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Abstract 

Fire is the most important natural disturbance in the Mediterranean Basin, often causing quick 

and drastic changes on forest landscapes. The work presented on this thesis investigates the 

fire effects on forest species and discusses their implications for management. This study 

included data from 32 burned sites (in Portugal, Spain and France), and was mainly focused 

on assessing fire-induced mortality and vegetative regeneration of 15 tree species, with a 

particular emphasis on cork oak. We used modeling techniques to investigate post-fire 

responses in relation to fire and plant characteristics, as well as to other ecological and 

management factors. Generally, models performed well, showing that the most common post-

fire tree responses can be predicted from simple variables such as species resprouting ability, 

plant size, bark thickness and fire severity descriptors. We also showed that using natural 

regeneration can be a much more effective technique than planting to restore burned areas, 

and that post-fire recovery of plant communities may be affected by herbivory. This study 

contributes to fill in the knowledge gap on the fire ecology of western Mediterranean Basin 

forests, and can be an important tool for the management and conservation of these fire-prone 

ecosystems. 

Keywords: wildfires, post-fire tree responses, mortality, modeling, forest management 
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Resumo 

Título: Efeitos dos incêndios sobre espécies arbóreas em ecossistemas mediterrânicos: 

ecologia e gestão 

 

O fogo é a perturbação natural mais importante na Bacia do Mediterrâneo, causando 

frequentemente alterações rápidas e drásticas nas paisagens florestais. O trabalho apresentado 

nesta tese investiga os efeitos do fogo em espécies florestais e discute as suas implicações 

para a gestão. Este estudo incluiu dados de 32 áreas ardidas, e incidiu principalmente na 

avaliação da mortalidade e regeneração vegetativa de 15 espécies arbóreas, com particular 

ênfase no sobreiro. Utilizámos técnicas de modelação para investigar as respostas pós-fogo 

em relação a características do fogo e das plantas, assim como a outros factores ecológicos e 

de gestão. Em geral os modelos tiveram um bom desempenho, mostrando que as respostas 

pós-fogo mais comuns podem ser previstas a partir de variáveis simples tais como, a 

capacidade de regeneração vegetativa das espécies, o tamanho das plantas, a espessura da 

casca e descritores da severidade do fogo. Também mostrámos que o uso de regeneração 

natural pode ser uma técnica mais eficaz do que a plantação para recuperar áreas ardidas, e 

que a recuperação pós-fogo pode ser afectada pela herbívoria. Este estudo contribui para 

preencher a lacuna de conhecimento sobre a ecologia das florestas da Bacia do Mediterrâneo 

ocidental, e pode constituir uma ferramenta importante para a gestão e conservação destes 

ecossistemas. 

Palavras-chave: incêndios, respostas das árvores ao fogo, mortalidade, modelação, gestão 
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I.  GENERAL INTRODUCTION 

 

 

 

This section makes a general introduction to the subject and aims of the present thesis, which 

is mainly focused on the post-fire vegetative responses of forest species occurring in the 

Mediterranean Basin. It starts by presenting a general overview of the fire effects on woody 

plants, concentrating on fire-induced mortality and vegetative regeneration, and then it briefly 

introduces fire ecology in the Mediterranean Basin context. Finally, the study area and plant 

species assessed, as well as the objectives and thesis outline are presented. 
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General introduction 

Terrestrial vegetation has been affected by fire since the Paleozoic (i.e., many million years 

ago; Pausas and Keeley 2009, Keeley et al. 2012). Nowadays, fire is still a very important 

ecological factor that is present in many ecosystems worldwide. From Arctic tundra and 

boreal forests to tropical savannas, fire annually consumes enormous quantities of plant 

biomass, directly affecting individual plant survival, growth and reproduction (Bond and Van 

Wilgen 1996). In forest environments, fire can quickly and drastically change the structure 

and composition of plant communities, causing direct and indirect impacts on the entire 

ecosystem that may last for centuries (Bond and Van Wilgen 1996). Therefore, the way plants 

respond to fire is crucial to understand forest dynamics and biogeochemical processes, and to 

improve land management in order to reduce the negative ecological and socio-economic 

impacts of fire. 

Fire effects on woody plants 

Fire effects on plants are determined by the interaction between fire characteristics, individual 

plant traits and other biological and environmental factors. As a result of the huge amount of 

possible combinations between these factors, the fire effects on plants can be highly variable 

(Miller 2000, Fites-Kaufman et al. 2006). Fire can directly affect individual plant survival and 

regeneration. Direct fire effects on plants are primarily a function of the fire regime (mainly 

fire behavior, intensity and frequency), and of plant morphological and physiological 

characteristics (Bond and Van Wilgen 1996). The response of plants to fire can vary 

significantly among fires and on different areas of the same fire, depending on the amount of 

energy released in each specific place; response will also vary with plant capacity to resist 

heat and/or to regenerate after sustaining fire injury (Keeley et al. 2012). Many woody species 

can renew themselves from plant parts that survive fire (vegetative regeneration). Other 

species are quite susceptible to fire-kill and often must reestablish or colonize from seed 

sources within or adjacent to the burned area. Furthermore, there are several other ecological 

and management factors that may interact with plants, influencing their post-fire responses 

(Miller 2000). 
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Plant mortality 

Fire is one of the few natural disturbances that regularly kills mature plants, making it an 

important agent in structuring communities (Bond and van Wilgen 1996). Plant mortality 

depends on percentage and location of tissue killed, species reproductive mechanisms, and 

individuals ability to recover from damage (Miller 2000). In woody plants, the extent of 

injury to the live crown (foliage, twigs and buds), stem and root cambial tissue, are 

determinant for survival (Bond and van Wilgen 1996). Fire-induced plant tissue mortality is 

dependent upon both the temperature reached and the duration of time it is exposed to that 

temperature. It will be also dependent on the nature of the tissues and on their physiological 

state (Miller 2000). Some plant tissues, particularly growing tissues (meristems or buds) tend 

to be more sensitive to fire when they are actively growing and tissue moisture is higher, then 

when they are physiologically dormant, quiescent, or have finished active growth for the year, 

and tissue moisture is lower (Wright and Bailey 1982). Additionally, susceptible plant tissues 

may not be directly exposed to fire heat, because they are protected by other tissues such as 

bark or bud scales, or buried in soil (Fites-Kaufman et al. 2006, Lawes et al. 2011).  

Both physical and structural characteristics affect the likelihood that the above- or below-

ground parts of a plant will be killed by a given fire. Fire resistance of tree stems is largely 

related to bark characteristics, such as thickness, density, texture and moisture, which may 

vary considerably with plant species, age and among sites (Pinard and Huffman 1997, Brando 

et al. 2012). Important crown characteristics related to fire resistance include branch density, 

crown shape and size, location of the base of the crown with respect to surface fuels, ratio of 

live to dead material, and bud and needle size (Peterson and Ryan 1986, Rigolot 2004). Fire-

induced damage to roots and other buried structures is usually less important, as soil is a good 

heat insulator (Whelan 1995). However, root resistance to fire will depend on their position 

(growing laterally near the surface or downward), and on soil characteristics such as its nature 

(organic vs. mineral) and moisture (Miller 2000). 

Plant mortality can occur immediately after fire, or be delayed. Death can be the result of 

secondary infection by disease, fungus, or insects, because the resistance of plants to these 

agents is often lowered by injury, and wound sites provide an entry point for pathogens 

(Littke and Gara 1986). A plant weakened by drought or other factors, either before or after a 

fire, is also more likely to die. 
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Post-fire regeneration 

Post-fire regeneration may occur vegetatively through resprouting, or from seed. Resprouting, 

that is, the initiation of new shoots from existing meristems after the above-ground parts of a 

plant have been affected by disturbances, allows plant populations and individuals to persist 

following fire (Bond and Midgley 2001, Pausas et al. 2004b). This trait has often been used to 

separate species in two functional types: resprouters and non-resprouters (Pausas et al. 2004b, 

Vesk and Westoby 2004). The resprouter vs. non-resprouter dichotomy characterizes intense 

disturbances such as fires resulting in stem kill; however a continuum of responses following 

less intense disturbances can occur (Vesk and Westoby 2004). Resprouting is controlled by 

several factors, including disturbance intensity, bud location, plant age, and stored reserves 

(Vesk 2006, Johnson et al. 2009, Moreira et al. 2012).  

Resprouting shoots can originate from dormant buds located above-ground (axillary, 

branch epicormic, stem epicormic) or below-ground (collar, roots, rhizomes, lignotubers), 

depending mainly on species and on fire severity (Miller 2000, Del Tredici 2001). The 

development of most dormant buds or bud primordia on woody plants is controlled by growth 

hormones that emanate from actively growing stem tips and adjacent young leaves, 

preventing dormant buds from developing into new shoots (apical dominance); however, if 

these plant parts are destroyed, the inhibition cesses and buds can start developing (Miller 

2000). When a fire occurs, the temperature and duration of heat relative to the location of 

buds affect the amount of top-kill, bud damage and the resprouting response (Fites-Kaufman 

et al. 2006). Buds that are protected by soil or by thick bark are more likely to survive. The 

capacity to resprout from buds protected below-ground is very widespread and probably a 

primitive condition in woody angiosperms in response to any form of severe defoliation, 

including fire. It is much rarer in conifers, although some do resprout when burnt. Soil is a 

good insulator, and since heat input into the soil is a small fraction of the total heat released 

by fire, subterranean buds are usually well protected from lethal temperatures (Bond and van 

Wilgen 1996).  

Post-fire resprouting ability varies widely among species, mainly because of differences 

in bud location and protection; however, although generally resprouting is a species-specific 

trait, geographic variations may occur within some species (Bond and van Wilgen 1996). 

Additionally, species often diverge in their resprouting ability at different life history stages; 

in some species, resprouting ability increases with size to reach a maximum in adult stages, 
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while in others resprouting is common in juveniles but adults are unable to resprout (Del 

Tredici 2001). To be able to resprout after fire, a plant also needs available stored reserves 

(carbohydrates) to support initial regrowth (Bond and Midgley 2001, Moreira et al. 2012). 

Carbohydrates are starches and sugars produced by plants through photosynthesis and used to 

provide energy for metabolism, and structural compounds for growth. Carbohydrates which 

are produced in excess of those used are stored in various plant organs (roots, stem, leaves); 

they are required for growth, as well as for respiration and cellular maintenance during winter 

dormancy and summer quiescence (Trlica 1977). The annual cycle of production, storage and 

use of carbohydrates in a plant vary with species, being related to the timing of phenological 

events, which can also vary from year to year with growing conditions, the amount of growth 

produced, and the amount of carbohydrate used for other physiological processes. If a fire 

occurs during the lowest point in a plant’s annual carbohydrate cycle (usually during the early 

growing season), it will likely cause the biggest negative impacts (Miller 2000). The cost of 

replacing burned foliage from stored reserves may also lead to mortality. In some studies the 

effect of fire season has been reported to exert a very important effect on tree vulnerability, 

but in others no effect was observed (Bond and van Wilgen 1996). The timing of resprouting 

can also vary in different circumstances; plants may resprout soon after fire, or may take 

several months, particularly if fire occurs during the dormant season (Miller 2000). 

Additionally, resprouting can be negatively affected by several other factors, occurring either 

before or after the burn, such as the presence of herbivory, diseases, adverse meteorological 

conditions, pruning or bark harvesting. In general, all type of biotic, abiotic or human-

management factors contributing (isolated or interactively) to decrease plant vigour will likely 

increase vulnerability to fire and may delay or prevent post-fire plant recovery (Miller 2000, 

Barberis et al. 2003, Espelta et al. 2006).  

In addition to vegetative regeneration through resprouting, plants may also regenerate by 

seed. Both resprouters and non-resprouters may reproduce by seed after fire. Species that are 

not able to resprout after complete defoliation or stem kill (non-resprouters), depending 

entirely on seeds to persist in the burned areas, are usually termed as obligate seeders (Keeley 

et al 2012); according to this classification, species that are able to regenerate after fire by 

either resprouting and recruiting seedlings in a single post-fire pulse of seed germination are 

termed as facultative seeders, while obligate resprouters are those species that are present 

solely as vegetative resprouts in the first growing season after fire (Keeley et al 2012), 
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although they may reproduce by seed afterwards. The recovery of a burned forest may be 

slower and more difficult to succeed by seed regeneration than by plants that are recovering 

vegetatively, particularly in the short-term (Pausas et al. 2004a). While resprouting plants 

usually have an already well developed root system, seedlings have to develop a new root 

system, being often less productive and more vulnerable to adverse environmental conditions 

(Miller 2000). 

The requirements for successful seed germination and seedling establishment are very 

variable among species. Important factors affecting seed regeneration include the 

characteristics of the seedbank, such as seed abundance, lifespan, resistance to heat, dispersal 

mechanisms and dormancy (Goubitz et al. 2003, Crosti et al. 2006, Nair et al. 2007, Paula and 

Pausas 2008). Both seed germination and seedling establishment, are also affected by 

characteristics of the seedbed (including soil chemical composition and the ratio between 

organic and mineral soil), and by several other ecological conditions in the burned area 

(presence of seed predators or seedling browsers, temperature, water and light availability, 

plant cover and competition, etc.; Izhaki et al. 2000, Daskalakou and Thanos 2004, Fites-

Kaufman et al. 2006). 

Regardless of whether species regenerate vegetatively or by seed, there are myriad of 

ecological factors affecting post-fire plant responses and recovery. Moreover, several of these 

factors can be altered by human management actions. For example herbivory by large 

mammals in burned areas, which may negatively affect vegetation recovery (Catry et al. 2007, 

Vallejo et al. 2012), can be avoided by protecting plants from browsing (e.g. by installing 

fences). Other post-fire management actions such as reducing soil erosion or limiting the 

establishment of exotic species, will likely improve the conditions for regeneration of native 

species (Miller 2000). Planting or seeding may also benefit the restoration of burned areas, 

particularly if natural regeneration is insufficient or absent. In summary, a large variety of 

ecological and management factors may interact and determine the speed and performance of 

post-fire regeneration and recovery in burned areas. These and other issues related to post-fire 

regeneration and management are further discussed in the Appendix. 

Fire ecology in the Mediterranean Basin context 

Fire effects on plants and how they respond to fire often vary among regions. Although many 

woody plants worldwide share similar traits important for fire resistance (e.g. bark thickness) 



General introduction 

20 
 

and for post-fire persistence (e.g. resprouting ability), differences in ecological factors such as 

climate and fire regime have led to a variety of plant adaptations to fire disturbance (Pausas et 

al. 2004b, Bond and Keeley 2005, Keeley et al. 2011). Indeed, variations may occur even in 

functional traits within the same species; for example Juniperus oxycedrus L. in the Iberian 

Peninsula is a very good resprouter in the east coast populations, but fails to resprout after fire 

in the central populations (Pausas et al. 2008). Therefore, it is important to understand the 

particularities of each ecosystem and how plants behave in different environments. 

Climate, vegetation and fire regime  

The mediterranean-type climate is generally characterized by the occurrence of winter rains 

and summer drought (Keeley et al. 2012). The Mediterranean Basin is the largest of the five 

world regions characterized by a mediterranean-type climate (the remaining regions being 

located in California, central Chile, southwestern South Africa, and southern Australia). This 

vast region, covering an area of about 2.3 million km2, includes portions of more than a dozen 

countries around the Mediterranean Sea (Keeley et al. 2012). Summers in the Mediterranean 

Basin are hot and dry and winters are mild and relatively wet. However, despite the general 

similarities, there are important climatic differences, with clear gradients from the colder and 

wetter northwest to the hotter and drier south and southeast (Keeley et al. 2012). Moreover, 

the geographic and topographic complexity of the area (varying elevations and distance to 

sea, and the rough coast), produce a great regional variety of weather and climate even at very 

short distances. Rainfall ranges from semi-arid conditions (<300 mm) up to over 2000 mm, 

and it can more than double in distances as short as 30 km (e.g. southern Portugal).  

The variability of ecological conditions in the Mediterranean Basin coupled with a long 

land use history, leaded to a wide range of vegetation types. Current landscapes largely result 

from human activities in the last centuries, and often comprise mosaics of forests, shrublands 

and agricultural fields. The forests and woodlands are often dominated by evergreen broadleaf 

sclerophyllous species, although deciduous broadleaves and conifers also have a wide 

distribution, being predominant in some regions. Grasslands occur mainly as a transitional 

state in disturbed areas, and as a steady state in semi-arid zones (Keeley et al. 2012). In the 

western part of the Mediterranean Basin, broadleaf forests often include evergreen species 

such as Quercus suber L., Q. rotundifolia Lam., Q. ilex L., Q. coccifera L., Olea europaea 

var. syslvestris Brot., Arbutus unedo L., Pistacia lentiscus L., Rhamnus alaternus L., 
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Phillyrea latifolia L. and P. angustifolia L., which are considered as trees, small trees or large 

shrubs (González 2001). Smaller species include mostly understory evergreen shrubs from 

many genera such as Erica spp., Calluna spp., Ulex spp., Genista spp., Cistus spp., Cytisus 

spp., Rubus spp., etc. Deciduous broadleaved trees are represented by species such as Q. 

faginea Lam., Q. pyrenaica Willd., Q. robur L., Fraxinus angustifolia Vahl., Castanea sativa 

Mill., Crataegus monogyna Jacq., Salix spp., Populus spp. and Ulmus spp.. Conifers in this 

region are evergreen and include species such as Pinus pinaster Ait., P. pinea L., P. 

halepensis Mill., P. nigra Arn., Juniperus oxycedrus and Juniperus communis L.. The 

physiognomy of these forests and woodlands ranges from sparse to dense formations of 

relatively low stature (usually below 25m), although in some cases pine trees can grow taller 

(up to 40 m). Depending on the location, broadleaf and conifer species can occur in pure or 

mixed forest stands, resulting from either artificial or natural regeneration. In the last decades 

forest plantations have particularly favored the expansion of native pine species and 

introduced some exotic species such as Eucalyptus globulus Labill., which is quite common 

in Portugal and NW Spain. 

The Mediterranean climate, particularly the relatively mild and wet conditions from 

autumn to spring (favoring vegetation growth) followed by high summer temperatures and 

drought, contribute to making these landscapes some of the most fire-prone in the world 

(Keeley et al. 2012). Wildfires are a recurrent disturbance in the Mediterranean Basin burning 

nearly half million hectares every year, and most of this area (~87%) concerns the western 

Mediterranean countries (Dimitrakopoulos and Mitsopoulos 2006). Fire occurrence depends 

primarily on ignition sources and on fuel availability. Currently most wildfires in the 

Mediterranean start as a consequence of human activities (either by negligence/accident or 

intentionally), although some lighting-ignited fires also occur (Catry et al. 2010). Most fires 

occur in summer and tend to be small due to land cover fragmentation and to fire-fighting 

efforts, but under favorable meteorological conditions (high temperatures and strong winds) 

wildfires can spread and burn extensive areas. Fuel availability depends on several factors, 

including vegetation type, climatic conditions, and disturbance frequency (e.g. previous fires, 

grazing, clear cuttings). Most vegetation types (shrublands and forests) in the Mediterranean 

are sufficiently dense to sustain active crown fires, and surface fires are currently rare (Keeley 

et al. 2012). It is quite probable that surface fire regimes (of lower intensity and severity) were 

more common in the past, but recent forest management activities, including fire suppression, 
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have made these ecosystems vulnerable to crown fires (Keeley et al. 2012). The 

Mediterranean region is also rich in species with high volatile oil content which are very 

flammable (e.g. Cistus spp., Rosmarinus spp., Lavandula spp., or the exotic Eucalyptus spp.), 

increasing the fire proneness of plant communities where these species are present (Keeley et 

al. 2012). 

Climate change and forest ecosystems 

Climate change is currently an issue of increasing concern in the Mediterranean Basin, with 

the potential to affect the forest ecosystems in several ways. The frequency of droughts in this 

region has increased significantly in the last decades, and a long-term process of aridification 

seems to be under way as a part of the generalized trend of global warming (Pereira et al. 

2009). Climate change scenarios suggest an aggravation of environmental conditions in the 

Mediterranean Basin, namely through increasing temperatures and decreasing precipitation 

(Pausas 2004, Giannakopoulos et al. 2009, Pereira et al. 2009). These changes are likely to 

increase the severity of plant water stress and the rate of nutrient losses from the soil (Pereira 

et al. 2009), and to improve the conditions conductive to the spread of some pests and 

diseases (Bergot et al. 2004). Additionally, several studies also indicate a tendency of 

increasing fire occurrence, intensity and severity due to changes in climate and land 

management (Santos et al. 2002, Pausas 2004, Flannigan et al. 2009). All these factors are 

likely to negatively affect Mediterranean ecosystems in the future, decreasing plant vigour, 

and contributing to increase further their vulnerability to wildfires. 

Previous research on fire ecology of Mediterranean trees 

Fire is a recurrent disturbance in the western Mediterranean Basin forests, thus, understanding 

how trees respond to fire is essential to improve their management. In the last decades much 

of the knowledge about the fire ecology of plant species used for managing forest ecosystems 

in Europe and in the Mediterranean Basin, came from studies in other ecosystems worldwide 

(particularly from North-American forests). This was a consequence of the gap of knowledge 

in several aspects of the fire ecology of Mediterranean species. Until a few years ago, most 

studies in the Mediterranean Basin were concentrated in the post-fire recovery at the 

community level (e.g. Clemente et al. 1996, Pausas et al. 1999, Calvo et al. 2003, Lloret et al. 

2003, Lloret et al. 2005), and on seed regeneration (e.g. Reyes and Casal 1998, Habrouk et al. 

1999, Pausas et al. 2003, Pausas et al. 2004c, Reyes and Casal 2006). Relatively few studies 
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concentrated on the post-fire vegetative tree responses at the individual plant level, and from 

those who did so (e.g. Pausas 1997, Barberis et al. 2003, Quevedo et al. 2007), very few 

investigated the tree responses in relation to both fire and plant characteristics. Indeed, these 

studies have been particularly rare for broadleaved species (Moreira et al. 2007), which is the 

most common and diverse group in the Mediterranean, but even for conifers, the research has 

been quite limited (e.g. Botelho et al. 1998, Rigolot 2004). In a relatively recent review about 

the fire resistance of European pines, (Fernandes et al. 2008) concluded that most studies of 

individual tree mortality were based on low-intensity fire experiments (or prescribed burns) 

conducted out of the wildfire season (and mainly in young stands), which imposes limitations 

on the applicability of the developed models to wildfire conditions (and to older stands). 

Although research on this topic has somewhat increased in recent years (particularly for 

pines; e.g. (Pimont et al. 2011, Vega et al. 2011, Fernandes et al. 2012), information to 

support predictions of tree mortality and regeneration is still scarce for most Mediterranean 

Basin species. This knowledge gap has important consequences for forest management 

optimization in the Mediterranean region. 

This thesis 

Study area and plant species assessed 

The study area is located in the western Mediterranean Basin, and more specifically in 

southwestern Europe. It comprises 32 study sites affected by fire in different ecological 

regions and forest habitat types, most of which located in Portugal (26 sites, from north to 

south), but also in Spain (west to east) and France (southeast).  

The study includes 15 tree species that occur commonly in western Mediterranean Basin 

forests (Arbutus unedo, Castanea sativa, Crataegus monogyna, Eucalyptus globulus, 

Fraxinus angustifolia, Olea europaea var. sylvestris, P. nigra, Pinus pinaster, P. pinea, 

Pistacia lentiscus, Quercus coccifera, Q. faginea, Q. pyrenaica, Q. rotundifolia and Q. 

suber). Cork oak (Q. suber) is subjected to a more detailed analysis, because of its ecological 

and economic importance in Portugal and in the western Mediterranean Basin, and because of 

its ecological and management particularities. Additionally, in one site, several other woody 

species (mainly shrubs) that often occur in forest ecosystems are also studied. 
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Main objectives 

What is the variability in the ability to withstand wildfires among Mediterranean Basin trees? 

What factors explain this variability, which are the most important and how they interact? Are 

different responses driven by different factors? Is it possible to predict such responses based 

on simple variables? These issues have been poorly addressed in the past and particularly few 

studies investigated individual tree vegetative responses in relation to both fire and plant 

characteristics.  

The main objectives of this thesis are closely linked to the questions asked above. We 

aim to increase the knowledge about the effects of fire on Mediterranean Basin forest species, 

focusing primarily on individual tree responses to fire (mortality and vegetative regeneration) 

and relating them to different biotic and abiotic factors. Although vegetative regeneration is 

the primary focus of this thesis, regeneration from seed is also addressed. Moreover, we aim 

to develop predictive models of post-fire tree response and provide guidelines to help 

improving forest management in Mediterranean Basin ecosystems. 

Specific objectives and thesis outline 

This thesis consists of five sections, starting by this general introduction (section I) and 

ending with a section of general conclusions that summarizes the main results, implications 

for management, and points out some issues that deserves further research in the future 

(section IV). The specific objectives and contents of the remaining two sections are described 

below. 

Section II Fire effects on trees – The specific objectives of this section include: i) 

describing the post-fire mortality and vegetative regeneration patterns of 15 broadleaved and 

coniferous tree species representative of western Mediterranean Basin forests, with a 

particular emphasis on cork oak; ii) investigating, through statistical modeling, the 

relationships between post-fire tree responses and several biotic and abiotic factors, including 

tree characteristics (species resprouting ability, plant size, bark thickness, etc.), fire 

characteristics (fire severity descriptors, fire season, etc.), and other ecological and 

management factors (topography, climatology, bark harvesting, etc.); iii) evaluating the 

potential of different variables as indicators to predict tree mortality and regeneration in 

burned areas. 
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This section includes five chapters (1 to 5). Chapters 1 and 2 analyse data from 15 tree 

species in 16 sites. Specifically, in chapter 1, the post-fire responses of 11 tree species 

occurring in a single site are assessed during the first four years following fire, and the 

developed models are validated in other sites from the same ecological region. In chapter 2, 

these responses are further investigated by substantially increasing the number of study sites 

(extending the geographic range to other ecological regions), as well as by increasing the 

number of species and explanatory variables assessed. Chapters 3, 4 and 5 are entirely 

dedicated to cork oak (Quercus suber) forests. The high ecological and socio-economic 

importance of cork oak in the western Mediterranean Basin, associated to its particularities 

(high epicormic resprouting ability and management targeted for bark extraction), motivated 

specific studies on this species. Chapters 3 and 4 are based on data from one large wildfire 

occurred in southern Portugal; a conceptual model of vegetative tree responses in relation to 

fire damage is developed in chapter 3, while in chapter 4, a specific analysis of the factors 

affecting crown regeneration on exploited trees is performed. In chapter 5, a large database 

including data from 22 wildfires in three countries is used in order to extend the previous 

investigations, and to allow a broader generalization of the results to other Mediterranean 

regions. Extending the geographic range of the study also enabled assessing the potential 

effect of other factors such as variations in climate, topography and fire season. 

Section III Post-fire recovery and management – The specific objectives of this section 

are: i) to investigate the post-fire recovery of several woody plant species, and how the 

restoration of burned forests can be influenced by different active and passive post-fire 

management techniques (planting, using natural regeneration, and protecting plants against 

herbivory); ii) to review and synthesize the existing knowledge about the fire ecology and 

post-fire management of cork oak forests. 

This section includes three chapters (6 to 8). In chapter 6, the effectiveness of two post-

fire restoration techniques (planting and using natural regeneration) is evaluated. Survival and 

growth of planted and resprouted individuals of two broadleaved tree species (Fraxinus 

angustifolia and Quercus faginea) are assessed in a burned area after a 20-22 months period, 

and the results are presented and compared. Chapter 7 analyses the impact of herbivory on the 

post-fire vegetation recovery in a mixed forest, by assessing the effect of installing fences 

(plant protection) in areas where deer is present. This six-year study provides a short- to 

medium-term perspective of the effects of wild herbivores on the frequency, diversity and 



General introduction 

26 
 

floristic composition of a burned woody plant community. This section ends with chapter 8, 

which presents an overview of the ecology and post-fire management of cork oak forests; a 

literature review, along with the results achieved in chapters 3-5, are used to synthesize the 

state of the art and to provide recommendations to help improving the management of these 

important ecosystems. 

Each chapter included in these two sections (II and III), is presented as an independent 

unit (with an abstract, introduction, methods, results, discussion and references), 

corresponding to the complete version of a manuscript that was published or submitted to 

international scientific journals or books. 

In the Appendix, two published book chapters (in Portuguese) that summarize 

information about the effects of fire on plants and several post-fire management issues are 

presented as a complement. 
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II.  FIRE EFFECTS ON TREES 

 

 

 

This section is composed of five chapters dealing with the post-fire mortality and vegetative 

regeneration of 15 tree species. The variability in individual tree response in relation to 

several biotic and abiotic factors is investigated through statistical modeling. Specifically, the 

responses of 11 species occurring in a single site are assessed in chapter 1, while in chapter 2, 

these responses are further investigated by increasing the number of study sites, species and 

explanatory variables assessed. Chapters 3, 4 and 5 are entirely dedicated to cork oak, both 

because of its importance and particularities. First, based on data from one fire in southern 

Portugal, a conceptual model of tree responses to fire is developed (chapter 3), followed by a 

specific analysis of the factors affecting crown regeneration on exploited trees (chapter 4). 

Subsequently, a large database including data from 22 wildfires in three countries is used in 

order to extend the investigations and to allow a broader generalization of the results (chapter 

5). 
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Post-fire tree mortality in mixed forests of central Portugal 

F.X. Catry a, F. Rego a, F. Moreira a, P.M. Fernandes b, J.G. Pausas c 
a Centro de Ecologia Aplicada “Prof.  Baeta Neves”, Instituto Superior de Agronomia, Universidade Técnica de Lisboa, Tapada da Ajuda, 
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Montes e Alto Douro, Apartado 1013, 5001-801 Portugal; c Centro de Investigaciones sobre Desertificación (CIDE, CSIC), Apartado Oficial, 

ES-46470 Albal, Valencia, Spain 

Abstract 

Wildfires are a recurrent disturbance in the Mediterranean Basin. However, managers from 

this region are confronted with a lack of information on the effects of fire on most woody 

species, which is required for defining sustainable forest management strategies. Following a 

large wildfire in central Portugal (2003), we surveyed the area during the first year and 

assessed the vegetative condition of 1040 burned trees from 11 different species. Among 

those trees, 755 individuals were selected and monitored annually for 4 years. At the end of 

the study, almost all the broadleaved trees survived, while most coniferous died. In spite of 

the low mortality observed in broadleaves, most were top-killed and regenerated only from 

basal resprouts, which implies a slow recovering process. Quercus suber, however, showed 

vigorous post-fire crown resprouting and was the most resilient species. We fitted logistic 

regression models to predict the probability of individual tree mortality and top-kill from fire 

injury indicators and tree characteristics. Besides the differences between the two main 

functional groups (coniferous, broadleaved), bole char height and crown volume scorched or 

consumed were important predictors of tree responses. Additionally, the main factor 

determining crown mortality on broadleaved species was bark thickness. The selected models 

performed well when tested with independent data obtained on four other wildfires. These 

models have several potential applications and can be useful to managers making pre-fire or 

post-fire decisions in mixed forest stands in the western Mediterranean Basin. 

Keywords: Wildfires, fire effects, tree survival, modelling, Mediterranean ecosystems, 

resprouting 
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Introduction 

Wildfires are a recurrent disturbance in the Mediterranean Basin. Prediction of post-fire tree 

mortality and top-kill (i.e., crown mortality) is essential to plan logging or to evaluate 

recovery options (e.g. reforestation, wildlife habitat, soil erosion) in burned areas (Ryan and 

Reinhardt, 1988; Regelbrugge and Conard, 1993). However, authorities and managers from 

the Mediterranean Basin confront with a lack of published information on the effects of 

wildfire on most woody species (e.g. Ordóñez et al., 2005), and especially on broadleaved 

ones. Even for European pines, which are relatively well studied, recent reviews indicate that 

most studies are  based in low-intensity dormant season burns and only reflect short-term (1–2 

years post-fire) mortality (Fernandes and Rigolot, 2007; Fernandes et al., 2008). 

Much of the variation in plant response to burning can be attributed to varying sensitivity 

to heat of the different tissues and species. The time required to kill plant tissue decreases 

exponentially with the exposure time to a given temperature (Bond and van Wilgen, 1994). 

Tree resistance to fire depends largely on the presence of morphological traits that protects 

critical tissues and on the food reserves for successful recovery (Whelan, 1995; DeBano et al., 

1998). The tissues important for post-fire recovery can be protected from lethal temperatures 

in several ways; for instance, cambium and stem buds may be protected from radiant heat by 

a thick bark, while below-ground stems and buds may be shielded by the overlaying soil 

(Whelan, 1995; DeBano et al., 1998). Fire injury on trees includes crown-kill, bole-kill and 

root-kill, crown dam- age being the most readily observed whereas root injury is seldom 

quantified. Variables such as bole char height and the percentage of crown scorched or 

consumed are often used as tree-level fire injury descriptors (e.g. Peterson, 1985; Stephens 

and Finney, 2002). 

Crown injury has been identified as the primary cause of post- fire mortality in most 

conifers (e.g. Ryan and Reinhardt, 1988; Rigolot, 2004) but the response to defoliation by fire 

varies considerably among species. Many species are extremely sensitive and are killed if 

defoliation is above some threshold value, while others although completely defoliated will 

regenerate the crown by issuing shoots from epicormic (Bond and van Wilgen, 1994) or leaf 

buds (e.g. Thies et al., 2006). 

Bole damage consists of injury to phloem, cambium, or functional xylem (Ryan, 1998), 

and has been correlated with tree mortality and top-kill through the use of parameters like 

bark thickness, bole diameter, bole char height or char depth (Regelbrugge and Conard, 1993; 
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Hély et al., 2003; McHugh and Kolb, 2003). Bark thickness has been a widely employed 

morphological variable to account for fire resistance (Peterson and Ryan, 1986; Pausas, 1997; 

Rigolot, 2004), as small differences in bark thickness produce large differences in fire 

resistance (Bond and van Wilgen, 1994; Moreira et al., 2007). The time taken for cambial 

cells to reach lethal temperature is a function of both bark thickness and thermal properties of 

the bark, although the former plays a more important role (Hare, 1965; Peterson and Ryan, 

1986). 

Post-fire tree survival and regeneration capacity are mainly influenced by factors related 

to both fire  injury and individual tree characteristics, although additional factors of stress in 

the pre and post-fire environment like drought, herbivory or pests can also be relevant 

(Whelan, 1995; DeBano et al., 1998; Miller, 2000; McHugh and Kolb, 2003; Dylan et al., 

2006). 

In this paper we hypothesize that the most important factors determining the initial and 

delayed tree mortality and top-kill in Mediterranean mixed forests are fire injury, and bark 

thickness or tree size; because closely related species tend to share similar traits, we also 

predict that the differences within taxonomic group (coniferous, broadleaved) will be lower 

than between groups. Higher mortality is expected in trees apparently more injured by fire, on 

smaller or thinner barked individuals, and in  coniferous rather than in broadleaved species, 

because most species from the former group are not able to resprout when the entire canopy is 

burned. Ungulate herbivory is also hypothesized to be an additional factor of stress affecting 

delayed mortality in top-killed broadleaves. A large wildfire which occurred in 2003 in a 

mixed forest of central-west Portugal provided an opportunity to evaluate these hypotheses in 

a range of tree species affected by the same fire and under similar ecological conditions. The 

study includes species for which there was no previous information on post-fire responses. 

Methods 

Study area 

The study area (Tapada Nacional de Mafra, 885 ha) is a public fenced area located in central-

west Portugal (western Iberian Peninsula), 8 km from the sea. Elevation ranges from 80 to 

360 m and soils are predominantly humic cambisols derived from sand- stone. Climate is 

Mediterranean, with a mean annual precipitation of 850–950 mm and a mean annual 

temperature ranging from 13 to 15◦C (IA, 2003). Before the fire, the vegetation was 
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dominated mainly by forests (48%), including both broadleaved and coniferous species, and 

by shrublands (46%). 

Sampling and measurements 

In September 2003, 70% of the Tapada Nacional de Mafra burned during a large wildfire that 

occurred in the region. Fire weather was extreme and the crown of most trees was affected, 

although in different degrees. Following the fire, the study area was mapped and divided into 

a regular 500-m grid using a GIS (geographic information systems); 20 points (centers of each 

grid) were randomly selected in the burned area as starting locations for field plots. Points that 

fell in treeless areas were moved to the nearest burned forest stand. Each plot was about 100-

m long and 20-m wide, and all the trees found within it were coded, marked and 

geographically located (with both GPS and terrain measurements) for monitoring in the 

subsequent years. Elevation, aspect and slope were derived for each tree location from a 

digital elevation model at 1:10,000 scale. We did not sample trees with broken stems or 

identified as being already dead before the fire (evaluation based e.g. on bark condition or 

advanced degree of decay). 

The first field sampling was performed 3 months after the fire  (December 2003) and 

included 1040 burned trees of 11 of the more representative species in  the area over a range 

of tree sizes that were differently affected by fire (Table 1). The studied species were: 

Castanea sativa Mill. (chestnut), Crataegus monogyna Jacq. (weissdorn), Eucalyptus 

globulus Labill. (bluegum eucalyptus), Fraxinus angustifolia Vahl. (narrowleaf ash), Olea 

europaea L. var. sylvestris Brot. (wild olive), Pinus pinaster Ait. (maritime pine), Pinus pinea 

L. (stone pine), Pistacia lentiscus L. (evergreen pistache), Quercus coccifera L. (kermes oak), 

Quercus faginea Lam. ssp. broteroi (Portuguese oak), and Quercus suber L. (cork oak). All 

the studied broadleaved species are resprouters and the coniferous species are non-resprouters 

(Paula et al., 2009). Most of the studied species have a wide distribution in the Mediterranean 

Basin and are within their natural area of distribution, except E. globulus (introduced species 

native to southeast Australia). In the study area C. sativa can be also considered as an old 

introduction (González, 2001; Krebs et al., 2004). 

For each tree we recorded diameter at breast height (DBH, measured at 1.30 m above 

ground to the nearest 1 cm), total tree height (TH, measured with a hypsometer to the nearest 

0.5 m), and tree status (dead or alive) and resprouting type (crown, basal). Trees were 

considered alive whenever green foliage was present regardless of its location on the tree, and 
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Table 1. Characteristics of the trees (n = 1985, 11 species) used to develop and validate models to predict post-fire tree response. 
 

Species (scientific name) n DBH  TH  BT  TCD  PCH  

  x̄  Range  x̄  Range  x̄  Range  x̄  Range  x̄  Range

Castanea sativa 30 21.0 10–38  7.5 4–11  1.2 0.6–2.1  99.7 90–100  30.9 6–75 

Crataegus monogyna 133 17.8 5–41  4.0 2–8  0.9 0.4–1.6  100 100  94.9 17–100

Eucalyptus globulus 60 14.0 5–24  11.5 6–16  0.9 0.4–1.4  100 100  36.4 10–100

Fraxinus angustifolia 82 41.4 10–76  11.3 5–18  2.0 0.6–3.4  89 65–100  58.9 7–100

Olea  europaea sylv. 127 21.3 5–54  4.5 2–10  1.0 0.4–1.7  100 100  98.6 25–100

Pinus pinaster 56 50.9 23–101  17.3 8–25  5.4 2.9–9.2  87.6 50–100  78.9 32–100

Pinus pinea 78 47.7 16–92  12.4 3–17  4.7 1.7–9.0  92.2 50–100  69.4 20–100

Pistacia lentiscus 113 7.8 3–20  2.4 1–5  0.5 0.2–1.1  100 100  97.2 33–100

Quercus coccifera 120 12.8 4–30  3.8 2–8  0.6 0.2–1.2  99.6 60–100  99.0 42–100

Quercus faginea 129 39.3 17–94  8.9 3–17  1.9 1.3–3.1  99.3 75–100  91.1 29–100

Quercus suber 112 47.0 15–140  8.8 3–16  4.9 1.9–14  99.3 60–100  79.9 28–100
Validation dataset                

Eucalyptus globulus 388 10.0 5–60  13.6 6–31  0.7 0.4–3.0 – –  54.1 0–100

Pinus pinaster 397 22.7 7–49  13.7 5–25  2.8 1.2–5.9 – –  54.1 0–100

Quercus faginea 98 17.9 10–51  8.9 4–19  1.3 1.0–2.2 – –  58.2 0–100

Quercus suber 62 20.6 10–45  8.3 4–14  2.0 0.2–4.8 – –  98.0 18–100

DBH, diameter at breast height; TH, total tree height; BT, bark thickness (BT for  all  the species but Q. suber is based on the equations presented in Table 2), 
TCD, percentage of crown volume damaged (crown scorched + crown consumed); PCH, maximum bole char height expressed as percentage of tree height; n, 
total number of sampled trees; x̄  , mean. 
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were considered top-killed if they had no green foliage in the crown but exhibited basal or 

root sprouts. For Q. suber trees we also measured the bark thickness (BT) at breast height 

with a bark gauge. We averaged two measurements at opposite sides of the trunk (N-S); in 

case of fissured bark the measurements were taken on  bark “ridges” and therefore represent 

maximum BT. For the other 10 species, BT was not measured on burned trees because many 

had the bark severely affected by the fire. Alternatively we measured BT and DBH on 415 

unburned trees within the study area (minimum 40 trees of different sizes per species), and 

derived allometric equations relating BT with DBH (Table 2, Fig. 1) to estimate BT for each 

burned trees (except Q. suber). The graphical representation of the derived allometric 

equations (Fig. 1) emphasizes the BT differences between the two pine species in contrast to 

the broadleaved species group. Among broadleaves only Q. suber has a thick bark 

comparable to the pines (see Table 1). 

