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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 importância dos impactos ecológicos e sócio - económicos dos incêndios florestais mostra a 

relevância da investigação de técnicas e abordagens para a integração de processos de planeamento da 

gestão florestal e da gestão do fogo. Este doutoramento teve como objectivo a investigação dessas 

abordagens e a contribuição para a eficácia das estratégias de prevenção dos fogos quer ao nível do 

povoamento, quer ao nível da paisagem. Neste âmbito foram desenvolvidos modelos probabilísticos 

de ocorrência de incêndios e estimativa da mortalidade e danos para as principais espécies florestais 

portuguesas (pinheiro bravo e eucalipto) em composição pura em estruturas regulares e irregulares. 

Estes foram posteriormente integrados num modelo de gestão que optimiza qual o calendário de corte 

de cada povoamento por forma à criação de paisagens mais resistentes ao fogo. Encontra-se em 

desenvolvimento uma plataforma tecnologia, a fim de testar estes modelos e sua combinação numa 

abordagem inovadora para a incorporação de objetivos de risco e proteção no planeamento da gestão 

florestal. 



 

Ph.D. Thesis in Forest Engineering and Natural Resources of Susete Maria Gonçalves Marques      x 
 

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 I). The articles are integrated as chapters of this document and have a Roman numeral 

assigned (II – V). The thesis is the compilation of the articles and the manuscript included as chapters of 

this document:  

Table 0-1 - Articles that composes the thesis 

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 Gonçalves 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 



Ph.D.Thesis in Forest Engineering and Natural Resources of Susete Maria Gonçalves Marques 
 

xi

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 

under the scope of the following international projects:  

 

Table 0-2 – List of International and national projects 

Project ref. FP7-ENV-2011 nº 2825887 entitled “INTEGRAL – Future-oriented integrated 

management of European forest landscapes”, in the 7th Framework Programme from UE (FP7-ENV-

2011). Coordination: Swedish University of Agricultural Sciences, University of Freiburg (ALU-FR), 

Germany, University of Padua (UNIPAD), Italy, Wageningen University (WU), Netherlands, University 

of Forestry Sofia (LTU), Bulgaria, Fachhochschule Salzburg (FHS), Austria, University of Oxford 

(UOXF.AF), United Kingdom, Instituto Superior de Agronomia (ISA), Portugal, University of Molise 

(UNIMOL), Italy, Joint Research (JRC), Italy, Technical University Zvolen (TUZVO), Slovakia, 

Lithuanian University of Agriculture (LZUU), Technische Universität München (TUM), Germany, 

Fraunhofer Gesellschaft (FhG-MOEZ), Germany, AgroParisTech (ENGREF), France, University 

College Dublin (NUID UCD), Ireland, Portuguese Catholic University (UCAPOR), Portugal, 

Confederation of European Forest Owners (CEPF), Luxemburg, Stichting FERN (FERN), EU, 

European State Forest Association (EUSTAFOR), EU. 

 

Project ref. FP7-PEOPLE-2010-IRSES / 269257 entitled “ForEAdapt- Knowledge exchange between 

Europe and America on forest growth models and optimisation for adaptive forestry”, in the 

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  



 

Ph.D. Thesis in Forest Engineering and Natural Resources of Susete Maria Gonçalves Marques      xii 
 

Institute and State University, USA; University of Eastern Finland, Finland; University of Chile and 

Catholic University of Chile, Chile; University of S. Paulo, Brasil. 

 

Project ref. FP7-ENV-2008-1 nº 266544 entitled “MOTIVE - Models for Adaptive Forest 

Managementin the 7th Framework Programme da UE (FP7-ENV-2008-1). Coordination: University of  

Freiburg (Germany). Other countries involved: Finland, Swissland, Denmark, France, Germany, 

Netherlands, Poland, Czech Republic, Austria, Portugal, UK, Spain, Romania e Bulgaria 

 

PTDC/AGR-CFL/64146/2006 - Integração da gestão florestal e da gestão do fogo. Modelos e 

sistemas de decisão (Decision support tools for integrating fire and forest management planning), 

funded by Fundação para a Ciência e Tecnologia. 

 

Table 0-3 – Other publications where Susete Marques is first author. 

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, Volume 130, Issue 5 , Page 775-784  DOI: 10.1007/s10342-010-0470-4  

 

Marques S., Garcia-Gonzalo J., Borges J. G., Botequim B., Oliveira M. M., Tomé J., Tomé M., 2011. 

