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“The important thing in science is not so much to obtain new 98 

facts as to discover new ways of thinking about them" 99 

William Lawrence Bragg 100 
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 231 

Forests are a key element in the Portuguese landscape. Moreover, fire hazard is a 232 

central challenge at national context. How can appropriate management potentially 233 

change fire behaviour, fire damage and the difficulty of fire suppression? What are 234 

the causal relationships between fire proneness, stand structure and forest stand 235 

composition? The common objective of the doctoral research among the five studies 236 

is to address the above issues based on principles of creating fire-resistant forests, 237 

underlying factors and implications for active forest management, while sustaining 238 

effective fire prevention levels. The ultimate goal is to provide forest managers and 239 

policy makers with tools to support their decisions, and more effectively align 240 

management policies, plans, and practices across fire-prone landscapes. The first 241 

research phase aims, across a range of scales from the individual tree to the stand 242 

level, respectively: (i) modelling the annual probability of wildfire occurrence of pure 243 

and even-aged eucalypt stands; (ii) developing a shrub biomass accumulation model, 244 

and (iii) a post-fire mortality model at stand level and the individual tree survival 245 

probability to mitigate damage in any forest stand structure. The second phase 246 

introduces fire behavior modeling coupled with common stand variables as a tool to 247 

(iv) assess potential crown fire occurrence through stand structure/stand 248 

composition, and (v) draw guidelines that express the difficulty of fire suppression in 249 

those fire-prone forest stands. The accuracy of the research findings can provide an 250 

interesting insight to support hazard-reduction silvicultural practices in Portuguese 251 

ecosystems. 252 

 253 

 254 

Keywords:  Annual wildfire risk; Post-fire mortality/damage; Crown fire occurrence; 255 

Fire-resistant forests; Preventive silviculture. 256 
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Resumo 258 

A floresta é um elemento-chave na paisagem Portuguesa. Porém, o risco de incêndio 259 

é um desafio central no contexto nacional. Pode uma gestão apropriada 260 

potencialmente alterar o comportamento do fogo, danos dos incêndios e a 261 

dificuldade de supressão de fogo? Quais são as relações causais entre propensão do 262 

fogo, estrutura e composição do povoamento? O objectivo comum dos cinco estudos 263 

desenvolvidos no doutoramento é abordar as questões acima apresentadas com base 264 

em princípios de criação de florestas resistentes ao fogo, mediante fatores e 265 

implicações subjacentes a uma gestão florestal ativa, mantendo ao mesmo tempo 266 

níveis eficazes de prevenção de incêndios. O objetivo final é fornecer os gestores 267 

florestais e os agentes com ferramentas para apoiar as suas decisões e de forma mais 268 

eficaz alinhar as políticas de gestão, planos e práticas nas paisagens susceptíveis ao 269 

fogo. Os objetivos da primeira fase pretendem estimar a diferentes escalas, desde a 270 

árvore individual ao povoamento, respectivamente: (i) a probabilidade anual de 271 

ocorrência de incêndio em povoamentos puros de eucalipto, (ii) a acumulação de 272 

biomassa arbustiva sob coberto arbóreo, (iii) a mortalidade pós-fogo ao nível do 273 

povoamento e a probabilidade de sobrevivência da árvore individual para mitigar os 274 

danos em qualquer estrutura de povoamento florestal. A segunda fase faz uso da 275 

modelação do comportamento do fogo, juntamente com variáveis comuns do 276 

povoamento como uma ferramenta para (iv) avaliar o potencial de ocorrência de 277 

incêndios de copas através da estrutura/ composição do povoamento, e (v) elaborar 278 

diretrizes que expressam a dificuldade de supressão de incêndio em áreas propensas 279 

ao fogo. A precisão dos resultados desta pesquisa proporcionam uma visão 280 

interessante para apoiar práticas silvícolas de redução de risco/danos nos 281 

ecossistemas portugueses. 282 

 283 

 284 

Palavras-chave: Risco de incêndio anual; Mortalidade/danos pós-fogo; Ocorrência de 285 

fogo de copas; Floresta resistente ao fogo; Silvicultura preventiva. 286 
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Preamble 288 

Five scientific articles (published, under revision, being edited for submission to 289 

journals with referee) are the core of this thesis, and the manuscript included as 290 

publication chapters of this document, with Roman numeral assigned (II-VI). The 291 

articles published are presented in the original format, and those who are still under 292 

evaluation (either accepted or submitted) are presented as defined by the journal. 293 

Accordingly, the thesis encloses  the following articles:  294 

 295 

Article I| Botequim, B., Garcia-Gonzalo, J., Marques, S., Ricardo, A., Borges J. G., 296 

Oliveira M. M., Tomé, J. , Tomé, M. (2013). Developing wildfire risk probability 297 

models for Eucalyptus globulus stands in Portugal. iForest 6:217-227. DOI: 298 

10.3832/ifor0821-006; 299 

 300 

Article II| Botequim, B., Zubizarreta-Gerendiain A, Garcia-Gonzalo J, Silva A, 301 

Marques S, Fernandes PM, Pereira JMC, Tomé M (2015). A model of shrub biomass 302 

accumulation as a tool to support management of Portuguese forests. iForest 8: 114- 303 

125. DOI: 10.3832/ifor0931-008; 304 

 305 

Article III| Botequim, B., Garcia-Gonzalo, J., Silva, A., Marques S, Borges J. G., 306 

Oliveira M. M., Tomé, J., Tomé, M. Modeling post-fire damage and tree mortality in 307 

forest stands in Portugal. A forest planning oriented model (under review in  308 

International Forestry Review); 309 

 310 

Article IV|Botequim, B., Fernandes, P.M, Silva, A., Garcia-Gonzalo, J., Borges, J. G., 311 

Assessing the impact of management options on fire hazard through biometric 312 

controllable variables – an application to Maritime pine stands in Portugal 313 

(Submitted); 314 

 315 
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Article V| Botequim, B., Fernandes., P.M., Garcia-Gonzalo, J.,  Silva., A., Borges., J. 316 

Modeling fire behavior and risk in Portuguese´s forest: guidelines for sustainable 317 

landscape management (in preparation). 318 

 319 

The author of this thesis was the principal author in all articles and had the main 320 

responsibility for the entire work, i.e: collected the data, performed all the data 321 

analysis together with Jordi Garcia-Gonzalo (articles I, III),  Ane Zubizarreta- 322 

Gerendiain (Article II), Paulo Fernandes (articles IV, V); further, discussed the 323 

development of the research and the results obtained with Margarida Tomé, José 324 

Borges and the other authors, and wrote all the manuscripts with the cooperation of 325 

the co-authors. José Borges coordinated the research projects and supervised the 326 

writing process of the articles I, III, IV and Paulo Fernandes Articles II, IV and V. 327 

Susete Marques also provided technical assistance in the analysis process of the 328 

studies where she appear as co-author. 329 

 330 

The research reported here was largely financed by the Portuguese Science 331 

Foundation (FCT) with the PhD grant (SFRH/ BD/44830/2008). Furthermore, the 332 

studies were  developed under the scope of several research projects. Article I , II and 333 

III were partial outcomes of the project “Decision Support Tools for Integrating Fire and 334 

Forest Management Planning” (PTDC/AGR-CFL/64146/2006) supported by national 335 

funds (FCT) and also conducted within the framework of the project Motive “Models 336 

for Adaptive Forest Management” supported by the European Commission under the 337 

7th Framework Programme for Research and Technological Development. Results of 338 

the framework from this thesis contributes to the activities of the project FIRE- 339 

ENGINE “Flexible Design of Forest Fire Management Systems” (MIT/FSE/0064/2009). 340 

Article IV and V had the additional financial support of the ForeAdapt project 341 

“Knowledge exchange between Europe and America on forest growth models and 342 

optimisation for adaptive forestry”under the Marie Curie International Research Staff 343 

Exchange Scheme Fellowship and were also supported by INTEGRAL “Future 344 

Oriented Integrated Management of European Forest Lands”, both funded by the 345 

European Union Seventh Framework Programme (FP7-PEOPLE-2010-IRSES). 346 

 347 



|Tools to support the design of fire-resistant landscapes in Portuguese ecosystems| 

 

Preamble| Brigite Botequim   xvii 

 

The outcomes from some of the publications above-mentioned were accepted as 348 

either oral presentation or poster communication at several national and 349 

international conferences to provide an opportunity of exchanges about research. 350 

Listed, bellow, only the communications presented as first author: 351 

 352 

Oral communications:  353 

Botequim, B., Garcia-Gonzalo, J., Fernandes, P.A., Borges., J.G. 2015. Quantifying 354 

standard forest targets in fire-prone Portugueses landscapes: tools for supporting a proactive 355 

fire management. Thematic session: Fire behavior and risks. In: II International  356 

Conference of fire behaviour and risk. 26 th-29 th May, Alghero, Sardinia, Italy, PP 89. 357 

Webpage: http://www.icfbr2015.it/it/conference-topics.php; 358 

 359 

Botequim, B., 2015. Tools to support the design of fire-resistant landscapes in Portuguese 360 

ecosystems.  Research seminar, Escola Superior de Agricultura “Luiz de Queiroz” 361 

ESALQ/USP, Piracicaba, Brazil, room D-12, LCF, January 29 th 2015. Webpage: 362 

http://www.esalq.usp.br/boletim/node/1140; 363 

 364 

Botequim, B., Fernandes, P.A., Garcia-Gonzalo, J., Borges., J.G. 2014. Tools for creating 365 

fire-resistant landscapes in Portuguese ecosystems. Thematic session: Statistical and 366 

mathematical models in plant ecology and forestr . In: DGS III 2014 - 3 rd 367 

International Conference on Dynamics, Games and Science, 17 - 21 February, 368 

University of Porto | Portugal, PP 47-48. Webpage: 369 

http://www.fc.up.pt/DGS2014/thematics.html; 370 

  371 

Botequim, B., Oliveira, M., Marques, S., Borges, J., 2013. Mini-curso 2. Fogos florestais 372 

em Portugal: caracterização e modelação. Matemática do Planeta Terra, 5 -7th de 373 

Setembro, Escola de Verão da Sociedade Portuguesa de Matemática 2013 374 

(EVSPM2013), Museu Nacional de História Natural e da Ciência, Lisboa  375 

http://evspm2013.spm.pt/pt/mini; 376 

 377 

Botequim, B., Fernandes, P.M., Borges, J.G. 2011. OS SIG e a modelação do 378 

comportamento como suporte ao planeamento da gestão florestal em Portugal. II Encontro de 379 

Sistemas de Informação Geográfica, 19 - 20 th May, Auditório da Escola Superior 380 

Agrária de Castelo Branco, Castelo Branco, Portugal; Webpage: 381 

http://sig2011.esa.ipcb.pt/apresenta.html; 382 

 383 

http://www.icfbr2015.it/it/conference-topics.php
http://www.esalq.usp.br/boletim/node/1140
http://www.fc.up.pt/DGS2014/thematics.html
http://evspm2013.spm.pt/pt/mini
http://sig2011.esa.ipcb.pt/apresenta.html
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Botequim, B; Fernandes, P.M., Borges, J.G. 2011. “Improving management decisions in 384 

Portuguese forests through fire behaviour modeling” in: Workshop Risk and multicriteria 385 

analysis. An application to natural resources management, 15 th March, Universidade 386 

de Évora, Portugal; 387 

 388 

Botequim, B., Fernandes, P.M., Borges, J.G. 2011. Simulação do comportamento do fogo 389 

ao nível da paisagem directrizes para o planeamento da gestão florestal. 1ªs Jornadas de 390 

Tecnologia e sustentabilidade dos sistemas florestais, 25 th February, Centro de 391 

ciência viva e da Floresta, Proença a Nova, Portugal; 392 

 393 

Botequim, B., Borges, P., Constantino, M., Borges J., 2010. “Assessing sustainable 394 

management in forest Mediterranean ecosystem in Southern Portugal”. In: Book of 395 
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I| INTRODUCTION  568 

I.1|Background  569 

Portugal is ranked eighth in the Europe highest country with forestlands 570 

representing 34.5% of the total mainland area – almost 3.2 million hectares, covered 571 

mainly by three species: eucalypt (Eucalyptus globulus Labill), cork oak (Quercus suber 572 

L.) and maritime pine (Pinus pinaster Ait), encompassing 25.8% (8.12 x 103 ha), 23.7% 573 

(7.37 x 103 ha) and 23.4% (7.14 x 103 ha), respectively (ICNF 2013). The remaining area 574 

is occupied by holm oak (Quercus rotundifolia L., 10.5%), umbrella pine (Pinus pinea, 575 

6%) and other broadleaf and conifer species (17%). When compared to the 576 

international and European contexts, forest area decreased by 4.6% (104 ha year-1) in 577 

15 years (1995–2010), which was progressively occupied by shrubland. The decrease 578 

in maritime pine areas by 263 x 103 ha, and the expansion of eucalypt plantation by 579 

81x103 ha, were the most significant trends between the National Forest Inventories 580 

(NFI) of 1995 and 2010 (ICNF 2013).  581 

 582 

These forests encompass a wide variety of ecosystems ranging from intensive 583 

silviculture plantations for wood production to plantations for coastal dune 584 

protection and agroforestry systems. The management of such ecosystems is a 585 

challenge to forest owners, managers and policymakers who are asked today to 586 

develop, respectively, plans and policies that can both produce and promote 587 

economic goods (e.g. timber, cork and pine nuts) as well as new products (e.g. 588 

mushrooms and wood for energy) and ecosystem services (e.g. biodiversity 589 

protection and carbon storage), sustaining in a changing context (physical, socio- 590 

economic, cultural, demographic and political) the forest ecological base. The 591 

emergence of new and multiple views over forest, mainly generated by the massive 592 

urbanization of society, has highlighted the role of forest in the global carbon cycle 593 

and its contribution to climate change mitigation and adaptation, but also in offering 594 

attractive landscapes for recreation and leisure (Buttoud 2000, FAO 2010).  595 

 596 
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In terms of ownership rights, 80% of the world’s total forest is publicly owned, but 597 

there is a trend toward greater ownership and management by communities, 598 

individuals and the private sector (FAO 2010). Portugal differs from the global 599 

setting in terms of the weight of private forest ownership (which extends over 600 

94.3%), and in the major contribution of the forest sector to employment and to 601 

national gross value added (GVA). These indicators demonstrate the importance of 602 

the sector for the national economy, but also in terms of community livelihoods, as 603 

forests are mainly located in rural areas, leading to the enhancement of the role of 604 

private forest owners (Forest Europe 2011). Generally, private forest corresponds to 605 

smallholdings (below 10 ha) in northern and central regions and to large agroforestry 606 

exploitations (above 100 ha) in the southern regions of Portugal (Coelho 2002, 2003). 607 

However, forest properties are largely (76%) inherited, and only one-third of forest 608 

owners hold more than 5 ha of land (denoting a barrier to effective forest 609 

management), and 25% of the land is abandoned or mismanaged (Beires et al. 2013). 610 

Indeed, a major constraint in terms of forest planning and management is the 611 

exceedingly small scale of forest holdings in northern and central Portugal (Valente 612 

2013, Valente et al. 2013).  613 

 614 

Fire, though an integral part of many natural forest processes, has become an 615 

increasing threat to forest resources, the prosperity of communities, environment 616 

integrity and even human lives due to human influences and other forces (e.g. 617 

Pereira et al. 2002, Mather & Pereira 2006, Minas et al. 2013). Portugal is the smallest 618 

country in southern Europe, but has the highest fire incidence in the region, at a rate 619 

three times above the European average (Catry et al. 2009). Taking comparative 620 

wildfire statistics between southern European countries into consideration, all 621 

countries, except Portugal, have shown signs of a decreasing trend in the last few 622 

years (JRC/EU 2010). Indeed, more than 3% of Portuguese wildland surface area was 623 

burned in the 2000–2011 period, corresponding to an annual average of 1.4 x 105 ha 624 

(Oliveira et al. 2012). Nonetheless, fire activity also dominates in other parts of the 625 

globe.  626 

 627 
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Factors driving fire have not been stable during the last few decades. In looking at 628 

the future, changes in climate and socio-economics are projected to continue. Climate 629 

change scenarios for Mediterranean Europe are likely to alter forest fire regimes, and 630 

undergo an increase in risk situations, leading to higher-intensity, larger and more 631 

impacting wildfires (Moriondo et al. 2006, Giannakopoulos et al. 2009). In this 632 

respect, forest fires have increasingly become a major subject of concern for land and 633 

policymakers, firefighters, researchers and citizens in general (Miranda et al. 2009). 634 

Extrapolation into the future of current weather-fire relationships (e.g. Carvalho et al. 635 

2010, Pereira et al. 2013) is, however, fraught with uncertainty, due to insufficient 636 

understanding of processes (Macias Fauria et al. 2011) and disregard for the 637 

simultaneous changes in vegetation, ignition sources and fire management (Hessl 638 

2011, Fernandes 2013). 639 

  640 

The positive response of fire activity to climate is mediated by vegetation (Koutsias 641 

et al. 2012, Pausas & Paula 2012). Indeed, forest fires result from a number of 642 

interacting factors such as ignitions, availability to burn (a function of moisture, as 643 

determined by recent weather and drought), the likelihood of fire spread in response 644 

to weather conditions, and landscapes with vegetation that can support the 645 

combustion process (biomass – potential fuel) (Bradstock 2010). In the last recent 646 

decades, the increase in annual fire frequency and area burned can also be attributed 647 

to the vulnerable condition of fire-prone landscapes with the increase in fuel amount 648 

and continuity due to rural out-migration, forest mismanagement, and fuel build-up 649 

after land abandonment. These scenarios, waiting on drought, incubate the next 650 

wildfire disaster (Pausas & Fernandez-Munoz 2012). The problem can even escalate 651 

with the persistence of land use changes that reinforce landscape-level flammability 652 

(Moreira et al. 2011, Fernandes 2013). However, fuel management is deemed the 653 

single most important adaptation measure of Mediterranean Basin forests to climate 654 

change.  655 

 656 

Fire management in its full expression is associated with multiple and competitive 657 

forest uses and considers the economic and ecological implications of fire (CIFFC 658 

2003). Despite the improvements made in fire management systems, Portugal, Spain, 659 
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Italy, Greece and France remain the five European Union (EU) countries most 660 

affected by large fires (JRC/EU 2010). Most of the amount of total investment each 661 

year in fire management is dedicated to fire detection and greater suppression force, 662 

and only a small amount to preventive actions (Fernandes 2013). There seems to be a 663 

tendency for some governments to confront increasing wildfire threats with urban- 664 

based firefighters and/or air attack assets, although the approach is proving largely 665 

ineffectual (Paton & Tedim 2013). With regard to Portugal, the average annual 666 

investment in fire management is a nominal suppression-to-prevention ratio of 2.2:1 667 

(Mateus & Fernandes 2014). Due to this effort, suppression of low-to-medium- 668 

intensity forest fires is nowadays usually successful but this is not the case in large 669 

and high-intensity fires (Castellnou et al. 2010, Tedim et al. 2013). Indeed, the mega- 670 

fire risk is likewise greatly reduced in areas where wildfire protection programmes 671 

are more balanced between prevention, mitigation and suppression (Mateus & 672 

Fernandes 2014). 673 

 674 

Besides the escalating investment in forestry, Portugal has one of the worst 675 

performances in terms of fire management efficiency, partly due to failures of a 676 

plethora of command and control instruments (legislation, regulation, planning) 677 

introduced over the years, together with isolated financial schemes to encourage 678 

private forest owners to adopt a multifunctional management of forests (e.g. Coelho 679 

et al. 2004, Gossum et al. 2005), both representing a symptom of instability in forest 680 

and fire management policies. This also came out due to a deficient fire detection 681 

capacity, insufficient means and infrastructures to fight fires and a lack of 682 

coordination and communication inside and outside institutions. Furthermore, fire- 683 

related responsibilities and competencies are dispersed across various governmental 684 

ministries (Agriculture, Environment, Economy, Interior) and agencies, which only 685 

worsens the problem (Mateus & Fernandes 2014). Other related aspects are the 686 

unmanageable size of forest plots and the absence of land registry (Amaral 2009), as 687 

well as the absence of private investment caused by the vulnerability of forest to fires 688 

(Mendes 2003). In addition, a coincident decline in forest management skills appears 689 

to be exacerbating the problem. In this regard, Portugal needs substantial 690 

improvements in policy, management and technology. 691 

 692 
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The relevance of these issues extends beyond the Portuguese context. At the global 693 

level, the challenges described above are generalized. Evidence of this includes, for 694 

instance, the United States (US) House Resolution (US Congress 2009) that requested 695 

the submission to Congress of a cohesive wildfire management strategy (e.g. 696 

identifying cost-effective means for allocating fire management budget and 697 

resources, appropriate management responses to wildfires, and the impact of climate 698 

change on the frequency and severity of wildfire). Techniques are needed to 699 

prioritize where natural resource management activities are likely to be most 700 

effective and result in desirable conditions. Solutions driven by single resource 701 

concerns have proven to be problematic in most cases, since fire and forest systems 702 

are necessarily intertwined. Therefore, the development of preventive forest 703 

management including fire hazard reduction strategies should be of primary 704 

importance. Risk and uncertainty are, today, widely included in forest modelling 705 

(Hanewinkel et al. 2010). Investing in proactive forest management activities can 706 

save up to three times the cost of future fires, reduce high severity and bring added 707 

benefits (Syphard et al. 2011).  708 

 709 

The changes from grazing and agricultural areas to shrub-dominated communities 710 

(extending over 32% of Portugal’s land surface) result in both higher carbon stocks, 711 

consequently reducing the CO2 in the atmosphere, and an increase in the fuel 712 

quantity, and in more flammable ecosystems prone to large and high-severity fires, 713 

with likelihood of crowning fire, an increase in the difficulty of control (Schmidt et al. 714 

2002, Pausas 2004, Castro & Freitas 2009, Fernandes 2009). Forest biomass is an 715 

essential factor in environmental and climate modelling. Fire activity may in fact 716 

decline in parts of southern Europe due to fire-spread limitations imposed by fuels 717 

(age, load and continuity) (Krawchuk et al. 2009). Manipulating the structure of 718 

forests in order to control the amount and continuity of live and dead vegetation 719 

limits fire spread and severity (Green 1983, Minnich 2001, Rollins et al. 2002). Thus, 720 

shrubs seem to have a large impact on fire risk with obvious implications for forest 721 

planning (Garcia-Gonzalo et al. 2011a, 2012, Marques et al. 2012). The scientific 722 

literature reports a broad range of growth modelling techniques applied to forest 723 

ecosystems. However, biomass growth and yield information relating to understorey 724 

is scarce. Quantifying the amount of understorey biomass within a forest stand is 725 
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necessary for forest owners to make informed decisions about the use of their 726 

forested land (Chapter III). 727 

Nonetheless, in the Mediterranean ecosystems, and particularly in Portugal, 728 

wildfires can quickly shape forest landscape dynamics by reducing vegetation 729 

biomass and drastically changing forest structure and composition (Alexandrian et 730 

al. 2000, Pereira et al. 2006, Velez 2006). Therefore, understanding the preference by 731 

fire and the way trees respond to fire is crucial for understanding forest dynamics 732 

and biogeochemical processes in Mediterranean ecosystems (Keeley et al. 2012). In 733 

particular, burn severity is very dependent on forest cover type. In terms of the most 734 

affected areas nationwide, statistics (1996–2012) indicate that eucalypt and maritime 735 

pine stands are flammable forest species that dominate northern and central 736 

Portugal, accounting for 77% of all forest burned, with 35.9% and 41.3% respectively. 737 

In fact, these are the two main reforestation species of the Mediterranean Basin and 738 

are highly combustible when compared to evergreen oak woodland called 739 

“montados” (e.g. cork oak 5.2% and holm oak 2.9% predominate in the south-west 740 

and south-east of Portugal, respectively) (Conacher & Sala 1998, Fernandes 2007). 741 

The indigenous Maritime pine and the exotic species eucalypt are the major sources 742 

of wood products, implying that the high fire incidence to which they are subjected 743 

shifts stand age distribution towards younger classes, decreasing the amount of 744 

roundwood available for sawn and decreasing the eucalypt industry interest in the 745 

production of pulp (Rego et al. 2013). The expansion of eucalypts is also partially 746 

explained by wildfire incidence, which encourages forest owners to replace pine with 747 

a short-rotation species, hence relatively compatible with frequent fire (Pereira et al. 748 

2006). The other forest species do not contribute substantially to the area burned due 749 

to low representativity (e.g. deciduous hardwoods) or because they occur in more 750 

fuel-limited landscapes and where ignition rates are low (sclerophyllous oaks) (ICNF 751 

2013).  752 

 753 

In enhancing the heterogeneity of forest, burn severity may be substantially reduced 754 

(Lee et al. 2009). Indeed, pine forest cover results in high severity, whereas mixed 755 

forest does not (Catry et al. 2013). Fire hazard and spread depend on both the tree 756 

species composition and the understorey fuel structure (e.g. Rothermel 1983, Graham 757 

et al. 2004, Peterson et al. 2005, Fernandes et al. 2006, Silva et al. 2009). In Portugal, 758 
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with the monospecific plantations being problematic (i.e. all the commercial 759 

plantations are single species) in terms of risk of fires and pathologic problems, the 760 

introduction of broadleaves will be important for the sustainability of Portuguese 761 

forests (Nunes et al. 2011). In many western European countries the conversion to 762 

mixed stands is strongly recommended or even encouraged by policymakers 763 

(Bartelink 2000, Kint et al. 2006). Consequently, these types of plantations are now 764 

the most frequent type in Nordic countries and managing mixed stands is a common 765 

method of producing conifers with high timber quality (Johansson 2003). However, 766 

mixed forest in Portugal is a small part of the forest area (5.13 x 103 ha, 16% of the 767 

total forest area) (AFN 2010). In fact, limited effort has been devoted to mixed-species 768 

stands as compared with the effort devoted to quantifying productivity on single- 769 

species stands (Nunes et al. 2013). This lack of information could be an important 770 

tool for forest managers’ options (Chapter IV). Indeed, mixed-species stands might 771 

contribute to important goals of sustainable forest management, such as higher 772 

biological diversity, more resistance and resilience to disturbances and higher carbon 773 

storage.  774 

 775 

Fuel structure and flammability are primary conditions for fire spread (Pausas & 776 

Paula 2012) and fuel treatments have been found to decrease wildfire size (, Boer et al 777 

2009, Pinol et al 2005). Nevertheless, the magnitude of ecological change attributable 778 

to wildfire is lower in treated stands than in untreated stands. Fuel treatments on a 779 

landscape scale have the primary objective of reducing the risk of large, high- 780 

intensity wildfires with devastating effects, while enhancing suppression efforts 781 

(Weatherspoon & Skinner 1996, Agee & Skinner 2005, Reinhardt et al. 2008, Syphard 782 

et al. 2011). In this respect, concerns about the social, economic and environmental 783 

consequences of large wildfires led to the development of a National Plan for Forest 784 

Protection Againts Wildfires (PNDFCI, AFN 2006), which recommended a range of 785 

landscape- and stand-level fuel management practices. Mega-fires do not occur 786 

where land management practices are consistent with the fire ecologies and 787 

disturbance dynamics that define the ecosystem (Williams & Hyde 2009).  788 

 789 
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The variables driving the behaviour of wildfires are normally grouped into climatic, 790 

topographic (Mermoz et al. 2005, Viedma 2008) and human activities (Leone et al. 791 

2009, San-Miguel-Ayanz et al. 2013) and fuel related variables (e.g. Alvarez et al. 792 

2012, Vega et al. 2006, Fernandes 2009, Pausas & Paula 2012). Among these, only fuel 793 

such as stand density, vertical structure of the canopy and tree size can be controlled 794 

and are useful predictors to be used in forest planning systems (González et al. 2006, 795 

Garcia-Gonzalo et al. 2011a, Ferreira et al. 2012, 2014). As mentioned previously, the 796 

forest cover type and the understorey fuel load have a substantial impact on the 797 

probability of wildfire occurrence (Cumming 2001, Castro et al. 2003, Silva et al. 2009, 798 

Marques et al. 2011a, 2012) and may be manipulated by management planning to 799 

minimize risk. Thus, the effectiveness of forest management under wildfire risk 800 

depends on the availability of information about the impact of management- 801 

“controllable” variables, i.e. understorey fuel load and stand biometric characteristics 802 

on wildfire occurrence probability (Cumming 2001, Finney 2005, González et al. 803 

2006). Nevertheless, no modelling strategies for assessing the impact of changes in 804 

readily biometric variables on fire occurrence in eucalypt plantations are available in 805 

Portugal (Chapter II). 806 

 807 

Moving from stand to landscape scale bears the underlying assumption that 808 

strategically placed treatment areas can modify fire behaviour for the entire lanscape 809 

(Collins et al. 2010). Characterizing potential wildfire behaviour at the landscape 810 

level is crucial for addressing wildfire risk in forest management planning (Schmidt 811 

et al. 2008). Wildfires cause tree mortality, decrease the growth of surviving trees and 812 

depreciate wood value. However, these negative impacts may be reduced by 813 

modifying fire behaviour. This may be achieved by changing the quantity and spatial 814 

arrangement of forest fuels (Agee & Skinner 2005, Peterson et al. 2005, Finney et al. 815 

2007). The location of fuel treatments is often empirically determined by land 816 

managers, but fire behaviour models are increasingly used for this purpose (e.g. 817 

McArthur 1966, Van Wagner 1968, Rothermel 1972, Stocks 1987, 1989, Alexander et 818 

al. 1991). More generally, the prediction of fire behaviour and of its consequences is 819 

an essential component of proactive forest fire management, including pre- 820 

suppression and suppression planning. Stand structure plays a critical role in crown 821 

fire susceptibility (Fernandes 2009, Mateus & Fernandes 2014). The need for research 822 
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into the effectiveness of fuel treatments in reducing crown fire potential has received 823 

considerable attention in recent years (Graham et al. 2004, Agee & Skinner 2005, 824 

Peterson et al. 2005, McHugh 2006). Further, forest managers can exploit this 825 

relationship with silvicultural practices, as changing canopy structure has the 826 

potential to prevent surface fire developing into crown fire (Chapter V, VI).  827 

 828 

Wildfire simulators can be used with different planning strategies, from tactical and 829 

strategic planning of wildfire management, to firefighter training, and even to real- 830 

time firefighting. Commonly, the published studies aimed at quantifying the fuel 831 

treatment effectiveness of distinct forest stands rely solely on modelling simulations. 832 

Various fire modelling systems, such as Farsite (Finney 2004) and FlamMap (Finney 833 

2006), are extensively used in these simulation studies to assess potential crown fire 834 

behaviour in the western US (Keyes & Varner 2006, McHugh 2006, Varner & Keyes 835 

2009) and to a lesser extent in western Canada (e.g. Bessie & Johnson 1995, Feller & 836 

Pollock 2006). The technical basis and intended uses of these modelling systems are 837 

contested elsewhere (McHugh 2006, Andrews 2007, Peterson et al. 2007). The 838 

systems integrate place-specific vegetation, fuel and topographic attributes with 839 

streaming weather data to predict attributes of fire behaviour including flame length, 840 

fireline intensity and rate of spread (Finney & Andrews 1999).  841 

 842 

The outputs provided by fire simulators are sound indicators of potential fire 843 

damage on trees; they can be used in post-fire tree mortality models, which, 844 

combined with the initial state of the forest, provide estimates of tree mortality and 845 

timber losses (Peterson & Ryan 1986, Hély et al. 2003, Rigolot  2004, Fernandes et al. 846 

2008) (Chapter V). However, the use of fire behaviour simulators requires 847 

information on weather conditions and fuel accumulation, which are difficult to 848 

predict over long periods of time and across large heterogeneous landscapes (He & 849 

Mladenoff 1999). This implies that many of the existing fire simulators have a limited 850 

use in forest planning, the purpose of which is to propose silvicultural treatments in 851 

order to achieve a defined objective. Previous studies have addressed the 852 

relationship between stand structure, fire behaviour and crowning hazard, yet no 853 

quantitative methods are available to assess the expected fire behaviour/effect 854 
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associated with silvicultural options (e.g. enabling the design of appropriate density 855 

management alternatives) (Chapter V, VI). Thus, there is a need to predict the long- 856 

term consequences of management alternatives and this must be based on predictors 857 

the future value of which is known with a reasonable accuracy. 858 

 859 

Wildfire suppression costs, private property losses and environmental damages will 860 

continue to climb in the absence of more balanced, more comprehensive landscape 861 

management strategies (Gebert et al. 2008). In Portugal, after the catastrophic fires of 862 

2003 and 2005, several guidelines, rules and legislation came out to prevent and 863 

mitigate fire hazard, and a huge investment in the national context was made in 864 

structural measures for firefighting (e.g. fire breaks, watchtowers, water points and 865 

fuel management techniques, among others). However, those processes are largely 866 

developed independently, which deprives them efficiently and effectively, and 867 

consequently, ten years later, large forest fires continue to devastate extensive areas. 868 

This scenario shows that dealing with fire hazard by itself is clearly not enough, and 869 

innovative and integrated approaches are required, where forest management is a 870 

central element of fire hazard management.  871 

 872 

The science in all of these areas may not yet be fully settled. However, it seems likely 873 

that fire risks increase as droughts deepen, fuels accumulate and landscapes become 874 

more homogeneous (Williams & Hyde 2009). Thus, the origin of these concerns can 875 

be tracked to overcome the insufficiencies in the design of fire-resistant landscapes, 876 

aimed at helping tackle some of the challenges raised here by the complexity and the 877 

large uncertainties in forest fire management systems. Therefore, knowledge of the 878 

factors responsible for fire resistance and prediction of tree mortality and 879 

regeneration is critical for informing pre- and post-fire management decisions, 880 

particularly in ecosystems where wildfires are a recurrent disturbance (Thies & 881 

Westlind 2012, Woolley et al. 2012). It is clear that managing vegetation to induce 882 

higher fire resilience and changing human behaviour are needed and must be fully 883 

encouraged and supported. In this sense, although fuel and biometric variables and 884 

modelling fire behavior are critical in wildfire management, no research has been 885 

conducted enabling identification of stand structures and composition associated 886 
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with different types of wildfires, thereby further integrating concerns among forest 887 

owners in their analysis for creating fire-resistant forests. 888 

Despite a huge body of fire research in Mediterranean Europe, more accurate 889 

assessment of potential fuel management practices and advanced fire suppression 890 

strategies must be developed. Modelling tools enable understanding of fire risk in 891 

space and time as a function of land uses, vegetation types and mosaics, ignition 892 

patterns, fire prevention actions and fire suppression performance (Gonzalez et al. 893 

2006). Nonetheless, it is necessary to investigate new modelling approaches and tools 894 

to effectively integrate fire and forest in proactive management activities, thereby 895 

enhancing the effectiveness of wildfire management. The latter will support adaptive 896 

management strategies, and reduce wildfire suppression costs and ecological 897 

disasters (Kalabokidis et al. 2008). Further, incorporating such information into fuel 898 

treatment design in order to maximize its effectiveness will allow the rational 899 

participation of the actors responsible for landscape management in reducing fire 900 

risk and hazards. 901 

 902 

I.2|Original contributions 903 

|General Objectives  904 

The relevance of the ecological and socio-economic impacts of wildfires highlights 905 

the importance of the research topic. Out of these reasons arises the motivation for 906 

holding a PhD guided by the intention to “build” forest landscapes that are more 907 

fire-resistant. The major goal of this effort was to find ways to reduce the potential 908 

for high-severity wildfires, along with proactive forest management actions focusing 909 

on particular aspects of forest characteristics, specifically on fire-biometric 910 

relationships at the stand level. At the time this thesis was undertaken, the state of 911 

the art highlighted the need for further research into modelling methodologies to 912 

effectively combine fire and forest management activities. Such an investigation is 913 

considered of key importance (i) to improve understanding of the relative role of 914 

biometric variables (e.g. through forest fuel as stand structure and composition), 915 

framed by the challenge of incorporating such knowledge into fire management; (ii) 916 
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to enable the design of appropriate management alternatives for refining silvicultural 917 

treatments; and (iii) because it is useful to help policymakers define fire management 918 

approaches and prioritize their interventions.   919 

 920 

The first steps for addressing these challenges unfold around two underlying 921 

research questions: 922 

 How can alternative landscape management potentially change fire 923 

behaviour, fire damage and the difficulty of fire suppression?  924 

 What are the causal relationships between fire proneness, stand structure and 925 

forest stand composition? 926 

Remember, fire risk and wildfire damage can be reduced by removing or reducing 927 

fuels in strategic locations. What about developing guidelines for both to assist 928 

decisions on fuel treatments and silvicultural operation rules that use measurable 929 

and/or easy-to-predict biometric variables? 930 

 931 

Herein, these questions were addressed with principles of creating fire-resistant 932 

forests. A fire-resistant forest has characteristics that make crown fires unlikely and 933 

allow the forest to survive surface fire without significant tree mortality in the main 934 

canopy (Fitzgerald & Bennet 2013). This is a very broad objective. Naturally, it 935 

cannot be addressed as a whole, but through progressive advances to which this 936 

thesis aims to contribute. Thus, innovative research work was conducted to address 937 

some of the main open questions brought to light by the previous reviews, and to 938 

collaborate in the development of a science-based approach to address a concrete 939 

and decisive issue for the future of Portugal. In this sense, the present research tries 940 

to answer the above-mentioned questions by developing new management models 941 

that just need readily available biometric variables and do not use complex input 942 

data (unlike fire simulators). The key lies in the exhaustive and quantitative 943 

exploration of the variables and process involved. A consistent set of models to 944 

“design“ forest landscapes more resistant to fire were produced. These models may 945 

suit end-users ranging from typical forest practitioners to researchers. This is 946 

instrumental for selecting priority intervention areas and designing effective fire 947 

prevention strategies. Finally, this research provides an overview of how various 948 
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silvicultural treatments affect fuel and fire behaviour, and how to create fire-resistant 949 

forests.  950 

 951 

In order to achieve this general objective an integrative research design that follows a 952 

two-phase approach has been applied. Furthermore, to ensure that a useful set of 953 

models and tools to promote fire-resistant forests was produced, the outlined 954 

challenges have been addressed by specific objectives:  955 

 956 

Phase I |Portugal mainland: Modelling fire risk & effect models  957 

 #1. The first study was on assessing the impact in pure and even-aged eucalypt 958 

stands of forest management options on wildfire risk levels by developing models to 959 

explain the probability of fire occurrence, due to environmental and “controllable” 960 

forest characteristics (Article I, Chapter II); 961 

#2. The second was focused on developing a model of shrub biomass accumulation 962 

under tree cover (Article II, Chapter III); 963 

#3. The third integrates stand and tree mortality to mitigate damage in any forest 964 

stand structure that might take into account the impact of  changes in “controllable” 965 

biometric variables; such models may help reverse the current mixed-forest trends in 966 

Portugal (Article III, Chapter IV).   967 

 968 

Phase II| Specific case studies: Fire behaviour simulators  969 

#4. Aimed at simulating fire behaviour to join with biometric data to provide a set of 970 

compatible fire behaviour and effect models, to accomplish forest planning purposes 971 

in maritime pine stands under a wildfire risk context, allowing the identification of 972 

stand structures associated with different types of wildfires (Article IV, Chapter V);  973 

#5. The last study was focused on three forested areas to forecast the potential effects 974 

of alternative forest management (i.e. public, private industrial forest and private 975 

collaborative forests) on important fire-resistant landscape characteristics, by 976 

developing appropriate fire behaviour models to assign thresholds for decision 977 

support in silvicultural operations (Article V, Chapter VI).  978 
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|Structure 979 

The preparation of the thesis over the five years was divided into several tasks, 980 

chronologically ordered, reflecting the progressive orientation of the objectives in 981 

light of the findings and new hypothessesachieved throughout the investigation. 982 

Each task of the doctoral plan, in a first stage, was preceded by an extensive 983 

literature review of statistical modelling procedures and fire simulator systems in 984 

order to identify approaches and developments that may prove very promising in 985 

relation to support challenges in forest management, along with a data collection 986 

method and analysis process. The results are analyzed and organized in order to: (i) 987 

publish the research work in an international scientific peer-reviewed journal, and 988 

(ii) outline the findings of this research to support planning decisions forestry 989 

activities in Portugal. 990 

 991 

In order to stress the importance of the subject and integrate this into he several 992 

doctoral tasks, Chapter I starts by framing wildfire and forest management in the 993 

context of the Mediterranean region and the Portuguese forestry sector, and 994 

comprises the definition of concepts and a literature review on key issues of the 995 

doctoral research, i.e. land-use emphasis, forest fires, forest resources assessment, fire 996 

management practices, landscape homogeneity, governing laws and policies, 997 

wildfire risk models, tree mortality models, fire behaviour models and fire 998 

simulators. The motivation and the work performed throughout the thesis with the 999 

main highlight of each task are explained in the general introduction (Chapter I). In 1000 

addition, a section with a brief description of the material and methods used in this 1001 

research (I.3|Data & Methods) is also included in Chapter I.  1002 

 1003 

The thesis is structured into five main chapters (Chapter II to Chapter VI), besides 1004 

the Introduction and considerations. Each chapter includes articles as outputs of the 1005 

focal areas of research described in the “Original Contributions|General objectives”. 1006 

Every single chapter is presented as an independent unit (with an abstract, 1007 

introduction, methods, results, discussion and references), corresponding to the 1008 

complete version of a manuscript that was published or submitted to international 1009 

scientific journals. Chapters II and III include articles already available in the 1010 
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scientific domain; the remaining chapters include articles still unpublished 1011 

(submitted or in preparation). Accordingly: 1012 

 1013 

 Chapter II presents the article “Developing wildfire risk probability models 1014 

for Eucalyptus globulus stands in Portugal”;  1015 

 Chapter III consists of the article “A model of shrub biomass accumulation as 1016 

a tool to support management of Portuguese forests”;  1017 

 Chapter IV presents “Modelling post-fire damage and tree mortality in forest 1018 

stands in Portugal. A forest planning-oriented model”;  1019 

 Chapter V comprises the article “Assessing the impact of management 1020 

options on fire hazard through biometric controllable variables – an 1021 

application to maritime pine stands in Portugal”;  1022 

 Chapter VI presents “Modelling fire behavior and risk in Portuguese forest: 1023 

guidelines for sustainable landscape”. 1024 

 1025 

The references consulted for the development of the studies are listed at the end of 1026 

the corresponding publication, in each single chapter. The page numbers of the 1027 

publications in Chapters II and III do not follow the order of the remaining sections, 1028 

showing instead the page numbers as they were published in the corresponding 1029 

journal. 1030 

 1031 

One of the first steps in accounting for changes in forest management was thus to 1032 

develop an annual management-oriented model to assess the probability of wildfire 1033 

occurrence for pure and even-aged eucalypt stands in Portugal, as a function of 1034 

readily available forest inventory data (Chapter II). So far, no results from studies 1035 

about the effects of management options (e.g. silvicultural treatments) on the risk of 1036 

this species catching fire are available. The forestry literature has associated the term 1037 

“risk” with the probability of occurrence of a natural hazard (Gadow 2000, González 1038 

et al. 2006, Jactel et al. 2009). In this research, we will refer to risk as the probability of 1039 

a stand being affected by a wildfire (i.e. probability of burning) if an ignition exists 1040 

(Marques et al. 2012). This is understood as a spatial process related to forest 1041 
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structure as potential fire spread is impacted by fuel presence/composition 1042 

(Fernandes et al. 2009). The modelling approach to wildfire occurrence in eucalypt 1043 

stands discussed in this article follows the recommendations presented firstly by 1044 

González et al. (2006), who developed a forest planning-oriented fire probability 1045 

model for forest stands in Catalonia (Spain), albeit using a more sophisticated 1046 

analytical approach. Our study combines shrubs’ biomass load and stand biometric 1047 

controllable variables (use of growth and yield models to estimate stand growth over 1048 

a year) with ancillary topographic, climate and socio-economic information on fire 1049 

occurrence probability, as Garcia-Gonzalo et al. (2012) and Marques et al. (2012), who 1050 

focused on Portuguese conditions for other cover types, have discussed in their 1051 

research.  1052 

 1053 

In order to predict the evolution of forests, updates of forest resources using growth 1054 

and yield models are instrumental, hence the estimation of the accumulation of 1055 

understorey shrubs is required. However, no results for the Mediterranean areas are 1056 

available. A preliminary shrub build-up model (Botequim et al. 2009) was integrated 1057 

with a growth and yield model for determining optimal stand-level treatments (e.g. 1058 

thinning and fuel treatment) so as to reduce the fire hazard in maritime pine stands 1059 

(Ferreira et al. 2014). Moreover, since the characterization of fuels in the understorey 1060 

is a key element of wildfire risk modelling and not enough information is provided 1061 

in the literature, the need to develop a shrub build-up model under canopy cover led 1062 

to another study (Chapter III). The usefulness of shrub biomass models in forest 1063 

planning depends on the input information they need and whether the future values 1064 

of predictors can be estimated with reasonable accuracy. In order to overcome this 1065 

issue, a second study was therefore initiated to developa shrub build-up model 1066 

based on the plot-level information on the shrub type (i.e. species and regeneration 1067 

mechanism) and their ground cover and mean height, from the Portuguese National 1068 

Forest Inventory (NFI), as input data take into account the accumulation under 1069 

canopy forest. This study extended previous approaches by pioneering the 1070 

introduction of measurable stand variables and a shrub-regenerating strategy in a 1071 

time-dependent shrub biomass model, using a non-linear regression technique based 1072 

on Olson’s model (Olson 1963). In this chapter (Chapter III), the usefulnessof a 1073 

biomass accumulation model is stressed and the impact of biomass accumulation 1074 
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after forest fires discussed, which would contribute to more accurate estimates of fire 1075 

behaviour and may quantify the impact of silvicultural treatments on the probability 1076 

of wildfire occurrence.  1077 

 1078 

Under the scope of this thesis, post-fire stand damage and tree mortality models 1079 

suitable for forest management planning, without considering fire-injured 1080 

characteristics (e.g. crown kill, bole kill) or fire intensity –  information rarely 1081 

available to forest beforehand, were developed (Chapter IV).  While the models 1082 

employ some concepts that feature in earlier work, on the whole, the post-fire stand 1083 

damage and tree mortality models tend to differ significantly from other well-known 1084 

models (e.g. Peterson & Ryan 1986, Stephens & Finney 2002, Catry et al. 2010). Both 1085 

tree and stand characteristics can be partly managed, which enables some control on 1086 

mortality. Hence, the modelling was restricted to include only explicatory variables 1087 

that are directly available or easily measurable by practical inventories (i.e. 1088 

representing forest structure and topographic characteristics) and easily projected 1089 

over the planning horizon.  However, indirect measurements that may be related to 1090 

fire behaviour (e.g. slope) were included in the analysis. A three-tiered approach was 1091 

included in the study of modelling mortality to examine what stands will burn and 1092 

then which trees. The inclusion of these steps will provide forecasts with suitable 1093 

properties, i.e. mortality will be distributed among plots, and quantified and 1094 

distributed among trees in an appropriate way (Näslund 1986).  Recently, Marques et 1095 

al. (2011b) and Garcia-Gonzalo et al. (2011a, b) developed a three-step post-fire 1096 

mortality approach for the most important forest species in Portugal, i.e. Pinus 1097 

pinaster and Eucalyptus globulus, respectively, as a function of variables that may be 1098 

