estimated over time) (Fig. 1), Only observations
within the 1zmition buffers were taken info account for
modeling pupeoses. This methedelogy allowed us to
eliminate observations that were not affected by a
wildfire bacause there was no 1gmtion pomt arcamd. In
total, 1945 cbservations estimated from the 733 NFI
plots were used to fit the modsl, &6 of which were
buwned plots (Table 2.

Wildfire cccurrence depends on finther environ-
mental variables (Catry ef al., 2008, 2009; Marques
ef al., 2011; Wittenbarg and Malkinsen, 200%). The
altitude of each plot was obtained from the country’s
Dhgital Terram Bodel (OTR). The weather informa-
flon was based on the same data from Tome ef al

Table 1. Characterization of mventory plots o each year of the smdy perod The DUMAS growik and vield model (Falcio,
1997 was used fo project all state variables in each 1998 WFI plot. If the stand bumed a dichotoreons varables (1) was assigned
and the projection was stopped. If the stand did not o, 2 value 0 was assizned and a projection done for the neogt year. Projec-
tions stopped m year 2004 a5 apother inventory was available for year 2005

Inventary 1908 Projection 19849

Projection 2004

Number of
Inventary .
: Obzervations
plot ID ) State State State State
Varisbles  COM pirbler U0 giiibles  SOPE yorihles SO0 perplot
1 X 0 X 1 - - 2
2 X 0 X a X 1 7
3 X 0 X a X 1 7
4 X 0 X a X 0 7
] X 1 X - - - 1
] X 0 X 0 X 0 7
7 X 0 X 0 X 0 7
233 X [) X 1 X - 2

... mdicates missing rows and columns —: Indicates no projection done for that year
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Az a first step, an amalysis of the relationship of
each individual independent variable with response
wvanables was performed for a preliminary assezsment
of the relatre importance of each variable on wildfire
poomrence probability mn marttime pine stands. The
final multrvanate meodel 15 obtained using stepwize
regression on the training set combined with an
understanding of the process of wildfire nisk proba-
bility. Thus, the final model bmlding considerad
ecological consistency, management relevance and
1ts statistical significance (1.e. 0.05 sizgmficance
lewal).

The different medsls were compared wsing the
Akaike Information Criterion (AIC) (Burnham and
Andarson, 2003; Silva er al., 20090, and the one with
lowest AIC considered the more parsimomions. MModel
performance was assessed through the likehood-ratic
statistic (full model ¥*) and by caleulating the area
under the Eeceiver Operating Characteristies (00
curve (Hosmer and Lameshow, 2000; Shapiro, 1999
For the mmltivanate model, Wald statistic test was
also computed, for each selected variable. Thus the
wildfire rizk ccourrence modsl in maritime pine
stands was develeped using a procedure that esti-
mates the parameters of the logistic eguation with
maximum hkelihood methods wsing PEROC Logistic
procedure of SAS 92 (SAS Institute, Cary, WC). Col-
Linearity was assessed by adding new variables to the
madel and observing the effect on the slope coeffi-
cients and the estimated standard emvors (Hosmer and
Lameshow, 2000).

The logistic modal pradicts a probability of an oe-
currence ranging continweusly between 0 and 1. For
certain applications a dichotomous variabla iz nead-
ed (e.z. burned or not burned) and a cut-point must
be defined and compared to each estimated probakbal-
ity (Hosmer and Lemeshow, 2000). Different salec-
tion eriteria have been proposed by some authors as
Eyan and Eemhardt (1938}, Heosmer and Lemeszhonar
(20007, Monzsrud and Sterba {1999) and Meter and
Maymes (19700, If the uss of the mods] 15 to caleulats
the probakality of wildfire sccwrence a cut-point 15
not needed. However, we caleulated a cut-point as an
mdicative value for cther studies. This value was
calculated using the Hosmer and Lemeshow method
that consists in finding the value where the sensitiv-
ity curve and the specificity curve intersect. Classi-
fication classification rates (CCR) associated with
different criteria to dafine cut-points also help selact
the best cut-point valoe.

Results
Fire probability model

The logistic model selacted to predict wildfire oc-

ClITenCE 15

] +[Fa.3]

1+ g2 ¢ D e+ DS o i - BEIE ¢ P - LS

Where Slp 1= slope (dagress), SBiony 1= the total bio-
mass of shrubs (Mz ha—1), Prec 15 the mumber of days
with pracipatation kogher than | mom (315 the stand basal
area (m’ ha™) and dz 15 the quadratic mean diameter of
the stand (cm). The predictor &'dg 1= non-linearly ra-
lated to the mmmber of trees per hectare (m*ha cma '),
it provndes mformation about density and tres sizes.

All cosfficients mn Eq, 3 were sigmficant, at least at
the 0.05% level as judzed by the Wald 32 statistic
(Hosmer and Lemeshow, 2000}, The mods] predicted
the nght outcome (fre oconmrence) 1 the case of 56.3%
of the obzervations. The adequacy of the modal was
finther aszessad by the analysis of the RO curve from
the logstic modal (area under the BT curve of 0677,
Hosmer and Lemeshow goodness-of-fif test statistics
were calculated and exammming the partition m thas test
we can sea that few modals had low expected frequen-
cies, thus suggesting that the p-values are accurate
enough to support the hvpothesis that the model fits.
The asseszment showed no collmeanty ameong vanables
meluded in the medel.

Accordmg to the equation 3 the model indicates that
higher incraase of slope and shrbs biomass mereases
the probability of a Marttims Pine stand to be bumed.
(Um the contiary the increase of precipitation and G/'dg
m a stand will decrease this probability (Fig. 2).

The odds ratic was further wsed fo help inferpret
rasults, which 15 a more inhuitive and easily wnderstood
way to capture the relationship befween the independ-
ent and dependent vanables. (Hosmer and Lemeshow,
2000; Eleinbaum, 1994 The odds ratio can be inter-
preted as the change in the odds for any merease of one
umet in the parameter anzlvzed. However, the change
in odds for some ameount other than one wmit 15 often
of greater interest. Exponentiation of the parametar
estimata(s) for the imdependent variable{s) m the modsl
by the number ¢ yields the odds ratio, where ¢ 15 the
increase in the comresponding independent vanable.

From the analyses conducted it can be interprated
that an increaze of 5 degrees m slope, would merease
tha probability of a stand to be bumed 1 1.107 times.

Phumm =
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Figure X. Effect of shrubs blomass and &/'de on the proportion
of fire eocwrence profbability in stand with 83 days of precipita-
fion per year.

The chance of a stand to bum also mereases n 1062 tmes
if the total biomass of shoubs mcreases ons Mz per ha—1.
O other hand, a increase 1f 1 one day of precipita-
tion hagher than 0,0] mm in a mantmes pine stand,
would decrease this probability m 0,985 fimes, but
a increase n 5 days would decrease the nisk to be
buwrned m 09263 times. The cdds for different com-
bination of variables wera checked for the predictor
(7/dg, bemg the effect of vanation both variables (1. &
and dg) analyzed. An increase 1 B cm of dg om a
stand with 20 w' ha™ of & decreases 0.2313 times
the fire hazard probability whereas an increase in
20 cm of dz for the same stand decreazes fire prob-
ability 1 0.3568 times. The effect of increasing &
in 10 m*ha"' on a stand with a dg of 30 cm, would
decreasze the fire probability 0.8227 times, but an
merease of 23 m*ha™ would decrease this probabulity
0.6139 times.

Bacausa for some application thers nught be the
need to fransform the ammual probakbility in a dichoto-
mous variable (e bums or does not bum), a cut-pomt
was caleulated (0.035). Using thas value led fo a CCE
of 62.3% and the percentaze of stands classified as
having mortality was 31%. According to the chosen
cut-point, the fequency table was calculated and from
the analysiz, this model predicts well 62.2% of the
buned plots, and 37 8% of the unburned plots.

Application example

To evaluate the effects of potential managsmeant ac-
tions, the model was used to compute the probability
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Figure 3. Effecis of thioping apd shmib cleanings oo the prob-
ability of wildfire accorrence depending on a fypical maritime
pine stand kocated in ceatral Portogal and assuming comstant
probability of iznition.

of wildfire occwrence m one stand located 1o central
Portugal with an elevation of 235 o, slope of 35°, with
25 days of precipitation per vear and assumng constant
probability of 1gnition. A fypical mantme pine stand
m Portugal development starts with 2000 frees per ha
and typically four thinmng are performed. Each thin-
ning 15 accompanied by a shrub cleamng. Thinmings
with removal of shiubs decrease fire probability. The
one-vaar fire probability ranged from 0% to 5% in a
pure even-agad maritime pme stand (Fig. 3.

Discnssion and conclusions

Some studies have addreszad the characterization of
wildfires in Pormagal (Carmretras er al., 2008; MMarques
ef al, 2011; MNunes er al_, 2005; Pereira and Santos
2003) focusmng on varables that are either umeontral-
lable by forest managers (e.g. chimate, topography) or
that may mestly suppeort strategic decision-making (2 g
to support strategie zonmg and regeneration decisions).
et forest management reguires fnther mnformation.
MWamely, wildfire nisk models are nesded that may help
foresters desigm prescriptions to decrease the probabil-
ity of wildfire ccomrrence.

Cror stody addressed Porfuguess conditions and the
nead to nclude biometric variables that are readily
available to forest managers to develop wildfive ocour-
rence models. Logistic repression was used to develop
the wildfire ccowrrence modsl] for pure and even-aged
Marifime pine stands 1n Pertugal. Confranly fo
Conzalez at al. (2006) 1t was not assumed that ionsas-
ric variables did not change in the period extending
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from the iventory date to the wildfire comurence date.
This study firther extendad former stodies by pioneesr-
mg the miroduction of shmb bomass in a wildfire
pecurrence model and by wsing 1gnitions points.

Previous stadies used logistic methods to predict
wind and snow damage probability as a2 fimetion of
stand vanables (Jalkanen and Mattila, 2000; Lohom-
ander and Helles, 1987} and alse to predict five izmtion
probabilities (Catry er al., 2009, Vanconcelos et al.,
2001, showing to be an appropriate techmique to modsl
events which ccomrence 1= a binomial outeome (Silva
eral , 2009 Monsemd and Sterba, 1999).

A data set encompassmg even aged mantime pine
plots located in &1 wildfire penimetsrs was used to
develop and test 4,109 modsals so that all relevant com-
bmations of explanatory vaniables nught be addressed.
The mede] selection process preferred modals with
good ecological behavior over modals wath purely zood
statistical fit. The model selected showed good sco-
lozical behavior and good goodness-of-ft. All ifs ax-
planatory vanables were statistically significant and
have a relationzhip with vanables normally used to
explain potential fire behavior. Validation of the mod-
els was done through studies of the performance of the
finctions. No specific validation data sets were set-
aside and later used for that purpese. This was for fwo
main reasons. First, the relatrvely small number of
observations in the datasst. Second, the best possible
parameter astimates were of sreater mitersst. There are
advantages and disadvantages of splitting the data sat
for model validation parposes as disoussed by Kozak
and Kozak (2003). They concluded that cross validation
by data sphitting and doukls cross validation may pro-
vide little information in the process of evaluating
regression modals,

Char results showr that annual probability of wildfire
poourrence incraases with the shrub biomass load.
MMantime pme 15 a normally planted for fimber in pare
stands. The lack of management of these areas, re-
lated to socio-economic constramts, may be the ongin
of these results. Some studies show that the fire oc-
currence probability and seventy will increase as the
shrub layer become more conspicuous, substantially

diver and more flammable dus to gher temperaturas
[(Castro ef al., 2003; Femandes er al., 2010; Schoodt
et al., 2002).

Wildfire ocomrence 15 also impactsd by quadratic
mean diameter and mimber of treas. The probability of
wildfire occurrence decreases with bazal area. The
mdicator 'dg 15 negatively ralated to wildfire ooour-

rence probability mdicating that higher densities reduce
fire probability. This 15 1 Ine with other stedies where,
for exampls tres size parameters (Le. quadratic mean
diameter) and density parameters (baszal area)) have also
beon used as an indicator of stand-level competition
and have been showm to influence five nsk probabality
in forest stands m Catzaloma (Gonzalez er al , 2006).
Dense tree canopies in conifer stands reduce the sxpo-
sure of surface fuels to wind and solar radiation and
minimze understory vegetation development, hence
decreaszing surface fire intensity and firs probability
(Fermandes er al , 20107, The application of our nisk
model using a typical silvienltvre for martime pine
stands shows a slhight nerease m fve 11sk after thimning.
This 15 in line with commen knowledge as thinmings
may result in an merease of daad surface foels (zlash)
that increase the risk of forest fires (Carey and Shu-
mann, 2003). Thinmings may also help decrease the
moishrs in the forest due to the mnereased suwrface wind
speed and light availabality as well as the mereased
growth of herbs and shirubs (Femandes and Figolot,
2007, Femandes e al., 2010; Jactel er al., 20099,

According to the proposed model, wildfire rizk m-
creaszes with slope. This result 15 in concordance with
findings from several studies (Camreiras and Pereira,
2006; Gonzalez et al., 2006; Pereira er al., 2006; Eo-
therme] and Phulpot, 1983; Silva er al., 2009 that m-
dicate that slope facilitates the imtiation of passive
crown fives (torchong) 2s mereazas hikeliheod of flame
length attaimng the tree crown. Pereira and Santos,
(2003), developed a wildfire nsk map for Portugal
showimg that areas with steeper slopes are more prone
to bum. Often these fires are not controlled adequately.
Climatic vanables, and stand location variables ware
tested m the modeling process, but none of them were
fimally included since they did not 1mprove the modal.
Thiz was unexpected razult, since pravicus research
showed and mflaence of, for iInstance clmatic comditions
(Gonzalez and Pukkala, 2007; Praisler er al., 2004).

In the frameweork of forest managensant plannmng,
this model mav be used to predict the probability of a
wildfire to ocow if there 15 an 1zmition. Thies, if should
be applied after using a wildfire 1gmtion modsl such
as the ones developed by Catry ar al. (2008, 2009) or
Vasconcelos, er all (2001). Futher these models may
be integrated with a growth and vield medel which
predicts the stand developmeent over time (Hanewinkel
et al., 20100, At each step of the growth siconlation if
an ignition ocoms the simmlator estimates the probabil-
ity of wildfire ccomrence. Then depending on the ap-
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proach followed to intesrate fire in forest management
plammng this prebabulity mav be transformed mto a
dichotomons vanable (e.z. wildfre ocours or does mot
peour). This would be the case of using fire spread
smnilators (e g Gonzaler-Olabaria and Pukkala, 20117
or stochastic simulation where the estimated probabil-
ity would be compared to the cut-point (Gonzalez-
DMabama er al, 2008). However, if only mfoimation
on the probability of wildfire ccowrence is raquired,
ne cut-point would be used. This would fit for example
to approaches presented b Pasalodos-Tato et al. (2010)
and Garela-Gonzale o al (2011).

If the appreach followed needs to caleulate whether
a wildfire occurs or not over the planmmg horizon a
cut-pomt st be defined and compared to sach esti-
mazted probabulity (Hosmer and Lemeshow, 20000, In
this study we would recommend to use a cut-value of
0.035. Although the false positives are lugher than
using smaller cut-values, this threshold allows comrect
prediction of the non-fire events 1 cur dataset. Thos
means that this model would overestimate the fire
events but we consider that 1s mest mportant to predict
well these stands that meost likely would not zet arnt
dus to thew stuctural conditions,

The knowledze that results from thos study mav be
mstrumental to understand the influence of certain
variables on the probability of wildfire occurrence. Tt
provided valuable mformation to mtegrate nisk conzd-
erztions m both operational and shategic managemeant
planming. This imformation may be usad to decraase
fire hazard bv promoting less fire-prone stands. Ee-
duced wildfire nisk can be included as an olyective m
forest planning problems by means of targeting fusl
loads and stocking levels. Devaloping plans that im-
clude risk reduction as an oective may help managers
address fire prevenfion 15s5ues m forest plannmz.