For each tree, the percentages of crown volume scorched (CVS) and crown volume 

consumed (CVC) were visually estimated to the nearest 5% with the help of binoculars. Total 

crown volume damaged (TCD), was then derived as TCD = CVS + CVC (McHugh and Kolb, 

2003). Evidence of residual buds on branch tips was used to identify branches that supported 

foliage before the fire (McHugh and Kolb, 2003). Foliage scorch was defined by a change in 

colour as a result of the fire. Although some species initiated new foliage shortly after 

burning, it was easy to distinguish between pre-fire and post-fire leaves during the first 

months by their colour. Maximum bole char height (CH), the vertical extent of trunk 

blackening, was measured as an alternative indicator of fire injury. Percentage of bole char 

height (PCH) expressed CH in relation to total tree height. PCH was deemed considered a 

more reliable indicator of fire injury for some broadleaved deciduous species as at the time of 

the initial assessment of trees (3 months after the fire) they were unleafed, so TCD was 

probably overestimated. 

Because of the presence of a population of wild herbivores in the area (density of 0.4 deer 

ha-1; Nunes, 2004), constituted by Dama dama L. (fallow deer) and Cervus elaphus L. (red 

deer), several trees (n = 216; see Table 3) were protected from browsing to further evaluate 

potential cumulative impacts of herbivory on post-fire mortality and recovery. About half of 

the individuals (from seven broadleaved species) without crown sprouting but with basal 

regeneration were protected (in early 2004) using individual wire protectors. Thus the 

presence/absence of herbivory (i.e., unfenced/fenced tree) was also considered as a variable. 
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Some species were not protected, because of (i) lack of sprouting response (P. pinaster and P. 

pinea), (ii) crown sprouting in all the trees (Q. suber), and (iii) avoidance by deer (E. 

globulus). 

A second assessment of the tree status and resprouting type of the initially sampled trees 

(n = 1040) was performed 1 year after the fire. From this set, a subset of 755 individuals was 

assessed annually until 2007 (4 years post-fire). 

 

Table 2. Allometric relations between bark thickness (BT, cm) and diameter at breast height (DBH, cm) 
obtained from field measurements taken on 415 unburned trees from 10 species. 
 

Species Coefficients R2 n DBH range (cm) 

 b0 b1 

Castanea sativa 0.061 0.970 0.76 41 11–49 
Crataegus monogyna 0.072 0.874 0.77 40 3–42 

Eucalyptus globulus 0.026 1.227 0.89 41 3–101 
Fraxinus angustifolia 0.062 0.934 0.93 40 3–97 

Olea  europaea sylv. 0.196 0.539 0.57 42 5–56 
Pinus pinaster 0.103 1.023 0.90 44 2–105 

Pinus pinea 0.133 0.920 0.83 42 11–96 

Pistacia lentiscus 0.022 1.410 0.69 42 3–23 

Quercus coccifera 0.024 1.193 0.73 41 5–35 

Quercus faginea 0.241 0.567 0.84 42 4–108 

Equations have the form BT = b0 DBHb1. R2, number of sampled trees and DBH range are also shown; all the regressions are highly 
significant (P < 0.001). 

 

 

 
Fig. 1. Relations between bark thickness (cm) and diameter at breast height (DBH, cm) for different coniferous 
and broadleaved species, based on the allometric equations presented in Table 2 (Note that there are two clear 
groups, with conifers (P. pinea and P. pinaster, top lines) having a thicker bark). 
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Table 3. Observed individual tree mortality (cumulative percentage) by species in the first 4 years following 
Mafra wildfire (n = 755); percentage of top-killed trees (crown mortality; includes dead trees) was almost the 
same in the 4 years after wildfire and the values presented concern the fourth year.   

 

Species 
Cumulative mortality (%)   Top- 

killed (%) 

n (P) 

1st year 2nd year 3rd year 4th year   

Castanea sativa 20 40 80 83 83 30 (0)
Crataegus monogyna 0 0 7 7  93 75 (46) 
Eucalyptus globulus 0 0 0 0  100 60 (0) 
Fraxinus angustifolia 0 0 0 0  15 62 (10) 

Olea  europaea sylvestris 0 0 0 0  97 78 (44) 

Pinus pinaster 84 88 95 95  95 56 (0) 
Pinus pinea 77 82 85 85  85 78 (0) 

Pistacia lentiscus 0 0 0 0  100 71 (34) 
Quercus coccifera 0 0 10 10  99 67 (26) 

Quercus faginea 2 3 3 14  89 89 (56) 

Quercus suber 1 1 1 1  1 89 (0) 

n (P), total number of trees monitored during the 4-year period (number of trees protected from deer browsing). 

 

Data analysis 

The probability of individual tree mortality and crown mortality (top-kill) 1 and 4 years after 

fire were modelled by using binary logistic regression (Hosmer and Lemeshow, 1989). All the 

previously mentioned variables, including some interactions, were tested as independent 

variables. Since resistance to cambium injury increases with the square of bark thickness 

(Peterson and Ryan, 1986; Rego and Rigolot, 1990), fire injury resistance is expected to 

increase roughly with the square of stem diameter (Ryan, 1998), thus both BT2 and DBH2 

were also tested as independent variables. Squared PCH and CVS were also included, as some 

authors recognized their non-linear influence on tree survival (Peterson and Ryan, 1986; Ryan 

and Reinhardt, 1988). The independent variables were selected by forward stepwise selection, 

and were included in each model only when statistically significant (P < 0.05). When 

correlation between two variables was higher than 0.5, only one of them was used in the 

model. The most correlated pairs of variables (r > |0.5|; Pearson correlation coefficient) were: 

DBH with BT (r = 0.86), DBH with TH (r = 0.68), CVS with CVC (r = −0.84), CVC with 

TCD (r = 0.64), and CH with TH (r = 0.63). Comparisons between treatments (e.g. protected 

vs. non-protected trees) were based on Chi-square statistics (Sokal and Rohlf, 1987). All the 

analyses were carried out using SPSS software (SPSS, 2006). 
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Model evaluation 

The overall model significance was assessed through the Chi-square goodness-of-fit omnibus 

test. Model performance was assessed by calculating the area under the receiver operating 

characteristics (ROC) curve (Hosmer and Lemeshow, 1989). The ROC method has 

advantages in assessing model performance in a threshold-independent fashion, being 

independent of prevalence (e.g. Manel et al., 2001). Area under the curve (AUC) values of 

0.5–0.7 are usually taken to indicate low accuracy, values of 0.7–0.9 indicate useful 

applications and values above 0.9 indicate high accuracy (Swets, 1988). Models with different 

combinations of variables were also compared using the Akaike Information Criterion (AIC) 

(Burnham and Anderson, 2003), and the one with lowest AIC considered the most 

parsimonious. Several models were tested using the available variables, but only the more 

parsimonious ones are presented. 

In the validation phase (see next section), the model predictive ability was also quantified 

through cross-classification tables, which are based on the comparison of observed and 

predicted events. For this purpose, a range of cut-off-points were used to convert event 

probability (mortality or top-kill) to dichotomous (presence/absence) data in order to define 

optimal cut-off point. 

Although a cut-off-point value of 0.5 is often used, this threshold can be modified 

according to data specificities or user’s needs (e.g. Thies et al., 2006). The dataset was used to 

construct classification tables for different cut-off-points, helping defining optimal values. The 

optimal cut-off point corresponds to the value where both sensitivity and specificity reach the 

same proportion, which in our case was 0.6 and 0.7. 

Model validation 

Models were validated through an independent dataset, constituted by pooling information 

from 4 different 2006 wildfires that occurred in central-west Portugal, collected in another 

study (70–110 km far from the Mafra site; Tujeira and Morgado, 2007). Porto-de-Mós 

wildfire occurred in Leiria district and burned about 3400 ha. Agroal, Atouguia and Vale 

Florido wildfires occurred in Santarém district and burned about 380, 280 and 250 ha, 

respectively. The altitude in the burned sites ranges from 80 to 600 m and the soils are 

predominantly rhodochromic luvisols and calcic cambisols. Climate is Mediterranean, with a 
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mean annual precipitation of 700–1600 mm, mean annual temperature ranging from 15 to 

17.5◦C (IA, 2003). 

The dataset included 945 trees of four species monitored in the Mafra wildfire (P. 

pinaster, E. globulus, Q. faginea and Q. suber). The assessment of post-fire tree status (alive 

or dead) was performed only once and simultaneously with the assessment of the remaining 

tree and fire data (about 1 year following wildfire occurrence). The field methods used in 

these fires (details are given by Tujeira and Morgado, 2007) were similar to those described 

for the Mafra wildfire, except that crown volume damage (CSV, CVC, TCD) was not 

assessed because it was not possible to accurately estimate it 1 year after the fire. Bark 

thickness was calculated using the same allometric equations (Table 2). 

Results 

Tree responses 

Most broadleaved trees survived the first post-fire year, while most conifers died (Table 3).  

Only 11% of the pine trees were alive by the end of the study period (5% in P. pinaster and 

15% in P. pinea). In contrast, 92% of the broadleaved trees were still alive by the end of the 

study period. Four years after wildfire, 5 of the 9 monitored broadleaved species had some 

mortality (ranging from 1% to 14%), but only C. sativa presented very high mortality (83%). 

In spite of the low mortality observed in most broadleaved trees, the majority were top-killed 

and regenerated only from the base of the trunk or roots. The remarkable exception was Q. 

suber for which none of the surviving individuals were top-killed. 

Most conifer mortality occurred within the first year following wildfire, and only an 

additional 9% died in the three subsequent years. In contrast, most (82%) mortality on 

broadleaved trees occurred after the first year (Table 3). 

Mortality models 

Species group, bole char height and crown volume damaged were the most important 

variables influencing the probability of initial and delayed tree mortality (Table 4). The two 

fire injury indicators (PCH and TCD) were positively associated to tree mortality. Coniferous 

showed significantly higher mortality than broadleaved species. C. sativa suffered 

significantly greater mortality (not shown) than any of the remaining broadleaved species and 

thus a model differentiating this species was also included (Table 4). The ROC curves 
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indicated that all the selected models perform very well, with 92–98% concordance between 

predicted probabilities and observed outcomes. 

 

Table 4. Logistic regression models to predict post-fire tree mortality. Models based on data from 11 species 
(n = 1040 trees for the first-year models, and n = 755 for the fourth-year model). 

 

Model 
Years 
since 
fire 

Coefficients 
Model χ2 df 

P-value AUC AIC R2 

b0 b1 b2 b3 b4     

M1 1 −7.15 6.66 0.03 – – 506.9 2 <0.001 0.94 −435 0.77 

M2 1 −12.91 7.12 – 0.08 – 526.2 2 <0.001 0.96 −396 0.80 

M3 1 −10.61 8.72 0.05 – 7.33 563.8 3 <0.001 0.98 −319 0.83 

M4 4 −5.49 5.82 0.03 – 6.35 490.2 3 <0.001 0.92 −617 0.73 

Model coefficients: b0, constant; coefficients for the following variables: b1 for species group (takes value 1 if species is coniferous, and 0 
otherwise); b2 for PCH (maximum bole char height expressed as percentage of tree height); b3 for TCD (percentage of crown volume 
damaged); b4 for Castanea sativa (takes value 1 if species is C. sativa, and 0 otherwise); model χ2 , full model goodness-of-fit statistic; df, 

degrees of freedom; P-value, significance level; AUC, area under ROC curve; AIC, akaike information criteria; R2 , Nagelkerke R2 . 

 

 

We selected model M1 to be used in the validation phase, because TCD was not available 

on the validation subset and C. sativa species was not present. The full model goodness-of-fit 

test showed adequate fit of model M1 to the data. This model indicates that probability of 

mortality increases with char height, but the likelihood for broadleaved species survival is 

high and almost insensitive to this fire injury descriptor (Fig. 2). 

The area under the ROC curve (AUC) of the M1 validated model was 0.956, indicating a 

very good model performance, with close agreement between predicted and observed status 1 

year following wildfires. The global accuracy (using a 0.6 probability threshold) was 93.2%. 

For the validation dataset, 91.9% of the trees predicted to die were in fact dead 1 year 

following fire, and 93.8% of the trees were correctly predicted to survive (user’s accuracy, 

Table 5; commission errors represent the incorrect predictions). On the other hand 86.4% of 

the observed dead trees were predicted to die by the model and 96.4% of the observed living 

trees were predicted to be alive (producer’s accuracy, Table 5; omission errors represent the 

percentage of observed dead or alive trees that were not predicted by the model). 
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Fig.  2. Probability of individual tree mortality (with 95% confidence intervals) 1 year following wildfire as a 
function of PCH (maximum bole char height expressed as percentage of tree height) for the two species group 
considered (coniferous vs. broadleaved trees). 

 

 

Table 5. Cross-classification table presenting the predicted and observed tree mortality. Based on a validation 
dataset of 945 trees from 4 species (using a 0.6 probability threshold). 

 
 Observed   User’s 

accuracy 
Commission error 

Dead Alive Total 

Predicted status      

Dead 261 23 284 91.9% 8.1% 
Alive 41 620 661 93.8% 6.2% 

Total 302 643 945   

Producer’s accuracy 86.4% 96.4%  Global 
accuracy   93.2% 

Omission error 13.6% 3.6%  

 

Additionally we tested different model fitting possibilities to predict delayed conifer 

mortality over the entire study period, using species as an additional variable (Mafra fire). The 

best model for conifers included one indicator of fire injury and a term for tree species (Table 

6). As for the global mortality models, the fire injury descriptors were positively associated 

with the probability of mortality, but in this case TCD was a better predictor of mortality than 

PCH. The species term was also significant in such a way that the probability of survival was 

higher for P. pinea (Fig. 3). 
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Table 6. Logistic regression model to predict delayed (4 years after fire) mortality of P. pinaster and P. pinea. 
Variables are ordered by their decreasing importance on tree survival (n = 134). 
 

Effect Variables Coefficient SE Wald χ2 df P-value 

b0 Constant −7.152 1.928 13.766 1 <0.001 

b1 TCD 0.150 0.033 20.560 1 <0.001 
b2 Species −3.979 1.230 10.470 1 <0.001 

Coefficients: TCD, percentage of crown volume damaged (crown scorched + crown consumed); species takes the value 1 for predicting P. 
pinea mortality and 0 for P. pinaster; SE, standard error; Wald χ2 , Wald Chi-square statistic; df, degrees of freedom; P-value, significance 
level; full model χ2, 46.33 (P < 0.001); area under ROC curve, 0.924 (P < 0.001). 

 

For the delayed mortality of broadleaves, only the species factor showed to be significant. 

C. sativa, Q. coccifera, and Q. faginea were the only broadleaved species with a significant 

mortality, and so we fitted individual models for these species. For Q. faginea, none of the 

variables measured was a significant predictor of mortality. The only variable related with C. 

sativa mortality was DBH, and the relationship was negative (model χ2 = 6.218, P = 0.013; 

AUC = 0.800, P = 0.037). For Q. coccifera only the variable protected vs. unprotected was 

selected in the models (model χ2 = 7.387, P = 0.007; AUC = 0.717, P = 0.062). Concerning 

ungulate herbivory, and besides the logistic models, significant differences between trees 

protected from browsing and non-protected trees were observed in C. monogyna (χ2 = 8.036, 

P = 0.0046) and in Q. coccifera (χ2 = 4.957, P = 0.0260). 

 

 

Fig. 3. Probability of mortality for Pinus pinea and P. pinaster 4 years following fire, as a function of the 
percentage of crown volume damaged (TCD). 
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Top-kill models 

Bark thickness and char height were the most important variables affecting the probability of 

tree top-kill, and their influence was highly significant (P < 0.001; Table 7). The probability 

of top-kill increased with decreasing bark thickness and with increasing fire injury (Fig. 4), as 

it was previously hypothesized. Few differences exist between top-kill models concerning 1-

year or 4-years after fire, and both showed good performance (Table 7). As with mortality, 

very few broadleaves (only 5%) had delayed top-kill. 

 

Fig. 4. Probability of top-kill (crown mortality) following wildfire on broadleaved species, as a function of bark 
thickness (cm) and PCH (maximum bole char height expressed as percentage of tree height). 

 

The TK1 model (Tables 7 and 8) was selected for the validation phase. The validation 

dataset was constituted by 548 trees from three broadleaved species (403 were top-killed), 

monitored in four different wildfires. The model showed good performance, with AUC of 

0.931. Cross-classification table evaluation showed a global accuracy of 85.4% (using a 0.7 

probability threshold). Within this sample, 89.7% of the trees were correctly predicted to be 

top-killed 1 year following fire, and 73.0% were correctly predicted to regenerate from the 

crown. 
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Table 7. Models to predict top-kill on 9 broadleaved species 1 and 4 years after Mafra wildfire (n = 906 trees for 
the first year model, and n = 621 for the fourth year model). 
 

Model 
Years 
since fire 

Coefficients 
Model 
 χ2 

df P-value AUC AIC R2 
b0 b1 b2 

TK1 1 2.793 −2.613 0.027 597.26 2 <0.001 0.931 −1010.5 0.69 

TK2 4 3.415 −2.750 0.033 437.14 2 <0.001 0.949 −557.8 0.74 

Coefficients: b0 , constant; b1 , bark thickness (cm); b2 , PCH (maximum bole char height expressed as percentage of tree height); model χ2, 
full  model goodness-of-fit statistic, df, degrees of freedom; P-value, significance level; AUC, area under ROC curve; AIC, Akaike 

information criteria; R2 , Nagelkerke R2 . 

 

Table 8. Selected model (TK1) to predict broadleaves top-kill 1 year after wildfire. 
 

Effect Variables Coefficient SE Wald χ2 df P-value 

b0 Intercept 2.793 0.366 58.318 1 <0.001 
b1 BT −2.613 0.200 170.063 1 <0.001 
b2 PCH 0.027 0.004 52.120 1 <0.001 

Coefficients: BT, bark thickness (cm); PCH, maximum bole char height expressed as percentage of tree height; SE, standard error, Wald 
χ2, Wald Chi-square statistic; df, degrees of freedom; P-value, significance level; full model χ2, 597.26 (P < 0.001); area under ROC 
curve, 0.931 (P < 0.001). 

 

Discussion 

General response patterns 

Most coniferous trees died as a consequence of the fire while the majority of broadleaved 

trees survived. Pine mortality was above 85%, and ranged from 55% to 92% for the validation 

data set. However, pine mortality can be highly variable, ranging from 0% to 100% 

depending of fire characteristics and tree size (e.g. Fernandes et al., 2008). For most conifers, 

including our two pine species, top-kill equals individual tree mortality, because they lack the 

ability to sprout from basal buds. 

Variations in mortality can also occur in broadleaved species, although survival is often 

much higher than for conifers (e.g. Franklin et al., 2006; Quevedo et al., 2007). In the Mafra 

study area only 1% of all the broadleaved trees were dead 1 year after fire, and this number 

increased to 8% by the end of the 4-year study period. These values are close to the 1-year 

mortality found in the validation dataset (3%). Despite the generally low mortality observed 

in broadleaves, most were top-killed and regenerated only from basal sprouts, meaning that 

several years or even decades are required until the trees reach the pre-fire size. 
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Factors affecting mortality and top-kill 

Besides the differences between the two main taxonomic groups (gymnosperms, 

angiosperms), fire injury indicators (crown volume scorched or consumed and bole char 

height) were major factors affecting post-fire mortality of coniferous and top-kill of 

broadleaved species (e.g. Ryan and Reinhardt, 1988; Hély et al., 2003; Thies et al., 2006; 

Fernandes et al., 2008). Both CH and PCH were significant predictors of mortality and top-

kill, although PCH understandably performed slightly better than CH. Char height was 

effectively employed as a tree mortality predictor but it does not necessarily quantify fire 

injury, especially as bark depth increases. Also, bole char height varies with factors other than 

fire intensity (Gutsell and Johnson, 1996), namely with tree diameter, hence decreasing its 

adequacy as a predictive variable. Direct cambium examination should predict bole damage 

better (Ryan and Reinhardt, 1988), however, a direct cambium assessment is  less expedite 

and would have induced further injury to the burned trees (e.g. Thies et al., 2006). 

In the case of conifers, crown volume damaged was the most important factor 

determining mortality. Sieg et al. (2006) found that including CVS and CVC separately in a 

mortality model for Pinus ponderosa resulted in greater predictive ability than considering 

TCD, but in our study the two models performed similarly. The mortality model for conifers 

suggests that for the same level of crown injury P. pinaster is more susceptible than P. pinea. 

Other studies also point to higher fire resistance of P. pinea in relation to P. pinaster and to 

other Mediterranean pines (Rigolot, 2004; González et al., 2007). Since these two species 

have similar bark thickness, we hypothesize that the higher P. pinaster mortality might be due 

to differences in crown architecture and to differences in susceptibility to insect attacks. 

Concerning crown architecture there are substantial differences between the two species, with 

P. pinea having the upper crown better protected from the heat flux (Rigolot, 2004; Fernandes 

et al., 2008). Concerning susceptibility to insect attacks, it is known that bark beetles can 

reach epidemic levels after fires and Vasconcelos et al. (2003) showed that Tomicus spp. in 

Portugal preferably attacks P. pinaster in comparison with P. pinea. In our study area trees 

from both pine species presented signs of bark beetle attacks, but no measurements were 

made, thus hindering any additional conclusion. 

Because most of the Mafra study area was severely affected by wildfire, all the sampled 

pines had at least 50% of crown volume damaged, thus the presented model applies only to 

situations where at least half of the crown has been affected. For P. pinea this is not a limiting 
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factor because the threshold level of TCD at which P. pinea mortality began was 50%. 

However, for the same level of crown damage P. pinaster is predicted to have about 60% 

mortality, thus, the TCD-based models have a limited value for predicting mortality in low-

injured trees; in those cases, it will probably be better to use the global mortality model based 

on PCH instead of TCD. 

Contrarily to conifers, none of the fire injury indicators was related to broadleaves 

mortality, which is consistent with other authors’ findings (Stephens and Finney, 2002; 

Franklin et al., 2006). As broadleaves (resprouters) have buds located below ground, which 

are generally well protected from heat by the overlaying soil, the more commonly used fire 

injury indicators (related with crown and stem injury, but not with root injury) are more likely 

to be poorly or unrelated with the capacity of basal resprouting and survival. The usually low 

mortality rates of broadleaved species also contribute to the difficulty of fitting predictive 

models. However, we successfully developed models of top-kill suggesting a positive relation 

with PCH and a strong negative relation with BT. 

Bark thickness (BT) did not significantly affect individual tree mortality but it was the 

most important factor in predicting top-kill in broadleaves. In other studies, Q. suber post-fire 

mortality has been shown to be much variable, mainly as a function of bark thickness (e.g. 

Silva and Catry, 2006; Moreira et al., 2007). However, this species is a very special case 

because regular bark extraction for cork production (Aronson et al., 2009) makes this species 

particularly vulnerable to fire after debarking (Pausas, 1997; Catry et al., 2009). On the other 

hand this species is recognized as the only European tree with above ground sprouting 

capability when the canopy is entirely burned (Pausas, 1997). In our study Q. suber was by 

far the most resilient to fire, as 99% of all the trees resprouted from the crown, most likely 

because trees had not been debarked in the last decades. Concerning F. angustifolia, the low 

crown mortality observed (15%) is probably due to the lower fire injury experienced, mainly 

due to their thicker bark, higher average height, and lower fire intensity, because most trees 

were located near streams or paths with lower fuel load. In our models, DBH and TH were 

also significant predictors of top-kill, but using these variables instead of BT resulted in lower 

predictive ability. Considering that BT is usually highly correlated with DBH and with TH, 

our results are consistent with other studies that also reported these variables as good 

predictors of crown mortality (e.g. Regelbrugge and Conard, 1993; Hély et al., 2003). 
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Besides fire injury indicators and the tree individual characteristics mentioned, there are 

other factors that can also determine the ability of post-fire trees survival such as herbivory, 

weather conditions and tree vigour (e.g. Ryan and Reinhardt, 1988; Whelan, 1995). In this 

study we hypothesized that ungulate herbivory could be an additional factor influencing the 

delayed mortality of top-killed broadleaves, because a regular consumption of basal sprouts 

would maintain the leaf area at low levels, hindering the adequate functioning of vital 

physiological processes (e.g. Canham et al., 1999). In fact, by the third year, cumulative 

impacts of deer on tree survival were apparent in C. monogyna and Q. coccifera. All the dead 

Q. coccifera individuals had been browsed, and browsed C. monogyna trees experienced three 

times more mortality than unbrowsed individuals. In spite of the high resistance of 

resprouting species to repeated disturbances (Espelta et al., 2006), and although this effect 

killed only a small proportion of trees and was not observed in all the broadleaved species, it 

is possible that the persistence of ungulate consumption will increase mortality in the future. 

Weather conditions could also represent a cumulative factor of stress contributing to the 

observed delayed mortality. In 2005 the Portuguese mainland suffered the worst drought in 

the last 60 years (INAG, 2005). This can potentially explain the increased number of dead 

trees observed between 2005 and 2006, when some mortality occurred for the first time on C. 

monogyna and Q. coccifera (7% and 10%, respectively), and doubled in C. sativa (from 40% 

to 80%). These results emphasize the importance of understanding the interaction between 

fire and climate for predicting ecosystem responses and specifically the role of heat waves in 

increasing tree mortality. 

C. sativa showed very high fire sensitivity (83% mortality) compared to the other 

broadleaved resprouters. We could not found any reference concerning the post-fire resistance 

of C. sativa that would enable some comparison. Given that this species is outside of its 

natural area (e.g. Capelo and Catry, 2007), it remains to explore to what extent this sensivity 

is inherent to the species or it is due to local conditions. 

Some factors that can affect post-fire tree mortality are not accounted for by our models, 

such as insect or disease incidence. However our models may implicitly reflect the 

interactions between fire injury and insect or disease incidence, as both of them were present 

in several sampled trees. Despite these additional sources of variation, model performance 

was good, and the presented equations should be useful for the modeling and management of 

fire-injured stands. 
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Implications for management 

The presented models perform similarly to other published models for different species and 

geographical locations (e.g. Regelbrugge and Conard, 1993; Rigolot, 2004; Hély et al., 2003; 

McHugh and Kolb, 2003; Hood et al., 2007). They were validated using independent datasets 

from other locations, suggesting some degree of applicability outside the study area. 

Knowledge of fire effects on trees is valuable both for controlling fire injury and for 

predicting its consequences. The presented logistic regression equations rely on readily 

obtainable data, and are applicable over a wide range of tree sizes and species, and in a variety 

of stand conditions suffering moderate to severe burning. These models have several potential 

applications and can be useful to managers making pre-fire or post-fire decisions in mixed 

forest stands in the western Mediterranean Basin, where the studied species are present. They 

may be used for example when selecting species for reforestation, privileging the ones that 

are more fire-resistant (e.g. Pausas et al., 2004). They may also be used following fire, either 

to assess the probability of mortality or top-kill of individual trees when developing salvage 

guidelines, or to assess potential stand damages and economical losses when considering 

different management alternatives. These predictions can for example provide a better idea on 

how exposed the burned areas will be in terms of soil erosion, or the impacts on wildlife 

habitat. Managers should also be aware of the importance of herbivory in post-fire restoration. 

For most forest species, the presence of either wild or domestic herbivores can have a 

negative impact on the post-fire recovery, even if not killing the trees, hindering the natural 

regrowth. 
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Abstract 

Fire is the most important natural disturbance driving vegetation dynamics in the 

Mediterranean Basin. However, studies relating fire-induced tree responses to both fire 

severity and plant traits are still scarce in this region. We aimed to investigate such 

relationships further, and to develop simple models that could help improving forest 

management in these fire-prone ecosystems. We compiled data from 16 fire sites in different 

regions, and used models to relate post-fire responses of 4155 trees from 14 species with fire 

severity indicators and tree characteristics. The influence of several spatiotemporal factors at 

the site-level was also considered. Results showed that pine mortality was usually high and 

mainly determined by fire severity, while plant traits played a minor role. In contrast, 

mortality of broadleaved trees was usually low, even for high-severity fire, but most trees 

were top-killed. Stem mortality increased with fire severity and decreased with bark thickness 

and tree size. The models for predicting individual mortality of pines and stem mortality of 

broadleaves showed very good performance, including when validated against independent 

datasets. Our results suggest that it is possible to accurately predict the most common post-

fire responses of Mediterranean species based on simple fire and tree characteristics.  

Additional keywords: modelling; mortality; top-kill; wildfire; experimental fire; 

broadleaves; pines; Portugal 
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Introduction 

Fire is the most important natural disturbances driving vegetation dynamics in Mediterranean 

Basin ecosystems (Pausas and Keeley 2009; Keeley et al. 2012), causing important economic 

and ecological impacts. Wildfires can quickly transform forest landscapes by reducing 

vegetation biomass and drastically changing forest structure and composition. Therefore, the 

way trees respond to fire is crucial to understand forest dynamics and biogeochemical 

processes in Mediterranean ecosystems which are among the most fire-prone in the world 

(Keeley et al. 2012). 

For a given species, fire characteristics are expected to primarily determine post-fire tree 

responses. Fire intensity represents the energy released by flaming combustion and can be 

related to the aboveground biological impacts of fire using fire severity metrics (e.g. 

Regelbrugge and Conard 1993; Keeley et al. 2012). These metrics are typically based on 

estimating the consumption or degradation of biomass by fire (Keeley 2009). For trees, 

variables indicative of fire-caused injury to the stem and crown (i.e. above-ground fire 

severity) are the most widely used indicators of fire severity. Char height correlate with flame 

size or fire intensity (e.g. Finney and Martin 1993) and indirectly provide information on 

possible injury to cambial tissue or foliage (Regelbrugge and Conard 1993; Pausas et al. 

2003; Thies et al. 2006; Catry et al. 2012; Woolley et al. 2012). Other measures such as 

crown scorched and/or consumed have been extensively used, particularly for conifers, 

linking fire intensity to the loss of photosynthetic material and subsequent tree mortality (e.g. 

Peterson and Ryan 1986; Sieg et al. 2006; Catry et al. 2010; Vega et al. 2011).  

Despite fire severity is of paramount importance for understanding post-fire tree 

responses, different species have different regeneration and fire-resistance traits, and thus they 

are expected to respond differently to fire severity. These functional traits include plant 

resprouting ability (i.e. resprouter or non-resprouter), tree size and bark thickness. 

Resprouting, that is, the initiation of new shoots from existing meristems after the above-

ground parts of a plant have been fully affected by disturbances, allows plant populations and 

individuals to persist under recurrent fires (Bond and Midgley 2001; Pausas et al. 2004). This 

trait, which is common in all Mediterranean broadleaves and is very rare in conifers (Paula et 

al. 2009), has often been used to separate species in two functional types: resprouters and 

non-resprouters (Pausas et al. 2004; Vesk and Westoby 2004). However, after a disturbance 



Chapter 2 
 

62 
 

that affects all above-ground plant parts, not all individuals of resprouting species survive 

(e.g. Moreira et al. 2012).  

There are several plant morphological traits conferring resistance to fire, but bark 

thickness and tree size (height and diameter) have been the most widely used to account for 

resistance to fire injury in different ecosystems worldwide (Ryan and Reinhardt 1988; 

Fernandes et al. 2008; Catry et al. 2009; Brando et al. 2012; Woolley et al. 2012). These 

individual characteristics vary among species but also vary through time (tree age and 

growth) and space (site conditions), and are often correlated (Whelan 1995). Some authors 

suggested that bark thickness is the most important trait for avoiding fire-induced cambial 

damage, but its importance in preventing fire-induced tree mortality is less known (e.g. 

Brando et al. 2012). While thick bark has been associated to lower levels of tree injury for 

many species subjected to surface fire regimes (Keeley and Zedler 1998; van Nieuwstadt and 

Sheil 2005; He et al. 2012), the role of stem survival for resprouters in crown-fire ecosystems 

remains poorly understood (for important exceptions, see e.g. Pausas 1997; Catry et al. 2012). 

Additionally, and adding further complexity, post-fire tree responses can also be affected by 

temporal and spatial factors such as the physiological condition of the trees when the fire 

occurs (Whelan 1995; Moreira et al. 2012), the site edapho-climatic conditions, or the 

occurrence and intensity of additional stressing factors (e.g. DeBano et al. 1998).  

Knowledge of the factors responsible for fire-resistance and prediction of tree mortality 

and regeneration is critical to inform pre- and post-fire management decisions, particularly in 

ecosystems where wildfires are a recurrent disturbance (Thies et al. 2006; Woolley et al. 

2012). Nevertheless, studies relating individual tree post-fire responses to both fire and plant 

characteristics are still scarce in Mediterranean Basin, being particularly rare for broadleaved 

species.  

In this study we aim to investigate which are the main factors associated with post fire 

tree mortality and vegetative regeneration of several Mediterranean species. Our hypothesis is 

that variability in post-fire responses can be predicted from simple variables related to fire 

severity and tree traits conferring resistance and resilience to fire. To test this hypothesis we 

assessed the post-fire regeneration status of 4155 trees belonging to 14 species from the 

western Iberian Peninsula and analysed their relations with fire severity and tree 

characteristics.  
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Methods 

Study sites  

We compiled data from 16 different burned forests in Portugal, western Mediterranean Basin 

(Fig. 1), including 11 sites that were affected by summer wildfires (July through September, 

i.e. dry season), and five sites that were burnt by 15 experimental fires under mild fire 

weather during fall and winter (November through March). The sample covers a range of 

ecological conditions and forest types from inland to coastal regions, with mean annual 

temperatures ranging from 10 to 17.5ºC and precipitation ranging from 500 to 2000 mm (IA 

2012).  

 

 

Fig. 1. General location of Portugal within the Mediterranean Basin (right) and location of the 16 study sites 
(left). 

 

Sampling and data collection 

Data was collected during the first three years following fire, but most trees (98.6%) were 

assessed during the first two years (Table S1 in Appendix). In most sites affected by wildfires 

(64%) we used a regular grid of points covering the burned area and defined a circular 

sampling plot (7850 m2) around each point. In plots with 30 trees or less, all trees inside the 

plot were assessed, otherwise, we laid out up to four strip transects and sampled 30 

individuals per plot. In the remaining sites, plots were smaller (ranging from 28 to 2000 m2), 
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and all trees inside each plot were sampled. In total, 192 plots were sampled across the 11 

wildfire sites (Table S1). Two sampling schemes were used in the sites subjected to 

experimental fire; the measurement of all trees within 200-500 m2 rectangular plots and the 

measurement of a variable number of trees (representative of variation in size and fire 

severity) in 1000-2000 m2 rectangular plots. In all cases, only trees with at least 1 cm DBH 

were included. The wildfire sites included 2843 individuals belonging to 13 tree species (11 

broadleaves and two pines), and the sites subjected to experimental fire included 1312 trees 

belonging to two pine species (Table 1). Overall we sampled 4155 trees from 14 species 

belonging to eight genus and six taxonomic families. Species were classified by their 

resprouting ability (R; resprouter vs. non-resprouter) and leaf habit (LH; evergreen vs. 

deciduous); all the studied broadleaved species were resprouters and all the studied coniferous 

species (pines) were non-resprouters (Table S2 in Appendix).  

In each site, and for all selected trees, we recorded the species, and assessed the tree post-

fire vegetative status (dead or alive) and regeneration type. Trees were considered alive 

whenever green foliage was present regardless of its location on the tree. The surviving 

individuals were either classified as having stem mortality (top-kill), i.e. resprouting from 

belowground organs only (root collar or roots), or as having stem survival, i.e. resprouting 

from aboveground organs (crown or stem). We also measured total tree height (TH) and 

diameter at 1.30 m (DBH) in each tree. For Q. suber trees, we measured bark thickness (BT) 

at 1.30 m, as in this species BT is rarely affected by fire. For the other 13 species, BT was not 

measured directly on burned trees because the bark is often partially consumed by fire and 

may detach from the stem. For these species we estimate BT for each burned tree from 

allometric equations derived from nearby unburned trees (Table S3 in Appendix). 

We assessed two fire severity indicators: the proportion of maximum tree height charred 

(PHC) and the proportion of crown volume damaged (PCD). In all wildfires, the maximum 

bole char height (the vertical extent of blackening of the outer bark) was measured in each 

tree. Then, PHC was calculated as maximum char height relative to total tree height. For 

pines, we additionally estimated PCD visually, since direct indicators of crown damage have 

been consistently reported to be the best predictors of mortality for conifers (e.g. Wooley et 

al. 2011). PCD included both the crown volume scorched and consumed (McHugh and Kolb 

2003), as this combined variable was reported to describe crown injury better or similarly 
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Table 1. Summary of the main tree characteristics for the 14 species in the 16 study sites 

Fire type Species Sample 
(n trees) Sites 

DBH (cm) H (m) BT (mm) PHC (%) PCD (%) 
x (SD) Range x (SD) Range x (SD) Range x Range x Range 

Widfire 

A. unedo 92 AG, AT, BA, 
PM, VF 11.0 (6.0) 5-41 6.3 (2.5) 3-15 0.6 (0.2) 0.4-1.4 85 15-100 100 100 

C. monogyna 133 TM 17.8 (7.1) 5-41 4.0 (1.1) 2-8 0.9 (0.2) 0.4-1.6 95 17-100 100 100 
C. sativa 30 TM 21.0 (7.5) 10-38 7.5 (2.1) 4-11 1.2 (0.4) 0.6-2.1 31 6-75 100 90-100 
F. angustifolia 82 TM 41.4 (13.7) 10-76 11.3 (3.6) 5-18 2.0 (0.6) 0.6-3.4 59 7-100 99 65-100 
O. europaea 159 BA, TM 19.3 (10.0) 3-54 4.6 (1.4) 1-10 1.0 (0.3) 0.4-2.2 97 25-100 100 100 
P. lentiscus 113 TM 7.8 (3.8) 3-20 2.4 (0.8) 1-5 0.5 (0.2) 0.2-1.1 97 33-100 100 100 

P. pinaster 437 AG, AT, PM, 
TM, VF 26.3 (14.0) 7-101 14.2 (4.2) 5-25 2.9 (1.4) 0.8-9.2 59 3-100 84 10-100 

P. pinea 80 AG, TM 47.5 (16.1) 16-92 12.4 (2.6) 3-17 4.7 (1.5) 1.7-9.0 69 20-100 92 50-100 
Q. coccifera 120 TM 12.8 (5.7) 4-30 3.8 (1.3) 1-8 0.6 (0.2) 0.2-1.2 99 42-100 100 60-100 

Q. faginea 226 AG, AT, PM, 
TM, VF 30.1 (15.6) 10-94 8.9 (2.9) 3-19 1.6 (0.5) 0.9-3.1 77 5-100 95 10-100 

Q. pyrenaica 528 LO, MA, SI 9.7 (5.4) 2-42 7.3 (2.5) 2-18 0.4 (0.1) 0.1-1.4 71 1-100 - - 

Q. rotundifolia 494 AG, AT, BA, 
PM, VF 16.5 (9.5) 5-58 5.9 (1.6) 2-11 1.2 (0.4) 0.6-2.8 85 6-100 98 10-100 

Q. suber 349 AG, BA, EV, 
PO, TM, VF 28.1 (18.4) 10-140 7.1 (2.6) 3-16 3.2 (1.7) 0.5-14.3 90 18-100 97 10-100 

All 2843 All 20.4 (15.0) 2-140 7.8 (4.2) 1-25 1.6 (1.5) 0.1-14.3 79 1-100 95 10-100 

Experimental  
fire 

P. nigra 259 MO 8.1 (3.0) 2-16 4.5 (1.5) 2-13 0.5 (0.3) 0.1-1.3 - - 76 30-100 

P. pinaster 1053 LA, PA, TI, 
VC 8.0 (4.3) 1-24 6.1 (2.9) 1-13 1.0 (0.6) 0.1-3.3 - - 64 10-100 

All 1312 All 8.0 (4.0) 1-24 5.8 (2.8) 1-13 0.9 (0.6) 0.1-3.3 - - 66 10-100 

Fire type, whether trees were sampled in a wildfire site or a site subjected to experimental fire; Sample, number of trees assessed from each species; Sites, code of the 
fire sites where trees were assessed (details of each site are given in Table S1); DBH, diameter at breast height (cm); H, tree height (m); BT, bark thickness (cm); 
PHC, maximum char height expressed as percentage of tree height (%); PCD, percentage of crown volume damaged (%); x (SD), mean (standard deviation).  
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than using the two variables separately (Catry et al. 2010; Vega et al. 2011). In the 

experimental fires, PCD was assessed alternatively to PHC. 