“controlled” by forest managers. Industrial plantations in Portugal are mostly pure 1099 

compositions. However, the introduction of ecosystems with mixed species could 1100 

provide a broader range of options in the fields of biodiversity, sustainability, 1101 

protection and restoration of Portuguese forests. This prompted the research of new 1102 

post-fire stand and individual tree mortality models, to predict the effect of even- vs. 1103 

uneven-aged structures and species composition (mixed vs. pure stands). For that 1104 

purpose, this third study was conducted in pure and mixed forests from 16 species, 1105 

across the country, with different site conditions and stand characteristics, 1106 

representing the environmental variation of the forest type. The following set of 1107 

models for predicting fire damage in any forest structure in Portugal can be found in 1108 
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Chapter IV: (i) a model that predicts whether there is  mortality in the case of fire; (ii) 1109 

a model for the proportion of dead trees; and (iii) a model that distributes mortality 1110 

among trees in a fire event. In addition, one of the outcomes of this study was the 1111 

evaluation of which stand composition (pure or heterogeneous) is more 1112 

advantageous, especially when taking into account the risk of wildfires. The accuracy 1113 

of the models for predicting mortality following wildfire reflects their utility for pre- 1114 

and post-fire management. 1115 

 1116 

The fourth study of this thesis introduces the application of fire behaviour modelling 1117 

as a tool to accomplish forest planning purposes under wildfire risk context (Chapter 1118 

V). The fuel complex variables canopy bulk density and canopy base height are often 1119 

used to determine crown fire initiation and spread (Mateus & Fernandes 2014). 1120 

Indeed, basic principles of fuel management treatments include reducing surface 1121 

fuels, increasing the height of live crown and decreasing crown density (Agee & 1122 

Skinner 2005). In this regard, a procedure that exploits the stand structure 1123 

characteristics associated with fire behaviour and crowning hazard in maritime pine 1124 

stands is presented in Chapter V, through the concept of creating fire-resistant stand 1125 

structures. A public forest – Leiria National Forest (Mata Nacional de Leiria, MNL) – 1126 

was chosen as a case study that both enables the identification of appropriate density 1127 

management alternatives that should provide fire resistance, and that can be used as 1128 

a reference for the implementation of landscape-level management planning in 1129 

maritime pine forests. Commonly, the published studies aimed at quantifying the 1130 

fuel treatment effectiveness of distinct forest stands rely solely on modelling 1131 

simulations. Here, the input and output variables from FlamMap modelling 1132 

simulations were coupled with common stand variables to create a set of compatible 1133 

models that: (i) express potential crown fire occurrence, and (ii) predict mortality, 1134 

suitable for researchers and forest managers. Additionally, tree classification analysis 1135 

was used to assess type of fire and the difficulty of fire suppression, and predict 1136 

mortality according to biometric data patterns from each main model. This is 1137 

instrumental for selecting priority intervention areas and designing effective fire 1138 

prevention strategies. 1139 

 1140 
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As a direct follow-up, the last work (Chapter VI) builds upon the above-mentioned 1141 

study to explore in the forest management system the impact of silviculture features 1142 

in order to quantify structure targets for mitigating silvicultural practices and 1143 

proactively reducing susceptibility to crown fire. Emphasis on the type of forest 1144 

management (i.e. public forest, private industrial forest and private collaborative 1145 

forests including several forest owners), aiming to reduce fire-prone areas, which has 1146 

been addressed very little in the forest management and decision–making literature, 1147 

was discussed in this chapter. The structure and composition of stand plots and the 1148 

degree of forest fragmentation are assumed to impact on local winds, fire spread and 1149 

damage to trees that condition their survival. For this purpose, three Portuguese 1150 

forested areas (2575 inventoried plots), selected based on their ecological and socio- 1151 

economic significance, each with different species composition and their own 1152 

geographical and fire management patterns, have been used to closely follow the  1153 

above methodology, and obtain fire behaviour models suitable for forest managers 1154 

(Chapter VI). To assess silvicultural impacts, fire was simulated over these three 1155 

forested landscapes under different forest management and weather/dryness 1156 

scenarios using the FlamMap system. These results provided information to (i) 1157 

identify hazardous fuel and corresponding stand biometric features, and (ii) 1158 

characterize fire behaviour according to forested landscape data (e.g. topography 1159 

and common stand descriptors) avoiding the use of fire simulator software with 1160 

complex input data. Finally, the implications of the results for forest management 1161 

were discussed.  1162 

 1163 

Chapter VII, apart from stressing the importance of the tools developed to the forest 1164 

sector, contains the final remarks, summarizing the main findings of all the studies 1165 

conducted and outlining research challenges in this domain. Moreover, this chapter 1166 

also addresses some issues that, although essential in order to move this work 1167 

forward, were not included in the articles, and would have passed unnoticed given 1168 

the structure of the thesis (e.g. problems related to data needs and sources 1169 

underlying assumptions relating to  forest management approaches). Furthermore, 1170 

in this chapter the conclusions of the articles are interlinked with the prospects of 1171 

future developments in the subjects discussed in this research. Finally, we discuss 1172 
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what to emphasize in future studies to improve the understanding of fire 1173 

management and decision support tools needed to cope with climate change. 1174 

 1175 

I.3|Data & Methods  1176 

In the following pages a brief description of the materials and methods used as a 1177 

path to this doctoral thesis is presented; however, a more comprehensive description 1178 

is given in each article manuscript (Chapters II–VI).  1179 

 1180 

Table 1. Summary of the data, statistical methods and software used in each study 1181 

Article I II III IV V 

M
ate

ria
l

Topic Risk Fuel loading Damage

Fire behaviour                

Fire suppression              

Fire Effects

Fire behaviour              

Fire suppression        

Level 

Species
Eucaliptus 

globulus
Generic Generic Pinus pinaster Generic 

Stand Pure and regular Generic Generic Pure and regular 
Pure and regular              

Mixed forests

Biometric 

variables 

Biometric 

variables 

Biometric 

variables 

Biometric variables / 

Canopy characteristics 

Biometric variables / 

Canopy characteristics 

Fuel data Fuel data Custom fuel models Custom fuel models 

Topograhic Topograhic Topograhic Topograhic Topograhic

Climate Climate Climate Weather scenarios Weather  scenarios

Socio-economic 

Specific areas (Case studies)

M
et

hods 

Portugal mainland (NFI)

M
ate

ria
l

D
a

ta

Analysis 

tools 
ArcGIS ArcGIS ArcGIS

ArcGIS                              

FlamMap

ArcGIS                              

FlamMap

Statistical 

Approach 

Logistic 

regression 

Non-linear 

regression 

Logistic 

regression 

Logistic regression  

Classification tree

Logistic regression  

Classification tree

Statistical 

software

SAS SAS SAS JMP JMP

M
et

hods 

 1182 

SAS: Statistical Analysis System; JMP: Statistical Programme; ArcGIS: Geographic Information System. 1183 

 1184 
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As mentioned before, five studies are presented, three of which focus on Portugal, 1185 

and the remaining ones on specific case studies. The type and diversity of variables 1186 

collected rely on specific objectives of the several studies that comprise this thesis 1187 

(Table 1). 1188 

 1189 

The first research phase is entirely dedicated to Portugal, taking advantage of a 1190 

national-level scale, using a large data set of forest stand and fires, with a broad 1191 

spatial and temporal coverage. 1192 

The national-level study area is Portugal’s mainland surface area, covering around 1193 

89,100 km2, located in the Iberian Peninsula, south-western Europe. It exhibits sharp 1194 

topographic contrasts and can be roughly divided into two district regions, north 1195 

and south of the Tagus river. The region north of the Tagus river is dominated by a 1196 

complex arrangement of mountains and highlands above 800 m, interspersed by 1197 

sharp valleys and pronounced depressions. The area south of the Tagus river valley 1198 

is dominated by gentle rolling hills and plains, and the altitude seldom surpasses 600 1199 

m, except for the mountains at the south-western end (Ribeiro et al. 1987). According 1200 

to Köppen’s classification, Portugal’s mainland climate is classified into two distinct 1201 

types of warm temperate climates with a dry season in the summer (Strahler & 1202 

Strahler 1992). North of the Tagus river and throughout the southern coast, the mean 1203 

of the warmest month is below 22 ºc (Csb), while south of the Tagus river the 1204 

warmest month mean temperature is above 22 ºc (Csa) (Strahler & Strahler 1992). 1205 

Precipitation is higher in the interior highlands of the north-west region with lowest 1206 

values in the southern and eastern regions of the territory. The dry season, 1207 

corresponding to about 6% of the mean annual precipitation (900 mm), is concurrent 1208 

with the fire season and takes place during the summer months, usually June to 1209 

September (Miranda et al. 2002). 1210 

 1211 

The natural vegetation is pyrophytic and resistant to drought. Portuguese forest is 1212 

also quite diverse in terms of its regional distribution, while the Alentejo region 1213 

(southern portion of the country) contributes 36% of the Portuguese forest areas, 1214 

dominated by evergreen oak woodlands, mainly occupied by the montado system, 1215 

managed as agroforestry systems combining cork oak (Quercus suber) with 1216 
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silviculture and grazing activities (Coelho 2002, 2003). Northern and central regions 1217 

contribute 18% and 29%, respectively, and are mainly occupied by conifers (e.g. 1218 

maritime pine) and by introduced fast-growing eucalyptus species. Shrublands 1219 

represent 22% of Portugal’s surface and are primarily found in the eastern half of the 1220 

country and/or in mountainous regions with low population density. 1221 

 1222 

A common set of information is collected by the national sources and afterwards 1223 

integrated in a database. In this part of the research the models were developed 1224 

using mostly data from the Portuguese National Forest Inventories (NFI) carried out 1225 

over the whole country within two different and discontinuous periods, 1995–1998 1226 

and 2005–2006, corresponding to the 4th  and 5th  NFIs respectively. The NFI 1227 

measurements were based on two different square grids of a systematic sample of 1228 

temporary circular plots (measured only once). The number of measured plots varies 1229 

from inventory to inventory, amounting to 2336 plots in the 4th  NFI and 12,258 NFI 1230 

plots (with 5267 plots of forest stands) in the 5th NFI. 1231 

 1232 

The Portuguese fire perimeter database can be accessed at www.icnf.pt. The data on 1233 

trends in fire-affected areas used throughout this research, either number of fires or 1234 

burned areas, were identified from the existing burned-area maps, created yearly by 1235 

the Remote Sensing Laboratory of the Instituto Superior de Agronomia, through 1236 

semi-automated classification of remote sensing satellite data based on late 1237 

summer/autumn Landsat imagery, covering the fire season period 1975–2008 with a 1238 

spatial resolution of 30 m and minimum mapping unit of 5 ha. 1239 

 1240 

Weather and its changes over time impact both on fire ignition and fire behaviour 1241 

potentials, mostly through the fuel moisture content variation and the wind field 1242 

properties, which are the basic variables involved in fire weather-related processes. 1243 

On the other hand, the climate, as an expression of long-term weather conditions in a 1244 

given site, influences vegetation features, and therefore has an indirect effect on fuel 1245 

types and the corresponding fire hazard. Therefore it characterizes the site instead of 1246 

characterizing the weather during a specific fire event. It is quite difficult to use the 1247 

weather before and/or during a specific fire in a long-term forest management 1248 
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planning context as it is very difficult to generate reliable weather data over long 1249 

periods (e.g. 60 years). This is the reason why the climatic variables (e.g. number of 1250 

days of precipitation per year and yearly average temperature) analysed in this first 1251 

phase of the research are directed at the long-term risk assessment, which is not 1252 

representative of the wildfire occurrence condition. Here the interpretation of the 1253 

“climate” variable goes in the same direction as other research (e.g. González et al. 1254 

2006, Marques et al. 2012).  In this sense, the average number of days with rain per 1255 

year with precipitation greater than or equal to 1.0 millimetre, based on 1256 

climatological reference normals (period 1931–1960), were considered. The 1257 

corresponding methodology is explained in Tomé et al. (2006).  The network of 1258 

stations used for that analysis is related to 334 different places in Portugal (52 1259 

climatological stations and 282 pluviometric stations). The latter show that the 1260 

distribution of days per year with precipitation greater than or equal to 1.0 mm d-1 is 1261 

quite similar to the distribution of the total amount of precipitation. Further, in the 1262 

shrub build-up model (second study), the number of days with precipitation is also 1263 

considered as a climate variable ecause under Mediterranean conditions this might 1264 

be a more meaningful indicator of the site conditions for biomass production and 1265 

composition than annual rainfall.  1266 

 1267 

The effect of socio-economic variables in wildfire risk modelling were analysed. 1268 

Anthropogenic factors, represented by roads and population density, are particularly 1269 

relevant in explaining the patterns related to the start of a fire, confirming human- 1270 

related ignitions as a major source. However, the assumption of fire depending on 1271 

socio-economic variables probably comes from fire ignition modelling, which is not 1272 

the topic of the study, as most burned plots (or at least burned forest) seem to usually 1273 

occur in very large fires, with the same number of ignitions. The probability of an 1274 

ignition occurring in one of the plots of the NFI is most certainly “0”, or very close. 1275 

Ignitions are punctual events, depending on weather, the humidity of dead fuels and 1276 

variables related to the source/cause of fire/heat, and are not related to above- 1277 

ground vegetation or forest management (unless management is a source of conflict 1278 

or the machinery is one of the sources of the fire). The first study deals with fire 1279 

occurrence, which is quite a spatial process, and may be related to forest structure 1280 

through changes in potential fire spread due to fuel presence/composition. For fire 1281 
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occurrence, once the effect of ignition is removed, as is the case in the research (the 1282 

methodology only considers stands that are located close to ignition points due to the 1283 

buffer of 2 km), the socio-economic variables that affect fire occurrence may be those 1284 

affecting landscape configuration, accessibility to fire for fire brigades, or forest 1285 

management itself. In fact, the socio-economic variables will be used to generate fire 1286 

ignitions with other models by Catry et al. (2008) or  Vasconcelos et al. (2001).   1287 

 1288 

In Portugal, we don’t have the forest roads available over the country to analyse with 1289 

accuracy and include this information in our study. The present study used Marques 1290 

et al.’s (2011a) roads information to get the GIS layer distribution of the study area 1291 

per road proximity, i.e if the accessibility to the stands is less than 1 kilometre, 1292 

RoadDist takes the value “0”, and a RoadDist of more than 1 kilometre is “1”. The 1293 

country population density data – number of habitants living in each parish – were 1294 

obtained from the Instituto Nacional de Estatítica (population census from 1991 and 1295 

2001). These data were used previously by Marques et al. (2011a) to calculate 1296 

population density per square metre in each subperiod and create a population class 1297 

map. Further, this information was overlaid with the plot information map. It was 1298 

assumed that population density and road proximity did not change over each 1299 

subperiod. 1300 

 1301 

With regard to the shrub build-up model (second study) to estimate biomass 1302 

accumulation/growth, a short timescale (15 years) was considered. Although it is 1303 

known that 15 years is not the maximum age of shrubs, several reasons were taken 1304 

into account in choosing this age as the limit: (i) firstly, because of a lack of 1305 

information on regeneration, with the aim of being more realistic and avoiding 1306 

another source of potential error, the observations of the remaining plots from shrub 1307 

forest understorey older than 15 years of age have not been formally studied; it is 1308 

difficult to find forest plots with shrub formations older than 15 years with good 1309 

accuracy for modelling exercises; (ii) moreover, to define proper management 1310 

strategies in fire-prone vegetation types we need to bear in mind that in aiming 1311 

towards fire risk prevention, shrub clearing in maritime pine or eucalyptus stands in 1312 

Portugal should be a current short-timescale silvicultural practice, with one to three 1313 
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treatments per cycle (e.g. Marques et al. 2012). Additionally, in terms of prescribed 1314 

fire when the accumulation is very slow (i.e. if the understorey is not dominated by 1315 

resprouter species), it is generally recommended that the reduction of fuel load 1316 

ranges between 5 and 10 years elapsed since the last fire (Fernandes & Botelho 2003). 1317 

However, fuel accumulation rate frequently limits prescribed fire effectiveness to a 1318 

short post-treatment period (2 to 4 years). 1319 

 1320 

In the second phase of the research, three forested areas are further investigated, in 1321 

order to extend the previous research, by substantially increasing the number of 1322 

explanatory variables assessed, as well as by allowing a broader generalization of the 1323 

results to other forest cover types and management systems (public, industrial and 1324 

private forest owners) (Table 1). This also allowed the potential effect of other factors 1325 

such as climate/wind variation, and made comparisons between different 1326 

topographic and fuel structure patterns on different landscapes: i) Vale de Sousa, a 1327 

mixed forest with multiple non-industrial private forest owners in the north (≈ 12,308 1328 

ha), ii) Leiria National Forest, an even-aged maritime pine public forest in the centre 1329 

(≈10,881 ha), and iii) Globand area, an industrial property where eucalypt is 1330 

predominant (≈ 11,882 ha). A large database including data from these specific forest 1331 

inventory areas (2575 inventoried plots), calibrated fuel models for Portugal 1332 

conditions, and individual tree equations were used to estimate the surface and 1333 

canopy fuel characteristics of the most representative common species stands in 1334 

Portugal. 1335 

 1336 

A large set of variables was collected from the database mentioned above, and 1337 

further divided into main groups: variables related to shrub properties, stand 1338 

characteristics, environmental factors, socio-economic factors and weather as 1339 

described for each study in Table 1. The response variables for all the studies 1340 

presented were handled or transformed according to the requirements of the method 1341 

applied, in order to obtain a biological and reliable statistical analysis. The methods 1342 

used under the scope of this thesis were adjusted for the type of data available and 1343 

the specific objectives of each study. Several models were subsequently developed by 1344 

applying two different methods, whose predictive ability was compared: multiple 1345 
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logistic regression, widely applied in fire studies (e.g.González et al. 2006, Catry et al. 1346 

2010,   Sebastian-Lopez et al. 2008) and classification tree analysis (CART), recently 1347 

found in ecological applications. The methodological procedures were designed 1348 

taking into account the possibility of model improvements as better data becomes 1349 

available. For the analysis and modelling of fire behaviour, presented in detail in 1350 

articles IV and V, a different approach was followed. The response variable was 1351 

obtained from the fire simulator. Fire growth was simulated using the FlamMap 1352 

system (Finney et al. 2003) under specified weather conditions characterized by fuel 1353 

moisture, wind speed and direction, obtained from historical climatological records 1354 

associated with severe fire events. A lot of effort has been made to make all the 1355 

models (Chapters II, III and IV), particularly the fire behaviour model (Chapters V 1356 

and VI), as user-friendly as possible. 1357 

 1358 

The data and methods presented in Table 1 were applied in an attempt to answer 1359 

some of the challenging questions that guide fire research nowadays. The main 1360 

responses to these questions, arising from the research that guided this thesis, are 1361 

presented in the following chapters. For the first studies that comprise the national 1362 

scale, a series of hypothetical test stands are used to demonstrate the model’s 1363 

functionality with interpretable results (i.e. the functionality of each model 1364 

developed as a fire probability model, biomass accumulation and fire damage). In 1365 

the second part of the research, specific case studies were used for testing the new set 1366 

of fire behaviour and suppression models developed. 1367 

 1368 
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Introduction 
Fire is a major disturbance impacting the 

Mediterranean landscape (Rundel 1998). In 
recent  decades  its  incidence  has  increased 
dramatically in southern Europe (Rego 1992, 
Moreno 1999, Pereira et al. 2006,  Pausas et 
al. 2008). The Portuguese territory is charac-
terized  by  a  Mediterranean  climate  and  a 
rugged topography. Moreover, the Portugue-
se vegetation cover is mostly evergreen and 
drought resistant. The country is thus prone 
to vegetation fires. Recent demographic, so-
cio-economic and climatic trends (e.g.,  Ma-
ther  &  Pereira  2006,  Pereira  et  al.  2002) 
have further contributed to the country’s vul-
nerability to wildfires.  In  Portugal,  wildfire 

is  the  most  important  agent  of  land  cover 
change (Pereira & Santos 2003). In fact, in 
the period extending from 1975 to 2007 the 
total burned area approximated 3.8 · 106 hec-
tares, representing 40% of the country’s area 
(Marques et al. 2011a).

In Portugal, around 90% of the total forest 
land  is  managed  by  private  landowners 
(DGRF 2006) and most stands are monospe-
cific or dominated by one species. Eucalypt 
is the most important forest species in terms 
of area as it extends over 8.12 · 103 ha, corre-
sponding to 26% of the country’s forestland 
(ICNF 2013).  Further,  it  provides  key raw 
material to the export driven pulp and paper 
industry (about 5.75 million m3 of pulpwood 

per year -  DGRF 2007). Wildfires constrain 
the economic  viability of eucalypt  in  com-
mercial  forestry and the competitiveness  of 
this industry (Nogueira 1990,  Moreira et al. 
2001). The development of forest plans that 
may mitigate wildfire impacts on the profita-
bility of eucalypt management scheduling is 
thus a key factor to the sustainability of this 
forestry  sub-sector.  This  prompted  the  re-
search  of  models  to  assess  wildfire  occur-
rence probability in eucalypt plantations as a 
function of variables that may be controlled 
by forest managers.

The  forestry  literature  has  associated  the 
term risk with the probability of occurrence 
of  a  natural  hazard  (González  et  al.  2006, 
Jactel et al.  2009,  Marques et al.  2012). In 
this  research,  we  will  refer  to  risk  as  the 
probability  of  a  stand  to  be  affected  by a 
wildfire  (i.e.,  probability  of  burning)  if  an 
ignition exists (Marques et al. 2012). Thus, 
rather  than  modeling  fire  ignition  probabi-
lity, the focus of this research is on modeling 
at stand level the probability of wildfire oc-
currence at stand level. This is understood as 
a spatial process related to forest structure as 
potential fire spread is impacted by fuel pre-
sence/composition (Fernandes 2009).

In Portugal, former studies have focused on 
the characterization of wildfire ignition or of 
wildfire risk as a function of environmental 
or socioeconomic variables (Vasconcelos et 
al. 2001, Pereira & Santos 2003, Nunes et al. 
2005,  Carreiras & Pereira 2006,  Catry et al. 
2008,  2009,  Marques  et  al.  2011a).  It  was 
demonstrated that in general wildfire impacts 
depend on the forest cover types where they 
occur (Moreira et al. 2001,  Godinho-Ferrei-
ra et al. 2005, Nunes et al. 2005, Moreira et 
al. 2009, Silva et al. 2009, Garcia-Gonzalo et 
al. 2011a). The characterization of these im-
pacts on eucalypt plantations was addressed 
recently by Fernandes et al. (2011) and Mar-
ques et al. (2011b). Nevertheless, no models 
to  assess the impact of changes in control-
lable biometric variables on fire occurrence 
in  eucalypt  plantations  were  available  in 
Portugal. This lack of information was a ma-
jor obstacle to effective eucalypt forest ma-
nagement planning in Portuguese fire-prone 
regions.

The forest  cover  type  and  the  understory 
fuel  load  have  a  substantial  impact  on  the 
probability of wildfire occurrence (Cumming 
2001, Ceccato et al. 2002, Castro et al. 2003, 
Silva  et  al.  2009,  Marques  et  al.  2011a, 
Marques  et  al.  2012)  and  may be manipu-
lated by management planning to minimize 
risk. Some authors have analyzed the impact 
of tree species composition  and of fuel re-
duction  activities  on  wildfire  occurrence 
(Agee  &  Skinner  2005,  Fernandes  et  al. 
2005,  Fernandes & Rigolot 2007). Fire ha-
zard and spread do depend on both the tree 
species composition and the understory fuel 
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Developing wildfire risk probability models 
for Eucalyptus globulus stands in Portugal

Brigite Botequim (1), Jordi Garcia-Gonzalo (1), Susete Marques (1), 
Alexandra Ricardo (1), José Guilherme Borges (1), Margarida Tomé (1), 
Maria Manuela Oliveira (2) 

This paper presents a model to predict annual wildfire risk in pure and even-
aged  eucalypt  stands  in  Portugal.  Emphasis  was  in  developing  a  manage-
ment-oriented model, i.e., a model that might both: (a) help assess wildfire oc-
currence probability as a function of readily available forest inventory data; 
and  (b)  help  predict  the  effects  of  management  options  (e.g.,  silvicultural 
treatments)  on  the  risk  of  fire  in  eucalypt  stands.  Data  from  both  the 
1995/1998 and the 2005/2006 Portuguese National Forest Inventories as well 
as wildfire perimeters’ data were used for modeling purposes. Specifically, this 
research considered 1122 inventory plots with approximately 1.2 million trees 
and 85 wildfire perimeters. The model to predict the probability of wildfire oc-
currence is a logistic function of measurable and controllable biometric and en-
vironmental variables. Results showed that wildfire occurrence probability in a 
stand increases with the ratio basal area/quadratic mean diameter and with 
the shrubs biomass load, while it decreases with stand dominant height. They 
further showed that the probability of wildfire occurrence is higher in stands 
that are over 1 Km distant from roads. These results are instrumental for as-
sessing the impact of forest management options on wildfire risk levels thus 
helping forest managers develop plans that may mitigate wildfire impacts.
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structure  (e.g.,  Rothermel 1983,  Graham et 
al. 2004,  Peterson et al. 2005,  Fernandes et 
al.  2006,  Silva et  al.  2009).  They thus de-
pend too on forest and fuel management re-
gimes (Graham et al. 1999,  Omi & Martin-
son  2004,  Jactel  et  al.  2009,  Crecente- 
Campo et al. 2009). In fact, the relationship 
between fuel load, rate of spread, and fire in-
tensity has provided a simple but  powerful 
argument to support fuel reduction in euca-
lypt  forests  (McArthur  1962,  1967,  Peet 
1965).  The effectiveness  of  forest  manage-
ment  under  wildfire  risk  depends  on  the 
availability of information about the impact 
of  management-controllable  variables,  i.e., 

understory  fuel  load  and  stand  biometric 
characteristics  on  wildfire  occurrence  pro-
bability  (Cumming  2001,  Finney  2005, 
González et al. 2006).

The modeling approach to wildfire occur-
rence in eucalypt stands presented in this pa-
per builds from research targeting the deve-
lopment  of  wildfire  occurrence  models  in 
other forest cover types that might take into 
account  the  impact  of  changes  in  control-
lable  biometric  variables  (e.g.,  González et 
al.  2006,  Marques  et  al.  2012,  Garcia- 
Gonzalo et al. 2012). These models quantify 
the  impact  of  silvicultural  treatments  and 
management options on wildfire occurrence 

probability in the corresponding forest cover 
type.  Their usefulness  has been further  de-
monstrated in the framework of the develop-
ment  of  optimal  management  plans  under 
wildfire  risk  (González  et  al.  2008,  Gar-
cia-Gonzalo  et  al.  2011a,  Ferreira  et  al. 
2011, Ferreira et al. 2012).

The objective of this research was thus to 
develop  a  management-oriented  model  to 
predict annual wildfire risk in pure and even-
aged eucalypt stands in Portugal,  i.e., a mo-
del that might both: (a) help assess wildfire 
occurrence probability as a function of rea-
dily available forest inventory data; and (b) 
help predict  the effects of management  op-
tions  (e.g.,  silvicultural  treatments)  on  the 
risk of fire in eucalypt stands. After descri-
bing the modeling approach, results are dis-
cussed to highlight  the contribution  of this 
research  to  address  eucalypt  wildfire  and 
forest  management concerns and help miti-
gate catastrophic damage to eucalypt planta-
tions.

Materials and methods

Materials

Wildfire perimeters and inventory plots
The assessment of wildfire risk probability 

in  eucalypt  stands  was  based  on  historical 
fire information from 1998 to 2007. The fire 
data consisted of all perimeters of wildfires 
larger  than  5  hectares.  Burned  area  maps 
were produced at the Remote Sensing Labo-
ratory of Instituto Superior de Agronomia by 
semi-automated classification of medium-re-
solution  remote  sensing  data  (i.e.,  Landsat 
Multi-Spectral Scanner - MSS, Landsat The-
matic Mapper -TM, and Landsat Enhanced - 
TM+). In this period, wildfires burned over 
1.5 · 105 hectares distributed over 12 273 pe-
rimeters larger than 5 hectares.

This  research  was  further  based  on  data 
from the 4th and 5th Portuguese National In-
ventories (NFIs) carried out in two different 
and  discontinuous  periods  (1995-1998  and 
2005-2006, respectively). Each NFI used its 
own grid  to  layout  the plots.  Therefore  no 
permanents  plots  were  available.  Additio-
nally, the number of measured plots has not 
been constant across NFI. In total, 615 and 
1 351  pure  and  even-aged  eucalypt  plots 
were inventoried out of the 2 336 and 12 258 
total  plots  measured  in  the  4th and  the  5th 

NFI,  respectively.  This  research considered 
plots that were classified by the NFI as pro-
ductive  even-aged pure  eucalypt  forest  and 
that included the measurement of biometric 
variables  as  well  as  information  about  the 
fuel load understory (very young plots where 
trees  are  no  measured  were  not  included). 
Thus all plots considered for modeling pur-
poses  did  include  biometric  and  environ-
mental  data  relevant  for  management  plan-
ning purposes such as tree height,  tree dia-
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Fig. 1 - Distribution of forest fires occurred in Portugal during the period 1998-2007, over-
laid with the pure/even-aged eucalyptus plots. Boxes on the right represent: (A) selection of 
unburned plots (example for the year 2005) based on their distance from ignition points; (B) 
a part of the National Forest Inventory plots used in the study.
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meter at breast height (d) - for trees holding 
a  d greater or equal to 7.5 cm -, stand age, 
stump diameter  (e.g.,  the  mean stump dia-
meter of trees that died as a consequence of a 
wildfire),  condition of the tree (dead, alive, 
cut), number of trees, shrubs species, mean 
shrubs height, aspect and slope.

An altitude map obtained from the Coun-
try’s  Digital  Terrain  Model  (DTM) with  a 
30 m pixel  accuracy was overlaid with the 
NFI plots layers to get the altitude of each 
plot. The latter were further overlaid with a 
GIS layer that classifies the territory into two 
road proximity classes (the threshold being 1 
kilometer - Marques et al. 2011a) to classify 
each  plot  according  to  its  distance  to  the 
closest  road.  A similar procedure was used 
to classify each plot according to the popula-
tion density (number of inhabitants living in 
each parish - Marques et al. 2011a), precipi-
tation (average of number of days per year 
with  precipitation  ≥ 1.0 mm) and tempera-
ture  (yearly  average  air  temperature).  The 
historical  weather  records  used  were  de-
veloped by Tomé et al. (2006), based on the 
climatological  normal  of  reference  (period 
1931-1960 in 334 different places in Portu-
gal) from the Atlas do Ambiente.

Analyzing the status of eucalypt plots
Wildfire  perimeters  and  NFI  maps  were 

overlaid using ArcGIS® 9.2 to check whether 
the eucalypt plots were burned or not within 
sub-periods extending up to six years (1998-
2004) after the first inventory and up to two 
years (2005-2007) after the second one (data 
from 2008 were not  available).  This provi-
ded the status (burnt/unburnt) of each euca-
lypt plot. The definition of these time frames 
balanced  the  benefits  of  having  a  larger 
sample size and the costs associated with po-
tential land cover changes in the period ran-
ging from the inventory and the wildfire oc-
currence. Over the two sub-periods, 109 (59 
plots from 4th NFI and 50 from 5th NFI) pure 
and even-aged eucalypt plots were burned at 
least one time, while 446 were left unburned 
(117 plots from 4th NFI and 329 plots from 
the 5th NFI, respectively - Fig. 1).

Reverse engineering to rebuild the tree 
characteristics

The  sample  size  was  constrained  by  the 
low number of even-aged and pure eucalypt 
stands and by the fact  that  most  of the 5 th 

NFI plots had been burned before the inven-
tory in 2005. In fact, 47 out of the 50 plots 
selected by the 5th NFI,  burned months be-
fore  the  inventory  took  place.  In  order  to 
overcome this  problem and  take advantage 
of available inventory data,  a reverse engi-
neering methodology (McClure 1968,  Bylin 
1982,  Diéguez-Aranda  et  al.  2003,  Garcia- 
Gonzalo et al.  2011b) was used to re-build 
the forest plot before the wildfire occurrence 
(Fig. 2). Firstly, these plots were further in-

ventoried to get the diameter of stumps from 
trees  that  burned  and  had  been  harvested. 
Secondly,  this  diameter  was  input  to  an 
equation  developed  by  Marques  et  al. 
(2011b) to estimate the pre-fire tree diameter 
at breast height. Thirdly, the latter was input 
to  an  equation  developed  for  eucalypt  by 
Tomé et al. (2007) to estimate the tree height 
(eqn. 1):

where  h is the tree height (m),  d is the dia-
meter of the breast height (cm),  β0  = 0.6733 
and β1 = 0.0130.

In  the case of plots  with standing burned 
trees, pre-fire diameter at breast height was 
assumed  to  be  unaffected  by  fire  and  tree 
height was estimated by eqn. 1.

Simulating vegetation growth
The development  of  a  model  to  estimate 

the annual probability of wildfire occurrence 
as a function of biometric variables required 
the simulation of vegetation growth. Both a 
stand-level growth and yield model (Barreiro 
& Tomé 2011)  and  a  shrub  growth  model 
(Botequim et al. 2009) - previously used by 
Marques et al. (2012) to estimate understory 
growth in Portuguese forests - were used to 
estimate the annual values of biometric va-
riables  of  each  plot  in  the  period  ranging 
from  the  inventory  date  to  either  the  fire 
event date or the date of the next inventory. 
The  simulation  thus  provided  n temporal 
snapshots of each plot, where  n is the num-
ber  of  years  of  this  projection  period.  For 
modeling purposes,  a dichotomous variable 
was assigned to each snapshot of each plot. 
This categorical variable takes the value “1” 
if  a  wildfire  occurred  in  that  year  or  the 
value  “0”  if  the  plot  did  not  burn  in  that 
year.  The  former  thus  corresponded  to  the 
first  simulation  stopping criteria.  If  no  fire 
events occurred, projections in the case of 4 th 

NFI plots  stopped  in  year  2004 as another 
inventory was available for year 2005, thus 
meeting the second simulation stopping cri-
teria.

In order to strengthen to snapshot assump-
tion by the simulation, satellite images were 
processed using  IDRISI  3.2  to  check whe-
ther  there  had  been  any harvest  and  forest 
cover change both in plots where the euca-
lypt age was over 9 years at the time of the 
wildfire event and in plots where the forest 
growth was projected over more than 6 years 
(Fig.  2).  Specifically,  Landsat  5TM images 
were used to check the cover type in 76 4th 

NFI unburned plots in each year in the pe-
riod from 1998 to the year of wildfire occur-
rence or to 2004. MOS - Modular Optoelec-
tronic  Scanner  and SPOT Satellite  imagery 
were used to check the cover type in 101 5th 

NFI unburned plots in each year of the pe-
riod from 2005 to the year of wildfire occur-

rence or to 2007. This check provided a list 
of 103 plots where no harvests and no cover 
type changes did occur (38 plots from the 4th 

NFI and 65 from 5th NFI).

Selecting unburned plots: proximity of 
fire ignition data

The official database from the Portuguese 
Forest Service (AFN) that stores the starting 
coordinates (ignition) of wildfires was used 
to  further  select  plots  to  be considered  for 
modeling purposes. For each year, a 2 kilo-
meters buffer around each ignition was cre-
ated to  cover all  burned plots  in  that  year.  
This procedure eliminated from the analysis 
unburned plots  that  were not  affected by a 
wildfire because there was no ignition point 
nearby rather  than because of its biometric 
and  environmental  characteristics  (Fig.  1, 
Fig. 2). In total, 319 unburned observations 
(plot yearly simulation snapshots) from 1998 
to 2004 and 694 unburned observations (plot 
yearly simulation  snapshots)  from 2005  to 
2007  were  used  to  fit  the  model  (Tab.  1). 
Thus the model was fit considering a total of 
1 122  observations  (1 013  unburned  obser-
vations and 109 burned observations).

Methods

Annual wildfire occurrence probability 
model

The occurrence of wildfire in a stand is a 
binomial  outcome that may be modeled by 
logistic  regression.  Actually,  this  is  one  of 
the most popular mathematical modeling ap-
proaches  to  describe  the  relationships  of  a 
set of variables with a dichotomous depen-
dent variable (Hosmer & Lemeshow 2000). 
The logistic function in eqn. 2 is mathema-
tically flexible, easy to use, and has a mean-
ingful  interpretation  (Hosmer & Lemeshow 
2000). The logistic regression model can be 
presented as (eqn. 2):

where  Y is the dependent  variable,  i.e.,  the 
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Tab. 1 - Number of observations recorded as 
burnt and unburnt areas in the studied period 
(1998-2007).

Year Unburnt Burnt Total
1998 14 1 15
1999 6 2 8
2000 45 2 47
2001 67 3 70
2002 74 2 76
2003 62 46 108
2004 51 3 54
2005 266 46 312
2006 222 1 223
2007 206 3 209
Total 1013 109 1122

h= d
β 0+β 1 d

Y= 1
1+e−(β 0 +β 1 X 1+...+β p Xp )
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annual probability of wildfire occurrence in 
a pure even-aged eucalypt stand,  x1 to xp are 
independent variables and β0 to βp, are para-
meters to be estimated.

For modeling purposes, this research con-
sidered  the  plot-level  dichotomous  catego-
rical  variable  that  takes  the  value  “1”  if  a 
wildfire did occur (burnt plot) and “0” other-
wise (unburnt  plot).  It  further  considered a 
large set  of explanatory variables including 
biometric  (e.g.,  stand  basal  area,  age,  qua-
dratic mean diameter of trees in the stand), 
environmental (e.g., altitude, aspect, number 
of  precipitation  days)  and  socioeconomic 
variables  (e.g.,  distance  to  roads,  popula-
tion). In total, 14 independent variables, 12 
of which are continuous (Tab. 2) and two are 
categorical (Tab. 3) were considered. In the 
case of the variable  distance to  the closest 
road a dummy variable was created indica-
ting the plot accessibility. This variable was 
assigned  the  value  “1”  when  the  distance 
from the road network was more than 1 kilo-
meter (Road distance > 1km) and “0” if the 
distance was less than 1 kilometer (Road dis-
tance < 1km).

The annual wildfire occurrence probability 
model was developed using maximum likeli-
hood methods (Monserud & Sterba 1999) as 
implemented in the PROC LOGISTIC rou-
tine of the SAS 9.1 package (SAS Institute 
Inc. 2004). The selection of predictors out of 
the  proposed  set  of  explanatory  variables 
was based on the test of the models corres-
ponding to all possible combinations of va-
riables x1 to xp (Freire 2009). Model building 
further  took advantage of an understanding 
of  the  process  of  wildfire  occurrence.  All 
predictors  had to be logical  and significant 
(α=0.05, as from Wald χ2 statistics). The pre-
sence of collinearity was assessed by adding 
new variables to the model and observing its 
impact on the slope coefficients and the es-
timated  standard  errors  (Hosmer  &  Leme-
show 2000).  Alternative models were com-
pared  using  the  Akaike  Information  Cri-
terion  (AIC -  Burnham & Anderson  2003, 
Silva et al. 2009) and further considering the 
ecological  consistency  of  predictors  (i.e., 
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Fig. 2 - Methodology applied to develop an annual wildfire risk probability model for euca-
lypt stands in Portugal.

Tab. 2 - Statistics for the fitting dataset. (U): Unburnt; (B): Burnt.

Variables Description
Min Mean Max

U B U B U B
Age (years) Stand age 1 2 10.09 11.42 27 30
Altitude 
(m)

Terrain altitude 15 48 217.43 257.88 1015 688

Bshrubs 
(Mg ha-1)

Shrubs biomass load 0 0.44 5.81 11.3 15.2 15

dg (cm) Quadratic mean 
diameter

0.8 2.52 12.32 13.2 31.39 23.69

hdom (m) Stand dominant height 1.58 4.35 17.66 17.93 33.89 33.65
G (m2 ha-1) Stand basal area 0.1 0.09 12.5 12.09 52.64 36.16
G/dg Stand structure 0.01 0.01 1 1.03 3.73 13.19
Ntrees 
(N/ha)

Stand density 20 20 1113.88 980.44 5334 5007

Precipita 
(days/year)

Precipitation days in 
the area

55.8 55.2 105.1 100.64 145 145

Pop 
(hab/m2)

Population per parish 8.22 0.68 151.27 142.91 2325.43 1239.6

Slope (º) Terrain slope 0 0 11.5 12.47 45 35
Temp (ºC) Yearly main 

temperature in the area
8.75 8.75 14.39 14.44 21.3 16.75

Tab. 3 - Statistics for the categorical fitting 
dataset. (U): Unburnt; (B): Burnt.

Variables Description U B
Sunny 
aspect

East (E) 146 13
Flat (F) 49 3
North (N) 148 14
Northeast (NE) 181 25
Northwest (NW) 111 8

Shady 
aspect

South (S) 92 18
Southeast (SE) 66 5
Southwest (SW) 96 4
West (W) 124 19

Road 
Distance

< 1km 464 42
> 1km 549 67
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signs  of  coefficients  that  are  biologically 
reasonable) as well as management relevance 
(i.e., the model includes variables easy to ob-
tain by a forest inventory). Model goodness-
of-fit was assessed using Hosmer-Lemeshow 
goodness-of-fit statistics.

The validation of the models encompassed 
the analysis  of the functional  relations.  No 
specific  validation  data  sets  were  set  aside 
and  later  used  for  that  purpose.  Two main 
reasons justify this decision. Firstly, the re-
latively small number of observations in the 
dataset used. Secondly, the emphasis of this 
research was in obtaining the best possible 
parameter estimates.  The authors  are aware 
of the advantages and disadvantages of split-
ting  the data  set  for  model  validation  pur-
poses (well discussed for instance in  Myers 
1990 and  Kozak & Kozak 2003). However, 
they concluded that cross validation by data 
splitting and double cross validation would 
provide little, if any, additional information 
to the evaluation of the regression models.

The  Receiver  Operating  Characteristic 
(ROC) curve (SAS Institute, Cary, NC) was 
used to assess the functional relations in the 
wildfire  occurrence  model  (Shapiro  1999, 
Hosmer  &  Lemeshow  2000).  The  ROC 
curve relies on the false/true - positive/nega-
tive proportion, where sensitivity is the pro-
portion of wildfire occurrence responses that 
are correctly predicted and specificity is the 
proportion  of  no  wildfire  occurrence  -  re-
sponses that are also correctly predicted.  A 
model with a ROC curve of 0.5 suggests no 
discrimination,  0.7-0.8  suggests  having  an 
acceptable discrimination, and 0.8-0.9 provi-
des an excellent  discrimination  (Hosmer & 
Lemeshow 2000). The concordance analysis 
procedure was further used to support the in-
terpretation of model outcomes (Kleinbaum 
1996, Hosmer & Lemeshow 2000).

The odds ratio was further used to help in-
terpret the role of each independent variable 
in explaining the probability of wildfire oc-
currence, as it estimated the net increase in 
the event probability caused by a unit change 
in  the  independent  variable  (Kleinbaum 
1996,  Hosmer  &  Lemeshow  2000).  How-
ever, the change in the odds ratio resulting 
from non-marginal changes in the indepen-
dent variable is often of greater interest and 
was  further  considered.  Exponentiation  of 
the  parameter  estimate  for  the  independent 
variables  in  the  model  by the  number  “c” 
yields  the  odds  ratio,  where  “c” is  the in-
crease  in  the  corresponding  independent 
variable.

The logistic model predicts the probability 
of  an  occurrence  ranging  continuously 
between  0  and  1.  In  order  to  convert  an 
event probability (wildfire risk) to a dicho-
tomous (e.g., burnt/unburnt) data an optimal 
cut-point  must be defined and compared to 
each estimated probability (Hosmer & Leme-
show  2000).  Different  methods  have  been 

proposed  to  select  the  cut-point/threshold 
(Monserud & Sterba 1999, Crecente-Campo 
et al. 2009). The optimal cut-point value can 
be defined according to data specificities or 
risk perception/needs of the users, and some-
times  classification  between  burnt/unburnt 
stands is not even necessary in forest plan-
ning.  Although  we  do  not  need  this  cut-
point, we calculated it as an indicative value 
for users who just want to use the model to 
predict if a stand may burn or not. For this 
purpose,  three different methods were used 
to  define  the  cut-point:  (1)  the  value  that 
maximizes  the  index  of  concordance  and 
correct classification rate (CCR -  e.g.,  Ryan 
1997);  (2)  the  value  where  the  sensitivity 
curve  and  the  specificity  curve  cross  each 
other (Hosmer & Lemeshow 2000); (3) the 
average observed percentage of event occur-
rence in the original data (Monserud & Ster-
ba 1999). In order to select optimal values, 
tables with classification error rates associa-
ted  with  the  different  methods  were  con-
structed.

Eucalypt coppice stand management 
scheduling

The annual wildfire risk model was used to 
help assess the impact of potential manage-
ment actions in a typical eucalypt stand. In 
Portugal, a typical eucalypt prescription en-
compasses a plantation of about 1 250 seed-
lings ha-1. A full rotation may include up to 2 
or 3 coppice cuts,  each cut being followed 
by a stool thinning that may leave an average 
number of shoots per stool ranging from 1 to 
2. Harvest ages typically range from 10 to 12 
(Soares & Tomé 2001). Prescriptions further 
include several shrub cleanings over a rota-
tion (i.e., 1 to 3 fuel treatments per cycle - 
Duncker et al. 2012).