It 15 imopertant to acknowledze that whether a fire
mEv or not ocowr 1na stand does not depend solely on
stand endogenous vanables. It finther depends on land-
scape composifion and stucture (Fermandes er al.,
2010; Gonzalez ef al , 2006). A study from Feed (1994)
shows that stands are often buomed by wildfires that
started i neighbormy stands (the probability of a stand
bmming bemg increased by other stands bummg). Fu-
ther ressarch may expand the current model to con-
sider for example other climate (e.g. wind speed,
mizinm temperature in the fire ssason) or landscape
structure vanables (e g neighboring stands biometric
varables). Yet the proposed model may help forest
managers deslgn prescriptions to manipulate stand

endogenons variables that impact the probabality of
wildfire ocowrrence. In addition, fuel freatments (1Le
reduction of fitsls in forests) may change wildfre be-
hasvior and enhance the effectiveness of fre suppression
tactics (a.g. Marcer e al., 2008).
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Forest and fire management planming activities are camied oul mostly independentiy of each
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1 Introeduction

Forest fire severity has increased substantially
in the Meaditerranean and in Portogal in the last
decades (Alexandrian et al. 2000, Velez 2006,
Percira e al. 2006). In Portugal, since 1975 an
average of 11400 hectares per year have been
burned by wildfires. The need to address fire risk
in forest management planning is evident and yet
forest and fire management planning activiies
are currently carried out mostly independently of
each other. In order to include fire risk in forest
management planning several issues need to be
addressed. For example, it is important for forest-
ers to know which trees are likely to survive after
awildfre. What variables are important predictors
of tree mortality?

A vanety of methods have been used to
study post-fire monality {e. g. Fowler and Sieg
20, Most of them have been used o predict
which trees will survive a fire afier the event has
occurred. Further, post-Are tree survival models
have been mainly wsed to study the effects of
prescribed buming on trees (Ryan and Reinharsdi
1988} or to give guidelines to post-fire salvage
logging operations {Ripolot 20004,

These methods may be classified into direct and
indirect approaches. Indirect approaches for pre-
diction of tree mortality are based on fire behayios
pasrameters. They require the use of fire behavios
simulstors (e Finney 1996, 2006). These simuletoms
need information about weather conditions and fwel
apcumulation. Mevertheless this information is hard
to predict over long planning periods (Rothermezl
1991 . Finney 1999, He and bladenoff 1999 Goriles
ef al. 2007}, On the other hand, direct approaches
to predict monality are based on measurements
of tree tissue damapge. Direct approaches wse two
main categonies of readily observable indicators to
assess tree mortality (Ryan 1982) The first, croen
damage, considers all damage to the tree canopy
2. g. both without foliage ignition (crown sconch )
and with foliage ignition (crown consumphion).
The second, bole damage assesses the impact of
wildfires on the cambinm. However, tissue damage
is & variable that can hardly be predicted in manage-
ment planning contexts.

If post-fire models are to be used in forest
planming, they must provide information about
the impact on monality of variables whose futwre

0

valoe can be estimated with reasonable accuracy.
Further. these variables shoold be under the con-
trol of forest managers. Thus morality models
shoald inclode varables such as forest density,
species composibion or mean diameter. It has been
shovam that variables such ax these are related with
fire domage (Linder et al. 1998, Pollet and Cmi
2042, McHugh and Kolb 2003). Managers may
modify effectively expected levels of fire damage
by targeting specific values for these variahles
(Pollet and Omi 2002, Apes and Skinmer 2005,
Geondbez et al. 2007). In this context. post-fire
models may be osed to develop alternatives that
redoce expacted losses due to fire.

Mevertheless, the development andfor use of
a maortality mode] in forest planning has been
limited to few studies (Reinhardt and Crook-
ston 2003, Gonzalez et al. 2007, Hyytidinen and
Haight 2009 and none of them related o Por-
tugnese conditions. In this context, this study
aims at developing post-fire monality models fior
Eucalypiur globalus Labill that may be used for
generating optimal management plans taking inio
account fire Ask. In fact. albeil ecological diver-
sity as a result of climatic influences that range
from Mediterranean to Atlantic or continental,
over 304 of the forest area is occupied by four
species: Maritime pine {Pirnes pinasler), encal ypt
(Encalyptis globulius, cork oak (Ouercus suber)
and hotm ocak (Cuercay rovpediflia) (Marques et
al. 201 1'). Eucalypts are exotic to Portugal, having
been introdoced to the country in 1830, mainly
foromamental purposes (Fontes et al. 2006). Car-
rently, encalypt is the most important pulpwood
producing species in Portugal. Eocalypt planta-
tions extend over 647000 ha — about 20.6% of
the total forest area in Porugal with o total yield
of about 5.75 million m? per year { DGRE 2006 ).
Euncabypt pulpwood is the key raw material of the
pulp and paper industry.

Eucalypt is a highly flammable species. The
bark catches fire easily. Deciduous bark stream-
ers and lichen epiphytes tend to camy fire into ithe
canogy and b0 disseminate il Other features of
cucalypt that promote fire spread include beavy
liter fall, flammable oils in the foliage, and
open crowvns bearing pendulous branches, which
encourages maximum wpdraft (Esser 1993). Mev-
ertheless, despite the presence of volatile oils that
produce a hot fire, leaves of eucalypt are classed
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s intermediate in their resistance to combuastion,
and juvenile leaves are highly resistant to flam-
ing (Dickinson and Kirkpatrick 1985). Howewer,
eucalypt is seldom Killed by fre (Esser 19493).
Many authors have stndied effects of fire on eucn-
bypt: however, few studies have developed mor-
tality models for eucalypt stands {Curtin 1966,
Guinto et al. 1995,

The occammence of stem death in a sample plot
over a given period of time is a kinromial cutcome
that may be modeled by bogistic regression {Hosmes
and Lemeshow M), These methods have been
previously used o predict the probability of a single
tree i survive or die due to different causes (Moa-
serud and Sterba 1999 Guintoetal. 19949, McHugh
and Kolb 2003, Rigolo 2004, Keyser et al. 2006,
Gonedler et al. 2007). However, traditiona] modeling
ppproaches generate monality on all plots (Fridman
and S4Ahl 20013, Moreover, many studies predict
the mortality rate without distributing mostality
among trees in the stand.

When applving logistic models to predict
mortality, both deterministic and stochastic
approaches can be used (Monserud 1976, Moa-
serud and Sterba 1999, Alvarez Gonzilez et al.
2004). A deterministic method consists in the
use of a threshold value within the interval (-1
if the estimated probability of morality exceeds
the threshold valoe, the tree is assumed o die. A
stochastic approach may encompass the drawing
of a uniform random nember in the interval 01
if the random number is lower than the estimated
probability, the tree is assumed to die (Gonedles
et al. 2007, Fridman and Stihl 2001}

[n this research, a three-step modeling strategy
was used to devebop the post-fire stand damage
amd tree mortality models (Woollons 1998, Frd-
man and Stihl 2001, Alvarez Gonzdlez et al
2004). Logistic regression methods were used
in all three =ieps. In the first step, a model was
developed to predict whether modality ocours
after a wildfire in a eucalypt stand. In the secomnd
step the degree of domage cansed by wildfires
in stands where mortality occurs is guantified
(i.e. percentage of mortalitv). In the third step
thiz mortality is distributed among trees. Data
from over 85 plots and 1648 trees were used for
modeling purposes. Models with good ecological
behavior were preferred over models with purely
good statistical fit.

2 Materials and Methods
2.1 Materials

Thee fire data used in this study consisted of wild-
fire areas of 2006 to 2008 in Porugal that were
larger than 5 ha. Bormsed area mapping in 2006 to
2(ME was obtained by automated classification of
high-resolution remole sensing data (i.e., Landsat
Multi-Spectral Scanner (M55), Landsat Thematic
Mapper (TM). and Landsat Enhenced T+ In
this period. abowt 125 thousand hectares burned in
3436 fire events. [ata acquisition furher encom-
passed the post-fire inventory of 85 plots in 2007
and 208, 17 plots had been measured before the
wildfire occurmence in the frmmework of the 2006
MNational Forest Inventory (MFT)L. These plots wera
identified by the overlay of NFI plots pnd fire
areas using GIS tools (ArcGIS 9.2) (Fig. 1) In
total. this analysis showed that 17 eucalypt plots
out of the 12237 NF] plots were bumed bebwesn
2006 and 008, 68 additional bumed plols in
eucalvptus” stands were considerad. These plots
were measured in areas where the fire perimeter
was known and trees had not been harvested.
They were located all over the country and were
inventoniad (after the fire) al the same time a5 the
burned NFI plots. The total 85 phots were located
in 24 fires areas. In all these plots no trees had
been harvested after the wildfire.

The post-fire inventory involved, in the case
of all the 85 plots, both the measurement of bio-
medric variables (eg. height, dismeter at breast
height, bumned stump height. bumed canopy
height, degree of stump destruction, fire domage)
and the characterization of the plot (e.g. ebevation,
aspect, slope, presence of 501l erosion. shrb spe-
cies Tahle 1.

In the case of the 68 plots that hed not been
measured before the wildfire ocourrence, reverse
engineering was used to re-baild the forest before
the fire. In the case of plots with standing burned
trees, pre-fire diameter dbh was sssumed to be
onaffected by fire. The eguation developed by
Soares and Tomé (2002), was used o estimate
pre-fire height:

71
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N D354k = |'.|%
h=hn.[]+{tl.lﬂ-69d+I}.qu!5ﬁ—tl.mlﬁd'm]e df]—e L (1
where fgis the dominant height {m), & is the stand =~ gph = ~0.5207 + 08284 gy (2

density { mumber of trees per hectare), o, is the
max imum tree diameter in the stand (cm) and dhh
iz the tree dismeter at breast height (cm.

When at inventory date, the burned trees were
broken or Hssue was damaged making impossble
to measure dbh, the stump diameters were meas-
ured and tree characteristics were obtained using
reverse engineering {MoClure 1968, Bylin 1982,
Ditguer Arandn et al. 2003). For this purpose,
an equation was adjusted using a 3966 eucalypt
trees” datasetl to predict the dbh for eucalyplus
with R of 0.9517:

where dbh is the tree diameter at breast height
icm) and dsump is the stump diameter {cm). Once
divh was estimated, an equation developed for
Eucalypius (Tomé et al. 2007} was used (o cal-
culate the tree height:

dbrh

k= i3
06733+ (.0130dbh

where dbh is the tree diameter at breast height
{cm}. Then, wsing dbh and tree height at the
moment of inventory, the tree pre-fire height was
estimated as before using Eq. 1.

2006 / 2007

2008

Fig. 1. Locating inventory plots for data soquisition. The mayp oo the Eeft shows the national forest imeemtory
plots {=1220H0); the maps on lop-right shaew the fire aress in 2J006-2007 and the 43 bumt emcalypt
plois; the maps on bottom-right, show the fire areas in 2008 and the 49 buarnd cucalypt plots.
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Table 1. Descriptive statistics for stand and tree leved data. G is stand basal area (m? ha-'); dg is the quadratic mean
diameter (cm); N, mumber of trees: Pdead, proponiion of dead trees in the stand; 5d standard devistson of tree
diameters and 5h. standard deviation of tree heights of the stand; Gidg is noo-linearly refated to the number
of trees per heclare. The predictor 5d/dy expresses the relative variability of tree dizmeters. dbh is de tree
dimmeter at breast height (omd; g is the tree basal srea (m? ha'3: dbhidg and £/C are competition indexes.

“ar b Stands withou! desd rees =2 Sranls with deud rees =41

YR Mem Min 54 Max Maen Min sd
Altitude 441 [86.05 0 14048 L] 21294 0 1541
Slope 11 13,12 LED B&T 2780 1263 1] £54
Aspect 350 3906 0 D504 350 154 81 b 0446
M 1811 574 il 44 1450 565 20 3T
G 273 TA6 008 19 Ko 5495 02T 500
dp 3551 1278 7 5138 2600 1218 479 454
Sd 1075 106 L1 230 230 imn 0 273
5h 5014 205 0 134 Tik 2490 0 .94
Gidg 1.75 056 0.2 044 .77 (.50 00 33
Sdidg 045 024 .00 0z xRl 34 11| 20
Pubead 0 LI 0 LI I 077 003 028
“arhie Albve fmere ETT Di=ad fmena 771

BAEx Mem Min 54 Max Mdzen Min sd
dbh 5430 12.40 i 577 46.30 [ 1.00 466 438
g 038 LLEEY 0002 0z 17 00l e ol
H 32017 15.70 £.50 437 3081 14.07 68R 4.08
dg 351649 18014 7.0 24034 4360 140013 2164 140065
BAL 103 0.x2 0.0 0.1 134 029 0 020
dbh/dg 2403 LERLY 035 039 240 1.0 028 L34
gl 005 LEL L 000K 0y s 000 00 (M3
2.2 Methods |

2.2.1 Modelling Mortality with Logiztic
Repression {Gereral Approach)

The ooccwmence of stem death in a sample plot
over a given pernicd of time is a binomial out-
cone that may be modeled by logistic regression.
Moreover, the logistic function is mathemati-
cally Aexible, easy o use, and has a meaningful
interpretation (Hosmer and Lemeshoar 20000
The logistic model predicts a probability of an
oCouITence ranging contimuons]y between O and 1.
The dependent varable is dichotomous {eg. death
or no death). A cul-point may be defined and
compared to each estimated probability (Hosmer
and Lemeshow 20000 in oader to assign ‘17 to the
event of death and a (¥ to the no death event. The
logistic regression model may be presented ns:

)

G

where the variable p is 8 measure of the total
contribwtion of all the independent variables wsed
in the model, x) o 1y are independent variables,
Ao is the intercept and A to . are estimated
parameters or regression coefficients.

The logistic function was used o mode] stand-
level damage and trese-mortality caused by wild-
fires. The Proc logistic procedure of SAS 9.0
(SAS Institute, Cary, MC) thal estimates the
parameters of the logistic equation with maximum
likelihood method was uwsed in all three steps of
the proposed approach to develop the post-fne
stand damage and free moctality models. The
information obtained from applying the stepwise
variable selection method was combined with an
undersianding of the process of mortality.

T3
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2.2.2 Predicting Whether Moraline Will
Occur i a Stand after a Wildfire

In onder to predict whether mortality will oocur in
a stand after a wildfire, a stand-level binary van-
able was created. This variable takes the value
“1" if death occurs and the valoe “0° if no death
occurs in a stand. This modeling approach thus
provides information to fAlker the stands where
some mortality would cccur oud of the whole
sat of stands that also inchodes those where all
the trees survive. A number of stand-level vari-
ables (eg. plol characteristics., biometric van-
ables (Table 11y were used for estimating the
probability of mortality ooccurrence. Model build-
img considered both the ecological consistency
of predictors (ie. signs of coefficients that are
biologically reasonabbe) and its statistical signifi-
cance (i.e. (W05 significance level and no system-
atic ermors in the residuals).

2.2.3 Estimating Suwd-Level Damage
Caused by o Wildfire

In ooder to quantify mortality cansed by wildfires
in stands where morality did occor, tao stand-
level wvariables were created. These varables
indicated the number of trees that died a= a con-
sequence of a wildfire {i.e. number of events) and
the total number of trees in the stand {i.e. number
of trials). Then 5 A5 Proc logistic procedure used
these numbers to fit the logistic regression. The
avernge proportion of dead trees in stands where
maortality ocourmed as a conseguence of wildfires
was 4% in the case of eucalypt stands.

A number of stand-level variables related to
topography (e g. slope), biometric variables {e.g.
mean diameter) and structure {e.g. standard devia-
tion of tree heights) were used for estimating the
profability of stand-level monality cansed by a
wildfire (Table 1. All predictors had to be logi-
cal and significant &t the W05 level without any
systematic errors in the residoals.

2.2.4 Estimaiing Poxt-Fire Tree Mortality

We tried to find the best fAtting and biclogically
reasonable model to describe the relationship

74

bebween the response variable ie. the ree status
{alive or dead), and a set of explanatory varables
iTable 1). For modeling purposes, a tree-level
binary calegoncal varable was created. This vari-
able takes the value *1" if death oocwrs, and a '’
if the tree survives.