For wildfire sites, we assessed several environmental variables at the site-level. 

Specifically, the dominant slope (%) and aspect were measured in each plot or transect; then, 

for each site, slope was averaged, while aspect was simplified as the proportion of trees in 

unfavourable aspects (i.e., S, SE or SW, which are drier conditions in the study area). We 

also used GIS to locate all the study sites and obtain additional site-level data, namely 

elevation, mean annual precipitation and mean annual temperature (IA 2012). Fires were 

grouped by month of occurrence: July, August or September, corresponding to early, mid 

and late summer, respectively. The time between the fire date and tree assessment was also 

registered and classified in three categories: one, two or three years. The Canadian Fire 

Weather Index was calculated using data from the nearest meteorological station (collected 

at 12h on fire day), and it was included as descriptor of potential fire behaviour (Table S1).  

Data analysis and model development 

To study the relationships between the post-fire tree responses (dead tree, dead stem with 

basal resprouting, live stem with regenerating crown) and the different explanatory variables 

that have variability at the tree-level (PHC, PCD, BT, DBH, H), we followed a nested 

approach. We started by analysing all species together (overall model) to assess the effect of 

the tree-level variables and the species traits (R and LH), on individual mortality (i.e. whole-

plant mortality). Then, we focused on broadleaves and conifers separately (functional-group 

models). Broadleaf post-fire responses were investigated following two-steps sequential 

model (Pausas 1997): the probability of individual tree mortality and the probability of stem 

mortality for surviving trees (i.e., basal resprouting). For conifers, a single-step model (i.e., 

whether trees died or survived) was enough to describe their post-fire responses, since the 

studied pine species do not resprout. For these analyses we used 1863 trees from nine species 

recorded in ten sites (hereafter, the development dataset), corresponding to the wildfire 

dataset excluding the Mafra fire, which was reserved for model validation (see next section). 

Finally, we fitted individual models for each species using the entire wildfire dataset, for 

assessing the potential existence of species-specific trends in post-fire responses. 

This data analysis approach was performed using binomial generalized linear mixed-

effects models (GLMM) with a logit link, using the lme4-package for R (Bates et al. 2009; 

Zuur et al. 2009). In the overall and functional-group models we used both site and species as 
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random factors, while in the single-species models we used site as random factor. Prior to 

GLMM, correlation between pairs of variables was checked using the Pearson correlation 

coefficient (between continuous variables) and the point biserial correlation (between 

continuous and dichotomous variables); when correlation was greater than 0.60, only one 

variable was used in order to avoid collinearity problems (Zuur et al. 2009). We included a 

quadratic term for DBH and BT in the models in order to investigate a potential U-shaped 

post-fire tree responses (McHugh and Kolb 2003). For each response type we started with a 

GLMM including all variables. Model selection was performed by removing in each step the 

variable that explained less deviance (backward elimination; Zuur et al. 2009), until all 

remaining variables in the model were significant (P<0.05). Finally, to assess the relative 

contribution of each variable, the selected models were evaluated by adding all significant 

variables sequentially and tested with a likelihood ratio test. The Nagelkerke pseudo-R2 

(Nagelkerke 1991) was used as an indicator of the proportion of variance explained by the 

models. Finally, model performance was assessed by calculating the area under the receiver 

operating characteristics (ROC) curve (Hosmer and Lemeshow 2000; Pearce and Ferrier 

2000). The ROC method has advantages in assessing model performance in a threshold-

independent fashion, being independent of prevalence (Manel et al. 2001). Area under the 

ROC curve (AUC) values of 0.7-0.9 usually indicate useful applications and values above 0.9 

indicate high accuracy (Swets 1988).  

In order to explore to what extent random (site-level) effects in the GLMM could be 

related to environmental variables, we extracted the coefficients for each fire site for the 

different models and correlated them with the environmental variables in each site (Bates et 

al. 2009). For categorical variables, a non-parametric correlation test was used. For this 

analysis we used the entire wildfire dataset. 

External model validation 

Two independent validation datasets were used to further evaluate the performance of the 

overall and functional-group models: one wildfire subset and the experimental fire dataset. 

The wildfire validation subset came from the Mafra wildfire, which included 980 trees from 

ten species (Tables 1 and S1). We selected this wildfire site because it included the largest 

number of sampled trees and the largest number of species representing both pines and 

broadleaves. Additionally, we used the pooled data from six experimental fires that included 

1312 trees belonging to two pine species (Tables 1 and S1). This dataset represented an 
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opportunity to assess the performance of pine mortality models under mild fire weather 

similar to prescribed fire conditions.  

Agreement between model predictions and observed responses was evaluated using ROC 

curve analysis and cross-classification tables. For cross-classification analysis, a 0.5 

probability threshold (cut-point) was used to convert event probability (mortality or top-kill) 

to dichotomous (presence/absence) data (e.g. Hosmer and Lemeshow 2000; Thies and 

Westlind 2012). If the estimated probability exceeds the cut-point the tree is predicted to die 

or to have stem mortality.  

Results 

Our sampling captured a wide range of tree species and individual tree characteristics, as well 

as varying levels of fire severity and site conditions (see Table 1). From 2843 trees in the 

wildfire dataset (11 sites, 13 species), most were severely affected (average PHC of 79%; 

Table 1), which is characteristic of summer wildfires in the Mediterranean region. Overall 

average individual tree mortality was 19.4%, but it was highly variable, being much higher 

among pines (75.6%) than among broadleaved species (6.9%). However, despite the 

relatively low mortality of broadleaves, 59.9% of the surviving individuals were top-killed 

and resprouted from basal buds only (i.e. stem mortality).  

Overall mortality models  

The best model for predicting overall tree mortality (model OM) included the interaction 

between the proportion of tree height charred (PHC) and the species resprouting habit (R), 

and bark thickness (BT), by decreasing order of importance (Table 2 and Table S4 in 

Appendix). Individual tree mortality increased with increasing PHC, but this variable had a 

much stronger effect on the mortality of pines than on broadleaves (Fig. 2). Tree mortality 

also decreased with increasing BT, although this variable was less important and accounted 

for little additional variation in the model (Table S6).  

Model performance was very good, even when applied to the independent wildfire 

validation subset (AUC = 0.93; Table 2). Global accuracy was 96.8% as shown by the cross-

classification evaluation; within this subset, 84.0% of the trees predicted to die were in fact 

dead one year following fire and 98.7% of the trees were correctly predicted to survive (Table 

S7 in Appendix).  
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Table 2. Synthesis of the selected combined-species models  

Main variables affecting tree post-fire responses and model evaluation results (below are the results of model validation using independent datasets) 

   Development dataset  Validation dataset 

Response 
type 

Species 
Response 
(%) 

Model n trees Variables 
ROC 
AUC 

R2  n trees Fire type 
ROC 
AUC 

CC (overall 
accuracy) 

Individual 
mortality 

All species 23.4 OM 1863 PHC (+)‡; R (-) *; BT (-)‡; PHC*R‡ 0.91 0.29  980 Wildfire 0.93 96.8 

Pines (non-
resprouters) 

74.2 
PM1 383 PHC (+)‡ 0.96  0.69  134 Wildfire 0.93 87.3 

PM2 383 PCD (+)‡ 0.98 0.83 
 134 Wildfire 0.88 82.8 
 1312 Experimental 0.96 87.8 

Broadleaves 
(resprouters) 10.3 BM 1480 PHC (+)‡; BT (-) * 0.79 0.08  846 Wildfire 0.17 98.9 

Stem 
mortality 

Broadleaves 
(resprouters) 

54.9 BSM 1328 PHC (+)‡; BT (-)‡; H (-)‡ 0.93 0.47  837 Wildfire 0.94 88.1 

(1) Model variables: PHC, maximum char height expressed as percentage of tree height (%); PCD, percentage of crown volume damaged (%); BT, bark thickness 
(cm); DBH, diameter at breast height (cm); H, tree height (m); R, resprouter (no vs. yes); PHCxR, interaction between PHC and R.  
(2) Significance of coefficients: * P<0.05, † P<0.01, ‡ P<0.001. 
(3) Models evaluation: R2, Nagelkerke R2; ROC, area under the ROC curve (AUC); CC, cross-classification – overall accuracy (%). 



Chapter 2 
 

70 
 

 
Fig. 2. Predicted probability of post-fire mortality for resprouters (broadleaves) and non resprouters (pines) as a 
function of fire severity (expressed by the proportion of maximum tree height charred, PHC) and bark thickness 
(BT). Model OM based on data from 1863 trees (eight species) sampled in ten wildfire sites (model AUC = 
0.91).  

 

Pine mortality models  

The best mortality model for pines included a fire severity indicator only. Both PHC and PCD 

were positively related with tree mortality (models PM1 and PM2; Table 2 and Table S4 in 

Appendix). Because PCD and PHC were highly correlated (r=0.64) they were not used 

together in the same model, but we fitted separate models to compare their performance. Both 

models performed very well, although a model with PCD (model PM2; Fig. 3) achieved better 

results (AUC=0.98 and R2=0.83; Table 2).  

When applied to the independent wildfire validation subset, the performance of these 

models decreased but was still good (Table 2). The cross-classification evaluation shows that, 

using any of the two fire severity indicators, nearly 88% of the trees were correctly predicted 

to die (Table S7); however, when using the model with PHC more trees were correctly 

predicted to survive, resulting in higher global accuracy (87.3% vs. 82.8%).  
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Fig. 3. Predicted probability of post-fire mortality for pines as a function of fire severity (expressed by the 
proportion of crown volume damaged, PCD). Model PM2 based on data from 383 trees (two species) sampled in 
four wildfire sites and including trees in the 7-50 cm DBH range (model AUC = 0.98). 

 

On the other hand, when applied to the experimental fires the model with PCD globally 

performed better than when applied to the wildfire validation dataset, but the proportion of 

trees correctly predicted to die was lower in the former case (68.1% vs. 88.2%, respectively; 

Tables 3 and S7). Because of this considerably poorer ability of predicting mortality in 

experimental fires, we fitted a new model using trees from both wildfire and experimental fire 

datasets and including fire type as a variable. Since trees had significantly different sizes in 

each dataset (Table 1), we selected only P. pinaster individuals with comparable size (DBH 

ranging between 7 and 25 cm). Results indicated that for both types of fire the probability of 

mortality increased primarily with PCD; however, wildfires corresponded to much higher 

mortality, particularly for PCD values above 40% (Fig. 4), which likely overestimated dead 

trees in the experimental fires derived from the previous model (Table S7). Bark thickness 

also had a significant negative influence on tree mortality, although its importance was much 

lower. A model with three variables showed a very good performance (AUC=0.99, R2=0.63). 

However, this model underestimates mortality for trees with 100% crown damage in 

experimental fires; indeed, all trees with 100% PCD died, but the low mortality (17%) among 

trees with 95% PCD was the reason for the mortality predictions remaining relatively low for 

100% PCD.  
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Fig. 4. Predicted probability of post-fire mortality for P. pinaster as a function of fire severity (expressed by the 
proportion of crown volume damaged, PCD), fire type (wildfire or experimental fire) and bark thickness (cm, 
BT). Model based on data from 868 trees sampled in four wildfires and 5 experimental fires (247 and 621 trees, 
respectively). For comparison purposes only trees in the 7-24 cm DBH range were included (model AUC = 
0.99). The model underestimates mortality for trees with 100% crown damage in experimental fires (see text). 

 

For pines affected by wildfires the mortality trends were similar between single-species 

models and the combined pine model (Tables 3 and S4), although the results suggest that P. 

pinaster was slightly more fire-sensitive than P. pinea.  

Broadleaf response models  

Both PHC and BT had a significant effect on mortality of broadleaved trees (Table 2 and 

Table S4 in Appendix). Mortality increased with PHC and decreased with BT; however, 

model performance was relatively poor (model BM; AUC=0.79, R2=0.08), and decreased 

when applied to the independent validation subset (AUC=0.17; Tables 3 and S7). In contrast, 

a model with PHC, BT and tree height (H) was very successful in predicting stem mortality 

(top-kill) for the surviving trees (model BSM, Tables 3 and S5). The probability of stem 

mortality increased with PHC and decreased with BT and H (Fig. 5), although the 

contribution of tree height to model improvement was small (Table S6). The ROC curve 

indicates that the stem-mortality model with these three variables performed very well 
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(AUC=0.93), including when applied to the wildfire validation subset (AUC=0.94; Table 2). 

The cross-classification evaluation showed a global accuracy of 88.1% and a correct stem 

mortality prediction rate of 93.5% (Table 2 and Table S7 in Appendix).  

 
Fig. 5. Predicted probability of post-fire stem mortality (top-kill) for surviving broadleaved trees as a function of 
fire severity (expressed by the proportion of maximum tree height charred, PHC) and bark thickness (BT) (tree 
height is held constant at 6 m, representing the average H). Model BSM based on data from 1328 trees (six 
species) sampled in ten wildfire sites (model AUC = 0.93). 

 

In general the relations between broadleaved tree responses and the explanatory variables 

in the individual species models followed the same major trends found for the combined 

species models. However, in several cases no relationships were found due to the low 

variability in the tree responses to fire (Table 3, Tables S4 and S5). 

Environmental correlates of between-site variations  

Although there was substantial variation in environmental conditions among sites (Table S1), 

the random (site-level) effects in post-fire tree mortality and top-kill were found to be 

unrelated to the environmental variables assessed (i.e., no significant correlations were 

found).  
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Table 3. Synthesis of the selected single-species models  
Main variables affecting tree post-fire responses in wildfire sites and model evaluation results; for pine species (P. pinaster and P. pinea) 
individual mortality is equivalent to stem mortality, thus only the former models are presented. 

 All trees    Live trees 

Species 
n 

trees 
n 

sites 

Tree 
mortality 

(%) 
Variables ROC R2 ROC 

(V) 
CC 
(V) 

 
Stem 

mortality 
(%) 

Variables ROC R2 ROC 
(V) 

CC 
(V) 

A. unedo 92 5 0.0 - 1.00 1.00 - 100  98.9 - - - 0.75 83.7 

C. monogyna 133 1 0.0 - 1.00 1.00 - 100  89.5 PHC (+)†; H (-)* 0.76 0.28 0.77 91.7 

C. sativa 30 1 20.0 - - - 0.29 80.0  37.5 - - - 0.62 58.3 

F. angustifolia 82 1 0.0 - 1.00 1.00 - 100  8.5 PHC (+)* 0.91 0.53 0.91 90.2 

O. europaea 159 2 1.3 - - - 0.36 98.7  94.3 H (-)† 0.88 0.15 0.68 93.6 

P. lentiscus 113 1 0.0 - 1.00 1.00 - 100  100 - 1.00 1.00 - 99.1 

Q. coccifera 120 1 0.0 - 1.00 1.00 - 100  94.2 - - - 0.64 93.3 

Q. faginea 226 5 1.3 - - - 0.50 98.7  54.7 PHC (+)‡; BT (-)‡ 0.92 0.44 0.79 67.7 

Q. pyrenaica 528 3 16.9 PHC (+)‡; H (-)† 0.72 0.13 0.70 83.1  63.1 PHC (+)‡; H (-)‡; BT (-)† 0.96 0.72 0.96 90.2 

Q. rotundifolia 494 5 8.7 PHC (+)† 0.78 0.06 0.57 91.3  62.5 PHC (+)‡; BT (-)‡ 0.82 0.38 0.79 79.4 

Q. suber 349 6 5.2 BT (-)‡ 0.78 0.17 0.79 94.8  4.5 BT (-)‡ 0.91 0.27 0.86 84.6 

P. pinaster 437 5 75.3 PCD (+)‡ 0.97 0.74 0.97 92.4  - - - - - - 

P. pinea 80 2 77.5 PHC (+)‡ 0.95 0.68 0.92 88.8  - - - - - - 

(1) Model variables: PHC, maximum char height expressed as percentage of tree height (%); PCD, percentage of crown volume damaged (%); BT, bark 
thickness (cm); DBH, diameter at breast height (cm); H, tree height (m).  
(2) Significance of coefficients: * P<0.05, † P<0.01, ‡ P<0.001. 
(3) Models evaluation: R2, Nagelkerke R2; ROC, area under the ROC curve (AUC); CC, cross-classification – overall accuracy (%); (V) corresponds to 
the application of the combined species models (BM, PM2 and BSM) to each species.
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Discussion 

The present study showed that the variability in post-fire tree responses was mainly driven by 

fire severity, but plant traits also played a significant role. Generally, in high-severity fires, 

non-resprouters (pines) died but most resprouters (broadleaves) survived. Despite the low 

mortality of broadleaved trees, most were top-killed, particularly when charred to high levels. 

In such severe conditions, bark thickness and plant size increased fire resistance and were 

determinant characteristics to avoid top-kill. When subjected to lower fire severity, plant 

morphological traits were still important for broadleaves, but had a minor effect on pine 

resistance to fire.  

Fire severity and post-fire tree responses 

Fire severity (expressed by PHC or PCD) was the most important factor influencing tree 

responses, increasing both tree mortality and top-kill. Proportion of maximum char height 

(PHC) was a good predictor of both pine and broadleaf post-fire responses (Tables 4 and 5), 

which is in agreement with previous findings (e.g. Regelbrugge and Conard 1993; Woolley et 

al. 2012). For pines, both PHC and the proportion of crown volume damaged (PCD) were 

useful to predict tree mortality with more than acceptable accuracy. PCD is a direct measure 

of fire-caused injury to tree crown, while PHC indirectly provides information on possible 

injury to cambial tissue or foliage (Woolley et al. 2012). Both variables have been previously 

tied to tree responses, although PCD, directly associated with loss of photosynthetic capacity, 

is usually considered to be the most useful predictor of conifers post-fire mortality (McHugh 

and Kolb 2003; Fernandes et al. 2008; Vega et al. 2011).  

Pine mortality was more predictable than the mortality of broadleaved trees, and one 

single descriptor of fire severity explained most of the observed variability. Our pine model 

based on PCD (Fig. 3) indicates that the predicted threshold (p>0.5) of crown damage to 

cause pine mortality was 79% (31% in the model using PHC instead of PCD). This mortality 

threshold is in the upper range of the values reported by Vega et al. (2011) for P. pinaster in 

Spain (23%-78%). The threshold level at which pine mortality begin seems to be quite 

variable among studies (McHugh and Kolb 2003), and such differences may be related to 

several factors such as variations in plant, site and fire characteristics. Some of these 

differences can be perceived when comparing the probability thresholds of P. pinaster under 

wildfire and experimental fire conditions (Fig. 4). Our results suggest that if crown damage is 
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above 40%, trees are more likely to die after wildfires than after experimental fires. Since 

trees in both types of fire belong to the same size range, different tree responses observed are 

more likely a consequence of differences in fire intensity and tree phenology. The 

experimental fires were conducted from late autumn to late winter when the forest floor is 

moist, while the wildfires occurred during the summer months under severe fire weather 

(Table S1), and also when the trees are physiologically more active (Jordy 2004). Higher 

susceptibility to summer wildfires may have been caused by: higher crown kill (as opposed to 

crown scorch) due to higher air temperature and longer exposure to convective heat; basal 

girdling caused by smouldering duff consumption inherent to summer drought; higher 

physiological activity and tissue moisture content (growing season); and presence of bark 

beetles (absent from the experimental fire sites). 

Plant traits and post-fire tree responses 

Although our results generally show that fire severity was the primary factor influencing tree 

responses, they also show that for a given level of fire severity, the variability in post-fire tree 

responses was largely driven by plant traits.  

When considering all species together (overall model), the resprouter vs. non-resprouter 

dichotomy, corresponding in our case to broadleaves and pines respectively, was an important 

variable for predicting tree mortality. According to our model, mean probability of mortality 

is much higher in non-resprouters, particularly if PHC is above 20%, while it is usually low in 

resprouters (< 10%) even for trees facing high-severity fires (Fig. 2). The usually low 

mortality of Mediterranean broadleaves can be mainly explained by the presence of 

underground dormant buds protected by the soil from lethal temperatures during fire (Whelan 

1995).  

Among the tree morphological traits assessed, bark thickness (BT) was the most 

important. In general, bark thickness had a negative effect on both whole-plant mortality and 

stem mortality; however, this trait was mainly important for top-kill avoidance. For 

broadleaves, the probability of stem mortality sharply decreased with increasing BT, reaching 

the lowest level (zero) when tree bark depth exceeded 4 cm. Indeed, most broadleaved trees 

possessing a thick bark (BT>1.5 cm) had stem survival, even when charred to the top of their 

canopies. Bark thickness has been shown to have an important influence on fire-induced 

responses of several tree species worldwide (Ryan and Reinhardt 1988; Lawes et al. 2011; 

Brando et al. 2012). Bark can protect the vascular cambium and buds from lethal 
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temperatures during a fire, and small differences in BT have been reported to produce large 

differences in fire resistance and resilience (Bond and Van Wilgen 1996; Catry et al. 2012). 

Although there are interspecific differences concerning the characteristics of bark, such as 

density and moisture which may have some influence on insulation capacity, bark thickness 

has been reported to exert an overwhelming influence on tree resistance to fire (Pinard and 

Huffman 1997; Bauer et al. 2010; Brando et al. 2012).  

Tree diameter (DBH) also had a negative effect on tree vulnerability to fire. However, it 

is not obvious if this relationship is solely a result of the strong positive correlation between 

DBH and BT (r=0.77), or if it can also be a consequence of the lower probability that larger 

stems have of being lethally damaged around the entire circumference (Gutsell and Johnson 

1996). We found that DBH is a possible alternative variable (instead of BT) for predicting 

tree responses, often leading to similar model performance; however, in several models BT 

was clearly a better predictor, while in others DBH was not even significant (Tables S4 and 

S5), suggesting that BT is the main morphological trait conferring resistance to fire in 

Mediterranean Basin trees. Similarly, tree height (H) also influenced broadleaf responses. 

Taller trees may be less vulnerable to fire because their crowns are more distant from surface 

fuels and are less likely to be heat-damaged, since peak temperature declines with height (e.g. 

Whelan 1995). Furthermore, there could be some indirect effect of tree diameter, as tree 

height in broadleaves had a positive correlation with DBH (r=0.54; but not with BT, r=0.36). 

In pines tree height was highly correlated with DBH (r=0.77) and BT (r=0.82).  

The morphological traits assessed played an important role for broadleaves, but pine 

resistance to fire was weakly or not affected by these traits. Although many studies reported a 

negative relationship between tree size or bark thickness and pine mortality (Ryan and 

Reinhardt 1988; Regelbrugge and Conard 1993; Rigolot 2004; Sieg et al. 2006), several 

others found no significant relations (Thies et al. 2006) or reported either significant and non-

significant relationships depending on sampling location or species (Stephens and Finney 

2002; Hood et al. 2010; Vega et al. 2011). Such differences may be related to variation in fire 

severity (as trees with high crown damage will be vulnerable irrespective of other factors) but 

also to variation in plant traits. In a review about fire resistance of European pines, Fernandes 

et al. (2008) concluded that mortality caused by bole injury is unlikely in thick barked pines 

such as P. pinaster (regardless of fire intensity) unless trees have DBH < 20 cm or heat from 

extended smouldering girdles the stem base. In our case most sampled pines were relatively 
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large and had thick bark (Table 1), which likely explain the nil or small contribution of tree 

size and BT for the explained variance in the mortality models. Our model centred on smaller 

pine trees (Fig. 4), as well as reports from other authors (Botelho et al. 1998; Vega et al. 

2011), seem to corroborate this hypothesis.  

Models performance and applications 

Most models developed in the present study, particularly those for predicting individual 

mortality of pines and stem mortality of broadleaves, showed very good performance, 

including when validated against independent datasets. External validation of the selected 

models, with data not used in model development, provided insights on their generality. Our 

results suggest that the pine mortality model based on crown damage only can achieve good 

results in predicting wildfire-caused mortality of thick barked species, although it may 

overestimate mortality under prescribed fire conditions. On the other hand, individual 

mortality of broadleaves was difficult to predict due to low mortality (see also, Stephens and 

Finney 2002; Franklin et al. 2006). In contrast, it was possible to accurately predict stem 

mortality (top-kill), which is the more frequent fire effect on broadleaved trees.  

Accurate predictions of tree mortality and regeneration following fire are crucial to assist 

managers taking decisions related to prescribed burns, post-fire salvage logging, reforestation, 

wildlife habitat, carbon stocks, and water quality, among many others (e.g. Thies et al. 2006; 

Woolley et al. 2012). Additionally, such predictions also facilitate understanding the effects 

of fire on the composition and structure of plant communities, and therefore post-fire tree 

response models can be an important component in ecosystem process and succession models 

(Regelbrugge and Conard 1993). In this paper we show that a large intra- and inter- specific 

variability in post-fire tree responses of Mediterranean forests can be accurately predicted 

from simple variables related to fire severity and to tree characteristics. This information 

could feed simulation models for predicting the consequences of alternative fire and/or 

management scenarios. 
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Appendix 
 

Table S1. Main characteristics of the 16 study sites 

Fire type Site 
Site 
code 

Region 
n 
trees 

n 
plots 

Fire date 
(month, year) 

Years 
since 
fire 

Prec. (mm) 
Temp. 
(ºC) 

Elevat. 
(m) 

FWI 

Wildfire 

Agroal AG Estremadura 361 15 Sept., 2006 1 700-800 16-17.5 146 37.8 

Atouguia AT Estremadura 56 6 July, 2006 1 1200-1400 16-17.5 237 32.7 

Barrancos BA Alentejo 320 19 July, 2006 2 500-600 16-17.5 300 26.8 

Evora EV Alentejo 67 4 Sept., 2006 1 700-800 15-16 323 44.5 

Lamas Olo LO Alto Portugal 101 15 Aug., 2005 2 1000-1200 10-12.5 1050 41.1 

Marao MA Alto Portugal 352 61 July, 2006 2 1400-1600 10-12.5 940 32.4 

Portel PO Alentejo 101 10 Aug., 2005 2 600-700 16-17.5 314 56.3 

Porto Mos PM Estremadura 354 20 Aug., 2006 1 1200-1400 15-16 357 35.4 

Mafra* TM Estremadura 980 19 Sept., 2003 1 700-800 12.5-15 146 46.9 

Sirarelhos SI Alto Portugal 75 15 Aug., 2005 2 1000-1200 10-12.5 640 35.6 

Vale Florido VF Estremadura 76 8 Aug., 2006 1 1000-1200 16-17.5 326 46.5 

Experimental 

fire 

Montes* MO Alto Portugal 259 1 Dec., 2005 1 1200-1400 10-12.5 1160 1.0 

Lousa* LA Beira Serra 387 3 Nov., 1988 2 1200-1400 10-12.5 420 5.9 

Padrela* PA Alto Portugal 
499 7 Feb., 1990 2 

800-1000 10-12.5 970 
7.6 

30 1 Feb., 1995 3 0.7 

Tinhela* TI Alto Portugal 30 1 Jan., 1995 3 1000-1200 10-12.5 920 13.0 

V.N. Cerveira* VC N.Cismontano 107 2 Mar., 1990 2 1600-2000 10-12.5 510 3.2 

Site, fire site (fire sites used for model validation are marked with an asterisk); Region, natural region; n trees, number of trees sampled in each site; n 
plots, number of plots (in the experimental fires it corresponds to the number of fires); Fire date, date of fire occurrence; Years since fire, years 
between fire and tree assessment; Prec., mean annual precipitation; Temp., mean annual temperature; Elevat., mean elevation; FWI, Fire Weather 
Index. 
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Table S2. List of the sampled tree species 

Scientific name and author English name Family Functional 
group (A) Leaf habit 

Arbutus unedo L. Strawberry tree Ericaceae RB Evergreen
Castanea sativa Mill. Chestnut Fagaceae RB Deciduous
Crataegus monogyna Jacq. Weissdorn Rosaceae RB Deciduous
Fraxinus angustifolia Vahl. Narrowleaf ash Oleaceae RB Deciduous
Olea europaea var. sylvestris Brot. Wild olive Oleaceae RB Evergreen
Pinus nigra Arn. European black pine Pinaceae NRC Evergreen
Pinus pinaster Ait. Maritime pine Pinaceae NRC Evergreen
Pinus pinea L. Umbrella pine Pinaceae NRC Evergreen
Pistacia lentiscus L. Evergreen pistache Anacardiaceae RB Evergreen
Quercus coccifera L. Kermes oak Fagaceae RB Evergreen
Quercus faginea Lam. ssp. broteroi Portuguese oak Fagaceae RB Deciduous
Quercus pyrenaica Willd. Pyrenean oak Fagaceae RB Deciduous
Quercus rotundifolia Lam. Holm oak Fagaceae RB Evergreen
Quercus suber L. Cork oak Fagaceae RB Evergreen
(A) Functional groups: RB, resprouting broadleaf; NRC, non-resprouting conifer. 
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Table S3. Bark thickness (BT, cm) as a function of diameter at breast 
height (DBH, cm) 

Equations obtained for 13 tree species from field measurements taken on 666 
unburned trees; all regressions are significant (P<0.001)  

Species 
Coefficients 

R2 n 
DBH range 

(cm) 
Site 
code b0 b1 

Arbutus unedo 0.131 0.642 0.92 54 4-29 PM 
Castanea sativa 0.061 0.970 0.76 41 11-49 TM 
Crataegus monogyna 0.072 0.874 0.77 40 3-42 TM 
Fraxinus angustifolia 0.062 0.934 0.93 40 3-97 TM 
Olea europaea sylv. 0.196 0.539 0.57 42 5-56 TM 
Olea europaea sylv. 0.062 0.966 0.75 38 5-46 BA 
Pinus pinaster 0.103 1.023 0.90 44 2-105 TM 
Pinus pinea 0.133 0.920 0.83 42 11-96 TM 
Pinus nigra 0.037 1.274 0.82 80 2-17 CA 
Pistacia lentiscus 0.022 1.410 0.69 42 3-23 TM 
Quercus coccifera 0.024 1.193 0.73 41 5-35 TM 
Quercus faginea 0.241 0.567 0.84 42 4-108 TM 
Quercus pyrenaica 0.110 0.507 0.42 30 8-35 SI 
Quercus pyrenaica 0.076 0.784 0.63 26 6-41 LO 
Quercus pyrenaica 0.176 0.350 0.48 20 6-34 MA 
Quercus rotundifolia 0.204 0.644 0.89 44 5-96 BA 

Equations have the form BT = b0 DBH 
b1. R2, number of sampled trees, DBH range 

and site are also shown.  
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Table S4. Coefficients of the selected models for predicting individual tree mortality following fire 

The best alternative models (a), when existing, are also shown for comparison 

Species n trees 
n 

sites 
n 

species 
Random 
effects 

Model β0 PHC PCD BT DBH H R (yes) PHCxR AIC R2 ROC 

All species 1863 10 8 
Site; 

Species 

OM(a) -2.204* 0.155‡ - -0.500‡ - - -2.437* -0.130‡ 1064 0.29 0.91 

OM(a) 1.670 0.052‡ - -0.455‡ - - -8.989‡ - 1140 0.22 0.90 

OM(a) 0.246 0.055‡ - - NS - -8.387‡ - 1151 0.21 0.90 

Broadleaves 
(resprouters) 

1480 10 6 
Site; 

Species 

BM -4.539‡ 0.026‡ - -0.745† - NS - - 875 0.79 0.08 

BM(a) -3.899‡ 0.023‡ - - NS -0.113* - - 887 0.77 0.06 

Pines (non-
resprouters) 

383 4 2 
Site; 

Species 

PM2 -14.343‡ - 0.181‡ NS NS - - - 116 0.83 0.98 

PM1 -4.533 ‡ 0.147‡ - NS NS - - - 186 0.69 0.96 

Q. pyrenaica 528 3 1 Site 
QP -1.407 0.017‡ - - - -0.227† - - 445 0.12 0.72 

QP(a) -1.724* 0.020‡ - -4.029† - - - - 448 0.12 0.70 

Q. rotundifolia 494 5 1 Site QR -5.594‡ 0.027† - NS - NS - - - 0.06 0.78 

Q. suber 349 6 1 Site QS -0.373 NS - -1.151‡ - NS - - - 0.17 0.78 

P. pinaster 437 5 1 Site 

PP -9.634‡ - 0.133‡ NS NS - - - 177 0.74 0.97 

PP(a) -2.545‡ 0.126‡ - - -0.054‡ - - - 221 0.66 0.95 

PP(a) -2.404‡ 0.124‡ - -0.526‡ - - - - 222 0.66 0.95 

P. pinea 80 2 1 Site 
PI -4.427† 0.121‡ - NS NS - - - 44 0.68 0.95 

PI(a) -13.284 - 0.163‡ NS NS - - - 51 0.60 0.92 

(1) Model coefficients: β0, intercept; PHC, maximum char height expressed as percentage of tree height (%); PCD, percentage of crown volume damaged (%); BT, bark 
thickness (cm);  DBH, diameter at breast height (cm); H, tree height (m); R, resprouter (no vs. yes); PHCxR, interaction between PHC and resprouter.  
(2) Significance of coefficients: * P<0.05, † P<0.01, ‡ P<0.001 (for categorical variables significance refers to the comparison with the first category); NS, non-significant. 
(3) Models evaluation: AIC, Akaike information criteria; R2, Nagelkerke R2; ROC, area under the ROC curve (AUC). 
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Table S5. Coefficients of the selected models for predicting stem mortality of surviving broadleaves following fire 

The best alternative models (a), when existing, are also shown for comparison 

Species n trees n sites n species 
Random 
effects 

Model β0 PHC BT DBH H AIC R2 ROC 

Broadleaves 
(resprouters) 

1328 10 6 
Site; 

Species 

BSM 0.555 0.049‡ -2.159‡ - -0.210‡ 916 0.47 0.93 

BSM(a) -0.076 0.050‡ - -0.121‡ NS 925 0.46 0.93 

BSM(a) -0.567 0.052‡ -2.754‡ - - 929 0.45 0.93 

C. monogyna 133 1 1 - CM 0.908 0.043† NS - -0.615* - 0.28 0.76 

F. angustifolia 82 1 1 - FA -195.309 1.947 NS - NS - 0.53 0.91 

O. europaea 157 2 1 Site OE 6.508‡ NS NS - -0.736† - 0.15 0.88 

Q. faginea 223 5 1 Site 
QF 2.271 0.023* -2.903‡ - NS 231 0.21 0.85 

QF(a) -0.098 0.024† - -0.074‡ NS 233 0.20 0.84 

Q. pyrenaica 439 3 1 Site 
QP -1.529* 0.084‡ - -0.286‡ NS 213 0.73 0.96 

QP(a) 0.829 0.085‡ -6.197† - -0.363‡ 218 0.72 0.96 

Q. rotundifolia 451 5 1 Site 
QR 0.358 0.034‡ -2.221‡ - NS 437 0.38 0.82 

QR(a) -0.635 0.034‡ - -0.102‡ NS 438 0.37 0.81 

Q. suber 331 6 1 Site 
QS 1.216 NS -2.188‡ - NS 96 0.27 0.91 

QS(a) -0.486 NS - -0.128† NS 114 0.10 0.77 

(1) Model coefficients: β0, intercept; PHC, maximum char height expressed as percentage of tree height (%); BT, bark thickness (cm);  DBH, diameter at breast height 
(cm); H, tree height (m).  
(2) Significance of coefficients: * P<0.05, † P<0.01, ‡ P<0.001 (for categorical variables significance refers to the comparison with the first category); NS, non-significant. 
(3) Models evaluation: AIC, Akaike information criteria; R2, Nagelkerke R2; ROC, area under the ROC curve (AUC). 
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Table S6. Summary of the sequential ANOVA 

Results from the sequential ANOVA for each post-fire response model, applied to the variables previously selected by the 
stepwise procedure (variables are added sequentially in the order of their contribution to the remaining explained deviance)  

Post-fire response Species Models(A) Df AIC LogLik χ2 P-value

Individual mortality 

All species OM 

Null model 3 1358.0 -676.0 - -
+PHC 4 1250.3 -621.2 109.6 <0.0001
+R 5 1151.1 -570.5 101.3 <0.0001
+PHCxR 6 1073.5 -530.8 79.5 <0.0001
+BT 7 1064.4 -525.2 11.1 0.0008

Pines (non-
resprouters) 

PM1 Null model 3 411.4 -202.7 - -
+PHC 4 185.8 -88.9 227.7 <0.0001

PM2 Null model 3 411.4 -202.7 - -
+PCD 4 115.7 -53.8 297.8 <0.0001

Broadleaves 
(resprouters) BM 

Null model 3 925.5 -459.8 - -
+PHC 4 889.2 -440.6 38.3 <0.0001
+BT 5 875.0 -432.5 16.2 <0.0001

Stem mortality (top-kill) Broadleaves 
(resprouters) BSM 

Null model 3 1386.9 -690.5 - -
+PHC 4 1036.7 -514.3 352.2 <0.0001
+BT 5 929.2 -459.6 109.5 <0.0001
+Height 6 916.2 -452.1 15.0 0.0001

(A) For each post-fire response model: (i) Variables: PHC, maximum char height expressed as percentage of tree height (%);PCD, 
percentage of crown volume damaged (%); BT, bark thickness (cm); R, resprouter (yes vs. no); PHCxR, interaction between PHC and R; 
(ii) Model statistics: Df, degrees of freedom; AIC, Akaike information criteria; LogLik, log-likelihood; χ2, chi-square; P-value, significance 
level. 
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Table S7. Comparison between observed and predicted post-fire tree responses 

Summary of cross-classification tables resulting from the application of each selected model to the validation datasets; a 
probability threshold of 0.5 was used in all cases 

Model Validation 
dataset Trees Number 

trees 
Predicted 

status
Observed status Correct 

predictions (%) 
Global 

accuracy (%) Dead Live 

OM Wildfire All 980 Dead 105 20 84.0 
96.8 

Live 11 844 98.7

PM1 Wildfire Pines 134 Dead 104 14 88.1 
87.3 

Live 3 13 81.3

PM2 Wildfire Pines 134 Dead 97 13 88.2 
82.8 

Live 10 14 58.3

PM2 Experimental 
fires Pines 1312 Dead 293 137 68.1 

87.8 
Live 23 859 97.4

BM Wildfire Broadleaves 846 Dead 0 0 - 
98.9 

Live 9 837 98.9

BSM Wildfire Broadleaves 837 Dead 502 35 93.5 
88.1 

Live 65 235 78.3
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A conceptual model of sprouting responses in relation to fire damage: an 

example with cork oak (Quercus suber L.) trees in Southern Portugal 

Francisco Moreira, Filipe Catry, Inês Duarte, Vanda  Acácio, Joaquim Sande Silva 

Centro de Ecologia Aplicada ‘Prof. Baeta Neves’, Instituto Superior de Agronomia, Universidade Técnica de Lisboa, Tapada da Ajuda, 

1349-017 Lisbon, Portugal 

Abstract 

The sprouting response types of 1,151 cork oak (Quercus suber) trees one and half years after 

a wildfire in southern Portugal were characterised. It was hypothesised that different response 

types should occur according to the following conceptual model: an increased level of 

damage (fire severity) on a sprouting tree that suffered a crown fire was expected to be 

reflected in a sequence of four alternative events, namely (a) resprouting exclusively from 

crown, (b) simultaneous resprouting from crown and base, (c) resprouting exclusively from 

base and (d) plant death. To assess whether the level of expected damage was influenced by 

the level of protection from disturbance, we explored the relationships between response 

types and tree size, bark thickness and cork stripping, using an information-theoretic 

approach. The more common response type was crown resprouting (68.8% of the trees), 

followed by plant death (15.8%), simultaneous resprouting from crown and base (10.1%) and 

basal resprouting (5.3%). In agreement with the conceptual model, trees which probably 

suffered a higher level of damage by fire (larger trees with thinner bark; exploited for cork) 

died or resprouted exclusively from base. On the other hand, trees that were well protected 

(smaller trees with thicker bark not exploited for cork) were able to rebuild their canopy 

through crown resprouting. Simultaneous resprouting from the crown and base was 

determined mainly by tree size, and it was more common in smaller trees. 

Keywords: Apical dominance, Mediterranean, model, mortality, resource allocation, 

resprouting, severity 
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Introduction 

Resprouting is an efficient mechanism through which many plants from the Mediterranean 

region recover above-ground biomass after they have suffered total crown consumption from 

a wildfire (Whelan 1995; Bond and van Wilgen 1996; Keeley 2006). Sprouting shoots can 

originate from dormant buds located above ground (axillary, branch epicormic or stem 

epicormic) or from the base of the plant (i.e. from the collar, roots or underground stems) 

(Bond and van Wilgen 1996; Miller 2000; Del Tredici 2001). Hereafter, these two sprouting 

modes will be referred to as ‘crown’ and ‘basal’ sprouting (Bond and van Wilgen 1996). 