For  demonstration  purposes,  it  was  assu-
med that  the eucalypt  stand was located at 
more  than  1  kilometer  from the  road  net-
work. It was further assumed that the terrain 
altitude was 217 meters, the slope was 11.5º, 

the mean annual precipitation was 650 mm 
and  that  the  understory  shrub  vegetative 
community  had  a  re-sprouting  ability  of 
50%.  The  prescription  included  a  cutting 
cycle of 10 years, 3 coppice cuts and 1 or 
more shrub cleanings per cycle. It was also 
assumed that the stand was within the range 
of ignition points every year of the planning 
horizon.  Stand and understory growth were 
estimated using the simulators developed by 
Barreiro & Tomé (2011) and Botequim et al. 
(2009), respectively.

Results 

Annual wildfire occurrence probability  
model

The logistic model selected to predict  the 
annual  wildfire  occurrence  in  a  pure  and 
even-aged eucalypt stand is as follows (eqn. 
3):

where Bshrubs is the total biomass of shrubs 
(Mg ha-1), hdom is the stand dominant height 
(m), G /dg is a predictor combining informa-
tion about density and tree sizes where G is 
the basal area (m2 ha-1) and dg is the quadra-
tic mean diameter of trees in the stand (cm) 
and RoadDist is a dummy variable indicating 
the proximity to the road network. Specific-
ally,  if  the  distance  to  the  network  is  less 
than 1 kilometer,  RoadDist takes the value 
“0” otherwise it takes the value “1”.

According to the model, stands with higher 
density are  in  general  more  prone  to  burn 
(Fig. 3). Yet this further depends on the tree 
sizes. For the same basal area, the value of 
predictor  G/dg decreases with the quadratic 
mean  diameter,  thus  highlighting  that  the 
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Fig. 3 - Values of 
the variable G/dg 
for different com-
binations of basal 
area (G) and qua-
dratic mean diame-
ter (dg).

PburnEC= 1

1+e
−(−5.4005−0.054⋅hdom+0.3166⋅G /dg

+0.3959⋅Bshrubs+0.5372⋅RoadDist )

{RoadDist=0 if (RoadDistance<1 km)
RoadDist=1 if (RoadDistance>1 km)}
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wildfire  occurrence probability is higher  in 
stands with prevailing smaller trees (Fig. 3, 
Fig.  4a).  As expected  from biological  rea-
sons, the model indicates that shrub biomass 
was the most important variable affecting the 
probability of wildfire occurrence (p<0.0001 
-  Tab. 4). Further, higher shrub biomass in-
creases  the  probability  of  a  stand  to  burn 
(Fig. 4b e  Fig. 4c). On the contrary, the in-
crease of stand dominant height (hdom) de-
creases  this  probability.  Finally,  the  model 
indicates  that  larger  distances  to  the  road 

network lead to an increase of the probabi-
lity of fire occurrence (Fig. 4d).

All  parameters  estimates  in  eqn.  3  were 
found significantly different from zero at the 
0.05  level  as  from  the  Wald  χ2 statistics 
(Hosmer & Lemeshow 2000 -  Tab. 4). The 
model was successful in predicting whether 
fire did occur in 83.5% of stands (i.e., per-
centage of concordant pairs). The adequacy 
of the model was further assessed by the ana-
lysis  of  the  ROC  curve  from  the  logistic 
model. The area under the ROC curve (0.838 

-  Fig.  5)  indicates  an excellent  discrimina-
tion  (Hosmer  &  Lemeshow  2000),  thus 
showing  that  the  selected  model  performs 
adequately.  Collinearity assessment  showed 
no collinearity among variables included in 
the model.

The odds ratio further helped the interpre-
tation  of  results  as  it  provides  an intuitive 
and easily understood assessment of the con-
tribution  of  an  independent  variable  to  the 
occurrence  of  an  event  (Kleinbaum  1996, 
Hosmer & Lemeshow 2000). The odds ratio 
analysis  highlighted  that  the  chance  of  a 
stand  to  burn  increases  1.486  times  if  the 
total  biomass of shrubs (Bshrubs) increases 
one Mg per ha. Similarly, an eucalypt stand 
that is more than 1 km distant from the road 
network is 1.711 times more prone to burn 
than a stand that is closer to this network. On 
the other hand, an increase in 1 meter of eu-
calypt stand dominant height (hdom) would 
decrease  0.947  times  the  fire  occurrence 
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Fig. 4 - Effects of independent variables on the annual wildfire probability (PburnEc) obtained using eqn. 3 for an example eucalypt stand. 
(A) Effect of shrubs (Bshrubs, Mg ha-1) and G/dg (basal area over quadratic mean diameter); (B) effect of shrub biomass and stand dominant  
height (with G/dg = 1 m2 ha-1 cm-1); (C) effect of shrub biomass and stand dominant height (with G/dg = 10 m2 ha-1 cm-1); (D) effect of road 
distance and shrub biomass. Fixed values are the mean values of the whole dataset (Bshrubs =5 Mg ha-1, hdom = 17 m, RoadDist > 1km).

Tab. 4 - Logistic regression parameter estimates and fit statistics for the model predicting the  
annual wildfire occurrence probability (eqn. 3).

Variable Parameter Estimate SE Wald > χ2 Pr > χ2

Intercept β0 -5.4005 0.5561 94.3193 <0.0001
hdom β1 -0.054 0.0232 5.4292 0.0198
G/dg β2 0.3166 0.1319 5.7635 0.0164
Bshrubs β3 0.3959 0.0375 111.1485 <0.0001
RoadDist > 1km β4 0.5372 0.232 5.3601 0.0206
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probability, whereas an increase in 5 meters 
would  decrease  that  probability  by  0.763 
times.

The  most  appropriate  cut-point  for  the 
model was 0.11 as both sensitivity and spe-
cificity reach the same proportion is recom-
mended  this,  enabling  a  better  match 
between the stands where higher wildfire oc-
currence  probability  is  predicted  and  the 
stands where a wildfire  did  actually occur. 
Using  this  value  led  to  a  CCR  of  73.7% 
(Tab. 5).

Eucalypt  coppice  stand  management  
scheduling- application example

The  model  highlighted  that  coppice  cuts 
and  periodic  removal  of  the  fuel  load  do 

contribute  to  decrease  fire  occurrence  pro-
bability.  The annual  fire  occurrence proba-
bility ranged from 0 to 0.2% in a pure even-
aged eucalypt stand if cleaned once in every 
cutting cycle,  and from 0 to  0.04% if fuel 
treatments  are  prescribed  to  occur  twice 
every cutting cycle (Fig. 6).

Discussion and conclusions
The development  of a forest  management 

plan should not  ignore the probability of a 
wildfire occurrence as this may lead to poor 
decisions and gross miscalculations  of out-
put  flows.  Wildfire  occurrence  models  are 
needed to help foresters assess the impact of 
forest  management  options on wildfire  risk 
levels and thus design plans that may target 

effectively production, conservation and pro-
tection objectives. Traditional approaches to 
fire behavior simulation taking into account 
the fuel type (e.g., amount, size, and humid-
ity of dead fuels - Finney 2005), the value of 
environmental  variables  (e.g.,  topography 
and climate), as well  as the ignition occur-
rence, can hardly be used in a typical forest 
management planning context. They rely on 
very specific data (e.g.,  ignition occurrence 
20 years from now in the planning horizon, 
prevailing  weather  conditions  before  and 
during a wildfire  occurrence 10 years from 
now in the planning horizon) that cannot be 
predicted  to  support  the  development  of  a 
forest management plan. Fire behavior simu-
lation  is  a  very important  tool  to  enhance 
policy-making  and  management  planning 
processes as well as to support strategic zo-
ning and regeneration  decisions.  Yet  forest 
management  planning  requires  further  in-
formation to address effectively wildfire risk.

Forest  managers  need  information  about 
the impact of controllable variables (e.g., un-
derstory fuel availability,  tree species com-
position, structure and stand density) on the 
probability of wildfire occurrence (Cumming 
2001, Finney 2005, Mercer et al. 2008). This 
information is influential to design and plan 
management  options aimed to reduce wild-
fire risk (e.g.,  González et al. 2006,  Garcia- 
Gonzalo et al.  2011a,  Ferreira et al.  2012). 
Nevertheless, such information was not avai-
lable to support eucalypt forest management 
planning.

Several authors have addressed the effects 
of  fire  on  eucalypt  stands  (Curtin  1966, 
Guinto et  al.  1999,  Marques et  al.  2011b). 
Fire modeling indicated that wildfire control 
operations in eucalypt plantations are effec-
tive even under extreme weather conditions 
(Fernandes et al. 2011). Frequent fuel treat-
ments have been demonstrated to reduce fire 
risk in these ecosystems (Agee et al.  1973, 
Cheney & Richmond 1980), thus suggesting 
the importance of a proactive stand and fuel 
management strategy (Fernandes 2009). Ne-
vertheless,  no  quantitative  information  was 
available to support  the development  of an 
eucalypt forest management plan under wild-
fire risk.

A logistic modeling approach using simple 
input  variables  that  are  measurable  and/or 
predictable, as well as controllable by forest 
managers (e.g.,  shrub fuel load,  basal area, 
dominant height and quadratic mean diame-
ter) was developed to address this shortco-
ming. Contrarily to former approaches (Gon-
zález et al. 2006), this research took into ac-
count  vegetation  growth dynamics.  Our re-
search further confirmed the potential of the 
logistic model to assess the annual fire oc-
currence probability in  pure and even-aged 
eucalypt stands in Portugal. In our model, all 
parameters  were  significant  based  on  the 
Wald  χ2 statistic  test.  The  area  under  the 
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Fig. 5 - ROC curve 
for eucalypt fire 

occurrence proba-
bility from cross 
validation data.

Tab. 5 - Overall prediction rates for the annual wildfire occurrence probability model (eqn. 
3). The observed burnt plots percentage was 9.71%. (a): the sensitivity and specificity curves 
cross (Hosmer & Lemeshow 2000); (b): average observed survival rate (Monserud & Sterba 
1999); (c) value that maximizes the CCR (Ryan 1997).

Approach 
(cut-point)

CCR
(%)

Sensitivity 
(%)

Specificity 
(%)

False burnt 
(%)

Predicted as 
burnt (%)

0.11a 73.7 73.7 73.4 76.9 30.87
0.28b 89.9 47.7 94.5 51.9 10.52
0.42c 93.4 38.5 99.3 14.3 6.59

Fig. 6 - Eucalypt 
coppice stand ma-
nagement schedu-
ling followed by 2 

coppiced stands, 
with an average 

cutting cycle of 10 
years and 1 or 2 
shrub cleanings 

during each cutting 
cycle.
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ROC curve (0.838)  indicated excellent dis-
crimination between wildfire occurrence and 
non-occurrence  (Hosmer  &  Lemeshow 
2000).

According to the proposed model, wildfire 
risk (i.e.,  annual  burn  probability)  strongly 
increases  with  the  shrubs’  biomass  load. 
This  is  in  concordance  with  findings  from 
previous  investigations  (e.g.,  Gould  et  al. 
2011,  Godinho-Ferreira et al. 2005).  Castro 
et  al.  (2003) showed  that  the  amount  of 
forest  fuels,  namely  shrubs  biomass,  may 
further increase fire severity. Higher amount 
of  shrubs  dry  biomass  determines  higher 
flammability and lower capability to prevent 
the  advance  of  fire  (Schmidt  et  al.  2002, 
Castro et al. 2003). Generally, the fuel load 
generated by eucalypts increases with stand 
basal area (Gould et al. 2011). The impact of 
fuel management on wildfire occurrence has 
been underlined by the relation between fire 
risk and shrubs’ age (Sah et al. 2006, Gould 
et al. 2011, Kazanis et al. 2012). The rate of 
fuel accumulation after a wildfire in a euca-
lypt forest is relatively high,  declining pro-
gressively after 5-8 years and stabilizing at a 
level that depends on the prevailing environ-
mental  conditions  (Gould  et  al.  2011). 
Moreover,  the abundance  of shrubs  contri-
butes to an easier spread of surface fires and 
facilitate the starting of crown fires because 
of the vertical fuel continuity (Rothermel & 
Philpot  1983,  Finney  1999,  Cruz  et  al. 
2004).  From a  fire  suppression  viewpoint, 
the  effectiveness  of  silvicultural  treatments 
can  be  gauged  by  their  ability  to  prevent 
crown  fires  (Keeley & Zedler  2009).  In  a 
study carried out in Australia by  Bradstock 
& Williams (2009) crown fires are unlikely 
in  1  to  5-year  old  fuels  in  eucalypt  forest 
even under extreme weather.

Wildfire  occurrence  in  eucalypt  stands  is 
also  impacted  by  both  tree  size  indicators 
(i.e.,  quadratic  mean  diameter  and  stand 
dominant  height)  and  density  indicators 
(basal area) that may be controlled by mana-
gement planning. Wildfire occurrence proba-
bility  increases  with  higher  densities  espe-
cially in stands with low quadratic mean dia-
meter (i.e., higher  G/dg). This is in concor-
dance with other studies, where similar pre-
dicting variables have also been used as an 
indicator  of  stand-level  competition  and 
have been shown to influence fire risk pro-
bability  (González  et  al.  2006).  Denser 
stands comprised of smaller trees are more 
prone  to  high-intensity  crown  fire  due  to 
high vertical and horizontal continuity (Van 
Wagner 1977, Cruz et al. 2004). Wildfire oc-
currence  probability  also  decreases  with 
stand dominant height (hdom). The literature 
also provides evidence that such stands are 
less  vulnerable  to  fire  (Fernandes  2009, 
Fernandes et al. 2010, 2011).

According to the proposed model, eucalypt 
stands located less than 1 km from the road 

network  are  less  prone  to  burn.  This  is  in 
concordance  with  other  studies  reporting 
that the proportion of burned areas increases 
with  the  distance  from  roads  as  a  con-
sequence  of  the  lower  accessibility  by fire 
fighters (Cardille et al. 2001, Vasconcelos et 
al. 2001, Badia-Perpinya & Pallares-Barbera 
2006).  Other  studies  in  Portugal  demon-
strated  that  larger  distances  impacted  the 
proportion  of  area  burned  (Marques  et  al. 
2011a) or that ignitions that resulted in large 
fires occur further away from roads (Rome-
ro-Calcerrada et al. 2010).

In this research, the climate variables used 
(i.e.,  number of days of precipitation  equal 
or greater than 1.0 mm per year and yearly 
average temperature)  express  the long-term 
weather  conditions  that  influence the stand 
vegetation features (e.g., fuel types). There-
fore they characterize the site rather than the 
weather  during  a  specific  fire  event.  The 
weather before and/or during a specific wild-
fire can hardly be predicted within a long-
term  forest  management  planning  context. 
According to other studies (e.g., González et 
al. 2006,  Marques et al. 2012), we used cli-
mate variables to model wildfire occurrence 
over long timespans rather than to characte-
rize weather conditions for specific wildfire 
occurrences.

Our  results  underlined  the  importance  of 
fuel treatments to decrease burn probability, 
and provide indications on which stands are 
more  vulnerable  or  resistant  to  fire.  Typi-
cally,  eucalypt stands in Portugal are even-
aged  plantations  with  high  densities  and 
flammability  (Marques  et  al.  2011b).  This 
research highlighted that emphasis has to be 
placed on managing the forest structure (i.e., 
stand density and height) and the fuel loads. 
This is in concordance with findings by Fer-
nandes  et  al.  (2006) and  Fernandes  (2009) 
who showed that stand structure is a major 
determinant of fire vulnerability.

The  modeling  approach  adopted  in  this 
study provide valuable  information to  inte-
grate risk considerations in both operational 
and  strategic  eucalypt  forest  management 
planning. It helps quantify the impact of sil-
viculture  treatments  (e.g.,  coppice cuts  and 
fuel treatments) on wildfire risk and provides 
an important tool to define management op-
tions  aimed  to  reduce  wildfire  occurrence 
and develop effective fires prevention strate-
gies.

The  proposed  model  may  be  integrated 
with  a  growth  and  yield  model  (following 
the approach suggested by Hanewinkel et al. 
2010) to predict the probability of a wildfire 
to  occur  upon ignition.  To this  purpose,  it 
may take advantage of wildfire ignition mo-
dels, such as the ones developed by Vascon-
celos  et  al.  (2001) or  Catry  et  al.  (2008, 
2009), or else consider a stochastic ignition 
(González et al. 2006). Additionally, the pro-
posed wildfire occurrence probability model 

can easily be implemented in decision sup-
port  systems to address wildfire risk in de-
veloping  management  plans  either  at  stand 
level (e.g.,  González et al. 2008,  Pasalodos-
Tato  et  al.  2010,  Garcia-Gonzalo  et  al. 
2011a, Ferreira et al. 2011, 2012) or at land-
scape level (González-Olabarria & Pukkala 
2011). 

The presented model may be applied in dif-
ferent contexts thus contributing to integrate 
effectively fire risk into forest  management 
planning, and supporting forest managers in 
the  design  of  prescriptions  to  manipulate 
stand endogenous variables  that  impact the 
probability  of  wildfire  occurrence.  Further 
research may extend current model with the 
aim of  including landscape structure  varia-
bles (e.g., neighboring stands biometric va-
riables).
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Introduction
During  the  last  decades,  significant  land

use change took place in Portugal and else-
where  in  the  Mediterranean  region.  Many
marginal agricultural  or grazing lands were
either abandoned or afforested. Natural suc-
cession led to changes in vegetation structu-
re and composition where agricultural activi-
ties ceased, thus contributing to the expan-
sion of shrubland, woodland and forests with
a well-developed shrub understory (Fernán-
dez Alés et al. 1992). These changes resulted
in higher carbon stocks as well  as in more

flammable  ecosystems  prone  to  large  and
high-severity fires  (Pausas  2004,  Castro  &
Freitas 2009).

Fuel dynamics refers to the structural and
temporal modifications undergone by a fuel
layer  or  fuel  complex.  Shrub  accumulation
models could assist in forecasting the dyna-
mics of biomass and carbon storage. Many
modeling of fuel dynamics follows the sim-
ple model by Olson (1963) that describes the
relationship between production and decom-
position as a modified exponential function
that flattens out to a plateau. Other studies

describe fuel  and shrub dynamics by time-
dependent  models  of  forest  fire  hazard
(Gould et al. 2011). However, shrub biomass
accumulation information for Mediterranean
areas is very limited. Few studies addressed
the  temporal  dynamics  of  shrub  structure
and/or  biomass in  shrublands (Baeza et  al.
2006), which are expected to be different un-
der a forest canopy, due to competition for
resources (i.e., light, water). Hence, little at-
tention has been given to understory vegeta-
tion, likely due to its limited economic im-
portance. Nonetheless, the ecological signifi-
cance of the understory is high, since it plays
an important role on nutrient cycles, carbon
storage and fire hazard.

Currently available carbon models still lack
details on biomass dynamics, which in turn
affect  the calculation  of these processes.  A
recent study by Rosa et al. (2011) to estimate
pyrogenic  emissions  of  greenhouse  gases,
aerosols and other trace gases from wildfires
in Portugal identified shrub biomass as the
variable with the greatest impact on the un-
certainty inherent in  such estimates.  There-
fore, it is essential to improve the assessment
of forest  biomass,  including its  spatial  and
temporal variation.

In the Mediterranean region, fire is one of
the  most  important  factors  affecting  forest
ecosystems, both ecologically and economi-
cally (Pereira & Santos 2003). Higher shrub
loading  implies  higher  flammability,  likeli-
hood of crowning fire, and difficulty in fire
control  (Schmidt  et  al.  2002,  Fernandes
2009a). Fernandes et al. (2004) observed dif-
ferences in fire behavior and severity among
maritime pine (Pinus pinaster) plots depen-
ding on fuel age (i.e., time since last  treat-
ment) and the presence or absence of surface
fuel treatments. Furthermore, recent research
aimed  at  developing  wildfire  occurrence
models in Portugal included the understory
shrubs biomass as a significant variable. In-
deed, shrubs have a large impact on fire risk
with obvious implications to forest planning
(Garcia-Gonzalo et al. 2011,  2012,  Marques
et al. 2012, Botequim et al. 2013).

The  integration  of  wildfire  risk  in  forest
management  planning depends on  the con-
tinuously  changing  variables  related  with
fuel dynamics (e.g.,  tree and shrub growth)
and  stand  management  (González  et  al.
2006,  Garcia-Gonzalo  et  al.  2014).  There-
fore, it is very important to obtain informa-
tion as much accurate as possible on all key
variables  (e.g.,  shrub  growth)  affecting the
likelihood and severity of fire over time. The
lack of  tools  to  project  shrub  growth  over
time has hindered its inclusion in the forest
management planning (Garcia-Gonzalo et al.
2014).

A broad  range  of  growth  modeling  tech-
niques applied to forest ecosystems has been
reported in the scientific literature. However,
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A model of shrub biomass accumulation as a 
tool to support management of Portuguese 
forests

Brigite Botequim (1), Ane Zubizarreta-Gerendiain (1-2), Jordi Garcia-
Gonzalo (1), Andreia Silva (1), Susete Marques (1), Paulo M Fernandes (3), 
José MC Pereira (1), Margarida Tomé (1)

Assessment of forest fuel loading is a prerequisite for most fire management
activities. However, the inclusion of shrub biomass in forest planning has been
hindered by the inability to predict its growth and accumulation. The main ob-
jective of this study was to model shrub biomass over time under a tree canopy
with the aim of including shrub management in fire risk mitigation plans. To
this purpose, data was obtained from the 4th and 5th Portuguese National Forest
Inventories.  Five  biologically  realistic  models  were  built  to  describe  shrub
biomass accumulation in Portuguese forests. The selected model indicates that
maximum biomass is affected by stand basal area and the percentage of re-
sprouting shrub species in the stand. Biomass growth rate was clearly affected
by the regeneration strategies of shrubs in combination with climatic condi-
tions (mean annual temperature). The model can be used in the accumulation
form for initialization purposes or in one of the two alternative difference
forms to project observed shrub biomass. The model proposed in this study fa-
cilitates the inclusion of shrub biomass in forest growth simulations, and will
contribute  to  more  accurate  estimates  of  fire  behavior  characteristics  and
stored carbon. This is essential to improve decision-making in forest manage-
ment plans that integrate fire risk, namely to schedule understory fuel treat-
ments.

Keywords: Shrub Growth, Understory Vegetation, Wildfire Risk, Fire Manage-
ment, Forest Planning, Decision Making
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biomass growth and yield information of un-
derstory is  scarce.  The usefulness  of  shrub
biomass models in forest  planning depends
on the input information they need and whe-
ther the future values of predictors can be es-
timated with reasonable accuracy. Moreover,
an increasing amount of information is being
collected  in  forest  inventories  focused  on
sustainability and biodiversity. For example,
the  Portuguese  National  Forest  Inventory
(NFI) systematically collects plot-level infor-
mation on the shrubs type (i.e., species and
regeneration mechanism), their ground cover
and mean height.  This information may be
used  to  develop  a  shrub  biomass  build-up
model, which would contribute to more ac-
curate  estimates  of  fire  behavior  and  may
quantify  the  impact  of  silvicultural  treat-
ments on the probability of wildfire  occur-
rence. It  can also improve decision-making
in forest management, especially taking into
account the risk of forest fires (Ferreira et al.
2012, 2014).

The aim of this study is to develop a model
to describe the temporal dynamics of shrub
biomass  in  the  forest  understory of  Portu-
guese forests.  One hypothesis is that maxi-
mum potential biomass, defined by the mo-
del asymptote, is affected by stand variables
(e.g.,  basal area) and shrub regeneration ty-
pes  (resprouter  vs. non-resprouter).  Consi-
dering the biomass growth rate, our hypothe-
sis is that it is affected by stand and shrub

characteristics, as well as by site conditions
and climate. This model may then be used to
predict  fuel accumulation as well  as to up-
date carbon stock inventories and may also
be instrumental  to  include that information
in forest management systems aiming at re-
ducing the risk of fire.

Material and Methods

Study area
Mainland  Portugal  (Fig.  1)  is  located  in

southwester Europe at latitudes of 37° N to
42° N and longitudes of 6° W to 10° W. Cli-
mate is warm and dry during summer,  and
cool  and  wet  in  winter  (Joffre  &  Rambal
2002). Mean annual temperature and preci-
pitation follow a gradient of increasing tem-
perature and decreasing rainfall from north-
west to southeast. Topography is rugged, es-
pecially in the northern half of the country,
and most wild-land vegetation is evergreen,
drought  resistant  and  highly  flammable.
Forests and woodlands are a key element in
the  Portuguese  landscape,  covering  more
than one third of the country (DGRF 2006).

The variables considered for the develop-
ment of a shrub build-up model were divided
into three main groups: (i) variables related
to shrub properties, (ii) stand characteristics,
and (iii) environmental factors, i.e., stand lo-
cation and climate (Tab. 1). Most data were
obtained from the Portuguese National For-

est  Inventories  (NFI)  carried  out  over  the
whole country within two different and dis-
continuous  periods  (1995-1998  and  2005-
2006), corresponding to the 4th and 5th NFIs,
respectively.  The  NFI  measurements  were
based on two different square grids of a sys-
tematic  sample  of  temporary circular  plots
(measured only once). The number of mea-
sured plots varies across inventories, totaling
2336 plots for the 4th NFI and 12258 plots
(with 5267 plots of forest stands) for the 5 th

NFI.
The variable shrub age equals the elapsed

time (years) since the last fire (TSF) or since
the  stand  establishment  on  the  inventory
date. To this purpose, the NFI plots and the
Forest Service digital fire atlas (burned areas
≥ 5 ha) obtained by semi-automated classifi-
cation of high-resolution remote sensing data
were compared using the software package
ArcGIS®.  A total  of  722  burnt  plots  were
identified,  ranging  in  TSF  from  1  to  31
years. However, not all plots were included
in the analysis. Shrub age could not exceed
stand age since tree planting implies shrub
clearing.  Therefore,  plots  corresponding  to
shrub ages above 15 years were discarded, to
decrease the uncertainty on the timing of sil-
vicultural and fuel treatments that disturb the
shrub layer. Indeed, it is difficult to find fo-
rest plots with shrubs formations older than
15 years with good accuracy. Overall, a total
of 420 plots were finally selected for further
modeling purposes (Fig. 1).

The  main  criteria  used  for  plot  selection
were the availability of tree biometric mea-
surements and understory biomass data, in-
cluding information on the date of the most
recent  disturbance  (clear,  planting,  fire  or
harvesting). Direct biomass measurement is
laborious  and  time-consuming,  thus  shrub
biomass  is  usually  estimated  non-destruc-
tively from the respective phytovolume and
bulk density. Both NFI’s field plots provide
data  on  understory shrub  species  composi-
tion, percent cover, and mean height, which
were used to estimate shrub biomass. Shrub
phytovolume (m3 ha-1) per species was calcu-
lated as the product of shrub height (h,  m)
and ground cover  (m2 ha-1),  and  combined
with species-specific bulk density to obtain
the  biomass  yield  of  the  understory  shrub
fuel loading (Mg ha-1). Bulk density (kg m-3)
is defined as the fuel load (dry weight) per
unit volume of vegetation (Brown 1971) and
was obtained from a literature  review (Ap-
pendix 1).

A total  of  23  shrub types (defined at  the
species or genus level) were detected in the
NFI  plots.  The  most  abundant  understory
shrub species in the selected plots were Eri-
ca spp. (26%), Ulex spp. (17%), Cytisus spp.
(16%), and Cistus ladanifer (15% - Tab. 2).
Since  the  resprouting  ability  is  a  relevant
trait affecting the rate of biomass re-accumu-
lation in fire-prone environments (Keeley &
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Fig. 1 - National
Forest Inventory
(NFI) plots used
in the study. NFI

1995-1998
(n=102):  black

circles; NFI
2005-2006

(n=318): grey
circles.
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Zedler 1978,  Pausas et al. 2004), the abun-
dance  of  resprouting  shrubs  in  the  stand
(Resp, %) was considered as an independent
variable (Appendix 1). Resprouter cover per-
centage was calculated for each plot, equa-
ling “100” when shrub resprouters coverage
was total, and “0” when there was no pres-
ence of resprouters. Note however that many
resprouter  species  can  also  regenerate  by
seed (Pausas et al. 2006). Additionally, to as-
sess  the  impact  of  other  shrub  characteri-
stics,  the  relative richness of shrub species
belonging to each NFI plot was included as a
predictor.  Dominant shrub species were as-
sessed by computing the cover proportion of
each species in  the studied plot.  Further,  a
dummy  variable  regarding  the  class  bulk
densities was tested as predictor,  i.e., we as-
signed all shrub species identified in the plot
to their specific bulk density (see  Appendix
1 for  more  details  -  Pausas  et  al.  2004).
Thus,  three  major  groups  of  shrub  species
could be observed: (i) < 1.5 kg m-3, the smal-
lest  bulk density;  (ii) an intermediate bulk
density between 1.5 and 3 kg m-3; and (iii)
> 3 kg m-3,  the highest bulk density, corre-
sponding  to  22%,  52%  and  26%,  respec-
tively.

As for stand variables, information was ob-
tained for each plot regarding the number of
trees per hectare (N), basal area (G), quadra-
tic mean diameter (dg),  stand age (adult  or
young),  stand  structure  (even  or  uneven),
stand composition (pure or mixed) and forest
type (main species in the plot -  Tab. 1). Fo-
rest  stands  were  initially classified  into  12
composition classes (Tab. 3), but for mode-
ling purposes plots were reclassified in four
forest  cover  types (Tab.  1 and  Tab.  3)  ac-
cording to similar tree characteristics and to
proportion  of  the  dominant  tree  species  in
the plot:
• “Phard” - hardwoods including deciduous

and evergreen species, but excluding oaks
and eucalypt (n = 19); 

• “Poak” - oaks including Quercus suber, Q.
rotundifolia and Q. pyrenaica (n = 73); 

• “Psoft” - softwoods including Pinus pina-
ster,  P.  pinea  and  short-needled  conifers
such as P. sylvestris (n = 149);

• “Peuc” - eucalypt (n = 179).
Stand location, slope, aspect and elevation

of  the  plots  were  obtained  from  the  NFI
database  and  the  country’s  Digital  Terrain
Model (DTM). Climate variables were col-
lected  from  the  database  by  Tomé  et  al.
(2006a). A GIS layer with climate informa-
tion was overlaid with the 420 plots  layer,
i.e., a map was created using a spatial inter-
polation  technique  (Thiessen  polygon  me-
thod) to associate climate data to each plot,
i.e., the number of days with rain exceeding
1.0 mm and yearly average temperature.

Model fitting and selection
Few studies exist on the development and

modeling  of  shrub  growth, and  in  general
concern shrubland,  i.e., tree cover is absent
(Fernandes & Rego 1998, Navar et al. 2001,
Castro & Freitas 2009). Shrubland biomass
accumulation  in  Portugal  has  been  previ-
ously described by Rosa et al. (2011), by fit-
ting the model by Olson (1963) as a function
of the time since wildfire occurrence. How-
ever,  shrub  growth  and  accumulation  are
also affected by other factors.  Would other
combinations of variables improve the suc-
cess of biomass accumulation prediction? 

In the present study, biomass accumulation
was  modeled  using  potential  independent
variables  as  predictors,  including:  (1)  all
possible linear combinations of stand varia-

bles (e.g., basal area) and shrub regeneration
types (resprouter  vs.  non-resprouter) as fac-
tors affecting the model asymptote; and (2)
shrub characteristics, site conditions and cli-
mate as factors affecting biomass accumula-
tion.  Existing  growth  equations,  including
the most commonly used (Schumacher 1939,
Richards 1959,  Olson 1963) were conside-
red. After testing several possible candidate
equations with explicit  consideration of fo-
rest stand variables, the deterministic appro-
ach for biomass accumulation represented by
the  single  exponential  function  of  Olson
(1963) was selected (eqn. 1):
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Tab. 1 - Description of the continuous (Type: cont) and categorical (Type: cat) variables and
mean,  standard  deviation  (SD),  and  range  of  continuous  variables  considered  for  shrub
biomass modeling.  (Psoft):  softwoods;  (Phard):  hardwoods excluding oaks and eucalypt;
(Peuc): eucalypt; (Poak): oak trees.

Group Variable Description Type Units Mean SD Max Min
Stand 
variables

N Stand density cont trees/ha 739 607 1800 5
G Basal area cont m2/ha 5.65 7.48 55 0.04
dg Quadratic mean diameter cont cm 11.9 9.7 67.7 2.5
Composition Pure/mixed forests cat - - - - -
Structure Even/uneven stand cat - - - - -
Age Young: dbh<5cm 

Adult: dbh>5cm
cat - - - - -

Forest type Species composition 
(Phard, Psoft, Peuc, Poak)

cat - - - - -

Shrub 
variables

t Shrub age 
(time since disturbance)

cont years 7.30 4.59 15 1

Resp (R) % of resprouters in the 
stand

cont % 39 40 100 0

SpDom Dominant shrub species cat - - - - -
SpDens Shrub species by density 

(<1.5 kg m-3 ,1.5-3 kg m-3 ,
>3 kg m-3)

cat - - - - -

Location 
variables

Precipitation 
(P)

Number of rain days ≥ 1.0
mm

cont days 
year-1

103 20 155 35

Temperature 
(T)

Mean annual temperature cont °C 13.3 2.4 21.3 8.8

Slope Terrain slope cont % 14.6 10.3 65 0
Altitude Terrain altitude cont m 419 239 1145 5
Aspect North, south, west, east cat - - - - -

Biomass=a(1−e−bt
)

Tab. 2 - The most abundant shrub species found in the forest understory of the 4 th and 5th

NFI plots (n= 102 and n= 318, respectively).

Shrub species 4th NFI (%) 5th NFI (%)
Arbutus unedo 2 4.4
Cistus ladanifer 4.9 18.2
Cistus salvifolius 3.9 7.2
Cytisus spp. 15.7 16
Dittrichia viscosa - 0.3
Erica spp. 26.5 21.4
Lavandula spp. 1.9 0.9
Pistacia lentiscus - 0.3
Pterospartum tridentatum 9.8 9.1
Pyrus spp. - 0.3
Rubus spp. 2 4.7
Ulex spp. 22.5 15
Others 10.8 2.2
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where  a is  the  asymptote  representing  the
maximum (steady-state) shrub biomass (Mg
ha-1),  b is a parameter related to growth rate
and  t is  the  shrub  age  (years).  The  above
model assumes constant rates of biomass ac-
cumulation and decomposition: this simplifi-
cation makes it suitable to fit measured va-
lues of fuel load with time (Plucinski 2003).
While  Olson’s  model  begins to  accumulate
at  time  zero  (t0),  the  Schumacher’s  model
does not  accumulate immediately.  This dif-
ference can be especially important when the
understory  is  dominated  by  seed-regenera-
ting species, which implies an initially lower
rate  of  biomass  accumulation.  The  Olson’s
function  has  been  used  in  similar  studies
(McCaw et  al.  2002)  due  to  its  simplicity
and straightforward biological interpretation.

Previous studies indicate that both stand’s
biometric factors and climate affect the shrub
growth rate (Calvo et al. 2005, Castro & Fre-
itas  2009).  Hence,  all  available  variables
(i.e., shrub,  stand  and  location  variables)
were tested as possible effects on growth rate
(parameter b). In total, 16 independent varia-
bles (9 continuous and 7 categorical) were
analyzed (Tab. 1). Similarly, our hypothesis
was that the biomass asymptote would vary
depending on the competition with overstory
and/or  shrub  composition,  thus  stand  and
shrub  variables  were tested  for  their  influ-
ence on parameter  a. Possible combinations
of these variables were tested and only mo-
dels biologically consistent with all statisti-
cally significant variables (p<0.05) were fur-
ther  analyzed  and  compared.  The selection
was done according to literature and to com-
mon ecological knowledge of biomass gro-
wing  under  tree  canopy cover  in  Mediter-
ranean region.  We checked if the estimated
signs  of  the  parameters  were  ecologically
meaningful:  for example,  with higher stand
density or basal area, shrub biomass should
decrease because of competition.

Estimation  of  the  model  parameters  was

based on the least squares method (SAS In-
stitute Inc 2000). Collinearity among varia-
bles was assessed through the variance infla-
tion factors (VIF), accepting values up to 10
(Myers 1990). Normality of regression resi-
duals was inferred by quantile-quantile plots
of the studentized residuals. When departure
from normality was detected,  an iteratively
reweighed least square regression using the
Huber’s function was applied to reduce the
influence of observations containing large fit
errors  (Myers  1990).  Heteroscedasticity as-
sociated  with the  error  term of  the models
was  examined  graphically  by  plotting  the
studentized  residuals  against  the  predicted
values and corrected when necessary. Weigh-
ted regression was used to account for hete-
rocedasticity.  Weights  were obtained accor-
ding  to  the  methods  proposed  by  Parresol
(1999) where residuals  or  the logarithm of
squared residuals are expressed as a function
of several variables. The most parsimonious
model with good fit and all variables signifi-
cant  (p<0.05)  were used as  a weight  func-
tion.

Model evaluation and validation
Model  selection  was based  on  the  fitting

and prediction ability of the candidate mo-
dels. The residual mean square error (MSE -
eqn. 2) was used as a measure of goodness-
of-fit. Some authors use model efficiency, a
measure similar to the coefficient of determi-
nation  for  linear  models,  assessing  model
performances  on  a  relative  scale  ranging
from 1 (perfect fit) to 0 (the model is not bet-
ter than a simple average - Vanclay & Skov-
sgaard 1997). We used a similar measure but
adjusted for the degrees of freedom (R2

adj -
eqn. 3).

Due  to  the  limited  amount  of  shrub  bio-
mass data on a chronosequence, we did not
split our dataset in two for model fitting and
validation  purposes.  Instead,  all  data  were
used to fit the models, and the PRESS stati-

stic (Prediction Sum of Squares  -   eqn.  4)
was  used  to  validate  the  model  (Myers
1990). Calculation of the PRESS statistic is
equivalent  to  deleting  the  i-th  observation
and fitting the model to the remaining obser-
vations.  Each  of  the  regression  equations
(i.e. one equation per observation) is used to
calculate single predicted values, which are
then  used  to  obtain  the  PRESS  residuals
(Myers 1990). The PRESS residuals are true
prediction errors with the predicted value be-
ing independent of the observed value. Each
candidate model has  n  PRESS residuals as-
sociated  with  it,  and  their  sum  gives  the
PRESS statistics.

In  summary,  the following statistics  were
calculated for model evaluation (eqn. 2, eqn.
3, eqn. 4):

where n is the number of observations, p the
number of parameters in the model, yi is the
i-th measured value,  yi is the  i-th predicted
value and yi

* is the predicted value by omit-
ting the  i-th observation in the PRESS pro-
cedure. Accuracy of the selected models, in
terms of bias and precision, was obtained by
computing  the  PRESS residuals,  the  mean
PRESS residuals  (bias,  MPRESS)  and  the
mean of the absolute PRESS residuals.

Plots of predicted  vs. observed shrub bio-
mass and plots of residuals against predicted
values  were  also  used  to  identify possible
bias. In any case, models showing good fit
but  biologically  unrealistic  meaning  were
discarded (Hosmer & Lemeshow 2000).

Model verification
Independent data from a 2 ha area within

an  even-aged  maritime  pine  stand  in  the
northeast of Portugal  at  latitude 41° 27’ N
and longitude 07° 30’ W was used to verify
the estimates generated by the selected final
model.  Site  elevation,  aspect,  slope  and
mean annual temperature were 910 m a.s.l.,
SE, 10% and 11°C, respectively. Shrub bio-
mass  was  estimated  by  either  destructive
sampling or double sampling based on site-
specific  equations  (Fernandes  et  al.  2004,
Fernandes 2009b). The dataset included five
different moments in time in the undisturbed
stand (shrub age ≥ 15 years,  control),  plus
data reflecting shrub growth (t = 2, 3, 10, 13)
after experimental surface fires (Fernandes et
al.  2004,  Fernandes  2009b).  Resprouting
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Tab. 3 - Descriptive statistics for the estimates of understory shrub biomass (Mg ha -1) for the
NFI plots (n=420) and per forest type.

Forest type Code Median Mean Range
Inter quartile

Range
N

Eucalyptus globulus Eg 5.15 6.91 0.05 - 35.44 7.75 149
E .globulus + other 
(Hw and/or Sw)

EgO 4.15 5.41 0.28 - 21.3 6.14 13

E. globulus + P. pinaster EgPp 4.24 5.80 0.15 - 19.94 4.98 17
other hardwoods Hw 3.12 4.66 0.86 - 14.53 4.65 19
Pinus pinaster Pp 5.425 8.48 0.24 - 41.67 8.59 122
P. pinaster + E. globulus PpEg 2.465 2.54 0.56 - 4.4 1.18 6
P. pinaster + other 
(Hw and/or Sw)

PpO 5.38 10.83 0.14 - 45.46 13.87 18

others oak species Q 5.22 9.88 0.3 - 30.56 12.02 11
Q. Pyrenaica Qp 6.75 8.11 0.12 - 28.36 8.57 26
Q. rotundifolia Qr 1.77 3.49 0.24 - 9.44 4.36 9
Quercus suber Qs 5.84 7.64 0.39 - 37.56 7.67 27
other softwoods Sw 3.17 8.45 1.74 - 20.45 9.36 3

MSE=

∑
i=1

n

( y i− ŷ i)
2

n−p

Radj
2

=

∑
i=1

n

( y i− ŷ i)
2
/(n− p−1)

∑
i=1

n

( y i− ȳ i )
2
/(n−1)

PRESS=∑
i=1

n

( y i− ŷ i*)
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ability  of  the  understory shrub  community
ranged from R = 13% to R= 100%. Details
of the independent data source are reported
in Tab. 4.

Defining two alternative difference 
equation  forms

A difference  equation  represents  a  family
of growth functions with all the parameters
common  except  one,  the  “free”  parameter
(Tomé et  al.  2006b).  Growth functions ex-
pressed as difference equations are used by
many  authors  as  a  very  powerful  way  of
modeling tree and stand growth (Amaro et
al. 1998,  Cieszewski & Bailey 2000,  Palahí
et al. 2004).

Once  the  best  biological  and  statistical
model was chosen, a difference equation was
derived  through  the  guide  curve  method
(Clutter et al. 1983). This method is used to
generate  anamorphic  equations,  which  are
commonly used with temporary plot data. It
consists  on  the  transformation  of  a  single
equation for specific conditions to  be rear-
ranged  to  a  difference  equation  where  the
biomass at the initial measurement age (t1) is
taken as the basis to predict biomass at time
t2. The difference equation originates a fam-
ily of curves differing by the value of one of
the parameters which depends on the initial
value (y1, t1 - Burkhart & Tomé 2012).

Suppose a function yt = ƒ(t, β1, β2). In order
to  express  such  function  as  a  difference
equation,  the expression for one of the pa-
rameters, say β1, may be obtained as (eqn. 5):

 

The expression for  yt+i can then be derived
as follows (eqn. 6):  

In  this way,  yt+i can be estimated from an
initial value yt. Thus the above equation may
be used to predict the unknown future bio-
mass  based  on  an  initial  known  biomass
quantity. The use of the difference equation

is  illustrated  by using a  small  independent
data set (Tab. 4).

Moreover,  a  second  differential  equation
form was  obtained  from the  selected  final
model.  This  difference  equation  form  was
developed  following  the  methodology pro-
posed by  Tomé et al.  (2006b) to formulate
growth functions as an age-independent dif-
ference equation.  This conceptual approach
can be used when age data (t1) is not avai-
lable. Suppose a function yt  = ƒ(t,  β1,  β2). In
order  to  express  this  function  without  age
being explicit, we start by transforming it as
follows (eqn. 7):

Then, yt+i may be derived as (eqn. 8):

The proposed equations have the advantage
of allowing direct modeling of yield (instead

of growth) by using data not evenly spaced
across time,  as it  is  the case for most data
sets  (Tomé  et  al.  2006b),  and  therefore  it
may be usefully applied for modeling shrub
biomass accumulation in uneven-aged stands
of unknown age.

Results

Model fitting and selection
The wide range in biomass values observed

for each shrub age reflects the high variabi-
lity of the dataset used for modeling purpo-
ses, which encompass 420 forest plots (Fig.
2).  Eucalyptus  understory is  dominated  by
Ulex spp., Erica spp. and Cistus ladanifer. In
softwood stands the understory is characte-
rized by the presence of  Erica  spp.,  Ptero-
spartum tridentatum and Cistus ladanifer. In
oaks plots, species of the genus Citysus  are
the most abundant. As for regeneration stra-
tegies, resprouter species were not present in
41% of the observations. A box-plot analysis
revealed a lack of symmetry around the me-
dian (Fig. 2).

The general equation form selected for mo-
deling the shrub biomass accumulation was
as follows (eqn. 9):

where Biomi, is the shrub biomass (Mg ha-1),
resp is the resprouting percentage (R, %), G
is stand basal area (m2 ha-1),  P is precipita-
tion (rain days year-1), slope is in %, T is the
mean annual temperature (°C), t is shrub age
(years), and  ai and  bi are regression coeffi-
cients. 

The five best-fitted equations are displayed
in  Tab. 5. All regression coefficients of the
shrub biomass equations (a1, a2, a3, b1, b2, b3,
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Fig. 2 - Comparative
box-plots of shrub 
biomass (Mg ha-1) as
a function of age 
(n=420). Grey cir-
cles and horizontal 
lines inside the box 
represent the mean 
and median, respec-
tively. The upper 
and lower box limits
represent the dis-
tance between the 
25th and 75th percen-
tiles and the whi-
skers extend to 10th 
and 90th percentile.

β 1=g( y t , t , β 2)

t=g ( y t , β 1,β 2)

y t+ i=ƒ(t+i ,β 1,β 2 )

=ƒ( g( y t , β 1, β 2)+ i , β 1,β 2)

Tab. 4 - Stand characteristics and measured biomass in a Pinus pinaster stand in northeast
Portugal in control (shrub age ≥15 years) and prescribed burnt (shrub age < 15 years) plots.
Data are listed according to the understory age at the time of sampling.

Year of
sampling

Stand age
(years)

Shrub age
(years)

Shrub load
(Mg ha-1)

Basal area
(m2 ha-1)

Resprouters
(%)

2002 28 2 0.96 24.9 95.16
1992 18 3 2.78 12.8 81.4
2002 28 3 1.23 28.9 100
1999 25 10 6.74 32.1 79
2002 28 13 7.88 19.7 53.04
1989 15 15 10.48 6.9 15.4
1992 18 18 10.32 15 15.4
1995 21 21 7.9 22.6 13.15
1999 25 25 8.44 32.7 13
2002 28 28 7.49 28.3 10.95

Biomi=(a1+a2 resp+a3 G)

⋅(1−e−[b1 P+b2 resp+b3 slope+b4 T ] t)

y t+ i=ƒ(t+i , g ( yt , t ,β 2), β 2)
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b4)  were  significant  (p<0.05)  and  biologi-
cally meaningful. Model  Biom1 had the best
fit (model efficiency) and the smaller MSE,
whereas  models  Biom4 and  Biom5 showed
the lowest R2

adj as well  as the highest resi-
dual values (Tab. 5).