As this is a two-stage model, 7 variable indi-
cating the proportion of dead trees in the stand
(Pdead) estimated with the stand level maodel {sec-
tion 2.2.3) — was used to predict the post fire tree
morality. Therefore only trees present in siands
where morality was prediclted were used to fit
the tree mortality model In todal, 942 eoncalypt
trees wene inventoried in bomed plots, of which
771 were present in stands where mortality was
predicted. Further predictors weare selected by
testing whether they improved the model. Selec-
tion considered the imporance of the varable in
terms of forest inveniory and management as well
as its simplicity, its ecological consistency and its
statistical significance (i.e. 0,05 significance kevel
and no systematic errors in the residuals). The
“receiver operating characterstic {ROCT" curve
was furher usad to lest the model sensitivity. The
RO curve plods the probability of detecting troe
signal (sensitivity) and false signal (specificity)
over all possible threshodd valoes of the marker.

3 Results

The logistic model to predict whether mortality
will ocour in a eucalvpt (Eqg- 5) stand is:

Pﬂ:l=; {51

=
1+ E'_I"Eu*pj;l

where Psd is the probability of stand death to
oocur, 5d is the standard deviation of trees” diam-
eters at breast height (cm), dg is the guadratic
miean diameter (cm) of trees. The predictor 547 dg
expresses the relative wariability of tree diam-
elers.

The model indicates that higher values of 5d/dg
(i.e. varahkility of tree diameters) increase the
probability of death to occur in the stand (Eg. 5).
All model coefficients were significant, at least
at the (LM05% level as judged by the Wald f sta-
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Toble 2. Parameter estimates, standasd ennors (SE), Wald
12 statistics and p-values for the model predicting
whether mortality will eoour in a stand (Eg. 55

i Festamalr L 5 Wald y* p=x?
B -11742 D476 E1904 DOIIE
i IELMI 0 14944 &TODG  QUDOGQ

Toblz 3. Parameter estimates. standard enrors (SE1, Wald
¥? siatistics and p-valees for ihe model predicting
degree of damage caused by a wildfire (Eq. £).

et Farsmale 5 Wi 3t p=x?
Ba 04654 QD455 BR54IT  <DD0D]
M OO0 e 0000133 BR4201 U]
A 00214 ODOI27E 503655 <0uDod]
i 000401 000520 503581 <0000
By 00027 00103 DS <D0l

tistic (Hosmer and Lemeshow 2000) (Tahle 2).
The model was successful in predicting whether
mortality did occur after the wildfire in 63% of
encalypt stands (ie percentage of concordant
pairs).

The model o guantify mortality caused by
wildfires in eucalypt (Eq. &) stands where mortal-
ity did occur is:

1
T ] g BBl pRnpe 4T B 5

5}

where Pdead gives the proportion of dead trees
in the stand, Alt is altitude (meters), Slope is
measured in {7}, (7 is the stand basal area (mZha—")
and 5d is the standard deviation of the diameter
of trees {cm).

All coefficients in Eq. 6 were significant, at
beast at the 0.05% level as judged by the Wald 32
statistic {Hosmer and Lemeshow 20007 (Tabla 31,
while 65% of the dala were soccessfully identified
bw the model as to whether death had or had not
occumed for encalypt. Collineanity was assessad
by adding new wariables to the model and observ-
ing the effect on the slope coefficients and the
estimated standard errors (Hosmer and Lemeshow

Fig. 1. Effect of stand basal arca (G} and slope on the
degree of damage in the stand, ie. the proportion
of dead trees (Eg. &) The valees werm caloulated
with an aftitude= 200 m and 5d=3.47 cm

2. This assessment showed mo collineanty
among varables included in the model.

The mode] indicates that the proportion of dead
trees increases when stand basal area increases
iFig. 2. Moreover, steep shopes and higher altitudes
contribute to increase this proporion (Eg. 6).

A tree-level mortality model predicting the
probability of a tree to die due to a forest fre
was developed:

Ptm = M
I+ & P PEep g

where Ptm is the probability of a tree to die, dbh
is the tree diameter at breast height (cm), & is the
stand basal area {m-ha ') and Sh is the standard
deviation of the tree heights in the stand {cm).
The higher the vakwe of this variable the more
irregular the stand is.

All coefficients in Eg. 7 were significant. at
least at the p=<0.05 level (Table 4) as judged by
the Wald ¥? statistic (Hosmer and Lemeshow
200, The model predicted the right outcome
(death after the wildfire) in the case of T9.6 % of
inventoried dead trees. The area under the ROC
curve {0.T98: Fig_ 3) indicates excellent discrimi-
nation (Hosmer and Lemeshow 20000 thus show-
ing that the selected model performs well.
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Table 4. Porumeter estimates, standasd enrors (SE), Wakd
12 slatistics and p-values for the tree-moded predicl-
ing the probability of o tree to die due Lo a forest

fire (Eg. T
Tifieci Esimale =6 el g prx
B 1.638] 0.3zl [ZR 4757  =DUD0D0]
.o 217 04251  T4Es8S  =0U00D0]
5 01747 00GE2 314372 =00000]
B 04311 QulsBE  3RI911  =0uD0D]

The model (Eq. T) indicates that trees with high
diameters are less prone to die when o wildfire
occurs (Fig. 4). Trees in stands with higher basal
area have also lower mortadity probability. Moreo-
ver, trees located in stands with higher variability
in tree heights (Sh) are expected to have higher
mortality probability (Fig. 5).

The odds ratiowas further used to help interpret
results as it prowvides an intaitive and easily undear-
stond way to capiure the relaticnship between the
independent and dependent vanables. (Hosmer

odds ratio gives the increase or decrease in prob-
ability thal & unil change in the independent
variable has in the probability that the event of
interest will cocur. However. the change in odds
for some amoant other than one unit is often of
greater interest. Exponentiation of the parameter
estimate(s) for the independent variableds) in the
model by the number ¢ yields the odds ratio,
where ¢ is the increase in the comesponding inde-
pendent variable.

Results show that a 5 m? ha ! increase in stand
basal area has an odd ratio of (.41 & which means
that the probability of a tree to die would decrease
by 58.2%. An increase in 5 cm in the dbh of the
tree has an odd ratio of 0.338 which means that
probability of death would decrease by G6.2%.
The effect of an increase in one unit in height
stondard deviation would increase the probability
in 53.9% {ie. odd ratio of 1.539), which means
that variability in tree sizes have a high impact on
the probability of tree mortality.

Cut-point was calculated for the model pre-
dicting whether mortality will ocour in a stand
(Table 5. If the value that maximizes the correct

and Lemeshowr 2000, Kleinhaumm 1994}, The classification rate (OCR=63.5%) was wsed as
ROC Curve
LN | g i
S
5.F _'_;I

¥ s
L B
L ]
2.0 J
ar

[ ] (] g L} wd

L2 ] L2 ] LA o i) i
1 v B i Pip e

Fig. 3. BOC curve for Eacalypt tree-mortality model, showing an acceptable discriminalion betasen
tree mortal ity oocurrence and non-occamence (0070981 Models with BO(C values (L7 are considered
i bave an acceplable discrimination, BOC valwes 008 have excellent discriménation, and ROC
values 0.0 are considered io have owtstanding discrimination
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Protmidiyof tras motalty

Fig. 4. Effect of tree-diameter (dbh) and basal anes (5G)
on the probability of ree mortality using Eq. 7.
The vahses were cafculated wsing Sh=2 which is
tha value in our datasel.

Prolmbdly of na moralty

DBy fainy

Fig. 5. Effect of tree-dizmeter (DBH} and standard
deviation of the ree height (Shi on the probability
of tree mortality wsing Eg 7. The walues were
calculated using G=6 which i the mean walue in

our dataset.

Table 5. Prediction parsmeters depending on the cal-points used o transform 2 continwous probability inbo 2 0-1
dichotomous valee predicting whether there iz monabity in a stand or not.

Cat CCR Semsinily Fade dead Falwaive Chsioiss  Chsdfieds
e %} 1% %) (%] %) dead %) alive (%]
041 520 756 I8 402 417 n 8
042 8.8 732 4335 444 335 &l 36
043 588 .7 477 44.2 364 6l 39
044 55.3 63.4 477 460 407 58 42
045 510 53.7 513 488 452 5l 49
046 55.3 512 501 462 435 46 5
047 510 463 Sl 486 458 LR 56
048 518 439 501 50 4560 41 38
0.40 520 43.9 614 486 45 41 50
05 516 439 05 41.0 426 36 B4
051 56.5 3ok 75 413 441 3l &0
052 36 366 773 40 413 ) 7l
050 388 268 BHG 33 435 19 il
LT ] o8 009 a7 410 18 g2
05l 58.8 4.4 009 86 437 lé B4
052 588 4.4 009 6 437 16 B4
053 Bl 244 932 A1 431 15 B3
054 612 44 055 167 415 14 5
055 624 4.4 97.7 0.1 410 13 E7
056 B35 244 Li] 0 413 12 &8

OCR, Coreecl Classilicabon Rage 635, The percenmpe of absereed plois where e monaliy commred was 48%. Semsiivity ndicales the

of

[pescenlage where lme signal
stands a0k showing mortality wes ommecily

L] oomectly (Lo sands with Swee moriabity) el specoicry refers o s sigmal (le.
Fltl]k:i!tlf. L ° "
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criteria as suggested by Ryan (1997), the cul-point
would be 0.66. According to this value, mortality
woald occur in 1 2% of the plots while montality
did actoally ocour only in 48%. This cut point
did not show any false positive (ie. stands that
did not have any dead trees but were classified
as if mortality had occurred) bat 40% werz false
negatives {i.e. stands that had dead trees but whera
classified as if mortality had not occurred). Thus
another criterion weas tested o selact the cot-point:
the value where the sensitivity and the specificity
corves cross. [t provided a 0045 cut-point value.
Using this value led to a CCR of 5%% and the
percentapge of stands classified as having moriadity
wais 5%, If still another criteria was used e.g. the
average observed percentage of event occurrence
as suggested by Monseroud and Sterhba (199490,
the cut point value wouold be the same {i.e. 0.45).
Using this cut-point, in 45% of the stands clas-
sified as not having mortality, some trees had
acheally died (ie. false alive). If & cut poind of
{143 was chosen in 36% of the stands classified as
not having mortality, some trees had actually died
{i.e. false alive) and TO% of the stands showing
maortality were well classified.

In the case of the individual tree mosality
model, the cut-point valwe where the sensitivity
and the specificity curves intersact was (LE3 (CCR
of T3%). This would result in a sensitivity of 73%
and specificity of TO%.

4 Discussion and Conclusions

A vaniety of methods have been used o study post-
fire mortality (e, g. Fowler and Sieg 20040, Most
of them have been used to predict which trees will
survive a fire after the event has ocourred. Further,
post-fire tree murvival models have been mainly
used o study the effects of prescribed burming
on trees (Ryan and Reinhardt 1988) or to provide
goidelines to post-fire salvage logging operations
{Rigolot 2004). Yet the use of these methods in
forest menagement planning is constrained by its
cost-effectiveness. Further, variables used to pre-
dict post-fire moriality {e_g. weather conditions,
tissue damage) are seldom available.

Logistic regression has been used earlier for
predicting tree-moriality as a consequence of

TE

prescribed fire (Botelho et al. 19946, Linder et
al. 1998) and wildfire (Regelbrugge and Conard
1993, Hamington 1993, Stephens and Finney
2002, Beverly and Martell 2003, McHugh and
Eolb 2003, Rigolot 2004, Gonedler et al. 2007 ).
Yet. these models used wariables that are seldom
available for long-term forest planning. This
explains why few studies have used post-fire mog-
tality models in forest planning {Reinhardi and
Crookston 2003, Gonzdler et al. 2007, Hyvtiginen
and Haight 2009). Gonzilez et al. {2007 dem-
onstrated the potential for the development and
use of & damage model within a forest planning
context. This model did not ose tissue injury
indicators or direct fire behavior parameters. Yet
no management planning friendly damage models
wire available for Eucalypt stands in Portugal.

The proposed logistic modeling approach over-
comes these obstacles and provides mortality
midels that may be readily used in stand or fogest-
leve] management planning e.z. mortality models
that do not depend on direct descriptors of fire
damage that are never available within a manage-
ment planning fremework. The proposed model
rather provides information abouot the impact on
monality of varighles whose future value may be
estimated with reasonable accuracy. Further, these
variables are under the controd of forest manager
(Pollet and Omi 2002, Ages and Skinner 2005,
CGonzaler el al. 2007). In this context, posi-fire
models may be used o develop alternatives that
reduce expected losses due to fire. This model
may be alsoused in post-fre mortality assessment
when tree damage is no more visible or when trees
have been cut in post fire salvage operations.

The advantage of the three-step methodology
used in this study when compared to other tra-
ditional approaches is that it enables the iden-
tification of stands where no monality occors.
Traditional models always generate some monal-
ity fior all plots (Fridman and Stih]l 2001). This
research confirmed the potential of the proposed
approach to develop mostality models that may
b used in forest planning {Reinhardt and Crook-
ston 2003, Gonzdlez el al. 2007, Hyviidinen and
Haight JD009).

The proposed approach wsed a large datmset
encompassing 1858 trees in 92 plots located in
24 fire areas in Portogal. As fire areas are inven-
toried after each fire season by the Portupuese
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public administration. these 24 fire areas may
result from more than one wildfire. Model fit-
ting quality as assessed by concordance and area
under the RO curve suggests that the model has
n good ability to discriminate post-fire mostality
in eucalypius stands in Portogal. In the framework
of forest management planning, Eg. 5 may be
used to predict whether monality may occur in a
stand after a wildhAre. If morality s predicied to
occur, Eg. 6 may be used to estimate the degree
of damage in the stand, i.e. the propostion of dead
trees. Finally, the morality at stand level may
be then distmbuted among trees using Eg. 7. As
these models are developed 1o support manage-
ment planning. Eg. & may be used o estimate
thie number of trees that will die in the stand (i.e.
percentaze of trees), after a wildfire (if moetality
indeed occors). Equation 7 may then be osed o
predict the probability of monality of each tree in
the stand and to build a list of all trees in the stand
ordered according to this probability (irees with
higher probability of monality are maked first in
the list). The management planning model may
then select the trees that will be assumed to die
for planning purposes by going dowm the list and
stopping when it reaches the number of trees that
are estimated to die (from Eq. 5). For this reason
no threshold value is needed to transform the
estimated probability into a dicholomous variable
{e.g. death or no death). An illustrative example
is given: assume Eq. & indicates that 50% of the
trees in one stand will die if a wildfire ocours,
assume we have 300 trees in the stand, then Eq. 7
wiould be used to calculate each tree probability
to die and the 150 trees with higher probability
to die will be selected and classified as dead for
planning purposes. As suggested by Gonzidlez
ot al. (2007} the ree mostality equations can be
used io generate monality variation if a stochastic
component commesponding to the residual varia-
tion of the stand level damage mode] is added to
the prediction.

Prediction and classificalion do not follow the
sume patiermn, s0 a compromise must be reached
between good classification and good prediction
of mortality when choosing a threshold level
(cut-point) (Crecente-Campo et al. 20000, In our
study, a cui-point of 0.43 for the model predicting
whether mortality occur in a stand (Eqg 5) seems
appropriate. In the model predicting probability

of a tree to die. a threshold value is mot needed,
however if a cut value of (.83 is used, the sen-
sitivity and specificity would be 73 and 71%,
respactively.

Biometric wanables selected for estimating
post-fire mortality included the tree diameter
(dbh}, the relabive vanability of tree diameters
(5dfdg. Sd and Sh), and stand basal area {(G).
(dher significant varables were related to fire
behavior {i.e. slope) and stond location (ie. alti-
tude). In the stand-level damage model, steeper
slopes increase the expected mortality. This is
in concordance with other studies and may be
explained by an easier transfer of heal ophill
(Agee 1993, Gonzalezr et al. 2007, Hyytidinen
and Haight 2004). In our case, altitude comelabes
positively with the degree of mortality in bumed
areds. This is because most of the bumed stands
ware located in high altitudes.

Eucalypt models indicate thai in even-aged
stands with higher tree diameters, fire damage
is expected to be lower than in iregular stands
with trees with smaller dimensions. This confinms
resulis presented by Guinto et al. (1999 who
found that encalypis” resistance to fire was highly
comelated with the thickness and the extent of
protective bark tissue on the stem. These gener
ally increase with the size of the individual. 1F
bark is sufficiently thick eucalyptus trees may
even survive also crown fires {Gill 1977). Moreo-
var, the epcalypt mortality models also showed
thal in stands with larger trees, fire damage is
expecied o be lower. These resulis are in concond-
ance with findings from other studies (Guointo et
al. 1999, Pollet and Omi 2002, Gonzalez et al.
2007, Extensive model testing led to the repec-
tion of other biometric variables & predictors of
stand-level damage after a wildfire.