Developing post-fire Eucalyptus globulus stand damage and tree mortality models for enhanced 

forest planning in Portugal. Silva Fennica 45(1): 69-84.  

 

Marques S., Garcia-Gonzalo J., Botequim B., Ricardo A., Borges J. G., Tomé M., Oliveira M. M., 2012. 

Assessing wildfire risk probability in Pinus pinaster Ait. stands in Portugal. Forest Systems 21(1): 111-

120. DOI: http://dx.doi.org/10.5424/fs/2112211-11374 Available online at www.inia.es/forestsystems 

 

 

 

 



Ph.D.Thesis in Forest Engineering and Natural Resources of Susete Maria Gonçalves Marques 
 

xiii

Table 0-4 – Other publications where Susete Marques is co-author. 

Borges J. G., Garcia-Gonzalo J., Marques S., Valdebenito V., McDill M. E. and Falcão A. O., Chapter 6 

- Strategic management scheduling (submitted to Springer) 

 

Borges J. G., Garcia-Gonzalo J., Guerra-Hernandez J., Marques S., Palma J., 2013. Chapter IX – A 

decision support system for forest management planning under climate change. In Fitzgerald J and 

Lindner M, (eds).Adapting to climate change in European forests –results of the MOTIVE project. 

Pensoft Publishers, Sofia, 108 pp. 

 

Natário I., Oliveira M. M., Marques S., 2013. Using INLA to estimate a highly dimensional spatial 

model for forest fires in Portugal. In a future volume of the series Studies in Theoretical and Applied 

Statistics, Pacheco, A.; Oliveira, R.; Santos, R. (eds.), Springer, Berlin. Submitted 2012, Accepted 

2012 

 
Borges J. G., Garcia-Gonzalo J., Bushenkov V. A., McDill M. E., Marques S., Oliveira M. M., 2013. 

Addressing multi-criteria forest management with Pareto Frontier methods: an application in 

Portugal. Published online in Forest Science 

 

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 

 

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. 

 

Garcia-Gonzalo J., Marques S., Borges J. G., Botequim B., Oliveira M. M., Tomé J., Tomé M., 2011. A 

three-step approach to post-fire mortality modeling in Maritime pine (Pinus pinaster Ait.) stands for 



 

Ph.D. Thesis in Forest Engineering and Natural Resources of Susete Maria Gonçalves Marques      xiv 
 

enhanced forest planning in Portugal, Forestry 84 (2): 197-206. doi: 10.1093/forestry/cpr006. 

Available online at 

http://forestry.oxfordjournals.org/content/early/2011/03/22/forestry.cpr006.abstract  

 

Table 0-5– Oral presentations and posters 

Communications 

 

Marques S., McDill M., Garcia-Gonzalo J., Borges J. Oliveira M., 2013. Forest Harvesting Model 

Integrating Wildfire Risk and Dispersion at the Landscape Level, SSAFR 2013, Aug 19-21, Quebec 

City, Canada 

 

Marques S., Garcia-Gonzalo J., Borges J. G., Oliveira M. M., 2013. Caracterização, riscos e danos dos 

fogos florestais em Portugal, Física e os Aerossóis, 23 de Maio, Évora, Portugal 

 

Marques S., McDill M., Borges J., 2013. A Stochastic, Cellular Integrating wildfire risk and dispersion. 

FORSYS 2013 – Decision support systems for sustainable forest management, Umea, Sweden, April 

24-26.  

 

McDill M., Marques S., Borges J., 2012. Preventing orphan stands in spatially explicit forest 

management planning. INFORMS Annual Meeting 2012 Phoenix, Oct 14 – Oct 17 

 

Marques S., McDill M., Borges J., 2012. A Stochastic, Cellular Multi-objective Forest Harvesting 

Model with the Risk of Fire, INFORMS Annual Meeting 2012 Phoenix, Oct 14 – Oct 17  

 

Oliveira M. M., Marques S., Botequim B, Garcia J., Borges J. G., Zubizarreta A., 2012. 

Characterization and modelization of forest fires in Portugal. Instituto Nacional de Pesquisas 

Espaciais-INPE. Ministério da Ciência, Tecnologia e Inovação. São José dos Campos. Brasil. August. 