The maximum biomass accumulation, defi-
ned by the model asymptote (ai parameters),
is depending on stand variables, shrub rege-
neration  strategies  and  the  tree  cover.  No
equation with a fixed asymptote was found
for which model efficiency was acceptable.
For all the five best-fitting equations, stand
basal area (G, m2 ha-1) and/or the shrub bio-
logical traits affected the asymptote,  i.e. the
amount of shrub biomass decreased as G and
the percentage of resprouters increased. Ex-
cluding G as a predictor and refitting the five
models, the corresponding R2

adj and MSE for
the  different  models  were  0.24  and  31.0
(Biom1),  0.23  and  32.0  (Biom2),  0.21  and
32.4  (Biom3),  0.17  and  35.4  (Biom4)  and
0.16  and  35.0  (Biom5),  respectively.  Thus,

the exclusion of  G from the models decrea-
sed  the  prediction  accuracy  (R2

adj)  and  in-
creased the errors (MSE).

Biomass growth rate (bi  parameters in eqn.
9) is affected by stand and shrub characte-
ristics, as well as by topography and climate.
Four  out  of  the five selected  equations in-
cluded the precipitation,  while the fifth in-
cluded the temperature. As expected, higher
precipitation and/or temperature increase the
shrub growth rate, hence reaching the stea-
dy-state biomass faster. Prediction ability of
the equations was considerably improved by
including  the  resprouting-related  variable.
Only model  Biom2 included  a  topographic
descriptor (the slope - Tab. 5). Elevation, as-
pect and the forest composition were not sta-
tistically significant in any of the model te-
sted (p>0.05).

Model validation and biological 
evaluation

All the five models described are ecologi-

cally meaningful, showing higher asymptotic
values associated with lower canopy covers
(as assessed by G) and quicker accumulation
of shrubs when resprouters are present in the
understory and for higher values of tempera-
tures and/or precipitation. However, models
Biom4 and  Biom5 have a rather low asymp-
tote and growth rate (Fig. 3). It is reasonable
to expect slightly lower maximum biomass
accumulation  of  shrubs  in  forest  than  in
shrubland, but the two equations would con-
siderably underestimate total biomass. They
also present the lowest model efficiency and
the least accurate estimates (i.e., high MSE).
On the other hand, models Biom1, Biom2 and
Biom3 showed higher accuracy (highest R2

adj,
lowest MSE - Tab. 5) and provided estimates
of  the  maximum  biomass  accumulation  in
agreement with those reported in the litera-
ture (Fig. 3). Moreover, equations Biom1 and
Biom4 had the lowest bias as revealed by the
PRESS residuals (Tab. 6).

Model  Biom1 (which included resprouting
percentage, basal area and temperature as in-
dependent variables) proved to be the most
accurate model, while Biom4 (one of the less
biased models) was the less precise in terms
of predictions (Tab. 6). To further characte-
rize the selected Biom1 model, graphs of pre-
dicted shrub biomass  vs. observed biomass
values (Fig. 4a) and vs. studentized residuals
(Fig. 4b) were also plotted.

Model verification
The  equation  obtained  for  model  Biom1

closely describes  the  observed  shrub  accu-
mulation pattern as a function of age (years),
basal area and resprouter percentage (Tab. 4,
Fig.  5).  Despite the substantial  variation in
fuel accumulation, such equation may accu-
rately  predict  the  fuel  build-up  in  various
forest types. However,  it  should be noticed
that the model was developed from data up
to 15 years and its use for extrapolation on
longer  periods  could  be  inappropriate,  as
suggested by the poor  performances of the
model at older ages. For extrapolation over
periods longer than 15 years, the use of one
of the difference equation forms seems more
suitable (see below).
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Fig. 3 - Shrub biomass predicted by the selected models as a function of shrub age using the
following parameter values: precipitation = 103 days, temperature = 14.6 °C, resprouting
=39.3%, basal area=5.65 m2 ha-1 and slope=14.6%.

Tab. 5 - Adjusted coefficient of determination (R2 
adj), mean square error (MSE) and parameter estimates (standard error in parentheses) of the

regression coefficients (an, bn) for the selected shrub biomass models (see eqn. 9). All the coefficients were significant at the 0.05 level.

Model R2 
adj MSE

Asymptote Growth rate

a1 a2 a3 b1 b2 b3 b4

Biom1 0.255 27.7 32.72
(6.47)

-0.239
(0.054)

-0.1528
(0.084)

- 0.00108
(0.00035)

0 0.00249
(0.00069)

Biom2 0.252 28.74 36.55
(7.97)

-0.268
(0.066)

-0.1998
(0.0974)

0.00021
(0.00006)

0.00089
(0.00030)

0.00061
(0.00025)

0

Biom3 0.227 29.72 31.77
(6.37)

-0.2286
(0.0639)

-0.159
(0.0897)

0.0003
(0.00008)

0.00109
(0.00036)

0 0

Biom4 0.181 32.23 16.33
(2.41)

-0.0454
(0.0151)

-0.1582
(0.0666)

0.00107
(0.00023)

0 0 0

Biom5 0.165 31.5 12.47
(1.42)

0 -0.115
(0.0635)

0.00133
(0.00025)

0 0 0
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Difference equation forms
Equation Biom1 was used to obtain the dif-

ference equation form when age at time t1 is
known (eqn. 10):

where  Bio1  and  Bio2 are the biomass values
(Mg ha-1) at times t1 and t2, respectively; a1 =
32.72; a2 = 0.239; a3 = 0.1528; b2 = 0.00108;
b4 = 0.00249; G1 and G2 are the stand basal
area (m2 ha-1) at t1 and t2, respectively; resp is
the percentage (%) of resprouters, assumed
as  fixed  over  time  (15.4%),  and  T is  the
mean annual temperature (11 °C).

In  addition,  rearranging eqn.  9  the above
model can also be used when age (t1) is not
known, making it more useful for practical
applications. Solving the equation Biom1 for
t,  and substituting this expression into eqn.
11,  the  correspondent  difference  equation
form is derived as (eqn. 11):
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Fig. 4 - Pre-
dicted shrub 
biomass ac-
cumulation 
vs. observed 
biomass (a) 
and studen-
tized resi-
duals (b) in 
Portuguese 
forests using
the model 
Biom1.

Fig. 5 - Comparative patterns of shrub
biomass accumulation with stand age (after

15 years) and prescribed fire in a north-
eastern Portugal Pinus pinaster stands.

Black symbols depict the measured shrub
biomass and grey symbols represent the cor-

responding shrub biomass estimated by the
model Biom1. Actual shrub biomass (Bio1 =
6.78 Mg ha-1, t1 = 10 years and Bio1 =10.48

Mg ha-1, t1 = 15 years) are connected by a
dotted line to the value estimated by the dif-

ference eqn. 10 (Bio2). The solid biomass
lines display the predicted (model Biom1)
shrub biomass in Portuguese forests, the
fixed values are the whole dataset means

(resprouting = 15.4%, temperature= 11 °C).

Tab. 6 - Prediction Sum of Squares (PRE-
SS), mean PRESS (MPRESS) and mean ab-
solute PRESS residuals (MAPRESS) for the
shrub biomass equations considered for the
evaluation and validation.

Model PRESS MPRESS MAPRESS
Biom1 306.6 0.73 4.38
Biom2 343 0.82 4.49
Biom3 353.9 0.84 4.52
Biom4 335.8 0.8 4.67
Biom5 343.7 0.82 4.71

Bio2=Bio1⋅
(a1−a2resp−a3G2)(1−e

−(b2 resp +b4T )t 2)

(a1−a2resp−a3G1)(1−e
−(b2 resp+b 4T )t1)

Bio t+ i=a(1−e
−(b2 resp+b4T )

1
−(b2 resp+b4 T )

ln(1−
Biot

a )+ i)
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where  Biot and  Biot+í are  the biomass (Mg
ha-1)  at  ages  t and  t+i,  respectively;  a =
32.72 - 0.239 resp - 0.1528 G; b2 = 0.00108;
b4 = 0.00249; i is the projection length; G is
the stand basal area (m2 ha-1) at t; resp is the
percentage (%) of resprouters assumed as in-
variable over time, and T is the mean annual
temperature.

Biomass accumulation may vary for several
reasons (e.g., differences in site productivity,
fire  severity,  climate,  and competition)  and
part of the relevant factors may be unknown.
The difference equation (eqn. 10) allows the
estimation of future biomass at time t2 when
biomass at time t1 is known (i.e., information
on the age and the shrub biomass at t1). For
demonstration purposes, based on the infor-
mation displayed in  Fig. 5, the actual shrub
load from the maritime pine stand chronose-
quence  was  used  to  estimate  the  biomass
Bio2 at  time  t2,  i.e.,  the  initial  shrub  load
(Bio1  =6.74 Mg ha-1  and 10.48 Mg ha-1)  at
time t1 (10 and 15 years) was taken as the ba-
sis to predict biomass Bio2 at time t2 (13 and
18 years), with a stand basal area  G1 (32.1
and 6.9 m2 ha-1) and G2 (19.7 and 15 m2 ha-

1), respectively. For more details, the values
of parameters describing the Fig. 5 are listed
in Tab. 4. The applicability of the eqn. 10 is
clearly depicted in Fig. 5 (black dotted lines
for the range t1 = 10 years to t2 = 13 years and
grey dotted lines for the range t1  = 15 years
to t2 = 18 years). Indeed, the estimated values
Bio2 (8.86 Mg ha-1  and 11.34 Mg ha-1, eqn.
10)  are  similar  to  the  measured  biomass
(black symbol in Fig. 5). For shrub ages be-
low 15 years the predictions of Biom1 model
(grey symbol in Fig. 5) closely match the ob-
served shrub accumulation.  Therefore,  eqn.
10 predicts quite well future biomass for ac-
cumulation periods above 15 years.

If information about initial shrub age (t1) is
missing, the difference equation form (eqn.
11)  should  be  used  to  project  the  future
shrub biomass, for it does not use age as an
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Fig. 6 - Shrub biomass predicted over time as 
a function of the basal area using the model 
Biom1 for a stand characterized by mean con-
ditions (temperature = 14.6 °C, resprouting = 
39.3%).

Fig.  7 -  Shrub biomass over time predicted by the model  Biom1 using two levels of re-
sprouter abundance (0 and 100%) and two levels of stand basal area (49.5 and 5.5 m2 ha-1). 
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explicit variable. In these cases we do not as-
sume that the shrubs follow strictly the cur-
ves of biomass accumulation prediction (mo-
del  Biom1)  as it  may start  from a different
level of biomass.

Thereby, the use of the difference equations
forms  implies  one  of  the  following  situa-
tions:  (i)  when  only  one  measurement  is
available and age is known at t1, biomass can
be obtained from eqn. 10; (ii) when only one
measurement  is  available  and  age  is  un-
known, with no other additional information,
the biomass may be estimated by eqn. 11. If
no information on shrub load for a specific
age is available, the model  Biom1 should be
used for initialization and prediction of fo-
rest shrub accumulation.

Implications for forest management - 
application examples

For forest  management purposes, the mo-
del  Biom1 was  used  to  compute  the  shrub
biomass  in  a  hypothetical  stand  using  the
mean  values  of  the  independent  variables
considered (Fig.  6).  Basal area,  used as an
indicator of stand-level competition, ranged
from 5.5 m2  ha-1 to 49.5 m2  ha-1. In general,
an increase in the basal area implies a higher
canopy cover, reducing light and water avai-
lability for the shrub layer. Thus, increasing
competition  for  resources  reduces  shrub
growth over time (Fig. 6). Setting  t = 15, a
difference in  fuel  load  of  about  5  Mg ha-1

was observed for extreme basal area values.
Fig. 7 displays how shrub biomass is im-

pacted  by shrub  regeneration  strategy (two
levels of resprouter abundance) and by basal
area (two extreme values of basal area) using
model  Biom1.  The  lowest  biomass  usually
appears in the resprouters’ community (R =
100%), particularly in the highest basal area
stands (Fig.  7a).  In  contrast,  biomass reco-
very is faster and reaches higher levels when
the  understory is  comprised  exclusively of
seeders  (i.e.,  R  =  0%),  particularly  at  the
lowest basal area level, where 13-15 Mg ha-1

is reached after 15 years (Fig. 7b).

Discussion and Conclusions
Mediterranean-type shrublands and forests

are highly variable in aboveground biomass
(Joffre & Rambal 2002). Biomass estimation
in  different  forest  stands  is  a  difficult  task
due to  structural  heterogeneity and the dy-
namic  nature  of  vegetation.  Given  current
knowledge gaps in this topic, the main ob-
jective  of  the  present  study  was  to  model
shrub accumulation over time in the presen-
ce of a tree overstorey. Our starting hypothe-
sis was that  shrub growth under  a tree  ca-
nopy should depend on both stand variables
and  climate,  reflecting  their  importance  to
biomass growth. Prediction models were de-
veloped based on NFI data of diverse geo-
graphical origin and various floristic compo-
sitions, in order to extend their applicability

to most Portuguese forests with an abundant
understory vegetation,  especially  those  do-
minated  by  Erica  spp.,  Ulex  spp.,  Cytisus
spp. or  Cistus ladanifer. The strategy adop-
ted can be viewed as an advantage over site-
specific models (Chojnacky 1992).

Dynamics of shrub biomass under tree co-
ver in the Mediterranean climate, and its re-
lation  to  stand  variables  had  been  poorly
studied. This study extends previous investi-
gations by introducing measurable stand va-
riables and shrub regenerating strategy in a
time-dependent shrub biomass model, using
a non-linear  regression  technique based  on
Olson’s  model.  Moreover,  two  alternative
difference equation  forms  obtained  directly
from the  selected  model  could  be  used  to
project  the  observed  shrub  biomass:  diffe-
rence eqn. 10 when age is known and diffe-
rence eqn. 11 when age is not available. This
will increase the quality of the shrub build-
up  models  when  shrub  age  is  not  readily
available. Moreover, to provide information
on biomass trends over time, the proportion
of resprouters in the understorey is the sole
shrub information required by our model. In-
deed, field assessment of shrub regeneration
strategy has the advantage of being relatively
straightforward.

Among the studied models, Biom1 provided
the best performances for shrub biomass es-
timation  under  forest  canopies  in  Portugal.
Also models Biom4 and Biom5 provided bio-
logically  meaningful  predictions,  but  their
asymptote  and  growth  rate  parameters  are
low and inconsistent with the range of values
reported  in  the  literature  (Rambal  &  Hoff
2001). On one hand, the function Biom1 de-
pends on a shrub trait (regeneration mode),
affecting  both  growth  rate  and  maximum
biomass, and on a descriptor of the tree over-
storey  (stand  basal  area),  an  indicator  of
stand-level competition. On the other hand,
climatic conditions such as temperature in-
fluence vegetative growth rate. As expected,
forest shrub biomass estimated with our mo-
dels  is  lower  than  that  reported  for  shrub-
lands in the Mediterranean (e.g.,  Vega et al.
2006).  Furthermore,  our  estimates of shrub
biomass grown under tree canopy are in line
with values reported by previous studies in
Portugal,  which do  not  exceed 24  Mg ha-1

(Fernandes & Rigolot 2007).
Rosa et al. (2011) indicates that shrublands

in Portugal require 15 years to reach a stea-
dy-state  aboveground  biomass.  Our  results
indicate that longer periods are needed when
tree cover is present. Obviously, such slower
build-up of shrub biomass may be explained
by the  competition  for  available  resources
between  the  understory  and  the  overstory
(Kozlowski et al. 1991). Similarly,  Castedo-
Dorado  et  al.  (2012) showed  that  selected
overstory variables could be suitable indica-
tors of the relative availability of light, nutri-
ents, water or growing space in modeling the

maximum shrub development. Nevertheless,
several authors reported that the amount of
understory vegetation in  maritime pine and
eucalyptus stands is practically the same 10
and 30 years after fire. Indeed, after an initial
period of relatively vigorous growth, under-
story biomass tends to stabilize when shrubs
reach their adult size (Trabaud et al. 1985).

Shrub biomass tends to increase with time
since disturbance, with variations depending
on the shrub type. However, the highest ac-
cumulation  usually occurs  in  seeders  com-
munities, particularly when basal area is low
(Fig. 7). This agrees with the general know-
ledge on different  growth patterns  between
resprouters  and  non-resprouters.  Non-re-
sprouters  begin  flowering earlier  and  more
abundantly  after  disturbance  (Pate  et  al.
1990, Bond & Van Wilgen 1996), allowing a
faster colonization of suitable microhabitats
as  compared  to  resprouting species,  whose
regrowth from established root systems is re-
stricted  to  microsites  previously  occupied
(Keeley & Zedler 1978,  Calvo et al. 2005).
Moreover, resprouters need more energy and
time to regenerate after disturbance, due to
their resource allocation to the replacement
of  damage  tissues  (Bond  &  Van  Wilgen
1996,  Arnan et al.  2007). According to our
results,  several  authors  (e.g.  Bond  &  Van
Wilgen  1996,  Midgley 1996)  reported  that
many resprouting species have lower growth
rates than non-resprouters of comparable age
(Fig.  7). In  Mediterranean-type ecosystems,
frequent  fires  decrease  the  abundance  of
seeders, while at intermediate fire-return in-
tervals, they are favored in comparison to re-
sprouters (Zedler 1995,  Pausas 2001,  Lloret
et al. 2003).

Overstory basal area in the proposed mo-
dels is a proxy for competition,  decreasing
shrub  biomass  with  higher  tree  stocking.
This  general  trend  is  consistent  with  other
studies,  reporting  that  the  maximum shrub
development  was also  limited by overstory
variables such as basal area (G -  Coll et al.
2011,  Castedo-Dorado et al. 2012). Thus  G
serves as an indicator of stand competition,
and  has  the  advantage  of  being  relatively
simple to obtain in the field or to be inferred
from growth and yield models (Castedo-Do-
rado et al. 2012).

In a Mediterranean-type climate, the regio-
nal patterns of vegetation structure and com-
position are  mainly dependent  on tempera-
ture and water availability (Kummerow et al.
1981,  Joffre & Rambal 2002). Hence it was
not surprising to find temperature as a signi-
ficant  predictor  in  proposed  model.  Most
phenological models include temperature as
a proxy for developmental rates (Cesaraccio
et al. 2001). For instance, higher air tempe-
rature values in  spring strongly induces an
earlier start of plant development (Correia et
al. 1992,  Maak & von Storch 1997,  Chmie-
lewski & Rötzer 2001). Moreover, tempera-
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ture directly affects soil  moisture,  which is
the  main  source of  water  for  plant  growth
(Kummerow et al. 1981).

Forest  composition  did  not  contribute  to
explain  variation  in  shrub  biomass.  How-
ever,  post  fire  composition,  structure  and
richness of the whole plant  community are
directly related to the re-establishment of the
dominant species in the canopy (Lloret et al.
2003,  Broncano et al. 2005). Differences in
shrub biomass accumulation among the dif-
ferent  forest  types  considered  in  this  study
were generally poor; Maritime pine plots at-
tained higher values and maximum biomass
was qualitatively similar to other species. It
is important to remark that forest composi-
tion  in  Portugal  is  strongly determined  by
human action and it is often decoupled from
the potential vegetation type. The dominant
shrub communities generally occur indepen-
dently  of  overstorey  composition.  Conse-
quently, variation in basal area and site qua-
lity are likely to overwhelm the influence of
forest composition on shrub biomass.

Several limitations of the proposed models
have also to be highlighted here. The varia-
bility of the initial dataset was considerably
high,  lowering the  model  efficiency.  Varia-
tion in shrub species composition, the use of
generic  bulk densities  to  estimate  biomass,
and  site-specific  factors  are  certainly  in-
volved in the modeling performance. Simi-
larly, several models with low R2 values (in-
dicating that  some variation  remains unex-
plained)  were considered  useful  to  support
optimal forest management decisions, for in-
stance,  mushrooms  yields  in  pine  forest
planning  (Bonet  et  al.  2008,  Palahí  et  al.
2009). In any case, we consider this study to
be an important step forward, since similar
models have seldom been developed for Eu-
rope.

Future research would greatly benefit from
the existence of information from permanent
shrub/biomass plots measured over time, in
order to better understand biomass dynamics
(e.g.,  shrub senescence)  and carbon seque-
stration rates at different spatial scales. Addi-
tionally, variables such as soil type and sum-
mer water deficit may contribute to improve
the model performances.

The successful management of fuel load in
fire-prone regions is a challenging task that
calls  for  the  integration  of  forest  and  fire
management  activities  in  order  to  decrease
fire hazard. Several studies indicate that fuel
treatments (i.e., reduction of fuels in forests)
change  wildfire  behavior  and  severity  and
enhance the effectiveness of fire suppression
operations (Mercer et al. 2008). Models such
those developed in this study have practical
applications in the assessment of fire hazard
and in the definition of general prescriptions
to plan fuel treatments. In fact, such models
allow to quantify the impact of silviculture
operations  and  help  to  define  management

options  that  may  decrease  wildfire  occur-
rence.  For  instance,  a  preliminary  shrub
build-up model (Botequim et al. 2009) was
integrated with a growth and yield model to
accomplish  maritime  pine  stand-level  opti-
mizations and determine optimal stand-level
treatments (e.g., thinning, fuel treatment), so
as to reduce the hazard of fire (Ferreira et al.
2014). This information is very valuable as it
may effectively support the development of
adaptive management strategies (Ferreira et
al. 2012, 2014).

Investigations on carbon flux implications
of fuels reduction treatments are of increa-
sing interest (Hurteau & North 2010). Fire-
related climate change mitigation options in-
clude decreasing emissions through fuel re-
duction  treatments  and  using  the  removed
biomass  to  replace  fossil  fuels  for  energy
production (Canadell & Raupach 2008, Mal-
msheimer et  al.  2008).  The shrub build-up
model  can  be  used  by  forest  managers  to
predict fuel loads in the frame of understory
removal to decrease fire hazard. It may also
have practical application for ecologists, al-
lowing the estimation  of carbon storage in
the understory and the assessment of how fu-
ture  wildfire  emissions  will  change  in  re-
sponse to fuel treatments, helping to reduce
the  uncertainty in  emission  estimates.  This
analysis may be done in two steps. If no in-
formation on shrub biomass is available the
proposed model would be used for initializa-
tion (i.e. estimate initial shrub biomass) and
to predict  curves of forest shrub accumula-
tion without previous information on shrub
load over a specific time span; otherwise one
of the difference equation forms are recom-
mended to estimate future biomass from the
initial biomass.

Despite  disregarding  site-specific  condi-
tions  in  relation  to  shrub  composition  and
some simplifications in regards to the whole
fuel  complex,  it  is  reasonable  to  conclude
that the combination of the proposed model
and the difference equation forms is able to
adequately  describe  the  typical  shrub
biomass accumulation in Portuguese forests
(Fig.  5).  Additionally,  our  biomass  models
provide sound estimates of biomass growth
on the short term. For longer periods (more
than 15 years), information on regeneration,
mortality, thinning and succession has to be
taken into consideration in order to increase
the  accuracy  of  biomass  estimates.  These
general equations are expected to help forest
management  decision-making  as  a  tool  to
support  decisions on  where  and  when fuel
treatments are required.
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Appendix 1. Species-specific bulk density values and the regenerative strategies (R=resprouter, 
S=seeder. Other=O) assigned to the different shrub species present in the selected National Forest 
Inventory plots (DGF 2001, DGRF 2006).

Shrubs species Bulk density
(kg m-3)

Regeneration13

Rubus spp. 1 0.930 R

Cistus ladanifer 2 1.208 S

Quercus lusitanica, Quercus coccifera 3 1.305 R

Arbutus unedo 4 1.476 R

Thymus vulgaris, Lavandula spp. 5 1.593 S

Cistus salvifolius 6 1.888 S

Cytisus spp., Genista spp. 7,Spartium spp. , Adenocarpus spp. 1.929 S/R

Pistacia lentiscus 8 1.943 R

Ilex aquifolium 8 1.943 R

Pyrus spp. 8 1.943 R

Ruscus aculeatus 8 1.943 S

Dittrichia viscosa 8 1.943 R

Rosmarinus officinalis 8 1.943 S
Phillyrea latifolia, Rhamnus alaternus , Phillyrea angustifolia 8 1.943 R
Dapnhe gnidium 8 1.943 R
Juniperus spp. 8 1.943 S
Juniperus oxycedrus 1.943 R

Erica spp. , Calluna spp. 9 1.947 R

Pterospartum tridentatum 10 3.488 R
Ulex spp. 11 3.666 S
Ulex europaeus , U. Minor 3.666 R
Other 12 1.943 O
Abbreviations: R: resprouter, S: seeder, O: Other

1 Regueira et al. (1998), Silva et al. (2006)

2 Estanislao et al. (1990), Fernandes & Pereira (1993), Fernandes et al. (2000), Rego et al. (1994), Silva et 

al. (2006)

3 Fernandes & Pereira (1993), Rego et al. (1994), Specht (1988), Silva et al. (2006)

4 Fernandes & Pereira (1993), Silva et al. (2006)

5 Armand et al. (1993), Fernandes & Pereira, (1993), Specht (1988), Silva et al. (2006)

6 Armand et al. (1993), Fernandes & Pereira (1993), Papió & Trabaud (1991), Silva et al. (2006)
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Botequim B, Zubizarreta-Gerendiain A, Garcia-Gonzalo J, Silva A, Marques S, Fernandes PM, 
Pereira JMC, Tomé M, 2014. A model of shrub biomass accumulation as a tool to support 
management of Portuguese forests. iForest (early view): e1-e12. - doi: 10.3832/ifor0931-008

7 Armand et al. (1993), Estanislao et al. (1990), Fernandes et al. (2000), Papió & Trabaud (1991), Pereira et 

al. (1995), Silva et al. (2006)
8 Silva et al. (2006)

9 Armand et al. (1993), Estanislao et al. (1990), Fernandes & Pereira (1993), Fernandes & Rego (1998), 

Fernandes et al. (2000), Rego et al. (1994), Pereira et al. (1995) Specht (1988), Vega et al. (1998), Silva et 

al. (2006)

10, Fernandes & Rego (1998), Fernandes et al. (2000), Silva et al. (2006)

11 Armand et al. (1993), Baeza et al. (1998), Fernandes & Pereira (1993), Regueira et al. (1998), Pereira et 

al. (1995), Vega et al. (1998), Silva et al. (2006)
12 DGF 2001
13 Paula & Pausas (2009)
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IV. Modeling post-fire damage and tree mortality in forest stands in 

Portugal. A forest planning oriented model 

IV.1|Abstract  

 

|Summary 

 

This is the first attempt to develop a generic planning-oriented model to predict the 

effect of stand structure and species composition on the expected mortality in Portugal. 

Post-fire mortality was modeled as a function of measurable forest inventory data 

and/or projected over time (165 pure and 76 mixed forest stands, 2520 individual trees, 

16 species), collected both by the 5th National Forest Inventory plots (NFI) and other 

sample plots located all over the country within 2006–2008 wildfire perimeters’ data. A 

three-tiered strategy to predict: whether mortality will occur on stands, following by 

the proportion of dead trees on stands were mortality occurs, and finally which trees 

will die due the fire event was applied. The results suggest that the probability of death 

to occur in a stand increases with the variability of tree sizes within the stand and 

decreases with higher tree sizes. Moreover, the relative damage increases with stand 

density, higher altitude and steep slopes. In the same conditions, conifers are more 

prone to die than eucalypt and broadleaves. Pure stands of broadleaves exhibits a 

noticeably higher fire resistance than mixed stands of broadleaves and others species 

composition.  

 

Keywords: Pre-and post-fire management decision-making, post-fire mortality, stand 

structure, forest heterogeneity, silvicultural treatments.  
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Modéliser les dommages post-incendie et la mortalité des arbres dans les 

peuplements forestiers au Portugal - un modèle de planification forestiere 

 

|Resumé 

 

Il s’agit d’une première initiative qui tend à développer un modèle axé sur une 

planification générique afin de prévoir l’effet de la structure de peuplement et de la 

composition des espèces sur la mortalité prévue au Portugal.La mortalité Post-feu a été 

modelée comme moyen de mesure des données de l’inventaire forestier et/ou projeté 

durant le temps (165 peuplements pures et 76 mixtes, 2520 arbres individuels, 16 

espèces), collectés dans les parcelles de l’inventaire des forêts nationales (5º NFI) et 

dans d’autres régions nationales dont les données sur l’incendie (2006-2008) sont 

disponibles. Trois stratégies à prévoir: si la mortalité aura lieu sur le peuplement, le 

pourcentage du nombre d’arbres morts dans les peuplements où la mortalité est 

prévue et l’inclusion d’arbres dont la mortalité est prévue par le feu.  Les résultats 

suggèrent que la probabilité de mortalité dans le peuplement s’accroit avec l’évolution 

du volume d’arbre et décroit avec la hauteur élevée. En outre, les dommages relatifs 

augmentent avec la densité du peuplement, les hauteurs maximales et les pendes 

raides. Dans ces conditions, les conifères sont plus fragiles que les Eucalyptus et 

feuillu. En effet, ces derniers sont plus résistants au grand feu que les peuplements 

mixtes. 

 

Mots clés: management des décisions prise sur pré et post–incendie, mortalité de 

post- incendie, structure du peuplement, hétérogénéité de la forêt, traitements 

sylvicoles. 
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Modelización de los daños post-incendio y mortalidad de los árboles en rodales 

forestales en Portugal - modelo orientado a la gestión forestal 

 

 

|Resumen 

 

Este es el primer intento de desarrollar un modelo orientado a la gestión forestal para 

predecir el efecto de las especies y la estructura del rodal en la mortalidad post-

incendio en Portugal. El modelo de mortalidad post-incendio utiliza variables extraídas 

directamente de inventarios y/o que fueron proyectadas. En total fueron usados datos 

de 165 rodales puros, 76 rodales mixtos, 2520 árboles individuales, 16 especies en total 

que fueron obtenidos de plots del Inventario Nacional Forestal nacional (5º NFI) y de 

otros plots localizados en todo el país y que estaban localizados en los perímetros 

ardidos entre 2006 y 2008. Un modelo de tres etapas para predecir: si ocurre 

mortalidad en el rodal, la proporción de árboles muertos en los rodales donde hay 

mortalidad, y finalmente qué árboles morirán como consecuencia del fuego, fue usado. 

Los resultados sugieren que la probabilidad de producirse mortalidad post-incendio en 

un rodal se incrementa con la variabilidad en el tamaño de los árboles del rodal, y es 

menor consuante los árboles son de mayor dimensión. Además, el daño relativo se 

incrementa con la densidad del rodal, en rodales localizados a mayores altitudes y es 

menor con y pendientes más pronunciadas. Ante las mismas condiciones, las coníferas 

tienen mayor tendencia a morir que los eucaliptales y las frondosas. Rodales puros de 

frondosas tienen una mayor resistencia al fuego que los rodales mixtos de frondosas y 

otras especies. 

 

Palavras clave: manejo pre y post-incendio, mortalidad post-incendio, estructura del 

rodal, heterogeneidad florestal,tratamientos silvicola. 
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IV.2|Introduction 

Forests and woodlands cover more than one third of the Portugal country, where forest 

sector represents 3% of gross domestic product (GDP) and 12% of exports, and they are 

a key element in the Portuguese landscape pattern. The recent forest inventory, from 

2010 (ICNF 2013), reported three major forest species: eucalypt (Eucalyptus globulus 

Labill), cork oak (Quercus suber L.), maritime pine (Pinus pinaster Ait), encompassing 

25.8% (8.12 x 103 ha), 23.7% (7.37 x 103 ha) and 23.4% (7.14 x 103 ha), respectively. The 

remaining area is occupied by (Quercus rotundifolia L., 10.5%), umbrella pine (Pinus 

pinea, 6%) and other broadleaf and conifer species (17%). Nonetheless, in the 

Mediterranean and particularly in Portugal the forest composition is strongly 

determined by wildfires (Alexandrian et al. 2000, Pereira et al. 2006, Velez 2006). 

Indeed, Portugal is the European country most affected by wildfire with a mean annual 

fire incidence of 3% of its forest and wildland surface area in the 2000-2011 period, 

corresponding to an annual average of 1.4 x 105 ha (Oliveira et al. 2012).Therefore, the 

development of preventive forest management including fire hazard reduction 

strategies should be of primary importance.  

 

Fire hazard and spread depend on both the tree species composition and the 

understorey fuel structure (e.g. Peterson et al. 2005, Rothermel 1983, Silva et al. 2009). 

Specially, burn severity is very dependent on forest cover type. Pine forest cover 

results in high severity, whereas mixed forest does not (Catry et al. 2013b).In 

Portuguese mainland, with the monospecific plantations being problematic (i.e. all the 

commercial plantations are single species) in terms of risk of fires and pathologic 

problems, the introduction of broadleaves will be important for the forest sustainability 

(Nunes et al. 2011). Also, burn severity is sensitive to the configuration of forest cover 

patches. In enhancing the heterogeneity of forest, burn severity may be substantially 

reduced (Lee et al. 2009). However, mixed forest in Portugal is a small part of the forest 

area (5.13 x 103 ha, 16% of the total forest area) (AFN 2010). Actually, limited effort has 

been devoted to mixed-species stands in Portugal as compared with the effort devoted 

to quantifying productivity on single-species stands (Nunes et al. 2013). 
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Forest management decisions are based on information about current and future status 

of the forest. Understanding and predicting forest growth and yield require 

information on drivers of tree mortality. Catastrophic disturbances have been 

estimated either by using fire behaviour simulators (e.g. Finney 1998, 2006) or by using 

fire-severity descriptors that are based on measurements of tree tissue damage, which 

use two main categories of readily observable indicators to assess tree mortality: crown 

damage and bole damage (Keyser et al. 2006, Ryan 1982, Sieg et al. 2006). However, the 

above approaches require data (e.g. tree tissue damage, fire intensity or specific 

meteorological conditions at the time of the fire event) that is seldom available for 

forest managers beforehand, and thus restrict its applicability for predicting the long-

term consequences of forest management alternatives (Garcia-Gonzalo et al. 2011a, 

González et al. 2007). In the other hand, many studies demonstrate that variables 

“controllable” by the manager (e.g. mean diameter, stand density) are related with fire 

damage (e.g. Hély et al. 2003, Linder et al. 1998, 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, Garcia-Gonzalo et al. 2011a, 

González et al. 2007, Marques et al. 2011b). Furthermore, stand-level prescriptions 

provide the biological framework for managing the stands under fire risk conditions 

(Agee and Skinner 2005, González et al. 2005a, 2007, Garcia-Gonzalo et al. 2011a, 

Pasalodos-Tato et al. 2009, 2010, Peterson et al. 2005, Weaver 1943).  

 

Management may thus modify effectively stand conditions to control expected levels 

of post-fire mortality (Fernandes et al. 2010, González et al. 2007, Garcia-Gonzalo et al 

2011b, Pollet and Omi 2002). 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). Originally, mortality models 

were mostly developed as guidelines for timber salvage following fire, to be used for 

prescribed fires or to make post-fire management decisions (Botelho et al. 1996, Guinto 

et al. 1999, Reinhardt et al. 1997, Ryan and Reinhardt 1988, Rigolot 2004, Sieg et al. 2006). 

However, recently post-fire mortality models oriented to forest planning (i.e. using 

predictor variables easily collected or derived from forest inventories without using 

tree tissue damage or detailed climatic data) are a valuable tool to make pre-fire 

management decisions and address long term planning periods  (Garcia-Gonzalo et al. 

2011a, González et al. 2007, Marques et al 2011b). Effectively they support the design of 
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management alternatives that may decrease fire effects (Ferreira et al. 2011, 2012, 

González-Olabarría et al. 2008, Garcia-Gonzalo et al. 2011b, Pasalodos-Tato et al. 2009, 

2010). Moreover, they help to reduce the uncertainty by predicting the outcomes of 

different management alternatives (Gadow 2000).  

 

Most of the post-fire mortality models developed in Portugal have addressed fire 

effects on pure maritime pine stands (e.g. Botelho et al. 1998, Fernandes et al. 2004, 

Fernandes and Rigolot 2007) and cork oak covers (Catry et al. 2009). Few models have 

been developed for uneven-aged stands, however the individual tree mortality have 

been predict both from fire injury indicators and tree characteristics (Catry et al. 2010, 

2013a).  Marques et al (2011b) and Garcia-Gonzalo et al. (2011a) presented a set of post-

fire mortality models within a forest planning context in pure eucalypt and maritime 

pine stands, as a function of variables that may be “controlled” by forest managers. In 

fact, these are the two main pure industrial plantations that dominate northern and 

central of Portugal and are highly combustible when compared to evergreen oak 

woodland called  “montados” (e.g. cork oak and holm oak, predominates in the 

Southwest of Portugal and in the Southeast,  respectively) (Fernandes 2009). 

Nevertheless, the introduction of ecosystems with mixed-species stands might 

contribute to provide a broader range of options in the fields of biodiversity, 

sustainable forest management more resistance and resilience to disturbances, and 

restoration of Portuguese forests (Nunes et al. 2011). This prompted the research of new 

post-fire stand and individual tree mortality models to predict the effect of changes in 

even vs. uneven-aged structures and species composition (mixed vs. pure stands) on 

the expected mortality and therefore may be applied in forest management 

optimization systems (Ferreira et al. 2011, 2012). 

 

The occurrence of stem death in a sample plot over a given period of time is a binomial 

outcome that may be modelled 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). If the data set for tree mortality modelling 

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 

(Álvarez González et al. 2004, Fridman and Stahl 2001). Conversely, if only the plots 
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where mortality has occurred are used, the model may overestimate the mortality rate 

(Eid and Oyen 2003). For this reason, literature examples have suggested the use of two 

or three step modelling methods (Álvarez González et al. 2004, Fridman and Stahl 2001, 

Woollons 1998). Some authors have previously used the three stage modelling 

technique in Portugal for pure species compositions (Garcia-Gonzalo et al. 2011a, 

Marques et al. 2011b). 

 

In this research, a three-tiered approach that may be used for forest planning was used 

to modelling mortality and examining what stands will burn and then which trees. The 

inclusion of these steps will provide forecasts with suitable properties, i.e. mortality 

will be distributed among plots, quantified and distributed among trees in an 

appropriate way (Näslund 1986).  Logistic regression methods for predicting fire 

damage in any forest structure in Portugal, that take into account the impact of changes 

in “controllable” biometric variables were used in all three steps. Firstly, a model to 

predict whether mortality occurs in a specific stand was developed. Secondly, the 

proportion of dead trees in stands where mortality occurs is quantified. This model 

described fire damage as the proportion of trees that died in the stand as a 

consequence of a wildfire. Thirdly, a model that distributes this mortality among trees 

was developed. In addition, one of the outcomes of this study evaluated which stand 

composition (pure or heterogeneous) is more advantageous, especially when taking 

into account the risk of wildfires. This study is the first attempt to develop post-fire 

mortality models to mitigate damage in any forest stand structure that may be used to 

incorporate fire-smart management considerations into silvicultural activities. Such 

models may help reverse the current mixed-forest trends in Portugal. Further, these set 

of models are instrumental to address risk and uncertainty in an adaptive framework. 

 

IV.3| Materials and methods  

3.1. Data collection  

| Wildfire perimeters and inventory plots status 
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The fire event data used in this study encompass wildfires perimeters larger than 5 ha 

covering the years 2006 to 2008 in Portugal (Figure 1a). Burned area mapping in this 

period was obtained by automated classification of medium-resolution remote sensing 

data (i.e., Landsat Multi-Spectral Scanner (MSS), Landsat Thematic Mapper (TM) and 

Landsat Enhanced TM+). In the period from 2006 to 2008, about 125 000 hectares 

burned in 3436 fire events.  

 

Figure 1. Inventory plot location for data acquisition. a) The map displays the distribution of 

fire perimeters occurred in Portugal between 2006-2008 larger than 5 ha; b) The 5th National 

Forest Inventory (NFI) plots covering the forest area of Portugal in a systematic 2 x 2 km grid 

(12 258 plots); c) The overlaid from fire perimeters and plots of the 5thNFI; d) The sample plot 

38 NFI (795 trees) from the post-fire inventory of plots in 2007 and 2008 and additional 203 

plots from ForFireS Project (1725 trees). 
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Data acquisition further encompassed the available forest inventory stand data in 

Portugal. GIS tools (ArcGIS 9.2) were used to identify the plots from the 5th National 

Forest Inventory (NFI, carried out in 2005-2006 period) where a wildfire occurred 

between 2006 and 2008. The wildfires perimeters and the 12 258 plots of the NFI (with 

5267 of forest stands) were overlaid for that purpose (Figure 1). As a result, 38 plots 

with 795 trees measured before the wildfire occurrences were collected. In the same 

period, 203 additional burned plots from the framework of ForFireS Project (Bergeot 

and Oliveira 2008) located all over the country within fire perimeters and 

encompassing 1725 trees were further measured (Figure 1d). All these plots were 

sampled in areas where the fire perimeter was known and trees had not been 

harvested. In total 241 plots (165 pure and 76 mixed forest stands) representing 2520 

individuals belonging to 16 tree species (2 oaks, 8 broadleaves, 1 eucalypt, 5 conifers) 

were considered for the study (Figure 2). Both the individual tree evaluation in the 

plots and mortality due to fire event (i.e. classification of whether a tree died or not), 

was checked only once (roughly 1 year after the wildfire occurrence). 

 

The post-fire inventories involved both the measurement of biometric variables (e.g. 

tree height - h, m; diameter at the breast height - dbh, cm) and fire damage (e.g. bark 

char, crown scorch height, degree of stump destruction, burned canopy). Further data 

and information such as geographical location and the characterization of the plot (e.g. 

elevation, aspect, slope, presence of soil erosion, shrubs species) were acquired. Site 

slopes ranged from 12 to 32 degrees, and Southwest and Northwest orientations were 

prevalent in the study plots. Since the objective of the model was to predict post-fire 

mortality over long planning horizons within a management planning framework, 

biometric variables tested for the model were restricted to easily measurable and/or 

predictable tree and stand characteristics without considering cambium injury 

variables (Table 1, Table 2 and Table 3). The former variables allow the forest manager 

to predict the effect of changes in stand structure and species compositions on the 

expected mortality.  
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Table 1. Descriptive statistics for tree level data and individual tree mortality by species (Tree 
status: A- alive, D – dead) in the range of study (n= 2520, 16 species), concerning the period of 
analyses (2006-2008) 

 

 
Tree 

status 
n 

dbh (cm) h (m) g (m
2
) 

Tree 

Species 

 

mean Range mean Range mean Range 

Ec A 177 15.24 5.20-59.30 15.13 5.40-30.40 0,022 0.002-0.276 

 
D 762 10.06 5.00-46.30 12.24 1.40-28.20 0,008 0.002-0.168 

OB A 37 10.88 7.00-21.00 6.92 4.90-11.60 0,010 0.004-0.035 

 
D 43 10.19 7.00-23.00 5.97 3.12-9.90 0,009 0.004-0.042 

OC A 11 25.09 7.00-59.00 15.09 7.98-26.90 0,073 0.004-0.273 

 
D 5 13.40 9.00-21.00 9.79 8.22-11.44 0,015 0.006-0.035 

Pp A 263 19.17 6.00-51.00 13.89 5.50-28.50 0,035 0.003-0.204 

 
D 981 14.63 7.00-51.00 11.09 3.80-28.50 0,021 0.004-0.149 

Ppi A 7 31.23 18.00-43.00 17.45 7.35-24.40 0,086 0.025-0.145 

 
D 4 13.70 8.50-22.60 7.22 3.97-8.90 0,017 0.006-0.040 

Qr A 20 16.82 8.00-39.00 5.09 3.83-7.60 0,028 0.005-0.119 

 
D 10 19.08 7.00-64.00 4.99 3.40-7.50 0,051 0.004-0.321 

Qs A 58 20.01 4.30-62.00 6.72 2.70-13.90 0,044 0.001-0.302 

 
D 48 17.53 4.50-59.80 6.34 2.95-10.70 0,042 0.002-0.281 

Qsp A 42 12.21 7.00-24.00 8.61 5.00-13.80 0,013 0.004-0.045 

 
D 52 10.09 7.00-21.30 7.25 4.20-12.50 0,009 0.004-0.035 

Where dbh is the tree diameter at breast height (cm); h is the total tree height (m); g is basal area of the tree 
(m2). Ec . Eucaliptus globulus, OB. Others Broadleaves, OC. Others conifers, Pp. Pinus pinaster, Ppi, Pinus 
pinea,  Qr . Quercus rotundifolia, Qs. Quercus suber, Qsp. Other oak trees Range: minimum - maximum.  

 

 

| Reverse engineering to rebuild the tree characteristics 

In the case of the 203 additional plots that had not been measured before the wildfire 

occurrence, to take advantage of available inventory data, a reverse engineering was 

used to re-build the forest before the fire (Botequim et al. 2013, Diéguez Aranda et al. 

2003) (Figure 2).This was especially needed to estimate tree height before the wildfire 

occurrence as wildfires often destroy part of the crown thus complicating height 

measurements. In the case of plots with standing burned trees, pre-fire diameter was 

assumed to be unaffected by fire. Pre-fire height was estimated using equations 

developed by Tomé et al. (2007) for maritime pine, Soares and Tomé (2002) for 
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eucalypt, and Tomé et al (2007) for the rest of species i.e. cork oak, holm oak and stone 

pine (Pinus pinea L.).   

 

The data linkages used to develop a post-fire damage and tree mortality oriented 

model as a tool to support fire smart management of any forest stand structure in 

Portugal is illustrated in Figure 2. 

 

 

 

Figure 2. Methodology applied to modelling post-fire damage and tree mortality for any forest 

structure and stand composition in Portugal within a forest planning context.. 
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3.2. Post-fire model development  

| General approach 

Although most cumulative distribution functions would work in modelling mortality, 

the most used is the logistic (e.g. Monserud and Sterba 1999, Vanclay 1994) because is 

mathematically flexible, easy to use, and has a meaningful interpretation (Hosmer and 

Lemeshow 2000). The logistic function predicts a probability of an occurrence ranging 

continuously between 0 and 1.The dependent variable is dichotomous (e.g. death or no 

death). A cut-point may be defined in order to assign ‘1’ to the event of death and a ‘0’ 

to the no death event (Hosmer and Lemeshow 2000). 