At tree level, tree diameter {dbh} was found
io be megatively related with tree monality. In
addition, trees located in stands with high tree
height variahility had higher probability of dving
after a wildfire event. This is because iegular
struciures may facililate crowm fires. The com-
binaticn of dbh and tree height varability indi-
caies that dominant trees (e.g. mees with high
diameters located in irregular stands) have lower
probahbility of dving. This is in concordance with
other studies (Ryan and Beinhardt 1988 Linder
et al. 1998, Gonzalez et al. 2007). This finding is

T4
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also coherent with other studies (Monserud and
Sterba 1999, Van Mantgem et al. 2003, Gonzalez
af al. 2005), dominant trees experiencing less
competitive stress than smaller ones. The use of
prescribed burning to reduce the potential wildfire
intensity in European forests has been acknowl-
edged by several authors {e.g. Vega ef al. 1994,
Mutch and Cook 19496). Moreover, when planning
prescribed fire, sound prescriptions are required
to consirain tree damage and mortality to accept-
able levels (Botelbo et al. 1996}, Our results may
help understand the effects of stand structure and
tree-size on moality and may thus help to define
prescribed bumns.

When no pre-fire inventory was available,
TEVErse engineering was needed 1o reconstruct the
sland. Thus the quality of the models is dependent
on the guality of the eguations used for that pur-
pose. Further, this research considered montality
within a fixed period after the wildfire {i.e. each
plot was measured only once one year afier the
wildfire event). In some cases, this may lead to
an underestimation of modality caused by the
wildfire. Yel in doing =0 we avoided the situation
where stands might have been harvested after
the wildfire leading to a loss of data needed for
the development of the model. Nevertheless, the
development of the firs post-fire modtality models
in Portugal took into account all availahle data and
information. Mo evaluation data were available,
therefore mode]l evaluation was made with the
fitting datw It is never easy to select the best way
to validate a model. The authors are aware of the
advamntages and disadvantages of splitting the data
set for model validation purposes well discussed
for instance in Kozak and Kozak (2003).

Fire damage models (e.z. Beverly and Manefl
2003, Gonzilez el al. 2007) are key to evaluate
forest prescaptions and yel, again, no such models
have been developed for eucalypt stands in Portu-
gal. This research encompassed the development
of post-fire Eucalyptus globuluz stand damage
and tree mortality models for enhanced forest
planning in Portugal. They provide information
about the impact of forest fires under alternative
forest conditions.

These models are management-onented; they
provide information needed to guantify the effect
of different management opticns on the expected
fire damage thus further providing a more realistic

i

estimation of future incomes. These models are
instrumental to designing silvicultural strategies
that may decrease the damage causad by wildfires.
For example. developing silvicultural strategies at
stand level piming to maintain stands with lower
densities and high tree dismeters, performing
earlier and heavier low thinnings may decrease
post fire mortality.

The characteristics of the models provide oppor-
tunities for several applications e. g. integration of
fire risk imto forest management planning either
at stand level {e.g. Gonzidler et al. 2005a, 2007,
2008, Ferreira et al. Submitted) or sl landscape
lewvel (Gonxalez et al. 2005b). These models can
easily be implemented in decision support sys-
tems that may allow the manager to minimize the
expected losses due to wildfires when developing
management plans.

The usefulness of post fire models in fosest
planning depends on the information they may
provide about the impact on mortelity of vanables
whose future value may be estimated with reason-
able accumcy. Fucalypt posi-fire stand damage
and tree monality models are based on varighleas
that are wnder the control of forest managers
{e.p. forest density, mean diameter). Thos we
may further conclude that they can be usaed to
integrate effectively fire rsk into forest manage-
ment planning.
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Summary

Maritime pine | Pints pringster Ait) is a very important timber-producing species in Portugal with a vield of ~67.1 million
m® year . It covers ~22.6 per cent of the forest arca (710.6 = 10° ha). Firc is the most significant theeat to maritme
pine plantations. This paper discusses research aiming at the development of post-fire mortality models for P. primaseer
Ait stands in Portugal that can be used for enhanced integration of forest and fire management planning activities.
Post-fire mortality was modelled using biometric and fire data from 2005/2006 Mational Forest Inventory plots and
other sample ploes within 2006-2008 fire perimeters. A three-step modelling strategy based on logistic regression
methods was used. Firstly, the probability of mortality to occur after a wildbire in a stand is predicted and secondly, the
degree of mortality caused by a wildfire on stands where mortality occurs is quantfied. Thirdly, mortality is diseributed
among trees. The models are based on easily measurable tree characteristics so that forest managers may predice
post-fire mortality based on forest structure. The models show that relative mortality decreases when average d.b.h.
increases, while slope and tree size diversity increase the moreality.

Introduction

Post-fire mortality has been studied using a variety of
methods (e.g. Fowler and Sieg 2004; Sieg ot al., 2006) that
may be classified into two main groups. The first includes
indirect approaches for prediction of tree mortality based
on fire behaviowr parameters. The second inclodes direct
approaches based on the measurements of wee tssue injury
(Kevser &t al_, 2006: Sieg et al., 2006). Indirect approaches
require the use of fre behaviour simulators (e.g. Finney,
1998, 2006] which include models to calculate fire rate
of spread (Rothermel, 1972; Albini, 1976; Rothermel and
Rinchart 1983}, fire shape (Anderson, 1983; Alexander,
19851, spot fire distance (Albini 1973, 1983) and crown
fire spread rate (Van Wagner, 1977; Rothermel, 1991).
However, these systems are seldom implemented in stand
level simulators because information about weather condi-

tions in a specific fire ignition day, fuel moisture (e.g. 1- and
10-h fuel moisture contents) and fuel accomulation (eg.
shrubs growth, deadwood) are necessary and hard to pre-
dict over long planning periods, e.g. 60 years (Rothermel,
1991; Finney, 1999 He and Mladenoff, 1999; Gonzilez
et al., 2007). On the other hand, direct approaches require
measurements of tree tissue injury and fire intensity. These
methods can be used for a variety of sitmations, eg.
setting acceptable upper and lower fuel moistures for con-
ducting prescribed burns, determining number of hectares
that may be burned on a given day and developing timber
salvage puidelines following fire {Reinharde, 1997). Yet
direct methods are hardly practcal in a forest management
planning context as they require input data that are not
available to forest managers when developing forese plans.

The usefulness of post-fire models in forest planning
depends on the information these models may provide
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2 FORESTRY

about the impact on mortality of varables whose future
value may be esimated with reasonable accoracy and are
under the control of forest managers through management
{eg. forest stand density, species composition, mean diam-
cter). Many studies demonstrate the relationships between
these variables and post-fire morealicy (Pollet and Omi, 2002;
Hély et al., 2003; McHugh and Kolb, 2003). Stand struc-
ture is related to fire intensity (Fernandes, 2009), fire severity
{Fernandes er al., 2010) and with damage'mortality (Agee
and Skinner, 2005; Gonzdler &t al., 2007). The amount of
shrubs biomass may further increase fire severicy, However,
information about the evolution of forest fuels andfor shrubs
over planning periods lonper than 5-10 vears is limited.

Stand-level prescriptions provide the biological frame-
work for fire actvity and damage (Weaver, 1943; Agee and
Skinner, 2003; Peterson et al., 2005: Gonzlez et al., 2005,
2007} Management may thus effecovely modify stand con-
ditions to control expected levels of fire damage (Pollet and
Omi, 2002: Gonzilez &t al., 2007: Fernandes et al., 2010).
Thus, the use of post-fire models oriented to forest planning,
i.e. using predicror vanables controllable by the mamager,
may help anticipate the outcomes of different management
alternatives, thus reducing uncertainty {Gadow, 20000, It
also helps to identify management alternatives that reduce
the expected losses due to fire.

Many studies have addressed fire effects on maritime
pine (Pinus pinaster Ait) stands. Some of them concentrated
on fire ecology (e.z. Fernandes and Rigolot, 2007) and fire
behaviour {Fernandes &t al., 2004). Other analysed the in-
fluence of fire severity on the recruitment of maritime pine
(e.g. Martinez et al., 2002: Fernindex et al., 2008). Further
studies have been focused on competidion-induced mortality
or drought-induced mortality (Martinez-Vilalta and Piiol,
2002). Botelho et al. (1996) and Botelbho et al. (1998) pre-
sented a mortality model for prescribed fires in maritime pine
stands in Portugal. Basically, the existing mortality models
have been mostly developed to serve as puidelines for imber
salvage following fire or to be used for prescribed fires or o
make post-fire management decisions (Borelho et al, 199&;
Reinharde, 1997; Rigolot, 2004: Sieg et al., 2006). Mever-
theless, the development andfor use of a post-fire mortality
model in forest planning have not atracted much atten-
don. Few studies have used or developed post-fire mortality
models in forest planning (Peterson and Byan, 1986; Ryan
and Reinhardt, 1988 Reinhardt ot al., 1997: Reinhardt and
Crookston, 2003; Gonziler et al, 2007; Hyytdinen and
Haighe, 2009). Gonzilez et al. (2007) further considered its
application within a forest planning context without using
ssue injury indicators neither direct fire behaviour param-
cters. Yet no such models have been developed for maridme
pine stands in Portugal, even though mantime pine covers
~22.6 per cent of the forest cover, rotalling 710.6 = 107 ha
with a yvield of ~67.1 million m?* year-! (DGRF, 2006} and
that 48 per cent of the forested area in Portugal that burned
in the 19905 consisted of pure maritime pine stands {Pereira
and Santos, 2003).

In this context, thiz study aims at developing post-fre
mortality models for maritime pine that may be used for
generating optimal management plans taking into account

fire. The occurrence of tree death in a sampl: pfct aver a
given period of tme is a binomial outcome thar may be
modelled by logistic regression (Hosmer and Lemeshow,
2000). Logistic regression methods have been previoosly
used to predict the probability of a single tree to survive
or die due to different causes (Regelbrugge and Conard,
1993; Botelho et al., 1996; Rigolot, 2004; Keyser &t al.,
2006; Fisenbies et al., 2007; Gonzilez et al., 2007).

In this research, a three-step modelling strategy was used
to d:vc-ic-;:l the ;:lust-ﬁ.rc stand da.rnagr. and tree rm:b.l't:1|'it|.r
modds (Woollons, 1998: Fridman and Sehl, 2001; Alvarez
Gonzilez et al., 2004). The three-step approach consists
of (1) estimating whether mortality occurs in a stand after
wildfire, (2] gquantifying the degree of damage in terms of
proportion of dead trees in the stand and (3) estimating
the probability of mortality of a tree after a wildfire which
serves to distribute the mortality among individual trees.
Logistic regression was used in all three steps. Data from
over 124 plots and 1174 trees were used for modelling
purposes. Models with good ecological behaviour were
preferred over models with purely good stadstical .

Materials and methods

Mazerials

The fire data used in this study consisted of perimeters of
2006-2008 wildfires in Pormugal that were larger than 5
ha. Burned area mapping in 2006-2008 was obtained by
automated dlassification of high-resolution remote sensing
data [(i.e. Landsat Thematic Mapper (TM) and Landsar
Enhanced TM+). In this period, ~125000 ha burned in
3436 hre events. Data acquisition further encompassed
the collection of the 2006 Mational Forest Inventory (NFI)
plots. By the overlay of NFI plots and fire perimeters using
GIS tools (ArcGIE 9.2), it was possible to identity plos
that had been measured before the wildfire occurrence.
This analysis showed that 18 maritime pine plos of the
12237 NFI plots were burned between 2006 and 2008,
In the same period, 106 additional marioime pine burned
plots were considered. These plots were measured in areas
where the fire perimeter was known and trees had not been
harvested. They were located all over the country and were
inventoried (after the fire) at the same bme as the burned
MFI plots. In total, data acquisition encompassed the post-
fire inventory of 124 plots from 2007 to 2009, In all these
pJuts, no trees had been harvested after the wildhre.

The post-fire inventory involved, in the case of all 124
plots, both the measurement of biometric vanables for
trees with diameter larger than 7.5 cm (e.g. height, diam-
eter at breast height, bole char heighe, crown killed height)
and the characterizarion of the plot (e.g. elevation, aspect,
slope, presence of soil erosion, shrubs species). However,
because the objective of the model was to predict fire mor-
tality if a fire oocurs over long planning horizons (i.e. over
&0 vears), biometric variables tested for the model were
limited to easily measurable tree and stand characteristics,
which permit the forest manager to predict the effect of
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A THREE-STEP APPROACH TO POST-FIRE MORTALITY MODELLING 3

stand structure and species composition on the expecred
mortality {Table 1}

In the case of plots that had not been measured before
the wildfire occurrence, regression models were used
to reconstruct the forest before the fire. Pre-fire d.b.h. of
standing burned trees was assumed to be unaffected by fire
and pre-fire height was estimated using an equation devel-
oped by Tomé et al. (2007) for maritime pine {equation 1).

i N 0.0254b )
h=0.07951+| 00795 +0.211 _—¢ d |1
. 100
—1.1655% {1)
B

1-e

where d.b.h. is the tree diameter at brease height {centime-
tre), N is the stand density (number of trees per hectare)
and fy is the dominant height (metre).

Methods

Modelling mortaliey with logistic regression (general
approach)

The occurrence of stem death in a sample plot over a given
period of time is a binomial outcome that may be mod-
elled by logistic regression {Hosmer and Lemeshow, 2000},
Maoreover, the logistic function is mathematcally flexible,
easy to use and has a meaningful interpreraton (Hosmer
and Lemeshow, 2000). The logistic model predicts a prob-
ahility of an occurrence ranging continuously between
(0 and 1. The dependent variable is dichotomous (e.g. death
or no death). The logistic regression model may be pre-
sented as:

1

Y= s
14 g Bt Py 4o+ Bty

(Z)

where ¥ is the dependent variable (dichotomous), x; to x,
are independent variables, By is the intercept and B o By
are parameters.

Table 1: Descriptive statistics for variables tested as model predictors at stand level

Stand level

Stands without dead trees = 31

Stands with dead trees = 93

Variable Max Min Average sD Max Min Average D

Altitude (m) CEF o 324,80 298.75 G40 o 34498 193.62
Slope (%) 7 ] 12.64 610 32 1] 13.13 7.71
avgDBH (cm) 34 536 17.31 7.0 29.33 4.6 13.55 594
N (treetha) 578 20 142,83 13527 1539 20 27R.04 295,82
Gim*ha™ ) 21.36 0.08 4.73% 584 18.15 (0.8 7.03 B.35
Dy {cm) 3704 T 18.40 7.92 3169 7 16.34 &.91
Avgh (m) 1% 5.30 1177 4.0 2575 3.47 12.82 588
sd jcm) 17.26 o 5054 469 17.67 o 4.70 3.86
sh {m} 6.20 0 1L.70 1.&3 241 o 1.85 1.56
Gl 084 0.02 0.22 0.23 1.73 002 0.38 038
Sz 64 0.1 0.25 0.18 069 [N 0.26 14
Pd (%) 1] a 1] 0 059 0.05 0.82 31
Mead (tree/ha) 1] o a ] 1517 [ 21134 25591

Tree level
Live trees = 234 Dead trees = 940

Variable Max Min Avg sD Max Min Avg sD

DBH {cm) 45.50 T 19,30 866 4350 7.00 14.71 7.56
h {m) 28.10 R 1398 4.71 1360 3.80 11.30 4.12
gim*ha-1) 0l& 0.0 004 003 015 L0 0.02 002
BAL {m* ha 1) 517 0.0 1.20 1.15 5.40 000 1.35 1.27
Dg fcm) 207.03 450 4473 41.18 189.23 4,590 27.36 29.01
DBH/Dg .21 0.24 1.03 0.33 112 033 0.94 027
g 0 0.0 0.0 0.01 011 0.0 0.01 001

G is stand basal area; Dg is the quadratic mean diameter; N, number of trees per ha; Pd, proportion of dead trees in the stand; Ndead,
number of dead trees per ha; avgDBH, mean tree diameter of the stand; avgh is the average tree height; SD, standard deviation of

tree diameters and Sh, standard deviation of tree heights of the trees in the stand; G/Mg is a density measure related to the number of
trees per hectare. The predictor S/ expresses the relative variability of tree diameters. Altitude is measured in metres and slope is
measured in degrees; DBH is the tree diameter at breast height; b is the tree height; g is basal area of the tree; BAL is the basal area of
the trees higher than the studied tree, DEH/Dg and g/G are competition indexes. Max, maximum; min, minimum; Avg, average.
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4 FORESTRY

Models to predict stand-level damage and tree-mortal-
ity caused by wildfires were developed using the logistic
procedure of SAS 9.1 (SAS Institute, Cary, NC). This pro-
cedure estimates the parameters of the logistic equation
with maximum likelihood methods.