 



Ph.D.Thesis in Forest Engineering and Natural Resources of Susete Maria Gonçalves Marques 
 

xv

Cantarinha A., Mexia J. T., Oliveira M.M., Borges J. G., Moreira E., Marques S., 2012. Multivariate 

collective models. In: Book of Abstracts of the Joint Meeting of y-BIS and jSPE, 23-26 Julho, Lisboa, 

Portugal, pp.148. 

 

Moreira E., Cantarinha A., Mexia J. T., Oliveira M. M., Borges J. G., Marques S., 2012. Structured 

families of multivariate collective models. An application to forest fires in Portugal. In: Book of 

Abstracts of the Joint Meeting of y-BIS and jSPE, 23-26 Julho, Lisboa, Portugal, pp.146. 

 

Garcia-Gonzalo J., Borges J. G., Palma J., Marques S., Botequim B., Soares P., Tomé M., Pereira J. S., 

2011. Assessing impacts of climate change in forested landscape planning with advanced decision 

support tools. A case study in Portugal. In proceedings of INFORMS Annual Meeting 2011 in 

Charlotte, North Carolina, United States of America, 12th to 16th November. 

 

Marques S., Moreira F., Carreiras J., Oliveira M.M., Borges J., 2011. SIG, uma ferramenta para a 

caracterização dos fogos em Portugal, II Encontro de Sistemas de Informação Geográfica - Aplicações 

SIG em Recursos Agro-Florestais e Ambientais – 19 e 20 de Maio de 2011, Castelo Branco 

 

Marques S., 2011. Assessing wildfire risk and damage probability on the Portuguese Forest. in 

Workshop Risk and multicriteria analysis. An application to natural resources management, 15th 

March, Universidade de Évora,  Évora 

 

Oliveira M. M., Marques S., Botequim B., Borges J. G. and Garcia-Gonzalo J.. 2011. Characterization 

and modelization of forest fires in Portugal. 14th Symposium for System Analysis in Forest 

Resources, 8-11 March, 2011, Reñaca, Maitencillo, Chile 

 

Natário I., Oliveira M.M., Carvalho L., Marques S., Borges J., 2011. A Space-Time Model for Wild Fires 

in Portugal. Workshop on Bayesian Inference for Latent Gaussian Models with Applications. 2-5 

January, University of Zurich. Zurich. 

 



 

Ph.D. Thesis in Forest Engineering and Natural Resources of Susete Maria Gonçalves Marques      xvi 
 

Marques S., 2010. Desenvolvimento de modelos de danos provocados por incêndios em 

povoamentos florestais. In: Workshop NOVTEC2010 - Novas Tecnologias em Gestão Florestal 

Sustentável IV - A gestão do risco de incêndio e a gestão da cadeia de valor. 25 e 26 de Outubro, ISA, 

UTL, Lisboa 

 

Posters 

 

Marques S., 2012. Integration of fire risk into forest stands management in Portugal. FORSYS 

Training School – Decision support systems for sustainable forest management, 17th to 21st 

September, Vienna, Austria. 

 

Botequim B., Borges J. G., Silva A., Marques S., 2010. Linkage between forest fire behavior and risk 

assessments in Portuguese Landscapes, Workshop on Decision Support Systems in Sustainable 

Forest Management – Experiences and Perspectives - DSFM, 19th 21th April, Lisbon, Portugal 

 

Botequim B., Borges J. G., Marques S., Mérida A., Silva A. 2010. Modeling fire behavior to assist 

forest management in Portuguese Landscapes, In: Book of Abstracts of the EFIMED Progress 

meeting  and scientific seminar on “Knowledge base management of Mediterranean forest under 

climate driven risks: the ways ahead”, 13 – 16 April, Antalya, Turkey 

 

Marques S., Borges J. G., Botequim B., Cantarinha A., Carreiras J. M. B., Garcia-Gonzalo J., Moreira 

F., Oliveira M. M., Tomé M.,2009. Modeling fire incidence in Portugal In: Mediterranean Forests in 

the context of integrated management and land resources: soil, water and fodder, EFIMED Annual 

Progress Meeting and Scientific Seminar, 29th April-1st May, Marrakech, Morocco 



 

 

 
CHAPTER I 

 

GENERAL  

INTRODUCTION 





Ph.D. Thesis in Forest Engineering and Natural Resources of Susete Maria Gonçalves Marques      1 
 

 