 

)x...x(
e1

1
Y

pp110 


       (Eq. 1) 

 

Where Y is the dependent variable (dichotomous), representing a measure of total 

contributions of all the independent variables used in the model, x1 to xp are 

independent variables, β0 is the intercept, β1 to βp, are parameters to be estimated or 

regression coefficients.  

 

The logistic function was used to model stand-level damage and tree-mortality due to 

wildfires. The PROC logistic procedure of SAS 9.1 (SAS Institute, Cary, NC) that 

estimates the parameters of the logistic equation, maximum likelihood was used in all 

three steps of the proposed approach to develop the post-fire stand damage and tree 

mortality models.  

 

Different combinations of biometric variables from groups pertaining to tree size as an 

indicator of tree vigor (e.g. tree diameter at breast height, dbh) competition expressed 

by a variety of stand density measures (e.g. basal area, G) and easy-to-calculate 

competition indices (basal area of the trees larger than the given tree, BAL), and 

average variables (quadratic mean diameter, dg) were tested to express the mortality 

rate (Das et al. 2007, Hamilton 1986, Monserud and sterba 1999). 
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As a first step, an analysis of the relationship of each individual independent variable, 

including some interactions, with response variables was performed for a preliminary 

assessment of the relative importance of each variable on post-fire damage and tree 

mortality. If the resulting mortality model is not biologically consistent, it cannot be 

expected to perform well outside the data range (Crecente-Campo et al. 2009, Hamilton 

1986). The final multivariate model was obtained by testing all possible combinations 

of variables using all possible logistic models (Freire 2009), combined with an 

understanding of the process of post-fire mortality (Avila and Burkhart 1992, Yao et al. 

2001) . It is important to always keep in mind the difference between obtaining a model 

to fit and having the theoretically correct model (Hosmer and Lemeshow 2000). Thus, 

model building considered the ecological consistency of predictors (i.e. signs of 

coefficients that are biologically reasonable), the importance of the variable in terms of 

forest inventory and management, as well as its simplicity and statistical performance. 

Statistical performance assessment was based on the p<0.05 significance level, as 

judged by the Wald x2 statistic, the Akaike Information Criterion parameter 

improvement (AIC), the receiver operating curve  (ROC) and the index of concordance 

and correct classification rate (CCR) (Hosmer and Lemeshow 2000). The presence of 

collinearity was assessed by adding new variables in the model and observing the 

effect to the slope coefficients and estimated standard errors (Homer and Lemeshow 

2000). 

 

The ROC curve plots the probability of detecting true signal (sensitivity) and false 

signal (specificity) over all possible threshold values for the cut-points. To evaluate the 

discriminatory ability of a cut-point, it is common to summarize the information of the 

ROC curve into a single global value or index (e.g. area under the ROC curve). Several 

such indices are found in the literature and have been used in various applications 

(Greiner et al. 2000, Shapiro 1999). Models with a ROC value equal to 0.7, 0.8 and 0.9 

provide an acceptable, excellent and outstanding discrimination, respectively, between 

wildfire occurrence and non-occurrence (Hosmer and Lemeshow 2000). The 

concordance analysis procedure was further used to help interpret results (Hosmer and 

Lemeshow 2000, Kleinbaum 1994).  
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An intuitively appealing way to summarize the results of a fitted logistic regression 

model is the use of a classification table. This is a result of cross-classifying the outcome 

variable (e.g. death occurrence), with a dichotomous variable whose values are derived 

from the estimated logistic probabilities (Hosmer and Lemeshow 2000). Measures 

derived from the classification table, should be used as a supplement of assessment of 

fit (Hosmer and Lemeshow 2000). 

 

In order to convert the continuous probabilities produced by a mortality model to an 

event probability (mortality) to a dichotomous results (i.e. dead or alive as event/non-

event) several different selection approaches have been proposed in the literature (e.g. 

cut-off approach: Crecente-Campo et al. 2009, Das et al. 2007, Monserud and Sterba 

1999; Stochastic approach:Weber et al. 1986; Expansion factor approach: Hann et al. 

1997, Wykoff and Crookston 1982). In this study, a fixed cut-off (c) or threshold 

between 0 and 1 was specified. If the estimated survival probability was less than c, the 

outcome value was “dead” otherwise it was “alive”. Three different methods using the 

selected mortality equation were compared to define the cut point (cut-off): (1) The 

value that maximizes the CCR (e.g. Diéguez-Aranda et al. 2005b, Ryan 1997); (2) The 

value where the sensitivity curve and the specificity curve cross (Hosmer and 

Lemeshow 2000); (3) The average observed percentage of event occurrence in the 

original data (Monserud and Sterba 1999). In order to assess the performance of each 

method and select the best cut-point value, tables with the correct classification error 

rates (CCR)   were constructed. Due to the relatively small number of plots, no specific 

dataset was set aside for evaluation. The emphasis of this research was in obtaining the 

best possible parameter estimates. The authors are aware of the advantages and 

disadvantages of splitting the data set for model validation purposes (well discussed 

for instance in Myers 1990 and Kozak and Kozak 2003). Thus, evaluation of the model 

was based on the development of ROC curves and of classification tables of 

correct/incorrect responses for prediction of live/dead trees for the fitting dataset. 

 

|Predicting whether mortality will occur in a stand after a wildfire 

In order to predict whether mortality will occur in a stand after a wildfire, a plot-level 

binary variable indicating whether mortality did occur in the inventoried stands was 
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created. This variable takes the value ‘1’ if some mortality occurred within the stand, 

i.e. at least one tree bigger than a certain dbh died (5 cm for eucalypt or 7.5 cm for the 

rest of species), and the value ‘0’ if no death occurred in the stand, as suggested by 

Fridman and Stahl (2001). This modelling approach thus provides information to 

differentiate the stands where some mortality occurs from the other stands. Thus, the 

data used to develop this model included all sample plots (e.g. plots with and without 

occurrence of mortality). A number of stand-level features defining site conditions and 

biometric variables were used for estimating the probability of mortality occurrence.  

 

For modelling purposes and because there are tree species that tend to share similar 

traits, a preliminary analysis according literature review was performed to decide how 

to group the species present in the inventory. Oak stands (including Quercus suber and 

Quercus rotundifolia) and broadleaves (deciduous and evergreen species including 

Acacia spp., Alnus glutinosa, Betula spp., Castanea sativa, Fraxinus spp., Quercus pyrenaica, 

Quercus robur, Arbutus unedo) were grouped within the “broadleaves” cover type 

(Figure 2). This was done due two main reasons: i) statistical  analysis showed that oak 

mortality did not differ from broadleaves stands, and ii) the relatively  small number of 

oak stands (cork and holm) observations detected  in the dataset to be included in a 

“oak” cover type composition.  The stands were classified according to the proportion 

(0≤Pi ≤1) of each cover type in the stand, i.e. the proportion of “eucalypt” in the stand 

(PEc), proportion of “conifers” (PC) (including Pinus pinaster, Pinus pinea and shorted 

needled conifers such as Pinus sylvestris, Pseudotsuga menziesii and other conifers) and 

the proportion of “broadleaves” including Mediterranean evergreen broadleaves such 

as cork and holm trees (PBr). The dataset showed that mortality had occurred in 63.48 

% of burned stands (153 of 241 stands) (Table 2 and Table 3). 
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Table 2.Descriptive statistics for variables tested as model predictors at stand level for pure 

stands. 

Stands with dead trees (n=96) 

 
 PEc =1 PC =1 PBr=1 

Variable 

(code) 
Range 

Mean 

(s.d.) 
Range 

Mean 

(s.d.) 
Range 

Mean 

(s.d.) 

Altitude 0 - 272 
179 

(81) 
0 - 893 

330.42 

(171.77) 
76 - 800 

296.55 

(152.55) 

Avgdbh 2.92 - 14.50 
9.03 

(3) 
7 - 26.25 

13.75 

(5.81) 
7.5 - 38.03 

18.85 

(9.05) 

Avgh 3.49 - 15.24 
10.18 

(3.35) 
3.8 - 19.37 

9.78 

(4.08) 
3.93 - 9.4 

6.45 

(1.53) 

dg 5.59 - 26.03 
8.98 

(4.17) 
5.14 - 45.09 

18.64 

(11.9) 
13.6 - 45.09 

28.77 

(10.14) 

G 0.31 - 11.04 
4.91 

(2.57) 
0.077 - 38.16 

7.15 

(9.46) 
0.08 - 26.51 

3.9 

(6.54) 

G/dg 0.012 - 1.80 
0.66 

(0.42) 
0.0017 - 3.78 

0.78 

(1.1) 
0.002 - 1.95 

0.23 

(0.48) 

N 60 - 1299 
691.48 

(347.55) 
20 - 1539 

318.7 

(353.86) 
20 - 220 

72 

(57.09) 

Sd 0.78 - 5.37 
3.28 

(1.3) 
0 - 12.41 

3.63 

(3.13) 
0 - 26.02 

7.31 

(8.67) 

Sh 0.4 - 6.96 
3.43 

(1.98) 
0 - 5.46 

1.57 

(1.38) 
0 - 3.81 

0.96 

(1.08) 

Sd/dg 0.03 - 0.88 
0.45 

(0.25) 
0 - 1.34 

0.33 

(0.35) 
0 - 1.26 

0.34 

(0.43) 

Slope 0 - 26.6 
10.27 

(6.2) 
0 - 29 

13.3 

(7.92) 
0 - 22.8 

8.27 

(6.53) 

Stands without dead trees = 68 

  PEc = 1 PC = 1 PBr = 1 

Variable 

(Code) 
Range 

Mean 

(s.d.) 
Range 

Mean 

(s.d.) 
Range Mean 

Altitude 0 - 491 
192 

(150.53) 
106 - 931 

441 

 

(331.3) 

0 - 861 
313.39 

(224.44) 

Avgdbh 7 - 27.45 
11.49 

(3.63) 
13 - 32.8 

20.18 

 

(6.76) 

8 - 73.36 
30.11 

(17) 

Avgh 6.5 - 21.9 
13.84 

(3.68) 
3.47 - 19.73 

12.01 

(4.42) 
4.7 - 18.23 

8.12 

(4.23) 

dg 6.03 - 45.09 
13.54 

(8.13) 
10.08 - 45.09 

27.16 

(15.78) 
17.04 - 45.09 

34.14 

(9.96) 

G 0.08 - 29.73 
7.62 

(7.20) 
0.27 - 33.13 

8.2 

(11.01) 
0.1 - 13.81 

4.09 

(3.75) 

G/dg 0.002 - 3.4 
0.8 

(0.84) 
0.006 - 3.2 

0.71 

(1.1) 
0.002 - 0.81 

0.15 

(0.19) 

N 20 - 1811 
617.4 

(429.62) 
20 - 623 

181.62 

(213.82) 
20 - 140 

46.96 

(33.91) 

Sd 0 - 7.91 
2.88 

(1.89) 
0 - 11.72 

4.3 

(4.27) 
0 - 19.8 

4.58 

(6.01) 

Sh 0 - 5.07 
2.2 

(1.23) 
0 - 4.09 

1.34 

(1.46) 
0 - 5.91 

0.75 

(1.28) 

Sd/dg 0 - 1.07 
0.27 

(0.21) 
0 - 1.13 

0.33 

(0.37) 
0 - 0.93 

0.18 

(0.25) 

Slope 0.6 - 32 

13.09 

(8.68) 

 

1.8 - 27 
11.48 

(6.8) 
0 - 25.2 

9.38 

(6.27) 

Where Altitude and slope are measured in meters and degrees, respectively; Avgdbh, mean tree diameter 
at breast height of the stand; N, tree density number of trees per ha; G, the cross sectional area of the 

species tree in the plot; stand basal area (m2/ha); dg , the quadratic mean diameter (cm); avgh, the average 

tree height; sd, standard deviation of tree diameters; sh, standard deviation of tree heights of the trees in 
the stand; G/dg , non-linearly a density measure related to the number of trees per hectare. The predictor 
Sd/dg expresses the relative variability of tree diameters; PBr is the proportion of broadleaves trees in the 
stand (“1” indicating that stand is purely occupied by broadleaves), PC is the proportion of conifers and 
PEc is the proportion of eucalypt in the stand. Range: minimum - maximum. (s.d.): Standard deviation. 
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Table 3. Descriptive statistics for variables tested as model predictors at stand level for mixed 
stands. 
 

Stands with dead trees (n= 56)  Stands without dead trees ( n= 20) 

Variable 

(code) Range  

Mean 

(s.d.) Range  

Mean  

(s.d.) 

Altitude  0 - 940 

337.78 

(232.79) 0 - 919 

268.15 

(285.51) 

Avgdbh 7.64 - 25.67 

15.41 

(4.84) 7.99 -  26.88 

14.7 

(5.54) 

Avgh 3.72 - 22.7 

10.99 

(4.19) 4.92 - 17.06 

11.15 

(3.48) 

dg 5.64 - 31.88 

13.04 

(5.31) 10.08 - 26.03 

13.66 

(4.93) 

G 0.55 - 30.52 

9.29 

(7.89) 0.93 - 33.18 

8.81 

(8.76) 

G/dg 0.02 - 3.33 

0.95 

(0.94) 0.051 - 3.29 

0.79 

(0.88) 

N 40 - 1279 

398.02 

(297.73) 60 - 1769 

486.3 

(433.8) 

PBr 0 – 0.98 

0.27 

(0.33) 0 - 0.82 

0.25 

(0.29) 

PCon 0 – 0.99 

0.56 

(0.35) 0 - 0.95 

0.4 

(0.29) 

PEc 0 - 0.97 

0.16 

(0.3) 0 - 0.95 

0.35 

(0.41) 

Sd 0.7 - 15.4 

6.57 

(3.31) 1.42 - 16.96 

6.54 

(4.53) 

Sh 0.55 - 6.49 

3.13 

(1.58) 0.69 - 6.53 

3.37 

(1.82) 

Sd/dg 0.06 - 1.54 

0.58 

(0.37) 0.09 - 1.02 

0.49 

(0.3) 

Slope 0 - 32 

13.53 

(7.77) 0.6 - 22.6 

13.7 

(6.06) 

For the parameters definition see table 2. PBr is the proportion of broadleaves trees in the stand, PC is the 

proportion of conifers and PEc is the proportion of eucalypt in the stand (0≤Pcover type ≤1). Range: 

minimum - maximum. (s.d.): Standard deviation. 

 

|Estimating stand-level post-fire mortality  

In order to quantify post-fire mortality in stands where mortality did occur (153 over 

241 stands), two plot-level variables were created. These variables indicated the 

number of trees that died as a consequence of a wildfire (i.e. number of events) and the 

total number of trees in the plot (i.e. number of trials). Then the SAS Proc logistic 

procedure used these numbers to fit the logistic regression. Therefore, this model 

described fire damage as the proportion of trees that died in the stand per hectare as a 

consequence of a wildfire i.e. number of dead trees divided by total trees in the stand 

(trees ha-1). The average proportion of dead trees in stands where mortality occurred 

as a consequence of wildfires was 75.60% (i.e. 1905 dead trees out of 2520) (Table 1). 
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Further, the data set showed a proportion of 100% of dead trees in 74 plots where 

mortality did occur (Table 4). A number of stand-level variables related to topography 

(e.g. slope), biometric variables (e.g. mean tree diameter at breast height of the stand, 

Avgdbh) and structure (e.g. standard deviation of tree heights, sh) were tested. In our 

analysis, the mortality of the Mediterranean evergreen broadleaves (cork and holm) 

stands did not differ from other broadleaves stands. Thus, as in the previous model, for 

modelling purposes the stands were classified according to the proportions (0≤Pi≤1) of 

three cover types (“eucalypt”, “conifers” and “broadleaves”). 

 

Table 4. Proportion of dead trees over number of sample plots 

Proportion of dead trees 
(%) 

0 1-20 21-40 41-60 61-80 81-99 100 

No. of plots 88 19 16 18 11 15 74 

 

|Estimating post-fire tree mortality 

In this third step, the predicted variable was the probability of a tree to die if fire 

occurs. Thus, only trees present in stands where mortality was predicted with the 

stand level model were used to fit the tree mortality model. For modelling purposes, a 

tree-level binary categorical variable was created. This variable takes the value ‘1’ if the 

tree dies, and ‘0’ if the tree survives. In total, 2520 trees of several species were 

inventoried in burned plots, of which 1905 were present in stands where mortality was 

predicted as a consequence of fire. For modelling purposes, take advantage of available 

inventory data of trees per each species and individual tree characteristics, singlel trees 

were reclassified in four classes of cover types: i.e. “eucalypt”( n= 939), 

“broadleaves”(n=174), “conifers” (n=1271) and “oak trees” (n= 136). In this model we 

distinguish the oak trees (cork and holm oak) from the other broadleaves. This was 

done because previous studies focusing on the factors influencing post-fire tree 

survival and regeneration capacity showed that both fire injury and individual tree 

characteristics are main factors (Debano et al. 1998, Dylan et al. 2006, Mchugh and Kolb 

2003, Miller 2000, Whelan 1995) which depends on fire-resistance or avoidance 

mechanisms, and in flammability of species (Mckenzie et al. 1996) The model includes 

dummy variables for the different cover types. In the case the tree is from one of the 
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cover types in the model the value of the dummy variable is one. Several possible 

biometric predictors (e.g. basal area - G, m2/ha; stand height - h, m; quadratic mean 

diameter of trees - dg, cm) which are biologically related to the mortality process were 

tested as explanatory variables (Table 2). The predictors were selected by testing 

whether they improved the model. 

 

IV.4| Results 

| General response patterns 

Preliminary data analysis showed that tree density and age structure diversity were 

higher in stands where mortality did occur (Table 1, Table 2 and 3). The data collected 

regarding the number of live trees are in line with the percentage of forest area burned 

per species between 2000-2011 (i.e. 29% Pinus pinaster, 43% Eucalyptus, 8% Quercus 

suber, 2% Quercus rotundifolia – Table 1). Further, it showed that only 22.10% of the pine 

trees were alive while 45% of the broadleaved trees and 57% of the oak trees (cork and 

holm oak) were still alive (Table 1). Indeed, most of the broadleaved trees survived, 

while most conifers died (Table 1). The data used for model development included 

sample plots where the proportions of dead trees were relatively large.   

 

| Predicting whether stand level mortality will occur  

 

The logistic model to predict whether mortality will occur in a stand is: 

 

)(
1

1

543210
dg

Sd

dg

G
GPCPBr

e

PsDead

 


    (Eq. 2) 

Where PsDead is the probability of mortality to occur in a stand (i.e. differentiates the 

stands where all trees survive from the stands where at least one tree dies), PBr is the 

proportion of broadleaved trees in the stand (0≤Pi≤1) where “0” indicating no presence 

and “1” indicating that stand is purely occupied by broadleaves, PC is the proportion 

of pine trees in the stand. The variables G, G/dg, Sd/dg are related with the structure 

of the stand, where G is the basal area of the stand (m2/ha), dg is the quadratic mean 
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diameter of trees (cm). The predictor G/dg is a density measure non-linearly related to 

the number of trees per hectare. Sd is the standard deviation of trees’ diameters at 

breast height (cm). The predictor Sd/dg expresses the relative variability of tree 

diameters. The variable is close “1” in rather uneven stands and approaches to “0” in 

homogeneous stands (0< Sd/dg<1).   

 

Table 5. Estimated parameters, standard errors (SE), Wald X2 statistics and p-values for the 

model predicting whether mortality will occur in a stand (Eq. 2) 

 

Effect Variables Estimate SE Wald 2 p>2 

β0 Intercept -0.7882 0.3252 5.8753 0.0154 

β1 PBr 1.1079 0.4670 5.6273 0.0177 

β2 PC 2.1698 0.4192 26.7865 <.0001 

β3 G -0.5553 0.1264 19.2979 <.0001 

β4 G/dg 4.3280 1.1765 13.5323 0.0002 

β5 Sd/dg 3.2549 0.8187 15.8073 <.0001 

PBr is the proportion of broadleaves trees in the stand (“0” indicating no presence and “1” indicating that 

stand is purely occupied by Broadleaves) and PC the proportion of conifers in the stand. G is the basal 

area; dg is the quadratic mean diameter of trees (cm). The predictor G/dg is density measure non-linearly 

related to the number of trees per hectare. Sd is the standard deviation of trees’diameters at breast height 

(cm). The predictor Sd
 
/dg expresses the relative variability of tree diameters  

 

The model indicates that higher variability of tree diameters (Sd/dg) and high stand 

densities (G/dg) increase the probability of death to occur in the stand (Table 5). On 

the contrary, in stands with the same density but higher basal area (i.e. higher tree 

diameters) the probability of mortality to occur is lower. The probability of death to 

occur is smaller in eucalypt even-aged stands and higher in conifer stands; on the other 

hand broadleaves present the smaller probability of death (Figure 3). The model was 

successful in predicting whether mortality did occur after the wildfire in 82% of stands 

(i.e. percentage of concordant pairs). The area under the ROC curve (0.821) indicated 

excellent discrimination (Hosmer and Lemeshow 2000). 
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Figure 3. Effect of the relative variability of tree diameters (predictor Sd/dg) on the probability 

of mortality on a stand considering pure stands of eucalypt (PEc = 1), conifers (PC = 1), 

broadleaves (PBr = 1) and mixed stands of broadleaves and Conifers. The values were calculated 

according to equation 2 for a stand with 7.55 m2/ha of Basal area (G) and 1.22 of stand density 

(G/dg). 

 

 

| Estimating stand-level post-fire mortality 

The stand level model to quantify post-fire mortality (Eq. 3) in stands where mortality 

did occur is: 

 

)dbhAvgAltitudeSlopePBrPEc(
e1

1
PdMort

633210  


   (Eq. 3) 

 

Where PdMort, is the proportion of dead trees in the stand, Slope is measured in 

degrees (º), Altitude is measured in meters (m), Avgdbh is the mean tree diameter at 
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breast height of the stand (cm). PEc and PBr are the proportion of eucalypt and 

broadleaves trees in the stand respectively. 

 

Table 6. Estimated parameters, standard errors (SE), Wald X2 statistics and p-values 

for the model predicting degree of mortality caused by a wildfire Eq. 3 (i.e. proportion of 

dead trees in the stand) 

 

Effect Variables Estimate SE Wald 2 p>2 

β0 Intercept 0.3579 0.0392 83.4342 <0.0001 

β1 PEc -0.1361 0.0258 27.9092 <0.0001 

β2 PBr -1.3872 0.0361 148.0633 <0.0001 

β3 Slope 0.0525 0.0013 152.8774 <0.0001 

β4 Altitude 0.0017 0.0001 82.5065 <0.0001 

β5 Avgdbh -0.0393 0.0018 435.0685 <0.0001 

Altitude of the stand (m), Slope (o), Avgdbh, mean tree diameter of the stand (cm), PEc proportion of 

eucalypts in the stand, PBr proportion of broadleaves in the stand (0≤Pcover type ≤1). 

 

The percentage of mortality in a stand due to fire decreases as tree size increases. 

Moreover, steeper slopes and higher altitude contribute to increase the mortality       

(Eq. 3). Stands with higher presence of broadleaves following by eucalypt suffer less 

damage than stands with higher proportion of conifers (Table 6, Figure 4).  

 

This model also shows that the presence of broadleaves in the stands reduces the 

intensity of damage caused by a wildfire. For example, mixed stands with a mean 

diameter at breast height of the stand (Avgdbh) of 30 cm present higher mortality (i.e. 

higher proportion of dead trees) than pure stands of broadleaves. On the other hand, 

stands dominated by eucalypts and conifers have a higher proportion of dead trees 

(Figure 4a). The species composition of broadleaves and eucalypts are the most 

resistant group of mixed forest (Figure 4b). The model shows a concordance of 67.8% 

and the area under the ROC curve is 0.69. No collinearity among variables included in 

the model was observed. 
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        Figure 4. Effect of stand average diameter at breast height (Avgdbh in cm) on the proportion of 

dead trees in the stand for different cover types considering: (a) pure stands of Eucalypt (PEc = 

1), conifers (PC = 1) and broadleaves (PBr = 1) (b) mixed stands of Broadleaves and Conifers 

(PBr = 0.5 + PC = 0.5), Broadleaves and Eucalyptus (PBr = 0.5+ PEc = 0.5), Conifers and 

Eucalyptus (Pc + PEc).  The values were calculated according to equation 3 for a stand located 

at 300 m above sea level with a slope of 15°. 

 

a) 
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| Estimating post-fire tree mortality 

In order to facilitate the use of these models when an individual tree growth and yield 

model is used, two functions to predict the probability of a single tree to die due to a 

wildfire (PdTree) are developed (Eqs. 4 and 5, Table 7). Models differing in the 

predictive variables were selected in order to address needs of forest managers with 

different inventory data available. 

 

The best two predicting probabilities of a single tree to die due to fire are: 
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                 (Eq. 4) 
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(Eq. 5) 

 

Where Slope is measured in degrees (º), G is the stand basal area (m2/ha), the effect of 

the hierarchical position of the tree, included through the BAL (the basal area of the 

trees larger than the subject tree, m2/ha), N is the number of trees (trees/ha), h is the 

tree height (m), Con, Ec and Oak  are dummy variables indicating whether  the tree is a 

conifer, an eucalypt or an oak, respectively (e.g. if the tree is P.pinaster, Con equals “1” 

and  “0” otherwise), and represent the special behaviour of three forest group with 

respect to fire. The BAL is a competition index that quantifies the degree to which a 

given tree is dominated, i.e. the higher the value of this variable the more dominated is 

the tree. The predictor h is a measurement of tree dimension and productivity. 

 

The model PdTree1 (Eq. 4) indicates that trees with higher BAL and less basal area are 

more prone to die if a wildfire occurs (Table 7). Conversely, trees located in stands with 

higher slope have a higher mortality probability. The highest coefficient corresponds to 

conifers, followed by eucalypt, broadleaves and oaks. This is the order for the less 
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resistant (conifer) to the most resistant (oaks) (Figure 5, Table 7). The area under the 

ROC curve (0.758) indicated acceptable discrimination (Hosmer and Lemeshow 2000). 

 

Table 7.  Selected versions of the tree-level mortality model predicting the probability of an 

individual tree to die due to a forest fire, for each component parameters independently 

estimated and their correspondent modeling efficiency (Eq. 4, Eq. 5) (n= 2520) 

Model      

 (AIC) Effect Variables Estimate SE Wald 2 

PdTree1 

 

β0 Intercept 1.2699 0.1099 133.406 

 (2392.18) β1 Con 1.038 0.0998 108.204 

 β2 Ec 0.505 0.0987 26.153 

 β3 Oak -0.8551 0.1235 47.957 

 β4 Slope 0.0112 0.00278 16.308 

 β5 BAL 2.622 0.2712 93.296 

 β6 G -0.1581 0.00786 46.415 

PdTree2 

 

β0 Intercept 1.5896 0.1784 79.355 

(2431.90) β1 Con 1.1315 0.1016 124.045 

 β2 Ec 0.6714 0.1278 27.598 

 β3 Oak -0.9362 0.1331 49.443 

 β4 Slope 0.0128 0.00261 24.022 

 β5 h -0.0846 0.0158 28.645 

 β6 G -0.0679 0.00888 58.576 

 β7 N 0.000697 0.00016 18.963 

The coefficients in all the three candidate models were found to be highly significant (0.0001% level as 

judged by the Wald x2 statistic). Where G is the basal area (m2 /ha), BAL is the sum of the basal area of 

trees bigger than the object tree, h is the total tree height (m) and N is the number of trees per ha; Con, Ec 

and Oak are a dummy variable indicating if the tree is a conifer, eucalypt or an oak tree. 

 

Nevertheless, since the model PdTree1 requires the BAL calculation (the BAL index is a 

variable that is often not available in stand inventory measurements) an alternative 

model PdTree2 with biometric variables measured in the field and high accuracy as 

predictors was selected (Eq. 5).  
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Figure 5. Effect of basal area (G, m2/ha) and two extreme values of competition index BAL: (a) 

0.5 m2/ha and (b) 5 m2/ha on the probability of each tree species mortality. The values were 

calculated according to equation 4 for a stand with a slope of 15°. 

 

This model also indicates that oak trees are the less prone to die if a wildfire occurs and 

that conifer are the less resistant tree species group. It also shows that trees with higher 

dimensions have less probability to die due to a fire. In addition, a tree growing in 

stands with higher densities has higher probability of mortality. This is the result of 

a) 

b) 
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higher competition pressures. When fixing stand density, higher values of basal area 

decrease the probability a tree to die. This is because the trees in the stand would be 

bigger and fire spread wouldn’t be as easy. The area under the ROC curve (0.749) 

indicated acceptable discrimination (Hosmer and Lemeshow 2000). 

 

The most appropriate cut-points were calculated for the model predicting whether 

mortality will occur in a stand (Table 8). If the value that maximizes the correct 

classification rate (CCR = 76.8%) was used as criteria to choose the cut-point, its value 

would be 0.44 (Table 8).  

 

According to this value, mortality would occur in 75% of the plots while mortality did 

actually occur only in 63.48%. Around 23% of the predictions were false positives (i.e. 

stands that did not have any dead trees but were classified as if mortality had 

occurred) or false negatives (i.e. stands that had dead trees but where classified as if 

mortality had not occurred). The cut-point at which the sensitivity and specificity 

curves crossed was approximately 0.66. Using this value led to a CCR of 70.5%. In this 

case the percentage of stands classified as having mortality is 55%. Using this cut-point, 

42% of the stands classified as not having mortality presented some dead trees (i.e. 

false alive). On the other hand, when the average observed percentage of event 

occurrence (Monseroud and Sterba 1999) was used, a cut-value of 0.58 would be 

chosen. This cut-point classifies 38% of stands as stands where no mortality did occur; 

this value is very close to the real observed rate (i.e. 36.5%) and shows a correct 

classification rate (CCR) of 71.4. However, in this case the number of false negatives is 

40%. 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 0.44 is 

recommended as we get a better match between the stands where mortality is 

predicted and the stands where mortality indeed did occur. 

 

The tree-level mortality models (Equations 4 and 5) are used after knowing the number 

of dead trees in the stand (Eq. 3), thus no cutting-value is needed to check what trees 

die. In this case, the equations 4 and 5 give the probability of a tree to die due to fire 
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and the trees with higher mortality values are selected until reaching the number of 

trees predicted to die.  

 

 

Table 8. 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 (Eq. 2) 

Cut 

Point 

CCR 

(%) 

Sensitivity 
(%) 

Specificity 
(%) 

False Dead 

(%) 

False alive 

(%) 

Classified as 

dead (%) 

Classified 

 as alive (%) 

0,3 71,4 95,4 29,5 29,8 21,2 86 14 

0,32 72,2 94,8 33,0 28,9 21,6 85 15 

0,34 73,9 94,1 38,6 27,3 20,9 82 18 

0,36 73,9 92,8 40,9 26,8 23,4 80 20 

0,38 74,7 92,8 43,2 26,0 22,4 80 20 

0,4 75,9 92,2 47,7 24,6 22,2 78 22 

0,42 75,9 91,5 48,9 24,3 23,2 77 23 

0,44 76,8 90,8 52,3 23,2 23,3 75 25 

0,46 75,9 89,5 52,3 23,5 25,8 74 26 

0,48 74,7 87,6 52,3 23,9 29,2 73 27 

0,50 74,3 85,0 55,7 23,1 31,9 70 30 

0,52 73,0 83,0 55,7 23,5 34,7 69 31 

0,54 73,0 82,4 56,8 23,2 35,1 68 32 

0,56 71,4 78,4 59,1 23,1 38,8 65 35 

0,58 71,4 76,5 62,5 22,0 39,6 62 38 

0,6 72,2 74,5 68,2 19,7 39,4 59 41 

0,62 71,8 73,2 69,3 19,4 40,2 58 42 

0,64 71,0 71,2 70,5 19,3 41,5 56 44 

0,66 70,5 69,9 71,6 18,9 42,2 55 45 

0,68 71,0 69,3 73,9 17,8 42,0 54 46 

0,70 71,8 68,6 77,3 16,0 41,4 52 48 

0,72 71,4 66,0 80,7 14,4 42,3 49 51 

CCR, Correct Classification rate, The percentage of observed plots where occurred tree mortality was 63,48 
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IV.5| 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). In the literature we can find two main types of 

models, the ones based on variables reflecting fire injury indicators and the other ones 

based on biometric information (e.g. González et al. 2006). Here, while the proposed 

approach employs some concepts that feature in earlier work (Garcia-Gonzalo et al. 

2011a, González et al. 2007, Marques et al. 2011b) on the whole, the selected post-fire 

stand damage and tree mortality models tends to differ significantly from other well-

known models developed to assess damages after a wildfire occurrence (e.g. Catry et 

al. 2010, 2013a, Peterson and Ryan 1986, Stephens and Finney 2002). Yet the use of the 

later methods in long-term forest management planning is constrained by the difficulty 

to predict accurately the fire injury/severity variables they use (e.g. crown-kill, bole-

kill or fire intensity are information rarely available to forest beforehand). Damage and 

survival depended on variables that can be changed through forest management, 

indeed both tree and stand characteristics can be partly managed, which enables some 

control on mortality. Hence, here the modelling was restricted to include only 

explanatory variables that are directly available or measurable/predicted by practical 

inventories (i.e. representing forest structure and topographic characteristics) and 

easily projected over the planning horizon.  However, indirect measurements that have 

a clear correlation with fire behaviour (e.g. slope) were included in the analysis.  

 

The proposed approach was tested using a large dataset of forest stands and fire, 

encompassing 2520 trees in 241 plots across the country, with different site conditions 

and stand characteristics, representing the environmental variation of the forest type, 

including both, even-aged and uneven-aged stands structures as well as forests from 

16 species with mixed and pure tree species composition (165 pure and 76 mixed 

forests stands). This is the first attempt to develop generic post-fire mortality models 

for any stand structure and species composition in Portugal.  

 

Although the phenomenon of mortality is a stochastic, rare and irregular event, the 

results suggest that the set of models may predict accurately post-fire damage in any 

forest stand structure in Portugal over long-term planning horizons. The logistic 
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modelling approach used in this study has been used earlier for predicting tree-

mortality as a consequence of regular mortality ( mortality due to competition between 

trees) and irregular mortality, i.e. mortality due wind damage (Jalkanen and Mattila  

2000, Lohmander and Helles 1987), prescribed fire (Botelho et al. 1996) and wildfire 

(Beverly and Martell 2003, Garcia-Gonzalo et al. 2011a, González et al. 2007,McHugh 

and Kolb 2003, Regelbrugge and Conard 1993, Rigolot 2004, Stephens and Finney 

2002). Further, the modelling approach in different steps has been also used to model 

natural tree mortality (Álvarez González et al. 2004, Eid and Oyen 2003, Fridman and 

Stahl 2001). In the present research, the following set of models for predicting fire 

damage in any forest structure in Portugal was presented: (i) a model that predict 

whether there is mortality in case of fire; (ii) a model for the proportion of dead trees; 

and (iii) a model that distribute mortality among trees in a fire event. The advantage of 

the three-step methodology used in this study, compared to other 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).  

 

As stressed above, the set of three models does not use fire injury indicators (e.g. 

crown–kill, bole-kill), tree tissue damage, neither direct fire behaviour parameters or 

detailed climatic data as predictors. This is in concordance with the approaches 

presented by others authors (Garcia-Gonzalo et al. 2011a, González et al. 2007, Marques 

et al. 2011b). Nevertheless, information on species composition and forest structure was 

included. In this sense, the models provide a quantitative framework to address long-

term planning periods and help understand the performance of any forest structure 

and make pre-fire management decisions in Portugal that has been lacking in previous 

discussions.  

 

 
| Post-fire models: forest composition, heterogeneity and structure 
 

The models show that forest cover composition has an impact on the proportion of 

dead trees after a wildfire. The post-fire mortality models developed indicate that the 

conifers are the most prone to suffer mortality after a wildfire occurrence. On the other 

hand, the broadleaves are more resistant to fire (Figure 5). This confirms the generally 

low fire susceptibility of broadleaves compared with other forest types, probably 
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explained by differences in fuel load composition, moisture content and flammability 

(e.g. Bond and Van Wilgen 1996, Catry et al. 2010,2013a, Moreira et al. 2001, Rothermel 

1983). Previous studies argued that the conifers have higher flammability because their 

contents in resins and oils (Bond and Van Wilgen 1996, Fernandes and Rigolot 2007, 

Vanclay 1994).  Other authors attribute the difference between broadleaves and 

conifers to the fact that the forest management regimens applied to both of the forest 

tree types is different, being the one of the broadleaves more resistant to the fire 

occurrence (González et al. 2006). For instance, in Portugal eucalypt and maritime pine 

stands are usually regular plantations with high stand densities, and highly prone to 

fire (Fernandes 2009, Moreira et al. 2009b). In the case of mixed eucalypt and pine 

stands, fire hazard may be even higher, when compared with pure stands of eucalypts 

or pines (Moreira et al. 2009b). In other hand, many of the oak stands (i.e. Q. Suber and 

Q. rotundifolia) are classified as “montado”, which is an agroforestry management 

regime, with low tree stocking, which reduces considerably the fire occurrence and 

propagation (Silva et al. 2009).  

 

According the tree level models (Eq. 4 and 5) the “oak trees” followed by 

“broadleaves” are the most resistant tree species and conifers are less resistant (Figure 

4) as Catry et al. (2010) also stated. Hence, the tree mortality model is good for studying 

the difference response patterns from these group species at the individual level. In 

spite, of the low mortality observed in most broadleaves trees, the majority are top-

killed and regenerated only from basal resprouts (e.g. from the base of the trunk or 

roots), which implies a slow resilient species, meaning that several years or even 

decades are required until the trees reach the pre-fire size (Catry et al. 2010). However, 

Mediterranean species have developed various strategies associated to low 

flammability environments provided   that   fire-resistance   traits   (namely   bark   

thickness)   are   sufficiently developed to allow them tree survival on periodic fires 

(Broncano and Renata 2004). One explanation may be the high resprouting capability 

of some Mediterranean Quercus species such as Q. rotundifolia, Q. suber and Q. coccifera 

(Pausas 1999, Retana et al. 1992), which can led to Quercus dominated forest in places 

with high fire recurrence. The high survival rate of cork oaks can be explained by its 

thick bark (Catry et al. 2010,2012, Natividade 1950) and re-sprouting capability from 

the base and crown after complete defoliation (Moreira et al. 2009, Pausas 1997), which 
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is a big advantage in terms of a rapid post-fire recovery capability when all the crown 

is burned (Pausas 1997). The persistence of the root system after disturbance has been 

used to explain the vigorous recovery of Q. rotundifolia sprouting individuals (e.g. 

Retana et al. 1992). Thus, understanding the relationships between composition of the 

forest cover and burn severity is important for developing management guidelines 

leading to fire-resilient forests. 

 

Forest heterogeneity (mixed stands) was shown to be associated with low proportion 

of dead trees in the stand (Figure 4). For example, conifers stands with higher presence 

of broadleaves and/or eucalypt suffer less damage than pure stands (Figure 4b). This is 

in concordance with results from Lee et al. (2009) who explored the relationship 

between forest heterogeneity and burn severity at the stand level concluding that pure 

conifer stands present more severe fires than mixed stands. The results confirm that 

forest managers need to consider enhancing the heterogeneity of forests when 

implementing fuel treatment schemes giving more importance to mixed stands. In 

terms of forest management, broadleaves can be effective in reducing fire hazard, 

preferably in pure stands, but also mixed with either conifers or eucalypts. 

 

The coefficients of biometric variables regarding stand structure are also in 

concordance with findings from international studies (e.g. González et al. 2007, Pollet 

and Omi 2002) and studies focused on Portuguese conditions (Catry et al. 2010, Garcia-

Gonzalo et al. 2011a, Marques et al. 2011b). The stand level model indicates that even-

aged stands with higher tree diameters have lower probabilities to present mortality 

after a fire than irregular stands with trees with smaller dimensions (Eq. 2). These small 

and dominated trees are in disadvantage and also closer to the surface fuel load 

(Mchug and kold 2003). Further, eucalypts stands with a reduced variability of tree 

diameters (Sd/dg) results in lower probability of mortality than conifers stands (Figure 

2). Mortality in stands with higher densities is expected to be higher (Eq. 3). These 

results agree with findings of Fernandes et al. (2008) and Fernandes (2009) 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. Extensive model testing led to the rejection of 

other biometric variables as predictors of stand-level damage after a wildfire.  
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The coefficients of biometric variables at individual tree mortality level due to a forest 

fire also confirmed the findings of previous studies. Two compatible equations are 

provided in this article offering opportunities for several forest management 

applications. All parameter estimates of the post-fire tree mortality equation were 

logical and significant at the 0.0001 level (Eqs. 4 and 5, Table 7). According to the 

results for the selected models, the PdTree1 model (Eq. 4) had the highest fitting 

capacity (i.e. model efficiency with higher value of concordance - 0.76). Both individual 

tree mortality models showed that basal area (G) was found to be negatively related 

with tree mortality. Indeed, this is in concordance with other studies (Garcia-Gonzalo 

et al. 2011a, González et al. 2007, Hély et al. 2003, Ryan and Reinhardt 1988). Tree 

competition (i.e. BAL index) is positively related to the probability of mortality 

indicating that trees suffering high competition are more prone to die than dominant 

trees due to both, the fire damage and the stress before the fire event. This finding is 

also coherent with other studies (Garcia-Gonzalo et al. 2011a, González et al 2007, Van 

Mantgem et al. 2003). Based on the analysis described in this paper, the first function 

(Eq. 4) is recommended for tree-level mortality prediction of forest species in Portugal. 

For situations where the variable BAL is unknown the other equation (Eq. 5) is 

recommended. In this case, the model is based on data easy to measure/derived from 

the forest inventories (e.g. h, G, and N). This model indicates that trees located in 

stands with high densities (especially high densities with small diameters) are more 

prone to die. The predictor h is negatively related to the probability of mortality. In this 

model basal area and density are both present. These two variables are related, so 

whenever for a fixed value of basal area (G) if the stand density increases it means that 

average tree diameters are smaller. This means that fire would more likely be more 

intense and more trees are likely to die. On the other hand if we fix density (N), higher 

basal areas indicate higher tree diameters, which are related to smaller mortality rates. 

 

The results suggest that both slope and stand location (i.e. altitude) also impact fire 

behaviour. In the stand-level model (Eq.3), steeper slopes increase the probability of 

death to occur in a stand and also the expected damage (Fig. 3). Slope also affects 

mortality at tree level (Eq. 4 and 5). This is in concordance with other studies 

developed in Portugal (Botelho et al. 1998, Garcia-Gonzalo et al. 2011a, Marques et al. 
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2011b). This effect may be explained by an easier transfer of heat uphill, “chimney” 

effects, and lower fuel moisture (González et al. 2007, Hyytiäinen and Haight 2009, 

Pyne et al. 1996). Additional, altitude have a significant impact on fire behaviour 

possibly due difference in fuel moisture present in a given stand, and weather 

conditions, in particular, with temperature and precipitation and the compounding 

effects of fuels (Ventura and Vasconcelos 2006 ). In our case, altitude correlates 

positively with the degree of mortality in burned areas. This is because most of the 

burned stands in Portugal were located in high altitudes (Marques et al. 2011a). In 

general, conifers cover type was expected in areas of high elevation and steep slope in 

Portugal. This is consistent with our data. More coniferous forest stands and mixed 

forest (proportion of several species cover types) occur in the uplands with values 

reaching an altitude of 893 meters (average of 330 meters) and 940 meters above sea 

level (average 337.78 meters) in pine and mixed forest stands, respectively. Whereas, 

broadleaves and eucalypts stands are present in areas with less elevation, 296 and 179 

meters. Similarly, conifers stands and mixed forest are more likely to be present in 

steeper slopes. 

 

When no pre-fire inventory was available, reverse engineering (i.e. regression models) 

was needed to reconstruct the stand. Thus the quality of the models is dependent on 

the quality of the equations used for that purpose (Garcia-Gonzalo et al. 2011a). 

Further, this research considered short term mortality after the wildfire (one -two years 

between fire and the inventory measurements), a time period that has been already 

used by other authors (Botelho et al. 1998, Fernandes et al. 2008, Garcia-Gonzalo et al. 

2011a, Marques et al. 2011b). In some cases, this may lead to an underestimation of 

post-fire mortality. Nevertheless, the development of the first mortality model for any 

structure stands for planning purposes 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 datasets were set-aside and later used for that 

purpose. Two mean reasons justify this decision. Firstly, the relatively small number of 

observations in the stand dataset used. Secondly, we were more interested in obtaining 

the best possible parameter estimates. There are advantages and disadvantages of 
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splitting the dataset for model validation purposes as discussed by Kozak and Kozak 

(2003). However, they concluded that that cross validation by data splitting and double 

cross validation may provide little, if any, additional information in the process of 

evaluating regression models. 

 

| Pre-and post-fire smart management: applicability  

 

These post-fire models further provide information about the impact of alternative 

management options on the expected fire effects helping to design prescriptions that 

may reduce ecological and economic wildfire damage through adequate planning, 

especially as regards decisions on salvage logging.  This enables the manager to 

minimize the expected losses as a management objective in numerical planning 

calculations. It is useful to interpret the current study in the broader context of fuel 

management, whereas stand management strategies are widely accepted as effective 

means to establish less flammable and more resilient forests and landscapes in recently 

burned area, and quantify the ordination of controllable variables that has been 

lacking.   

 

In the framework of forest management planning, model PsDead (Eq. 2) may be used 

to predict whether mortality may occur in a stand after a wildfire (i.e. there is at least 

one dead tree in the stand). If the stand presents mortality, model PdMort (Eq. 3) gives 

the proportion of dead trees in the stand (and therefore the number of trees that die). 

For this reason no threshold value is needed to transform the estimated probability 

into a dichotomous variable (e.g. death or no death). This stand-level equation is very 

useful for planning when using stand growth and yield models where the forest 

manager do not have the dimensions of each of the trees. Because PdMort (Eq. 3) 

cannot be used for a specific tree the model PdTree (Eqs 4 and 5) to predict the 

probability of a tree to die may be used. Thus, the selected equation at three level 

PdTree1 (Eq.4) or PdTree2 (Eq.5) (depending on the information available) may be used 

to predict the probability of mortality of each tree in the stand and to build a list of all 

trees in the stand ordered according to this probability (trees with higher probability 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 going down the list and 
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stopping when the number of trees that are estimated to die (from Eq. 3) is reached. In 

this case no cut-point is needed to transform the estimated probability into a 

dichotomous variable (e.g. death or no death tree). These tree-level post-fire mortality 

models are very important when the growth and yield simulation uses an individual 

tree model (which means that every tree may have different characteristics). 