An analysis of the relationships berween each individual
independent variable and response variables was performed
for a preliminary assessment of the relative importance of
each vanable on post-fire damage and tree mortality. The
final multivariate model was obtained by testing all pos-
sible combinations of variables. If the resulting morealicy
model is not biologically correct, it cannot be expected
to perform well outside the data range (Hamilton, 1986;
Crecente-campo ef al., 2009). Thus, model building con-
sidered ecological consistency of predictors (ie. signs of
coefficients), importance of the varable in terms of for-
est inventory and management as well as its simplicity and
its statistical performance and significance (eg. 0,05 sig-
nificance level, receiver operations characeeristic (ROC)
parameters, index of concordance and correct classification
rate (CCR)). Collinearity was assessed by adding new
variables in the model and observing the effect to the slope
coefhcients and estimated standard errors (Hosmer and
Lemeshow, 2000).

Standard tests and statistics for logistic regression,
namely the likelihood ratio test and Wald’s test, were
used. Hosmer—Lemeshow poodness-of-fic staristics and
ROCcurve analysis from the logistic model were also used
{(Hosmer and Lemeshow, 20001, The ROC corve plots
the probability of detecting true sipnal (sensitivity) and
false signal (specificity] over all possible cut-peints. To
evaluate the discriminatory ability of a cut-point, it is com-
mon to summarnze the information of the ROC curve into
a single global value or index (e.g. area under the ROC
curve). Models with area under ROC curve values higher
than 0.7 are considered to provide an acceptable discrim-
ination between wildfire occurrence and non-cccurrence
{Hosmer and Lemeshow, 2000). The concordance ana-
lysis procedure was further used to help interpree resules
{Kleinbaum, 1994; Hosmer and Lemeshow, 20001,

A way to summarire the results of a fited logistc regres-
sion model is to use a dassification wable. This is a result
of cross-classifving the outcome wvariable {e.g. death
occurrence) with a dichotomous variable whose valnes are
derived from the estimarted logistic probabilities (Hosmer
and Lemeshow, 2000). The logistic model predicts a prob-
ahility of an occurrence ranging continuously between
0 and 1. Thus to obtain this dichotomous variable (e.g.
death or no death), a cut-point muost be defined and
compared to each estimated probahility (Hosmer and
Lemeshow, 20000, Different selection criceria have been
proposed, e.g. the average observed survival rate of the
dataset and the value that maximizes the sum of sensitivity
and specificity (Monserud and 5terba, 1999; Crecente-
Campo et al., 2009).

In this study, three different criteria were used to define the
cut-point: (1) the value that maximizes the CCR (e.g. Ryan,
1997}, (2) the value where the sensitivity curve and the spe-
aficity curve cross each other (Hosmer and Lemeshow, 2000)

and (3] the average observed percentage of event occurrence
in the original data (Monsernd and Sterba, 1999), Tables
with classification error rates associated with different cri-
teria to define cut-points were constrocted to help select
the best cut-point value. Due to the relatively small number
of plots, no specific daraset was set aside for evaluation.
Thus, evaluation of the model was done calculating ROC
curves and classification tables for the htting dataset.

Modelling whether moreality will occur i a stand after a
wildfire

In order to predict whether mortality will occur in a stand
if a wildfire occurs, a stand-level binary variable was cre-
ated. This variable takes the valoe 17 if mortality occurs
within the stand {mortality of rees bigger than 7.5 cm) and
the valae “07 if no death occurs, Thus, this model would
filter the stands where some mortality would occur from
those where all the trees survive. A number of stand-level
features (e.g. site conditions, biometric variables) were
tested (Table 1). The dataset showed that mortality had
ocourred in 75 per cent of burned stands (93 of 124 seands).

Estimating stand-level mortaliey cawsed by a wildfre

In stands where mortality did occur (93 over 124 seands),
two stand-level variables were created: the number of trees
that died after fire (i.c. number of events) and the total
number of rees in the stand (i.e. number of trials). Then
SAS logistic procedure used these numbers to fit the lo-
gistic regression. This model would guandfy mortaline
caused by a wildfire in terms of proportion of dead trees in
the stand. The average proportion of dead trees in stands
where mortality occurred was 80 per cent (940 dead trees
of 1174} (Table 1). A number of stand-level variables re-
lated to topography, biometric variables and strucrure
were tested (Table 1),

Estimating pose-fire individual tree mortaliey

The predicted variable was the probability of a ree to die.
For modelling purposes, a tree-level binary categorical
variable was created. This variable takes the value “17 if
death occurs, and a 0" if the tree survives.

As this is a two-stage model, a vanable indicating the
proportion of dead trees in the stand (Pd) predicted with
the stand-level model (estimating stand-level mortality
caused by a wildfire) was tested as a predictor. For this
reason, only trees present in stands where montality was
predicted were used o fir the tree mortality model (i.e. 940
trees). Further predictors were selected by testing whether
they improved the model [Table 1).

Results

The logistic model to predict the probability of mortaline
occurring in a stand if fire ooours is
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A THREE-STEP APPROACH TO POST-FIRE MORTALITY MODELLING 5

StandMort = l' - ; {3
[+ --il'lﬂhlimfghn}.lﬂln!mlr
£

where StandMort is the probability of tree death to occur
in the stand (i.e. it differentiates the stands where all the
trees survive from the stands where some or all the ees
die), © is the basal area (square metre per hectare) and
Dyg is the quadratic mean diameter (centimetre] of mees.
The predictor G/Dg is a density measure and avgDBH 15
the averape diameter at breast height (centimetre). Higher
densities contribute to a higher probability of death to
occor in 3 stand, whereas this probability decreases with
higher average diameter at breast height {see equation 3
and Table 2). The model was successful in predicting
whether moreality did occur after the wildfire in 73.8 per
cent of stands (i.e. percentage of concordant pairs). The
area under the ROC curve (0.74) indicated good discrim-
ination {Hosmer and Lemeshow, 2000).

The model to quantify stand-level mortality caused
by wildfires where mortality did occur has the following
form:

1

r 1_‘_{[-1“51-'] DO Al 40T 138 Shepe —0U1EAF areg[HEH -+ 456 BH) 7

Pd {4

where Pd stands for the proportion of dead trees in the
stand, Alt iz aldtude (metres), Slope is measured in deprees,
avglBH is the average diameter at breast height (centime-
tre) and 5h is the standard deviation of the height of trees
{metre). The relative mortality at stand-level caused by a
wildfre (equation 4} decreases with higher average diam-
eter at breast height (Table 3). Conversely, higher vari-
ahility in tree heights (Figure 1) and steep slopes increase
the stand-level mortality. The model showed a percentage
of concordant pairs of 80 per cent) and the area under
the ROC curve (0.84€} indicated excellent discrimination
{Hosmer and Lemeshow, 2000).

The mee-level mortality model thar best predicted che
probability of an individual maritime pine tree to die if a
forest fire occurs was:

1
Ptd = + {3)

={ =1 VIR THE D 1000, L T P

l+e

where Ptd is the probahility of an individual tree to die,
DEH is the tree diameter at brease height (centometre), BAL

Table 2; Parameter estimates, standard errors (SE), Wald
X2 statistics and P-values for the model predicting whether
maortality will occur in a stand (equation 3)

Wald
Variahles* Estimate SE X2 Paxl
Intercept 21.231 0.5457 149161 <0001
avgDEH —.1134 00344 10.87% 0.0010
G 2.3943 09150 6.8474 0.0089

*For the parameter definitions see Tahle 1.

Table 3: Parameter estimates, standard errors (SE), Wald X2
statistics and P-values for the model predicting degree of damage
caused by a wildfire equation 4 (i.e. proportion of dead mrees in
the stand)

Wald
Variables*  Estimate SE X2 P2
Intercept OLTDES 0.0687 105.8 <0001
Altitude L0491 0000106 21.5592 <0.0001
Slope 01158 000272 18.0577 <0.0001
avgDBH —L164% 0.00426 14.9658 <0.0001
sh L1456 0.0177 B7.5690 <0001

*For the parameter definitions see Table 1.

FEigure 1. Effect of average diameter (avgD?BH, centimetre) and
standard deviation of height {sh, metre} on the proportion of
dead trees according to equation 4 for 2 stand located at 500 m
above sea level with a slope of 207,

is the basal area of trees higher than the studied tree (square
metre per hectare) and Pd is the proportion of dead trees
in the stand. The model indicates that trees with large
DBH are less prone to die due to a wildfire (Figure 2 and
Table 4). Conversely, mees suppressed (high BAL) and locared
in stands with higher expected stand damage (Pd) have
higher mortality probability (equation 5). The model was
successful in predicting whether mortality did occur after
the wildfire in 86 per cent of trees (i.e. percentage of
concordant pairs). The area under the ROC carve (0.85)
indicated excellent discrimination (Hosmer and Lemeshow,
2000). The model shows a CCR of 85.1.

The most appropriate cut-points were calculated for
the model predicting whether mortaliey will occur in a
stand (Table 5). If the value that maximizes the CCR
(75.8 per cent) was used as criteria to choose the cut-
point, its value would be 0.36 (Table 5). According
to this value, mortality would occur in 96 per cent of
the plots (classified as dead), while inventories after
wildfire events showed that mortality did occur only in
75 per cent (93 plots over 124). Around 24 per cent of
the predictions were false positives (i.e. stands thar did
not have any dead trees but were classified as if mor-
tality had occurred} and 40 per cent were false nega-
tives (i.c. stands that had dead trees bur were classified
as if mortality had not occurred). The cut-point at which
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Figure 2. Effect of diameter at breast height {d.b.h., centimetre), stand-level mortality (Pd) and BAL (m? ha=") on the probabilicy
of tree mortality using equation § for a BAL of 3 m® ha—! {a) and a Pd of 0.5 {b).

Table 4: Parameter estimates, standard errors (SE), Wald
X2 statistics and P-values for the tree-model predicting the
probability of a tree to die due to a forest fire (equation 5)

Wald
Variables*  Estimate SE Xt Pxsxt
Intercept —3.1958 0.4237 F6.9008 <0.0:001
DEH —0L0244 0.0109 5.0261 0.0250
BAL 0.2601 00754 11.8973 00006
Pd 6.3382 D476 218.7140 <0000

*For the parameter definitions see Table 1.

the sensitivity and specificity curves crossed was ~0.76.
Using this value led to a CCR of 66.9 per cent and the
percentage of stands classified as having mortalicy was
58.1 per cent (classified as dead). Using this cot-point,
in 41.9 per cent of the stands classified as not having
maortality (classified as alive), some trees had actually died
{i.e. false negative). On the other hand, when the average
observed percentage of event occurrence (Monserod and
Sterba, 1999} was used, a cut-point of 0.70 would be
chosen. This cut-point classified 26.6 per cent of stands
as stands where no mortality did occur (classified as alivel;
this value was very close to the real observed rate which
is 25,5 per cent {Le. 31 plots over 124). However, in this
case, the number of false negatives was 54.5 per cent and
the CCR was 72.6 per cent. Analysing these different
options and having in mind that a compromise has to
be found between classification of dead trees and good
prediction of mortality and survival rates, a cut-point
value of 0.7 is recommended as the predicted stands
with mortality is the closest with the observed in the
inventoried data.

Discussion and conclusions

Post-fire mortality has been studied using a variety of direct
and indirect methods (e.g. Fowler and Sieg, 2004; Sieg
et al., 2006). However, they need information thae is seldom

available to forest managers beforchand {e.g. tissue

damage, fire intensicy). Fire simulators may provide infor-
mation about tissue damage or fire intensity; however, they
need information abour specific weather conditions and fuel
accumulation at the time of fire thar are hard to predict over
long planning horizons (Rothermel, 1991: Finney, 1999; He
and Mladenoff, 1999; Gonzilez et al, 2007). The unavail-
ability of this information constrains the applicability of these
methods in long-term forest management planning. Thus,
both approaches are hardly practical for forest planning.

The proposed logistic modelling approach to post-fire
mortality for enhanced forest planning has been used earlier
for predicting tree-mortality as a consequence of wind dam-
ape (Lohmander and Helles, 1987 Jalkanen and Matmila,
2000), prescribed fre (Botelho et al., 1998) and wild-
fire (Regelbrugge and Conard, 1993; McHugh and Kolb,
2003; Rigolor, 2004; Gonzilez et al., 2007). This approach
has been also used to model natural tree mortaliey (Fridman
and Stahl, 2001; Alvarez-Gonzilez et al., 2004). Our re-
search confirmed the potential of the proposed approach to
develop mortality models that may be used in forest plan-
ning {(Reinhardt and Crooksron, 2003; Gonzilez et al.,
2007; Hyytidinen and Haighe, 2009).

The proposed approach was tested using a dataset
encompassing 1174 trees in 124 plos located in 26 fre
perimeters in Portugal. Resolts suggest that the models
may predict accurately post-ire mortality in maritime pine
stands in Portugal. An advantage of the three-step meth-
odolopy used in this study compared to other traditional
approaches is the possibility of detecting stands where no
maortality ocours.

Otherwise, traditional models always penerate some
mortality for all plots (Fridman and Stahl, 2001). This is
especially important in species that have demonstrated a
pood fire resistance as the case of maritime pine (Ryan
et al., 1994; Fernandes &t al. 2008).

Prediction and classification do not follow the same
pattern, 50 a compromise must be reached berween good
classification of dead trees and good prediction of monality
and survival rates when choosing a cut-point (Crecente-
Campo ¢ al., 2009). In our study, a cut-point of 0.7 for
the model predicting whether mortality occur in a stand
[equation 3] was selected. To determine this cut-point, the
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Tabie 5: Prediction parameters depending on the cut-points used to transform a continuous probability into a 0-1 dichotomous value

predicting whether there is mortality in a stand or not

False False Classified as Classified
Cut-point CCR (%) Sensitivity {%) Specificity (%) positive* (%a)  megative! (%) dead (%) as alive (%)
036 THE 97.8 T 135 40.0 B0 4.0
.38 754 96.8 129 131 4129 94.4 5.6
.40 75.8 6.8 122 231 41.9 B4 4 5.6
042 75.0 946 16.1 1.8 50,0 919 8.1
044 750 S4h 1a.1 1.8 50.0 91.9 B.1
046 750 Sdh 16.1 2.8 50.0 91.9 8.1
.48 750 4.6 16.1 228 0.0 1.9 8.1
.50 742 935 1a.1 3.0 4.5 %1.1 8.9
.52 75.0 935 19.4 113 5000 903 9.7
.54 75.0 4935 19.4 1.3 50.0 0.3 9.7
.56 734 203 118 111 563 7.1
0.58 734 503 1.6 23 563 B87.1 129
[Nt 742 B2 29.0 1.0 5.6 B4.7 15.3
a2 742 B8.2 323 2.4 514 B3.1 16.9
e 742 Ba.o 38.7 1%.2 52.0 T8 2.2
L6 TL6 839 387 19.6 55.6 782 1.8
.68 71.8 828 387 15.8 57.1 T4 Il.6
0.70 Tl6 B0.6 48.4 17.6 545 714 6.6
072 71.0 774 5le 17.2 568 T0.2 29.8
.74 6.4 T4.2 54.8 16.9 585 L5k EEN|
0.7 G693 667 &67.7 13.9 506 58.1 4]1.9
.78 637 61.4 &67.7 14.7 615 54.8 45.1

The percentage of observed plots where ocourred tree mortality was 75%.
* Stands that did not have any dead trees but were classified as if mortality had occorred.
! Stands that had dead trees but were classified as if mortality had not occurred.

ohserved percentage of stands with mortalicy was used as
suggested by Monserud and Sterba {1999), After a wild-
fire, the number of stands where at least some mortality
occurs is usually much greater than the number of stands
where no moreality occurs, so errors that resole in under-
estimating the number of stands where moreality occurs
could have more impact. Thus, cut-point of 0.7 presented
the best compromise berween underestimating the number
of stand where mortality occurs (the case of cut-point =
0.76) and overestimating mortality that occurs if cut-point
that maximizes the number of CCR is used {0.36).