Bellingham and Sparrow (2000) presented a general model of resprouting responses as a 

function of increasing disturbance severity (severity defined as a measure of a plant’s 

perception of a disturbance event). This gradient of increasing severity was expected to create 

a sequence of hierarchical regenerative responses ranging from crown (e.g. axillary and 

branch epicormic) to basal sprouting, where the loss of one type of tissue (e.g. in twig) 

induces a regenerative response from the next level of hierarchy (e.g. twig axil on the branch) 

(Bellingham and Sparrow 2000). In their model, disturbance severity is expressed as 

proportion of above-ground biomass lost (Bellingham and Sparrow 2000). For one particular 

type of disturbance, wildfires, and in particular crown fires, often all the canopy foliage, buds 

and twigs are consumed (crown consumption). When this happens, severity will depend 

mainly on the fire intensity and the level of fire-protection mechanisms at the individual level 

(e.g. Bond and van Wilgen 1996). Although the hierarchical nature of sprouting responses 

presented in Bellingham and Sparrow’s model could also be expected in this situation, the 

fact that in a few studies sprouting responses at different hierarchical levels were 

simultaneously registered in the same individual plant (Trollope 1984, current study) suggests 

that the factors underlying response types will be more complex than just above-ground 

biomass lost. 

In situations where wildfires caused total crown consumption in sprouting trees we allege 

that disturbances of differing levels of damage (severity), and corresponding sprouting 

responses, not necessarily organised as an hierarchical model, can still be recognised. These 

responses will be determined by the amount of bud damage in the twigs and branches, the 

level of damage to stem and root cambial tissue and the amount of below-ground reserves 

which determines how much carbohydrate reserves can be mobilised to rebuild the lost 

biomass (Chapin et al. 1990; Bond and van Wilgen 1996; Iwasa and Kubo 1997; Bellingham 



Chapter 3 

94 
 

and Sparrow 2000) (Fig. 1). When the level of fire damage is low (e.g. caused by low fire 

intensity on trees with thicker bark, and where the stem cambium is not affected), the plant is 

expected to resprout from crown buds that survived the fire (Fig. 1a). If the level of damage is 

extreme (e.g. caused by high fire intensity on trees with thinner bark or where the stem 

cambium is damaged), the most likely outcome is plant death (Fig. 1d). At intermediate levels 

of severity two response types can be identified. If the level of damage is higher, all crown 

buds will be killed, either directly through heat or indirectly through the destruction of the 

vascular cambium in the stem, as the carbohydrate reserves that support sprouting are 

primarily stored in below-ground structures (Del Tredici 2001). Furthermore, apical 

dominance will be suppressed directly through bud destruction by heat or indirectly via 

damage to the cambium (Kozlowski 1971; Kozlowski et al. 1991; Miller 2000), and the tree is 

therefore expected to respond through basal resprouting (Fig. 1c). Alternatively, if the level of 

damage is not so severe, partial damage to the crown buds and cambium will cause weakened 

apical dominance (Kozlowski 1971) and at least some accessibility to below-ground reserves, 

thereby resulting in the simultaneous resprouting of the crown and base (Fig. 1b). Since the 

amount of carbohydrate, nitrogen and phosphorus resources that can be used for growth also 

determines the extent to which plants can resprout (Chapin et al. 1990), the observed 

resprouting patterns will therefore also be influenced, and plants with depleted below-ground 

resources may suffer higher levels of damage since they are unable to allocate enough energy 

to restore the lost biomass. An example of these above-mentioned four types of responses can 

be found in a study of Acacia karroo savanna by Trollope (1984), where different responses 

were related to tree size and fire intensity. However, no other examples were found in the 

literature where the occurrence of different responses was registered and characterised for 

other tree species. 

The cork oak Quercus suber L. is a very important tree species within the Mediterranean 

basin, both from an economic and ecological perspective (Silva and Catry 2006). The 

existence of a thick cork bark plays an important role in the capacity of this species to 

withstand the frequent occurrence of fire typical of Mediterranean climates (e.g. Pausas 1997; 

Moreira et al. 2007). Another feature of cork oak trees is the capacity of post-fire resprouting 

from the base and crown after complete defoliation, hence the species is a good model for 

studying the different response patterns previously described. 
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Fig. 1. A conceptual model of post-fire responses of a sprouting tree that suffered total crown consumption 
(combustion of leaves and twigs during a wildfire) in relation to a gradient of increasing level of damage/fire 
severity. (a) Crown sprouting, (b) simultaneous sprouting from crown and base, (c) basal sprouting, (d) plant 
death (for further explanations see text) 

 

In general, there is little information available on the relative frequency of the different 

response types as well as the factors influencing these responses in cork oak. Previous studies 

(e.g. Cabezudo et al. 1995; Pausas 1997; Barberis et al. 2003; Catry et al. 2007; Moreira et al. 

2007) focused mainly on the factors influencing post-fire survival, and showed the key role of 

cork stripping, cork thickness and tree size on determining oak survival. In this article, we 

hypothesise that these three variables also influence other post-fire response patterns (as 

described in Fig. 1) besides death, since they are expected to influence the level of resistance 

to fire and, consequently, the level of damage. 

Cork stripping is a common operation that is normally performed after the tree attains a 

certain circumference at breast height (70 cm in Portugal). Cork is a valuable raw material for 

industry and is periodically removed with an axe by manually cutting along vertical and 

horizontal lines on the stem and thicker branches and stripping off cork planks (Pereira and 

Tomé 2004). After each cork stripping, the tree has the capacity to produce new cork bark by 

adding new layers of cork every year (Pereira and Tomé 2004), Moreira et al. (2007) showed 

that unstripped trees (with unharvested virgin cork) had higher survival rates than trees that 

had been exploited for cork (i.e. trees debarked at least once). These authors suggested that 

the higher survival rates of unstripped trees may be explained by the higher insulating 

properties of virgin cork (for a given bark thickness) and the absence of stress caused by cork 

extraction. In fact, cork extraction is a disturbance that has negative effects on tree health and 
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growth (Costa et al. 2004). Thus, stripping probably requires a greater allocation of below-

ground energy reserves that will subsequently not be available for investment in resprouting. 

Consequently, unstripped trees are expected to show lower levels of damage when compared 

to exploited trees since their buds are more protected and their below-ground reserves may be 

better preserved. 

Cork thickness depends on the harvesting cycle and the time elapsed between harvesting 

events. Cork can only be harvested every 9–15 years (minimum 9 years according to 

Portuguese legislation), and several studies have shown that cork age (and thus thickness) is 

inversely related to post-fire mortality (e.g. Lamey 1893; Pampiro et al. 1992; Cabezudo et al. 

1995; Pausas 1997; Barberis et al. 2003; Catry et al. 2007; Moreira et al. 2007). The thicker 

the bark, the lower the expected level of post-fire damage (again, buds and cambium are more 

protected from fire). 

Barberis et al. (2003) and Moreira et al. (2007) provided evidence that trees with larger 

diameter at breast height (DBH) had a lower probability of survival. Possible explanation for 

this pattern include a likely higher amount of stripping damages, higher susceptibility to stress 

or diseases and higher frequency of poor management practices (e.g. deep ploughing, 

excessive pruning) in older trees (Costa et al. 2004; Moreira et al. 2007). A bigger tree that 

has suffered several damage events across its lifespan is therefore prone to higher levels of 

post-fire damage, mainly because of the lack of carbohydrate reserves to invest in resprouting 

(Iwasa and Kubo 1997). 

The aim of this article is to explore the importance of tree size, bark thickness and cork 

stripping in determining the whole range of post-fire response types in cork oak. In particular 

we aimed to: (a) quantify the relative frequency of four different post-fire responses in burned 

cork oak trees 1.5 years after an intense wildfire and (b) explore whether stripping, bark 

thickness and tree size influenced each of the observed types of post-fire responses as 

hypothesised. 

Methods 

Study area and plot definition 

The study area is located in ‘‘Serra do Caldeirão’’, a mountain range in the Algarve province, 

southern Portugal. The climate is Mediterranean with an average annual temperature and 

rainfall of 16.6°C and 900 mm, respectively. The altitude ranges from 150 to 580 m above sea 
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level. Soils consist mainly of shallow schist lithosols that have a low fertility and are prone to 

erosion. The landscape is characterised by vast expanses of cork oak forests ranging from 

areas with high tree cover, to ‘‘montados’’ that have scattered trees and an understory of 

crops or pastures. In the 2004 summer, an intense wildfire burned ca. 25,000 ha in this region. 

A 1 x 1 km2 grid of points covering part of the burned area was used to define a 50 m-radius 

circle (sampling plot) around each point. Plots were checked in the field for accessibility and 

to confirm whether they had burned and were dominated by cork oak trees. A total of 40 plots 

were ultimately selected. Large within-plot variability in tree size and cork age (and 

consequently bark thickness) was common since cork debarking was not carried out 

simultaneously on all individual trees (for further details see Moreira et al. 2007). 

Tree variables 

Individual tree evaluation in the plots took place between December 2005 and April 2006, 

approximately 1.5 years after the fire. Trees were assessed along four 50-m strip transects 

departing from the plot centres at right angles. Given the very high density of young trees in 

many plots, only trees larger than ca. 9 cm DBH were measured. Approximately 30 trees per 

plot were assessed (mean ± s.e. of 28.8 ± 0.51, range = 14–30, n = 40) yielding a total of 

1,151 individuals. For each tree, several variables were measured (see Moreira et al. 2007 for 

details); however, for the purposes of this article only the following variables are presented: 

(a) tree size (DBH, cm), taken as the average of two measurements at 1.3 m above ground 

level, (b) bark thickness (average thickness, cm) at breast height, calculated from four 

measurements using a bark gauge and (c) presence/ absence of cork stripping in order to 

distinguish unstripped trees with virgin cork from exploited trees where cork debarking 

(stripping) had occurred at least once. The types of post-fire responses were also assessed and 

classified into four mutually exclusive categories: (a) dead trees (no resprouting from the base 

or crown), (b) trees that resprouted exclusively from the crown, (c) trees that resprouted 

exclusively from the base (thus with a dead stem) and (d) trees that resprouted from both the 

crown and base. 

Data analysis 

To examine the influence of tree variables on post-fire response types, an information 

theoretic approach was used based on the Akaike information criterion corrected for small 

sample sizes (AICc) (Burnham and Anderson 2002). This approach starts with the 
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formulation of a series of models that rely on an understanding of the system being studied, 

followed by an assessment of how different putative models compare to the reality (Rushton 

et al. 2004). The suite of candidate models is compared using AICc, and the smaller the AICc 

value the better the model fits the data. 

Each of the four response types was modeled separately using a binary variable taking the 

value 1 for the specific response type and 0 for the remaining types. A generalised linear 

model with binomial error structure and a logit link function (McCullagh and Nelder 1989) 

was used to test a group of biologically plausible models, including separate models for each 

of the three variables (stripping, bark thickness, DBH) assumed to be biologically significant, 

and all possible combinations of these variables. Two interaction terms were also added to 

this list of variables: stripping 9 bark thickness, as previous analyses showed that we could 

expect different responses, for a given bark thickness, of unstripped or exploited trees 

(Moreira et al. 2007); and stripping 9 DBH, as the effects of tree size could also vary 

according to stripping status. This yielded four groups (one group per response type) of 27 

models each, resulting from all combinations of these five variables. The smaller AICc among 

the models in each group was used to identify the more parsimonious model (Burnham and 

Anderson 2002) for each response type. 

The fit and predictive performance of the models with smaller AICc was evaluated 

through the likelihood ratio statistic (full model χ2) and by calculating the area under the 

receiver operating characteristics (ROC) curve (Saveland and Neueschwander 1990; Pearce 

and Ferrier 2000). This has the advantage of assessing model performance in a threshold-

independent fashion, being independent of the prevalence of the several response types. The 

AUC varies between 0.5 (no discrimination ability) to 1 (perfect discrimination ability) 

(Pearce and Ferrier 2000). Usually, AUC values of 0.5–0.7 are taken to indicate low accuracy, 

values of 0.7–0.9 indicate useful applications and values above 0.9 indicate high accuracy 

(Swets 1988). The calculation of the AUC and standard error was based on a non-parametric 

assumption. For a better visualization of the expected probabilities of the fitted models, data 

from bark thickness and tree size were grouped into classes. The former was divided into 

three classes: ≤ 2 cm (33.8% of the trees), 2–4 cm (54.4%) and > 4 cm (11.8%). Tree size was 

also divided into three DBH categories: ≤ 20 cm (28.8% of the trees), 20–40 cm (58.5%) and 

> 40 cm (12.7%). 
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There was no correlation between bark thickness and DBH (r = 0.021, n = 1151, P = 

0.487). However, exploited trees (n = 859) had significantly larger DBH than unstripped ones 

(n = 292) (mean ± s.e. of 30.7 ± 0.406 cm and 16.5 ± 0.253 cm, respectively, t-test, t = 29.6, P 

< 0.001), and had a slightly thinner bark (mean ± s.e. of 2.39 ± 1.289 cm and 2.93 ± 0.835, 

respectively, t-test, t = 8.1, P < 0.001). 

Results 

Response types 

For the 1,151 sampled trees, the most common response type was resprouting exclusively 

from crown (68.8%, n = 792 trees), followed by death (15.8%, n = 182), simultaneous 

resprouting from the crown and base (10.1%, n = 116) and lastly, resprouting exclusively 

from the base (5.3%, n = 61). 

Influence of predictor variables on response types 

The more parsimonious model for tree death, among the set of models compared, is shown in 

Table 1 and Fig. 2. The probability of a tree dying increased if it had been exploited and had a 

larger DBH. Bark thickness was also a key variable but only if trees were exploited, in this 

case the probability of death increased as bark thickness decreased. Similarly to death, the 

model with the lowest AIC for resprouting only from base showed that this response type was 

also more likely in stripped trees (Table 1; Fig. 2). Bark thickness was an important variable 

in the case of stripped trees, and was negatively correlated to basal resprouting probability. 

The more parsimonious model for simultaneous resprouting from the base and crown (Table 

1; Fig. 2) included only DBH, with larger trees being less likely to show this response type. 

Finally, resprouting exclusively from the crown was more likely in unstripped trees (Table 1; 

Fig. 2). For stripped trees, this resprouting type increased with bark thickness and decreased 

with DBH. Overall, model performance was low to moderate with AUC values ranging from 

0.64 to 0.82. 
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Table 1.  Generalized linear models with the lowest AICc among the set of models compared, for each of the four post-fire 
response types in cork oak (death, resprouting exclusively from crown, resprouting exclusively from base, resprouting from 
both crown and base). 

 
Variable Death Base only Crown and base Crown only 

Stripping 1.645 ± 0.280 2.955 ± 0.440  -1.464 ± 0.278 
Bark thickness     
DBH 0.031 ± 0.007  -0.055 ± 0.012  
Stripping x bark thickness -0.688 ± 0.086 -1.272 ± 0.182  0.809 ± 0.075 
Stripping x DBH    -0.016 ± 0.007 
Constant 
Model χ2 

-2.722 ± 0.229 

101.95

-3.570 ± 0.358 

81.03

-0.842 ± 0.283 

27.79

0.940 ± 0.130 

153.65
AUC 0.71 ± 0.022 0.82 ± 0.026 0.64 ± 0.026 0.70 ± 0.017 

The variables entering each model (linear predictor), their coefficients (±s.e.),the model χ2  and the area under the ROC curve (AUC ± s.e.) are 
shown for each response type. See Fig. 2 for model visualization. All model χ2, variable coefficients and AUC values are significant (P < 0.05) 
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Fig. 2.  Mean (±95% confidence intervals) of the predicted probability of each response type (dead, base only, 
crown and base, the GLM models shown in Table 1, for each combination of bark thickness and DBH classes. 
Unstripped and exploited trees correspond, respectively, to the left and right panels. The three DBH classes are 
shown by different line styles (——: > 40 cm, - - - -: 20-40 cm, ·······: < 20 cm). 

 

Discussion 

Differences in sprouting behaviour are important for understanding vegetation dynamics, 

extinction risks for threatened species and for defining management regimes for woody plants 

(Bond and Midgley 2003). Bellingham and Sparrow’s (2000) model of resprouting response 

as a function of increasing disturbance severity assumes a hierarchical sequence of 

regenerative responses that depends on the proportion of the above-ground biomass lost. 

Here, a conceptual model is presented (Fig. 1) which can be applied to situations where a 

specific disturbance (fire) caused crown consumption on a tree with resprouting abilities. In 

this situation, different levels of damage are expected to create a sequence of response types 

where the hierarchical nature of sprouting type is not necessarily followed. These damage 

levels are assumed to be determined by the amount of damage to buds and cambial tissue, and 

by the available below-ground reserves that can be used to rebuild the lost biomass (e.g. Bond 

and van Wilgen 1996). Different levels of damage will cause four different types of post-fire 
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responses that were identified in cork oaks in southern Portugal, 1.5 years after being burned 

in an intense wildfire. The majority of trees (ca. 70%) resprouted exclusively from the crown, 

which is expected to correspond to the lower level of damage. The second most common 

response category was death (16% of the trees), which corresponds to the highest level of 

damage. Response types expected to correspond to intermediate damage levels were less 

common: simultaneous resprouting of the crown and base was the third more common 

response type (10% of the trees), whereas the least common response type was resprouting 

only from the base (i.e. stem death) (5% of the trees). 

Bark thickness is a well-known determinant of post-fire survival in cork oak (e.g. 

Cabezudo et al. 1995; Pausas 1997; Barberis et al. 2003; Catry et al. 2007; Moreira et al. 

2007). Insulating capacity increases with bark thickness (Dikinson and Johnson 2001), 

thereby providing a higher level of protection to both the buds and the living tissues in the 

vascular cambium from which resprouting closely depends. As expected, the thicker the bark 

the lower the probability of a greater level of damage (expressed in the negative correlation of 

this variable with dead and basal resprouting probability), and the higher the probability of a 

low level of damage (expressed in the positive correlation with crown resprouting 

probability). However, the effect of bark thickness on post-fire responses is expressed only in 

exploited trees, suggesting that trees with virgin cork have an additional degree of protection 

that appears independent of bark thickness, as previously discussed in Moreira et al. (2007). 

The relationship between tree size (DBH) and level of protection from fire was 

hypothesised to be related to the amount of damage and to the availability of below-ground 

carbohydrate reserves that may be allocated to resprouting. To be able to sprout and support 

regrowth, a plant needs surviving meristems and stored carbohydrate reserves (Iwasa and 

Kubo 1997; Bond and Midgley 2001). Older plants should have larger below-ground reserves 

(Gurvich et al. 2005) and consequently a higher capacity to mobilise reserves in response to 

disturbance (Bellingham and Sparrow 2000). For example, Malanson and Trabaud (1988) 

found that a 9-year-old Q. coccifera resprouted more vigorously than a 3- year-old, 

presumably because the latter had less developed below-ground reserves. Other empirical 

studies, however, suggest that resprouting ability declines with age and that below-ground 

carbohydrate storage in larger trees may be invested in survival rather than growth (Bond and 

van Wilgen 1996; Bond and Midgley 2001). In the case of cork oak, once cork exploitation 

has begun, the older (and therefore larger) trees have probably experienced a higher number 
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of stripping events and poor management practices (e.g. deep ploughing or excessive canopy 

pruning) (Natividade 1950; Costa et al. 2004; Silva and Catry 2006). Therefore, if below 

ground reserves are allocated to recover from damages accumulated across the plant’s 

lifespan, they will be diverted from resprouting (Bellingham and Sparrow 2000; Chapin et al. 

1990). Reduced vigour and survivorship of resprouting shrubs have been related to increasing 

disturbance frequency due to the impossibility of rebuilding or maintaining energy reserves in 

storage organs between consecutive disturbances (Bellingham and Sparrow 2000). Thus, it 

was hypothesised that bigger trees would be prone to higher levels of damage, and this was 

consistent with the fact that DBH was positively correlated with the likelihood of death, 

particularly in exploited trees. Bigger trees were also less likely to resprout from the crown, 

which also indicated a higher level of damage, and of simultaneous resprouting from the 

crown and base. 

The fact that the models obtained had moderate predictive performance suggests that 

other variables, which may not be directly related to tree features, also contribute to the level 

of damage suffered by each individual. If these other factors had been taken into account, they 

would probably explain a larger proportion of variability in the observed patterns. For 

example, Moreira et al. (2007) showed that variables related to stand structure (e.g. tree 

density or understory vegetation height) and topographic location (slope and aspect) as well 

as indicators of fire severity (e.g. charring height) were significant predictors of cork oak 

mortality in the same study area. Other factors known to influence post-fire sprouting 

responses include site quality (López Soria and Castell 1992), disturbance frequency (Bond 

and Midgley 2001), fire season (Konstantidinis et al. 2006) and the existence of herbivory 

(Moreno and Oechel 1991). 

The expected probabilities of the different response type models reflected the relative 

frequency of these types in the field. Thus, the more likely response type (the one with higher 

expected probability) for all possible combinations of stripping status, cork thickness and bark 

thickness was resprouting from crown. The only exception was when trees were exploited, 

had a very thin bark (< 2 cm) and were very big (> 40 cm DBH). This corresponds to the 

higher level of damage in our model, which is consistent with the fact that death was the most 

likely outcome (Fig. 2). 

In summary, the influence of the studied variables on the post-fire response patterns of 

cork oak after fire were in agreement with the hypothesis that different levels of damage (and 
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corresponding response types) may be found in sprouting trees where all the crown was 

destroyed by wildfire. We provided evidence that four different response types may occur, 

and that these are influenced by stripping status, bark thickness and tree size, which are 

probably related to the level of protection of buds and cambial tissue, and to the amount of 

below ground reserves available for the plant to invest in resprouting. 
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Abstract 

Cork oak (Quercus suber) forests are acknowledged for their biodiversity and economic 

(mainly cork production) values. Wildfires are one of the main threats contributing to cork 

oak decline in the Mediterranean Basin, and one major question that managers face after fire 

in cork oak stands is whether the burned trees should be coppiced or not. This decision can 

be based on the degree of expected crown regeneration assessed immediately after fire. In 

this study we carried out a post-fire assessment of the degree of crown recovery in 858 trees 

being exploited for cork production in southern Portugal, 1.5 years after a wildfire. Using 

logistic regression, we modelled good or poor crown recovery probability as a function of 

tree and stand variables. The main variables influencing the likelihood of good or poor 

crown regeneration were bark thickness, charring height, aspect and tree diameter. We also 

developed management models, including simpler but easier to measure variables, which had 

a lower predictive power but can be used to help managers to identify, immediately after fire, 

trees that will likely show good crown regeneration, and trees that will likely die or show 

poor regeneration (and thus, potential candidates for trunk coppicing). 

Keywords: Cork oak, wildfires, crown regeneration, forest management 
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Introduction 

Cork oak (Quercus suber L.) forests and derived agro-forestry systems play a very important 

ecological, economic and social role in some countries of the Mediterranean Basin 

(Natividade 1950; Castro et al. 1998; Mendes et al. 2004; Silva and Catry 2006; WWF 

2007). This is the case of Portugal, which holds one-third of the world’s cork oak area (ca 

730,000 ha) and more than half of the world’s cork production, representing thousands of 

jobs (Silva and Catry 2006). The bark of the cork oak (the cork) is a valuable raw material 

for industry. During tree exploitation it is periodically removed by stripping off cork planks 

(Pereira and Tomé 2004). After each cork stripping (harvest), the tree has the capacity of 

producing a new bark by growing new layers of cork every year (e.g. Natividade 1950). 

Cork oak area is decreasing in many regions of the Mediterranean Basin and the species 

is considered endangered (Pausas 1997). There are several factors contributing to cork oak 

decline in the last decades, including agricultural overexploitation, overgrazing, forestation 

with other species, urbanisation, pests, diseases and wildfires. In Portugal wildfires are an 

increasing problem, which has affected 13–20% of the cork oak area since 1990, and can be 

presently considered as one of the major causes of cork oak decline (Silva and Catry 2006). 

Post-fire tree survival and regeneration capacity are influenced by factors related to both 

fire severity and individual tree characteristics (Ryan 1982; Bond and van Wilgen 1994; 

Whelan 1995; DeBano et al. 1998; Miller 2000; McHugh and Kolb 2003; González et al. 

2007). Fire severity is function of fire intensity and duration of burn, both influenced by 

climatic, topographic and vegetation characteristics (e.g. Rothermel 1983; Whelan 1995; 

Schwilk et al. 2006). Tree resistance to fire depends largely on the presence of fire adaptative 

traits that protect its critical tissues and on carbohydrate reserves (Whelan 1995; DeBano et 

al. 1998). Numerous studies indicate that the time taken for cambial cells to reach a lethal 

temperature is a function of both bark thickness and thermal properties of the bark (e.g. Bond 

and van Wilgen 1994). In the case of cork oak, one of the main factors that confers fire 

resistance is the bark (cork), which has excellent insulating properties due to its most 

important chemical constituent (suberin), and its high (90%) proportion of air and low 

moisture contents (Natividade 1950; Amo and Chacón 2003). In fact cork oak is the only 

European tree with above-ground sprouting capability when all the crown is burned (Pausas 

1997), which is a big advantage in terms of a rapid post-fire recovery. However, as cork oaks 

are usually debarked (stripped) after they reach about 19–22 cm diameter, and because this 
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procedure is commonly repeated every 9/12 years, due to the economic value of the cork, 

often when a fire  occurs bark thickness is low and it may not provide adequate protection to 

the tree (e.g. Moreira et al. 2007). 

Although cork oak is highly fire resilient, there are other factors beside bark thickness 

that can affect individual resistance and response in different conditions, and the 

accumulation of different pre-fire or post-fire physiological stresses (like drought, soil 

erosion, branch pruning, fire, pests and diseases) can also contribute to the decay of vitality 

or may lead to the individual’s death (Natividade 1950; Cabezudo et al. 1995; Amo and 

Chacón 2003). 

Several studies showed that cork oak post-fire mortality is rather variable (Lamey 1893; 

Cabezudo et al. 1995; Pausas 1997; Barberies et al. 2003; Catry et al. 2006; Moreira et al. 

2007), but few evaluated the vigour of crown regeneration of surviving trees and the factors 

related to it. Because in many cases survival is not synonymous to vitality and good 

economic and ecological function, it is important to be able to predict what kind of damages 

can be expected due to a disturbance like wildfires. This knowledge will allow taking 

practical measures to minimise these damages and to improve post-fire management 

planning. For example one major question that managers face after wildfires in cork oak 

stands is whether the burned trees should be coppiced or not, in order to promote 

regeneration from basal sprouts, as there is some evidence that early coppicing can reduce 

mortality and increase speed recover on much damaged trees (Barberis et al. 2003; Pintus 

and Ruiu 2004). 

In the present paper, we question whether it is possible to identify, immediately after 

fire, trees that will likely show good or poor crown recover in the future. For this purpose we 

developed models which are intended to constitute decision-support tools helping managers 

to identify trees that will likely recover well, and trees that will likely die or show poor 

crown regeneration (and thus, potential candidates for trunk coppicing). 

Methods 

Study area and plot definition 

The study area is located in “Serra do Caldeirão”, a mountain area in the northeastern part of 

the Algarve district, southern Portugal (Fig. 1). The climate is Mediterranean, with average 

annual temperature of 16.6°C and average annual rainfall of 900 mm. Altitude ranges from 
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150 to 570 m and soil type consists mainly of shallow schist lithosols. The landscape is 

characterised by cork oak woodlands with varying tree cover, where the understory is mainly 

composed of Arbutus unedo, Cistus spp., Ulex spp., and Erica spp. Other vegetation types 

include shrublands dominated by Cistus ladanifer, and scattered stands of maritime pine 

(Pinus pinaster) and eucalyptus (Eucalyptus spp.), sometimes mixed with cork oak stands. 

 

 

Fig. 1. On the right general distribution of cork oak in the Mediterranean Basin (based on Bozano and Turok 
2002) and location of the study area, left cork oak stands in the study area (light grey) and cork oak burned area 
(dark grey) - black line shows the 2004 fire perimeter and dots show the location of the 40 study plots. 

 

In July 2004 a large wildfire burned about 25,000 ha in this region. We used a regular 1 

x 1 km grid of points covering part of the burned area (ca 15,000 ha; Fig. 1) and we defined a 

50 m-radius circle (sampling plot) around each point. The plots were checked in the Weld for 

accessibility, to confirm if they were burned and if they were dominated by cork oak trees. 

The plots were discarded if these three conditions were not simultaneously met. A total of 40 

plots were selected and assessed. 

Plot variables 

For each 50-m circular plot, tree and shrub percent cover prior to fire were visually estimated 

(to the nearest 5%) using aerial photographs (taken in 2002) and with the help of a reference 

scheme designed to evaluate ground vegetation cover (DGF 1999). Additionally, up to four 

strip transects were defined in each plot (see “Tree variables”), and the understory percent 

vegetation cover prior to fire was visually estimated in the Weld for each transect, and 
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classified as sparse/nil (0–50% cover), medium (50–75%) or dense (75–100%), based on the 

amount and size of burned shrub remains (and on resprouting vegetation). The modal height 

of this pre-fire vegetation was also estimated (to the nearest 10 cm) from the height of 

scorched branches. For some transects these variables could not be measured as post-fire 

management actions (e.g. ploughing) had occurred. Topographic variables registered in each 

transect within each plot were the dominant aspect and the dominant slope (measured with a 

hypsometer). The values for the plot and within-plot (transect) variables (Table 1) were used 

to characterise all trees in a given plot and transect. 

 

Table 1. Descriptive statistics of the variables considered in this study. 

Variable 
Level of 
measurement 

n Minimum Maximum Mean SD 

Aspect (8 categories) Transect 858 - - - - 
Slope (%) Transect 858 12.3 32.4 21.2 4.02 
Understory cover (3 categories) Transect 729 sparse dense - - 
Understory height (cm) Transect 789 80 350 154.4 54.22 
Shrub cover (proportion) Plot 858 0.05 0.90 0.40 0.23 
Tree cover (proportion) Plot 858 0.20 0.80 0.33 0.15 
Bark age in 2004 (years) Tree 858 0 13 4.81 3.03 
Diameter at breast height (cm) Tree 858 10.5 91.0 30.7 11.90 
Maximum charring height Tree 858 0.2 1.00 0.79 0.21 
Mean bark thickness (cm) Tree 858 0 6.35 2.39 1.28 
Minimum charring height Tree 858 0 1.00 0.29 0.34 
Tree height  (m) Tree 858 1.8 14.7 7.8 2.01 

Level of measurement relates to whether the variable was measured at the plot, transect or tree level. n sample size, SD standard deviation. 

 

Tree variables 

Individual tree evaluation in the plots took place between December 2005 and April 2006, so 

roughly 1.5 years after the fire. Trees were assessed along four 50-m strip transects departing 

from the plot centre at right angles. Given the very high young tree density in many plots, 

only trees larger than 9 cm diameter at breast height (DBH) were measured. Trees along each 

transect were measured to obtain a sample of 30 trees per plot. In plots with higher tree 

density, one transect was enough to attain this sample size. In other plots, up to four transects 

had to be sampled. In a few plots this maximum was not achieved, thus the range was 14–30 

trees per plot and the median was 30 trees. 

A total of 1,151 trees were sampled, and several variables were measured for each tree 

(Table 1), related to: (a) tree size (tree height, measured with a hypsometer, and DBH, taken 
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as the average of two perpendicular measurements); (b) fire damage indicator (minimum and 

maximum scorch height, both expressed as a proportion of tree height); (c) cork bark 

thickness (average thickness at breast height, taken from four measurements made with a 

bark gauge around the trunk); additionally cork age in 2004 was taken from ring counts in 

the bark or from the stripping year, frequently painted on the bark for management purposes; 

(d) cork stripping (the presence/absence of cork stripping was registered for every tree, in 

order to separate trees in which cork exploitation had started and taken place at least once 

(hereafter named exploited), from trees that had never been stripped); and (e) crown 

regeneration status (the proportion of main branches in the crown showing signs of 

regeneration was visually estimated and classified into five different classes: 0, 0–25, 25–50, 

50–75, >75%); additionally, in case of crown regeneration, the degree of sprouting along the 

branches was visually classified into three classes: much localised (regeneration appearing 

only in isolated branch sections), intermediate, and homogeneous (regeneration appearing 

along the whole branch length). 

Large within-plot variability in tree size and cork bark thickness was common, as cork 

had not been extracted simultaneously from all individuals. 

Data analysis 

For the purposes of this paper, we restricted the analysis to trees where cork extraction had 

already started (858 trees) as they represent by far the more common tree type in Portuguese 

cork oak stands and constitute the main concern of forest managers because of their 

economic value. We considered that a tree had good crown regeneration if more than 75% of 

the main branches in the crown showed a homogeneously distributed regeneration. On the 

other hand we considered that a tree had poor/nil crown regeneration (hereafter named poor 

crown regeneration) if the sprouts appeared in <50% of the main branches or if it was much 

localised (also including trees which only resprouted from basal buds or dead trees). 

According to this criterion trees with an intermediate regeneration state were not assigned to 

any of the previous groups. 

Logistic regression (Hosmer and Lemeshow 1989) was used to find which variables had 

a significant influence on good or poor post-fire crown regeneration in exploited cork oak 

trees. To model good post-fire crown regeneration the trees were separated in two groups by 

a binary coding (coded as 1 if good regeneration was present, and as 0 otherwise), and the 
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same procedure was made to model poor/nil post-fire crown regeneration (trees were coded 

as 1 if poor regeneration was present, and as 0 otherwise). 

Data analysis proceeded in two steps. First, two models (one for good and other for poor 

regeneration) based on the original variables were built (hereafter named biological models). 

After a preliminary screening of recovery probabilities in different aspect orientations, due to 

the low number of trees located in SW slopes (20), such trees were pooled with trees in 

slopes oriented towards S, creating a S + SW category. Cork bark age was not included in 

this model, as bark thickness is the relevant biological variable. Understory cover and aspect 

were analysed as categorical variables. The significance of each variable was first tested 

through a univariate model, by using the likelihood-ratio χ2 statistic. Highly significant 

variables (P < 0.001) were retained for the multivariate logistic models. Both forward and 

back- ward stepwise selection approaches yielded the same final models. Model performance 

was assessed through the likelihood ratio statistic and by calculating the area under the 

receiver operating characteristics (ROC) curve (Pearce and Ferrier 2000; Saveland and 

Neueschwander 1990). Based on the results of these models, simpler models (again one for 

good and other for poor regeneration) were built (hereafter named management model), 

which intended to be more practical and easier to apply in the Weld. In these management 

models, bark age, easier to determine by managers, was used instead of bark thickness. 

Additionally, other variables were recoded into categories to which trees could be easily 

assigned in the field. Cut points to define these categories were established based on visual 

inspection of patterns of crown regeneration in relation to different binning classes (by 

verifying which cut point values would yield a biggest increase or decrease in the proportion 

of trees with good or poor crown regeneration). We opted to establish two binning classes for 

each variable in order to simplify the field evaluation procedures and the graphical 

representation of obtained results. In the model to predict good crown regeneration, the 

following variables were created: minimum charring height1 (taking the value 0 if charring 

height >1/2 of tree height, and 1 for the remaining), aspect1 (taking the value 0 for exposures 

S, SW, E and N, and 1 for the remaining), and DBH1 (taking the value 0 if DBH > 40 cm, 

and 1 for the remaining). In the model to predict poor crown regeneration, variables were: 

minimum charring height1 (taking the value 0 if charring height >1/3 of tree height, and 1 for 

the remaining), aspect1 (taking the value 0 for exposures S and SW, and 1 for the remaining), 
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and DBH1 (taking the value 0 if DBH > 40 cm, and 1 for the remaining). Understory height 

was not included because it can be very difficult to estimate in severe fires. 

Performance of both biological and management models was compared using the ROC 

curve and classification tables. Unless otherwise specified, values are expressed as mean ± 

standard error. Correlation between explanatory variables (Spearman correlation coefficient) 

was usually low. The highest correlation was observed for bark thickness and bark age (r = 

0.78, P < 0.001), but they were not used simultaneously in the same model. Other relatively 

high values (>0.5) occurred for DBH and tree height (r = 0.61, P < 0.001) and for 

proportional minimum and maximum scorch height (r = 0.55, P < 0.001); due to these 

correlations we opted to use only DBH and minimum scorch height in the logistic models, 

because they showed a stronger influence on the crown regeneration. All analyses were 

carried out using the SPSS software (SPSS 2004). 

Results 

Tree and plot characteristics 

A summary of the descriptive statistics for the studied variables is shown in Table 1. The 

average cork oak tree was 7.8 m tall and measured 31 cm in DBH. Average bark thickness 

was 2.4 cm and mean cork age at the moment of the fire was about 5 years. Most trees were 

located in aspects oriented to NE (22% of the trees), E (20%) and N (18%), whereas the less 

common orientation was SW (2.3%), and no trees were located in SE aspects. Mean 

understory height prior to fire was 154 cm, and the most common understory cover was 

medium, followed by sparse and dense vegetation. Average maximum charring height in 

cork oaks was 80% and minimum was 30%. 

Variables affecting crown regeneration 

One-and-a-half years after fire occurrence, 31% of all trees presented a nil or poor crown 

regeneration (low probability of maintaining an economic interest in the near future), and 

only 37% presented good crown regeneration, while the remaining 32% presented an 

intermediate state. The trees which were considered with poor crown regeneration included 

dead trees (18% of the total), trees which only showed regeneration from basal buds (6%), 

and trees where crown regeneration appeared in less than 50% of the branches or it was only 

localised (7%). 



Chapter 4 

116 
 

The results of univariate logistic regressions are summarised in Table 2. Among the 

variables significantly affecting poor crown regeneration, the more important ones were the 

bark thickness (the lower the mean bark thickness, the higher the probability of poor crown 

regeneration), charring height (the higher the minimum charring height, the higher the 

probability of poor crown regeneration) and aspect (worse regeneration in S, SW, E and N 

slopes). Trees with higher DBH, or located in plots with higher understory height, higher 

shrub cover or higher slopes, also showed higher probability of having poor crown 

regeneration. 

 

Table 2. Results of univariate logistic regression to assess the effect of each variable on poor and good crown 
regeneration after fire occurrence. 

Variable 
Poor crown regeneration  Good crown regeneration 

df 
Coefficient  χ2  Coefficient  χ2 

Mean bark thickness -0.807 147.77 0.327  34.52 1 
Minimum charring 
height 1.749 66.24 -2.433  93.08 1 
Aspect Cat 50.54 Cat  49.51 5 
Diameter at breast 
height 0.021 11.66 -0.013  14.31 1 
Understory height 0.005 11.28 -0.008  25.96 1 
Shrub cover 0.715 5.33 -0.868  8.23 1 
Slope 0.040 4.82 0.013  0.54 (NS) 1 
Understory cover Cat 0.35 (NS) Cat  4.40 (NS) 3 
Tree cover 0.200 0.17 (NS) -0.728  2.41 (NS) 1 

For each variable, the coefficient and the value of the χ2-test (equivalent to the change in -2 log Likelihood if the variable was removed from 
the model) are shown. Variables are ordered by decreasing importance in relation to poor regeneration. Highly significant variables (P<0.001) 
are signalled in bold. NS indicate non-significant values, Cat indicate categorical variables. 

 

Among the variables affecting good crown regeneration, the most important ones were 

charring height (the higher the minimum charring height, the lower the probability of good 

crown regeneration) and aspect (better regeneration in W, NW, and NE slopes). In addition, 

two tree variables (bark thickness and DBH) influenced the crown regeneration, the former 

positively and the latter negatively, and two plot variables (understory height and shrub 

cover) were negatively correlated to good crown regeneration capability. 

Probability of poor and good crown regeneration: biological and management models 

In Table 3 we present the best multivariate biological models to predict the probability of 

poor and good crown regeneration in exploited cork oaks. Bark thickness was the most 
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important variable influencing the probability of poor crown regeneration, followed by 

aspect, DBH and proportional minimum charring height. In the model developed to predict 

the probability of good crown regeneration the most important variable was the minimum 

charring height, followed by aspect, bark thickness, understory height and DBH. 

 

Table 3. Multivariate logistic biological models to predict poor and good post-fire crown regeneration in 
exploited cork oaks.  

Variable 
Poor crown regeneration  Good crown regeneration 

df 
Coefficient χ2  Coefficient χ2 

Mean bark thickness -0.901 140.47  0.439 39.51 1 
Aspect cat 30.51  cat 49.56 5 
Diameter at breast height 0.042 29.21  -0.021 7.66 1 
Minimum charring height  1.445 27.99  -2.320 55.10 1 
Understory height - -  -0.007 16.20 1 
constant -1.682   1.491   

For each variable, the coefficient and the value of the χ2-test (equivalent to the change in -2 log Likelihood if the variable was removed from 
the model) are shown. Variables are ordered by decreasing importance in relation to poor regeneration. a) Poor crown regeneration: full model 
χ2=248.6 (df=8; P<0.001); area under ROC curve =0.81±0.02; P<0.001; b) Good crown regeneration: full model χ2=184.3 (df=9; P<0.001); 
area under ROC curve =0.78±0.02; P<0.001 

 

In the management models (Table 4), besides using bark age instead of bark thickness, 

three new binary variables were included (aspect1, minimum charring height1 and DBH1; see 

“Methods”). In both the models, minimum charring height was the most important variable. 