 

This research encompassed the development of post-fire stand damage and tree 

mortality management-oriented models for improved pure and mixed forest planning 

in Portugal. Given the general uncertainty related to large scale forestry scenario 

analyses, and the uncertainty related to mortality as a phenomenon, the selected 

mortality models were considered to have an appropriate level of reliability. Indeed, 

the set of models perform similarly to other planning-oriented models developed for 

pure stands in Portugal. The predicted proportion of dead trees in pure maritime pine 

stands using the stand-level mortality model (Eq. 3), presents a very similar response 

pattern than the model developed by Garcia-Gonzalo et al. (2011a). If Equation 3 is 

used for pure eucalypt stands, it also gives similar results as the model developed by 

Marques et al. (2011b).  

 

The advantage of the current post-fire equations system is that they are applicable over 

a wide range of tree sizes and species (i.e. forest with mixed and pure species 

composition) and in a variety of stand conditions (i.e. even-aged and uneven-aged 

forests) in Portugal. Considering all the species in the same model and recognizing the 

important differences among forest cover types is useful for planning purposes. In 

addition, these models can easily be implemented in decision support systems that 

may allow the manager to minimize the expected losses due to wildfires when 

developing management plans either at stand level (e.g. Garcia-Gonzalo et al. 2011b, 

González et al. 2005a, 2007, 2008, Ferreira et al. 2011, Pasalodos-Tato et al. 2009, 2010) or 

at landscape level (González et al. 2005b, González and Pukkala 2011). Thus, these set 

of models confirmed the potential of the proposed approach and have potential 

applications that can be valuable to integrate effectively long-term fire effects into any 

forest management planning. Future research efforts on this topic would benefit from 

the existence of information from permanent plots, measured over time, and where 
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detailed data on the understory (evolution of fuel load) and overstory composition and 

structure are collected. 
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V. Assessing the impact of management options on fire hazard 45 

through biometric controllable variables – an application to maritime 46 

pine stands in Portugal  47 

V. 1|Abstract  48 

For many years silviculture and fire management planning have mostly been carried out with 49 

separate objectives. Modelling wildfire is instrumental for developing management 50 

alternatives that may facilitate effective fire suppression as well as reduce risk and minimize 51 

damage. This paper discusses research aiming at the development of models to assess the 52 

impact of stand-level treatments (e.g. fuel treatments) on  the behavior and effect of wildfires 53 

in maritime pine stands. These models use biometric variables and may thus help provide 54 

guidelines to assist forest managers in identifying high-risk areas in pine forests. Specifically, 55 

a consistent set of compatible models that express potential crown fire likelihood and 56 

mortality as a function of landscape data, fire behaviour characteristics and standard 57 

biometric variables were fitted by logistic regression analysis. Models were built from a data 58 

base with 94,207 unique combinations (al the cell level) of variables to detect significant fire- 59 

landscape interactions between stand-level features and fire behaviour. Additionally, 60 

classification tree analysis was used to assess the type of fire and the fire suppression 61 

difficulty as well as to predict tree mortality according to biometric variables, to derive 62 

practical discrimination rules for specific fuel management activities. FlamMap was used 63 

further to assess potential fire behavior across the whole landscape for a critical scenario of 64 

moisture and wind speed (4% x 40 km h-1). This approach was tested, using spatialized data 65 

from Leiria National Forest, an even-aged maritime pine public forest extending over 10,881 66 

ha in Central Portugal. The results highlight the potential of this methodology to understand 67 

the influence of both biometric and environmental variables on wildfire risk and behavior. 68 

The proposed approach may help circumvent the need to use fire simulators when 69 

developing effective hazard-reduction silvicultural practices. It contributes further to quantify 70 

fuel load and stand structure targets in order to prevent crown fires and thus reduce fire 71 

suppression costs efforts as well as mortality in these fire-prone forests stands. 72 

 73 

Keywords: Fire behaviour modelling, Fuel-reduction recommendations, Maritime pine 74 

forest, Mortality, Crown fire activity, Fire suppression, Pro-active silvicultural practices. 75 
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V.2|Introduction  76 

Maritime pine (Pinus pinaster Ait.) stands, that dominate northern and central 77 

Portugal, covering  7.14x103 hectares (23.4%) of the countrys forestland (ICNF 2013), 78 

are substantially impacted by wildfires  with 41.3% of affected area between 1996- 79 

2012 (Mateus and Fernandes, 2014). The current condition of many maritime pine 80 

forests across Portugal leaves them susceptible to high-severity wildfire. In addition, 81 

with a fire-preference index of 0.35 maritime pine stands more fire prone than the 82 

other forest types (Moreira et al. 2009; Mateus and Fernandes, 2014), particularly 83 

when they are unthinned and unpruned and carry high surface fuel loads (Cruz et al. 84 

2008; Fernandes 2009a). Managing these types of forests without fuel management 85 

will maintain or even increase hazard over the coming decades. Characterizing 86 

potential wildfire behaviour and its consequences is crucial for addressing wildfire 87 

risk on a proactive forest management planning. Portuguese maritime pine forests in 88 

public land are the subject of hazard-reduction programs since the 1980s. The 89 

development of forest plans that mitigate wildfire impacts on the profability of 90 

maritime pine management scheduling is thus a key factor to the sustainability of 91 

this forestry sub-sector. In this sense, assessing adequately the current state of the 92 

forest and its implication on wildfire occurrence is one of the first steps required  to 93 

estimate the resistance of forest structures and identifying management options that 94 

reduce fire-induced losses. 95 

 96 

Fuel reduction methods for modifying fire behaviour is well documented for many 97 

forests of this type however no quantitative methods are available for assessing the 98 

expected fire behaviour associated with silvicultural schedules. In Portugal, former 99 

studies have addressed fire effects on maritime pine stands, some of them 100 

concentrated on fire ecology (e.g. Fernandes and Rigolot 2007) and fire behaviour 101 

(Fernandes et al. 2004).  Fernandes et al (2008, 2009) carried out field-based fire 102 

behavior studies improve the understanding of surface fire behaviour and its effects 103 

(canopy scorch, tree mortality, fuel consumption). Piro-pinus a user-friendly 104 

decision-support application designed to support pescribed burning planning 105 

provide estimates of fire behaviour characteristics and fire effects for  pinus pinaster 106 
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plantations (Fernandes 2003, Fernandes 2010).  Fernandes (2009b) combined forest 107 

structure data and fuel understorey modelling to classify Portuguese stands by fire 108 

hazard level emphasized that stand structure, rather than types of cover, was the 109 

main contributor to fire vulnerability. In fact, stand structure affects fire hazard 110 

through its influence on surface, ladder and crown fuel availability (Cumming 2001; 111 

Fernandes 2009; Castro et al., 2003). Thus, modification of any of these fuel strata will 112 

have implications on fire behaviour and severity (Peterson et al., 2005).  Moreover, 113 

forest managers can exploit this relationship with silvicultural practices based on 114 

quantitative guidelines for integrated fire management planning and budget 115 

allocation in fuel treatments to mitigate crown fire spread and fire ecological and 116 

socio-economic impacts.  117 

 118 

Futhermore, recent studies have developed wildfire risk and post-fire tree mortality 119 

models to address long term planning periods (i.e including explanatory variables 120 

easily obtainable from forest inventories and controllable by forest managers through 121 

silviculture) to make pre-and pos-fire management decisions in maritime pine stands 122 

(Garcia-Gonzalo et al. 2011a; Marques et al 2012). These models are useful in forest 123 

planning systems as they allow quantifying the impact of silvicultural operations on 124 

wildfire effects (González et al. 2005b, Garcia-Gonzalo et al. 2011b, Ferreira et al. 125 

2012, 2014). In this sense, forest inventory variables could provide insights into fire 126 

behaviour. However, these empirical models have not been yet combined with fire 127 

behaviour models. Thus, despite the huge literature available for silviculture and fire 128 

behaviour, guidelines to assist decisions about fuel treatment based on quantitative 129 

rules driven by fire behaviour models that use easy-measurable and/or predict 130 

biometric data have never been developed. This gap in knowledge has a decisive 131 

effect on our current ability to provide quantitative forest management guidelines to 132 

reduce wildfire effects in maritime pine (Pinus pinaster Ait.) stands in Portugal.  133 

 134 

Recent studies are expressing a growing interest in proactively reducing 135 

susceptibility to crown fires on this type of forest stands. Indeed, considerable 136 

attentions was given into the effectiveness of stand density management in decrease 137 

likelihood of severe fire and reduce crown fire potential (Fernandez-Alonso et al. 138 
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2013, Gómez-Vásquez et al. 2014).Others European studies also used  density (basal 139 

area and number of trees) and stand height to classify structure according to their 140 

potencial to support different type of fire (Alvarez et al. 2012; Fernandes 2009; 141 

Fernandez-Alonso et al. 2013). Gómez-Vázquez et al. (2014). in Northwest of Spain 142 

have focused on buildinggraphical stand-level models (DMDs, Density management 143 

diagram) to provide stand variables for yield assessment, as well as a simple 144 

estimation of crown fire potential across the developmental stages of maritime pine 145 

stands. However rigorous understanding of measurement of fire-resistant stand 146 

structures in Europe is still scarce and in debate (Fernandes et al., 2010; Alvarez et al., 147 

2012, 2013; Viedma et al., 2014).Yet, no no quantitative methods are available to 148 

assess the impact of changes in esay-to-measure biometric data on predict crown fire 149 

likelihood associated with silvicultural options (e.g. enabling the design of 150 

appropriate management alternatives) were available in Portugal.  151 

 152 

In recent years, models, modelling systems, and simulation modelling have come to 153 

gradually dominate scientific curiosity and practical application in predicting 154 

wildland fire behaviour (Alexander and Cruz, 2013). Commonly, the published 155 

studies aimed at quantifying the fuel treatment effectiveness of distinct forest stands 156 

rely solely on modelling simulations. Various fire modelling systems, such as Farsite 157 

(Finney 2004) and FlamMap (Finney 2006), are extensively used in these simulation 158 

studies to assess potential crown fire behaviour in the western US (Keyes and Varner 159 

2006, McHugh 2006, Varner and Keyes 2009) and to a lesser extent in western 160 

Canada (e.g. Bessie and Johnson 1995, Feller and Pollock 2006), and in the 161 

Mediterranean region ( e.g. Loureiro et al. 2002, González-Olabarria and Pukkala, 162 

2011). The technical basis and intended uses of these modelling systems are 163 

contested elsewhere (McHugh 2006; Peterson et al. 2007, Cruz and Alexander, 2010). 164 

The systems integrate place-specific vegetation, fuel and topographic attributes with 165 

streaming weather data to predict attributes of fire behaviour including flame length 166 

(FL), fireline intensity (FLI) and rate of spread (ROS)  (Finney and Andrews 1999).  167 

 168 

However, the use of fire behaviour simulators requires information on weather 169 

conditions and accurate spatially explicit estimation of  fuel accumulation and 170 
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canopy fuel complex characteristics, which are difficult to predict over long periods 171 

of time and across large heterogeneous landscapes (He & Mladenoff 1999), and 172 

therefore, forest managers cannot use fire behaviour simulator systems correctly in 173 

order to select the most appropriate fuel treatments (Fernandez-Alonso et al. 174 

2013).This implies that many of the existing fire simulators have a limited use in 175 

long-term forest management planning, the purpose of which is to propose 176 

silvicultural treatments in order to achieve a defined objective.  In fact, there is a need 177 

to predict the long-term consequences of management alternatives and, must be 178 

based on predictors the future value of which is known with a reasonable accuracy 179 

(Garcia-Gonzalo et al. 2012).   To overcome this shortcoming the present research 180 

propose a new approach to create a consistent set of models that allows forest 181 

managers to “design“forest landscapes more resistant to fire without the need to use 182 

fire simulators. These models may suit to end users ranging from typical forest 183 

practitioners to researchers with direct application in supporting decision-making 184 

regarding  proactive management of crown fire hazard in maritime pine stands. 185 

 186 

How alternative landscape management can potentially change fire behaviour, fire 187 

damage and the difficulty of fire suppression? What are the causal relationships 188 

between fire proneness and maritime pine stand structure? In this article we propose 189 

to answer to all these questions by developing new management  models without 190 

complex input data (opposite to fire simulators). Here, a step further introduces fire 191 

behavior modeling variables (initial landscape data and fire behavior characteristics 192 

from FlamMap simulations) coupled with standard stand predictors easily gathered 193 

through forest inventories which opens up new possibilities for analysis, such as the 194 

occurrence of potential crown fire or difficulty of fire suppression in supporting 195 

decisions regarding forest planning in Portugal. We discuss research aiming at 196 

developing several models for forest planning purposes in  maritime pine stands 197 

under fire risk. For this reason, Leiria National Forest (LNF)  a public forest 198 

dominated by maritime pine stands that has been affected by frequent fires was 199 

chosen as a study case to identify the stand structure that should provide greater fire 200 

resistance and that can be used as a reference for the implementation of landscape- 201 

level management planning in Maritime pine forests.Specifically, several modeling 202 
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applications to detect significant fire-landscape interactions between stands and fire 203 

behavior were fitted through logistic regression, and classification tree (CART) 204 

analysis Quantifying stand targets for silvicultural prevention of crown fires , 205 

reducing the effort in fire suppression and. These results provided information to (1) 206 

identify hazardous fuel and corresponding stand biometric features and (2) to 207 

characterize fire behavior according to forested landscape data (e.g. topography and 208 

common stand descriptors), and facilitate the identification of thresholds for radical 209 

change in fire activity (i.e. Surface, passive and active crown fire) and further support 210 

preventive silvicultural practices. Finally, the implications of the results on forest 211 

management were discussed.  212 

 213 

V.3| Data and Methods 214 

3.1. Study area  215 

This study respects to the Leiria National Forest (LNF), a coastal public forest with 216 

historical and economic significance located in CW Portugal between latitude 217 

39º42'45''N - 39º53'N and longitude 8º 03'30''W - 9º 03'W (Fig. 1). The LNF extends 218 

over 10,881 hectares and is comprised of pure maritime pine stands, established in 219 

predominantly flat terrain and sandy soil. The region is Mediterranean with an 220 

oceanic influence, characterized by dry summers and maximum rainfall in autumn 221 

and winter; mean annual temperature and precipitation are 15ºC and 855 mm, 222 

respectively. Between 1980 and 2007, 39.6% of the LNF burned (AFN, 2009), which 223 

led to an unbalanced distribution of age classes. Younger stands are currently 224 

predominant. Periodic LNF forest inventories for management purposes are carried 225 

out by the National Forest Service since 1970, whereby one permanent plot (500-1000 226 

m2) per hectare is remeasured every 5 years. The LNF is divided in 367 even-aged 227 

management units (MU) (Fig. 1a), and the silvicultural regime aims to concentrate 228 

wood production onto few stems, by maintaining lower stands densities than 229 

elsewhere in Portugal (Borges et al., 2003).  230 
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3.2. Data  231 

Data pertain to three main groups: (1) input data for fire behaviour simulation 232 

(weather, terrain, stand and fuel characteristics), (2) output data from fire behaviour 233 

simulation, namely fireline intensity (FLI), rate of fire spread (ROS), and crown fire 234 

activity (CFA), and (3) stand descriptors (e.g. stand density, basal area, quadratic 235 

mean diameter).  236 

 237 

 238 

Figure 1. Leiria National Forest (LNF) location in Portugal, with its forest management 239 

units (MU) (1a) and topographic themes needed for fire behavior simulation (elevation, 1b; 240 

slope, 1c; aspect, 1d). 241 

 242 

Slope, aspect, and elevation of the study area (Fig. 1b, c and d, respectively) were 243 

mapped at 25x25 m resolution from the country’s Digital Terrain Model (DTM) 244 

based on standard GIS procedures. Elevation and slope range from 4 to 142 m and 245 

from 0 to 35 degrees, respectively, and the northwest aspect is prevalent. 246 

 247 

1c 1d 

1b 1a 
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May to October weather records from 1998 to 2008 helped characterize critical fire 248 

weather conditions: 34.9 ºC ambient air temperature and 19 % of relative 249 

humidity,i.e. higher values of 3% of the day . Weather and fuel moisture content data 250 

inputs for fire behaviour simulation corresponded with a worst-case scenario, i.e. the 251 

conditions verified during the largest recorded fire in the LNF (2,578 ha in 2003): 252 

dead fuel moisture contents of 4 (1-h size class), 5 (10-h) and 7% (100-h); live fuel 253 

moisture contents of 0, 75, and 120%, for grass, shrubs, and canopy foliage, 254 

respectively; 6-m wind speed of 40 km h-1. 255 

 256 

Table 1. Descriptive statistics for stand characteristics (n =546 plots). 257 

Type of variables Biometric variables/units Data source Mean Range 

Canopy 

variables for fire 

simulation 

Canopy cover (CC, %) Torres et al. (2004) 46 19-97 

Canopy base height (CBH, m) Torres et al. (2004) 8 2-23 

Canopy bulk density (CBD, kg 

m-3) 

Faias (2009) 

(adapted) 
0.114 

0.037-

0.315 

Stand height (hdom, m) LNI 14 7-29 

Common stand 

variables 

Basal area (G, m2 ha-1) LNI 20 9-47 

Density (N, trees ha-1) LNI 821 125-2110 

dg (cm) LNI 23 9-48 

G/dg LNI 1 0.37-3.53 

LNI - Leiria National Inventory (2000). 258 

 259 

The assessment of stand characteristics was based on the LNF forest inventory. Data 260 

from 546 plots was used to derive (1) the stand variables required to simulate fire 261 

behavior, and (2) additional biometric variables relevant for management planning 262 

purposes (Table 1). Thus, stand height (hdom, m), tree density (N, number of trees 263 

ha-1), basal area (G, m2 ha-1), quadratic mean diameter (dg, m) and G/dg (a non- 264 

linear density measure related to the number and sizes of trees per hectare) were 265 

collected or derived from the inventory data (Table 1). Crown base height (m) was 266 
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estimated for each tree as per Torres et al. (2004) to estimate its stand-level 267 

equivalent, canopy base height (CBH, m). Canopy bulk density (CBD, kg m-3) was 268 

obtained by dividing canopy foliage loading (kg m-2) (Faias, 2009) by the average 269 

canopy length. Canopy cover (CC, %) was computed by taking into account the 270 

maximum area occupied by each tree crown (Torres et al. 2004). A mean CC value 271 

was assigned to the plot and classified into 0-20, 21-50, 51-70, 71-100% intervals.  272 

 273 

Surface fuel models (Fm) were chosen from sets developed for maritime pine stands 274 

in Portugal (Cruz, 2007; Cruz and Fernandes, 2008; Fernandes et al., 2009). Each LNF 275 

plot was assigned a fuel model based on 20-year interval stand age classes (Table 2). 276 

Stand and fuel variables for the plots within each LNF management unit were 277 

averaged and mapped at the management unit level (Fig. 2 and 3). 278 

 279 

Table 2. Custom fuel models assigned to the LNF maritime pine stands (n =546 plots). 280 

Fuel 
Model 

Age class 

 (years) 
Fuel complex 

V-MAb ≤20 
Dominated by the understory, 
mainly Ulex and/or Erica species 
(< 1-m tall) 

PPIN-05 [20-40[ Litter and understorey 

M-PIN [40-60[ Litter and understorey 

F-PIN ≥60 Litter 

 281 

3.3. Fire behaviour simulation 282 

The weather, terrain, stand, and fuel data were used as inputs to wildfire simulation 283 

with FlamMap 3.0.0 software (Finney et al., 2003). Both geographic (elevation, slope 284 

and aspect) (Fig. 1) and fuel-related data themes (surface fuel model, CC, hdom, 285 

CBH, CBD) (Fig. 2 and 3) were adapted by standard ArcGIS (version 9.3.) to develop 286 

the eight input layers required by FlamMap. Each layer (ASCII file) encompassed 287 

169,789 cells (size 25m). 288 
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 289 

  

Figure 2. Leiria National Forest map representing the surface fuel model (2a) and canopy 290 

cover (2b) themes required to simulate surface fire spread. 291 

   

Figure 3. Leiria National Forest map depicting the forest canopy characteristics (stand 292 

height, 3a; canopy base height, 3b; canopy bulk density, 3c) used as canopy fuel data in 293 

FlamMap. 294 

 295 

FlamMap produced maps of fire behaviour characteristics (e.g. rate of spread, ROS; 296 

fireline intensity, FLI) and type of fire (surface, passive crown fire, active crown fire) 297 

over the whole landscape under constant wind speed and fuel moisture contents. 298 

3a 

2a 
3b 

2b 

3b 3c 
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Winds blowing uphill and aligned with slope direction were assumed, generating 299 

the maximum fire behavior potential at any given cell. These maps were overlaid 300 

with biometric (e.g. dg, G, G/dg, N) and fire-behaviour input data layers (Fig. 4), 301 

resulting in 94,207 unique combinations (at the cell level) of variables. The 302 

corresponding file was used as the basis to model the relationships of fire behavior 303 

and effects with biometric and environmental variables. 304 

 305 

Output (intermediate results)Initial Input 
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Critical
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Combine layers

Biometric variables

Wind speed

(40 km h
-1

)

 aspect, elevation, 

altitude

Crown fire 

activity (CFA)

306 
 307 

Figure 4. Methodology employed to develop models of potential crown fire occurrence and 308 

tree mortality to help support treatment scheduling in maritime pine stands in Portugal.  309 

3.4. Tree mortality estimation  310 

Cell-level tree mortality (Pm) was generated with the continuous function (0≤Pm≤1) 311 

of Peterson and Ryan (1986), calculated from the fraction of crown kill (Ck), critical 312 

time for cambium kill (τc), and duration of lethal bole heating (L). Ck was 313 

determined from the height of crown kill (hk, m), tree height (ht, m), and crown 314 
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length (CL, m). The latter variables were collected from the LNF inventory and hk 315 

determined as per Van Wagner (1973) assuming a temperature of 70ºC for bud 316 

necrosis (Fernandes et al. 2008) and an ambient air temperature of 40.1ºC, i.e. the 317 

critical weather scenario; Ck is 1.0 when ht≤hk. Bark thickness was computed for the 318 

observed tree diameters (Tapias et al. 2004) and used to estimate τc (min). τL and 319 

burning time (min) were derived from the fuel model loading per size class (Peterson 320 

and Ryan, 1986). 321 

 322 

3.5. Statistical methods   323 

We used logistic regression to model the likelihoods of crown fire and tree mortality. 324 

The logistic function predicts the non-linear continuous probability (0-1) of an 325 

occurrence. The dependent variable is dichotomous (crown fire or surface fire; tree 326 

death or tree survival). A cut-off point may be defined to assign either ‘1’ or ‘0’ to the 327 

event of interest (Hosmer and Lemeshow 2000). The logistic regression model can be 328 

presented as (Eq. 1): 329 

 330 

)x...x(
e1

1
Y

pp110 


     (1) 331 

 332 

where Y is the dependent variable, x1 to xp are independent variables and β0 to βp, are 333 

parameters to be estimated. 334 

 335 

The initial set of independent variables included landscape data, fire behavior data, 336 

and easily accessible biometric data (e.g. dg, G, N). In total, 14 independent variables 337 

- 12 continuous variables and two categorical variables for aspect (north, south, west, 338 

east) and fuel model (M-PIN, F-PIN, PPIN-05, V-MAb) - were analysed as potential 339 

predictor variables. All data were classified according to acquisition cost to support 340 

the development of models suited to end users ranging from typical forest 341 
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practitioners with little access to data or lacking expertise (models I) to experts with 342 

full access to data (models II). Thus, four models were developed to predict the 343 

potential for either crown fire or tree mortality in LNF maritime pine stands, PfCrown 344 

I and PfCrown II, and PmI and PmII, respectively. 345 

 346 

Table 3. Surface (n=67,995) and crown fire (n=26,212) observations, and statistics for the 347 

continuous variables considered to model crown fire likelihood. 348 

Variables 

Description 

Surface fire Crown fire 

Input data to 

FlamMap 

 

Min Mean Max Min Mean Max 

Slp (%) Terrain slope 0 3 32 0 4 35 

Altitude (m) Terrain altitude 4 57 140 5 61 128 

CC (%) Canopy cover 31 51 97 19 42 55 

CBD (kg.m-3) Canopy bulk density 0.037 0.011 0.032 0.065 0.139 0.23 

hdom (m) 
Dominant stand 

height 
9 17 29 7 11 17 

CBH (m) Canopy base height 3 10 23 2 5 8 

Output data from FlamMap             

FLI (kW m-1) Fireline intensity 152 2002 5404 5577 22455 30876 

ROS (m min-1) Rate of spread 1 4.9 11.6 11.5 31.8 42.6 

Stand descriptors   
 

  
   

N (no. trees ha-1) Stand density  125 518 2110 338 1085 1900 

G (m2 ha-1) Basal area 11 24 47 9 18 39 

dg (cm) 
Quadratic mean 

diameter 
10 27 48 9 14 27 

G/dg*   0.37 0.97 3.01 0.68 1.24 3.53 

* Indirectly related to stand density 349 

 350 

The FlamMap-generated crown fire activity classification for each unique cell 351 

(surface fire, passive crown fire, or active crown fire) was coded “0” (surface fire, 352 

n=67,995), while passive and active crown fire observations were merged (n=26,212) 353 

and coded “1”. Fuel model (Fm) was categorized as a dummy variable. In the case of 354 

model Pfcrown I, a dummy pair was created for each fuel model resulting in the 355 

following assignments: M-PIN = Fm1 “0” + Fm2 “0”; F-PIN _PPIN-05 = Fm1 “0” + 356 

Fm2 “1” and V-MAb = Fm1 “1” + Fm2”1”. For model Pfcrown II, to facilitate field 357 

assignment, the four fuel models were classified as litter-dominated (F-PIN 358 
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combined with PPIN-05 “F-PIN _PPIN-05” to represent litter-dominated fuel 359 

complexes; and M-PIN with V-MAb “M-PIN _V-MAb ” for shrub-dominated fuel 360 

complexes. Pfcrown I tested the prediction ability of site and fire behavior descriptors 361 

(e.g. slope, FLI) and stand data (e.g. CBH, CC) (Table 3). Pfcrown II was fitted using 362 

site descriptors (e.g. Fm, slope) and available or readily obtainable forest inventory 363 

data (e.g. N, G, dg). 364 

 365 

Table 4. Observations of maritime pine survival (n=30,560) and death (n=63,647), and 366 

statistics for the continuous variables considered to model tree mortality. 367 

Variables 

Description 

Survival Death 

Input data to 

FlamMap 

 

Min Mean Max Min Mean Max 

Slp (%) Terrain slope 0 3 32 0 3 35 

Altitude (m) Terrain altitude 5 61 140 4 56 128 

CC (%) Canopy cover 31 55 97 19 45 86 

CBD (kg.m-3) Canopy bulk density 0.037 0.094 0.193 0.065 0.132 0.315 

hdom (m) 
Dominant stand 

height 
10 20 29 19 13 22 

CBH (m) Canopy base height 3 12 23 2 6.5 17 

Output data from FlamMap             

FLI (kW m-1) Fireline intensity 152 427 1322 745 11182 30876 

ROS (m min-1) Rate of spread 1 2.1 6 3.4 17.3 42.6 

Stand descriptors   
 

  
   

N (no. trees ha-1) Stand density  125 312 828 258 850 2110 

G (m2 ha-1) Basal area 12 26 47 9 22 41 

dg (cm) 
Quadratic mean 

diameter 
14 34 48 9 19 40 

G/dg*   0.37 0.76 1.27 0.41 1.179 3.53 

* Indirectly related to stand density  368 

 369 

A number of stand-level features defining site conditions and biometric variables 370 

were used for estimating the probability of tree mortality (Table 4). Cell-level tree 371 

mortality was transformed into a dummy categorical variable, where 372 

0≤mortality<0.49 (n=30,560) was classified as “0” and 0.49≤ mortality≤1 (n=63,647) as 373 

“1”. A subset of the input data to fire simulation was tested to fit model PmI. 374 
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Biometric variables tested for model PmII were restricted to easily measurable 375 

and/or predictable tree and stand characteristics. 376 

 377 

Of all the available independent variables only those with a statistically significant 378 

(p<0.05) effect on the independent variable, as judged by the Wald 2 statistic, were 379 

retained as predictor variables for building a multivariate logistic model. Model 380 

assessment and selection considered the Akaike Information Criterion (AIC) 381 

(Burnham and Anderson, 2003) and management relevance (i.e. the practical 382 

importance of the variable). Concordance analysis was used to support model 383 

outcomes interpretation (Hosmer and Lemeshow, 2000). To convert a predicted 384 

probability to a dichotomous outcome an optimal cut-off point was defined 385 

corresponding to the value where sensitivity and specificity are equal (Hosmer and 386 

Lemeshow, 2000). 387 

 388 

Model goodness-of-fit was assessed using Hosmer–Lemeshow goodness-of-fit 389 

statistics (Hosmer and Lemeshow, 2000). Model performance was assessed through 390 

the likelihood-ratio statistic and by calculating the area under the Receiver Operating 391 

Characteristics (ROC) curve. Collinearity was assessed by the variance inflation 392 

factor (VIF). The odds ratio was used to help interpret results. The JMP statistical 393 

software package, version 8 (SAS Institute Inc, 2008) was used in all statistical 394 

procedures with significance set at =0.05.  395 

 396 

Classification tree (CART) analysis divides a dataset into increasingly homogeneous 397 

subgroups and is adequate to model a categorical response variable from multiple 398 

variables, especially when data are non-parametric or unbalanced and relationships 399 

are non-linear (De´ath and Fabricius, 2000). CART can handle autocorrelated data 400 

(Calbk et al., 2002) and can potentially reveal complex interactions between predictor 401 

variables and quantify their relative influences. Thus, regression trees complement or 402 

substitute traditional techniques such as multiple regression, logistic regression, log- 403 

linear models, linear discriminant analysis, and survival models (Breiman et al., 1984; 404 

De´ath and Fabricius, 2000).  405 



Chapter V|Tools to support the design of fire-resistant landscapes in Portuguese ecosystems| 

Article IV| Brigite Botequim    - 137 - 

 

 

 406 

CART analysis was used to derive practical discrimination rules for specific forest 407 

management activities. We modeled the type of fire (surface, passive, or active crown 408 

fire), fire suppression difficulty, and tree mortality from site conditions 409 

(environmental and biometric data) (n=94,207). The type of fire produced by 410 

FlamMap (coded 1, 2 and 3 for surface fire, passive crown fire and active crown fire, 411 

respectively) was employed to estimate thresholds for dramatic changes in fire 412 

behavior in each unique set of cells. Suppression difficulty considered the fireline 413 

intensity classes suggested by Alexander and Lanoville (1989) but merged the two 414 

upper classes. Extremely difficult fire control corresponded to the combination of 415 

fireline intensity > 4000 kW m-1 and active crown fire spread. Potential tree mortality 416 

was treated as a continuous response variable (varying from 0 to 1). Model over 417 

fitting was prevented by basing the number of splits on a 10–fold cross-validation. 418 

 419 

V.4|Results  420 

A preliminary analysis of the FlamMap simulation maps showed that ROS can be 421 

high in the LNF (maximum 42.57 mmin-1). This rate is associated with a maximum 422 

fireline intensity of 30,876 kW. m-1 which corresponds to an extreme danger class 423 

(Alexander and Lanoville, 1989) in terms of difficulty of fire suppression (Fig. 5). 424 

 425 

Severe fires were associated to cells with elevation > 50 m, facing North, with a 426 

shrub-dominated understorey, 30-40% CC, 7-9 m dominant height, CBH ranging 427 

from 2 to 3 m, and CBH between 0.095 and 0.142 kg m-3. 428 

 429 
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 430 

Figure 5. Fire control difficulty (Alexander and Lanoville, 1989) classification of fireline 431 

intensity (FLI, kW m-1) LNF simulation cases, plotted with rate of spread (m min-1) and heat 432 

per unit area (kJ m-2). 433 

 434 

4.1. Probability of crown fire   435 

The first logistic model (PfCrown I) describing crown fire probability in the LNF pure 436 

and even-aged maritime pine stands was based on CC, CBH, Slp, and the fuel model 437 

Fm1 and Fm2 dummy pair variable (Table 5). The area under the ROC curve (0.998) 438 

indicates near total discrimination (Hosmer and Lemeshow, 2000). Crowning 439 

likelihood increased with lower CBH and CC, with higher Slp, and with an 440 

increasingly important shrub layer.  441 

 442 

CBH was by far the variable that exerted the most effect on the probability of crown 443 

fire occurrence. For instance, in 40- to 60-years-old maritime pine stands 444 

characterized by the M-PIN fuel model, the crowning threshold was CBH = 6.71 m 445 

(Fig 6a). A Fm change may increase the likelihood of crown fire. Indeed, FPIN_PPIN 446 

understories combined with low CBH facilitates crown fuel ignition (e.g. a CBH of 447 

1.5 m) (Fig. 6b).  448 
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Table 5. Logistic regression parameter estimates and fit statistics for the crown fire 

probability model (Eq. 2, model type I). All variables are significant at p<0.001. 

Variable Parameter Estimates SE Wald>2 CI 

Intercept β0 -53.705 0.848 14738 -55.394/-52.069 

Fm1 β1 *1 849.757 13211.24 -1687.87/-1643.1145 

Fm2 β2 *2 849.757 14738.42 -1688.076./-1642.91 

CC β3 0.347 0.007 5188.35 0.333/0.361 

CBH β4 6.502 0.102 52057.26 6.305/6.706 

Slp 5 -0.352 0.010 1377.96 -0.372/-0.331 

*1 β1=22.378 if Fmodel1=0 and β1=-22.378 if Fmodel1=1; *2 β2=-22.584 if Fmodel2=0 and β2=22.584 if 449 

Fmodel2=1; Wald>2, Wald chi-square statistic; SE, standard error; CI, 95% lower and upper confidence 450 

limits. 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

Figure 6. Effect of CBH (m) on the crown fire likelihood in martitime pine stands with 462 

different fuel understories : a) M-PIN fuel-dominated and b) FPIN_PPIN fuel-dominated.  463 
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The values were calculated according to equation 2  (model type I) for a stand with 45% of 464 

Canopy cover and a slope of 3°. 465 

The second, and more manager-friendly approach (PfCrown II) to predict crown fire 466 

occurrence resulted in three alternative functions (Eqs. 4, 5 and 6, Table 6). All 467 

models include Fm as a predictive variable, differing in the stand metrics needed as 468 

inputs (G, hdom). The regression coefficients of all three candidate models (Eq. 3 to 469 

Eq. 5) were significant at the 5% level. Area under the ROC curve was 0.997, 0.993, 470 

and 0.979, for Eq. 3, 4 and 5, respectively, again indicating outstanding 471 

discrimination. Collinearity among variables is nonexistent in the three models 472 

(Table 6). 473 

 474 

 475 

Table 6. Logistic regression parameter estimates and fit statistics for the crown fire 476 

probability models (Eq. 3-5, model type II).  477 

Model Parameter Variables Estimate SE Wald 2 

PfCrownII 

(Eq. 3) 

β0 Intercept -53.884 562.168 12414.03 

 
β1 Fm *1 562.168 12412.03 

β2 hdom 3.881 0.0513 42736.24 

β3 G 1.206 0.0178 20554.74 

PfCrown II 

(Eq. 4) 

 

β0 Intercept -9.490 501.541 79.35 

β1 Fm *2 501.541 11010 

β2 CBH 0.062 0.0064 36565 

β3 G 4.012 0.0492 97.04 

PfCrown II 

(Eq. 5) 

 

β0 Intercept -8.733 346.459 24.022 

β1 Fm *3 346.459 3167.69 

β2 hdom 1.631 0.01327 54561.33 

Fm, is Fuel model (Litter “0” or Shrub “1”); *1 β1=19.881 (Fm=litter) and β1= -19.881 (Fm=shrub); *2 478 

β1=16.190 (Fm=litter) and β1= -16.190 (Fm=shrub); *3 β1=11.243 (Fm=litter) and β1= -11.243 (Fm=shrub). 479 

 480 
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4.2. Probability tree mortality  481 

After analyzing all possible variable combinations, two sets of compatible equations 482 

to predict the post-fire probability of mortality were selected (Table 7) to address the 483 

needs of end users ranging from researchers (PmI - Eq. 6 and 7) to typical forest 484 

practitioners (PmII - Eq. 8 and 9). All regression coefficients were significant at the 485 

5% level. Area under the ROC curve was 0.998, 0.986, 0.994 and 0.983, for Eq. 6,7,8 486 

and 9, respectively, indicating outstanding discrimination. Collinearity among 487 

variables is nonexistent in the three models (Table 7). 488 

 489 

 490 

 491 

Table 7. Logistic regression parameters and fit statistics for the post-fire tree mortality 

models (Eq. 6 and Eq. 7, model type I; Eq. 8 and Eq. 9, model type II).  

Model Parameter Variables Estimate SE CI 

 β0 Intercept 18.386 0.0664 18.273/18.499 

 
PmI β1 FLI -0.046 0.0001 -0.047/-0.046 

(Eq. 6) β2 dg2 0.032 0.0001 0.0320/0.0323 

 
β3 hdom 0.498 0.0024 0.494/0.502 

PmI β0 Intercept -23.274 0.862 -25.125/-21.545 

(Eq. 7) β1 FLI -0.044 0.002 -0.047/-0.048 

  β2  hdom 5.0724 0.184 4.703/5.467 

PmII β0 Intercept -3.893 0.026 -3.945/3.844 

(Eq. 8) β1 Fm -27.769 55.068 - 

  β2 dg2 0.0135 8.822 0.0133/0.0136 

PmII β0 Intercept -4.774 0.0652 -4.906/-4.643 

(Eq. 9) β1 Fm -16.206 27.164 - 

  β2 hdom 0.538 0.005 0.527/0.549 

 PmIx: Probability of tree potential from fire behavior input variables; PmIIx: Probability of tree mortality 

from common biometric variables. Fm, characterized the type of understory biomass present on the 

stands (“0” indicating that is litter-dominated and “1” that is commonly occupied by “shrubs”); SE, 

standard error; CI, 95% lower and upper confidence limits. 
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FLI and hdom were the most important variables influencing the probability of 492 

mortality in the case of PmI (Eq .6). Higher fire intensity corresponds to higher tree 493 

mortality. Fuel model was the most important variable in model PmII (Eq.8). Both 494 

hdom and dg2 are negatively related to tree mortality in PmI and PmII. Furthermore, 495 

the PmI model (Eq. 6) indicates that higher tree dg2 and hdom decrease the 496 

probability of death to occur in the stand. On the contrary, in stands with higher 497 

values of FLI the probability of mortality to occur is higher. The PmII model (Eq. 8) 498 

shows that the presence of higher diameter trees in the stands decrease the intensity 499 

of damage caused by a wildfire. Moreover, stands where the understory is 500 

dominated by shrubs have higher proportion mortality. 501 

 502 

4.3. Type of fire  503 

The CART analysis (after 7 splits) explained 91.5% of the existing variation, with 504 

areas under the ROC curve of 0.996, 0.993 and 0.997 for surface fire, passive crown 505 

fire, and active crown fire, respectively. The response type for stands with CBH < 7 506 

m and CBD < 0.101 kg m-3 (open stands) associated to a litter-dominated fuel 507 

complex was surface fire (100% of the observations) (Fig. 7). However, under the 508 

same stand conditions, passive crown fire largely prevails (95.7%) when the surface 509 

fuel complex is shrub dominated. Maritime pine stands with surface fuels 510 

categorized as “Shrub”, CBH < 6 m and CBD equal or larger than 0.101 kg m-3 (dense 511 

stands), will allow flames to propagate vertically and horizontally through the 512 

canopy resulting in an active crown fire (100% of the cases). On the other hand, when 513 

was CBH equal or larger than 7 m, a CC threshold of 33% discriminated between 514 

surface fire and active crowing regardless of surface fuel conditions (Fig. 7). 515 

 516 
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 518 

Figure 7. Classification tree for the type of fire at the cell level for LNF maritime pine stands 519 

as a function of fuel type and stand structure. Numbers at the ends of the terminal nodes are 520 

the percentage of observations per type of fire (SF= surface fire, PCF= passive crown fire, 521 

ACF= active crown fire). 522 

 523 

4.4. Fire suppression difficulty 524 

The CART analysis of fire control difficulty (R2= 0.802, 8 splits) produced a 525 

discrimination based on Fm, CBH, CBD, and CC. Area under the ROC curve was 526 

0.974, 0.975, 0.973, 0.986 and 0.971 for low, medium, high, very high, and extreme fire 527 

suppression difficulty. The type of fuel (litter- or shrub-dominated) determines the 528 

first partition of fire suppression difficulty,low to moderate or high to extreme, 529 

respectively (Fig. 8). Partitions on the left side of the classification tree are based on 530 

CBH, CC, and CBD, with increasingly difficult fire control associated to lower CBH. 531 

Fire suppression was especially facilitated by either CBH >11m and CBD <0.096 kg 532 

m-3 (rated low in 83.6% of the cases) or CBH <11 m and CC>66% (81.5% of the cases). 533 

Moderately difficult fire control prevailed when CBH <11 m and CC <66% and 534 

especially when CBH <15 m and CBD >0.096 kg m-3. On the right side of the tree, 535 

CBH again was the most important variable and the prospects of effective fire control 536 
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were generally low. Fire suppression was particularly difficult when CBH < 7m and 537 

CBD < 0.101 kg m-3 (Fig. 8). 538 

 539 

 540 

Figure 8. Classification tree for fire suppression difficulty at the cell level. Numbers at the 541 

ends of the terminal nodes are the percentage of observations per class of fire suppression 542 

difficulty (L=low; M= moderate; H=high; VH=very high; E=extreme). 543 

 544 

4.5. Tree mortality  545 

The CART analysis achieved R2=0.997 with just 3 splits. Maritime pine mortality was 546 

total for 63.93% of  study observations (n=63,062), corresponding to all shrub- 547 

dominated stands. Hence, Fm was the major determinant of the likelihood of tree 548 

death (Fig. 9). For 97.53 % of litter-dominated cases in the understorey, trees with 549 

dominant height biggest than 12 m and canopy base height above 4 meters are more 550 

likely to survive wildfires (0.04% mortality) (Fig. 9). 551 
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 552 

Figure 9. Classification tree for cell-level maritime pine post-fire mortality. Numbers at the 553 

ends of the terminal nodes are the percentage of mortality (M). 554 

 555 

V.5|Discussion and conclusions 556 

The safe and effective fire management in most coniferous forest ecosystems is thus 557 

dependent to a very large extent on the ability to reliably assess or forecast crown fire 558 

potential based on predictive aids produced by research coupled with the skill and 559 

knowledge of the user (Stocks et al. 2004, Cruz et al. 2006a, 2006b).  Assessing crown 560 

fire potential requires the most accurate estimates of canopy fuel characteristics 561 

possible. However, the literature provides little guidance for determining these 562 

characteristics at the stand level. A rich body of literature does exist on quantification 563 

of tree crown and forest canopy characteristics for purposes other than fuel 564 

characterization for crown fire modeling (Scott and Reinhardt, 2001). Moreover, a 565 

model that relates forest characteristics to the vulnerability of forest to fire, used for 566 

forest management and planning purposes should predict the long-term 567 

consequences of management alternatives, and must be based on predictors the 568 

future value of which is known with a reasonable accuracy (Garcia-Gonzalo et al. 569 
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2012). It also should to consider variables that are under the control of the manager; 570 

this enables the manager to minimise the expected losses as a management objective 571 

in numerical planning calculations. The variables driving the behaviour of wildfires 572 

are normally grouped into climatic, topographic and fuel related variables. Among 573 

these, only fuel such as stand density, vertical structure of the canopy, tree size, can 574 

be controlled and useful predictors to be used in forest planning systems (González 575 

et al. 2006, Garcia-Gonzalo et al. 2011, Ferreira et al. 2012, 2014).  576 

 577 

The fire simulator systems integrate place-specific vegetation, fuel and topographic 578 

attributes with streaming weather data to predict attributes of fire behaviour 579 

including flame length, fireline intensity and rate of spread (Finney and Andrews 580 

1999). The need for research into the effectiveness of fuel treatments in reducing 581 

crown fire potential has received considerable attention in last years (e.g. Graham et 582 

al. 2004, Agee and Skinner 2005, Peterson et al. 2005, McHugh 2006). The notion of an 583 

underprediction trend associated with the modelling systems used in various 584 

simulation studies has been suggested by several authors (Fulé et al 2001; Graham 585 

2003; Hall and Burke, 2006; Agee and lolley, 2006; Cruz and Alexander, 2010). While 586 

this may very well be true, a substantial number of observations garnered from 587 

conducting experimental simulations studies shown that, in many cases, they are 588 

instrumental for predict fire behavior quantities characteristic for fire management 589 

decision-making regarding pre-suppression and suppression activities.  590 

 591 

In the present research, the simulation output fire behaviour characteristics were in 592 

line with local and regional experience on recent wildfires in the area. Moreover, we 593 

applied calibrated place-specific custom fuel models (Cruz 2007; Fernandes et al. 594 

2009)  to represent surface fuelbeds in the LNF area to avoid one of the sources of 595 

this underpredcition bias. Commonly, the published studies aimed at quantifying 596 

fuel treatment effectiveness of distinct forest stands rely solely on modellling 597 

simulations. Here, we use input and output from the fire simulator system – 598 

FlamMap -  combined with common stand variables to create models aiming fire risk 599 

reduction as a target in the forest planning, and in turn, are able to gauge the 600 

effectiveness of fuel management strategies to mitigate against the possibility of 601 
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crown fires likelihood. The goal of this effort was to find ways to reduce the potential 602 

for high severity wildfires coupled with management actions. 603 

 604 

The proposed approach was tested using in the simulation exercise a landscape file 605 

covering 169,789 cells (25 m) from an even-aged pure maritime pine forest. Which 606 

means, for exploratory statistical analyses, a training dataset with 94,207 unique 607 

combination of variables (geographic, canopy characteristics, fire parameters and 608 

biometric descriptors). The biometric data was collected from 546 plots of the LNF 609 

inventory encompassing a total of 140,367 trees. This is the first attempt to develop 610 

crown fire behaviour (PfCrown) and tree mortality models (Pm), matching 611 

information from the fire simulation exercise (input and output data) with readily or 612 

predictable biometric data. Although, the equations were developed using place- 613 

specific conditions and data sources into fire simulator system, only a few 614 

parameters based solely on fuel model or relatively easy-to-measure inventory data  615 

are actually required to perform all the models, and in turn the generic structure of 616 

the final equations is easily applicable. Results suggest that the functions may predict 617 

accurately crown fire occurrence and potential mortality over long-term planning 618 

horizons. Indeed, the results demonstrate the potential of the strategies pursued to 619 

understand the influence of both biometric and environmental variables and to 620 

identify high-risk in maritime pine stands.  621 

 622 

Using silvicultural methods to treat forest fuels in order to modify potential crown 623 

fire behaviour was the mainly research target. A consistent set of models to”build“ 624 

forest landscapes more fire-resistant, that replaces the need to use fire simulators was 625 

provided. The models differ in the predictive variables in order to address needs of 626 

researchers and forest managers with different access to data. The pfCrownI model 627 