In the framework of forest management planning, equa-
tion 3 may be used to predict whether mortality may occur
in a stand afrer a wildfire. As these models are developed
to support management planning, equation 4 estimates che
number of trees that will die in the stand (i.e. percentage of
trees) after a wildfire (if mortality indeed ocours). Equaton
5 may then be nzed to distribute thar morralicy among mees.
Thus, equation 5 may be used to predict the probability of
mortality of each mee in the stand and to build a list of
all trees in the stand ordered according to this probability
{mrees with higher probahility of mortality are ranked first
in the list). The management planning model may then
select the trees that will be assumed to die for planning
purposes by poing down the list and stopping when it
reaches the number of trees that are estimated to die (from
equation 4). For this reason, no cut-point is needed to
transform the estimated probability into a dichotomous
variable {e.z. death or no death). Equation 5 is especially
important when the growth and yield simulaton uses an

individual tree model (which means that every tree may
have different characteristics). As sugpested by Gonzilez
et al. (2007}, the tree mortality equations can be used to
generate mortality variation if a stochastic component
corresponding to the residual varanon of the stand-level
mortality model is added to the prediction.

Cur models are developed to predict mortality if a fire
occurs in a forest management planning context. Thus,
unlike former models for post-fire tree mortality that were
developed to assess moreality afrer a wildfire oocurrence,
our models do not use tissue damage or fre severity as
predictors. This is in concordance with the approach pre-
sented by Gonzdlez et al. (2007). However, some of the
variables included in our models have a dear correlation
with fire behaviour. This is the case of slope as steeper
slopes increase the expected mortality. Biometric variables
that impacted post-fire mortality included tree diameter
{average d.b.h. of the stand and d.b.h. of the tree), van-
ation of heights (Sh) and indicators of density such as basal
area () and competition index (BAL). Other significant
variables were related to fre behaviour {i.e. slope) and
stand location (i.e. aldtude). This agrees with Andings of
Fernandes et al. {2008), who stated that the level of injury
and mortality for a given species is a combined outcome of
fire behaviour, tree size and stand structure. In additon,
Fernandes (2009) presented a study where combined for-
est structure dara and fuel modelling to classify fire hazard
in Portugal. He concluded that forest structure is highly
related to fire intensity. Based in previous studies and accord-
ing to the purpose of this model, no direct measurements
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of fire behaviour were included in the model. This is be-
cause the purpose of this model is to predice mortalicy for
long-term planning horizons {i.e. over 60 years planning
periods), where data needed to use fire behaviour models
is limited or even not possible to calculate for small scale
areas located in Portugal (e.g. bush development, 1-10 h
fuel moistore content, specific weather conditions in a
specific day for long periods). However, dataset of fire oc-
currences which cover many different fire events was used,
in addition, indirect variables that may be related to fire
behaviour as can be the slope or the vertical strucmure of
the stands were included in the analysis.

The need for an individual-tree mortality model for long-
term planning is justified by the fact that growth simulation
may be done with individual tree-growth models. Thus, in-
dividual tree-mortality models even in long-term planning
periods help to distribute stand mortality over trees with
different tree sizes.

In concordance with other studies, in our stand-level
mc\rra.f'try modr.[, steeper slug:lr.s increase the :xprctrd pro-
porticn of dead trees in the stand; this may be explained
by an easier transter of heat uphill (Agee, 1993; Gonzilex
et al., 2007; Hyytdinen and Haight, 2009). In our case,
altiude correlates positively with the degree of mortalicy
in burned areas because most of the burned stands were
located in high altimdes.

The coefhcients of biometric variables in stand-level mor-
tality models indicate that even-aped stands with higher
tree diameters have lower stand moreality than irregular
stands with trees with smaller dimensions. Moreover, in
stands with higher densities and smaller diameters, stand
maortality is expected to be higher than in stands with lower
densities. This is in concordance with studies in North-
American conifer dry forests {Pollet and Omi, 2002; Agee
and Skinner, 2003: Ritchie &t al., 2007) which indicate
that fire severity is lower in open stands, especially when
thinning is concurrent with surface fuel treatment. Also
in Portugal Fernandes et al. (2005, 2010} and in southern
Spain Gallegos et al. (2003) indicated that dense maritime
pine stands have higher crown fire potental and tend
experience higher fire severity which results in higher post-
fire tree mortality. They indicate chat high densities favour
death of the lower canopy branches which are retained,
establishing continuity with the live crown and, conse-
quently, implyving high crowning potential. In our case,
variability of tree heights (Sh} is highly related to vertical
continuity of fuels and thus with high crowning potential
and higher mortality.

At tree level, tree diameter (d.b.h.} was found to be nega-
tively related with tree mortality. This is in concordance
with other studies (Ryan and Reinhardt, 1988; Hély et al.,
2003; Gonzilez et al,, 2007). Moreover, a competition
index (BAL) was found to be positively related with tree
maortality: the more suppressed is the tree (i.e. higher BAL)
the more probability of death. This is in concordance with
findings by Gonzilez et al. (2007} and Van Mantgem et al.
{2003), who concluded that a suppressed tree is more
prone to die than dominane trees due to both, the fire dam-
ape and the stress before the fire event.

When no pre-fire inventory was available, reverse
engineering {i.e. regression models) was needed to re-
construct the stand. Thus, the quality of the models is
dependent on the quality of the equations used for thae
purpose. Stands where burned trees had been harvested
were not used in the model ftting process. Further, this
research considered mortality within a period extending
hetween 1 and 2 years after the wildfire, a dme period
between fire and the inventory that has been already used
by other authors (Botelho ef al., 1998; Fernandes ef al.,
2008). In some cases, this may lead to an underestima-
tion of mortality caused by the wildfire. Mevertheless, the
development of the first maritime pine post-fire mortality
models in Portugal took into account all available data
and information.

Validation of the models was done through studies of the
performance of the functions. No specific validation data
sets were set-aside and larer used for thar purpose. This was
for two main reasons. Firsely, the reladvely small number
of observations in the stand dataset. Secondly, the best pos-
sible parameter estimares were of grearer interest. There
are advantages and disadvantages of spliting the dacaset
for model validation purposes as discussed by Kozak and
Kozak (2003). They concluded that that cross validation
by data splitting and double cross validation provide little,
if any, addirional information in the process of evaluating
regression models. Other authors have the same opinion,
for instance, Picard and Cook {1984).

Post-fire mortality models are a valuable forest man-
agement planning tool (Gonzilez et gl., 2007). Their use-
fulness in forest planning depends on the information
they may provide about the impact on mortality of vana-
bles whose future value may be estimated with reasonable
accuracy. This research encompassed the development of
maritime pine post-Are stand and tree mortality models
for enhanced forest planning in Portugal. These models
are based on variables that are under the control of forest
managers (e.g forest density, mean diameter) and pro-
vide information about the impact of forest fires under
alternative forest conditions. Thus, these models are in-
srrumental to designing silvicultural stratepies that may
decrease mortality caused by wildfires and that they can
be used to effectively integrate fire risk into forest man-
apement planning.
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V.1 - Abstract

Understanding a disturbance like a fire on forest landscapes is a challenge because of complex interactions
over a range of temporal and spatial scales. We present a stochastic, cellular multi-objective forest harvest
scheduling model incorporating a mechanistic model of fire risk probability based on the state of a cell and

the fire risk in neighboring cells.

V.2 - Introduction

Fire isamajor disturbance in the Mediterranean landscape (Rundel 1998, Ferreira et al. 2011), and in recent
decades its incidence has increased dramatically in Southern Europe (Rego 1992, Moreno 1999, Pereira et
al. 2006, Velez 2006, Pausas 2008), especially in Portugal where nearly 40% of the forest area has burned
during the last three decades (Marques et al. 2011). This problem has been further aggravated by the
absence of adequate measures to control and avoid wildfires. Such fires have devastating effects on the
landscape, affecting the ecological balance of the forest environment, emitting large quantities of stored
carbon to the atmosphere, and causing substantial loss of human lives. Moreover, the lack of proper forest

management has added to the problem.

Fire behavior is influenced by three factors: fuel, weather and topography. Of these, only fuel can be
actively managed. Fire managers are tasked with reducing the flammability of the landscapes by applying
fuel treatments to modify fuel quantities, patterns and distribution (Martell 2007, Minas et al. 2013). The
challenge of creating and maintaining desired forest conditions has been discussed by a large number of
authors who have suggested that fire and fuel conditions in certain forests would be improved by creating
a forest with densities and age structures that emulate historical conditions or natural processes.
Scheduling removals to create and maintain such a forest presents forest managers with a formidable

management planning problem.
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Harvesting can reduce the ability of fire to spread across a landscape, and the spatial distribution of
harvesting activities can be a key factor in reducing in the risk of large fires (Johnson et al. 1998, Gustafson
et al. 2004, Gonzalez et al. 2005, Palma et al. 2007). Thinning and other fuel management practices have
been shown to be effective in reducing fire hazards (Stephens 1998, Graham et al. 1999, Pollet and Omi
2002).

Finney (2005) addressed the importance of incorporating the probability of fire occurrence, fire behavior,
and values at risk (to which we would add fire suppression effectiveness) in strategic or long-term fire
management planning. Sampson and Sampson (2005) noted that “all wildland areas share wildfire risks
with their surroundings,” but the development of spatial fire risk assessment procedures has yet to receive

the attention it deserves.

The use of mathematical models for managing fires has a rich history in many regions of the world (e.g.,
Hofand Omi2003, Wei et al. 2008). Due to the complexity of the problem, finding the optimal combination
of stand management alternatives to maximize or minimize a landscape metric often requires numerical
optimization techniques. As most landscape metrics are spatial, the computational complexity of many
planning problems calls for the use of heuristic search techniques (Borges et al. 2002, Pukkala 2002). These
techniques are generally more flexible and more capable of addressing complicated objective functions

and constraints than exact algorithms (Reeves 1993, Borges et al. 2002).

This paper presents a timber harvest allocation model whose objective is to maximize the expected value
of a forest that is subject to the risk of burning. It assumes that information regarding the probability that
a fire will burn any given portion on the landscape can be obtained from fire simulation and behavior
models. The paper presents a preliminary version of the model that focuses on how such information can

be used to develop an optimization model to efficiently allocate fuel treatments across a landscape.
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V .3 - The model

The state space of the forest is defined as an mxn grid (Figure V.1) where each cell in the grid is a
management unit with an initial age at time o of aio. Corresponding to each age is a timber yield, ya, and
aflammability index, f, € (0,1). Timberyield is a monotonically increasing, concave function of stand age
(i.e., y'o>0 and y”a<o). The flammability index is low when stands are young and when they are old and
highest when stands are of intermediate age (i.e., f'a>o for a<a*, f'a=0 for a*, f'a<o for a>a* and y”a<o,

where a* is the age at which flammability is highest).

1 2 3
4 5 6
7 8 9

Figure V.1 — State space example

The planning horizon consists of a set of T periods, t =1,...,T, each Tt years in length. The model’s decision
variables represent the decision to harvest management unitiin period t. Let X;; be 1 if management unit
i will be harvested in period t and 0 if management unit i will not be harvested in period t. A management

unit can only be harvested once during the planning horizon. Hence:

Yo X =1Vi [Eq.V.1]

The most important and challenging component of this model is determining the probability that a given

stand will burn in any given period. In any given period there are three possibilities: either the stand burns

Ph’D Thesis in Forest Engineer and Natural Resources of Susete Maria Gongalves Marques 49



because a fire started in it, the stand burns because a fire in an adjacent cell spread to it, or the stand does
not burn. We assume that the probability that a given stand will burn in a given period is a function of the
flammability of the stand, the probability that each stand around it will burn, and the probability that a fire
will spread from an adjacent stand. To make the model more tractable, when we calculate the probability
that a stand will burn, we assume that none of the stands have burned. This tends to over-estimate the
probability that a stand will burn, since if an adjacent stand has already burned then it is assumed to no

longer be flammable. Thus,

Pit = pilt(fa(it)) + (1 - pilt(fa(it))) Z 1_[ (1 — Pme) | Pre X plfit(fa(it)) [Eq.V.2]

keAdj; | me{Adj;\k}

Where:
pi: = the probability that the stand i will burn in period t; (similarly for p,; and p,,,;);

Pl (fa(it)): the probability that a fire will start in stand i in period t, which is a function of the flammability

of the stand in that period;

P;fit(fa(it)) = the probability that a fire will spread from stand k to stand i in period t, which is a function

of the flammability of stand i in that period, and

Adj; = the set of stands that are adjacent (including corner adjacencies) to stand i.

This formula assumes that whether or not each of the adjacent cells burns are independent events, and
that the fire can spread to cell i from only one of the neighboring cells. So if came from cell, couldn’t have

come fromBand C
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P(Aa NA,NA) = P(A4)(1 — P(4))(P(A)

For each cell k (adjacent of i) we have the product of probabilities of the others adjacent cells not having

been burned.
So:

meAdji Nm=#k

A key problem with the above equations is that the probability of each stand burning is a function of the
probability that every other stand will burn, which creates seemingly intractable circularities in the
calculation of the probability that any one stand will burn. To get around this, we separate the burn
probabilities into four independent cases based on wind direction. The cases are that the wind is from the
NW, the NE, the SE, and the SW. For notational purposes, let D be the set of wind directions: D ={NW, NE,
SE, SW}. Thus, the probability that a stand i will burn in period t can be written:

Pit = Z Pa % (picld) [Eq.V.3]

deD

Equation V.3 can now be revised as follows:

Dicld = pilt(fa(it)) +

(1 - piIt(fa(it))) Z 1_[ (1 = el D) | Prceld % piigel d(faqiry) [Eq.V.4]

keAdjl lmef{aaji\k}

Where:

pi:|d = the probability that the stand i will burn in period t given that the wind is from direction d; (similarly
for py¢|d and pp,.[d);

p;fitld(fa(it)) = the probability that a fire will spread from stand k to stand i in period t, given that the wind

is from direction d, and
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Adj# = the set of stands that are adjacent to and upwind from stand i.

It is reasonable to assume that the probability of the wind blowing from a given direction, pd, does not
change over time. Furthermore, we assume that the probability that a fire will start in stand i is

independent of the wind direction; this assumption would be easy to relax.

The advantage of separating the probabilities into independent cases based on wind direction is that if we
also assume that the probability of fire spreading upwind is zero, then p;.|d only depends on the
flammability of stand i and the probabilities that an upwind stand will burn and that the fire will spread to
stand i. This eliminates the circularity in the calculation of the probabilities and allows us to calculate the
probability of each stand burning by starting in the upwind corner of the grid and working downwind. For
example, if the wind is from the NW, processing would start in the upper left corner and proceed to the
right through the top row; when the top row is done, processing would continue with the second row,

moving from left to right, and so on.

For every cell, the “set of connected cells” is defined as the neighborhood of immediately adjacent cells,
considering each wind direction. In the simplest case each set would be composed of all immediately
adjacent cells (Figure V.2). In alternative case is where sets are constructed to take into account
heterogeneous landscape features such as the prevailing wind directions associated with severe burning

conditions.

a) Simplest case, with b) lllustrative with north- c) lllustrative with north-
north-westerly  prevailing westerly prevailing wind easterly prevailing wind
wind direction where the | direction where the right direction where the left
cell in light green is bottom cell is connected to bottom cell is connected to
connected to the cell in dark three other cells three other cells

green.

Figure V.2. Illustrative examples of sets of connected cells.
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The goal of this model is to schedule harvesting treatments to produce a fragmented landscape fuel
complex with a view to inhibiting fire spread. Other similarly structured models involving dynamic natural
systems with spatially explicit management objectives in the forest operations research literature include
Martell et al. (1998), Weintraub et al. (2000), Weintraub and Romero (2006), and Bjgrndal et al. (2012).
While our model employs some concepts from this earlier work (i.e., adjacency, connectivity and inter-

temporality), on the whole, fuel management problems tend to differ significantly.