 

Table 4. Multivariate logistic management models, to predict poor and good post-fire canopy regeneration in 
exploited cork oaks. 

Variable 
Poor canopy regeneration  Good canopy regeneration 

df 
Coefficient χ2  Coefficient χ2 

Minimum charring height1  1.360 63.30  -2.388 96.49 1 
Cork age -0.189 46.59  0.083 9.88 1 
Diameter at breast height1 0.820 15.27  -0.691 11.30 1 
Aspect1 -0.653 9.07  0.847 30.76 1 
constant -0.040   -0.921   

For each variable, the coefficient and the value of the χ2-test (equivalent to the change in -2 log Likelihood if the variable was removed from 
the model) are shown. Variables are ordered by decreasing importance in relation to poor regeneration. a) Poor canopy regeneration: full 
model χ2=155.9 (df=4; P<0.001); area under ROC curve =0.73±0.02; P<0.001; b) Good canopy regeneration: full model χ2=155.9 (df=4; 
P<0.001); area under ROC curve =0.73±0.02; P<0.001. See also Figs. 2 and 3. Note that for minimum charring height, variable coding is 
different in both models. 

 

These management models were not as good as the biological models (area under ROC 

curves for the management and biological models were, respectively, 0.73 versus 0.81 in the 



Chapter 4 

118 
 

model to predict poor crown regeneration, and 0.73 versus 0.78 in the model to predict good 

crown regeneration), but they have the advantage of being much easier to use by managers. 

The global accuracy assessed by classification tables (using a 0.5 cut-off point) showed a 

slight difference in the model to predict poor crown regeneration (77.4% in the management 

model against 77.8% in the biological), but a higher difference in the model to predict good 

crown regeneration (67.0 against 72.8%). 

The outputs of these management models are graphically shown in Figs. 2 and 3. 

 

 

Fig. 2.  Logistic model prediction of poor crown regeneration in cork oak, 1.5 years after a wildfire.  Different 
combinations of minimum charring height (larger or smaller than one-third of tree height), aspect (favourable vs. 
unfavourable), cork age when the fire occurred (in years), and DBH (larger or smaller than 40 cm) are shown. 
The 50% probability line is also shown for each graph. 
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Fig. 3. Logistic model prediction of good crown regeneration in cork oak, 1.5 years after a wildfire.  Different 
combinations of minimum charring height (larger or smaller than half of tree height), aspect (favourable vs. 
unfavourable), cork age when the fire occurred (in years), and DBH (larger or smaller than 40 cm) are shown. 
The 50% probability line is also shown for each graph. 

 

Discussion 

Basic assumptions 

The built models were based on the assumption that trees that showed poor or good 

regeneration 1.5 years after fire, will likely maintain the same status in the future. It is known 

that mortality can be immediate or delayed for some time after fire occurrence, and that it 

can vary with the species, pre-fire vigour of the tree and fire severity. Because of their 

weakened physiological condition, fire-injured trees can also be subsequently attacked by 

insects or infected by diseases, increasing mortality. For example in southern Spain 

Cabezudo et al. (1995) observed 20% mortality immediately after wildfire in a cork oak 

stand (with 6 years’ old cork), but 4 months later mortality increased to 54%. However, 

based on observations in other regions (e.g. Catry et al. 2006), we believe that trees showing 
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good crown regeneration 1.5 years after fire will have low probability of dying or becoming 

very weak in the future, at least as a direct consequence of fire. 

On the other hand, we do not know if some trees with present poor crown regeneration 

will in fact recover and are just taking longer. Only longer term monitoring can provide 

answers to these questions. However, in our study area, among the trees classified as having 

poor crown regeneration, 77% did not have any sign of new crown sprouting 1.5 years after 

fire occurrence, and it is not likely that this situation will change. The remaining trees (23%) 

had no signs of regeneration in more than a half of the crown or it was much localised, and in 

these cases we considered that the probability of good recovery in the future, allowing a 

normal economic exploitation, is very low. 

Finally, concerning the method for assessing the crown regeneration status (see 

Methods) we recognise that it has some inherent subjectivity, like it happens in many other 

visual estimation methods. However, visual estimations are often used in research studies 

(e.g. Ryan and Reinhardt 1988; Thies et al. 2006) when other methods are not possible or are 

difficult to apply. In this study the visual estimations were based on a reference scheme with 

broad categories and were always done by the same person, thus we assumed that the method 

was sufficiently robust to minimise the subjectivity in the evaluation. 

Biological correlates of crown regeneration 

The present study showed that bark thickness is the most important variable determining the 

probability that a cork oak will have a poor (or nil) crown regeneration. In a previous study 

(Moreira et al. 2007) we showed that in exploited cork oaks, bark thickness was the most 

important variable determining post-fire survival, and other authors also showed the crucial 

importance of this variable in conferring a higher resistance to Fire (e.g. Lamey 1893; Pausas 

1997; Barberis et al. 2003). However, the existence of a thick bark was not enough to 

guarantee good crown regeneration (bark thickness ranked third in importance in the 

biological model). 

Minimum charring height was the most important variable affecting the probability of 

good crown regeneration, but showed lower influence on poor crown regeneration (ranked 

second in the univariate analysis and fourth in the multivariate analysis). Minimum charring 

height was a stronger predictor of crown regeneration than maximum height, which suggests 

that the former can be a better indicator of fire severity. 
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Aspect was the second most important variable influencing good and poor crown 

regeneration in the multivariate models. We found evidence that south to southwest 

quadrants were associated with higher probability of poor crown regeneration, probably 

because they have a more xerophitic character that may have caused higher physiological 

stress and thus higher vulnerability to fire. Simultaneously, we verified that good 

regeneration capability was higher on the west, northeast and northwest slopes, although it 

decreased on north-oriented slopes. We did not find an obvious explanation for the lower 

crown regeneration observed in N plots, but this could be due to a lower median cork age (4 

years in N plots vs. 5 years in W + NW + NE plots), or because of some additional stress not 

measured and more prevalent in those trees (e.g., trees having been pruned or having more 

stripping damages). 

Tree diameter (DBH) also influenced crown regeneration, being selected in both 

multivariate models. Trees with larger trunks usually correspond to older trees, which were 

more often submitted to stripping, as well as likely poor management practices (e.g., 

stripping damages or excessive crown pruning) and may be more susceptible to fire or other 

stresses (Natividade 1950; Santos and Sousa 1997; Barberis et al. 2003; Costa et al. 2004). 

The lower fire-resistance of older cork oaks, has also been showed by Barberis et al. (2003) 

in a study carried out in Italy, where authors observed significantly higher mortality in trees 

submitted to several bark strippings (40%), than in trees debarked only once (17%). 

Trees located in plots with higher understory had lower probability of good crown 

regeneration, which is predictable as fire severity usually increase with increasing under- 

story height (Rothermel 1983). However, this variable was not selected in the multivariate 

model to predict poor crown regeneration. Scorch height seemed to be a better indicator of 

fire severity than understory height. 

As shown, there are several factors that can affect survival and regeneration capacity of 

cork oak trees, but bark thickness and charring height are among the most important. In our 

study only 110 trees (13%) had signs of having been completely scorched to the top 

(minimum charring height, 100%), and among those trees there was a much higher 

proportion showing poor crown regeneration when compared to all trees (51 vs. 31%), and 

only 5% showed good crown regeneration. It is also to notice than only 140 trees (16%) had 

bark thickness lower than 1 cm when the fire occurred, and among those 68% presented poor 

crown regeneration (41% mortality) and only 11% showed good crown regeneration. In the 
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monitored trees it was evident that the accumulation of the two negative effects of having 

been completely scorched and having a thin bark highly affected the capacity of crown 

recover. Among trees with less than 1 cm bark thickness and scorched to the top (37 trees), 

97% presented poor crown regeneration (76% mortality) and none showed good crown 

regeneration. 

How to quickly evaluate tree response: management models 

The management models, simpler than the biological models, had a lower explanatory power 

and fit to the data, as it could be expected due to the simplification of the explanatory 

variables. Anyway, their accuracy is adequate in order to be usefully applied in the Weld.  

The main differences were the higher importance of minimum charring height and the lower 

importance of cork age in the former models. For cork age, this is probably because it is not 

such a good predictor of bark thickness as this measure itself. Because of the constraints 

associated with plots located in North exposures, this exposure should probably be excluded 

from the unfavourable exposure category and it should be assumed that in normal 

circumstances, crown regeneration is likely similarly good in W, NW, N or NE exposures. 

The probabilities obtained from the application of the two management models (to 

predict poor and good crown regeneration) to a given tree are negatively correlated as 

expected, meaning a decreasing probability of poor crown regeneration as the probability of 

good crown regeneration increased (r = - 0.874; P < 0.001). In just a few cases a tree had 

simultaneously high probabilities of having both poor and good crown regeneration. If a 0.5 

cut-off point was used to assign predicted probability to a given crow regeneration status, 

only 1.4% of all trees would show conflicting results (which would decrease for increasing 

cut-off points). 

The obtained management models provide an easier way of getting an estimate of crown 

regeneration probability from only four variables that can be easily measured in the Weld 

immediately after a wildfire. 

Implications for management 

There are different kinds of potential losses associated with burned cork oak stands. One of 

the most important is the end or the reduction of cork production in exploited trees, because 

the scorched cork is much less valuable, and because trees can die or become very weak, not 

being able to recover in order to assure a normal cork production in the future. 
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The presented models of post-fire crown regeneration probability in cork oak stands in 

southern Portugal (both biological and management), can be used as decision-support tools 

that will help managers from this region to identify, immediately after fire, trees that will 

likely show poor or good crown regeneration. 

One of the main questions that managers often face after wildfires in cork oak stands is 

whether the burned trees should be coppiced or not, and when they should be coppiced. 

Several authors mentioned that trunk coppicing is a good option when trees have serious 

stem damages that compromise future cork production, and when the crown regeneration is 

predicted nil or very weak (Lamey 1893; Pampiro et al. 1992; Amo and Chacón 2003; 

Barberies et al. 2003; DGRF 2006). In that case, coppicing burned trees may be a better 

strategy than waiting for potential crown regeneration, as there is some evidence that 

coppiced trees can have higher survival than non-coppiced trees or than trees coppiced later, 

and that sucker growth (both in height and diameter) can also be higher (Barberis et al. 2003; 

Pintus and Ruiu 2004). 

However, the decision of cutting or leaving the trees without intervention is not 

straightforward because cutting a burned tree implies waiting 15–25 years before the suckers 

are big enough to be debarked again (Amo and Chacón 2003; Barberies et al. 2003). 

Additionally, if many trees are in bad conditions it can be a better option, for ecological 

reasons, to maintain more trees to improve protection against soil erosion and wildlife 

habitat. Some authors suggest waiting until the spring after the fire, or even to the following 

autumn, to evaluate the status of each tree (Amo and Chacón 2003; DGRF 2006), although 

there is evidence of a higher rate of recovery when trunk coppicing is carried out before the 

next growing season (Pintus and Ruiu 2004; DGRF 2006). In this context, knowing 

immediately after fire if an exploited burned tree will show good or poor crown regeneration 

may help management decisions. 

Because several factors are involved in cork oak dynamics, the evaluation of the 

damages and the decisions about the future actions to take are not simple. For example a 

Portuguese Forest Services publication (DGRF 2006) tried to simplify the procedures to 

evaluate the damages, considering/recommending that a cork oak stripped less than 4 years 

before the fire should be coppiced. However, in this study we found that in fact 31% of these 

trees showed good crown regeneration, and only 45% showed poor crown regeneration, so 

we recommend being quite more prudent in identifying the trees to be coppiced. 
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Abstract 

Forest ecosystems where periodical tree bark harvesting is a major economic activity may be 

particularly vulnerable to disturbances such as fire, since debarking usually reduces tree 

vigour and protection against external agents. In this paper we asked how cork oak Quercus 

suber trees respond after wildfires and, in particular, how bark harvesting affects post-fire tree 

survival and resprouting. We gathered data from 22 wildfires (4585 trees) that occurred in 

three southern European countries (Portugal, Spain and France), covering a wide range of 

conditions characteristic of Q. suber ecosystems. Post-fire tree responses (tree mortality, stem 

mortality and crown resprouting) were examined in relation to management and ecological 

factors using generalized linear mixed-effects models. Results showed that bark thickness and 

bark harvesting are major factors affecting resistance of Q. suber to fire. Fire vulnerability 

was higher for trees with thin bark (young or recently debarked individuals) and decreased 

with increasing bark thickness until cork was 3–4 cm thick. This bark thickness corresponds 

to the moment when exploited trees are debarked again, meaning that exploited trees are 

vulnerable to fire during a longer period. Exploited trees were also more likely to be top-

killed than unexploited trees, even for the same bark thickness. Additionally, vulnerability to 

fire increased with burn severity and with tree diameter, and was higher in trees burned in 

early summer or located in drier south-facing aspects. We provided tree response models 

useful to help estimating the impact of fire and to support management decisions. The results 

suggested that an appropriate management of surface fuels and changes in the bark harvesting 

regime (e.g. debarking coexisting trees in different years or increasing the harvesting cycle) 

would decrease vulnerability to fire and contribute to the conservation of cork oak 

ecosystems. 
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Introduction 

Many forest and woodland ecosystems in the world provide a range of social, economic and 

ecological services, far beyond timber exploitation. Bark is one of the most important non-

timber forest products in many countries worldwide and it is periodically harvested from 

many tree species [1–5]. Tree bark provides protection against desiccation, fire, insects and 

diseases, and plays a key role in the transportation of nutrients from leaves to roots through 

the phloem tissues, thus bark harvesting may induce internal tree stress and increase 

vulnerability to external agents [6–10]. In fact, bark extraction has been reported to alter tree 

survival, growth and reproduction in a range of species worldwide [4–7,10]. However, little is 

known about the impacts of bark harvesting on tree vulnerability to fire, which is especially 

relevant in the light of current changes in climate and fire regimes. 

A prominent case of a tree whose bark is recurrently harvested is cork oak, Quercus 

suber L. Cork oak ecosystems span from open savannas to closed forests and cover nearly 2.5 

million hectares in the western Mediterranean Basin [11] (Figure 1). The bark of Quercus 

suber (the cork) has excellent insulation properties and can grow up to 30 centimetres thick 

[12]. Possessing a thick bark is a clear mechanism for protecting the cambium from the heat 

generated by fires [13,14] and has been evolutionarily linked to fire [15]. Indeed, Q. suber has 

been considered a highly fire-resilient species, being the only European tree with stem and 

crown resprouting capability (through epicormic buds) after intense crown-fires [16,17]. 

Thick bark is a fire adaptation that has also appeared in other plants living in fire-prone 

ecosystems from other continents (convergent evolution, [14]). 

Currently, cork is the second most important marketable non- timber forest product in the 

western Mediterranean [18], and the world cork market exports represents nearly US$2 

billion annually [19]. Q. suber is particularly important in the Iberian Peninsula, which holds 

82% of the world’s cork production [20]. Cork is a renewable natural resource constituting a 

valuable and versatile raw material for industry, and is used for a large variety of products, 

with wine bottle stoppers representing most of the cork market value. Because of its economic 

value, the cork of Q. suber is periodically harvested, starting when trunk diameter reaches 

about 20 cm and with subsequent harvests at 9–15 year intervals. In addition to the economic 

importance of cork, these forest areas often alternate with multi-purpose farmland systems, 

which integrate extensive agriculture, forestry, grazing, and other uses. The cork oak 
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ecosystems are also recognized for their remarkable ecological value, providing habitat for 

several threatened species and being protected by international legislation [8,20,21]. 

Cork oak can withstand recurrent bark harvesting (a tree can be stripped 12–20 times 

during its life), but such activity causes some undesirable effects. Probably the most important 

of these effects is the reduced protection against external agents, particularly wildfires, 

increasing tree vulnerability. Additionally, cork harvesting has other consequences including 

water losses through the stripped stem, reduction of nutritional functions and a very high 

consumption of stored reserves [3,12], which may increase tree stress and further increase 

vulnerability to fire. 

Wildfires are an increasing concern in the Mediterranean Basin [22], with nearly half a 

million hectares burned every year [23]. For instance, in Portugal (the world leading country 

in Q. suber area and cork production), 15–20% of Q. suber forests have burned since 1990. 

Furthermore, fire risk is likely to increase in the future (along with drought and diseases) due 

to climate change [25–27]. 

In spite of being considered a highly fire-resilient species, local studies suggest that Q. 

suber responses to fire are variable [16,28–32], but the reasons for such variability are poorly 

understood. Our hypothesis is that tree resistance and resilience depends on management 

activities, particularly those affecting the individual traits that confer protection against 

external agents and the tree physiological status, e.g. debarking. However, these factors may 

also vary in relation to individual tree characteristics, e.g. size [32,33], fire behaviour [26–32] 

and environmental conditions (e.g. precipitation, season) that influence tree vigour and 

phenology [7,9]. Specifically, the aims of this paper are: 

1. To test whether management of cork oak trees, in particular bark harvesting, is a key 

factor influencing post-fire tree vegetative responses across a wide geographical area. We 

predict that tree vulnerability to fire will decrease with increasing bark thickness and will 

increase with bark harvesting, as harvesting not only reduces bark thickness, but also 

increases tree stress. 

2. To explore the role of fire severity and tree size on post-fire Q. suber responses. Tree 

resistance to fire is expected to decrease with increasing fire severity and with tree size as 

resprouting ability tends to decrease with size in other oaks. 

3. To explore to what extent abiotic factors such as topography, climate or fire season 

explain between-site variations in the ability of Q. suber to cope with fire. Higher tree 
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susceptibility is expected under unfavourable environmental conditions, particularly those 

related to drought. In addition, early season fires, i.e. when trees are flowering or actively 

growing, may have a higher negative impact on resprouting than later fires. 

To attain these objectives we gathered a large data set on post-fire Q. suber responses 

across a wide range of ecological conditions and management frameworks encompassing 

most of the species distribution. We present models that accurately describe the factors 

increasing post-fire vulnerability of Q. suber. Such models provide the scientific basis for 

improving the management and enhancing the conservation of cork oak ecosystems. 

Methods 

Ethics statement 

All necessary permits were obtained for the field work, through contacts with land owners 

and local forest associations. 

Study areas 

We compiled data on post-fire tree responses (i.e. survival and vegetative regeneration) from 

22 wildfires that occurred between 1994 and 2006 in the western Mediterranean (Figure 1). 

Most study sites (16) were located in Portugal, the country where Q. suber is more abundant, 

and the remaining were located in Spain (5) and France (1). The sample covers a wide range 

of ecological and management conditions, from open woodlands (savanna-like systems) to 

dense forests (see Table 1 and Tables S1 & S2 in Supporting Information). All sites were 

under Mediterranean climate, with specific conditions ranging from inland regions with lower 

annual precipitation (550 mm) and higher temperature, to coastal regions with higher rainfall 

(1100 mm) and milder temperature. Q. suber was the dominant tree species in most sites and 

the understorey was composed of a shrub-herbaceous layer that favoured fire spread. 

Data collection 

In most sites (73%) we used a regular grid (500x500 m) of points covering the burned area 

and defined a circular sampling plot (50 m of radius, 7850 m2) around each point. In plots 

with 30 oaks or less, all trees inside the plot were assessed; otherwise, we laid out up to four 

50-m perpendicular strip transects and sampled trees (starting with north and proceeding in a 

clockwise direction) until obtaining of the 30 trees per plot. In the remaining sites, plots were 

smaller (375 and 400 m2 in Spain and France, respectively), and all trees inside each plot were 
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sampled. In total, 203 plots were sampled across the 22 study sites. Each site included up to 

40 plots (average 9 plots per site; see Table S1). The database was organized at two different 

spatial levels, overall and West Iberia databases, and the variables sampled depended on that 

level (Table 1). 

 

 

Fig. 1. Distribution of Q. suber and location of the 22 study sites. General distribution of Q. suber in the 
Mediterranean Basin (in grey; reproduced from Pausas, Pereira & Aronson 2009 with permission from Island 
Press, Washington, DC) and location of the 22 study sites (black stars). 

 

The overall database included all the 4585 Q. suber trees sampled. For each tree, bark 

thickness (BT) was estimated as the average of four measurements at breast height made with 

a bark gauge at opposite sides of the trunk. Tree bark exploitation status (Ex) was defined as a 

binary variable (exploited or unexploited) based on the presence of harvesting marks on the 

stem. For the exploited trees, time since harvesting was not directly addressed as such 

information was not available for all trees. However time since harvesting (i.e., bark age) is 

naturally related with bark thickness in exploited trees, as bark regrows after debarking. We 

confirmed this by analysing such relation in a sample of 491 exploited trees for which the 

harvesting year was known. Bark age ranged from 0, corresponding to trees debarked in the 

year of the fire, to 13 years. We found a significant correlation between BT and cork age at 

the time the fire occurred (r = 0.67, P<0.001).Tree size variables included total tree height 
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(TH), and diameter at breast height inside bark (DBH). The post-fire response type of each 

tree (R) was recorded as dead, resprouting from the base (stump) only, resprouting 

simultaneously from the base and the crown, or resprouting from the crown only, following a 

decreasing gradient of fire-inflicted damage [32]. Dominant slope (percentage), elevation 

(meters) and aspect were measured in each plot. Aspect was simplified as a binary factor, i.e., 

unfavourable (S, SE or SW) or otherwise, because of the drier conditions in southern aspects 

(e.g. [34]). Then, for each site, mean slope (S), mean elevation (E), and the proportion of trees 

in unfavourable aspects (UE) were calculated. We also used geographic information systems 

(GIS) to locate the study sites and obtain additional data at the site-level, namely mean annual 

precipitation (AP), mean annual temperature (AT) and ecological region (ER) [35]. Three 

ecological regions were considered, i.e., forest with Atlantic- maritime influence (10 sites, all 

in Portugal), forest with continental influence (9 sites, from Portugal and Spain), and forest 

with Mediterranean-maritime influence (3 sites, from Spain and France) (see Table 1). 

 

Table 1. Summary of the variables assessed. 

Variable (Code) Units Level 
Spatial scale 

(database) 
Mean (Range) 

Bark thickness (BT) mm Tree Overall 21 (0-140) 

Diameter at breast height (DBH) cm Tree Overall 21 (0.5-133) 

Exploitation status (Ex) 2 categories2 Tree Overall - 

Tree height (TH) m Tree Overall 7.1 (1.2-21) 

Tree response type (R) 4 categories3 Tree Overall - 

Percentage of char height (PCH) % Tree West Iberia 88 (0-100) 

Fire season (FS) 2 categories4 Site Overall - 

Ecological region (ER) 3 categories1 Site Overall - 

Mean annual precipitation (AP) mm Site Overall 732 (550-1100) 

Mean annual temperature (AT) ºC Site Overall 15.1 (11.5-18.0) 

Mean elevation (E) m Site Overall 359 (6-650) 

Mean proportion of trees in 

unfavourable aspects (UA) 
% Site Overall 50 (0-100) 

Mean slope (S) % Site Overall 18 (0-55) 

Time since fire (TSF) years Site Overall 2 (1-4) 

1 Ecological region (RE) categories (EEA 2003): Iberian sclerophyllous and semi-deciduous forests (code 159), Northeastern Spain & 
Southern France Mediterranean (code 162), Southwest Iberian Mediterranean sclerophyllous and mixed forests (code 168); 2 Exploitation 
status (Ex) categories: exploited or unexploited; 3 Tree response type (R) categories: dead, resprouting from the base only, resprouting 
simultaneously from the base and the crown, or resprouting from the crown only; 4 Fire season (FS) categories: early summer season or late 
season. 
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The wildfire date was obtained from official Forest Services fire databases, and classified 

into two fire seasons (FS): early (June and July) and late (August and September, including 

one winter fire). The time between the fire date and tree measurements (TSF) was also 

registered (see Tables 1 and S1). 

The West Iberia database is a subset from the overall database and included data from the 

western Iberian Peninsula (3850 trees sampled in 19 sites). In this region, in addition to the 

previously mentioned variables, the maximum tree char height (the vertical extent of trunk 

blackening) was measured for each tree, and used as an indicator of fire severity and potential 

injury. The derived variable PCH (percentage of tree char height) expresses char height 

relative to total tree height. 

Data analysis 

The main data analysis was performed at the two different spatial scales (overall and west 

Iberia) using binomial generalized linear mixed-effects models (GLMM) with a logit link 

[36,37] and site as the random factor. As dependent variables we used the following tree 

responses (as binary variables; i.e., yes/no): i) individual mortality, i.e. mortality of all 

aboveground and belowground organs (tree death), ii) stem and tree mortality i.e. death of at 

least the aboveground biomass (top-kill hereafter), and iii) crown resprouting only (i.e., 

surviving trees and stems with epicormic resprouting). These post-fire responses were 

examined in relation to the different explanatory variables that were sampled at the tree-level 

(BT, Ex, DBH, and PCH for West Iberia); the interactions between BT and Ex, and DBH and 

Ex, were also examined to test the hypothesis that the tree responses to BT and DBH might be 

different according to exploitation status. All GLMM analyses were performed using the lme4 

package from R [36,38]. 

For each response type and spatial scale combination (total of 6 models) we started with a 

GLMM including all tree-level variables and used backward elimination to select the most 

important ones [37]. Model selection was performed by removing in each step the variable 

that explained less deviance, until all remaining variables in the model were significant 

(P<0.05). The final model was further evaluated by adding all significant variables 

sequentially and tested with a likelihood ratio test. Prior to GLMM, correlation between 

variables was checked using the Pearson correlation coefficient (between continuous 

variables) and the point biserial correlation (between continuous and dichotomous variables). 

The only highly correlated pair of variables was DBH and TH (r = 0.69), and since DBH was 
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easier to assess in the field and more accurate, TH was excluded from the model building 

process. 

Model performance was assessed by calculating the area under the receiver operating 

characteristics (ROC) curve [39,40]. The ROC method has advantages in assessing model 

performance in a threshold-independent fashion, being independent of prevalence [41]. 

Usually area under curve (AUC) values of 0.5–0.7 are taken to indicate low accuracy, values 

of 0.7–0.9 indicate useful applications and values above 0.9 indicate high accuracy [42]. The 

Nagelkerke pseudo-R2 [43] was used as an indicator of the proportion of variance explained 

by the models. 

In order to explore to what extent random (site-level) effects in the GLMM could be 

related to environmental variables, we extracted the coefficients for each site for the different 

models [36] and correlated them with the environmental variables in each site (Pearson 

correlation coefficient between continuous variables and point biserial correlation between 

continuous and  dichotomous variables). 

Bark measurement constraints 

One of the potential problems with bark thickness measurement after fire is the possibility of 

under- or overestimation. Specifically, underestimation could be caused by some reduction in 

BT because of external cell layers consumption during the fire. On the other hand, the BT of 

surviving stems could have increased in the period between the fire and the field 

measurements because of bark growth, leading to BT overestimations. However, both under- 

and overestimation, are unlikely to be important because cork is a very good insulation 

material, that does not burn easily, and because bark growth is expected to stop or strongly 

decrease during the first few years after the fire. Nevertheless, to evaluate this potential 

limitation we did a sensitivity analysis where BT (at the time of the fire) was estimated based 

on these expected losses and gains (see details in Text S1). 

Results 

General patterns of post-fire cork oak responses 

From all 4585 Q. suber trees sampled, nearly 16% died after fire (individual mortality) and 

13% lost their crowns showing basal resprouting only, totalling 29% of top-killed trees. The 

remaining trees regenerated their crown, with 56% resprouting from the crown only and 15% 
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with both basal and crown resprouting. Average bark thickness (BT), DBH and relative char 

height (PCH) were 2.1 cm, 21 cm and 88%, respectively (Table 1). 

Post-fire Q. suber responses were variable between sites. Individual mortality ranged 

from 0 to 51% and stem mortality from 1 to 64%, as well as individual tree characteristics: the 

proportion of exploited trees in each site ranged from 0 to 100%; mean BT ranged from 1.2 to 

2.9 cm; and mean DBH ranged between 17 and 53 cm. Exploited trees (54% of the total 

sample) suffered considerably higher mortality (23%) and stem mortality (38%) than the 

unexploited trees (8% and 19%, respectively), as did thin-barked and larger trees (see Figure 

2 and Table S3). 

 

 

Fig. 2. Post-fire Q. suber responses. Observed post-fire tree responses (D – dead, B – basal resprouting only, BC 
– basal and crown resprouting, C – crown resprouting only) as a function of bark exploitation status (exploited, 
unexploited), bark thickness (BT; figures above) and tree diameter (DBH; figures below). The number of 
individuals in each class is indicated in the top of the respective bar. 
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Cork oak mortality and resprouting 

The obtained mixed models (Table 2 and Table S4) clearly show that BT and bark harvesting 

are major factors affecting post-fire Q. suber responses. On one hand, the thicker the bark the 

lower the probability of a tree being killed by fire and the higher the probability of 

regenerating from the crown (Figure 3). On the other hand, exploited trees (Ex) were more 

likely to be fire-damaged than unexploited trees, regardless of BT, and the interaction 

between BT and Ex showed that the effect of BT is more important on exploited trees. Tree 

size (DBH) also affected tree responses; the probability of post-fire tree mortality increases by 

40% when DBH increases from 20 to 80 cm. 

Q. suber vulnerability to fire also increased with increasing char height percentage 

(PCH). PCH had a stronger effect on stem mortality than on individual mortality (up to 40% 

higher probability of stem mortality for trees with 100% PCH than for trees with 25% PCH), 

and was similar for exploited and unexploited trees. 

 

Table 2. Coefficients of the generalized linear mixed-effects models (standard error in brackets) for predicting 
post-fire Q. suber responses. 

Post-fire 

response 

Individual mortality 

(dead) 

Stem mortality   

(top-killed, including dead) 
Crown resprouting only 

Level of 

analysis 
Overall West Iberia Overall West Iberia Overall West Iberia 

Trees (n) 4585 3850 4585 3850 4585 3850 

β0 -2.01‡ (0.30) -3.25‡ (0.44) 0.54 (0.29) -1.50‡ (0.38) -1.31‡ (0.26) 0.56 (0.33) 

BT -0.58‡ (0.09) -0.40‡ (0.12) -1.20‡ (0.08) -1.41‡ (0.06) 0.76‡ (0.06) 0.69‡ (0.07) 

Ex (yes) 1.39‡ (0.26) 1.66‡ (0.32) 1.14‡ (0.23) 0.67‡ (0.13) -0.94‡ (0.20) -1.05‡ (0.21) 

BT* Ex -0.43‡ (0.11) -0.59‡ (0.13) -0.30† (0.10) - 0.33‡ (0.08) 0.36‡ (0.08) 

DBH 0.02‡ (0.00) 0.03‡ (0.00) 0.01* (0.00) 0.02‡ (0.00) -0.01* (0.00) - 

PCH NA 0.01† (0.00) NA 0.02‡ (0.00) NA -0.02‡ (0.00) 

AUC 0.83 0.82 0.86 0.87 0.82 0.81 

R2 0.20 0.24 0.37 0.42 0.23 0.27 

(1) Model coefficients: β0, intercept; BT, bark thickness (cm); Ex, exploited for cork (yes vs. no); DBH, diameter at breast height (cm); 
BT*Ex, interaction between BT and Ex; PCH, maximum bole char height expressed as percentage of tree height (%); NA, means that the 
variable was not tested because it was not available in all sites; standard error of each coefficient is shown in brackets; (2) Significance of 
coefficients for the variables refers to the change in explained variance (* P<0.05; † P<0.01; ‡ P<0.001) and for categorical variables refers to 
the comparison with the first category. (3) Models evaluation: AUC, area under the ROC curve; R2, Nagelkerke R2. 
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Fig. 3. Post-fire Q. suber responses as a function of bark thickness and exploitation status. Post-fire Q. suber 
responses as a function of bark thickness and exploitation status based on overall models in Table 2 (DBH is 
held constant at 21 cm, representing the average tree; this size corresponds to the beginning of the productive life 
for exploited trees). 

 

Both the overall and west Iberia models produced similar predictions. Tree responses 

represented in Figure 3 correspond to relatively young trees under moderate to severe fire 

conditions. However, the fire impacts can be much stronger for larger trees with high 

proportion of char height. For example, the probability of mortality is very high (92%) for 

recently debarked and totally charred (100% PCH) large trees (with 100 cm DBH). 

The obtained models (Table 2) performed well, with ROC curves (AUC) indicating 81 to 

87 percent agreement between predicted probabilities and observed outcomes. The models 

predicting top-kill (stem mortality + tree mortality) were those with better performance and 

higher explained variance. The sensitivity analysis considering the potential error in bark 

thickness measurements yielded very similar models (Text S1). 
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The random (site-level) effects in post-fire Q. suber responses were related to fire season 

and aspect. Early season fires had significantly higher coefficients (P = 0.02), suggesting that 

tree mortality was higher in sites burned in early summer than in those burned in late summer 

or winter. There was also a positive correlation between site coefficients in the stem mortality 

models and the proportion of trees in unfavourable aspects on each site (r = 0.51, P = 0.02), 

confirming the detrimental effect of southern aspects on tree stem survival. For the remaining 

environmental variables no significant associations with site-level effects were found in any 

response type. 

Discussion 

Influence of bark thickness and bark exploitation 

Our results clearly indicate that bark thickness (BT) is a major determinant of the post-fire 

responses of Q. suber, and this is especially relevant in trees that are subjected to bark 

exploitation. Tree vulnerability to fire significantly decreases with increasing BT until bark is 

about 4 cm thick. Trees with bark thicker than 3–4 cm are well protected against heat injury 

and are very unlikely to die or to suffer stem mortality, i.e. they will likely resprout from the 

crown. Bark thickness is a key fire resistance factor for many other tree species worldwide 

[14–15,44–46]. Our results suggest that the probability of top-kill in Q. suber is considerably 

lower than in other Mediterranean broadleaves [30], even when bark is thinner than 3 cm. 

This can be explained by the low thermal conductivity properties of cork, which makes this 

material an excellent heat insulator [47]. The sensitivity analysis considering the potential 

error in BT measurements due to variations with time (see methods) yielded very similar 

models, strongly suggesting that this potential bias did not influence the post-fire response 

patterns obtained. 

Cork harvesting does not only drastically reduces bark thickness but it has additional 

effects. That is, in addition to BT, cork exploitation per se has a significant influence on tree 

resistance to fire, such that unexploited trees showed significantly less mortality and stem 

death than exploited trees, even for trees with the same bark thickness. In fact, debarking is a 

stress factor for trees and has been associated to vigour loss (e.g. [12]). Cork is usually 

extracted from stem and thicker branches by manually cutting with an axe along vertical and 

horizontal lines around the tree perimeter, and subsequently pulling out large cork planks. 

Such operation is performed during the period of periderm activity, when it is relatively easy 
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to separate the cork layer at the level of phellogenic active zone (i.e. cork cambium) without 

damaging the underlying phloem and vascular cambium [3,12]. This induces the formation of 

a new phellogen and cork regrowth, in such a way that cork oak trees can usually withstand 

repeated bark harvesting during their lives [3,12]. However, cork harvesting has immediate 

direct negative physiological effects on exploited individuals leading to considerable water 

losses through the stripped trunk surface. Additionally, stoma close quickly in the hours 

following debarking leading to interruption of the nutritional functions, which only return to 

normal after 24–30 days [3,12,48]. During this period the traumatic phellogen is formed and 

some layers of cork cells are produced thereby protecting the active phloem from further 

water losses. This process requires a very high consumption of reserves, leading to a decrease 

in the vascular cambium activity and a stop in wood growth during this period [3,12]. 

Additionally, the wounds caused by mechanical damages to the inner bark and vascular 

cambium during the cork harvesting operations [3] can also be associated with loss of tree 

vigour [49]. In our database, we had information about the presence of stem wounds in 36% 

of the sampled trees and verified that 63.1% of all exploited trees had stem wounds, 

contrasting with only 2.8% among unexploited trees (χ 2 = 596.246, P<0.001). We also 

verified that the presence of wounds is a better predictor of tree mortality than the exploitation 

status, suggesting that stem wounds are probably one of the main factors decreasing tree 

resistance to fire. Wounded trees are likely more vulnerable because bark is very thin or 

absent near wounds, making the trunk more sensitive to heat and to other agents, including 

beetle attacks and fungi infections [50–52]. Wounding is also likely to reduce tree vigour, 

both because of the energy resources that trees need for cicatrisation, and because the death of 

active xylem decreases the rate of nutrient and water absorption [53]. 

Influence of tree size and fire severity 

Our results indicate that larger trees (with higher DBH) are more likely to die or to suffer 

stem mortality than smaller ones, suggesting that the high maintenance cost of large trees may 

be relevant for their resprouting failure. In fact, basal resprouting ability has been reported to 

consistently decrease with tree DBH and age in several other oaks that are not recurrently 

debarked [33]. Diameter was somewhat related to the exploitation status (r = 0.46), with 

unexploited trees being often smaller than exploited trees (mean DBH of 14 and 27 cm, 

respectively). On the other hand, higher susceptibility of the larger exploited individuals could 

be expected. These trees have been probably debarked more often during their lifetime and 
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were probably subjected more often to poor management practices [12,28]. Also, larger trees 

are often debarked up to the branches as well (while smaller trees are debarked in the stem 

only), potentially exposing a larger surface of the tree to fire damage. However the lack of a 

significant interaction between DBH and Ex suggests that DBH exerts a similar effect on 

exploited and unexploited trees. 

Q. suber vulnerability to fire significantly increased with increasing tree char height 

(PCH), as expected. However, the limited importance of PCH in the models might be because 

of the relatively low variability of this parameter (mean = 88%; median = 100%) or because 

this metric is not the most appropriate for describing the level of injury; in such cases, other 

variables (e.g. char depth) could eventually be better indicators of injury. 

Environmental correlates of between-site variations 

Trees located in sites that burned earlier in the summer were more likely to die than those 

burning later. Other studies reported that plants are more susceptible to fire when they are 

flowering, actively growing, or when carbohydrate reserves are relatively low [33,54]. In fact 

some tree species appear more susceptible to early growing season burns than to late growing 

season burns [33,54]. This has been associated to the fact that both dead and live tissues 

moisture content is often higher in the early growing season, increasing thermal conductivity, 

heat exposure and the likelihood of necrosis in vulnerable tissues (e.g. elongating meristems). 

Additionally, carbohydrate reserves are also lower early in the growing season [33,54]. 

Although Q. suber is an evergreen species, spring and early summer are its main growing and 

flowering periods [12,55], thus seasonal physiological variation may explain the higher 

mortality of individuals in early summer fires. 

Trees located in sites with a higher proportion of south-facing aspects were also more 

vulnerable to fire. In the Mediterranean, south-facing slopes receive higher solar radiation, 

which increases temperature and reduces water availability to plants [34,56]. These slopes 

usually have less vegetation cover and a thinner soil layer, being more vulnerable to soil 

erosion [57]. Additionally, some of the more important diseases and insects affecting Q. suber 

have been reported to have higher incidence on south-facing slopes [58,59]. All these 

unfavourable conditions are likely to increase tree stress and consequently increase 

vulnerability to wildfires. 
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Implications for management and conservation 

Cork is a valuable natural resource and cork harvesting is currently the main reason for 

managers to maintain Q. suber ecosystems. However, bark harvesting is also a major factor 

contributing to increased tree vulnerability to fire damage. Thus, although Q. suber is usually 

recognized as one of the most fire-resistant and resilient Mediterranean tree species, wildfires 

can cause major economic and ecological impacts in ecosystems managed for cork 

production. 

The vulnerability of exploited trees is at its highest level immediately after bark 

harvesting (up to nearly 100% probability of mortality), and then it decreases with time as 

bark regrows until cork is 3–4 cm thick, which is usually attained by the end of the cork 

production cycle (9 to 15 years). Thus, during most of the time (particularly during the first 

half of the cycle) the exploited trees are much more vulnerable to fire than unexploited trees 

due to a longer period with thin bark. Therefore managers need to be aware of this to assure 

preventive measures. Furthermore, several studies indicate a current and future trend of 

increasing wildfire occurrence and severity due to changes in land management and climate 

[20,24,25,60], which will contribute to threaten cork oak ecosystems in the Mediterranean  

Basin. Climate change is also predicted to increase water stress [61] and to favour the spread 

of oak diseases in this region [62], decreasing the vigour of trees, and consequently further 

increasing their susceptibility to fire. 