Mainland Portugal extends over approximately 89,000 km2 located between 37ºN and 42ºN latitude 

and between 6ºW and 10ºW 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*106 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, 

Sebastián-López 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 (González 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, Piñol 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; 

González 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 (González 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; González 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; González 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 (Pollet and Omi 2002; González 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 (González 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 (González-

Olabarría 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; González 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 (González 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; Fernández 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; González 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; Álvarez González 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, Álvarez González 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; 

González 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, González 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 Falcão 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. Falcão 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. González 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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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 is a major 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., 

Hof and Omi 2003, 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 m×n grid (Figure V.1) where each cell in the grid is a 

management unit with an initial age at time 0 of αi0. Corresponding to each age is a timber yield, yα, and 

a flammability index, ఈ݂ ∈ (0,1). Timber yield is a monotonically increasing, concave function of stand age 

(i.e., y’α>0 and y”α<0). 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’α>0 for α<α*, f’α=0 for α*, f’α<0 for α>α* and y”α<0, 

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

 

 

 

 

 

 

Figure 1Figure V.1 – State space example 

 

The planning horizon consists of a set of T periods, t = 1,…,T, each τ years in length. The model’s decision 

variables represent the decision to harvest management unit i in period t. Let Xit 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: 

∑ ܂ܜܑ܆
ୀ૙ܜ = ૚	∀	ܑ																																																																				[	܄.ࢗࡱ.૚]  

 

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 

… 

… 

1 2 3 

4 5 6 

7 8 9 

n 
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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, 

 

௜௧݌ ≅ ௜௧ூ݌ ൫ ௔݂(௜௧)൯+ ቀ1− ௜௧ூ݌ ൫ ௔݂(௜௧)൯ቁ ෍ ቎ ෑ (1 − (௠௧݌
௠∈{஺ௗ௝೔\௞}

቏ ௞௧݌
௞∈஺ௗ௝೔

× ௞௜௧ௌ݌ ൫ ௔݂(௜௧)൯					[ݍܧ. V. 2] 

 

Where: 

௜௧݌  = the probability that the stand i will burn in period t; (similarly for ݌௞௧  and ݌௠௧); 

௜௧ூ݌ ൫ ఈ݂(௜௧)൯= 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; 

௞௜௧ௌ݌  ൫ ఈ݂(௜௧)൯ = 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 

݀ܣ ௜݆  = 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 from B and C  
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௔ܣ)ܲ ∩ ௕തതതതܣ ∩ (௖തതതܣ = −1)(௔ܣ)ܲ	  ((௖തതതܣ)ܲ)((௕തതതതܣ)ܲ

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

been burned. 

So:  

݉ ∈ 	݅	݆݀ܣ ∩ ݉ ≠ ݇ 

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: 

p୧୲ = ෍ pୢ × (p୧୲|d)																																																																			[ݍܧ. V. 3]							
ୢ∈ୈ

 

Equation V.3 can now be revised as follows: 

݀|௜௧݌ ≅ ௜௧ூ݌ ൫ ௔݂(௜௧)൯+  

ቀ1− ௜௧ூ݌ ൫ ௔݂(௜௧)൯ቁ ෍ ቎ ෑ (1 − (݀|௠௧݌
௠∈൛஺ௗ௝೔

೏\௞ൟ

቏ ݀|௞௧݌
௞∈஺ௗ௝೔

೏

× ௞௜௧ௌ݌ |݀൫ ௔݂(௜௧)൯																										[ݍܧ. V. 4] 

 

Where: 

 ௜௧|݀ = the probability that the stand i will burn in period t given that the wind is from direction d; (similarly݌

for ݌௞௧|݀ and ݌௠௧|݀); 

௞௜௧ௌ݌  |݀൫ ఈ݂(௜௧)൯ = 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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݀ܣ ௜݆
ௗ  = 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 ݌௜௧ |݀  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.  

 

 

 

 

 

 

Figure 2Figure V.2. Illustrative examples of sets of connected cells. 

 

b) Illustrative with north-
westerly prevailing wind 
direction where the right 
bottom cell is connected to 
three other cells  

c) Illustrative with north-
easterly prevailing wind 
direction where the left 
bottom cell is connected to 
three other cells  

a) Simplest case, with 
north-westerly prevailing 
wind direction where the l 
cell in light green is 
connected to the cell in dark 
green. 
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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 Bjørndal 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-pi1). The probability that a stand has not burned before it is harvested in period 2 is (1-(pi1 + (1-pi1) pij2)). 