The objective of the model is to maximize the expected present value of the economic return from the
forest. To calculate the probability that a stand has not burned before it is harvested, we have to make an
assumption about whether the harvest event for a given period happens before or after the fire event in
the same period. Since our probability of a stand burning in a given period is based on the state of the
stand and its neighbors before any of them are harvested, it makes sense to assume that the fire event
happens first. In this case, the probability that a stand has not burned before it is harvested in period 1 is
(1-pil). The probability that a stand has not burned before it is harvested in period 2 is (1-(pil + (1-pil) pij2)).

In general, that a stand has not burned before itis harvested in period t, p'it, is:

t t'-1
iy = 1_2 H(l_pit” Pkt [Eq.V.5]
t'=1 \t""=1

Essentially, we want to optimize:
Maximize the present value of the economic return from the forest, assuming that it does not burn:

T
NPV = Z Z ritXit [Eq V. 6]

i t=0
Where:

rit = the present value of the economic returns from stand i, plus its ending value if it is harvested in period
t(i.e., rit = dtmya(it) + 8Toit, where & is the discount term, T is the price of timber, a(it) is the age of stand

iif it is harvested in period t, and ¢it is the ending value of stand i if it is harvested in period t).

Now the objective function can be rewritten as:
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T T
E(NPV) = Z Z PiclicXic + Z Z PitOit [Eq.V.7]

i t=0 i t=1
Where:

Bit is the present value of stand i if it burns in period t.

Note that the value of the second term depends indirectly on the values of the decision variables because

the pit’s depend on the management decisions that are made.

If the model has multiple planning periods, it should have some kind of even flow constraints, and these
constraints need to recognize that at least some of the harvests that are planned will not occur because
the stands will burn first. This can be addressed by using accounting constraints that give the expected
yield for each period. This procedure reduces expected yields for future periods more than expected yields
in early periods because the probability that a stand will be burned before it is harvested increases with
the length of time before the stand is harvested. The expected yield in period p can be calculated using the

following accounting constraint:

> PiYagoXie ~EH) =0 [£q.V.8]
i

i

Now one can formulate any of the standard flow or harvest target constraints using the E(H,) variables.

The key assumption that a stand can burn only once was made to improve the tractability of the
specification and calculation of the burn probabilities. As long as the planning horizon is short or the
probability of any given area burning is low, then this should be a reasonable assumption. If the probability
that stands will burn is high, then it makes sense not to have too long a planning horizon, as it will be

necessary to re-plan frequently as it becomes known which areas have actually burned.

We now have a fully-specified harvest scheduling model. The problem is that it is highly non-linear.

However, there are many heuristic solution algorithms for solving non-linear problems like this: simulated
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annealing, tabu search, sequential quenching and tempering, genetic algorithms, etc. Furthermore, with

asmall problem it is possible to solve it using complete enumeration.

V.4 - Case example - The problem

The example case forest is a 3x3 matrix as represented in Figure V.3. Timber age classes can be assigned
to each cell, corresponding to important seral stages for wildfire. Table V.1 shows the yields and
flammability indexes for each age class. The table also identifies the ignition probability for the landscape,
[. While other assumptions can easily be modeled, all cells are assumed to have the same ignition
probability. The probability that a fire will start in a cell and that the cell will actually burmn - p’;, (fa(iy ) from
Equations V.3 and V.5 —is given by the product of the ignition probability and the flammability index.

FigureV.3- The 9-cell example planning area.

Table V.1 -Yield (ya) and flammability index (fa) for each timber age class (a) and ignition probability (1) for all

cells.
a ya fa
0 0 0
1 1 05
2 3 08
3 5 06
4 6 03

I
0,02
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Because fires often start in one cell and spread to others, fire risk in a cell is a function of the fire ignition
risk within the cell. Examples of models for predicting ignition risk have been developed by Catry et al.
(2008, 2009), Vasconcelos et al. (2003), Botequim et al. (2013), Garcia-Gonzalo et al. (2012), Marques et al.
(2011), and Gonzalez et al (2005). A model of the risk of fire entering a cell from adjacent cells (spread risk)

has been developed by Chou et al. (1993).

When the wind is blowing from one of the corners of the landscape grid —i.e., either from the NW, the NE,
the SE, or the SW - a fire can spread downwind either horizontally, vertically, or diagonally. This is
illustrated in Figure 4. The figures show a parameter used in the model to determine the probability that a
fire will spread from one cell to another, which we refer to as the spread propensity. The spread propensity,
which depends on the wind direction, is multiplied by the flammability index of the cell into which the fire
might spread to determine the probability that the fire will spread to that cell. Figure 4 shows how the
spread propensity varies depending on the wind direction. In general, we have assumed a spread

propensity of 0,5 for vertical and horizontal adjacencies and 0,75 for diagonal adjacencies.

AlB 0 | 05 BJA 05 0
D 0.5 10.75 D|C 075 | 05
Northwest wind direction Northeast wind direction
D 0.5 1 0.75 D|C 0751 05

AlB 0 |05 B|A 05 | 0
Southwest wind direction Southeast wind direction

Figure V.4-Fire spread propensities according to different wind directions

Ph’D Thesis in Forest Engineer and Natural Resources of Susete Maria Gongalves Marques 56



V.5 - Results and discussion

V.5.1 - Static problem

V.5.1.1 — Regulated forest

In order to demonstrate its functionality, we applied the model to a number of hypothetical landscapes
with all possible combinations of timber age classes composing an even age forest. In this example and for
simplicity the treatment cost and timber value are set at a constant value of one unit per cell across the

entire landscape. No treatment restrictions or ecological constraints are imposed.

!

= | O
o

o

1| 1 1] 1
0| O
5 f) 1] o2

9)
FigureV.5-a) Optimal landscape pattern for a 9-cell forest with three cells each in three age classes when the

predominant wind is from the SW (Case SW-1), b) Solution when the wind is from the SW 98.7% of the time and from

the NW - 1.3% of the time (Case SW-0.987; NW-0.013), ¢) Solution for case SW-0.633; NW-0.367, d) Solution for case

SW-0.59; NW-0.41, e) Solution for case SW-0.409; NW - 0.591, f) Solution for case SW-0.366, NW-0.634, g) Optimal
landscape when the predominant wind is from the NW (Case NW-1).
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Thus in this homogeneous landscape with no ecological constraints or treatment restrictions the spatial
solution amounts to the creation of an initial pattern and then the maintenance of this pattern through a

recurring treatment cycle.

v.5.1.2 - Uneven aged forest

In practice, most forest landscapes will not have perfectly regulated age-class distributions. To
demonstrate how the model handles this, we assume that the optimal rotation is divided into five timber
age classes, so that it is no longer possible to have an even age-class distribution (nine cells cannot be
divided evenly into five age classes). The treatment costs, annual budget and set of connected cells

definitions remains the same as in the previous example.

3] 3|1 3| 1] 2 2 3| of 2 3] o] 2 2| of 2
o] 1 o] 1 o] of 2 1| o

2| of 2 2| of 3 2.%3 2| 1] 3 2] 1] 3 1| 3] 3

3.%2 3.%2 3| 1] 2 3.2 1 2 1

3] o] o 1] o] o 0 1] o] o 0|1 0
1| 2 2| 1] 3 2| of 3 2| 1] 3 4| 3 4
a) b) 0) d) e)

Figure V.6 — a) Optimal landscape pattern for a 9-cell forest with two cells each in four age classes and one cell in
the fifth age class when NW is the predominant wind b) Solution when having wind with the following percentages of
predominance NW- 0.83 and SE — 0.17 c¢) Solution when having wind with the following percentages of predominance

NW and SE of 0.5 d) Solution when having wind with the following percentages of predominance NW- 0.16 and SE-0.64
e) Optimal landscape when SE is the predominant wind
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V.5.2 — Dynamic problem

V.5.2.1 - Even aged forest

Starting with the optimal solution from the static problem, when we have two wind directions (NW and
SW), with the wind blowing from the NW 53 percent of the time, considering two 10-yr periods, and an
interest rate of 3% per period, timber price and costs set a unit for all landscape, the solution is presented

in figure V.7, below.

to Action t Action t
0] 1 1| 0| O 0] 1 0l 0] O 1| 2
1 0] 1 0 0 2
0] 1 1] 0 0 0| O 1| 2

Figure V-7 — Optimal solution and action to perform within each period in an even-aged forest. 1 in figure
“Action” means that the cell in same position in our 9 cell landscape should be harvest. Figure t1 and t2, shows the
optimal solution after action being performed.

\V.5.2.2 - Uneven aged forest

Starting with the optimal solution from the static problem, with the wind from the NW of the time and the

same conditions as in previous example, the solution is presented in figure V.8, below.

to Action t Action t
2 1110 0|0 0|01 1/1|0
100 0[{0]|0 1 0|00
2 |1 0|01 0 110]0 0 1

FigureV.8- Optimal solution and action to be performed within each period in an uneven-aged forest. 1 in figure
“Action” means that the cell in same position in our 9 cell landscape should be harvest. Figure t1 and t2, shows the
optimal solution after action being performed.
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v.6 — Discussion

There is a recognized need to apply and maintain timber harvest to reduce catastrophic wildland fires in
forests (Pollet and Omi 2002; Agee and Skinner 2005; Prichard et al. 2010, Chung et al. 2013). However,
treating all forest lands considered at risk would be costly and impractical. Forest managers who are faced
with limited budgets, narrow burning windows, air quality issues, and concerns about treatment effects
on other critical forest resources,must establish priorities for where, when and how to implement fuel
treatments. Science-based as well as field-applicable guidelines are necessary to strategically locate,
schedule and apply fuel treatments to effectively reduce catastrophic fire and restore ecosystem health

on landscapes over time (Collins et al. 2010).

Although fuel treatments may not stop wildfires (Finney and Cohen, 2003 and Wei et al, 2003), they can
alter fire behavior and reduce intensities across a landscape. By carefully planning the spatial location of
fuel treatments in a landscape, forest managers can increase the effectiveness of these treatments by
fragmenting the fuel complex, thus increasing the likelihood that suppression will be effective (Finney,
2001).

The direction of fire spread is an important factor to be considered in designing the spatial distribution of
fuel treatments. This study assumed that the main factor determining fire spread patterns was the wind
directions. However, spread direction can also depend on topography. Future enhancements could define
fire spread directions using a spread direction matrix that reflects the combined effects of both wind
direction and topography. Such matrix can store a specific spread direction for each cell. Therefore, fuel

treatment locations could also consider landscape topography.

Fuel treatment is one of many components in an integrated fire management system. Fuel treatments

need to be combined with other fire program components, such as suppression and prevention, to
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improve the overall efficiency of fire management. While fuel treatments may not always stop the spread
of fire, they can improve suppression productivity. Basic information such as the spatially explicit
landscape fire risk distribution can potentially be used to tie different fire management components

together.

V.7 - Conclusions

The optimal location of fuel treatments across a landscape remains a central challenge in fire management
decision-making processes. Landscape conditions are usually heterogeneous, and scheduling fuel
treatments by following regular patterns may not be an efficient strategy for reducing expected fire losses.
Multiple spread directions may further complicate the problem by requiring the prevention of the spread

along multiple pathways.

The model developed here illustrates a potential approach to integrate these practical management
concerns to improve the overall effectiveness of landscape level fuel treatments. By implementing the
complete enumeration approach, we separated the probability of fire in each cell into the probability that
the fire would start in that cell and the probability that the fire would spread to that cell from an adjacent
cell. The integer programming model uses the calculated probabilities based on the interrelationships
between cells regarding fire risk for different wind directions. The values at risk at each specific location of
a landscape can be acquired through either expert opinion or through other kinds of economic analysis.
The model can then incorporate the potential fire-loss information into the decision-making process to
determine the optimal spatial distribution of fuel treatments on the landscape. In addition to the benefits
of protecting the forest from potential loss from fires, the cost and feasibility of scheduling certain types

of fuel treatments at specific locations of a landscape can also be considered.

The resulting forest removals problem is difficult because it is intrinsically nonlinear. The assumptions
necessary to make such problem linear are rather heroic. Accounting for the spatial nature of fire itself is

difficult because fire origins and behavior can be quite random and unpredictable. An approach that
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focuses on spatial fuel pattern, per se, might show promise, but guidelines for desirable patterns are not
apparent. Monte Carlo approaches that simulate many fires might show promise in accounting for the
uncertainty of fire origin and behavior, but heuristics for finding near-optimal solutions have yet to be
developed and the basic computing time necessary to simulate an adequate number of fires may be
prohibitive. Clearly, much additional work is needed on all aspects of the spatial and dynamic management

of fuels at the landscape scale.

Acknowledgments

This study was partially supported by projects PTDC/AGR-CFL/64146/2006 funded by the Portuguese
Science Foundation, MOTIVE - Models for Adaptive Forest Management and Marie Curie International
Research Staff Exchange Scheme Fellowship within the 7th European Community Framework
Programme. In addition the authors would like to thank the Portuguese Science Foundation for funding
the PhD of Susete Marques (SFRH/BD/62847/2009).

V.8 — References

Agee J.K., Skinner C.N. 2005. Basic principles of forest fuel reduction treatments. Forest Ecology and
Management 211, 83-96. doi:10.1016/J.FOREC0.2005.01.034

Borges J., Hoganson H., Falcdo A., 2002. Heuristics in multi-objective forest management. In: Pukkala T.

(Ed.), Multi-objective forest planning. Kluwer Academic Publishers, Netherlands, pp 119-151.

Botequim B., Garcia-Gonzalo J., Marques S., Ricardo A., Borges J.G., Tomé M., Oliveira M.M., 2013.
Developing wildfire risk probability models for Eucalyptus globulus stands in Portugal. iForest, Vol. 6 pp.
217-227 doi: 10.3832/ifor0821-006

Catry F, X.,RegoF. C., BacadoF., Moreira F., 2009. Modelling and mapping wildfire ignition risk in Portugal.
International Journal of Wildland Fire 2009, 18, 921-931.

Ph’D Thesis in Forest Engineer and Natural Resources of Susete Maria Gongalves Marques 62



Catry F. X., Rego F. C., Moreira, F., Bacdo, F., 2008. Characterizing and modelling the spatial patterns of
wildfire ignitions in Portugal: fire initiation and resulting burned area. In: Eds: de la Heras, J., Brebbia, C.
A., Viegas, D., and Leone, V., Modelling, Monitoring and Management of Forest Fires. WIT Transactions
on Ecology and the Environment, Vol 199: 213-221. DOI: 10.2495/FIVA080221.

Chou Y. H., Minnich R. A., 1993. Mapping probability of fire occurrence in San Jacinto Mountains,
California, USA. Environmental Management. Vol. 17 Num 1 pp. 129-140

ChungW., Jones G., Krueger K., Bramel C. J. and Contreras M. 2013. Optimising fuel treatments over time
and space. International Journal of Wildland Fire. Published Online first.16pp.
http://dx.doi.org/10.1071/WF12138

Collins B.M., Stephens S.L., Moghaddas J.J., Battles J. 2010. Challenges and approaches in planning fuel

treatments across fire-excluded forested landscapes. Journal of Forestry 108, 24-31.

Costa R., Pereira M.G., Caramelo L., Vega Orozco C., Kanevski M. 2012. Spatio-temporal clustering of

wildfires in Portugal, Geophysical Research, Vol. 14, EGU2012-12208.

Ferreira, L., Constantino, M., Borges, J. G., 2011. A Stochastic approach to optimize maritime pine (Pinus
pinaster Ait.) stand management scheduling under fire risk. An application in Portugal. Annals of
Operations Research, Online first, pp.19. DOI 10.1007/s10479-011-0845-z

Finney M. A., 2001.Design of regular landscape fuel treatment patterns for modifying fire growth and
behavior. Forest Science 47 (2):219-228.

Garcia-Gonzalo J., Zubizarreta-Gerendiain A., Ricardo A., Marques S., Botequim B., Borges J. G., Oliveira
M. M., Tomé M. and Pereira, J.M.C. 2012. Modelling wildfire risk in pure and mixed forest stands in
Portugal. Allgemeine Forst und Jagdzeitung (AFJZ) — German Journal of Forest Research 183 (11/12), 238-
248.