A strong negative economic impact is expected in burned Q. suber stands, both because 

the charred bark looses its value, and bark productivity decreases. The minimum time 

required to start harvesting good quality cork (i.e. cork used to produce good quality stoppers) 

after fire is about 40 years for trees that died and need to be replaced [3], 30 years for the 

surviving trees with stem mortality and 10 years for trees with good crown regeneration [63]. 

The models presented can be used to help managers predicting post-fire tree responses, and 

thus improving their ability to estimate the impacts from fire. These impacts may include 

changes in cork production, carbon stocks, wildlife habitat, water retention and soil erosion. 

Models can also help planning post-fire management activities such as coppicing the more 

severely damaged trees [29] and assisting natural regeneration. 

Several alternative or complementary actions can be implemented in order to reduce fire 

damage in managed Q. suber stands [64]. Treating surface fuels just before debarking (i.e. 

every 9 to 15 years) and promoting less flammable species in the understorey, would reduce 
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fire intensity, hence char height, and could be an effective mitigation action to avoid severe 

fires particularly during the first half of the cork production cycle when trees are more 

vulnerable. An additional fuel treatment in the middle of the cycle could be recommended in 

high productivity sites where burn probability is higher. Fuel treatments need to be done with 

care to avoid root damage, and the biodiversity implications need to be considered. Careful 

management of cork harvesting activities could also decrease tree vulnerability to fire. Stem 

wounds, which are often inflicted to trees during bark harvesting operations, would be 

avoided e.g. by employing skilled workers or using automatic equipment for harvesting [63]. 

Before debarking, trees should be allowed time to recover from other stressing events, such as 

branch pruning, insect outbreaks, droughts or fires [18,64]. Other measures could include 

debarking coexisting trees of a given stand in different years (reducing the overall forest 

vulnerability) or increasing the length of the cork harvesting cycle and consequently 

increasing the time during which the trees have thicker bark and are better protected against 

fire injury. Such extension of the cork production cycle would not necessarily imply lower 

economic income [12]. Since cork is the main economical income from these forests, 

stopping bark exploitation might be unrealistic in most cases. However, in fire-prone areas 

where conservation is the main objective, this would likely be the most effective option to 

increase ecosystem resilience to fire. The valorisation of many other services provided by 

cork oak forests (e.g. [8]) could create economic incentives to decrease the bark-exploitation 

dependency of these systems in the future. 
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Supporting Information 

 

Table S1. List of the 22 studied wildfire sites in Portugal, Spain and France, including some site characteristics. 

General 
location 

Country Site Region Fire date Trees (n) Plots (n) 
Elevation 
(m) 

Prec. 
(mm) 

Temp. 
(ºC) 

Years SF 

West Iberia 

Portugal 

Avidagos 159 3 Aug. 2003 150 5 400 550 15.5 2 
Barrancos 159 15 July 2006 78 6 313 550 16.8 2 
Cedães 159 19 Aug. 2005 88 3 550 550 15.5 2 
Évora 159 7 Sep. 2006 120 4 321. 750 15.5 1 
Franco 159 15 July 2005 120 4 415 550 15.5 2 
Freixiel 159 4 Aug. 2002 150 5 500 900 13.8 3 
Mirandela 159 31 July 2006 352 12 300 550 15.5 1 
Agolada 168 29 Aug. 2006 30 1 64 650 15.5 1 
Agroal 168 4 Sep. 2006 24 7 163 750 16.8 1 
Caldeirãoa 168 26 July 2004 1132 40 430 900 16.6 1 
Frazão 168 19 June 2003 300 10 107 650 15.5 4 
Mafrab 168 11 Sep. 2003 326 12 162 750 13.8 4 
Portel 168 3 Aug. 2005 300 10 325 650 16.8 2 
Raposa 168 1 Aug. 2003 305 11 42 650 15.5 4 
V. Covo 168 30 June 2004 143 5 77 650 15.5 3 
V. Florido 168 6 Aug. 2006 33 5 333 1100 16.8 1 

Spain 

Cañaveral 159 1 Aug. 2003 29 3 470 715 15.9 1 
Carmonita 159 2 Aug. 2003 58 6 460 650 15.5 1 
V. Alcantara 168 1 Aug. 2003 112 11 485 550 15.6 1 

East Iberia 
and South 
France 

Espadà 162 31 Jan. 2003 269 20 606 558 13.4 1 
Gironac 162 10 Aug. 1994 115 4 408 820 17.0 2 

France 
Maures 
massif d 162 29 Jul. 2003 351 19 650 1050 11.5 3 

(1) General geographic location; Country; Site, name of the study site; Region, ecological region code (EEA 2003; codes: 168 - Southwest Iberian Mediterranean sclerophyllous and mixed 
forests; 159 - Iberian sclerophyllous and semi-deciduous forests; 162 - Northeastern Spain & Southern France Mediterranean); Fire starting date; Trees, number of sampled trees in each site; 
Plots, number of sampled plots; Elevation, mean elevation of the site; Prec., mean precipitation; Temp., mean temperature; Years SF, number of years between the fire and the sampling. (2) 
References: a Moreira et al. 2007, 2009; Catry et al. 2009; b Catry et al. 2010; c Pausas 1997; d Curt et al. 2010; (data from the remaining sites have been described in technical reports and 
graduation thesis).  
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Table S2. List of the 22 fire sites and main tree characteristics. 

General 
location 

Country Site 
Sampled trees (n) DBH (cm) BT (cm) PCH (%) 
Total Ex. UEx. Total Ex. UEx. Total Ex. UEx. Total Ex. UEx. 

West Iberia 

Portugal 

Avidagos 150 91 59 35 (15) 37.4 (13.5) 17.6 (7.6) 2.6 (1.0) 2.3 (1.0) 3.0 (0.9) 84 79 93 
Barrancos 78 44 34 28 (11) 30.0 (7.7) 15.1 (6.2) 2.2 (1.0) 2.4 (0.9) 2.0 (1.1) 93 94 92 
Cedães 88 18 70 19 (14) 26.8 (10.6) 11.9 (12.0) 1.8 (0.8) 2.0 (1.0) 1.7 (0.8) 98 100 97 
Évora 120 52 68 29 (18) 37.1 (18.5) 13.5 (6.0) 2.8 (0.6) 2.9 (0.5) 2.8 (0.6) 100 100 100 
Franco 120 63 57 26 (18) 33.4 (19.5) 13.1 (6.1) 1.2 (0.6) 1.1 (0.7) 1.3 (0.5) 83 74 92 
Freixiel 150 63 87 30 (12) 35.2 (9.2) 18.6 (6.1) 2.4 (0.8) 2.5 (1.0) 2.3 (0.5) 99 100 99 
Mirandela 352 132 220 23 (13) 30.3 (10.6) 12.4 (8.2) 1.4 (0.7) 1.2 (0.8) 1.5 (0.7) 91 85 96 
Agolada 30 22 8 30 (13) 28.5 (10.2) 11.3 (4.5) 2.9 (0.6) 2.9 (0.6) 2.7 (0.6) 94 93 96 
Agroal 24 0 24 17 (6) - 12.5 (4.7) 2.1 (0.7) - 2.1 (0.7) 97 - 97 
Caldeirão 1132 840 292 27 (12) 26.0 (11.9) 10.7 (3.5) 2.6 (1.2) 2.4 (1.3) 2.9 (0.8) 78 79 76 
Frazão 300 272 28 27 (9) 25.7 (8.7) 9.9 (4.8) 1.4 (1.2) 1.2 (1.1) 2.8 (0.5) 91 90 96 
Mafra 326 195 131 28 (18) 20.2 (7.6) 24.1 (18.5) 2.8 (1.7) 1.8 (0.8) 3.5 (1.8) 91 97 87 
Portel 300 199 101 23 (7) 22.0 (6.8) 15.2 (5.8) 1.7 (1.1) 1.3 (1.1) 2.3 (0.9) 94 95 92 
Raposa 305 161 144 19 (9) 20.6 (10.4) 8.5 (2.2) 1.9 (0.8) 1.6 (0.9) 2.3 (0.5) 97 97 97 
V. Covo 143 115 28 23 (10) 20.9 (9.6) 9.5 (3.0) 2.2 (0.6) 2.2 (0.6) 2.2 (0.4) 83 80 97 
V. Florido 33 22 11 23 (8) 22.4 (7.1) 12.4 (3.0) 1.8 (1.1) 1.7 (1.3) 2.1 (0.7) 100 100 100 

Spain 

Cañaveral 29 29 0 53 (24) 53 (23.7) - 2.5 (1.0) 2.5 (1.0) - 56 56 - 
Carmonita 58 20 38 19 (15) 34.3 (16.7) 10.4 (4.7) 2.0 (1.0) 1.5 (0.8) 2.3 (1.0) 90 83 94 
V. Alcantara 112 78 34 39 (26) 49.7 (23.5) 13.0 (8.0) 2.1 (1.2) 2.1 (1.2) 2.3 (1.1) 85 83 91 

East Iberia and 
South France 

Espada 269 94 175 19 (9) 24.5 (7.3) 10.4 (3.3) 1.6 (0.6) 1.8 (0.6) 1.4 (0.6) - - - 
Girona 115 40 75 19 (11) 24.6 (6.8) 6.8 (3.4) 2.3 (0.9) 3.1 (0.7) 1.7 (0.7) - - - 

France 
Maures 
massif  351 0 351 25 (17) - 2.6 (1.1) 2.6 (1.1) - 19.5 (15.5) 88 - - 

Mediterranean  All 4585 2486 2099 21 (14) 27.2 (13.4) 14.3 (11.0) 2.1 (1.2) 2.0 (1.2) 2.3 (1.1) 88 86 91 

(1) General location; Country; Fire site, name of the study site; Sampled trees, total number of sampled trees; DBH, mean (SD) diameter at breast height; BT, mean (SD) bark thickness; PCH, mean maximum bole char 
height expressed as percentage of tree height; Ex. and UEx. represent the exploited and unexploited trees, respectively.  
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Table S3. List of the 22 fire sites and main post-fire responses: individual mortality and top-kill. 

General 
location 

Country Site 
Trees 
(n) 

Mortality (%) Top kill (%) 
Total Ex. UEx. Total Ex. UEx 

West Iberia 

Portugal 

Avidagos 150 8.0 12.1 1.7 28.7 42.9 6.8 
Barrancos 78 10.3 13.6 5.9 15.4 20.5 8.8 
Cedães 88 0.0 0.0 0.0 1.1 0.0 1.4 
Évora 120 5.8 7.7 4.4 14.2 11.5 16.2 
Franco 120 12.6 17.5 7.1 46.2 57.1 33.9 
Freixiel 150 6.0 9.5 3.4 11.3 22.2 3.4 
Mirandela 352 13.6 28.8 3.9 26.0 34.1 20.9 
Agolada 30 10.0 4.5 25.0 10.0 4.5 25.0 
Agroal 24 0.0 - 0.0 8.3 - 8.3 
Caldeirão 1132 15.9 18.0 9.9 21.3 24.3 12.7 
Frazão 300 51.0 56.3 0.0 63.7 70.2 0.0 
Mafra 326 8.3 15.3 3.6 33.7 66.4 11.8 
Portel 300 32.0 42.2 11.9 52.3 70.4 16.8 
Raposa 305 17.0 24.8 8.3 40.3 60.2 18.1 
V. Covo 143 5.6 6.1 3.6 14.0 16.5 3.6 
V. Florido 33 9.1 13.6 0.0 21.2 31.8 0.0 

Spain 

Cañaveral 29 17.2 17.2 - 20.7 20.7 - 
Carmonita 58 13.8 40.0 0.0 39.7 60.0 28.9 
V. Alcantara 112 17.0 23.1 2.9 28.6 33.3 17.6 

East Iberia and 
South France 

Espada 269 0.7 0.0 1.1 4.1 0.0 6.3 
Girona 115 0.9 0.0 1.3 32.2 0.0 49.3 

France 
Maures 
massif  351 24.6 - 24.6 39.2 - 39.2 

Mediterranean  All 4585 16.2 22.8 8.5 29.3 37.8 19.3 

(1) General location; Country; Fire site, name of the study site; Trees, number of sampled trees; Mortality, percentage of dead trees; Top 
kill, percentage of trees with stem mortality; Ex. and UEx represent the exploited and unexploited trees, respectively.  
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Table S4. Summary of the sequential ANOVA for each post-fire response model, applied to the variables previously selected by the 
stepwise procedure (variables are added sequentially in the order of their contribution to the remaining explained deviance). 

Models* Overall (n=4585 trees) West Iberia (n=3850 trees)
 Df AIC LogLik χ2 P-value  Df AIC LogLik χ2 P-value 
Individual mortality Individual mortality 
Null model 2 3673.5 -1834.8 - - Null model 2 3223.7 -1609.8 - - 
+BT 3 3228.4 -1611.2 447.1 <0.0001 +BT 3 2792.6 -1393.3 433.1 <0.0001 
+DBH 4 3162.3 -1577.2 681 <0.0001 +DBH 4 2704.3 -1348.2 90.3 <0.0001 
+Ex 5 3150.5 -1570.2 30.8 <0.0001 +Ex 5 2697.2 -1343.6 9.1 0.0025 
+BT*Ex 6 3136.7 -1562.3 15.8 <0.0001 +BT*Ex 6 2681.3 -1334.7 17.9 <0.0001 
- - - - - - +PCH 7 2673.7 -1329.8 9.6 0.0019 
Stem mortality (top-kill) Stem mortality (top-kill) 
Null model 2 5076.9 -2536.5 - - Null model 2 4354.6 -2175.3 - - 
+BT 3 3860.3 -1927.1 1218.7 <0.0001 +BT 3 3209.1 -1601.5 1147.5 <0.0001 
+Ex 4 3808.7 -1900.3 53.6 <0.0001 +Ex 4 3146.1 -1569.0 65.0 <0.0001 
+BT*Ex 5 3799.0 -1894.5 11.6 0.0006 +PCH 5 3080.7 -1535.4 67.4 <0.0001 
+DBH 6 3796.3 -1892.2 4.7 0.0299 +DBH 6 3062.8 -1525.4 20.0 <0.0001 
Crown regeneration only Crown regeneration only 
Null model 2 5702.4 -2849.2 - - Null model 2 4972.6 -2484.3 - - 
+BT 3 4890.8 -2442.4 813.6 <0.0001 +BT 3 4234.7 -2114.3 739.9 <0.0001 
+Ex 4 4890.5 -2441.3 2.3 0.1307 +Ex 4 4231.7 -2111.9 4.9 0.0265 
+BT*Ex 5 4878.6 -2434.3 13.9 0.0002 +BT*Ex 5 4221.3 -2105.6 12.5 0.0004 
+DBH 6 4875.5 -2431.8 5.1 0.0237 +PCH 6 4152.0 -2070.0 71.3 <0.0001 

*For each post-fire response type: (1) Variables: BT, bark thickness (cm); Ex, exploited for cork (yes vs. no); DBH, diameter at breast height (cm); BT*Ex, 
interaction between BT and Ex; PCH, maximum bole char height expressed as percentage of tree height (%); NA, means that the variable was not tested because it 
was not available in all sites; (2) Model statistics: Df, degrees of freedom; AIC, Akaike information criteria; LogLik, log-likelihood; χ2, chi-square; P-value, 
significance level. 
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Text S1 

 

Sensitivity analysis accounting for potential bark thickness measurement constraints 

Correction of bark thickness estimates 

In order to evaluate to what extent the potential problems of BT measurement under- or 

overestimation could be affecting our results, we created a new variable consisting of an 

estimated BT at the time of the fire (EBT). This was derived from our field measurements, but 

with the following correction factors:  

(i) Correcting for the potential loss of bark caused by the fire: We found no information on 

the potential loss of cork thickness after fire. Cork is a very good insulation material, with low 

flammability, which does not burn easily; however, in severe fires some consumption of the 

external layers can occur. Usually the scorched cork depth seems to represent 20 to 25% of 

the total bark thickness [49], but there is no evidence at all that this scorched bark will be lost 

from the tree. Given that many of our trees had a relatively thin bark, we increased BT in 2 

mm to all trees, to take into account the external cork layers that could have been consumed 

during the fire. 

(ii) Correcting for the potential growth of bark after fire: we decreased BT, accounting for 

potential bark growth that might have occurred between the fire and BT measurements. Since 

we have not found any specific information in the literature about cork growth after fire, we 

used as reference a mean annual cork growth value for unburned trees (exploited trees = 3.3 

mm and unexploited trees = 1.5 mm; cork growth data from 65 sites in Portugal, Spain and 

France - based on [3]). However, we introduced a correction factor because post-fire bark 

growth is not expected to be the same on unburned and burned trees (Table 1). In spite of the 

lack of information about the impact of fire on cork growth, it is known that several stressing 

factors such as insect attacks, wounding or adverse weather conditions can cause the 

suspension or the reduction of bark growth in the following years [3,12,49]. For example 

crown defoliation caused by insects (Lymantria dispar) was reported to suddenly reduce cork 

oak bark growth, maintaining its influence during the subsequent years [12]. Thus it is likely 

that a defoliation caused by fire can have the same type of consequences. Considering that in 

90% of the sampled trees the maximum char height was more than 55% of the tree height, 

(and 100% PCH in 60% of the trees), we can assume that almost all trees suffered total crown 

defoliation. Additionally to defoliation, fire is likely to cause other types of damages such as 
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branch, stem or root injury that will contribute to weaken the physiological status of the 

burned trees and delay bark growth. For example some authors [49] reported a negative effect 

of stripping wounds on cork growth (13-16% reduction), particularly noticed in the two first 

years after wounding. Although the trees have energy reserves to recover, these reserves will 

be primarily used to cover the vital needs for survival, namely to rebuild the crown or for 

wound cicatrisation [e.g. 62], thus bark growth will not be a priority. Considering all these 

issues, and in order to try to keep the correction as realistic and simple as possible, we opted 

to introduce a reduction factor which started by 100% (i.e. assuming no bark growth during 

the first year after fire), and decreased progressively at 25% intervals (see Table 1).  This 

correction was only applied to the trees with stem survival (71% of all trees), as for the others 

the cambium died and no additional cork growth is expected to have occurred after fire.  

 

Table 1. Bark thickness corrections applied to burned cork oak trees with stem survival, as a function of time 
between fire and tree assessment (TSF). Based on mean annual cork growth of unburned trees: unexploited = 1.5 
mm; exploited = 3.3 mm (Pereira et al. 2007). 

Time after fire (years) 1 2 3 4 

Annual bark growth reduction (%) 100% 75% 50% 25% 

Cumulative growth reduction (mm) 
Unexploited trees 0 0.4 1.1 2.3 

Exploited trees 0 0.8 2.5 5.0 

 

Models comparison 

After the BT correction, new models were fitted and compared with the ones with the original 

BT measurements, to analyse if the variables selected or their importance changed. Results 

show that both the variables selected and their signs did not changed and the coefficients 

registered only slight variations (Table 2 and Fig. 1). Models performance (evaluated through 

AUC and R2) also remained practically unchanged (Table 2). Based on these results, we 

consider that the potential problem of post-fire BT under- or overestimation is not important 

in this particular case, and can be accepted.   
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Table 2. Coefficients of the overall generalized linear mixed-effects models (standard error in brackets) for 
predicting post-fire Q. suber responses. Comparison between the models using the original versus corrected bark 
thickness. 

Post-fire 

response 

Individual mortality 

(dead) 

Stem mortality   

(top-killed, including dead) 
Crown resprouting only 

Level of 

analysis 

Original 

model (1) 

Corrected 

model (2) 

Original 

model (1) 

Corrected 

model (2) 

Original 

model (1) 

Corrected 

model (2) 

Trees (n) 4585 4585 4585 4585 4585 4585 

β0 -2.01‡ (0.30) -1.94‡ (0.30) 0.54 (0.29) -1.62* (0.28) -1.31‡ (0.26) -1.35‡ (0.26) 

BT -0.58‡ (0.09) -0.57‡ (0.09) -1.20‡ (0.08) -1.15‡ (0.08) 0.76‡ (0.06) 0.74‡ (0.06) 

Ex (yes) 1.39‡ (0.26) 1.37‡ (0.27) 1.14‡ (0.23) 1.22‡ (0.24) -0.94‡ (0.20) -1.02‡ (0.21) 

BT* Ex -0.43‡ (0.11) -0.44‡ (0.11) -0.30† (0.10) -0.41‡ (0.10) 0.33‡ (0.08) 0.39‡ (0.08) 

DBH 0.02‡ (0.00) 0.02‡ (0.00) 0.01* (0.00) 0.01* (0.00) -0.01* (0.00) -0.01* (0.00) 

AUC 0.83 0.83 0.86 0.86 0.82 0.82 

R2 0.20 0.20 0.37 0.37 0.23 0.24 

(1) Model coefficients: β0, intercept; BT, bark thickness (cm); Ex, exploited for cork (yes vs. no); DBH, diameter at breast height (cm); 
BT*Ex, interaction between BT and Ex; standard error of each coefficient is shown in brackets; (2) Significance of coefficients for the 
variables refers to the change in explained variance (* P<0.05; † P<0.01; ‡ P<0.001) and for categorical variables refers to the comparison 
with the first category. (3) Models evaluation: AUC, area under the ROC curve; R2, Nagelkerke R2. 

 

 

Fig. 1. Comparison of the post-fire Q. suber responses between the original (1) and the corrected (2) models 
presented in Table 2 (tree response probabilities are represented as a function of bark thickness and exploitation 
status; DBH is held constant at 21 cm, representing the average tree). For each response the differences between 
the two models are negligible. 
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III.  POST-FIRE RECOVERY AND 
MANAGEMENT 

 

 

 

This section is composed of three chapters dealing with the recovery and management of 

burned forests. In chapter 6, a study of two post-fire management techniques (using natural 

regeneration and planting) is performed in order to evaluate which is more effective. Survival 

and growth of planted and resprouted individuals of two broadleaved tree species are assessed 

in a burned area and the results are compared. Chapter 7 explores the impact of deer herbivory 

on the frequency, diversity and floristic composition of a burned woody plant community. 

This six-year study provides a short- to medium-term perspective of the post-fire effects of 

wild herbivores on the ecological succession of a mixed forest. Finally, in chapter 8, an 

overview of the ecology and post-fire management of cork oak forests is presented. A 

literature review, along with the results achieved in chapters 3-5, are used to synthesize the 

state of the art and to provide guidelines to help improving the management these important 

ecosystems. 
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Comparing survival and size of resprouts and planted trees for post-fire 

forest restoration in central Portugal 

Francisco Moreira, Filipe Catry, Tito Lopes, Miguel N. Bugalho, Francisco Rego 

Centro de Ecologia Aplicada “Prof.  Baeta Neves”, Instituto Superior de Agronomia, Universidade Técnica de 

Lisboa, Tapada da Ajuda, 1349-017 Lisbon, Portugal 

Abstract 

The post-fire restoration of burned forests in the Mediterranean basin usually involves 

planting or direct seeding, often neglecting the use of natural regeneration through basal 

resprouting. This study compared the survival and size of planted and resprouted Fraxinus 

angustifolia (narrowleaf ash) and Quercus faginea (Portuguese oak) in a burned area in 

central Portugal, after a 20–22-month growing period. Adult ash and oak trees were burned in 

a wildfire in September 2003. The survival and height of resprouting suckers were assessed 

21 months after fire. Seedlings coming from nurseries were planted in the same area during 

January to March, both in 2004 and 2005, and their survival and height were assessed 20–22 

months after planting. Survival was higher in resprouts than in planted trees in the case of oak 

(98% against 77% and 67%, respectively, for trees planted in 2004 and 2005) but not for ash 

(100% against 87% and 97%). Plant height was much higher in resprouts than in planted trees 

(4–5 times higher in oak; 2–3.8 times higher in ash), and a similar pattern was found for basal 

diameter (3.5–4.5 times higher in oak; 3–5 times higher in ash). The results suggest that using 

natural regeneration through resprouting may be a cheaper and more effective technique than 

planting to restore burned forests with a large proportion of resprouter species, as is the case 

of many Mediterranean broadleaved forests. 

Keywords: Sprouting, Mediterranean, fire, passive restoration, assisted restoration 
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Introduction 

Every year about half a million hectares of forests and shrublands are burned in southern 

European countries. The post-fire rehabilitation of these areas is a major task for national and 

regional governments, as well as for forest managers (Hüttl and Gerwin, 2007), but there is 

still a significant lack of knowledge on the best management techniques to use. In many 

situations burned trees are felled (salvage logging). After clear felling, there is strong political 

pressure to actively reforest burned areas in the Mediterranean region and this has been a 

common practice since the late 19th century, mainly in conifer forests (Pausas et al., 2004b; 

Vallejo, 2005). As an example, following the 2006 wildfires in Galicia (Spain), which burned 

150,000 ha of land, reforestation has been considered a restoration priority (Amil, 2007). In 

the case of Portugal, policies for the reforestation of burned forests have been common 

(Carvalho Mendes, 2006). All these reforestation efforts are assumed to be done by means of 

active restoration techniques such as plantation or direct seeding, each with its advantages and 

drawbacks (e.g. Duyea, 2000; Lamb and Gilmour, 2003; Vallejo et al., 2006). 

In contrast, taking advantage of passive restoration, by protecting areas from further 

disturbances and allowing natural colonization, regrowth and successional processes (Lamb 

and Gilmour, 2003; Vallejo et al., 2006), has not been frequently used as a restoration 

technique in the Mediterranean context. However, it usually entails a lower financial cost, 

even if some degree of intervention to assist this natural regeneration (either from seeds or 

resprouts) is used (e.g. Holz and Placci, 2005; Vallejo et al., 2006). Conflicts between these 

two approaches (active or passive) for restoration are possible, particularly if governments 

subsidise active restoration in areas where natural regeneration is occurring. 

Passive post-fire restoration may profit from regeneration from seeds (Pausas et al., 

2004a; Holz and Placci, 2005) or from resprouting of burned trees and stumps (mostly basal 

resprouting) (Espelta et al., 2003). Although there are several studies comparing the 

effectiveness of different restoration techniques, in terms of tree seedling survival and growth, 

they mostly compare planting and seeding methods (either natural seeding or direct seeding) 

(Lockhart et al., 2003; Ammer and Mosland, 2007; Dostálek et al., 2007), but not natural 

regeneration from basal resprouting of burned trees. However, the use of plant resprouting 

ability is already acknowledged as a powerful and pragmatic tool to restore some ecosystems 

(Wyant et al., 1995), e.g. the Atlantic rainforests of Brazil (Simões and Marques, 2007). In 

fact, resprouts have many potential advantages over seedlings or planted trees because they 



Chapter 6 
 

162 
 

have an  already established root system and high stored energy reserves, which may confer 

greater chances of plant survival and recovery (e.g. Bond and van Wilgen, 1996; Simões and 

Marques, 2007). 

In the summer of 2003, a wildfire occurred in a protected area in central Portugal (Tapada 

de Mafra). A post-fire monitoring programme of tree survival and post-fire responses was 

started in the winter following the fire. At the same time, the managers of this area decided to 

reforest part of the area by planting some species, including two – Fraxinus angustifolia 

(narrowleaf ash) and Quercus faginea (Portuguese oak) – also being monitored for post-fire 

resprouting. This provided an opportunity to compare survival and growth of planted and 

resprouted trees. The aim of this study is to compare the survival and size of resprouting 

shoots, 21 months after a fire, with the ones of planted seedlings with a similar growing 

period (20–22 months) in the field. 

Methods 

Study area 

The study area (885 ha) is located in central west Portugal (38◦58’30’’N, 9◦15’52’’W), 8 km 

far from the sea. The altitude ranges between 100 and 350 m and the soils are humic 

cambisols derived from sandstone. The mean annual precipitation is 798 mm and the mean 

annual temperature is 14.6◦C. The vegetation is mainly dominated by forests, composed by 

broadleaved and coniferous species (dominant species include Quercus faginea, Quercus 

suber, Quercus coccifera, Pinus pinaster and Pinus pinea), and by shrublands dominated by 

Erica spp. and Ulex spp. Ungulate populations of deer (Dama dama and Cervus elaphus) and 

wild boar (Sus scrofa) occur at densities of 0.4 deer/ha and 0.2 wild boar/ha. The area was 

severely affected by a wildfire in September 2003 that burned ca. 70% of the Tapada. During 

the study period the weather conditions were much worse in 2004 and 2005, the driest and 

lowest rainfall years since 1931, than in 2006, which was considered a normal year. Yearly 

rainfall data from a local weather station yielded 438 mm, 608 mm, 1024 mm, and 623 mm, 

respectively, for 2004, 2005, 2006 and 2007. 

Characterising survival and growth of trees resprouting from the base of dead stems 

Three months after the fire (December 2003), the study area was divided into a regular grid of 

500 m × 500 m, and 20 points (centers of each grid square) were randomly selected in the 
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burned area as the initial point for field transects. For some cases, the initial location of 

transects was changed because they were located in areas without trees. Each transect was ca. 

100 m long and 20 m wide, and the burned trees found along it were individually tagged, 

identified to species level, and measured (total height and diameter at breast height). To 

prevent the impact of wild herbivores on tree regeneration (basal resprouting) some trees were 

protected from browsing using individual tree protectors (woven-wire fencing with a height of 

1.5–1.8 m, and a mesh size of 5 cm × 5 cm). 

These protectors were installed between February and April 2004, thus an unknown 

degree of browsing occurred between the fire and the establishment of these protectors. Only 

data corresponding to protected trees were used in the current study. 

For the purposes of this comparative study, only data related to Fraxinus angustifolia 

(ash) and Quercus faginea (oak) resprouts are analysed, as these were the only species that 

were also planted in the area (see below). Both species had an excellent post-fire resprouting 

response (100% of the trees in the case of ash and over 90% for oak; Catry et al., 2006). The 

sample consisted of 19 ash and 56 oaks trees protected from herbivores. These were adult 

trees of ca. 5–15 m tall (mean diameter at breast height (DBH) of 35.3 cm (range = 18.8–63.3 

cm, n = 48) for oak; mean DBH of 33.3 cm (range = 20.7–50.9 cm, n = 10) for ash). The fire  

severity suffered by these trees was presumably high (charring height was on average 80% 

and 96% of total tree height, respectively for ash and oak, and the whole canopy was 

consumed by fire). Charred stems were logged after fire and remaining stumps (part of the 

trunk protruding from the ground after the tree has been felled) protected from herbivores. 

These stumps were assessed in June 2005, 21 months after fire. For each individual, the status 

(alive or dead, i.e. resprouting or not resprouting) and, for live trees, maximum shoot height 

(to the nearest cm) and maximum shoot basal diameter (to the nearest 0.1 cm, measured with 

a vernier caliper), were noted. 

Characterising survival and growth of planted trees 

Tree seedlings coming from nurseries were planted in 2004 (between January and March) and 

2005 (mostly planted in January, but a few planted in December 2004). A sample of 122 trees 

that had been planted in the vicinity of the monitored transects was selected (30 ash and 30 

oaks in 2004, and 29 ash and 33 oaks in 2005), all protected from herbivores with individual 

tree protections similar to the ones of resprouts. There was no information on seedling 

morphology when planted. However, for trees planted in 2004 measurements taken 1–3 
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months after planting, period during which growth must have been null or negligible, showed 

that mean height (±S.E.) was 49.5 ± 3.6 cm and 34.9 ± 2.5 cm, and basal diameter was 0.61 ± 

0.06 cm and 0.44 ± 0.02 cm, respectively for ash and oak. For 2005 we have no data on the 

size of planted seedlings. 

To compare survival, height and diameter with resprouts, planted trees were also assessed 

20–22 months after for trees planted in 2004, and 20 months after for trees planted in 2005. 

For each individual, we noted the status (dead or alive), basal diameter (to the nearest 0.1 cm) 

and plant height (to the nearest cm). 

Data analysis 

For each species, Fisher’s exact tests were used to test if survival rate was independent of 

plant status (resprouting or planted, considering the 2 years of planting separately). Height 

and diameter were compared among resprouts and planted trees using the non-parametric 

Kruskal–Wallis and Mann–Whitney tests (Siegel and Castellan, 1988). 

Results 

Plant survival 20–22 months after fire/planting was higher in resprouts than in planted trees. 

This difference was significant for oak (98.2% against 76.7% for 2004, Fisher’s exact test, P 

= 0.002; and 66.7% for 2005, P < 0.001) but not for ash (100% against 86.7% in 2004 and 

96.6% in 2005) (respectively, P = 0.148 and P = 1.00) (Fig. 1). For planted trees, differences 

between the 2 years were not statistically significant (Fisher’s exact test, P = 0.353 and P = 

0.416, respectively for ash and oak). 

Plant height 20–22 months was significantly higher in ash resprouts (median = 208.0 cm, 

n = 19) than in trees planted in 2004 (median = 53.0 cm, n = 26) and 2005 (median = 108.5 

cm, n = 28) (K–W test; X2 = 53.2, P < 0.001) (Fig. 2). For planted trees, differences between 

the 2 years were also significant (Mann–Whitney test, Z = 4.79, P < 0.001). A similar pattern 

was found for oak, with resprouts (median = 180.0 cm, n = 55) being much taller than 

individuals planted in 2004 (median = 37.0 cm, n = 23) and 2005 (median = 47.0 cm, n = 22) 

(K–W test; χ2 = 69.4, P < 0.001) (Fig. 2). For planted trees, differences between the 2 years 

were not significant (Mann–Whitney test, Z = 1.39, P = 0.162). 

Stem basal diameter after 20–22 months was significantly higher in ash resprouts (median 

= 3.00 cm) than in trees planted in 2004 (median = 0.50 cm) and 2005 (median = 0.80 cm) 

(K–W test; χ2 = 46.9, P < 0.001) (Fig. 2). For planted trees, differences between the 2 years 
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were also significant (Mann–Whitney test, Z = 3.95, P < 0.001). Similarly for oak, resprout 

diameter (median = 2.0 cm) was much thicker than in trees planted in 2004 (median = 0.40 

cm) and 2005 (median = 0.55 cm) (K–W test; χ2 = 68.5, P < 0.001) (Fig. 2). For planted trees, 

differences between the 2 years were also significant (Mann–Whitney test, Z = 2.84, P = 

0.005). 

 

 

Fig.  1. Survival of planted seedlings (white bars: trees planted in 2004; grey bars: trees planted in 2005) and 
post-fire resprouts (black bars) for ash and oak, after 20–22 months of growing period. 

 

  

Fig. 2.  Median and inter-quartile range (25% and 75% percentiles) of maximum plant height and stem diameter 
for ash and oak, after 20–22 months of growing period. Values are given for seedlings planted in 2004 (black 
dots), planted in 2005 (white dots), and post-fire resprouts (black squares). 

Discussion 

Passive forest restoration techniques are a valid approach when ecosystem 

structural/functional damage is limited and resilience is high (Lamb and Gilmour, 2003; 

Vallejo et al., 2006). However, even when natural regeneration is expected to occur and 
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constitutes a viable option, post-fire restoration projects in the Mediterranean basin often do 

not consider this alternative, concentrating efforts only in active restoration techniques (which 

can even destroy natural regeneration while being implemented). In fact, from a political 

perspective, there has been a simplistic approach of comparing areas burned and actively 

reforested (Pausas et al., 2004a,b). 

This study provided evidence that taking advantage of basal resprouting may be a 

suitable alternative strategy to replanting ash and Portuguese oak in central Portugal, as the 

survival and size of resprouts were higher, at least in the early stages of tree growth. Other 

studies have shown that the management of resprouting is a powerful technique to restore 

Mediterranean oak forests (Espelta et al., 2003), and this may hold for most Mediterranean 

areas and tree species, as long as they are resprouters (thus, most broadleaves). In our study 

area, 8 out of 11 tree species showed resprouting behaviour after fire, the only exceptions 

being pines (Catry et al., 2006). However, the fact that this study did not follow a strict 

experimental design but was constrained to the monitoring of reforestation actions taken by 

the managers of the study area brings some degree of uncertainty to the obtained results. For 

example, trees were planted in two consecutive years, rather than in the same year. The size of 

seedlings at the time of planting could not be assessed. Planting dates did not coincide with 

the timing of the wildfire. On the other hand, for resprouting trees, individual tree protectors 

were installed only 2–4 months after fire, thus an unknown degree of browsing probably had 

negative effects on sprout growth. Finally, resprouts were assessed just before summer (in 

June) whereas seedlings were assessed a few months later (August and September), after the 

dry summer period. Although these drawbacks should be taken into account when interpreting 

these results, the differences between survival and, in particular, size of sprouts and planted 

trees bring some degree of evidence to the advantages of using the resprouting characteristics 

of trees as a tool in post-fire restoration. This could be expected from an ecological point of 

view, as sprouts of adult trees should have a well established root system that enables higher 

survival and plant growth when compared to the very young trees coming from nurseries. But 

few studies have quantified these differences and in fact in many Mediterranean areas the 

political response to forest fires still is promoting reforestation actions, rather than managing 

resprouting. 

There are several advantages of using resprouting for restoration. First of all, the costs are 

lower, as less heavy or no equipment is needed, and often site preparation is not required 
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(Duyea, 2000; Lamb and Gilmour, 2003; Whisenant, 2005). Soil mobilization and subsequent 

erosion risk are also minimised. Plant survival and growth are enhanced as the resprouts have 

a well established root system, and a subsequent faster vegetation cover is achieved, again 

with important implications for preventing soil erosion (Vallejo et al., 2006). Further stages in 

natural regeneration management, depending on the objectives, may involve thinning, the 

selection of shoots and the control of unwanted vegetation (Lamb and Gilmour, 2003; Holz 

and Placci, 2005; Whisenant, 2005), and these will have associated costs. In contrast, planting 

has some drawbacks, most noticeably the costs associated with the acquisition of plant 

seedlings from nurseries, transport to the area (particularly in areas where access is difficult), 

fertilizers, tree shelters, replacement of dead plants, and human labour. Finally, plant survival 

and growth rates are generally much lower, particularly in the case of hard-woods (Duyea, 

2000; Lamb and Gilmour, 2003; Whisenant, 2005). In the current study survival of planted 

seedlings was particularly good when compared with other studies (Pausas et al., 2004b; 

Vallejo et al., 2006), in part because there was a particularly careful selection of sites for 

plantations. 

Differences between seedling survival and size after 20–22 months of planting were 

obvious for individuals planted in 2004 and 2005. This could be due to either or both (a) 

different seedling qualities used in the 2 years, and (b) the better climatic conditions (more 

rainfall) experienced by individuals planted in 2005, compared to the ones planted in 2004 

(which have experienced two consecutive very dry years). 

In conclusion, the fact that Mediterranean-type ecosystems are often dominated by shrub 

and tree species that have the ability to resprout after fire (e.g. Pausas, 1999) confers a high 

resilience to these systems. This characteristic could be used in post-fire restoration, mainly 

through assisting natural regeneration that will likely result in higher survival and growth 

rates, and thus a faster recovery rate, and generally less costly technical interventions, when 

compared to planting. However, further comparative studies of planted trees and resprouting 

individuals, using more appropriate experimental designs and controlled experiments, should 

be carried out to confirm the generality of the findings of this study and assess longer-term 

differences in survival and growth. 
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Abstract 

We studied the effects of deer exclusion on a burned woody plant community in Portugal, 

browsed by a dense population of red and fallow deer. We sampled a set of 12 open and 12 

fenced plots at 2, 3, 4 and 8 years after fire occurrence. Each plot was sub-sampled using a 

quadrat grid in order to estimate the relative plant frequency (proportion of quadrats with 

plants). The effect of fencing on the temporal trends of the overall plant frequency and 

diversity, and on the abundance of the four most common species, was modeled using 

Generalized Linear Mixed Models. The effect of fencing on plant assemblage composition 

was assessed using Redundancy Analysis. In open plots the relative plant frequency increased 

along the study period from 0.59 to 0.85, whereas in fenced plots there was a significantly 

faster recovery from 0.35 to 0.96. Cistus salvifolius and Rubus ulmifolius were significantly 

favored by fencing but a similar effect was not observed for Erica scoparia and Ulex jussiaei. 

The Redundancy Analysis showed a divergent floristic composition of the two sets of plots. 

The effect of fencing was significant for the Evenness index but not for the Shannon and the 

Richness indices. Our results show that a high deer density may delay the post-fire recovery 

of a Mediterranean community of woody plants and cause shifts in the direction of plant 

succession, at least at initial stages. 

Keywords: Deer; browsing; fire; plant frequency; floristic composition; diversity  
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Introduction 

Ungulate herbivores are keystone species in various ecosystems and strongly influence 

ecosystem dynamics (Bradshaw et al. 2003). The impact of ungulates on plant communities 

and ecosystems has gained importance in recent decades, given the remarkable growth of wild 

ungulate populations in Europe and North America (Côté et al. 2004). Particularly relevant is 

the case of deer populations in some European countries, where densities have reached levels 

often beyond the normal carrying capacity of ecosystems (Weisberg and Bugmann 2003, 

Focardi and Tinelli 2005, Fernández-Olalla et al. 2006). These increasing densities may cause 

shifts in vegetation structure, problems for forest regeneration, and human-wildlife conflicts 

(Weisberg and Bugmann 2003, Côté et al. 2004).  