(Eq. 2) is based on simulator input data and can be used when Fm, slp (%), CBH (m) 628 

and CC (%) are known. The coefficients are consistent with previous analysis for 629 

crowning likelihood (Cruz et al. 2005; Fernandes 2009b). CBH was by far the most 630 

relevant variable in explaining fire severity in the prediction of crown fire behavior. 631 

Fernandes (2009) compared various cover types and general structural types in a 632 

study carried out in Portugal and highlighting that vertical discontinuity (tall and 633 
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open stands) has a high impact on the probability of crown fire occurrence, with 634 

lowest fire values of crowning. There is an obvious advantage associated with tall 635 

stands because this structural type have a strong influence on in-stand wind speed 636 

that may help increase the fuel moisture content in the forest, hence decreasing 637 

surface fire intensity and fire probability (Fernandes et al. 2010). Futhermore, the 638 

propensity for crowning in the proposed model is lower in stands with lowest 639 

slopes. This result is in concordance with findings from several studies that indicate 640 

that slope facilitates the initiation of passive crown fires (torching) as increases 641 

likelihood of flame length attaining the tree crown (Rothermel 1983, Schoenberg et al. 642 

2003).  643 

 644 

According to the results for the alternative set of models that just needs common 645 

available inventory data, the crown fire likelihood depends on both fuel understorey 646 

and stand metrics:  fuel model (litter or shrub-dominated) and stand metrics: hdom 647 

and G. The PfCrownII model (Eq. 3) had the highest fitting capacity (i.e. model 648 

efficiency with higher value of ROC curve). The selected model showed that tree size 649 

(G) was found to be positively related with crown fire occurrence and confirm that 650 

lower density is related with low potential for active crown fire in pine stands. This is 651 

in concordance with other studies that estimates lower probability of wildfire 652 

occurrence in stands with lower G (Ryan and Reinhardt 1988; Hély et al. 2003; 653 

González et al. 2007; Garcia-Gonzalo et al. 2011a). For situations where the variable G 654 

is unknown the other equations (e.g. Eq. 5) are recommended. In this case, the model 655 

is based on data easy to measure in forest inventories (e.g. fuel model and hdom). In 656 

fact,  hdom was also a significant predictor for classifying stands different type of 657 

crown fires. Our results are consistent with the determinant role played by this 658 

common stand metrics (G and hdom) to support different types of fire (surface, 659 

passive and active crown fire) as reported in recent studies for several pines in  660 

Mediterranenan areas (Fernandez-Alonso et al. 2013; Alvarez et al. 2012). In 661 

addition,, other studies reported that G and hdom are the comom biometric variables 662 

more related with CBH and CBD, the latter are difficult or ofter to measure in 663 

standard inventories (Fernández-Alonso et al. 2013).  664 

 665 
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For the tree mortality model prediction two compatible equations (PmI and PmII) are 666 

also provided in this article, offering opportunities for several forest management 667 

applications. The PmI mortality model do not uses fire injury indicators (e.g. crown– 668 

kill, bole-kill) or tissue damage as predictors. However, it includes information on 669 

fire severity (FLI) as Catry et al. (2010). The remaining biometric variables (dg2 and 670 

hdom) for mortality due to a forest fire also confirmed the findings of previous 671 

studies at national level (Botequim et al. submitted; Garcia-Gonzalo et al. 2011a, 672 

Marques et al. 2011b). The second type of tree mortality model (PmII) does not use 673 

any fire injury or severity predictor, they have been developed to address long term 674 

planning periods (i.e. including explanatory variables easily obtainable from forest 675 

inventories) to make pre-fire management decisions. The variables included in the 676 

manager-friendly model (Eq. 8) are similar to an approach presented by Garcia- 677 

González et al. (2011) for Portuguese maritime stands where variables related to tree 678 

dimension as diameter were included, nevertheless here including fuel understorey 679 

as adittional predictor.  Former studies showed that mature even-aged stands are 680 

usually more resistant to fire damage (Agee et al., 2000; Fernandes and Rigolot, 2007; 681 

González et al., 2007; Omi and Martinson, 2004; Pollet and Omi, 2002), and have 682 

lower probability of being affected by fire (González et al., 2006) than multi-layered 683 

or young stands. Indeed, the coefficients of biometric variables to predicted mortality 684 

in pure maritime pine stands using our mortality model are in concordance with 685 

findings from international studies (e.g. Pollet and Omi 2002, González et al. 2007) 686 

and planning-oriented models focused on Portuguese conditions (Marques et al. 687 

2011b; Garcia-Gonzalo et al. 2011a). Furthermore, the model produces reasonable 688 

estimates of stand mortality for fire and site characteristics found in LNF, Portugal.    689 

 690 

Our CART approach facilitate the identification of thresholds for radical change in 691 

fire behavior in each unique set of cells and further provide quantitative evidence 692 

supporting the three basic principles for silvicultural treatment summarized by Agee 693 

and Skinner (2005). Firstly, we need to consider a clearing operation: i.e. cleaning the 694 

sbrub underground in maritime stands or prescribe burning approach to reduce 695 

surface fuels, secondly branching maritime trees based on the CBH (for pruning 696 

height) values to increase the canopy base height, and finally, cut of trees, decrease 697 
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crown density and retain the larger trees, according two fuel-complex variables 698 

depending of the maritime pine stand status, which as: CC or CBD for reducing fire 699 

severity and increasing forest resistance.  Moreover,  it seems that a CBH  of 7 m  in 700 

maritime pine stands is  considered as a critical threshold value for radical changes 701 

for the type of fire development and fire difficulty suppression (Fig, 7 and Fig. 8). 702 

This information is useful for design maritime stand level treatments that way 703 

decrease chance of a crown fire development. Fermades et al. 2004 reported a CBH 704 

equal to 6 m as minimum requirement for pruning height. Crown fires in maritime 705 

pine stands are more common in low (young) stands as stated by Jimenoz et al. 2013. 706 

Former studies developed in USA, reported that the CBD equal to 0.101 (dense 707 

stands) was related with active crown fire. Also Agee (1996) suggested a value of 708 

CBD above approximately 0.1 kg·m–3 as the approximate threshold necessary to 709 

support active crowning (active crowning empirically deduced) based on wildfires in 710 

the Pacific Northwest. This threshold is also, at least partially, supported by 711 

Alexander (1998) in a detailed wildfire case study analysis.  The equations developed 712 

in this study represent a simple and pratical tool for estimating quantitatively the 713 

source of fire hazard and effects that would help managers draw more effective fuel 714 

treatment.  715 

 716 

Both canopy and surface fuel treatments, including prescribed burning and thinning 717 

to diminish the likelihood of high-severity fire.Is possible to define if  the stand- 718 

threshold is exceeded and create preventive silvicultural practices, as follow:  to 719 

minimize crown fire activity in LNF stands and fire hazard/effect in general. As a 720 

direct recommendation (silvicultural prescription) maritime pine stands with a CBH 721 

< 7 m combined with CBD > 0.101 kg.m-3 and shrub-dominated the fire intensity is 722 

highest (100 % propensy for active crowning , Fig. 7) and considered as priority 723 

intervention stands. Further, the fire difficulty control for similar conditions is 85% 724 

extreme ( > 4000kw m-1 combined with active crown fire spread, Fig. 8). However, 725 

with the  same stand conditions assumimg “litter-dominated” as understorey it 726 

should be expected to maintain the stand without develop a high-intensity active 727 

crown fire (100% low-intensity surface fire, Fig. 7). Furthermore, the results allow 728 

mortality prediction for a mosaic of maritime pine forest and development stages 729 
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across the landscape based solely on fuel model and inventory data as CBH and 730 

hdom (Fig. 9).  731 

 732 

Based on the analysis described in this paper, the information obtained from the 733 

CART for the crown fire activity, difficulty of fire suppression and about percentage 734 

of mortality  is accurate, easy and useful to guide forest owners and other agents to 735 

use actively preventive silviculture and mitigate wildfire effects on forest stands. 736 

Further, this information is instrumental to analyze the impact of each decision, i.e. 737 

change the current stand structure according these guidelines to reduce risk, change 738 

partial stand structure or maintain the actual stand condition.  739 

Bearing in mind that fuel management also modify forest dynamics and can generate 740 

different structures that will  note spread fire in the same way (Graham et al.1999; 741 

Stephens et al. 2009).  Hence, each option is related  with budget and policy 742 

contrainst and also an economic and ecological effect. In the future, it would be 743 

appreciate to analyze the best option for the forest owner, including mathematical 744 

models knowledge. 745 

   746 
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VI. Modeling fire behavior and risk in Portuguese´s forest: guidelines 

for sustainable landscape management 

VI. 1|Abstract  

This paper discusses research aiming at the development of fire behavior models for 

establish a pro-active fire management in order to assist forest managers in identifying 

hight-risk areas for actively integrated stand-level fuel treatments in forest prone areas 

in Portugal. Specifically, experimental fire behaviour characteristics and inventory real 

data encompassing 2575 inventories plots located in the three forested areas (fuel, trees 

and stand level variables) were combined. This allowed us to make comparisons 

between different topographic and fuel structure patterns on different landscapes: 

Leiria National Forest, an even-aged maritime pine (Pinus pinaster Ait.) public forest in 

the Centre (≈10 881 ha), Vale de Sousa a mixed forest with multiple non-industrial 

private forest owners in the North (≈ 12 308 ha) and Globand area an industrial 

property where eucalypt (Eucalyptus globulus Labill) is predominant (≈ 11 882 ha). Fire 

simulation was perform on FlamMap for three typical weather scenarios (moderate, 

average and critical). Further, a database based on the classification of 270,949 unique 

combinations of variables (i.e.landscape maps layers of modeled fire behavior 

characteristics, landscape data and stand metrics) with the most critical combination 

values (4% fuel moisture content, 40 km.h-1 wind speed) was selected as input for 

modeling analyses. All data were classified according to acquisition costs so that a 

classification tree analysis was developed to assess the type of fire (surface, passive or 

active crown fire) and  the difficulty of fire suppression suited to end users ranging 

from typical forest practitioners to researchers. Consequently, a guideline matrix to 

support the definition of appropriate management options (fuel and stand structure 

modification) was developed through both   biometric patterns and forest management 

system to enhance fire management planning in these fire-prone forest stands.  

 

Keywords: Fire behaviour modeling; Fire-landscape interactions; Silvicultural 

practices; Forest management system, Sustainable forest management. 
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VI.2|Introduction  

Characterizing potential wildfire behaviour at the landscape-level is crucial for 

addressing wildfire risk on forest management planning. Wildfires cause tree 

mortality, decrease the growth of surviving trees and depreciate wood value. 

However, these negative impacts may be reduced by modifying fire behavior. This 

may be achieved by changing the quantity and spatial arrangement of forest fuels 

(Agee and Skinner 2005; Peterson et al. 2005; Finney et al. 2007). The location of fuel 

treatments is often empirically determined by land managers, but fire behaviour 

models are increasingly used for this purpose (e.g. McArthur 1966; Van Wagner 1968; 

Rothermel 1972; Stocks 1987, 1989; Alexander et al. 1991). More generally, the 

prediction of fire behaviour and of its consequences is an essential component of      

pro-active forest fire management, including pre-suppression and suppression 

planning. Moreover, fire risk analysis helps to reduce uncertainty by systematically 

anticipating the outcomes of management alternatives (Gadow 2000), and identifying 

management options that reduce fire-induced losses. 

 

At small spatial scales fire selectivity reflects the physics of combustion, thus fire 

ignition and spread will mostly depend on intrinsic characteristics  of the fuel complex 

such as fuel load, density and surface to volume ratio, as well as on the interaction with 

the surrounding environmental that determines the dead/live fuel proportion and fuel 

moisture content (Pyne et al. 1996). The objective of fuel treatments is to reduce 

torching and crown fire potential and therefore provide a window of opportunity to 

facilitate fire control and containment (Agee and Skinner 2005). A crown fire is one that 

burns in the elevated canopy fuels. Canopy fuels have higher moisture content and 

lower bulk density than surface fuels (Van Wagner 1977). Once a forest fire has spread 

vertically and fully engulfed the forest, the continuity of fuel enables it to move 

horizontally over a landscape (Whelan 1995). Assessing crown fire potential requires 

the most accurate estimates of canopy fuel characteristics possible. The structural 

characteristics usually recognized as determining canopy spread are canopy fuel load 

(CFL), canopy  bulk density (CBD) and canopy base heigt (CBH) (Cruz et al. 2003). 

However, the literature provides little guidance for determining these characteristics at 
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the stand level. Especially for exploit different stand structures by forest owners 

(Fernandez-Alonso et al. 2013).   

 

Fire activity may decline in parts of southern Europe due to fire-spread limitations 

imposed by fuels (age, load and continuity) (Krawchuk et al. 2009). Stand structure 

affects fire hazard through its influence on surface, ladder and crown fuel availability 

(Cumming, 2001; Fernandes 2009; Castro et al., 2003). Thus, modification of any of 

these fuel strata will have implications on fire behaviour and severity (Peterson et al., 

2005). Several management options have been recognized to help reduce wildfire 

propagation (e.g. thinning, pruning, residue removal, shrub removals) (e.g. Peterson et 

al. 2005; Agee and Skinner 2007). In order to assess wildfire risk, forest managers need 

information about the impact of “controllable” variables such as stand density, species 

composition, fuel availability at surface level (i.e. shrubs) and vertical structure of the 

stand. In this context, recent studies have developed planning oriented models to 

predict wildfire risk and damage for a wide range of forest stands (including cork oak, 

maritime pine and eucalypt) in Portugal (Garcia-Gonzalo et al 2011a; Botequim et al 

2013; Marques et al 2011b) that use biometric information available in forest 

inventories (e.g. stand density,  tree size) and controllable by forest managers through 

silviculture (shrub fuel reduction, thinning) (Garcia-Gonzalo et al. 2012; Marques et al 

2012; Botequim et al. 2013). These models are useful in forest planning systems as they 

allow quantifying the impact of silvicultural operations on wildfire effects to enhance 

the development of adaptive strategies. (González et al. 2006, Garcia-Gonzalo et al. 

2011b, Ferreira et al. 2012,2014). However, these empirical models have not been yet 

combined with fire behaviour models. 

  

In terms of the most affected areas nationwide, statistics (1996–2012) indicate that 

eucalypt and maritime pine stands are flammable forest species that dominate 

northern and central Portugal, accounting for 77% of all forest burned, with 35.9% and 

41.3% respectively (Mateus and Fernandes, 2014). In fact, these are the two main 

reforestation species of the Mediterranean Basin and are highly combustible when 

compared to evergreen oak woodland called “montados” (e.g. cork oak 5.2% and holm 

oak 2.9% predominate in the south-west and south-east of Portugal, respectively) 
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(Conacher and Sala 1998; Fernandes 2007). Other authors attribute the difference 

between broadleaves and conifers to the fact that the forest management regimens 

applied to both of the forest tree types is different, being the one of the broadleaves 

more resistant to the fire occurrence (González et al. 2006). For instance, in Portugal 

eucalypt and maritime pine stands are usually regular plantations with high stand 

densities, and highly prone to fire (Fernandes 2009; Moreira et al. 2009). In the case of 

mixed eucalypt and pine stands, fire hazard may be even higher, when compared with 

pure stands of eucalypts or pines (Moreira et al. 2009b). In other hand, many of the oak 

stands (i.e. Q. Suber and Q. rotundifolia) are classified as “montado”, which is an 

agroforestry management regime, with low tree stocking, which reduces considerably 

the fire occurrence and propagation (Silva et al. 2009).  

 

The inherent complexity of risk management and fuel treatment planning has 

increasgly  the application of fire behavior modeling software for both research and 

operational applications (e.g. FlamMap, Farsite). Outputs of fire system simulator as 

FlamMap allow a physics-based evaluation of fire behaviour and effects. Moreover, a 

model that relates forest characteristics to the vulnerability of forest to fire, used for 

forest management and planning purposes should predict the long-term consequences 

of management alternatives, and must be based on predictors the future value of which 

is known with a reasonable accuracy.  

 

There is no one-size-fits-all for fuel treatments. Despite the huge literature available for 

silviculture and fire behaviour as empirical evidences of site –specific fuel conditions 

and spatial arrangements of forest fuels, guidelines to assist decisions about fuel 

treatment based on quantitative rules developed using fire behaviour models that use 

measurable and/or easy to predict biometric variables are scarce (Fernandez-Alonso et 

al. 2013; Alvarez et al. 2012) A few recent studies have also used stand metrics to 

explore possible classification critera of stands according to their potential to sustain 

different types of crown fuel (Fernandes et al. 2009a; Fernandez-Alonso et al. 2013; 

Gomez-Vasquez et al. 2014). This gap in knowledge has a decisive effect on our current 

ability to provide quantitative forest management guidelines to reduce wildfire effects  

in Portugal. The proposed approach also extends the scope of former studies by 
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recognizing  several stand structures and spatial patterns changes, including the forest 

management system.  

 

The purpose of the research was to simulate fire spread in three forested landscapes to 

assist forest managers in identifying high-risk areas for actively integrating stand-level 

fuel treatments with explicit landscape-level management planning and develop fire 

prevention priorities. Thus, data from three forested areas (Leiria National Forest, LNF; 

Vale de Sousa , V. Sousa and Globland area, Glob.) that comprise multiple stands that 

vary in species composition, fuel understorey, stand structure and spatial patterns, 

were linked to fire simulator metrics to forecast the potential effects of alternative 

forest management (i.e. public forest, private industrial forest and private collaborative 

forests) to drive  fire-resistant characteristics. Appropriate fire behaviour models were 

developed to assign thresholds for decision-making in silvicultural operations. 

Specifically, several modeling applications to detect significant fire-landscape 

interactions between stand-level features and fire behavior were fitted through logistic 

regression and classification tree (CART) analysis to classify these forests at fire risk 

levels and help reverse current trends in Portuguese ecosystems. 

 

VI.3| Data and Methods 

3.1. Case studies: overwiew  

This research considered a data set encompassing 2575 inventories plots located in 

three forested areas (Fig. 1). This allowed us to make comparisons between different 

topographic and fuel structure patterns on different landscapes:  

 

Leiria National Forest (LNF)  an even-aged maritime pine (Pinus pinaster Ait.) public 

forest (≈10,881 ha) located by the Atlantic in central-west Portugal , growing on sand 

dunes. The climate is typical Mediterranean with a strong Atlantic influence, 

characterized by dry and hot summers and maximum precipitation in autumn and 

winter, with mean annual temperature of 15ºC and mean annual precipitation of 
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855mm, that characterize the Mediterranean ecosystem climate and contribute to fire 

risk and ecosystem fragility. Timber stand areas range from 1 to 33 hectares. The 

productive area includes 439 stands (8679 ha) and the remaing area corresponds to  

protection along the coast managed to prevent the erosion of the dunes and to protect 

the stands located in the production area(Miragaia et al., 2000). Since 1970, the National 

Forest Service has conducted continuous forest inventory for management purposes. A 

systematic sample of one permanent plot (500-1000 m2) per hectare is remeasured 

every 5 years. The total area was divided into 367 homogeneous management units 

(MU) of even-aged maritime pine forest, and the silvicultural regime in the LNF aims 

to concentrate wood production onto few stems, by maintaining lower stands densities 

than elsewhere in Portugal (Borges et al. 2003). 

 

Vale de Sousa (V.Sousa) a mixed forest with multiple non-industrial private forest 

owners in the North (≈ 12308 ha) classified into 1029 stands. It is dominated by 

eucalypt (Eucalyptus globulus Labill) pure stands and mixed stands of eucalypt and 

maritime pine (Pinus pinaster Ait.) – about 66% and 33% of the area, respectively. The 

remaining area is occupied by hardwoods. The region is under a clime of Atlantic 

influence (high rainfall, slight winter and mesthermic summer) with some evidences of 

Mediterranean influence (about 30%) due to latitude effect that gives a smooth 

temperature. This region presents good natural conditions for the growing of the 

coniferous Pinus pinaster, Pinus radiata and the broadleaves Eucalyptus globulus and 

Quercus robur. Besides the pure stands of the referred species, it can be constituted 

mixed stands of coniferous and broadleaves (e.g. Pinus x Eucalyptus) or coniferous and 

coniferous (Pinus x Cupressus). The forest holdings in V.Sousa are essentially private 

and the forest stands are often divided in small forest holdings usually belonging to 

several forest owners. Even though the economic importance of forest and the efforts 

for associative management forest fires are very frequent in Vale de Sousa.This is a 

consequence of the lack of active management from some forest owners, the negligent 

behaviours of the inhabitants and the natural risk of forest fires of this region. 
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Figure 1. Leiria National Forest (LNF), Globland (Glob.) and Vale de Sousa (Vsousa) location 

in Portugal.  

 

Globand (Glob.) area is an industrial property located in a rural region Chamusca, 

(Central, Portugal), where eucalypt (Eucalyptus globulus Labill) is predominant (≈ 

11,882 ha), with mean annual temperature of 17.5ºC and mean annual precipitation of 

800 mm. The forest landscape was classified into 1000 stands with areas ranging from 

4.8 to 26.6 ha. In this case study, a typical eucalyptus rotation may include up to 2 or 3 

coppice cuts, each coppice cut being followed by a stool thinning that may leave an 

average number of shoots per stool ranging from 1 to 2. Harvest ages ranged from 9 to 

14 with a 1-year interval. Initial density was 1400 trees per ha (Garcia-Gonzalo et al. 

2011b).  

 

3.2. Data  

An exhaustive literature review of methodological issues, such as surface fuel models, 

fuel moisture (fine fuel moisture content), and stand characteristics modeling in the 
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Mediterranean (stand height, crown base height, crown bulk density) was perdormed 

Variables were divided into four main groups: (1) input data for fire simulation 

(weather, terrain, stand and fuel characteristics), (2) output data from fire simulation 

(e.g. fireline intensity (FLI), rate of spread (ROS) and crown fire activity (CFA), (3) 

stand descriptors (e.g. stand density, basal area, quadratic mean diameter), (4) forest 

management system (private industrial, public and private forest owners). 

 

Table 1. The Geographical information from the tree forested areas 

 

 

 

 

 

 

 

 

Slope, aspect and elevation of the study area were mapped from the country’s Digital 

Terrain Model (DTM) based on standard GIS procedures. Moreover, the latter were 

overlaid with each plots layer (Table 1, Figure 2). 

 

This research was further based on meteorological data from historical records 

gathered from May to October over 1998–2008. Three typical meteorological scenarios 

were performed to represent moderate, average and critical fire weather conditions 

with 10%, 7% and 4% equated to the 1-h time lag dead fine fuel moisture content, 

respectively (Table 2). The dead fuel moisture is related to “Fine Fuel Moisture Code” 

FFMC (Van Wagner and Pickket, 1985, Van Wagner, 1987) from the “Canadian Forest 

Fire Weather Index System” (FWI), which integrates weather and fuel parameters 

affecting fire potential. The live fuels moisture content, i.e: grass, shrubs and canopy

with 0, 0.75% and 120%, respectively, remain constant for all meteorological scenarios. 

Case study V.Sousa MNL Glob. 

DTM (spatial resolution) 90x90 25x25 25x25 

 
Min/Max Min/Max Min/Max 

Altitude(m) 37-541 4-142 0-192 

Slope (º) 0-37.4 0-35 0-35.9 

Aspect 

(more freq.) 
Sw Nw Sw 
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Further, each meteorological scenario was crossed 6-m wind speeds of of 10, 20 and 40 

km.h-1.  

 

Table 2. The weather data used to derive fuel moisture content in the three forested areas 

Meteorological 
T 
(ºC) 

H 
(%) 

Dead Fuels (%) 

FFMC 

Fuel 
moisture 
content  *2 

(FFMC) 

Fuel 
moisture 
content 

(applied) 
Scenarios *1 1h 10h 100h 

Moderate (P75) 28.3 35 10 11 13 91.9 8.8 10 

Average (P90) 31.8 26 7 8 10 94.2 6.5 7 

Critical (P97) 34.9 19 4 5 7 95.9 4.8 4 

*1
 The 75th percentile level of fire weather severity, i.e. higher values occur in 25% of the day based on 10 

years of archived (1998 -2008) from May to October. The 90th percentile level of fire weather severity: i.e. 

higher values occur in 10% of the day; The 97 th percentile level of fire weather severity: i.e. higher values 

of 3% of the day. 

*2 
(Van Wagner and Pickket, 1985, Van Wagner, 1987) 

 

The assessment of stand characteristics was based on each forest area inventory and  

Table 3 summarizes stand-level characteristics. Data from 2757 plots was used to 

derive (i) the stand variables required to simulate fire behavior, and (ii) additional 

common biometric variables relevant for management planning purposes (Table 2). 

Thus, stand height (hdom, m), tree density (N, number of trees per ha), basal area (G, 

m2 ha-1), quadratic mean diameter in the stand (dg, m) and G/dg (a non-linear density 

measure related to the number and sizes of trees per hectare) were collected in the field 

or predicted from the inventory. The crown fuel attributes:  base height (m) was 

estimated for each tree using the equations of Torres et al. (2004) and Soares and Tomé 

(2002) for maritime pine and eucalypt stands, respectively,  then the stand-level CBH 

was calculated. Canopy base-height (CBH,m), was obtained by dividing stand-level 

canopy foliage (kg m-2) by the average  crow canopy length, the former based on 

several Mediterreanean tree-level equations for foliage biomass (Table 3). Canopy 

cover (CC) was computed from the maximum area occupied by each tree canopy  by 

Torres et al. (2004) or Cruz and Viegas (1998) for Maritime pine and eucalypt 

plantations, respectively, and a mean value was assigned to the plot and classified (0-

20, 21-50, 51-70, 71-100%).  
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Table 3. Descriptive statistics for stand characteristics (n =2575 plots) and  )canopy equation 

sources for the estimation of biometric stand level characteristic. 

 

Surface fuel models (Fm) were chosen from a set of customized fuel observded in 

forest stands national conditions (Cruz 2007; Cruz and Fernandes et al. 2008; Fernandes 

et al. 2009b). Each plot was assigned a fuel model based on stand age classes (Table 4). 

 
 

 
 

 
V. Sousa 

(1029 plots) 

 
   LNF 
(546 plots) 

 
Glob. 

(1000 plots) 

Canopy 
characteristics 

 
Min/max Ref. 

Min/
max 

Ref. Min/max Ref. 

Stand height 
(SH, m) 

3-23 Inventory Data 7-29 
Inventory 

Data 
5-30 

Soares 
& 

Tomé, 
2002 

Canopy base 
height 

 (CBH, m) 
1-14 Inventory Data 2-23 Torres ,2004 1-20 

Soares 
& 

Tomé, 
2002 

Canopy Bulk 
Density  

(CBD, kg.m
-3

) 

0.004-0.441 

Zianis et al. 2005 
(F. sylvatica 
/ A. Unedo) 

Faias et al. 2009 
(P.pinaster) 

Montero et al. 2005 
(Q.róbur 

/Q.faginea) 
Correia et al. 2008 

(P.pinea) 
Paulo & Tomé,2006 

(Q. suber) 

0.037
-

0.315 
Faias, 2009 

0.050-
0.160 

Cruz & 
Viegas, 

1998 

Canopy Cover 
(CC, %) 

5-50 Inventory Data 19-97 Torres, 2004 35-90 
Cruz & 
Viegas, 

1998 
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Table 4. Customized fuel models assigned to the three understory forest areas (n =2575 plots). 

Case 
Study 

Fuel Model Age class 

(years) 

Description Kg/ m2 References 

MNL PPIN-05 
[20-40[  

Mature P.  pinaster 
plantation 

0,8 Cruz, 2007 

F-PIN ≥60 P. pinaster litter 0,8 

Fernandes 
et al., 2009 

M-PIN 
[40-60[ 

P. pinaster litter and 
understorey 

1,71 

V-MAb 

≤20 

Small shrubs (< 1 m) 
Erica, Ulex or 
Pteropartum 
tridentatum 
shrubland 

1,4 

Glob. M-EUCd 1-4 E. globulus with 
discontinuous 
surface fuel model 

0,448 

Fernandes 
et al., 2009 

M-EUC 5-12 E. globulus litter and 
understorey 

1,669 

V-MAb ≥13 Small shrubs (< 1 m) 
Erica, Ulex or 
Pteropartum 
tridentatum 
shrubland 

1,4 

  

  

  

  

  

  

V. Sousa 

M-CAD  Broadleave evergreen 1,61 

Fernandes 
et al., 2009 

Cruz, 2007 

M-EUC  E. globulus litter and 
understorey 

1,669 

M-PIN  P. pinaster litter and 
understorey 

1,71 

V-Hb  Herbaceous 
understorey (< 0,5 m) 

0,15 

V-MAb  Small shrubs (< 1 m) 
Erica, Ulex or 
Pteropartum 
tridentatum 
shrubland 

0,9 

V-MH  Young shrubs and 
grassland 

1,4 

V-MMa  Tall (> 1 m) Q. 
coccifera, Cistus 
ladanifer , Cytisus 
triatus and others 
mediterranean  
shrubs 

2,3 



Chapter V|Tools to support the design of fire-resistant landscapes in Portuguese ecosystems| 

Article V| Brigite Botequim   - 171 - 

 

 

3.3. Fire behaviour simulation 

Fire simulation was performed with FlamMap 3.0.0 software (Finney et al. 2003) for  

moderate, average and critical fire weather scenario, i.e. 10, 7 and 4%fuel moisture 

content,  crossed with a 6-m wind speed of 10, 20 and 40 km.h-1.  

 

 

 

 

Figure 2. Landscape file from the three forested areas representing the required topographic 

themes needed for fire behavior simulation (elevation, 2b; slope, 2c; aspect, 2d) 

 

2a 2b 2c 
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.In total, eight input layers adapted as ASCII files based on standard ArcGIS (version 

9.3.) procedures, related with geographical data (elevation, slope  and aspect, Fig. 2), 

parameters to simulate surface fire spread (CC, Fm) (Fig. 3a,3b) and crown fire 

occurrence (hdom, CBD, CBH) (Fig. 3c ,3d, 3e) along with separate weather and wind 

data were used to compute fire behaviour in each forested are. The crown fire spread 

was estimated with FlamMap following Scott and Reinhardt (2001) calculation 

methods.   

 

  

 

Figure 3. Forest vegetation characteristics from each case study: surface fuel model (3a) and 

canopy cover (3b) used to simulate surface fire spread; and stand height (3c), crown base height 

(3d) and crown bulk density (3e) used as canopy fuel data in FlamMap system. 

3a 3b 3c 3d 3e 
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Once a simulation is completed specific elements of each fire, as fire behaviour 

characteristics (e.g. rate of spread (ROS), fireline intensity (FLI) and type of fire 

(surface, passive crown fire and active crown fire) are produced (Fig. 4). All the fire 

characteristics are saved as maps that are accessible by ArcGis.  

 

 

Figure 4. Fireline intensity (FLI, KW m-1) map for LNF (4a), Glob (4b) and V.Sousa (4c) as 

result of critical weather scenario, i.e. 4%fuel moisture content crossed with a 6-m wind 40 

km.h-1. 

 

Moreover, biometric stand variables (e.g. dg, G, G/dg, N) were overlaid in ArcGIS 

with the initial landscape data (Fig.  2 and 3) and the fire-behaviour outputlayers (Fig. 

4). A total of twenty landscape map layers were overlaid for each meteorological 

scenario to combine multiple themes (at the cell level) into a single file (Fig. 5).  

 

Table 5. Distribution of forest species in each forest area (n =270,949) 

  Forest Management System 

 
Vsousa Glob LNF 

Species 
Private Forest owners Private industrial  Public forest 

Eucaliptus globulus 8128 165639 

 Others Broadleaves 301 

  Pinus pinaster 2674   94207 

 

   

4a 

 

4b 

 

4c 
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Thus, a file with 270,949 unique combinations (i.e LNF: 94,207; V.Sousa: 11,103 and 

Glob: 165,639) was established (Table 5). In addition, a database that stores all the 

information was created as basis to model the relationships of fire-behaviour with 

biometric-environmental interactions, and to identify high-risk structure inthe three 

forested areas (Fig. 5). 

 

 

Figure 5. Methodology employed to develop models of potential crown fire occurrence and 

difficulty of fire suppression for silvicultural decision making in Portugal.  

 

3.4. Modelling procedures  

| logistic regression and classification tree 

Models describing the relation between fire simulators input data or easily measurable 

stand-level features with crown fire propagation were fitted through a logistic 

regression analysis. The logistic function predicts a probability of an occurrence 

ranging continuously between 0 and 1. The dependent variable is dichotomous (crown 
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fire or surface fire). A cut-point may be defined in order to assign ‘1’ to the event of 

crown fire and a ‘0’ to surface fire event (Hosmer and Lemeshow 2000). The logistic 

regression model can be presented as (Eq. 1): 

 

)x...x(
e1

1
Y

pp110 


              (Eq. 1) 

 

Where Y is the dependent variable (the probability of potential crown fire occurrence 

representing a measure of total contributions of all the independent variables used in 

the model, x1 to xp are independent variables, β0 to βp, are parameters to be estimated. 

 

The initial set of independent variables included landscape data, fire behavior data, 

and easily accessible biometric data (e.g. dg, G, N). In total, 15 independent variables - 

12 continuous variables (Table 6) and three categorical variables for aspect (north, 

south, west, east), fuel model (M-PIN, F-PIN, PPIN-05, M-EUCd, M-EUC, V-MAb, V-

MMa,  V-Hb,  V-MH, M-CAD) and forest management system (private forest owner, 

private industrial and public forest) - were analysed as potential predictor variables. 

Firstly, all data was classified according to acquisition costs to support the 

development of  models suited to end users ranging from typical forest practitioners 

(with little access to data or lacking expertise) to researchers with full access to data. 

Effectively, two systems of compatible equations were developed to predict crown fire 

likelihood in these forested areas, i.e. (i) model type I, - PfCrown I, where site and fire 

behavior descriptors (eg: slope, FLI) and stand data related to simulator input data (e.g. 

CBH, CC) were tested, and (ii) a manager-friendly model type II - PfCrown II, , using 

site descriptors (eg: Fm, slope) and stand composition associated to easy-to-

measure/or predictable  biometric data (e.g. N, G, dg).  

 

Accordingly, the flamMap-generated crown fire activity (CFA) classification for each 

unique cell (i.e. “1” surface fire, “2” passive crown fire and “3” for active crown fire), 

was recoded to estimate a binary response variable of the equation Pfcrown .Hence, it 

was considered that surface fire observations (n= 196,659) assigned by FlamMap were 
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classified as “0”, while passive crown fire and active crown fire observations (n=5859 

and n= 68,431, respectively) were merged and treated as “1” (Table 6). Fuel model (Fm) 

was categorized as a dummy variable to easily allocate the type of fuel model in the 

field. The model type I, includes dummy variables for the different understorey fuel 

types listed in Table 4.  For  model Pfcrown II, to simplify field assignment by 

managers, the fuel models corresponding to each forest area were merged into to 

represent litter-dominated fuel complexes and shrub-dominated fuel complexes. 

 

Table 6.  Surface (n=196,659) and crown fire (n=74,290) observations, and statistics for the 

continuous variables considered to model crown fire likelihood. 

Variables 

Description 

Surface fire Crown fire 

Input data to 

FlamMap 

 

Min Mean Max Min Mean Max 

Slp (%) Terrain slope 0 5.38 33 0 6.33 37 

Altitude (m) Terrain altitude 0 94.89 503 5 113 543 

CC (%) Canopy cover 0 74 97 5 58 90 

CBD (kg.m-3) Canopy bulk density 0.016 0.107 0.441 0.004 0.129 0.441 

hdom (m) 
Dominant stand 

height 
6 19 30 3 11 22 

CBH (m) Canopy base height 2 11 11 0 5 23 

Output data from FlamMap             

FLI (kW m-1) Fireline intensity 37 2975 24985 4253 23298 42511 

ROS (m min-1) Rate of spread 0.97 6.22 50.07 8.92 32.13 44.21 

Stand descriptors   
 

  
   

N (no. trees ha-1) Stand density  9 973 2960 10 1133 3560 

G (m2 ha-1) Basal area 2 18 67 0 12 67 

dg (cm) 
Quadratic mean 

diameter 
5 18 98 4 11 34 

G/dg*   19 1.12 4.48 0.05 0.99 3.93 

         
 

 

All the previously mentioned variables were tested through a univariate model for a 

preliminary assessment of the relative importance of each variable on potential crown 

fire likelihood. Only the independent variables logical and statistically significant 

(p<0.05), as judged by the Wald 2 statistic were retained as predictors variables for 
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building a multivariate logistic model. Finally, all the models were analyzed and 

compared to obtain information to support management forest activities. It is 

important to always keep in mind the difference between obtaining a model to fit and 

having the theoretically correct model (Hosmerand Lemeshow, 2000). Thus, the 

different models were compared using Akaike Information Criterion (AIC) (Burnham 

and Anderson 2003), and the one with lowest AIC combined with the ecological 

consistency of predictors (i.e. signs of coefficients that are biologically reasonable) as 

well as management relevance (i.e.pratical importance of the variable) was considered 

the more parsimonious. The concordance analysis procedure was further used to 

support the interpretation of model outcomes (Hosmer and Lemeshow 2000). 

 

Model goodness-of-fit was assessed using Hosmer – Lemeshow goodness-of-fit 

statistics (Hosmer and Lemeshow 2000). Model performance was assessed through the 

likehood-ratio statistic and by calculating the area under the Receiver Operating 

Characteristics (ROC) curve ( Hosmer and Lemeshow 2000). The presence of 

collinearity was assessed by the variance inflation factor (VIF) ,i.e. adding new 

variables in the regression linear model, with the dependent variable as continuous, 

and observing the effect to the VIF value. All statistical procedures were performed 

using the JMP statisctical software package, version 8 (SAS Institute Inc, 2008), with 

0.05. 

 

The ROC curve plots the probability of detecting true signal (sensitivity) and false 

signal (specificity) over all possible threshold values for the cut-points. In order to 

convert an event probability (e.g. crown fire occurrence) to a dichotomous (e.g. crown 

fire/ no crown fire) data an optimal cut-point must be defined and compared to each 

estimated probability (Hosmer and Lemeshow 2000). A cut-off point value of 0.5 is 

often used, this probability threshold can be modified according to data specificities or 

user´s needs (e.g. Thies et al 2006). Thus, different methods have been proposed to 

select the cut-point – threshold (e.g. Monserud and Sterba 1999, Crecente-Campo et al. 

2009).  Here, the optimal cut-off point corresponds to the value where both sensitivity 

and specificity reach the same proportion (Hosmer and Lemeshow 2000). To evaluate 

the discriminatory ability of a cut-point, it is common to summarize the information of 
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the ROC curve into a single global value or index (e.g. area under the ROC curve) . 

Models with a ROC value equal to 0.7, 0.8 and 0.9 provide an acceptable, excellent and 

outstanding discrimination, respectively, between wildfire occurrence and non-

occurrence (Hosmer and Lemeshow 2000). 

 

Classification tree (CART) analysis divides a dataset into increasingly homogeneous 

subgroups and is ideally suited to model categorical response variable from multiple 

variables, particularly in the presence of non-parametric or unbalanced data and non-

linearity (De’ath and Fabricius, 2000). Classification trees deal satisfactorily with 

autocorrelated data (Calbk et al. 2002) and are able to disclose complex interactions 

among predictor variables and to quantify their relative importance. Thus, trees 

complement or represent an alternative to many traditional statistical techniques, 

including multiple regression, analysis of variance, logistic regression, log-linear 

models, linear discriminant analysis, and survival models (Breiman et al. 1984, De´ath 

and Fabricius, 2000). 

 

Although we previously noted the need to develop individual fire behavior models, 

the aim of this approach was to provide forest managers with some practical and 

global discrimination rules to specific forest management planning. For that purpose, a 

classification tree analysis was employed by pooling data from the input data source 

(n=270,949) to relate the type of fire (surface, passive or active crown fire) and the 

difficulty of fire suppression with site conditions (environmental and biometric data) 

and forest management system  estimate thresholds for dramatic changes in wildfire 

severity. Hence, the assessment of fire behaviour was achieved through forested 

landscape data instead of fire simulator complex data. Thus, the variable fuel model 

tested was the "litter" or "shrub" fuel type, previously mentioned. 

 

Classification tree analysis was carried out for fire activity, fire suppression difficulty. 

Fire activity from FlamMap (coded 1, 2 and 3 for surface fire, passive crown fire and 

active crown fire, respectively) was employed to estimate thresholds for dramatic 

changes in fire activity in each unique set of cells. Suppression difficulty considered the 
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fireline intensity classes suggested by Alexander & Lanoville (1989) but merged the 

two upper classes. Extremely difficult fire control corresponded to the combination of 

fireline intensity > 4000 kWm-1 and active crown fire spread (coded “3” from the 

FlamMap fire characteristic behaviour). This is instrumental for selecting priority 

intervention areas, required suppression equipment and designing effective fire 

prevention strategies. The selection of independent variables was automatic and model 

over fitting was prevented by basing the number of splits on a 10–fold cross-validation.  

 

VI.4| Results  

4.1. General response patterns : Identifying important interactions 

All  fire behavior characteristics maps were evaluated to identify stand characteristics 

and spatial pattern metrics of fire prone areas. Leiria National Forest has a high rate of 

fire spread (ROS, m min-1), in turn V.Sousa and Globand area very high (Vega, 1987). 

Withregard fire control difficulty, the three areas are classified in extreme danger class 

(Alexander & Lanoville, 1989),  with maximum values of fireline intensity of                 

42,511 kW m-1, 30,642 kW m-1 and 30876 kW m-1 for V.Sousa, Glob area and LNF 

simulation cases, respectively) . Intermediate results analysis indicate that a 22.13 % of 

the sample plots analysed showed a rather high potential for active crown fire spread 

under moderate burning conditions and this value increases to 69.27% under extreme 

burning conditions. 

 

4.2. Fire behaviour Modelling 

After considering the various factors controlling or influencing crown fire rate of 

spread and given the available information in the experimental crown fire data set 

(Table 6) two compatible equations are provided offering opportunities for several 

forest management applications. All parameter estimates of the crown fire likelihood 

equation were logical and significant at the 0.05 level. The results for the fitted 

equations,  showed that CBH was found to be negatively related with crown fire 
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spread. Indeed, crown fire occurrence are strongly dependent on canopy fuel 

characteristics, especially CFL, CBD and CBH.   

 

The use of the manger-friendly equation together with existing dynamic growth 

models and fire management decision support systems will enable assessment of the 

crown fire potential associated with different silvicultural alternatives used in these 

forest stands. 

VI.5|Discussion and conclusions 

The need for research into the effectiveness of fuel treatments in reducing crown fire 

potential has received considerable attention in recent years (Graham et al. 2004, Agee 

and Skinner 2005, Peterson et al. 2005, McHugh 2006). Commonly, the published 

studies aimed at quantifying fuel treatment effectiveness of distinct forest stands rely 

solely on modellling simulations. Indeed, the fire modelling systems to assess potential 

crown fire behaviour has gained widespread popularity as evident by the number of 

published simulation studies over the past ten years or so (e.g. Scott 1998, Raymond 

and Peterson 2005; Harrington et al. 2006; Graetz et al 2007; Mason et al. 2007; Battaglia 

et al 2008) .Several fire modelling systems, such as Farsite (Finney 2004) and FlamMap 

(Finney 2006) are extensively used in these simulation studies to assess potential crown 

fire behaviour in the western US (Keyes and Varner 2006; McHugh 2006; Varner and 

Keyes 2009) and to a lesser extent to date in Western Canada (e.g. Bessie and Johnson 

1995; Feller and Pollock 2006), including Mediterranenan countries (e.g. Loureiro et al., 

2002; González et al. 2012). In the other hand,  the technical basis and intended uses of 

these modelling systems are contested elsewhere (McHugh 2006; Peterson et al 2007; 

Cruz and Alexander, 2010). Therefore, forest managers cannot use fire behavior 

simulator systems correctly in order to select the most appropriate fuel treatments 

(Fernandez-Alonso et al. 2013). 

 

In the present research the simulation output fire behaviour characteristics were in line 

with local and regional experience on recent wildfires in the area. Moreover, to avoid 

one of the sources of underpredcition bias (Alexander and Cruz, 2010), calibrated 
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place-specific custom fuel models (Cruz 2007; Fernandes et al. 2009) to represent 

surface fuel-loads were used in the three case studies. A procedure that exploit the 

stand structure was applied. In this regard, input and output data from the fire 

simulator system were combined with common stand variables to create models 

aiming able to gauge the effectiveness of fuel management strategies to mitigate 

against the possibility of crown fire occurence. The goal of this effort was to find ways 

to reduce the potential for high severity wildfires coupled with proactive management 

actions.  

 

A model that relates forest characteristics to the vulnerability of forest to fire, used for 

forest management and planning purposes should predict the long-term consequences 

of management alternatives, and must be based on predictors the future value of which 

is known with a reasonable accuracy (Garcia-Gonzalo et al. 2011). It also should to 

consider variables that are under the control of the manager, which enables the 

manager to minimise the expected losses as a management objective in numerical 

planning calculations. In this sense, the application of fire behaviour systems in fire 

management decision-making has been limited both by the difficulty in measuring 

canopy fuel stratum characteristics and the lack of models to estimating these 

variables. In this regard, appropriate fire-behavior models to assign thresholds for 

decision support in silvicultural operations were developed take into account the 

potential effects of alternative forest management system (i.e. public, private industrial 

and private collaborative). 

 

The proposed approach was tested using three different landscape files (LNF, VSousa 

and Glob.) for the fire simulation exercise. Which means, for modelling purposes, a 

training dataset with 270,949 unique combinations, at cell level, of atributes 

(geographic, canopy characteristics, fire parameters and biometric descriptors) 

corresponding to: 94,207 observations from an even-aged pure maritime pine forest; 

11,103 from mixed-forest stands and 165,639 combinations from an eucalypt industrial 

property.The biometric data selected as explanatory statistical analysis was collected 

from 2757 plots encompassing the three inventories database. This is the first attempt 

to develop crown fire behaviour matching information from the fire simulation 
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exercise (input and output data) with readily or predictable biometric data. Further, 

characteristics associated with fire behavior and crowning hazard its presented 

through the concept of creating fire-resistant stand structures.  