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

p୧୲ᇱ ≅ 1 −෍ቌෑ (1− p୧୲ᇲᇲ
୲ᇲିଵ

୲ᇲᇲୀଵ

ቍp୩୲ᇲ
୲

୲ᇲୀଵ

.ݍܧ]																																																 V. 5] 

Essentially, we want to optimize: 

Maximize the present value of the economic return from the forest, assuming that it does not burn: 

NPV = ෍෍ r୧୲X୧୲																																																													[ݍܧ. V. 6]
୘

୲ୀ଴௜

 

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 = δtπyα(it) + δTφit, where δ is the discount term, π is the price of timber, α(it) is the age of stand 

i if it is harvested in period t, and φit 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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E(NPV) = ෍෍ p୧୲ᇱ r୧୲X୧୲

୘

୲ୀ଴୧

+ ෍෍p୧୲θ୧୲

୘

୲ୀଵ୧

.ݍܧ]																																								 V. 7] 

Where: 

 θit 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: 

෍෍ p୧୲ᇱ y஑(୧୲)X୧୲
௜୧

− E(H୲) = .ݍܧ]																																														0 V. 8] 

 

Now one can formulate any of the standard flow or harvest target constraints using the E(H୲) 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 

a small problem it is possible to solve it using complete enumeration.  

 

V.4 - Case example - The problem 

 

The example case forest is a 3×3 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, 

I. 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 burn – ݌௜௧ூ ൫ ௔݂(௜௧)൯ from 

Equations V.3 and V.5 – is given by the product of the ignition probability and the flammability index. 

 

 

 

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

Table 67Table V.1 –Yield (yα) and flammability index (fα) for each timber age class (α) and ignition probability (I) for all 
cells. 

α yα f α  

0 0 0 

1 1 0,5 

2 3 0,8 

3 5 0,6 

4 6 0,3 

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.  

 

 
 

 

 

Northwest wind direction      Northeast wind direction 

 

 

 

                   Southwest wind direction           Southeast wind direction 

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

A B  0 0.5 

C D  0.5 0.75 

B A  0.5 0 

D C  0.75 0.5 

C D  0.5 0.75 

A B  0 0.5 
D C  0.75 0.5 

B A  0.5 0 
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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.  

 

1 0 2             
2 0 0             
2 1 1  2 1 1  2 1 1  2 0 1 

    0 1 0  0 0 1  0 2 1 
1 0 2  2 0 2  2 0 2  2 0 1 
1 0 0             
2 2 1  b)  c)  d) 
               

a)          2 2 1 
            1 0 0 
    2 0 2  2 0 2  1 0 2 
    0 0 1  0 1 0     

    2 1 1  2 1 1  2 1 1 
            2 0 0 
    e)  f)  1 0 2 
               

            g) 
Figure 5FigureV.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), c) 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.  

 

 

 

 

 

Figure 6Figure 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 

 

 

 

 

3 3 1   3 1 2   3 1 2  3 0 2   3 0 2   2 0 2 

4 0 1   4 0 1   0 0 1  1 0 4   1 0 4   1 0 4 

2 0 2   2 0 3   2 4 3  2 1 3   2 1 3   1 3 3 

                           
3 4 2   3 4 2   3 1 2  3 4 2   3 1 2   2 1 1 

3 0 0   1 0 0   4 0 1  1 0 0   0 0 1   0 0 3 

1 1 2   2 1 3   2 0 3  2 1 3   2 4 3   2 4 3 

a)    b)   c)   d)   e) 
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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.  

t0  Action  t1  Action  t2 

2 0 1  1 0 0  0 1 2  0 0 0  1 2 3 

0 2 1  0 1 0  1 0 2  0 0 1  2 1 0 

2 0 1  1 0 0  0 1 2  0 0 0  1 2 3 
 

Figure 7Figure 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.  

t0  Action  t1  Action  t2 

3 4 2  1 1 0  0 0 3  0 0 1  1 1 0 

1 0 0  0 0 0  2 1 1  0 0 0  3 2 2 

2 1 3  0 0 1  3 2 0  1 0 0  0 3 1 
 

Figure 8FigureV.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 



 

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

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. 
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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. González-

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 

quantification 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 et al., 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 González 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, González 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 

quadratic 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 et al. 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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