GrahamR.T.,Harvey A.E., Jain T.B., Tonn J. R., 1999. The effects of thinning and similar stand treatments
on fire behavior in western forests. USDA Forest Research Service, Pacific Northwest Research Station
General Technical Report PNW-GTR-463. (Portland, OR)

Ph’D Thesis in Forest Engineer and Natural Resources of Susete Maria Gongalves Marques 63



Gonzalez J. R., Palahi M., Pukkala T., 2005. Integrating fire risk considerations in forest management
planning in Spain — a landscape level perspective. Landscape Ecology 20: 957-970. DOI 10.1007/s10980-
005-5388-8

Gustafson E. J., Zollner P. A., Sturtevant B. R. , He H. S., Mladenoff D. J., 2004. Influence of forest
management alternatives and land type on susceptibility to fire in northern Wisconsin, USA. Landscape
Ecology 19, 327-341.D01:10.1023/B:LAND.0000030431.12912.7F

Hof J., Omi P., 2003. Scheduling Removals for Fuels Management. USDA Forest Service Proceedings
RMRS-P-29

Konoshima M., Albers H. J., Montgomery C. A., Arthur J. L., 2010. Optimal spatial patterns of fuel

management timber harvest with fire risk. Canadian Journal Forest Resources 40: 96-109.

Johnson K. N., Sessions J. F., Gabriel J., 1998. Integrating wildfire into strategic planning for Sierra Nevada

forests. Journal of Forestry 96, 42—49.

Marques, S., Borges, J. G., Garcia-Gonzalo, J., Moreira, F., Carreiras, J.M.B., Oliveira, M.M., Cantarinha, A.,
Botequim, B. & Pereira, J. M. C., 2011. Characterization of wildfires in Portugal. European Journal of Forest
Research, Vol. 130, Issue 5, Page 775-784 DOI: 10.1007/s10342-010-0470-4 Available online at Available
online at http://www.springerlink.com/content/2163552052054p76/

Martell, D. 2007. Forest fire management. In A Weintraub. C. C. Romero, T. Bjorndal, R. R. Epstein, & J.
Miranda (eds.), International series in operations research &management science. Handbook of

operations research in natural resources (pp. 489-509). New York: Springer

Minas J, Hearne J, Martell, D, 2013. An integrated optimization model for fuel management and fire
suppression preparedness planning. Annals of Operations Research, Published online 11 January, DOI:
10.1007/s10479-012-1298-8

Moreno J. M. 1999. Forest fires: trends and implications in desertification prone areas of Southern Europe.
In: Balabanis P., Peter D., Ghazi A. and Tsogas M. (eds), Mediterranean Desertification: Research Results

and Policy Implications 1. DG Research, European Commission EUR, pp. 115-150.

Palma C. D., Cui W., Martell D. L., Robak D., Weintraub A. 2007. Assessing the impact of stand-level

harvests on the flammability of forest landscapes. International Journal of Wildland Fire, 16:584-592

Ph’D Thesis in Forest Engineer and Natural Resources of Susete Maria Gongalves Marques 64



Pausas J.P., Llovet J., Rodrigo A., Vallejo R. 2008. Are wildfires a disaster in the Mediterranean basin: a

review. International Journal of Wildland Fire, 17(6):713-723.

Pereira J. M. C, Carreiras, J. M. B., Silva, J. M. N., Vasconcelos, M. J. 2006. Alguns conceitos basicos sobre
fogos rurais em Portugal, in: Eds: Pereira, J. S., Pereira, J. M. C., Rego, F. C., Silva, J. M. N., Silva, T. P.,

Incéndios Florestais em Portugal, ISAPress, Lisboa, 133:161 (in Portuguese)

Prichard S.J., Peterson D.L., Jacobson K. 2010. Fuel treatments reduce the severity of wildfire effects in
dry mixed-conifer forest, Washington, USA. Canadian Journal of Forest Research 40, 1615-1626.
DOI:10.1139/X10-109

Pollet J., Omi P. N., 2002. Effect of thinning and prescribed burning on crown fire severity in ponderosa

pine forests. International Journal of Wildland Fire 11, 1-10. DOI:10.1071/WF01045

PukkalaT., 2002. Introduction to multi-objective forest planning. In: Pukkala T.(ed.), Multi-objective forest

planning. Kluwer Academic Publishers, Netherlands, pp 1-19.

Reeves C. R., 1993. Modern heuristic techniques for combinatorial problems, 1%t ed. John Wiley and Sons,

Inc, New York, pp. 320.

Rego, F. 1992. Land use change and wildfires. In: Teller A., Mathy P. and Jeffers J.N.R. (Eds.), Responses

of Forest Ecosystems to Environmental Changes. Elsevier Applied Science, London, UK pp. 367-373.

Rundel, P. W. 1998. Landscape disturbance in Mediterranean ecosystems: an overview. In Rundel, P.W.
Montenegro, G. and Jaksic. F.M. (Eds) Landscape disturbance and biodiversity in Mediterrean — Type

ecosystems. Springer-Verlog, Berlin, pp.3-22.

Stephens S. L., 1998. Evaluation of the effects of silvicultural and fuels treatments on potential fire
behaviour in Sierra Nevada mixed-conifer forests. Forest Ecology and Management 105, 21-35.
DOI:10.1016/S0378-1127(97)00293-4

Vasconcelos M.J.P., Silva S., Tomé M., Alvim M., Pereira J.M.C., 2001. Spatial prediction of fire ignition
probabilities: comparing logistic regression and neural networks. Photogrametric Engineering & Remote
Sensing 67 (1): 73-81.

Ph’D Thesis in Forest Engineer and Natural Resources of Susete Maria Gongalves Marques 65



Velez 2006. A defesa da floresta contra incéndios florestais: estratégias, recursos, organizagdo. In: J. S.
Pereira, J. M. Pereira, F. C. Rego, J. N. Silva e T. P. Silva (Eds). Incéndios Florestais em Portugal:

Caracterizacao, Impactes e Prevenc¢do. ISAPress, Lisboa: 355-368.

WeiY.,RideoutD., Kirsch A., 2008. An optimization model for locating fuel treatments across a landscape

to reduce expected fire losses. Canadian Journal of Forest Research, 38: 868-877. DOI: 10.1139/X07-162

Ph’D Thesis in Forest Engineer and Natural Resources of Susete Maria Gongalves Marques 66



CHAPTER VI

FINAL

REMARKS

Ph’D Thesis in Forest Engineer and Natural Resources of Susete Maria Gongalves Marques 67



Alexandrian et al. (2000) reported that both the number and area of forest fires throughout the
Mediterranean basin almost doubled since the 1970’s. This is largely a Northwest Mediterranean problem
where recent socio-economic and demographic trends have led to an increasing severity of forest fires
(Velez 2006). Climate change scenarios suggest the reinforcement of this severity (Kjellstrom 2004)
Portugal has been the country most affected by forest fires in the Mediterranean. In the period from 1980
to 2004 there was a fire for every 20 ha of land and forest fires burned the equivalent of one third of the
territory (Pereira et al. 2006). Fire suppression costs have increased substantially and yet apparently have
not been able to reverse this trend. Thus the development of an approach and of tools to help integrate
forest and fire management and optimize forest-wide socioeconomic and ecological objectives while
sustaining effective fire protection levels will have a country-wide impact. These tools will contribute to
enhance current forest plans for all Portuguese regions and current forest fire protection plans for all local
municipalities. The information provided will further contribute to enhance national fire prevention

policies that impact all regions.

As its knowned, forest fire is nowadays an important problem in Portugal. For this reason several studies
have already addressed the characterization of wildfires and have tried to model fire ignition probabilities
(Vasconcelos et al., 2001; Catry et al., 2009; Moreira et al., 2009; Marques et al., 2011a, 2011b). Most
studies focused on variables that either are uncontrollable by forest managers (e.g. climate, topography)
or that may mostly support strategic land allocation decision-making (e.g. cover type zoning). Even
though these studies provide valuable information, forest management requires further information, i.e.
models that may help foresters design prescriptions to decrease the probability of wildfire occurrence. Our
study develops a planning oriented model that includes variables that are easily measurable and
controllable by forest managers (e.g. shrub fuel load, basal area and quadratic mean diameter). It further
extended former studies developing a model for different species and stand structures. This model can
help delineate adequate prevention policies (e.g. shrub cleanings, thinning, final cuttings). This research
confirmed the potential of the logistic regression approach to develop a fire probability model for pure

maritime pine stands in Portugal, like Leiria National Forest.
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Forest and fire management planning are usually carried out independently one to each other. This
research has developed a model to predict fire probability, which gives the possibility to integrate forest
practices to reduce stand level fire risk. Thus, this model may have practical application for management
to decrease fire hazard, by promoting less fire-prone stands. Moreover, the results are instrumental to
understand the influence of certain variables on the probability of wildfire occurrence in pure maritime
pine stands. For instance, the control of biomass load and stocking allows the forest manager to include
reduction of the fire risk as an alternative objective in forest management planning. In addition to the
reduction in fire risk, several studies also indicate that fuel treatments (i.e. reduction of fuels in forests)
may change wildfire behaviour and enhance the effectiveness of fire suppression tactics (e.g. Mercer et
al., 2008).

The proposed model may be integrated within a growth and yield model that predicts the stand
development (Hanewinkel et al., 2010). This model may be used to predict the probability of a wildfire to
occur if there is an ignition. Thus, it should be applied after using a wildfire ignition model such as the ones
developed by Catry et al. (2009) or Vasconcelos et al. (2001). In the framework of forest management
planning, first the growth and yield model would be used to predict stand development. At each step of
the growth simulation, if an ignition occurs the simulator estimates the probability of wildfire occurrence.
At that point there are two options: a dichotomous variable (i.e wildfire occurs or does not occur) or just
information about the probability. If a dichotomous variable is needed then the probability of wildfire
occurrence is compared to a cut-point to decide whether the wildfire occurs or not (e.g. Gonzalez-
Olabarria and Pukkala, 2010). However, if only information on the probability of wildfire occurrence is

required, no cut-point would be used (e.g. Pasalodos-Tato et al., 2010; Garcia-Gonzalo et al., 2011b).

If the approach followed needs to calculate whether a wildfire occurs or not over the planning horizon a
cut-point must be defined and compared to each estimated probability (Hosmer and Lemeshow, 2000).
This cut-value then transforms a continuous probability in a dichotomous value (0 or 1). In any case, risk
guantification provided by the selected model may help forest managers design adequate fuel and stand

management strategies.
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During model development, a wide range of variables that influence the probability of the occurrence of
forest fires was considered. However, more variables such as wind speed or maximum temperatures could
be addressed by future research. In addition, it is important to underline that wildfire occurrence in a stand
is not only dependent on the intrinsic characteristics of the stand, but it is also influenced by the landscape
structure. Stands are often burnt by wildfires that started in neighbouring stands, thus it would be
important to also take into account the biometric variables of neighbouring stands (Moreira et al., 2009;
Silva etal., 2009).

Post-fire mortality has been studied using a variety of direct and indirect methods (e. g. Fowler and Sieg
2004). Yet the use of these methods in forest management planning is constrained by its cost-
effectiveness and the difficulty to predict accurately the variables they use (e.g. tissue damage, relative
humidity of air at the time of ignition). The proposed approach follows the recommendations presented

by Gonzalez et al. (2007) to develop models that are very suitable for forest management planning.

The logistic modeling approach has been used earlier for predicting tree-mortality as a consequence of
wind damage (Lohmander and Helles 1987, Jalkanen et al. 2000), prescribed fire (Botelho et al. 1996) and
wildfire (Regelbrugge and Conard 1993, Harrington 1993, Stephens and Finney 2002, Beverly and Martell
2003, McHugh and Kolb 2003, Rigolot. 2004, Gonzalez et al. 2007). The modeling approach in different
steps has been also used to model natural tree mortality (Fridman and Stahl 2001, Alvarez Gonzalez et al.
2004). This research confirmed the potential of the proposed approach to develop mortality models that
may be used in forest planning (Reinhardt and Crookston 2003, Gonzalez et al. 2007, Hyytiainen and
Haight 2009).

Our models are developed to predict mortality if a fire occurs. Compared with previous models for post-
fire tree mortality, our models do not use tissue damage or fire severity as predictors. This follows the
approach presented by Gonzalez et al. (2007). However, some of the variables included in our models have
a clear correlation with fire behavior. This is the case of slope; steeper slopes increase the expected
damage. This is in concordance with other studies and may be explained by an easier transfer of heat

uphill, “chimney” effects, and lower fuel moisture (Gonzalez et al. 2007, Hyytiainen and Haight 2009).
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Biometric variables that influenced post-fire mortality included average tree size (average diameter, or
guadratic mean diameter or cm), indicators of density as basal area (G), a variable non linear related to
stand density (G/Dq) and a measure of competition (BAL). The coefficients of biometric variables in stand-
level mortality models are also in concordance with findings from other studies (e.g. Pollet and Omi 2002,
Gonzalez etal. 2007). Extensive model testing led to the rejection of other biometric variables as predictors

of stand-level damage after a wildfire.

Prediction and classification do not follow the same pattern, so a compromise must be reached between
good classification of dead trees and good prediction of mortality and survival rates when choosing a
threshold level (cut-point) (Crecente-Campo et al. 2009). The advantage of the three-step methodology
used in this study, compared to other traditional approaches is the possibility of detecting stands where
no mortality occurs. Otherwise, traditional models always generate some mortality for all plots (Fridman
and Stahl 2001).

Post-fire mortality models are a valuable forest management planning tool (Gonzalez et al. 2007). This
research encompassed the development of post-fire stand damage and tree mortality models for
improved forest planning in Portugal. They provide information about the impact of forest fires under
alternative forest conditions. Thus, we may conclude that these models are instrumental to designing
silvicultural strategies that may decrease the damage caused by wildfires. The usefulness of post fire
models in forest planning depends on the information they may provide about the impact on mortality of
variables whose future value may be estimated with reasonable accuracy. The presented post-fire stand
damage and tree mortality models are based on variables that are under the control of forest managers

(e.g. forest density, mean diameter).

Thus we may further conclude that the presented models (fire risk probability and mortality models) they
can be used to integrate effectively fire risk into forest management planning and used to design

landscapes more resistant to fires.
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The optimal location of fuel treatments across a landscape remains a central challenge in fire management
decision-making processes. Landscape conditions are usually heterogeneous, and scheduling fuel

treatments by following regular patterns may not be an efficient strategy for reducing expected fire losses.

The model developed here illustrates a potential approach to integrate these practical management
concerns to improve the overall effectiveness of landscape level fuel treatments. By implementing the
complete enumeration approach, we separated the probability of fire in each cell into the probability that
the fire would start in that cell and the probability that the fire would spread to that cell from an adjacent
cell. The integer programming model used the calculated probabilities based on the interrelationships
between cells regarding fire risk for different wind directions. The model can then incorporate the
potential fire-loss information into the decision-making process to determine the optimal spatial
distribution of fuel treatments on the landscape. In addition to the benefits of protecting the forest from
potential loss from fires, the cost and feasibility of scheduling certain types of fuel treatments at specific
locations of a landscape can also be considered. Clearly, much additional work is needed on all aspects of

the spatial and dynamic management of fuels at the landscape scale.

This Ph’D working plan facilitated information sharing among researchers with different expertise in forest
and fire management, forest managers and forest owners so that decision support tools may be developed
to help integrate forest and fire management planning activities currently carried out mostly
independently of each other. This was instrumental to develop fire prevention activities and policies that
may effectively address those critical trends. Fire risk and fire hazard models provided information for
forest cover type’s vulnerability analysis. They further enabled the assessment of forest operations
impacts on this vulnerability. Forest-level models provided information to help the public administration
and the forest industry layout forest activities in their properties so that the resulting landscapes are more
resistant to fires. They will further enhance collaborative planning by forest owners to address the risk of
fire in forested landscapes where property fragmentation is predominant. Moreover, they will provide

needed information for regional forest planning. Public policy acknowledges that Portuguese forest area
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should expand from 1/3 to 2/3 of the national territory. Fire risk impacts negatively the attractiveness of
forest investment and it contributes to the lack of active management on the current area. This will be
instrumental to promote active management in the current forest area and to sustain an adequate
expansion. It will thus contribute to decrease the levels of destruction of urban and rural property and of
damage of forest resources by wildfires. It will contribute to sustain the forest industry and the Portuguese

economy. It will contribute to decrease the threat to human lives by wildfires.
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