 

The current research allows wildfire behavior (e.g. crown fire potential) to be assessed 

throughout stand development and surface fuel management, thus enabling the design 

of appropriate management alternatives. Although, the equations were developed 

using place- specific conditions and data sources into fire simulator system, only a few 

parameters (fuel understorey and easy-to-measure stand variables) are actually 

required to perform all the models, and in turn the generic structure of the final models 

is easily applicable.  Results suggest that the models may predict accurately crown fire 

likelihood over long-term planning horizons. Further, as emphasized by Fernandes 

(2009b) sand structures rather than type of cover was the main contribute to fire 

vulnerability. Indeed, the results demonstrate the potential of the strategies pursued to 

understand the influence of both biometric and environmental variables and to identify 

high-risk in these three forested areas.  

 

In addition, the impact of silviculture features in forest management system were 

explored in order to quantify structure targets for mitigating silvicultural practices and 

proactively reduce susceptibility to crown fire. Some studies make fire occurrence 

dependent on stand characteristics or prior management (e.g. González et al. 2005). In 

forest management, native deciduous broadleaves seem to be preferable to other tree 

species. The fire hazard of conifers and eucalyptus is higher, and for these, the 

application of correct silvicultural practices is probably more important that the 

selection of the species (Moreira et al. 2009). 

 

A set of numerical patterns derived from biometric variables was estimated based on 

CART approach to facilitate the identification of thresholds for radical change in fire 

behavior and further support preventive silvicultural practices. Such analyses help to 

reduce the uncertainty by anticipating the outcomes of management alternatives in a 

systematic way, and identifying management options that reduce the expected losses 
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due to fire. It is useful to interpret the current study in the broader context of fuel 

management and fuel treatment optimization approaches. The choice of the most 

appropriate  fuel management strategy is determined quantitatively by specific 

combinations of fuel and stand management strategies (e.g. clearing, thinning ) linked 

with wildfire exposure as measured by likelihood and intensity. Indeed, widely 

accepted as effective means to reduce the impacts of surface and crown fire in dry pine 

forests (Roccaforte et al. 2008; Safford et al 2012). 

 

The information obtained from the CART for the crown fire activity and difficulty of 

fire suppression is instrumental to guide forest owners and other agents to use actively 

preventive silviculture and mitigate wildfire effects on forest stands. In addition, it has 

been accomplished a better understanding of how context factors based on different 

forest cover types and forest system management influences fire behaviour and fire 

suppression techniques. Thinning fuel treatments need to consider not only changes in 

the in-stand microclimatic conditions but also the longer term changes in the 

understory vegetation composition and overstory structure. 

 

Several studies have reported  that when surface fuels are treated there is substantially 

less wildfire “damage” to the overstory (e.g. Weatherspoon and Skinner 1995).Thus, 

the stands where the fire severity is highest are considered priority intervention areas, 

where preventive silvicultural (principles) practices were defined: (i) we need to 

consider clearing the sbrub underground to reduce surface fuels; (ii) branching trees 

based on the HBC values to increase the canopy base height, and (iii) cut of trees, 

decrease crown density and retain the larger trees, according two variables depending 

of the forest  stand status, which as: CC or CBD.  It is clear, that the accuracy of the set 

of the CART rules reflect their usefulness by (1) replace the need to use spatially 

explicit fire simulation tools, i.e. the assessment of fire behaviour will be achieved 

through forested landscape data instead of fire simulator complex data; (2) perform 

optimal stand management policies (e.g. thinning, clear cut and fuel treatment options) 

according to the stand state. 
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Finally, the methodology proposed, as well as the results of this research are directly 

applicable for operational forest planning. In fact, the present research gave us the 

opportunity to derive simple tools to predict stand characteristics. The integration of 

these structures in fuel-treatment planning will expand the ability to support hazard-

reduction silvicultural practices, through the development of management guidelines 

for fuel and stand structure modification in these fire-prone forest stands. In the future, 

standardize the procedure to create an application that include these tools into 

modules that interact with stand evolution and could easily predict potential crown 

fire and difficulty of fire suppression scenarios reducing fire hazard. 
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VII| CONSIDERATIONS  

VII.1| Contribution of this research to fire management  

Forests provide numerous environmental, social and economic benefits, ranging from 

the quantified economic assets (e.g. 30% of the world’s forest revenues are primarily 

from wood and non-wood products) to the less tangible services and contributions to 

society (e.g. environmental amenities, cultural sites and idyllic landscapes) (FAO 2010). 

Nevertheless, wildfires affect both ecosystems and human communities, with potential 

major negative environmental and socio-economic consequences (Minas et al. 2013). 

 

Wildfires are indeed a major threat to Portuguese forests, where despite the existence 

of a national system for forest protection against fires, wildfires have affected more 

than 3% of the national forest area on a yearly basis for the last 30 years (Oliveira et al. 

2012), and accounted for more than half the fires in the EU Mediterranean region (San-

Miguel-Ayanz et al. 2013). This hazard is linked to land abandonment and to absence 

of forest management.  

 

Mitigation of the real risks, for instance through better forest management, will 

decrease the perceived risk of wildfire. Alongside the damage they cause, wildfires can 

also be regarded as an opportunity to plan and establish less flammable and more 

resilient forests and landscapes in recently burned areas (Moreira et al. 2012). Such a 

scope is of huge interest in Mediterranean areas highly subject to fire mainly due to a 

lack of active management. In addition, decreased fire risk contributes to restoring 

confidence in the forest sector, attracting more investment and improving forest 

management (Mateus & Fernandes 2014).  

 

The emphasis today in forest management is on forest restoration and fuel reduction. 

Actually, we have little or no control over most factors in the fire and fire behaviour 

triangles. However, one element we can control is fuel (e.g. reducing the total amount – 
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fuel sizes, changing the arrangement of fuels and treating in strategic locations can 

help break up both continuous horizontal and vertical layers of fuels). Nevertheless, it 

is always worth bearing in mind that fire-resistant forests are not “fireproof” – under 

the right conditions any forest will burn, but we can influence forest fuels so that fire 

acts and plays out in a more natural way and pattern, particularly in Mediterrean 

forests (Fitzgerald & Bennet 2013). Indeed, in properly treated, fire-resistant forests, fire 

intensity is reduced, and overstorey trees are more likely to survive than in untreated 

forests, which means that properly implemented treatments can promote resilience to 

both first-entry and subsequent wildfires (Stevens et al. 2014). 

 

In this context, the Mediterranean forests, particularly in Portugal, require active 

management to increase fire resilience. However, management actions have to be 

adapted to each stage of the forest dynamics and site conditions, especially considering 

both the support structure and composition to induce fire resilience. In addition, a 

change in the behaviour of forest owners is required and must be fully encouraged and 

supported.  

 

Models and tools should provide information required for forest management, in a 

form useful to forest owners and decision-makers (Vanclay 1994). Thus risk-oriented 

planning enables an understanding of which drivers determine and constrain (or 

promote) fire activity, in turn allowing the design of fire management strategies and 

policies. Risk models (e.g. Cumming 2001, González et al. 2006) are instrumental in 

explaining the probability of fire occurrence in forest stands due to environmental and 

biometric variables. Damage and mortality models (e.g. Beverly & Martell 2003, Catry 

et al. 2012) are key in assessing the impacts of fire on this scale-space. In Portugal, 

despite the work already produced by the scientific community, there were no risk and 

damage models associated with forest management options for eucalyptus stands and 

the common forest species in the country, respectively. Further, the existent national 

curve of shrub biomass accumulation refers to plots without tree cover (Simões 2006). 

Therefore, quantitative methods using biometric variables are required for the 

appropriate selection of silvicultural treatments aimed at reducing susceptibility to 
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potential crown fire and prediction of fire behaviour to support suppression 

operations. This context highlights the need to investigate appropriate tools to 

prioritize fuel management aimed at addressing fire resistance decision strategies in 

forest management programmes that may mitigate wildfire impacts in Portugal, while 

meeting demands for ecosystem services.  

 

Much of what is presented in this thesis as the effect of quantitative fuel reduction 

methods (e.g. understorey management, thinning and pruning) is relevant when used 

as a stand treatment, and it includes approaches to meet landowner objectives and 

reduce wildfire damage and risk levels. Although results from these analysises can 

support important landscape management implications, this does not necessarily mean 

that all the results should be used directly at the landscape level (where the influence 

of fuel treatments is more effective or pronounced in moderating fire behaviour), but 

they can certainly steer as guidelines to explore alternatives, evaluating the 

consequences of specific actions or the system’s sensitivity to a certain disturbance. 

 

| Originality/value 

 

This thesis is organized around five publications (published, submitted or in 

preparation) that are contributions for extending knowledge in order to improve forest 

resilience, which could not be achieved with the tools available at the time this research 

work was initiated. Thus, the methods and tools developed in this research, following 

a line of increasing complexity, have made several key contributions towards a deeper 

understanding of the biometric factors, across a range of scales from the individual tree 

to the stand scale, that drive fire occurrence, fire damage and fire behaviour in 

Portugal. The assessment on the national scale, firstly applied to a wide forested area 

and finally to specific case studies, is useful for clarifying the wildfire biometric-

environmental interactions. The fundamental contribution and originality of the ideas 

or methods in each article are listed below. Nevertheless, readers interested in the 

detailed results are directed to the full papers presented in Chapters II, III, IV, V and VI 

of the thesis. 
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Article I , Chapter II:  

It was demonstrated that in general wildfire impacts depend on the forest cover types 

where they occur (e.g. Moreira et al. 2001, Godinho-Ferreira et al. 2005, Nunes et al. 

2005, Moreira et al. 2009, Silva et al. 2009). Nevertheless, no models to assess the impact 

of changes in “controllable” biometric variables on fire occurrence in eucalypt 

plantations were available in Portugal. This lack of information was a major obstacle to 

effective eucalypt forest management planning in Portuguese fire-prone regions. A 

logistic modelling approach that uses input variables that are measurable and/or 

predictable as well as “controllable” by forest managers (e.g. shrub fuel load, basal 

area, dominant height and quadratic mean diameter) was developed to address this 

shortcoming. Contrary to former approaches (González et al. 2006), the development of 

this model to estimate the annual probability of wildfire occurrence in eucalypt stands 

as a function of biometric variables took into account vegetation growth dynamics. 

Thus, the modelling approach to wildfire occurrence builds from previous research 

targeting the development of fire risk models that combine forest and fire management 

in other forest cover types (e.g. Marques et al. 2012, Garcia-Gonzalo et al. 2012). Indeed, 

both a stand-level growth and yield model (Barreiro & Tomé 2011) and a shrub growth 

model (Botequim et al. 2014) were used to estimate the annual values of biometric 

variables of each plot in the period ranging from the inventory date to either the fire 

event date or the date of the next inventory. This is a solid study that uses fire and 

forest inventory data collected over time and large spatial scales. Our research further 

confirmed the potential of the logistic model to assess the annual fire occurrence 

probability in pure and even-aged eucalypt stands in Portugal. 

 

Article II , Chapter III:  

This study extended previous approaches by pioneering the introduction of 

measurable stand variables and shrub-regenerating strategy in a time-dependent shrub 

biomass model under tree canopy in the Mediterrean Basin, using a non-linear 

regression technique based on Olson’s model (Oslon 1960). Despite disregarding site-

specific conditions in relation to shrub composition and some simplifications in 

regards to the whole fuel complex, data haven’t been collected from a single site but 
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from the whole the country. Thus, it is reasonable to conclude that the combination of 

the shrub biomass accumulation model (Biom1) and the two alternative difference 

equation forms adequately describes typical shrub accumulation in Portuguese forests. 

In fact, our results show that temporal biomass dynamics are clearly related to changes 

in shrub types, climate and “controllable” biometric variables. In summary, the novelty 

of this article is that this is the first attempt to develop a shrub biomass accumulation 

model for forests that may be applied in stands with different structures and different 

species compositions. This is different from other models developed in shrublands for 

Portugal and elsewhere and may enable prediction of the effect of changes in stand 

structure on the expected biomass and carbon stock inventories and therefore easy 

integration of that information in forest simulators, fire simulators and optimization 

systems aimed at fire risk prevention. In any case, even if the shrub biomass model has 

some limitations, this study is an important contribution to supporting forest 

management decisions in Mediterranean areas towards fire risk prevention. It presents 

a step forward not only in terms of integrating fire risk (by assessing fuel loads in the 

forest) into forest planning but also in computing carbon accumulation in the 

understorey vegetation.  

 

Article III , Chapter IV:  

This research followed the same line as two other studies from the research group 

related to mortality models under risk of fire in Portugal (González et al. 2007, 

Marques et al. 2011, Garcia-Gonzalo et al. 2011), but with the novelty of considering all 

the species in the same model and recognizing the important differences among forest 

cover types. The complexity of the methodological procedures extends the above 

approach, since the amount and type of information obtained were greatly enhanced 

by substantially increasing the number of species  and explanatory variables assessed. 

This research estimated a set of three models to predict fire damages that present a real 

step forward for managing mixed stands under fire risk situations, to be used to 

predict the mortality of a particular tree within a certain stand for any forest species. 

The advantage of the current post-fire equations is that they are very suitable for forest 

management planning, so the pre -and post-fire management decision-making instead 
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of considering fire effects as explanatory variables will be driven by models that 

accurately predict mortality with “controllable” variables (i.e. damage and survival 

depend on variables that can be changed through forest management). Indeed, these 

models are based on empirical data, and they are management oriented by nature as 

they enable the manager to quantify the effect of different management options on the 

excepted fire damage. In addition, they  give insight into different behaviour or post-

fire mortality between pure and mixed stands as they are applicable over a wide range 

of tree sizes and species (i.e. forest with mixed and pure species composition) and in a 

variety of stand conditions (i.e. even-aged and uneven-aged forests) in Portugal. 

Finally, this analysis bears relevant management implications with the identification of 

forest cover types that are more fire damage-prone as they provide a critical insight 

into wildfire risk assessment. 

 

Article IV, Chapter V & Article V, Chapter VI:  

Studies addressing fire behaviour characteristics and common biometric variables 

coupled in the same approach are scarce worldwide, even more so with the target of 

creating quantitative patterns for forest fuel treatments. Consequently, this second 

phase of the research can be interpreted as the first step towards exploring quantitative 

methods to assess the expected fire behaviour or difficulty of fire suppression 

associated with silvicultural treatments. Actually, this is the first attempt to develop 

crown fire behaviour, potential mortality and difficulty of fire suppression models for 

maritime pine stands (Chapter V), matching information from the fire simulation 

exercise (input and output data) with readily available or predictable biometric data. 

Although the equations were developed using place-specific conditions and data 

sources in a fire simulator system, only a few parameters are actually required to 

perform all the models, and in turn the generic structure of the final models is readily 

applicable. In addition, bearing in mind that not only the species but also the forest 

management system adopted to manage that species (e.g. monospecific industrial 

plantation vs. mixed forests managed by natural regeneration) influences the 

silvicultural interventions and the fuel structure, this innovative approach was applied 

in a large-scale assessment allowing those features and factors that are common among 
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forest areas within the region to be uncovered (Chapter VI). Thus, data from three 

forested areas that comprise multiple stands that vary in species composition, vertical 

structure and spatial patterns were linked to fire simulator variables to assess the topic 

forest management system at the landscape level. The several models/tools developed 

can be used to identify relationships between stand structure, fire behaviour (crowning 

hazard) and difficulty of fire suppression. In summary, the present research produces a 

consistent set of models to ”build“ forest landscapes more resistant to fire that replaces 

the need to use fire simulators, suited to end-users ranging from typical forest 

practitioners to researchers, and it has advantages over simulation methods for 

strategic planning because it does not require multiple runs of spread simulation 

models or information on streaming weather data and fire duration. 

 

| Outputs & outcomes:at a glance 

Since climate conditions cannot be controlled, the implementation of vegetation 

management measures plays an important role in reducing the likelihood of large fires. 

However, there is explicit recognition of uncertainties and knowledge gaps relating to 

the quantitative response of the system on management actions, seldom addressed in 

the forestry literature. Reducing these uncertainties has become one of the goals of 

forest management. Developing tools to help decision-makers to assess the impact of 

forest management options on wildfire risk levels is a relevant issue. The current 

research integrates the worlds of fire science and forest management to reduce 

uncertainties, ensuring that applied science is well directed toward key uncertainties, 

and scientifically sound methods are transferred to non-industrial forest owners, 

public administration, industry and non-governmental organizations, and furthermore 

allowing an opportunity to meet people and institutions to promote cooperation in 

forest fire science and management. Therefore, flexibility in the approaches is 

important to allow the creativity that is crucial in dealing with uncertainty and change.  

 

The doctoral thesis also provides advanced approaches and statistical models through 

carefully designed tools to prioritize fuel management with applicability in solving 
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important real problems to promote fire-resistant forests (Figure 1). On landscape 

scales forest management is a more appropriate way to reduce fire hazard and enhance 

ecosystem resilience to fire. Forest management options may lead to different forest 

structures on plot scales and different levels of patchiness on landscape scales (size and 

arrangement of horizontally “homogeneous” plots). Indeed, emphasis was on 

integrating stand-level fuel treatment scheduling and landscape-level management 

planning into target socio-economic and ecological objectives, while sustaining 

effective fire prevention levels when forest fires imply a real threat for a successful 

forest plan.  

 

In view of the results obtained from this research, some outlines for handling likely 

risk that take part of the complex decision problems that wildfire implies for forest 

owners and managers encompass: (i) fire occurrence probability model, (ii) shrub 

build-up models, (iii) fire damage models, (iv) fire behaviour and suppression models. 

The strategies implemented retain the capacity to project vegetation changes due to 

fuel load growth, mortality and treatment while incorporating additional data to 

characterize a stand’s potential fire behaviour. This set of models can be applied to 

both mixed and pure stands in Portuguese forests, and has practical applications in 

assessing fire hazard and defining general prescriptions for planning fuel treatments. 

Indeed, it allows the impact of silviculture operations to be quantified, helping to 

define management options that may decrease wildfire occurrence. 
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Figure 1. Interrelationship among the modelling approaches/tools developed during the doctoral 

research and the corresponding targets for enhanced integration of forest and fire management 

planning activities, firstly stand-alone treatment and then landscape scale. 

 

Fire management approaches should be adjusted to the particular characteristics of fire 

occurrence in different locations, as shown by the studies integrated in this thesis 

(Figure 1). The adoption of region-specific fire management actions, adapted as well to 

the human and physical conditions of each area, could increase the efficiency of the 

measures taken, and help reduce the occurrence of serious, even life-threatening 

events. However, it must be borne in mind that these measures should not undermine 

the intrinsic relationship between fire and the underlying environmental conditions, 

remembering that fire is a vital component of many ecosystems. 

 

The major contributions of the doctoral research in the application of knowledge to 

changing policy and forest practice in Portugal can be found in the above diagram 
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(Figure 1). The innovation beyond the development of fire management-oriented 

models for the main forest ecosystems in Portugal enabled the development of a cycle-

step framework that diverse decision-makers can appreciate. In this case, the concrete 

results of each of the models/tools are outlined below, and an explanation regarding 

the integration in forest planning applications is recommended. 

 

Article I , Chapter II:  

Firstly, the research questions deal with issues that are of current interest in terms of 

eucalyptus management throughout Mediterranean areas. Wildfires in eucalyptus 

stands are a serious concern in Portugal. Typically, eucalypt stands in Portugal are 

even-aged plantations with high densities and high flammability (Marques et al. 2011).  

The use of stand variables that can be predicted using existing forest growth models, 

and at the same time are susceptible to being affected by traditional timber 

management operations, opens a clear opportunity for the inclusion of fire risk in 

forest management and planning. The  thesis addresses the importance of developing 

models that use variables that are “controllable” by foresters, and the results are 

valuable for both forest and fire management in eucalyptus plantations. Thus, the 

equation PburnEc can be used to predict the probability of wildfire occurrence 

(Target#2, Figure 1). This research highlighted that emphasis has to be placed on 

managing the forest structure (i.e. stand density and height) and the fuel loads to 

decrease burn probability. It helps quantify the impact of silviculture treatments (e.g. 

coppice cuts and fuel treatments) on wildfire risk and this is instrumental in defining 

both operational and strategic eucalypt forest management options, which may help 

decrease wildfire occurrence. It further generated information to indicate which stands 

are more vulnerable or resistant to fire.  

The proposed model may be integrated with a growth and yield model following the 

approach suggested by Hanewinkel et al. (2010) to predict the probability of a wildfire 

occurring if there is an ignition. For that purpose, it may take advantage of wildfire 

ignition models such as the ones developed by Vasconcelos et al. (2001) or Catry et al. 

(2008) or else consider a stochastic ignition (González et al. 2006). This process would 

unfold as follows: 
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 Firstly, the models developed by Barreiro and Tomé (2011) and Botequim et al. 

(2015) would be used to simulate vegetation growth in the eucalypt stand; 

 Secondly, each year of the temporal horizon, if an ignition is simulated, the 

wildfire occurrence model is used to check the probability of a wildfire 

occurring; 

 At this point it may further be checked whether a wildfire will indeed occur. 

For that purpose the probability of wildfire occurrence may be compared with a 

cut point to decide whether the wildfire occurs or not (e.g. González-Olabarria 

& Pukkala 2011). An optimal cut point of 0.11 is suggested by this research. This 

may lead to an overestimation of the number of fire events, but it would 

enhance the prediction of non-occurrence. 

 

Such a model may help reverse current eucalypt forestry trends in Portugal, and is 

useful in forest planning systems as it enables the impact of silvicultural treatments 

and management options on the probability of wildfire occurrence to be quantified. Its 

usefulness has been further demonstrated in the framework for the development of 

optimal management plans under wildfire risk (González et al. 2008, Garcia-Gonzalo et 

al. 2011a, Ferreira et al. 2012, 2014).  

 

Article II , Chapter III:   

The information about “shrub biomass” growth affecting the likelihood and severity of 

fire over time is crucial.The shrub build-up model can be used by forest managers to 

predict fuel loads in the frame of understorey removal to decrease fire hazard. Here the 

focus is on the role of shrub understorey in contributing to fire hazard and crown fires 

in forested areas and the importance of reducing periodically its fuel load to minimize 

fire risk in the forest (Target#1, Figure 1). Results show that temporal biomass 

dynamics are clearly related to “controllable” biometric variables such as basal area (G, 

m-2 ha-1), climate (temperature) and changes in shrub types (shrub regeneration 

strategy). Moreover, to provide information on biomass trends over time for use in 
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forest and fire management applications, the proportion of resprouters in the stand is 

the sole shrub information required, in lieu of floristic composition.  

The idea is interesting, necessary and has many applications; it presents a step forward 

not only in terms of integrating fire risk (by assessing fuel loads in the forest) into 

forest planning but also in computing carbon accumulation in the understorey 

vegetation. Indeed, it may also have a practical application for ecologists, allowing the 

estimation of carbon storage in the understorey and the assessment of how future 

wildfire emissions will change in response to fuel treatments, helping to reduce the 

uncertainty in emission estimates.  

 

 In order to be able to apply the proposed shrub build-up models when the initial age 

of the shrub is not available, two difference equation forms that do not use age as an 

explicit variable were obtained from the main model Biom1. The combination of the 

equation Biom1 and the difference equations (eq. 5 and 6) fulfils all types of practical 

applications, implying one of the following situations:   

  In existing plots without previous information on shrub load for a specific time 

the use of the shrub build-up model as an initialization equation (model Biom1) 

is proposed; 

  When the existing biomass load of the shrubs in the stand is known it is 

possible to estimate the age of the shrubs. Once we have an estimation of the 

initial shrub age the forest simulator can easily predict the growth of the shrubs 

by using the difference equation; 

 Otherwise, shrub biomass can be projected with one of the difference equation 

forms, using eq. 5 if the initial age (t1) is available or eq. 6, which does not use 

age as an explicit variable.  

 

Furthermore, the results of this study – especially when combined with risk models for 

the appropriate forest type (Garcia-Gonzalo et al. 2012, Marques et al. 2012, Botequim 

et al. 2013) – are therefore useful for land managers and can be used in fire hazard 

mapping and fuel management. Additionally, the usefulness of this build-up model 
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has been further demonstrated in the framework for the development of optimal 

management plans under wildfire risk (Ferreira et al. 2012, 2014).  

 

Article III , Chapter IV:  

In fire-prone ecosystems, intensive fuel management may be used to preserve forest 

stands from fire damage. Yet the use of a variety of direct and indirect methods to 

predict post-fire mortality (e.g. Fowler & Sieg 2004) in forest management planning is 

constrained by its cost-effectiveness and the difficulty in predicting accurately the 

variables they use (e.g. tissue damage and relative humidity at the time of ignition). 

Both tree and stand characteristics can be partly managed, which enables some control 

on mortality. The set of post-fire mortality models are management-oriented by nature 

as they may be critical for informing pre- and post-fire management decisions to assess 

the probability of mortality of individual trees when developing salvage guidelines, or 

to assess potential stand damage and economic losses when considering different 

management alternatives (Target#3, Figure 1). This allows the expected losses to be 

minimized through adequate planning, as a management objective in numerical 

planning calculations or easy integration of post-fire mortality in forest simulators and 

optimization systems, particularly in ecosystems where wildfires are a recurrent 

disturbance. The tree-level equation (Pdtree) has been fitted for the stands that present 

mortality (i.e. it gives the probability of a tree dying when the stand presents 

mortality). In a management planning context, this equation can only be used when 

information about all the trees present in the stand (which is true when you use a tree-

level growth and yield model) is known. However, when the growth and yield model 

used is a stand-level model, the above equation cannot be used and then only the stand 

level equations Psdead and Pmort would be used. The equation Pmort gives the 

proportion of trees that will die if a fire occurs (i.e.  the total number of trees that will 

die is provided), and then the equation Pdtree is used to calculate the probability of 

each tree dying. In this case, a cut point for the equation Pdtree is not needed, which 

means that the trees should simply be sorted from higher to smaller mortality 

probability, and the ones with higher probability of mortality must be selected until the 
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number of dead trees given by the equation Pmort is reached. For demonstration 

purposes using a stand with 1100 trees: 

 Firstly, the equation Pmort indicates that 20% of the trees will die.  

 Then using the equation Pdtree the 220 trees with the highest probability of 

mortality will be selected and classified as dead. Thus, we are distributing the 

mortality among the trees of the stand. 

 

Such analyses help to reduce the uncertainty by anticipating the outcomes of 

management alternatives in a systematic way (Gadow 2000), and identifying 

management options that reduce the expected losses due to fire. Results also suggest 

that post-fire mortality tends to increase under harsh topographic conditions (namely 

steepness and altitude), thus managers may want to consider avoiding them (e.g. when 

planning new plantations), in order to increase resilience to fire and management of 

wildfire damage. 

 

Article IV, Chapter V & Article V, Chapter VI: 

The second phase of the research can be interpreted as the first step towards exploring 

the potential of the innovative combination of data from the fire behaviour modelling 

(input and output) with common biometric variables, which opens up new possibilities 

for analysis, such as the occurrence of potential crown fire or difficulty of fire 

suppression in supporting decisions regarding forest planning in Portugal. The current 

research allows wildfire behaviour (e.g. crown fire potential) to be assessed throughout 

stand development and surface fuel management, thus enabling the design of 

appropriate density management alternatives. Indeed, the implementation of studies 

IV and V proved that applying several silvicultural principles (e.g. reducing surface 

fuels, increasing the canopy base height, decreasing crown density and keeping larger 

trees of more fire-resilient species) promotes fire-resistant forests at the landscape level. 

When these targets are combined with an understanding of forest stand dynamics, the 

groundwork is laid for prescribing specific silvicultural practices for individual stands 

that yield a sustained reduction in crown fire potential at the stand level. Specifically, 
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the models presented in Chapter V (Target#4, Figure 1) may predict accurately crown 

fire occurrence (Pfcrown) and potential mortality (Pm) over long-term planning 

horizons. Indeed, the results demonstrate the potential of the strategies pursued for 

understanding the influence of both biometric and environmental variables and for 

identifying high risk in maritime pine stands. Furthermore, the results enable mortality 

prediction for a mosaic of maritime pine forest and development stages across the 

landscape based solely on the fuel model or relatively simple inventory data. 

 

In addition, a better understanding has been achieved of how context factors based on 

different forest cover types and forest system management influence fire behaviour 

and fire suppression techniques (Target#5, Figure 1). In this regard, a set of 

quantitative patterns derived from biometric variables that encompass the three case 

studies was estimated to facilitate the identification of thresholds for radical change in 

fire behaviour (surface fire, passive crown fire and active crown  fire), and even predict 

how the silvicultural interventions and the fuel structure influence the difficulty of fire 

suppression in five rating classes: low, moderate, high, very high and extreme. 

 

It is clear that the accuracy of the set of fire behaviour models (Target#4 and Target#5, 

Figure1) and the tree classification rules reflect their usefulness by: 

 Replacing the need to use spatially explicit fire simulation tools, i.e. the 

assessment of fire behaviour will be achieved through forested landscape data 

instead of complex fire simulator data; 

  recognizing variables that make a forest type susceptible or resistant to fire, 

along with the spatial relationship between forest types that makes a landscape 

or region susceptible or resistant to fire; 

 performing optimal stand management policies (e.g. thinning, clear cut and fuel 

treatment options) according to the stand state; 

 providing an interesting insight to support hazard-reduction silvicultural 

practices, through the development of management guidelines for fuel and 

stand structure modification in these fire-prone forest stands. 
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Finally, the integration of these structures in fuel-treatment planning will expand the 

ability to challenge landscape fire spread by identifying high-risk areas and developing 

fuel management priorities. Moreover, it will be instrumental for innovative and 

effective integration of forest and fire management activities and will be valuable for 

addressing the most important catastrophic forest events in Portugal.  

 

| Research implications/Future directions: 

The research was carried out using data from NFI (temporary plots) and several data 

from specific case studies, which have been maintained for several years in the 

research group. Nevertheless, data from more permanent plots would be instrumental 

in the attempt to evaluate in a long-term chronosequence the models that are now 

available under this research, including sensitivity of the current results and an 

extension of the approaches for the remaining forest species in Portugal. It is also clear 

that studies on a broad scale are still limited by the availability of harmonized and 

reliable data. This requires a search for alternative approaches and fosters the use of 

recent analysis and modelling techniques, sometimes coming from different scientific 

domains. The studies presented in this thesis followed this premise in an attempt to 

show the validity of specific approaches/methods, in spite of the difficulties in 

obtaining appropriate data. The application of a particular calibration procedure to 

estimate the predictor variables, the use of logistic regression to assess fire occurrence 

and damage and the application of classification tree analysis to explore biometric 

patterns proved suitable and very valuable.   

 

The Mediterranean Basin is one of the regions in the world where the fire regime may 

be in a process of change due to the combination of the various factors that affect fire. 

Assessing future fire regimes and risk, and the capacity to adapt to such changes, is 

critical because none of the main factors are stable due to continuous climate and socio-

economic change. A key issue for successful fire management under climate change is 

the adaptive capacity, which depends not only on the available  scientific and technical 

knowledge, but also on the social, economic and political components associated with 
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the implementation of the different adaptation options (Le Goff et al. 2005). Indeed, 

resource planning is subject to continuous change that requires adaptive management 

based on the combination of new scientific and socio-economic information in order to 

improve management by learning from the ecosystems being affected. Therefore, it is 

hoped that the current thesis provides options and some direction for technological 

developments in the immediate future for decision-makers. 

 

Bearing in mind that knowledge discovery is a process, not a deliverable, the strategy 

for the near future builds from the research undertaken to focus on the topics that have 

been identified as needed, leading to innovation and improvement of existing 

management-oriented forest models and decision support system tools. Moreover, it 

would be beneficial for forest management planning to help tackle some of the 

challenges raised by the complexity and the large uncertainties in fire management 

systems. Further steps, aimed at future fire modelling research, will address both 

generic aspects of adaptive forest management and specific work lines anchored on the 

results of the five studies reported herein. The specific lines for future studies are 

outlined below:  

The annual wildfire probability model presented in Chapter II (Article I) may be 

applied in different contexts, thus helping to effectively integrate fire risk into forest 

management planning. It helps forest managers design prescriptions to manipulate 

stand endogenous variables that impact on the probability of wildfire occurrence. 

Nevertheless, it is important to underline that wildfire occurrence in a stand is not only 

dependent on the intrinsic characteristics, but stands are often burned by wildfires that 

started in neighbouring stands (Moreira et al. 2009, Silva et al. 2009). In this regard, the 

research can expand the current model by considering landscape structure variables 

(e.g. neighbouring stands biometric variables).  

 

Future research efforts on shrub biomass accumulation (Chapter III, Article II) would 

benefit from the existence of chronosequence information from permanent 

shrub/biomass plots, measured over time, and where detailed data on the understorey 

and overstorey composition and structure are collected to enable better understanding 
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of biomass dynamics (e.g. shrub senescence), and consequently carbon sequestration 

rates at several times and spatial scales. Additionally, new variables such as soil type 

and measures of summer water deficit may contribute to improving model 

performance. 

 

Future strategies will have a multicriteria nature, aimed at interactions between 

decision-makers and seeking to fine-tune the way that results of the current thesis can 

be used to help companies and authorities improve silvicultural operations and policy 

to enhance fire management in Portugal. It would be useful to extend this research to 

focus on broadening the spectrum of modelling forest resilience, and optimizing multi-

objective forest management in a changing context (social, economic, climate) to 

address tactical and operational forest planning problems, while sustaining effective 

fire prevention levels. In this regard, research conducted in this thesis will provide key 

input to future work on applying spatially explicit operations research techniques to 

support the scheduling of fuel management activities over time  to minimize the 

expected loss from future wildfire occurrence. 

 

Finally, how do we know when our objectives (e.g. outcomes and outputs) have been 

reached? Within effective forestry research such a complex answer may be provided by 

developing computerized tools (e.g. decision support systems – DSS) into user-friendly 

interfaces to support adaptive decision-making processes. In the near future, the 

development of an innovative technological application will be instrumental both in 

including all the models/tools provided herein, allowing especially for long-term 

decisions and a more sophisticated risk-based analysis of management portfolios at 

stand and landscape level, and in improving public perceptions about fires and forest 

policies (i.e. social participation in forestry decision-making). 

 



|Tools to support the design of fire-resistant landscapes in Portuguese ecosystems| 

 

Considerations| Brigite Botequim - 213 - 

 

 

VII.2|References 

Barreiro S, Tomé M. 2011. Simplot: simulating the impacts of fire severity on sustainability of 

eucalyptus forests in Portugal. Ecological Indicators 11:36-45. 

Beverly JL. Martell DL. 2003. Modeling Pinus strobus mortality following prescribed fire in 

Quetico Provincial Park, northwestern Ontario. Can. J. For. Res. 33:740-751. 

Botequim B, Garcia-Gonzalo J, Marques S, Ricardo A, Borges JG, Oliveira MM, Tomé J, Tomé 

M. 2013. Developing wildfire risk probability models for Eucalyptus globulus stands in 

Portugal. iForest 6:217-227. doi: 10.3832/ifor0821-006. 

Botequim B, Zubizarreta-Gerendiain A, Garcia-Gonzalo J, Silva A, Marques S, Fernandes PM, 

Pereira JMC, Tomé M. 2015. A model of shrub biomass accumulation as a tool to support 

management of Portuguese forests. iForest 8: 114-125. Doi: 10.3832/ifor0931-008. 

Catry FX, Rego FC, Moreira F, Bação F.  2008. Characterizing and modelling the spatial patterns 

of wildfire ignitions in Portugal: fire ignitions and resulting burned area. In:  de la Heras 

J, Brebbia CA,Viegas D. and Leone V. (eds.), Modelling , Monitoring and Management of 

Forest Fires. WIT Transactions on Ecology and the Environment vol 199: pp. 213-221.  

Catry FX, Moreira F, Pausas JG, Fernandes PM, Rego F, Cardillo E, Curt T. 2012. Cork Oak 

vulnerability to fire; the role of bark harvesting, tree characteristics and abiotic factors. 

Plos one 7(6): e39810 . Doi : 10.1371/journal.pone. 0039810.Cumming SG. 2001. Forest 

type and wildfire in the Alberta boreal mixedwood: what do fires burn? Ecological 

Applications 11:97-110. 

FAO 2010. Global Forest Resources Assessment 2010: Main Report. Food and Agriculture 

Organization, United Nations, Rome.  

 http://www.fao.org/docrep/013/i1757e/i1757e.pdf. 

Ferreira L, Constantino M, Borges J, Garcia-Gonzalo J. 2012. A stochastic dynamic programming 

approach to optimize short-rotation coppice systems management scheduling: an 

application to eucalypt plantations under wildfire risk in Portugal. Forest Science 

58(4):353-365. 

Ferreira L, Constantino M, Borges JG. 2014. A stochastic approach to optimize Maritime pine 

(Pinus pinaster Ait.) stand management scheduling under fire risk: an application in 

Portugal. Annals of Operations Research 219(1): 359-377.  Doi: 10.1007/s10479-011-0845-z. 

http://www.fao.org/docrep/013/i1757e/i1757e.pdf


|Tools to support the design of fire-resistant landscapes in Portuguese ecosystems| 

 

Considerations| Brigite Botequim - 214 - 

 

 

Finney MA. 2006. An overview of FlamMap fire modeling capabilities. U.S. Forest Service 

Proceedings RMRS-P-41, Ogden, UT. 

Fitzgerald S, Bennet M. 2013. A land manger´s guide for creating fire-resistant forests. Oregon 

state university, 14 pp.  [Available in the Oregon State University Extension Catalog at 

http://extension.oregonstate.edu/catalog: September 2013]. 

Fowler JF, Sieg CH. 2004. Postfire Mortality of Ponderosa Pine and Douglas-fir: A Review of 

Methods to Predict Tree Death. Gen. Tech. Rep. RMRS-GTR-132. Fort Collins, CO: U.S. 

Department of Agriculture, Forest Service, Rocky Mountain Research Station. 25 pp. 

Gadow K. V. 2000. Evaluating risk in forest planning models. Silva Fennica 34(2):181–191. 

Garcia-Gonzalo J, Pukkala T, Borges J. 2011a. Integrating fire risk in stand management 

scheduling. An application to Maritime pine stands in Portugal. Annals of Operational 

Research. In print. doi10.1007/s10479-011-0908-1. 

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

three-step approach to post-fire mortality modelling in maritime pine (Pinus Pinaster Ait) 

stands for enhanced forest planning in Portugal. Forestry 84(2):197-206. 

doi:10.1093/forestry/cpr006. 

Garcia-Gonzalo J, Zubizarreta-Gerendiain A, Ricardo A, Marques S, Botequim B, Borges J G, 

Oliveira MM, Tomé M, Pereira JMC. 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. 

Godinho-Ferreira P, Azevedo A, Rego F. 2005. Carta da tipologia florestal de Portugal 

Continental. Silva Lusitana 13:1-34. 

González JR, Palahí M, Trasobares A, Pukkala T. 2006. A fire probability model for forest stands 

in Catalonia (north-east Spain). Annals of Forest Science 63:169-176. 

González JR, Trasobares A, Palahí M, Pukkala T. 2007. Predicting stand damage and tree 

survival in burned forests in Catalonia (North-East Spain). Annals of Forest Science 

64:733-742. 

González JR, Palahí M, Pukkala T, Trasobares A. 2008. Optimising the management of Pinus 

nigra Arn. Stands under endogenous risk of fire in Catalonia. Investigación Agraria: 

Sistemas y Recursos Forestales 17(1):10-17. 

González-Olabarria J,  Pukkala T. 2011. Integrating fire risk considerations in landscape-level 

forest planning. Forest Ecology and Management 261:278-287. 



|Tools to support the design of fire-resistant landscapes in Portuguese ecosystems| 

 

Considerations| Brigite Botequim - 215 - 

 

 

Hanewinkel M, Peltola H, Soares P, González-Olabarria JR. 2010. Recent approaches to model 

the risk of storm and fire to European forests and their integration into simulation and 

decision support tools. Forest Systems 19 (Special Issue): 30-47. 

Le  Goff  H,  Leduc   A,  Bergeron   Y,  Flannigan   M. 2005. The adaptive capacity of forest 

manage ment to changing fire regimes in the boreal forest of Quebec. The Forestry Chronicle 81: 

582-59. 

 Marques S, Garcia-Gonzalo J, Borges JG, Botequim B, Oliveira MM, 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): 69-83. ISSN 0037-5330. 

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

Assessing wildfire risk probability in Pinus pinaster Ait. stands in Portugal. Forest 

Systems 21(1):111-120. ISSN: 2171-5068. 

Mateus P, Fernandes  PM. 2014. Forest Fires in Portugal: Dynamics, Causes and Policies. In: 

Reboredo, F. Forest Context and Policies in Portugal, Present and Future Challenges. 

World Forests, Vol.19. Springer. Pp: 219-236. 

Minas J, Hearne J, Martell, D. 2013. An integrated optimization model for fuel   management 

and fire suppression preparedness planning.  Annals of operations research (First online), 

Doi: 10.1007/s10479-012-1298-8. 

Minas James P, Hearne John W, Martell David L. 2014. A spatial optimisation model for multi-

period landscape level fuel management to mitigate wildfire impacts European. Journal 

of Operational Research 232: 412–422. http://dx.doi.org/10.1016/j.ejor.2013.07.026. 

Moreira F, Rego F, Ferreira P. 2001. Temporal (1985–1995) pattern of change in a cultural 

landscape of northwestern Portugal: implications for fire occurrence. Landscape Ecology 

16:557–567. 

Moreira F, Vaz P, Catry FX, Silva JS .2009. Regional variations in wildfire susceptibility of land-

cover types in Portugal: implications for landscape management to minimize fire hazard. 

International Journal of Wildland Fire 18:563574. 

Moreira F,  Arianoutsou M,  Corona P,  De  Las  Heras J. 2012. Post-fire management and 

restoration of southern European forests Springer, Berlin. 

Moreira   F,   Arianoustou   M,   Vallejo   VR,   De   las Heras J, Corona  P, Xanthopoulos  G, 

Fernandes P, Papageorgiou K. 2012. Setting the scene for post-fire management. In: “Post-

fire management and   restoration   of   southern   European   forests” (Moreira   F,  



|Tools to support the design of fire-resistant landscapes in Portuguese ecosystems| 

 

Considerations| Brigite Botequim - 216 - 

 

 

Arianoustou   M,  Corona   P, De  Las Heras  J  eds).   Springer,  Dordrecht,   The  

Netherlands, pp. 1-20 

Nunes MCS, Vasconcelos MJ, Pereira JMC, Dasgupta N, Alldredge RJ, Rego FC. 2005. Land 

cover type and fire in Portugal: do fires burn land cover selectively? Landscape Ecology 

20: 661-673. 

Oliveira SLJ, Pereira JMC,  Carreiras JMB. 2012. Fire frequency analysis in Portugal (1975–2005), 

using Landsat-based burnt area . International Journal of Wildland Fire 21(1):48-60. 

http://dx.doi.org/10.1071/WF10131. 

Olson JS 1963. Energy storage and the balance of producers and decomposers in ecological 

systems. Ecology 44:322-331. 

San-Miguel-Ayanz J, Moreno JM, Camia A. 2013. Analysis of large fires in European 

Mediterranean landscapes: lessons learned and perspectives. Forest Ecology and 

Management 294: 11-22. 

Silva JS, Moreira F, Vaz P, Catry F, Godinho-Ferreira P. 2009. Assessing the relative fire 

proneness of different forest types in Portugal. Plant Biosystems 173(3):597-608. 

Simões SM. 2006.  Expansão ao Alentejo e Algarve de uma curva de acumulação Pós- Fogo para 

a Biomassa Arbustiva. Relatório do Trabalho de Fim de Curso de Engenharia  Florestal e 

dos Recursos Naturais. Instituto Superior de Agronomia, Lisboa. Pp. 45. [In portuguese] 

Stevens Jens T,  Safford Hugh D, Latimer Andrew M. 2014. Wildfire-contingent effects of fuel 

treatments can promote ecological resilience in seasonally dry conifer forests . Canadian 

Journal of Forest Research44(8):843-854.  Doi: 10.1139/cjfr-2013-0460. 

Vanclay JK. 1994. Modelling Forest Growth and Yield: Application to Mixed Tropical Forests. 

CAB International, Wallingford 

Vanclay JK, Skovsgaard JP. 1997. Evaluating forest growth models. Ecological Modelling 98:1-

12. 

Van Wagner, C.E. 1968. Fire behaviour mechanisms in a red pine plantation: Field and 

laboratory evidence. Can. Dep. For. Rural Develop., For. Branch, Ottawa, ON. Dep. Publ. 

1229. 30 p. 

Vasconcelos M, Meyer MJ, Silva S, Tomé M, Alvim M, Pereira JMC. 2001. Spatial prediction of 

fire ignition probabilities: comparing logistic regression and neural networks. 

Photogrammetric Engineering and Remote Sensing 67(1): 73-81. 

http://www.nrcresearchpress.com/doi/abs/10.1139/cjfr-2013-0460
http://www.nrcresearchpress.com/doi/abs/10.1139/cjfr-2013-0460


 

 

 

 


	ChapterII_Botequimetal_iForest(2013)6_217-227.pdf
	Developing wildfire risk probability models for Eucalyptus globulus stands in Portugal
	Introduction 
	Materials and methods
	Materials
	Wildfire perimeters and inventory plots
	Analyzing the status of eucalypt plots
	Reverse engineering to rebuild the tree characteristics
	Simulating vegetation growth
	Selecting unburned plots: proximity of fire ignition data

	Methods
	Annual wildfire occurrence probability model
	Eucalypt coppice stand management scheduling


	Results 
	Annual wildfire occurrence probability model
	Eucalypt coppice stand management scheduling- application example

	Discussion and conclusions
	Acknowledgements
	References


	ChapterIII1_Botequimetal_2015_A modelofsbrubbiomass_iforest.pdf
	A model of shrub biomass accumulation as a tool to support management of Portuguese forests
	Introduction
	Material and Methods
	Study area
	Model fitting and selection
	Model evaluation and validation
	Model verification
	Defining two alternative difference equation forms

	Results
	Model fitting and selection
	Model validation and biological evaluation
	Model verification
	Difference equation forms
	Implications for forest management - application examples

	Discussion and Conclusions
	Acknowledgments
	References
	Supplementary Material