Wildfires have also been growing in importance, particularly in some Mediterranean 

regions of southern Europe, where on average approximately half a million hectares burn 

every year (San-Miguel and Camia 2009). Although the grazing and browsing of domestic 

ungulates in burned areas has been a traditional practice in the Mediterranean region (Naveh 

1975, Blondel 2006), the browsing of burned areas by an increasingly numerous population of 

wild ungulates is a relatively recent phenomenon. This makes the investigation of the 

associated ecological processes particularly relevant for the management of Mediterranean 

ecosystems. Given the increased difficulties associated with the restoration of these areas 

(Vallejo et al. 2012) the management options for burned areas may vary according to the 

presence of ungulate herbivores in the area. These may include exclusion or reduction of 

browsing and grazing pressure to allow the recovery of plant communities, particularly during 

initial development stages. However, in spite of the ecological relevance of such processes 

there are few studies specifically showing how the occurrence of high densities of wild 

herbivores may affect vegetation dynamics in burned Mediterranean plant communities. 

Immediately after fire there may be a sharp decrease in the amount of available plant 

resources, which may result in an increased browsing pressure over unburned and emerging 

vegetation patches. At the same time, the nutritional quality of recently emerged plants (e.g. 

nitrogen content and digestibility) usually increases after fire (Hobbs et al. 1991) which 

stimulates further herbivory over these plants and attracts herbivores to feed in these patches 

(Moe and Wegge 1997, Laterra et al. 2003). Thus, ungulate herbivores may directly and 

indirectly alter the species composition and structure of plant communities through selective 

feeding. This may ultimately affect the whole ecosystem (Hobbs 1996, Augustine and 



Chapter 7 

174 
 

McNaughton 1998) and influence the post-fire ecological succession (Rogers et al. 2008, 

Royo et al. 2010). These effects can be particularly relevant in the case of woody species, 

which play a key role in the diet of ungulate herbivores. Bugalho and Milne (2003) showed 

that at least 50% of the summer diet of red deer were woody plants (particularly Quercus 

suber and Cistus ladanifer) in a Mediterranean plant community in Portugal, regardless of the 

availability of herbaceous plants. In another study in Spain Martínez (2009) concluded that 

74% of the diet of red deer consisted of woody plants (particularly Quercus ilex and 

Rosmarinus officinalis). In a large sample including 33 woody species in Spain Fernández-

Olalla et al. (2006) found that red deer diet was not dependent on deer density, with Quercus 

faginea, Arbutus unedo and Phyllirea angustifolia being the three most preferred species.  

As well as the selection by animals, the mechanisms by which the various species 

respond to herbivory may determine the overall impact on the plant community. Particularly 

relevant is the ability to resprout, which is commonly interpreted as an adaptation to 

disturbance (Bond and Midgley 2003, Bond and Keeley 2005, Pausas and Keeley 2009). 

Resprouters have the ability to respond to browsing by compensating for the eaten foliage 

with new shoots and leaves, whereas seeders may suffer significant damage resulting from the 

feeding activity of browsers (Focardi and Tinelli 2005). However the effect may be opposite 

since seeders may benefit from the presence of browsing animals, since these may facilitate 

dispersion processes by endozoochory particularly in the case of hard-coated seeds (Gill and 

Beardall 2001).  

Given the numerous factors which may influence a burned plant community under the 

impact of wild herbivores, it is difficult to predict the changes which will be produced in the 

burned area when animals are excluded. This is particularly relevant in the case of 

Mediterranean ecosystems, where plants have developed specific adaptations to withstand 

disturbances of different kinds. The study of these effects may help managers to make 

decisions concerning the management of animal populations and vegetation. In the present 

study we aim to assess the impact of a dense population of deer on a burned plant community 

dominated by woody species, along a post-fire period of eight years. With that purpose in 

mind we compared the post-fire evolution of the overall plant frequency, the diversity of plant 

species and the floristic composition in open and fenced experimental plots.  
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Methods 

Study area 

The present work was developed at Tapada Nacional de Mafra (TNM), a public protected area 

located in central west Portugal (38°58′30″ N, 9°15′52″ W), 8 km from the Atlantic Ocean. 

The altitude ranges from 100 to 350 m and the soils are humic cambisols derived from 

sandstone. The climate is Mediterranean with a marked dry season coinciding with the highest 

temperatures. The mean annual precipitation is 798 mm and the mean annual temperature is 

14.6ºC. The vegetation is mainly dominated by forests, composed of broadleaved and 

coniferous species, and shrublands, dominated by Erica spp. and Ulex jussiaei. There is a 

dense population of wild ungulates, consisting of Dama dama (fallow deer), Cervus elaphus 

(red deer), and Sus scrofa (wild boar), with about 40 deer/km2 (approximately 85% fallow 

deer) and 20 wild boar/km2 (unpublished information from TNM censuses). The area has a 

total surface of 827 ha and is completely surrounded by a 2 m high stone wall, preventing the 

animals from escaping to neighbouring areas. In September 2003 a large wildfire burned 

nearly 70% of the study area; vegetation was severely affected and most trees were top-killed 

(Catry et al. 2010). 

Sampling  

In March 2005, 18 months after the wildfire, an experimental area of 4 ha was fenced, in 

order to study the effect of animal exclusion on the plant community over time. We recorded 

the presence of all woody plant species on 12 sampling plots, on either side of the fence (12 

fenced plots and 12 open plots) located in relatively similar vegetation patches in order to 

reduce data dispersion. Each plot sampled an area of 40 m2 (10 x 4 m) divided by a grid of 1 x 

0.5 m quadrats, totalizing 80 quadrats per plot. Plots were monitored four times after the 2003 

fire, in 2005, 2006, 2007 and 2011 (hereafter identified as post-fire years 2, 3, 4 and 8). At 

years 2 and 8 we measured the height of all vegetation patches intercepted by a 10 m transect, 

in order to have an approximate estimation of the impact of browsing on plant development. 

The transect was established longitudinally to each plot, along the central axis of the plot. 

Browsing was excluded from fenced plots from 2005 to 2011, except for a short period at the 

end of 2009 when the fence was damaged and some fallow deer entered the area. The fence 

was repaired shortly after the damage, and after six weeks the animals had been removed 

from the area. However, due to the development of the vegetation at this stage, one single 
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fallow deer remained undetected inside the fenced area until the last survey in Spring 2011. 

With regard to the wild boar population, field observations revealed the ineffectiveness of the 

fence in preventing animals of this species from entering the fenced area. Therefore the 

obtained results are interpreted in terms of deer exclusion only, i.e. assuming that wild boar 

had similar access to both areas.  

Data analysis 

We estimated the overall relative frequency as the number of quadrats with woody plants (any 

species, rooted inside the quadrat), divided by the total number of quadrats (80) in each plot. 

This information allowed the overall expansion of the plant community in each plot to be 

assessed. This procedure was also used at the species level, to quantify the relative frequency 

of each of the four most common species: Cistus salvifolius, Erica scoparia, Ulex jussiaei and 

Rubus ulmifolius. We assessed the diversity of the plant community using three common 

diversity indices (Magurran 2004). The frequencies of all woody species were used to 

calculate the Shannon-Wiener diversity index and the corresponding Evenness index and we 

also registered the number of species (Richness index) in each plot. These eight variables 

(overall plant frequency, the frequencies of four species and the three diversity indices) were 

used in Generalized Linear Mixed Models (GLMM) as response variables. The analysis was 

performed using the R package lme4 (Bates et al. 2012). Time-after-fire, fencing (factor with 

two levels) and the respective interaction were included in the models as fixed explanatory 

factors, whereas the plot identification was included as a random effect. The squared 

transformation of time-after-fire was also included to take into account a possible quadratic or 

curve-shaped effect of time-after-fire. Overall and individual species frequencies were 

modeled using a binomial error distribution, the Shannon and Evenness variables were 

modeled using a Gaussian error distribution and Richness was modeled using a Poisson error 

distribution. Following Bates (2010), mixed models with uncorrelated and correlated random 

effects were compared using an ANOVA test and the more parsimonious model was selected. 

In order to assess the existence of significant differences between open and fenced plots for 

each variable and for each survey (years 2, 3, 4 and 8) we performed Mann-Whitney U tests 

(only significant results are presented in the Results section). Effects on species assemblage 

structure were assessed using redundancy analysis (RDA), a method of constrained ordination 

where the obtained canonical axes are linear combinations of the explanatory variables. The 

explanatory variables were time-after-fire, fencing and their interaction. Species frequencies 
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were standardized using the Hellinger transformation (Legendre and Gallagher 2001). The 

RDA was performed using a variance-covariance matrix of species frequencies. The analysis 

was performed using the R package vegan (Oksanen et al. 2012).We used a forward selection 

of variables based on permutation tests (function ordistep of the vegan package) to select the 

most parsimonious model. The significance of the overall RDA and of each of the axes was 

tested with a permutation test (minimum of 1000 permutations). Differences in plant 

development (height) at the beginning and at the end of the study were tested with t tests, 

using one mean vegetation height for each plot, as obtained by the respective longitudinal 

transect.  

Results  

Species inventory resulted in the identification of 25 woody species (Table 1). The most 

frequent species were the obligate seeder Cistus salvifolius and the resprouter Erica scoparia, 

representing respectively 31.9% and 25.9% of all pooled frequencies (all years, both 

treatments). The remaining species were far less frequent: Ulex jussiaei (8.1%), Rubus 

ulmifolius (5.8%), Myrtus communis (5.0%), Pistacia lentiscus (4.9%), Pinus pinaster (4.3%), 

Euphorbia characias (4.1%), and the other 17 species (pooled frequencies, 9.9%). At year 2 

the average vegetation height was similar at both sides of the fence (22.3±2.4 cm in open 

plots; 27.5±2.8 cm in fenced plots). At year 8 there was a significant (p=0.005) difference 

between the two treatments (71.2±16.3 cm in open plots; 95.5±21.8 cm in fenced plots). 

At the beginning of the experiment, the overall plant frequency (Fig. 1), was significantly 

(p=0.026) higher in open than in fenced plots (0.59±0.09 and 0.35±0.11, respectively). 

However plant recovery was slower in open plots, presenting a maximum frequency of 

0.85±0.05, eight years after fire, whereas at the same time fenced plots were almost 

completely covered by woody plants (0.96±0.01). All explanatory variables were significant 

in the obtained model (Table 2). The results for the interaction between time-after-fire and 

fencing confirmed the significant effect of animal exclusion, allowing a faster increase of 

plant frequency along the study (0.384, p=0.005).  
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Table 1. Average values (mean±SE) of species frequencies pooled for open and fenced plots and for the whole 
study period. Frequencies are the number of quadrats within each plot (maximum=80) where each species was 
registered. The last column shows the percentage of each species frequency within the sum of species 
frequencies. Species are ranked in decreasing order of the overall average frequency (open and fenced plots). 

Species Code Frequency %. 

Cistus salvifolius CV 42.81±2.74 31.9 
Erica scoparia ES 34.86±2.48 25.9 
Ulex jussiaei UJ 10.91±1.82 8.1 
Rubus ulmifolius RU 7.81±0.95 5.8 
Myrtus communis MC 6.78±0.96 5.0 
Pistacia lentiscus PL 6.52±0.96 4.9 
Pinus pinaster PP 5.83±0.76 4.3 
Euphorbia characias EC 5.50±0.95 4.1 
Crataegus monogyna CM 2.82±0.62 2.1 
Erica lusitanica EL 2.76±0.79 2.1 
Cistus crispus CC 1.67±0.43 1.2 
Daphne gnidium DG 1.40±0.20 1.0 
Fraxinus angustifolia FA 1.34±0.45 1.0 
Quercus coccifera QC 0.85±0.20 0.6 
Olea europaea  OE 0.72±0.15 0.5 
Genista triacanthus GT 0.61±0.23 0.5 
Quercus suber QS 0.41±0.07 0.3 
Quercus faginea QF 0.26±0.08 0.2 
Pinus pinea PI 0.20±0.07 0.1 
Salix atrocinerea SA 0.11±0.03 0.1 
Asparagus aphyllus AA 0.10±0.03 0.1 
Cistus monspeliensis CP 0.03±0.03 <0.1 
Rhamnus alaternus RA 0.03±0.02 <0.1 
Smilax aspera SX 0.02±0.01 <0.1 
Acacia melanoxylon AM 0.01±0.01 <0.1 
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Table 2. Description of generalized linear mixed models. Time is a scale variable representing the number of 
years after the 2003 wildfire. Fencing is a binary variable corresponding to open and fenced plots; ns = variable 
not retained in the final model. 

 

Results for C. salvifolius, the main species responsible for the overall plant frequency 

(Fig. 2), showed that open plots presented frequencies similar to fenced plots at year 2 

(0.24±0.11 and 0.28±0.09, respectively). Frequencies increased across time in both treatments 

but at year 8, open plots had a significantly (p=0.007) lower presence of this species than 

fenced plots (0.56±0.10 and 0.84±0.03, respectively). The existence of two different trends 

was confirmed in the resulting model, which showed a significant interaction between time 

and fencing (0.265, p=0.013). For E. scoparia and U. jussiaei, the model with the best fit 

included only time-after-fire. Average frequencies observed for E. scoparia were 0.36±0.11 

and 0.22±0.11 at year 2, changing to 0.52±0.07 and 0.45±0.06 at year 8, for open and fenced 

plots respectively (Fig. 3). Average frequencies observed for U. jussiaei were 0.17±0.09 and 

Response variable Explanatory variables Coefficients P value % deviance 
explained 

Overall plant 
frequency 

Time 
Time2 
Fencing 
Time * fencing 

2.635 
-0.233 
-1.846 
0.384 

<0.001 
<0.001 
0.021 
0.005 

74.1% 

C. salvifolius 
frequency 

Time 
Time2 
Fencing 
Time * fencing 

2.037 
-0.176 
-0.383 
0.265 

<0.001 
<0.001 
0.592 
0.013 

68.1% 

E. scoparia 
frequency 

Time 
Time2 
Fencing 
Time * fencing 

1.598 
-0.143 
– 
– 

<0.001 
<0.001 
ns 
ns 

66.0% 

U. jussiaei  
frequency 

Time 
Time2 
Fencing 
Time * fencing 

1.369 
-0.128 
– 
– 

<0.001 
<0.001 
ns 
ns 

85.6% 

R. ulmifolius 
frequency 

Time 
Time2 
Fencing 
Time * fencing 

1.303 
-0.153 
-1.251 
0.524 

<0.001 
<0.001 
0.033 
<0.001 

71.3% 

Richness 

Time 
Time2 
Fencing 
Time * fencing 

0.478 
-0.044 
– 
– 

<0.001 
<0.001 
ns 
ns 

18.1% 

Evenness 

Time 
Time2 
Fencing 
Time * fencing 

0.081 
-0.007 
0.139 
-0.025 

<0.001 
0.021 
0.005 
0.009 

15.1% 

Shannon-Wiener 

Time 
Time2 
Fencing 
Time * fencing 

0.621 
-0.057 
– 
– 

<0.001 
<0.001 
ns 
ns 

45.5% 
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0.05±0.03 at year 2, changing to very similar values (0.10±0.04 and 0.11±0.03) at year 8, for 

open and fenced plots respectively (Fig. 4).The least frequent species from the analyzed set, 

R. ulmifolius, was the most influenced (Fig. 5) by the interaction between time and fencing 

(0.524, p<0.001). There was a low frequency of this species at year 2 in both open and fenced 

plots (0.09±0.03 and 0.01±0.01, respectively). However at year 8, open plots presented a 

significantly (p=0.009) lower frequency than fenced plots (0.05±0.02 and 0.21±0.04, 

respectively).  

At the start of the experiment (year 2) open and fenced plots showed a similar number of 

species (7.17±1.26 and 6.25±1.26, respectively) and a very similar trend in the following 

years (Fig. 6). At year 8 the Richness index was the same in open and fenced plots (9.33±0.81 

and 9.33±0.64, respectively). Accordingly, time-after-fire was significant in the obtained 

model but fencing and the respective interaction were non-significant. The Evenness index 

(Fig. 7) presented significantly (p=0.018) lower values in open plots than in fenced plots at 

year 2 (0.60±0.05 and 0.77±0.44, respectively). However at the end of the study period the 

two treatments presented similar values (0.71±0.02 and 0.67±0.02, respectively). The two 

trends were clearly distinct as shown by the significant interaction between time and fencing 

in the obtained model (-0.025, p=0.009). The Shannon-Wiener diversity index showed a 

similar quadratic trend in open and fenced plots (Fig. 8). At year 2 open plots were similar to 

fenced plots (1.15±0.19 and 1.21±0.13, respectively) both showing a strong increase in the 

third year after fire. At the end of the study period we also found similar values in the two sets 

of plots (1.55±0.08 and 1.48±0.06, for open and fenced plots respectively). The obtained 

model showed a significant effect of time-after-fire but the other explanatory variables did not 

show significant results. 

Results obtained by Redundancy Analysis are shown in Fig. 9. The RDA retained two 

variables and two significant canonical axes (F=4.95, p<0.001) that explained 7.6% of the 

total variance (adjusted r2) in the species matrix. The first axis (F=7.64, p=0.001; 77.2% of 

explained variance) represented a gradient of changes in species composition over time, and it 

represented a gradient of increasing frequency of E. scoparia and C. salvifolius, along with a 

decrease of P. pinaster. The second axis (F=2.26, p=0.044; 77.2% of explained variance) 

represented the effect of animal exclusion, with fenced plots having a higher frequency of R. 

ulmifolius and, to a lesser extent, C. salvifolius. The RDA triplot in Fig. 9 also shows that the 

effect of fencing (spread of points along axis RDA2) increased over time.  
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Fig. 1 Overall plant frequency (mean ± SE), in open and fenced plots, registered at 2, 3, 4 and 8 years after fire. 

 

 

 

Fig. 2 Frequency of Cistus salvifolius (mean ± SE), in open and fenced plots, registered at 2, 3, 4 and 8 years 
after fire. 
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Fig. 3 Frequency of Erica scoparia (mean ± SE), in open and fenced plots, registered at 2, 3, 4 and 8 years after 
fire. 

 

 

 

Fig. 4 Frequency of Ulex jussiaei (mean ± SE), in open and fenced plots, registered at 2, 3, 4 and 8 years after 
fire. 
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Fig. 5 Frequency of Rubus ulmifolius (mean ± SE), in open and fenced plots, registered at 2, 3, 4 and 8 years 
after fire. 

 

 

 

Fig. 6 The Richness index (mean ± SE), in open and fenced plots, registered at 2, 3, 4 and 8 years after fire. 
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Fig. 7 The Evenness index (mean ± SE), in open and fenced plots, registered at 2, 3, 4 and 8 years after fire. 

 

 

 

 

Fig. 8 The Shannon-Wiener index (mean ± SE), in open and fenced plots, registered at 2, 3, 4 and 8 years after 
fire. 
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Fig. 9 Triplot showing the results of Redundancy Analysis using the variance-covariance matrix of species 
frequencies. Dots represent the sampling plots in the different surveys. Letters represent the different species 
(species codes in Table 1). Fencing and Time (time-after-fire) were the explanatory variables retained in the final 
model. 

 

Discussion  

Wild herbivores may affect the vegetation recovery in burned areas, and should therefore be 

taken into consideration in post-fire management (Vallejo et al. 2012). These impacts may be 

more significant when high densities of herbivores are present, such as those verified in our 

study area (40 deer/km2). Other studies have reported significant impacts on plant 

communities, caused by similar deer densities (Focardi and Tinelli 2005, Fernández-Olalla et 

al. 2006). However, impacts obviously depend on the type of vegetation involved. For 

example Alverson et al. (1988) refer to deer densities reaching 8 animals/km2 as having a 

detrimental influence on the preservation of biodiversity in temperate forests of North 

Wisconsin in the US, whereas Lovari et al. (2007) report negligible effects on vegetation, 

resulting from 25 deer/km2 in the Mediterranean shrublands of Sardinia.  

One of the impacts of herbivores may be the reduction of plant cover or the change of its 

pattern (Seifan and Kadmon 2006, Raffaele et al. 2011). Our study shows that plant recovery 

was faster in browsing-excluded plots than in open plots. This faster recovery was evident not 

only in terms of site occupation but also in terms of height development. Besides browsing, 
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trampling can be also a major factor affecting the recovery of burned plant communities and 

may have also influenced the obtained results (Duncan and Holdaway 1989, Pellerin et al. 

2006). We also show that the presence of wild herbivores affects the ecological succession of 

burned areas. By the end of the study period, eight years after fire occurrence, 16% of the 

open-plot quadrats did not show any presence of woody plants in contrast with fenced plots, 

where almost all quadrats were occupied by plant individuals. This difference becomes even 

more significant since open plots had a higher plant frequency at the beginning of the study, 

18 months after fire. This result has implications for post-fire management in general (Kramer 

et al. 2003, Vallejo et al. 2012) and particularly for soil conservation in burned areas (Howard 

1964, DeByle 1985, Côté et al. 2004) given the potential degradation which may arise due to 

soil exposure. 

Our results show a much higher increase of plant frequency from 2005 to 2006, than from 

2006 to 2007. Although our study did not include the first year after fire, plant frequency 

observed in the second year presented relatively low values (47%, average for all plots), 

particularly if we consider the high resilience of Mediterranean vegetation (Pausas and 

Vallejo 1999). This may be explained by the intense drought experienced in 2004 and 2005 

(Santos et al. 2007). In these years the overall precipitation in the Lisbon District represented 

67% and 54%, respectively of the 2001-2010 average. In contrast, 2006 was a normal 

hydrological year (16% above average), which may explain the 2-fold increase in plant 

frequency, from the second to the third year after fire. As to the results obtained in 2011, we 

should take into account the presence of one deer for more than one year, inside the fenced 

area. Nonetheless it is unlikely that this presence could have significantly affected the 

obtained results in terms of plant frequency, given the high development of the vegetation in 

fenced plots at this stage. 

At the species level the interaction of fencing and time was significant for C. salvifolius 

and R. ulmifolius frequencies, with both species being favored by animal exclusion. The first 

is a small seeder shrub and the second is a climbing resprouter. Rubus species are known for 

being browsed by deer (Jackson 1980, Hosey 1981, Bugalho and Milne 2003, Boulanger et al. 

2009) and R. ulmifolius is consumed by deer in the study area (Ferreira 2006, Mateus 2006). 

However Focardi and Tinelli (2005) refer to the capacity of R. ulmifolius to over-compensate 

and replace the lost tissues resulting from deer browsing, which clearly contradicts our 

results. Apparently given the post-fire situation and the presence of a high number of deer, 
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browsing pressure was too high to allow the recovery of R. ulmifolius in the open plots. As to 

C. salvifolius it is not known to be a highly preferred species (Fernández-Olalla et al. 2006). 

Nonetheless when browsing occurs, plants may not recover (Focardi and Tinelli 2005, Lovari 

et al. 2007) since the species lacks the ability to resprout after disturbance. This may explain 

the significantly higher increase of C. salvifolius frequency in fenced plots relatively to open 

plots. Results showed a different response for the second most frequent species, E. scoparia 

since fencing didn’t significantly influence its frequency over time. This resprouting species 

is known for its capacity to mobilize starch resources from the lignotuber, allowing it to 

withstand disturbances like fire and browsing (Paula and Ojeda 2011). A similar reasoning 

can be applied to U. jussiaei, also reported to be part of the diet of deer at TNM (Ferreira 

2006, Mateus 2006) and also having the capability to resprout after disturbance (field 

observations). The differentiated response to fencing of the four most frequent species reveals 

an important change in the balance between these species and therefore in the overall species 

composition of the plant community. Other studies have shown the differentiated impact of 

browsing on species sharing the same habitat (Espelta et al. 2006, Johansson et al. 2010) 

which may carry important consequences in terms of the ecological succession. The results 

obtained by Redundancy Analysis confirmed the effect of an increasingly divergent floristic 

composition of the two sets of plots, with the fencing effect being increasingly important over 

time. The RDA diagram also allowed to detect those species which were essentially 

indifferent to fencing, from which the most evident was P. pinaster. Although we observed 

the existence of browsing on seedlings of this conifer species during field work, this does not 

necessarily mean a higher mortality (Rakotoarison et al. 2009). On the other hand, population 

dynamics of P. pinaster at establishment stage is known to present high seedling recruitment 

after fire, followed by a natural reduction in seedling density over time (Calvo et al. 2008, 

Vega et al. 2009). In our study this decreasing trend was similar in both open and fenced 

plots. Besides C. salvifolius and R. ulmifolius, the RDA diagram also shows other species 

which have apparently benefited from fencing. One relevant case is Fraxinus angustifolia, a 

common broadleaf tree in the study area and a known component of deer diet when available 

(Gill and Beardall 2001, Bugalho and Milne 2003, Barančeková et al. 2007), therefore 

benefiting from deer exclusion. 

These changes in floristic composition could be expected to result in different trends in 

terms of diversity. Nonetheless this was not the case, except for the Evenness index. The 
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initial values of the Evenness index were lower in open relative to fenced plots at the 

beginning of the study, but as time passed values became similar, with a decreasing trend in 

the fenced plots and an increasing trend in the open plots. The decreasing trend of Evenness 

in fenced plots mostly resulted from a growing proportion of C. salvifolius frequency relative 

to the other species. Therefore our results showed that despite the different trends observed 

for the main species, deer exclusion did not result in different diversity at the end of the study 

period. The Richness and Shannon-Wiener indices did not even show a different trend in open 

relative to fenced plots. Some studies report negative impacts of deer browsing on species 

diversity (e.g. Gill and Beardall 2001) although results are contradictory in this respect 

(Russell et al. 2001, Côté et al. 2004). According to our results the two indices have followed 

a typical trend reported by other studies dealing with post-fire plant community dynamics 

(e.g. Kutiel 1997) with a sudden increase from year 2 to year 3, followed by a decreasing 

trend afterwards. Both open and fenced plots presented very similar values for all three 

indices eight years after fire, suggesting a converging trend regardless of deer access. 

In conclusion, our results showed a significant impact of deer on plant occupation and 

relative species abundances with consequences for floristic composition, but not for the 

overall woody plant diversity. The presence of a high density of wild herbivores after fire may 

delay the recovery of woody vegetation and cause shifts in the direction of plant succession, 

at least at initial stages. Given the increasing size of wild ungulate populations in different 

fire-prone regions, the assessment of the impact of these populations in burned areas becomes 

increasingly necessary.  
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1.  Ecological and socio-economic context 

Cork oak (Quercus suber L.) forests are defined here as the range of habitats from open 

savanna-like woodland formations to dense forests. According to the European forest type’s 

nomenclature (EEA 2007) these ecosystems are included in the ‘broadleaved evergreen 

forest’ class and in the ‘Mediterranean evergreen oak forest’ type. This forest type is 

dominated by the evergreen sclerophyllous oak species Q. suber, Q. ilex, Q. rotundifolia and 

Q. coccifera, constituting the main natural forest formation of the meso-Mediterranean 

vegetation belt (EEA 2007). However, cork oak has a unique characteristic that makes it 

different from all the other Mediterranean broadleaved species: an outer insulating coat 

consisting of a corky bark, up to 30 cm thick, made of continuous layers of suberized cells 

that may have evolved as an adaptation to fire, and that has been used by people for millennia 

(Natividade 1950; Pausas et al. 2009). Periodical bark harvesting of cork oak trees makes 

them more vulnerable to external agents including wildfires. This is why cork oak forests are 

treated separately in this book. 

Nowadays, cork oak ecosystems cover nearly 2.5 million hectares of land in the western 

Mediterranean Basin. They can be found in southern Europe and North Africa, from the 

Iberian Peninsula and Morocco to the western rim of the Italian Peninsula (Fig. 1), occurring 

in a wide range of ecological conditions (APCOR 2009; Pausas et al. 2009). Cork oak trees 

show a high ecological plasticity. This species is well adapted to Mediterranean type climate, 

with mild, wet winters and dry, hot summers, occurring from more continental regions to 

coastal areas with Mediterranean and Atlantic influence. It grows well with mean annual 

precipitation of 600–1,000 mm, but stands up to 2,000 mm, 500 mm being the minimum 

usually considered for a balanced tree development (Natividade 1950; Pereira 2007). The 

optimum mean annual temperature is in the range 13–16ºC, although the species can also 

occur in environments with up to 19ºC. Cork oak grows from sea level to 2,000 m of altitude, 
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but optimum growth occurs below 600 m. The species is tolerant to a variety of soils with the 

exception of calcareous and limestone substrates. It may grow on poor and shallow soils, with 

low nitrogen and organic matter content and it allows a pH range between 4.8 and 7.0. 

However, cork oak occurs preferentially in siliceous and sandy soils, preferring deep well 

aerated and drained soils, being very sensitive to compaction and water logging (Bernal 1999; 

Pereira 2007). 

 

 

Fig. 1. Actual distribution of cork oak forests in the western Mediterranean Basin. Reproduced from Pausas et al. 
(2009) (copyright © 2009 Island Press; reproduced by permission of Island Press, Washington, DC). 

 

Most of the present distribution and physiognomy of cork oak forests is the result of an 

ancient anthropogenic alteration by clearance, coppicing, fires and overgrazing (e.g. EEA 

2007), but also reforestation (plantation or seeding). A characteristic physiognomy of these 

ecosystems in the Iberian peninsula, found also locally elsewhere (Balearic islands, Sardinia), 

are savanna-like formations (known as montado in Portugal and dehesa in Spain) in which 

crops, pasture land or shrublands are shaded by a fairly closed to very open tree canopy (EEA 

2007; Fig. 2). More rarely, denser cork oak forests can also be found, particularly in steep 

slopes and mountainous regions (Fig. 8). 
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Fig. 2. Cork oak forest (savanna-like formation, left) and detail of the main trunk and bark of a virgin cork oak 
tree (right) (Photos: F. Catry). 

 

Cork oak ecosystems play a very important ecological, economic and social role in 

several Mediterranean countries (e.g. Pereira and Fonseca 2003; Bugalho et al. 2011). Due to 

their uniqueness, these ecosystems are recognized as habitats of conservation value listed in 

the Habitats Directive: Habitat 6310 – Dehesas with evergreen Quercus spp. and Habitat 9330 

– Quercus suber forests (EEC 1992). 

Cork oak ecosystems support a large variety of animal, plant and fungi species, including 

many endemisms (e.g. Bernal 1999). They have remarkable ecological value, providing 

habitat for several threatened species such as the Imperial eagle Aquila adalberti, the black 

vulture Aegypius monachus or the critically endangered Iberian lynx Linx pardinus (IUCN 

2010). 

Plant species composition depends on the ecological characteristics of each region and 

anthropogenic interventions. In southern Europe, and particularly in the Iberian Peninsula, 

mixed forests of cork oak and other oaks (Q. rotundifolia, Q. ilex, Q. faginea, Q. robur, Q. 

pyrenaica, Q. canariensis, Q. coccifera and Q. lusitanica) can be found. In France and Italy, 

other oak species, such as Q. pubescens and Q. cerris can be found; noteworthy are also 

savanna-like formations of Q. suber and Q. congesta in Sardinia (EEA 2007). 

The structure of the more preserved cork oak forests includes a very dense tree cover up 

to 20 m high, often mixed with other Mediterranean broadleaved species (sometimes with 

conifers), and with shade-tolerant herbaceous species in the understory (Bernal 1999). 

Besides oaks, other small trees and large shrubs can coexist in these forests, such as Arbutus 

unedo, Myrtus communis, Olea europaea var. sylvestris, Pistacia lentiscus, P. terebinthus, 
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Crataegus monogyna, Viburnum tinus, Phillyrea angustifolia, P. latifolia, Rhamnus alaternus 

and Erica arborea, among others. In more open forests, subjected to over-grazing, wildfires 

or with poor soils, other plants appear more often, such as species of the genera Cistus, 

Cytisus, Erica, Genista, Ulex, Lavandula and Rosmarinus, among others. Dominance of 

herbaceous species, such as Agrostis, Brachypodium or Festuca, is characteristic of more 

degraded woodlands (Bernal 1999). 

Cork is a renewable natural resource constituting a valuable and versatile raw material for 

industry used for a large variety of products. Because of its economical value, cork oak 

silviculture is usually oriented towards periodical cork harvesting (Pereira 2007). Currently, 

cork is the second most important marketable non-wood forest product in the western 

Mediterranean, and the world cork market exports represent near US$2 billion annually 

(Mendes and Graça 2009; APCOR 2009). This species is particularly important in the Iberian 

Peninsula, which holds about 55% of the world’s cork oak area and 82% of the world’s cork 

production, representing thousands of jobs (Silva and Catry 2006). 

However, despite of their value, several factors such as pests and diseases, over- 

harvesting, over-grazing and land use changes, are endangering Q. suber forests. These 

threats, exacerbated by climate change, affect tree health and increase vulnerability to 

wildfires (e.g. WWF 2007). 

2. Post-fire cork oak regeneration strategies 

Most of Mediterranean broadleaved species have the capacity to resprout after disturbances, 

including wildfires, and most of them resprout from basal buds when stems or crowns are 

severely damaged. Similarly to other oaks, post-fire cork oak recovery occurs mainly through 

vegetative regeneration. However, cork oak is the only European tree with the capacity to 

resprout from epicormic buds (i.e. buds positioned underneath the bark) high on the tree (Fig. 

3), a feature shared with many Eucalyptus species and the Canary Island pine (Pinus 

canariensis) but otherwise rare (Pausas et al. 2009). The insulating bark of cork oak, when 

sufficiently thick (see Sect. 3), protects the epicormic buds, permitting trees to resprout 

quickly and effectively from stem and crown buds after fire. Because of this feature, cork oak 

is undoubtedly one of the tree species best adapted to persist in recurrently burned 

ecosystems. The post-fire tree survival is often high and the regeneration of cork oak-

dominated landscapes is remarkably quick (Silva and Catry 2006). The fact that cork oak can 
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regenerate after fire from epicormic buds gives this species a competitive advantage over 

coexisting woody plants. Together with its socio-economic importance and cultural 

significance, this extraordinary resprouting capacity makes the cork oak a very good 

candidate for reforestation programs in fire-prone areas (Pausas et al. 2009). 

 

 

Fig. 3. After a wildfire (photos above) cork oak often starts regenerating quickly; photos below show totally 
charred trees with crown (epicormic) regeneration three months after fire (left), and 16 months after fire (right; 
the tree in background resprouted after fire but died some months later) (Photos: F. Catry). 

 
The post-fire cork oak responses are usually a function of the level of damage (fire 

severity). A conceptual model of vegetative tree responses was proposed by Moreira et al. 

(2009). At low levels of damage, a tree is expected to resprout from crown buds that survive 

the fire. At increasing levels of damage, the individual will resprout from both crown and 

base, just from the base, or will die (Fig. 4). 

Cork oaks can also regenerate through seeds (acorns) during the inter-fire period (Pons 

and Pausas 2007), but rarely just after wildfires as acorns are usually destroyed. However, an 

increase in oak recruitment may occur not long after fire in areas where jays (Garrulus 

glandarius), the main oak dispersal agent, are abundant (Fig. 5). Post-fire conditions are 
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suitable for jays to disperse acorns before the soil is covered by shrubs. A pair of jays may 

scatter and hoard several thousand acorns in a single season (Cramp 1994). 

 

 

Fig. 4.  A conceptual model of post-fire responses of a sprouting tree that suffered total crown consumption 
(combustion of leaves and twigs during a wildfire) in relation to a gradient of increasing damage/fire severity: (a) 
crown resprouting, (b) resprouting from both crown and base, (c) basal resprouting, (d) plant death (reproduced 
from Moreira et al. 2009). 

 

 

Fig. 5. Jay (Garrulus glandarius) (left) is the main natural dispersal agent of cork oak acorns (right) (Photos: F. 
Catry). 

 

3. Factors affecting post-fire cork oak responses 

3.1. Influence of bark thickness, bark exploitation and tree size 

Previous research showed that bark thickness is a main driver of cork oak responses after fire 

(Catry et al. 2009, 2010a, b; Moreira et al. 2007, 2009; Pausas 1997). Tree vulnerability to 

fire significantly decreases with increasing bark thickness until bark reaches about 4 cm thick. 

Cork oak trees with bark more than 3–4 cm thick are well protected against heat injury having 

a very low probability of dying or suffering stem mortality (Fig. 6). Particularly in what 
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concerns stem mortality it is noteworthy that for bark thickness lower than 3 cm, cork oak is 

apparently more fire resistant than other Mediterranean broadleaved species (Catry et al. 

2010a). This can be explained by the high thermal insulating provided by cork, due to its high 

proportion of air and low density (Pereira 2007). 

 

 
Fig. 6.  Predicted post-fire cork oak responses (individual mortality and stem mortality) as a function of bark 
thickness and cork management status (exploited for cork versus unexploited) for trees with 20 cm d.b.h. 
(diameter at breast height) (Catry et al. unpublished) 
 

Cork harvesting does not only drastically reduce bark thickness, but it also has additional 

effects. Cork exploitation per se has been found to significantly increase tree vulnerability to 

fire (Fig. 6), with mortality being up to 40% higher on exploited trees, even for individuals 

with the same bark thickness (Catry et al. unpublished, Moreira et al. 2007). Debarking is a 

major stress factor for trees and has been associated to vigor loss (e.g. Natividade 1950). Bark 

extraction leads to considerable water losses through the stripped trunk surface which may 

negatively affect the trees photosynthetic activity and productivity (Correia et al. 1992). The 

injuries caused by cork harvesting operations can also be associated to loss of tree vigor 

(Costa et al. 2004). In fact, wounded trees were found to be less fire-resistant than undamaged 

trees (Catry et al. unpublished). Wounded trees are more vulnerable because bark is usually 

absent or much thinner near wounds making the trunk more heat-sensitive and more 

vulnerable to other external agents (Miller 2000). Wounding is also likely to reduce tree 
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vigor, both because of the energy resources needed for cicatrisation and because the active 

xylem killed reduces the rate of water absorption (Rundel 1973). Additionally, the changes 

induced by stress reduce the trees ability to defend themselves from insect or fungi attacks 

(Wargo 1996). 

Previous studies also indicate that larger trees (higher d.b.h., and usually older) are more 

vulnerable to fire damages than smaller trees (Catry et al. 2009; Moreira et al. 2009). Lower 

fire resistance of larger trees can be explained by the fact that older individuals were debarked 

more times during its life and were probably subjected more often to poor management 

practices (e.g. deep ploughing, excessive pruning or stripping damages), thus being less 

vigorous (Natividade 1950). For example in Sardinia, Barberis et al. (2003) reported that cork 

oaks stripped more often had higher post-fire mortality (~37%) than trees debarked only once 

(~17%). 

3.2. Influence of fire regime and local factors 

The fire regime, particularly fire intensity, severity, frequency and fire season, can also exert 

determinant effects on post-fire tree responses. The first two components can be evaluated 

through potential indicators of fire injury, such as the char height, char depth or the crown 

volume damaged. Previous studies showed that cork oak vulnerability to fire significantly 

increases with increasing char height (Catry et al. 2009; Moreira et al. 2007), as it happens 

with other species (e.g. Catry et al. 2010a). 

There is very few information available on the effects of fire frequency and returning 

intervals on cork oak, but it is expected that increasing fire frequency will negatively affect 

tree resistance to fire, as suggested in a study in southern France (Curt et al. 2010). Similarly, 

the effects of fire season on post-fire cork oak responses were rarely evaluated. In a recent 

study (Catry et al. unpublished), trees burned earlier in the summer were found to be more 

likely to die than those burning later, which could be explained by seasonal variations in plant 

phenology. In spite of contradictory reports in the literature, several studies showed that 

plants are more vulnerable to fire damage when they are flowering or actively growing 

(DeBano et al. 1998). Although cork oak is an evergreen species, the main growing and 

flowering periods occurs during spring and early summer, with the maximum stomatal 

conductance and transpiration rates occurring from March to June (Oliveira et al. 1992). Thus, 

the tree carbohydrate reserves are expected to be at a low level during this period, and the 
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actively growing tissues are more susceptible to heat damages, which may increase fire 

vulnerability. 

Previous studies also found that trees located in southern aspects are more vulnerable to 

fire (Catry et al. 2009; Moreira et al. 2007). In the Mediterranean, south-facing aspects are 

typically dryer and warmer and have less vegetation cover and a thinner soil layer (Kutiel and 

Lavee 1999; Sternberg and Shoshany 2001), being also more vulnerable to soil erosion 

(Marques and Mora 2003). Additionally, some of the more important insects and diseases 

affecting cork oak have been reported to have higher incidence on south-facing slopes (Du 

Merle and Attié 1992; Moreira and Martins 2005). All these unfavorable conditions are likely 

to increase tree stress and consequently increase vulnerability to wildfires. 

4. Post-fire management issues and alternatives 

Although cork oak is known as a fire-resistant and resilient species, wildfires can cause major 

economic and ecological impacts on cork oak ecosystems. A particular concern exists if trees 

are exploited for cork production, which is the situation in most cases. 

Usually the first bark harvest occurs when tree d.b.h. reaches 19–22 cm (20–40 years 

old), with subsequent yields at 9–15 year intervals, meaning that a tree can be stripped about 

12–20 times during its productive lifetime (150–200 years, although cork oak can live up to 

500 years; Natividade 1950; Pereira 2007). The risk of fire damage in exploited trees is at its 

highest level just after bark harvesting and then it will decrease with time until cork reaches 

about 3–4 cm thick (see Sect. 3), which usually occur at the end of the stripping cycle. This 

means that most of the time trees face a considerable risk from wildfires, and managers 

should be aware of it. 

4.1. Defining management objectives 

After fire, it is important to define the management objectives and to plan the restoration 

actions accordingly. In general, the most common objective for burned cork oak stands is to 

restore cork production as soon as possible. 

The post-fire management alternatives in cork oak forests will largely depend on fire 

severity, thus a multidisciplinary damage assessment should be performed first to identify the 

direct and indirect economic and ecological impacts and risks (see also Chaps. 1 and 5). 

After a wildfire, a strong negative economic impact is expected, both because the charred 

bark looses its value and productivity decreases. The minimum time required to start 
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extracting good quality cork again (i.e. cork that can be used for stoppers) will be about 40 

years for trees that died and need to be replaced, 30 years for the surviving trees with stem 

mortality, and 10 years for trees with good crown regeneration. At the ecosystem level the 

more common ecological consequences of fire include factors such as: decrease of tree cover 

and vigor, decrease acorn production reducing the regeneration potential and food for live- 

stock and wildlife, decrease carbon, nutrients and water retention, and increase soil erosion 

risk. All these economic and ecological issues should be considered when defining the post-

fire management objectives and evaluating the possible alternatives to achieve them. 

After the evaluation of the fire impacts and associated risks, the burned area can be 

divided into units or blocks with homogeneous characteristics. Then, the prescriptions for 

each management unit should take into account the urgency, resource value, and success 

possibilities. 

4.2. Current post-fire management practices 

Management practices in burned cork oak forests can be quite variable from one region to 

another, depending on managers’ objectives and perception of fire impacts, and on available 

funds. Here we briefly present some of the more common practices. 

Usually the decision to cut or not cork oak trees after fire is mostly dependent on field 

assessments of fire severity and on the cork age. Burned trees with younger (thinner) cork 

bark (i.e. < 4 years old) or having severe inner bark damages are not expected to recover the 

crown and are logged, while trees with thicker cork in most cases are left to regenerate. 

When trees are not expected to show adequate post-fire crown recover, and in order to 

make use of their basal sprouting capacity, the official recommendations (in Portugal; DGRF 

2006) are that younger trees (less than 40 years, or perimeter at breast height less than 90 cm) 

should be cut as soon as possible, preferably before the next growing period (i.e. end of 

following winter) to increase resprouting vigor. Actions to manage basal sprouts include 

shoot selection, clearing of shrub or herbaceous vegetation, and avoiding animal browsing. 

Older trees (over 60 years) are assumed not to originate economically interesting resprouts, 

and are often uprooted and replaced by new trees (seeding or planting). In both natural and 

artificial regeneration, thinning and shoot selection are usually carried out. 

The cut material is either removed from the site, or logs and branches are left on the 

ground. In some cases, groups of trees or individuals that are less damaged and that can 

contribute to post-fire regeneration are maintained. 
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The decision to plant or seed after fire is mainly based on the existence of financial 

incentives (and market value), and occurrence of scarce post-fire natural regeneration. Active 

seeding or planting are also both carried out to increase tree density, usually in the period of 

1–3 years after fire. 

In Portugal and Spain, there are several legal issues related to the post-fire management 

of burned cork oak stands. First of all, the species is protected by law, thus official permission 

is needed to cut trees and the land cover cannot be changed after fire. Secondly, the cork of 

trees with d.b.h. smaller than 19–22 cm cannot be extracted. Thirdly, although cork cannot be 

extracted before 9 years after the previous extraction, some exceptions are allowed, including 

the case of burned trees (see Sect. 4.6). 

4.3. Tree logging 

Cork oak trees that died or suffered stem mortality as a consequence of fire can be logged 

(after getting a permit). In some cases trees showing poor crown regeneration, and particularly 

those with severe stem damages, can also be logged (Fig. 7; see also Sect. 5.1). 

From a silvicultural point of view, the most interesting cuttings are those aimed to take 

advantage of the remarkable resprouting capability of cork oaks. Sprouts originating from 

dormant buds at or near the base of severely damaged trees can be used to regenerate forest 

stands (see Sect. 4.4). The snag reduces sprouting energy and provokes the leaning of sprouts 

(Barberies et al. 2003). Dormant buds from stumps near or under the soil surface have better 

chances to survive than buds located higher in a rotting trunk; therefore liberation cuttings 

should be done as soon as possible after fire and lower as possible in the trunk (Cardillo et al. 

2007). Trunk cuttings should be made horizontally or slightly inclined, leaving a smooth 

surface (DGRF 2006). 

Sometimes cuttings can also be done for sanitary reasons. Burned cork oaks are exposed 

to the attack of pests such as ambrosia beetles Platypus cilindrus and Xyleborus monographus 

(see Sect. 4.8). Rarely the presence of these wood borers is a threat to the nearest forest stands 

but if their populations increase to outbreak proportions, sanitary cuttings and burning are 

recommended (Sousa and Inácio 2005). Logging can also be needed for security reasons; 

trees with seriously damaged trunks located close to buildings and roads can be wind thrown, 

thus selective cutting should be allowed. In some cases, and depending on management 

objectives, dead trees can also be left standing or the wood can remain in the ground to 

increase biodiversity. 
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Fig. 7.  Post-fire cork oak management: selective logging of most severely damaged trees (left), and shrub 
clearing 20 years after fire (right) avoiding soil ploughing (Extremadura, Spain) (Photos: F. Catry). 

 

Usually the wood from coppiced cork oaks can be only used as firewood or good quality 

charcoal; thus a market for this wood exists, particularly in the forests near charcoal kilns. In 

this case salvage logging, with subsequent debarking, is possible. Otherwise cuttings are a net 

expense and only can be thought as a silvicultural treatment. 

4.4. Assisting natural regeneration 

In most cases, if trees were not recently debarked before the fire, burned cork oaks will show 

vegetative regeneration (i.e. resprouting; Fig. 8). When crown resprouts homogeneously, 

usually no interventions are required. Otherwise, if crown regeneration is absent or is very 

poor, basal sprouts are a viable way to regenerate cork oak stands, and this method is 

considerably faster, more effective and cheaper than seeding or planting (see Sect. 4.5). Stool 

sprouts and root sprouts are not frequent in cork oak but they have not silvicultural value 

since they originate from adventitious buds (Johnson et al. 2009). 

A few years after cutting many sprouts have often crowded the stump and begin 

competing each other, thus thinning is highly recommended (see Chap. 8). One to three of the 

most vigorous sprouts per stump could be retained depending on stump diameter. Sufficiently 

spaced trunks (at least 40 cm) could be debarked easily in the future (Cardillo et al. 2007). 

Sprouts well inserted into the stump below soil surface are best joined to roots and should be 

preferred instead of those attached to higher parts of stump and exposed to rot. Early pruning 

is not recommended because sprout canopy helps to control excessive undesirable resprouting 

(Johnson et al. 2009). 
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Fig. 8. Cork oak forests post-fire natural regeneration: 16 months after fire (above; Algarve, south Portugal) and 
about 20 years after fire (below; Extremadura, west Spain) (Photos: F. Catry). 

 

Natural regeneration from seeds is much less common because acorns and flowers are 

destroyed by fire in most cases, and even if the crowns survive, trees will take at least 2 or 3 

years to produce acorns again. The habitual year to year and tree to tree variations in acorn 
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production, the activity of seed-dispersal agents and the action of herbivores and drought over 

seedlings, are the main factors affecting regeneration from seeds. In addition, seedlings 

usually need many years to establish and develop. The shelterwood method provides light, 

shelter and more recruitment while acorn and cork production are in part conserved. 

Exclusion from livestock and other herbivores may be required to minimize the negative 

impacts on natural regeneration (see Sect. 4.7). Latter thinning, seeding or planting can also 

be needed in case of uneven spatial regeneration. 

4.5. Seeding and planting 

Before planning reforestation actions in burned cork oak stands the presence of natural 

regeneration should be checked carefully. However, when natural regeneration is not enough 

to achieve the objectives (in terms of the desired tree density), reforestation by direct seeding 

or planting is an alternative. The main limitations when using these techniques are the 

availability of quality seeds, acorn or seedling predation, and summer drought. 

Sometimes the number of acorns is not enough because of insufficient production or 

excessive predation. Mice are efficient in detecting and consuming acorns (although they can 

also act as short-distance dispersers especially in mast years; Pons and Pausas 2007). Sowing 

tests can be done in order to evaluate their presence and, if they are present, acorns can be 

protected with small tree shelters. Wild boars (Sus scrofa) are frequent in forested areas and 

they are able to consume large quantities of acorns. In this case shelters are not effective in 

protecting acorns against them, but well maintained electric fences can be very effective in 

relatively small areas. Large herbivores can also exert a negative impact on seedlings, thus 

protective measures should be taken when they are present (see Sect. 4.7). 

Seeding season is also a very important issue. On one hand, early seeding in autumn will 

expose acorns to predation during winter, when food supply in the burned area is reduced, 

thus, higher success rates can be achieved if seeding is performed in the early spring, after 

recovery of grasses and shrubs. On the other hand, the summer drought is the main cause of 

seedling mortality in Mediterranean forests (Cortina et al. 2009), thus the earlier the seedlings 

reach the soil water table, the higher is the chance of survival. In summary, if the predation 

and frost risk are low, seeding should be done in autumn and winter; otherwise it is better to 

perform it in spring, as early as the temperatures begin to stimulate growth and frost risk is 

minimal. If the objective is to perform seeding in spring, acorns need to be preserved under 

controlled conditions because they germinate easily during winter. Acorn moisture must be 
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reduced to 45–50% and the seeds stored in a dry and cold place. Moisture should be 

monitored because a decrease under 35–40% is lethal. Immediately before seeding the acorns 

should be rehydrated sinking them in water during 24 h. Those floating, light brown colored, 

with holes or wrinkles should be discarded. 

Plantation is another option to reforest burned stands, although it is more expensive and 

disturbing than seeding. It should be initiated as soon as possible (first autumn or winter after 

fire) in order to avoid competition with the regenerating vegetation. Soil mobilization should 

be performed in a way to avoid erosion. Snags can be an obstacle to machinery movement 

and careless logging or site preparation can increase dramatically erosion rates in slopes. Site 

preparation should take into account the effects of mechanical operations over remaining root 

systems of sprouting species, the soil seed bank and the presence of hydrophobic soil layers. 

For example, subsoiling, a common method used in cork oak reforestation, is a very effective 

preparation work that improves water infiltration. However it should not be used if significant 

number of stumps can still sprout; in this case soil preparation in small spots is better. If a 

young plantation existed in the area before the fire, the shelters should be rapidly removed 

(and eventually replaced) since they usually melt, physically preventing emergence of 

seedlings sprouts, that are often vigorous. 

As for seeding, one of the most critical issues in plantations (besides herbivory) is the low 

seedling survival during the summer drought period. A crucial step in restoration projects in 

the Mediterranean is thus achieving seedling survival during the first growing season. For 

example, some studies (Mousain et al. 2009) showed that ectomycorrhizal fungi improve 

water (and mineral) absorption when its availability is reduced, thus inoculation is one of the 

possible methods helping seedlings to survive long-term drought. 

Restoration based on artificial regeneration is a long-term investment, thus different 

issues and alternatives should be carefully considered from the first stages. Several important 

aspects such as use of suitable genetic material, nursery cultivation regimes, sowing date, type 

of container, growing substrate, watering and fertilization, will largely determine the success 

of reforestation programs in the long-term (see Almeida et al. 2009 for more details). 

Additionally, several techniques can also be used in the field to improve cork oak seedlings 

establishment (see Cortina et al. 2009). 
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4.6. Cork harvesting and branch pruning 

Cork oaks with post-fire stem survival usually have energy reserves (mainly in the form of 

carbohydrates) to restore the crown foliage and to heal wounds. However certain stressing 

silvicultural practices such as cork harvesting and branch pruning, particularly when 

performed during the years immediately after the fire, will originate new energy demands, 

resulting in situations of great weakness. Additionally, pests and diseases may take advantage 

of this weakness and open wounds to attack trees causing more damages (see Sect. 4.8). 

One of the most controversial issues in relation to cork oak trees affected by fire (when at 

least part of the crown survives) is related to the time at which the first post-fire cork 

harvesting should be performed. The charred cork is not useful to make stoppers with 

enological quality. This product is only useful as composition cork for insulation and it is sold 

at prices under harvest costs. Therefore managers are usually interested in debarking trees as 

soon as possible to initiate a new and clean cork production. However debarking too early 

after fire is not always suitable for tree health or owner economy. Some trees have burns 

under the cork cracks and need time to healing. Debarking can cause bigger wounds and slow 

the healing process. Moreover, charred bark offers less resistance to axe penetration, thus 

more wounds can occur. This causes early stripping to be more expensive than an ordinary 

debarking operation because workers have to progress slowly, suffering discomfort due to 

cinder and soot. Finally, and more important, less vigorous trees will produce less cork, 

representing lower incomes in the medium to long term. 

In general, the factors determining the decision about the time to start debarking again 

should be the cork age (thickness) when the fire occurred, the fire severity, and the tree vigor 

(e.g. Cardillo et al. 2007). The existing legislation do not clearly defines what can (or cannot) 

be done. In Portugal, the world leading country in terms of cork production, cork harvesting is 

not usually allowed until cork is at least 9 years old, but there are a few exceptions (subjected 

to authorization) including the harvest of burned cork after verification of tree recovery. 

However the law has no reference to what is meant by recovery, thus the decision can be quite 

subjective. A recent publication (Portuguese Forest Services, DGRF 2006) recommends that 

cork strip- ping should only be performed on trees having at least 75% of the crown covered 

with foliage, but still, doubts may arise and in several cases this probably will not be enough 

to guarantee tree recovery. In Spain the IPROCOR (Instituto del Corcho, la Madera y el 

Carbón Vegetal) have more conservative, explicit and easy to follow guidelines, 
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recommending that managers should wait a minimum of 2–3 years, until the crown has 

recovered 75% of its pre-fire volume and the cork is at least 2 cm thick. 

When the cork is thinner than 2 cm, the odds of producing wounds on inner bark during 

the harvest increases significantly (Cardillo et al. 2007). Cork stripping should be done early 

in the season and conservatively, leaving the trees where cork does not detach easily, or 

reducing the cork harvest height. Another option is to wait until the trees develop a complete 

layer of cork suitable to stopper production under the charred layer. In this case lower growth 

rates and lower prices can be obtained but this can be better than waiting less years but 

debarking without revenues. It is difficult to know what choice is economically the best, but a 

harvesting delay of a few years for trees slightly damaged and a full technological rotation 

period for trees with damages of medium severity could be recommended. 

Concerning tree pruning (of live branches) there are no specific post-fire regulations, but 

this should also be avoided during the first years. In a study in Sardinia (Italy) on the post-fire 

recovery of exploited cork oaks (Barberis et al. 2003), the percentage of viable trees among 

those that were pruned a few months after fire ranged from 20% to 28% (older and younger 

trees, respectively), while in not pruned trees (control group) the percentage of viable plants 

was two to four times higher (about 62% and 82%, respectively). 

In fact, both cork harvesting and pruning are known to be stressing activities for trees, 

thus the law (regardless of fire) establishes a minimum period of time between these two 

operations (3 years in Spain and 2 years in Portugal), in order to enable tree recovery (e.g. 

Cardillo et al. 2007). Given that fires often causes crown defoliation and wounds, at least as 

severe as those caused by pruning, it would be prudent to establish a minimum time interval 

between fire and subsequent cork harvest or pruning, which should be at least 2 or 3 years. 

4.7. Protection against herbivory 

The presence of large wild or domestic herbivores (such as deer, goat, sheep or cattle) may 

represent a serious factor hindering cork oak regeneration after fire (also regardless of fire). In 

adult stands where all trees have crown regeneration, the presence of these herbivores is not 

usually a problem since they will not be able to reach the crown. However, when cork oaks 

are top-killed, regenerating only from basal sprouts, or when the objective is either to preserve 

the natural seed regeneration, or to reforest by seeding or planting, the presence of large 

herbivores in the burned area will likely constitute a serious problem (unless their densities 

are very low) and some protective measures should be taken (Catry et al. 2010b; Whelan 



Chapter 8 

213 
 

1995; when seeding, other animals such as wild boars and mice can also be a problem 

because of acorn predation, see Sect. 4.5). This can be done by reducing the number of 

animals during the first years after fire or, more often, by protecting the plants. The reduction 

of animal densities to levels that are compatible with plant regeneration could be a good 

solution; however this may not be feasible or compatible with the area management 

objectives, and in that case other solutions, such as the physical protection of plants, must be 

adopted. This may involve fencing of large areas or individual plant protection during time 

periods that allow the regeneration and re-establishment of vegetation (Fig. 9). 

 

 

Fig. 9. Herbivory can negatively affect cork oak regeneration regardless of fire occurrence, but the impacts are 
likely to be much stronger in a post-fire situation: deer feeding on cork oak crown foliage and acorns (left), and 
individual protection to prevent post-fire deer browsing (right). Photos: M. Bugalho (left) and F. Catry (right). 

 

The protection of individual trees is adopted in many countries (regardless of fire 

occurrence), when animals have access to regeneration areas or plantations. Various types of 

protections of variable prices and efficiency are available. The most common approach is to 

protect each tree with a protective cylindrical-shaped wire mesh shelter. To adequately fulfill 

its objective the wire mesh must be sufficiently strong and inelastic, and in areas where red 

deer (Cervus elaphus) are present the protection must be at least 2 m tall (preferably 2.5 m; 

Catry et al. 2007). Another possible protection method involves the application of chemical 

repellant but in most cases its effectiveness is short-lived or is still unproved. 

Fencing parts of the area to regenerate may be also a good option. Generally for larger 

areas and higher tree density, this technique is cheaper than the protection of individual 

plants. Possible disadvantages of this option are the limited access to the area and higher fuel 
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accumulation that may increase fire danger. However, if the fenced area is not very extensive 

and the surrounding areas have low fuel accumulation, the fire danger is reduced and these 

areas may act as important refuges for many animal species. Temporary protection by electric 

fencing is also possible, but it is most suitable for the domestic species or open woodlands, 

being ill adapted to forest environments where dense vegetation is present (Bonnet and Klein 

1966). 

4.8. Pests and diseases 

Cork oaks can be affected by pests and diseases in various ways and at all stages of their 

lives. Several insect species and microbial pathogens can negatively affect cork oak, from 

seeds and seedlings to mature trees. At moderate to high levels of incidence, they may 

increase mortality and reduce tree vigor, threatening the sustainability of cork oak forests 

(Branco and Ramos 2009). 

Wood-boring insects affect primarily trees that are weakened or decaying, thus their 

economic impact is usually minor. However in favorable circumstances some species may 

become major pests. Three main groups of bark- and wood-boring insects are associated with 

cork oak trees: ambrosia beetles (especially Platypus cylindrus), two buprestids of the genus 

Coroebus, and longhorn beetles (Cerambix cerdo, C. welensii, and Prinobius spp.). The 

longhorn beetles are xylophagous species whose immature stages develop inside the trunks of 

decaying trees, but despite being secondary pests, Cerambix spp. (particularly C. cerdo) are 

associated with oak decline and are able to induce tree death (Martín et al. 2005; Branco and 

Ramos 2009). Tree weakening caused by increasing aridity in Mediterranean areas benefits C. 

cerdo and several other xylophagous pests. Damages caused by inappropriate cork harvesting 

or pruning may be a prime cause of the increase in holes made by C. cerdo which acts as 

entryways for fungal infection by Biscogniauxia mediterranea (Martín et al. 2005). 

Moths (namely Lymantria dispar, Malacosoma neustria, Euproctis chrysorrhoea, and 

Tortrix viridiana) are the most important cork oak defoliators throughout the Mediterranean 

(Luciano et al. 2005). Severe cork oak defoliations reduce acorn production, stem diameter 

growth, and cork growth. Cork quantity, quality and cork stripping are also affected in 

subsequent years. Like for bark- and wood- boring insects, the attacks of defoliators are likely 

to be more severe on weakened trees. For example Luciano and Roversi (2001) suggested that 

infestations by L. dispar can occur more frequently in declining cork oak stands, such those 

subjected to overgrazing in Sardinia. 
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Among the cork oak diseases, cork oak cancer (causal agent Botryosphaeria stevensii), 

charcoal disease (causal agent B. mediterranea), and root diseases caused by Armillaria 

mellea and Phytophthora cinnamomi, are the four main fungal diseases of cork oak stands 

(Robin et al. 2001; Branco and Ramos 2009). P. cinnamomi has been regarded as the 

principal cause of cork oak mortality in Portugal and southern Spain (Brasier 1996; Moreira 

and Martins 2005). Stress and trunk wounds are the main predisposing factors for both cancer 

and charcoal diseases; therefore, the best control for these diseases lies in proper management 

practices to improve tree vigor and prevent trunk injuries (Branco and Ramos 2009). 

Although the effects of wildfires on insect and diseases dynamics in cork oak forests is 

poorly known, the existing information suggests that the weakened status of burned trees will 

predispose them to suffer more severe attacks. On the other hand, fire may drastically impact 

herbivore arthropod populations directly by altering habitat, abundance, and species 

composition, or indirectly via cascading effects caused by alterations in food quality and 

availability (Rieske et al. 2002). Indirect effects of fire on herbivory may manifest themselves 

through plant growth and changes in foliar chemistry by increasing nutrient concentrations in 

the soil (Roth et al. 1994). Defensive phenolic compounds may also be affected by the 

increase in soil nutrients (Hunter and Schultz 1995) or increased sunlight (Dudt and Shure 

1994). This is particularly relevant to defoliators such as L. dispar, which is responsive to 

enhanced nutritional substrate and alterations in defensive phenolic compounds (Roth et al. 

1994). 

4.9. Climate change 

Cork oak is adapted to highly variable climatic conditions (both between and within years). 

However, since the 1970s the frequency of droughts in the Mediterranean has increased 

significantly, and a long-term process of aridification seems to be under way as a part of the 

generalized trend of global warming (Pereira et al. 2009). Climate change scenarios suggest 

an aggravation of environmental conditions for cork oak in the Mediterranean, namely 

through increasing temperatures and decreasing precipitation (Giannakopoulos et al. 2009; 

Pausas 2004; Pereira et al. 2009). In general these factors are likely to increase the severity of 

plant water stress and increase the rate of nutrient losses from the soil (Pereira et al. 2009). 

More frequent and longer term droughts may negatively affect cork oak ecosystems in the 

future, by decreasing tree health and increasing the conditions conductive to the spread of 

some pests and diseases. For example one of the main cork oak diseases (Phytophthora 
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cinnamomi) can be widely extended in the next decades due to climate change (Bergot et al. 

2004). 

Additionally, climate change is also expected to affect the current fire regimes in many 

regions, including the Mediterranean, by extending the fire season and increasing fire danger 

(Flannigan et al. 2009; Pausas 2004; Westerling et al. 2006). Wildfires are already a serious 

concern in the Mediterranean Basin burning nearly half million hectares every year, and most 

of this area (~87%) concerns the western Mediterranean countries where cork oak occurs 

(FAO 2006). In Portugal, the world leading country in terms of cork oak area and cork 

production, wildfires affected 15–20% of the cork oak area since 1990. 

Thus, improving fire prevention and restoration techniques, throughout clearly defining 

the objectives, promoting natural regeneration to allow genetic variability and the possible 

selection of drought-tolerant genotypes, could increase the ability of cork oak forests to cope 

with climate change (Pereira et al. 2009). 

4.10. Preventive actions to reduce fire damage 

Several alternative or complementary actions can be taken in order to reduce the risk of fire 

damage in cork oak stands. Surface fuel reduction below and around the trees (just before 

debarking, i.e. every 9–15 years) could be an effective preventive action to avoid severe fires 

(this should be performed without soil ploughing or just with superficial tillage, in order to 

prevent tree root damages; Fig. 7). 

On the other hand, the management of the cork harvesting activities could also decrease 

the risk of fire damages. Striping wounds are common in exploited cork oaks and they 

significantly reduce tree vigor and its ability to resist wildfires (Costa et al. 2004; Catry et al. 

unpublished). Reducing wounding (by employing skilled workers or by using automatic 

equipment for harvesting) could significantly increase tree resistance to fire. Other measures 

could include debarking trees of a given stand in different years (reducing the overall risk), 

increasing the debarking cycle (not necessarily meaning lower economic incomes; Natividade 

1950) or decreasing the stripped surface. 

Since cork is still the main economical income from these forests, stopping bark 

exploitation is not a realistic possibility. However, in fire-prone areas where conservation is 

the main objective, this would probably be the more effective option to increase ecosystem 

resilience (Fig. 10). The valorization of many other services provided by cork oak ecosystems 
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(Bugalho et al. 2011) could create the economic incentives necessary to maintain these 

systems less dependent on bark exploitation. 

 

 

Fig. 10. Cork oak showing very good crown recovery only 3 years after wildfire and following complete 
defoliation (Mafra, Portugal). Trees in this area were not debarked for about 30 years and had a thick bark 
(Photo: F. Catry). 

 

5. Case studies 

5.1. Predicting post-fire crown recovery of exploited cork oak trees in Serra do Caldeirão 

(Algarve, southern Portugal) 

5.1.1. The wildfire 

The study area is located in “Serra do Caldeirão”, a mountain area in the Algarve region, 

southern Portugal. The climate is Mediterranean, with mean annual temperature of 16.6°C 

and mean annual rainfall of 900 mm. Altitude ranges from 150 to 570 m and soil type consists 

mainly of shallow schist lithosols. The landscape is characterized by cork oak forests with 

varying tree cover, with an understory of Arbutus unedo, Cistus spp., Ulex spp., and Erica 

spp. Other vegetation types include shrublands dominated by Cistus ladanifer, and scattered 

stands of maritime pine (Pinus pinaster) and eucalyptus (Eucalyptus globulus), sometimes 
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mixed with cork oak stands. In July 2004 a large wildfire burned about 25,000 ha in this 

region. 

5.1.2. Objectives 

One major decision that managers face after wildfires is whether the burned cork oak trees 

should be coppiced or not and when. Several authors mentioned that trunk coppicing is a good 

option when trees have serious stem damages that compromise future cork production, and 

when the crown regeneration is predicted to be nil or very weak (Pampiro et al. 1992; Cardillo 

and Bernal 2003, Barberies et al. 2003; DGRF 2006). One possible advantage of early 

coppicing is that it can promote the regeneration from basal sprouts, along with reducing 

mortality and speeding up the recovery on much damaged trees (Barberis et al. 2003). But, on 

the other hand, by cutting soon after fire, there is the risk of cutting trees that could show 

good crown recovery in the future, and cutting a tree implies waiting at least 30 years to start 

debarking good quality cork again. 

The aim of this scientific study was to evaluate whether it is possible to identify, 

immediately after fire, trees that will likely show good or poor crown recover in the future. 

For this purpose, models were developed aiming to constitute decision-support tools helping 

managers to identify trees that will likely recover well, and trees that will likely die or show 

poor crown regeneration (and thus, potential candidates for trunk coppicing). 

 5.1.3. Methods 

One and a half years after the fire, 858 trees being exploited for cork production (these trees 

represent the more common tree type in cork oak stands and constitute the main concern of 

managers because of their economic value) were sampled in a total of 40 plots spread across 

the burned area. Each tree was classified as having poor crown regeneration if regeneration 

appeared in <50% of the main branches or if it was much localized (also including trees 

which only resprouted from basal buds or dead trees). On the other hand trees were classified 

as having good crown regeneration if more than 75% of the main branches in the crown 

showed a homogeneously distributed regeneration. Trees with an intermediate regeneration 

state were not assigned to any of the previous groups. 

Along with regeneration status, each tree was classified as a function of topographic 

variables (aspect and slope) of the plot where it was located, the amount of shrub and tree 

cover at the time of fire (based on aerial photos and burned remains in the field), tree size 
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(height and d.b.h.), bark thickness and bark age (since last stripping), and minimum char 

height (an indicator of fire damage) expressed as proportion of tree height. 

Logistic regression was used to explore which variables had a significant influence on 

good or poor post-fire crown regeneration in exploited cork oak trees. Different models were 

built, using original variables and simpler variables that can be easily assessed by forest 

managers. 

5.1.4. Results 

One-and-a-half years after fire occurrence, 31% of all trees presented a nil or poor crown 

regeneration (i.e. low probability of maintaining an economic interest in the near future), and 

37% presented good crown regeneration, while the remaining 32% presented an intermediate 

state. The trees which were considered with poor crown regeneration included dead trees 

(18% of the total). 

Bark thickness (and, therefore, cork age) was the most important variable affecting crown 

regeneration (better regeneration for increasing bark thickness). Char height and aspect (lower 

probability of good regeneration in drier southern slopes) were also significant variables 

influencing crown regeneration. Finally, larger trees were more likely to show poor crown 

regeneration (Fig. 11). 

The probabilities obtained from the application of the two management models (to 

predict poor and good crown regeneration) to a given tree are negatively correlated as 

expected, meaning a decreasing probability of poor crown regeneration as the probability of 

good crown regeneration increased (r = –0.874; P < 0.001). 

The obtained management models provide an easy way of getting an estimate of crown 

regeneration probability from only four variables that can be easily measured in the field 

immediately after a wildfire. More details of this study can be seen on Catry et al. (2009). 
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Fig. 11. Logistic model prediction of poor crown regeneration in cork oak, 1.5 years after a wildfire. Different 
combinations of minimum charring height (larger or smaller than one-third of tree height), aspect (favorable vs. 
unfavorable), cork age when the fire occurred (in years), and d.b.h. (larger or smaller than 40 cm) are shown. 
The 50% probability line is also shown for each graph. (Reproduced from Catry et al. 2009). 

 

5.2. Post-fire management of cork oak woodlands in Sierra de San Pedro (Extremadura, west 

Spain) 

5.2.1. The Wildfire 

In early August 2003 during a dry thunderstorm dozens of lightning discharged upon the cork 

oak forests in the southern foothills of Sierra de San Pedro in the centre of Extremadura in 

western Spain, causing a large wildfire (more than 1,000 ha). Coto de Santa Eulalia is a 

private forest farm situated in a southern slope of these hills, with an uneven aged forest of 

cork oaks dedicated to cork production and hunting. 

Before the fire, there were three different landscapes in the farm: in the sierra slopes a 

dense shrubland with scattered trees called locally mancha; in the foothill cork oak savanna-

like woodland dehesa; and connecting both a narrow forest ecosystem of hardwoods and an 

orchard of fruit-trees associated to a small seasonal stream. At time of fire, fuels were very 

dry because they suffered a heat wave during the previous week with temperatures over 30ºC. 

Therefore a very intense fire (with flames more than 20 m high) developed in the mancha 

stands. In the dehesa and stream areas the tall grass led to a medium intensity fire moving 
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very fast. Nine months after the fire a diagnostic and restoration plan was carried out by the 

farm owner and a local forest research centre (IPROCOR). 

5.2.2. Objectives of the management applied 

The main objectives of restoration plan were: (1) Avoid soil erosion and water quality 

degradation, (2) Reach the normal level of cork production as soon as possible, and (3) 

Maintain hunting activities where possible. 

To achieve the objectives the following activities were carried out: 

1. In the sierra slopes, 1 year old cork oaks seedlings were planted in a furrow opened 

with a winged subsoiler by contour level. Sprouting vegetation was not disturbed between 

rows and in the area near of root systems of resprouting oaks; 

2. Fences in the sierra slopes stands were repaired and strengthened to avoid game 

browsing over sprouts and seedlings; 

3. In rolling or flat areas, acorns were seeded in small furrows (just to remove soil 

impervious layer and grass seeds in a narrow band). Tube shelters were used to protect seeds 

from mice predation (detected in previous seeding tests); 

4. Dead stems were logged to improve growth and avoid leaning of stump sprouts. 

Two year later sprouts clumps were thinned to leave one or two vigorous stems per 

stump. Logs were used as erosion barriers in specific sites; 

5. Deciduous broadleaved trees (Fraxinus angustifolia and Celtis australis) were planted 

along the stream. Small trees and bushes of the less fire resistant species were planted in a few 

small plots in order to help their future recovery in the farm. 

5.2.3. Results 

All mature cork oaks in the farm were debarked 1 year before the fire. All trees lost their 

crowns (stem mortality), and saplings, bushes and grasses disappeared. The soil became 

impermeable and was covered with a thick layer of ashes. Despite the fact that soils of stepper 

slopes were subsoiled (with help of local government funds), the ashes and fine soil particles 

begun to be drawn by the first winter showers and to accumulate in ponds and water lines. 

The main conclusions of the post-fire diagnostic (9 months after fire) were: 

1. All mature cork oak trees were top-killed, but trees with a diameter less than 50 cm 

could resprout from stumps vigorously (larger trees died). Tree and shrub species more 

adapted to wet conditions (those located along the stream) were eliminated; 
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2. Cork production was totally lost and this lack will last during next 20 years. After that 

some cork might be harvested from stump sprouts, but pre-fire production level will not be 

reached before 40 years; 

3. Grasses were recovering successfully in gently slopes and bushes were sprouting or 

germinating from seed bank and covering the soil again moderately (~40%); 

4. Game that escaped to nearest forests after fire come back to browse over plants 

regeneration; 

5. The water ponds were filled with ashes and soil particles. Evident signs of erosion 

could be seen in the stepper slopes. 

Today (2011; nearly 8 years after fire) most of the burned area has the same shrub cover 

existing before the fire. Shrub canopies have reached 2 m height and no new erosion signs are 

visible. Some log barriers have 5 cm of soil accumulation upslope but wood is rot and very 

decomposed. Reforestation was more successful at low areas than in the sierra but an average 

of 400 trees/ha are growing today. Nevertheless no more than 20 trees/ha are obtained from 

stump sprout (pre-fire mean density was about 45 trees/ha). 

6. Key messages 

•   Cork oak forests and woodlands constitute very important ecosystems providing a large 

number of socio-economic and ecological services. Thanks to its insulating bark (cork), cork 

oak trees have a remarkable fire-resistance and resilience, being one of the few tree species in 

Europe with the ability of crown resprouting after severe fires. This extraordinary resprouting 

capacity makes the cork oak a very good candidate for reforestation programs in fire-prone 

areas; 

•   In spite of remarkable cork oak ability to cope with fire, the periodical bark harvesting 

activity makes exploited trees much vulnerable to wildfires. Thus, fire risk should be taken 

into account by managers; 

•   Several alternative or complementary actions can be taken in order to reduce potential 

damage from wildfires in cork oak stands. Surface fuel reduction and the management of the 

cork harvesting activities (not debarking all trees in the same year, reducing wounding, 

increasing the debarking cycle) could significantly decrease the risk of fire damages; 

•   Management actions such as cork harvesting or pruning are not advisable at least during 

the first 2 or 3 years after the wildfire. Depending on factors such as fire severity, crown 
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recovery and bark thickness, managers can decide the time to act, but in general we 

recommend that cork should be at least 2 cm thick and more than 75% of the pre-fire crown 

volume should be recovered; 

•   Restoration of burned areas using artificial regeneration (direct seeding or planting) is 

usually more expensive, slower and less successful than using natural regeneration of 

vegetative origin (sprouts); 

•   Domestic and wild animals (herbivores or omnivores such as goats, sheep, deer, wild boar) 

can compromise the restoration success of burned cork oak forests, by consuming acorns, 

seedlings, and resprouts, thus protective measures usually need be adopted when they are 

present in the areas to recover (unless their densities are very low). 
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IV.  GENERAL CONCLUSIONS 

 

 

 

This section presents the general conclusions of the thesis. It summarizes the main results 

obtained in the previous sections, and discusses their implications for management. Moreover, 

it also presents some issues that may deserve further research in the future. 
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General conclusions 

Wildfires are among the most important disturbances affecting forest ecosystems in the 

western Mediterranean Basin (Dimitrakopoulos and Mitsopoulos 2006, Keeley et al. 2012). 

Although most wildfires in this region are human-caused, they are not controlled by people 

and typically have undesirable consequences, including both socio-economic and ecological 

impacts that often last for several decades. Wildfires can drastically change the forest 

ecosystems by directly killing plants and altering the forest structure and composition (Bond 

and Van Wilgen 1996). These changes are usually associated to several direct and indirect 

effects, such as loss of income from forest products, soil erosion, watershed functioning 

(water quality and availability), among many others. For all these reasons, the knowledge of 

how plants respond to fire in various conditions is crucial for understanding their ecology and, 

consequently, to help making informed pre- and post-fire management decisions.  

In this thesis we studied the post-fire responses of different woody plant species in a 

variety of Mediterranean ecosystems, and investigated the relationships between these 

responses and several different ecological and management factors. Moreover, we evaluated 

the effects of different post-fire management techniques on post-fire plant recovery. This 

study contributes to fill in the gap of the knowledge on fire ecology of western Mediterranean 

Basin forests and can be an important tool for the management and conservation of these fire-

prone ecosystems. 

Synthesis of the main results 

Variability in tree responses to fire 

Results from section II, showed that the variability in post-fire tree responses was largely 

driven by fire severity, but plant traits, and in some cases other ecological and management 

factors, also played a very important role.  

When a fire occurs trees are differentially affected by its behavior and by the heat 

released. Fire intensity represents the energy released by flaming combustion and can be 

related to the aboveground biological impacts of fire using fire severity metrics (e.g. 

Regelbrugge and Conard 1993, Keeley et al. 2012). In this study the assessment of fire 

severity was centred on the consumption or degradation of biomass by fire, and more 

specifically on char height and on the proportion of crown scorched or consumed (i.e. above-
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ground fire severity). These two variables, indicative of fire-caused injury to the stem and 

crown, were demonstrated to be very good predictors of post-fire tree responses. Other 

variables used as potential indicators of fire intensity and behaviour, such as the understory 

vegetation cover and height, or the Fire Weather Index, showed relatively little or no relation 

with tree responses. In general, fire severity was the primary driver of post-fire tree responses, 

and tree vulnerability increased with fire severity. However, in some cases (particularly when 

there was relatively low variability in fire severity or plant responses), this variable played a 

secondary role.  

For similar levels of fire severity, several plant characteristics influenced tree mortality 

and regeneration after fire. Generally, in high-severity fires, survival was largely determined 

by species resprouting ability; most non-resprouters (pines) died while most resprouters 

(broadleaves) survived. Although mortality of broadleaved trees was usually low, most 

individuals were top-killed (i.e. had stem mortality and resprouted from basal buds only), 

particularly when charred to high levels; in such severe conditions, bark thickness and tree 

size (which are often correlated) typically increased fire resistance and were determinant 

characteristics to avoid top-kill. Indeed, the probability of stem mortality sharply decreased 

with increasing bark thickness, reaching the lowest level (zero) when tree bark depth 

exceeded 4 cm. Most broadleaved trees possessing a thick bark (>1.5 cm) had stem survival, 

even when charred to the top of their canopies. In lower severity fires, these traits were still 

important for broadleaves, particularly for top-kill avoidance, but had a minor effect in pines. 

Bark thickness was the most important morphological trait, although tree size (diameter and 

height) also played a significant role. Trees subjected to these lower severity burns had higher 

probability of surviving, and particularly when char height was lower than 20% of total tree 

height or the proportion of crown damage was below 60%, even pines were very unlikely to 

die. 

In the particular case of cork oak (chapters 3 to 5), results showed that bark thickness and 

the tree management status (if trees were being exploited for cork or not) were major factors 

affecting resistance to fire. Fire vulnerability was higher for trees with thin bark (young or 

recently debarked individuals) and decreased with increasing bark thickness until cork was 3–

4 cm thick; this bark thickness corresponds to the moment when exploited trees are debarked 

again, meaning that exploited trees are vulnerable to fire during a longer period. Additionally, 

exploited trees were also more likely to be top-killed than unexploited trees, even for the same 
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bark thickness. In this particular species, tree diameter (usually uncorrelated with bark 

thickness and positively correlated to the number of times that trees were debarked) was 

negatively related to fire resistance. 

Relationships between post-fire tree responses and several spatiotemporal environmental 

factors (e.g. topography, climate, fire season, time since fire) were also investigated. These 

relationships are complex and not straightforward to assess, because of the difficulty in 

obtaining representative combinations of the different factors, which may explain the lack of 

significant associations found in most cases. However, results suggested that tree 

vulnerability to fire is higher on southern (hotter and drier) aspects, as well as when plants are 

actively growing (i.e. in sites burned in early summer). 

Post-fire management 

The post-fire recovery of burned forests, and how it can be influenced by different active and 

passive management techniques was assessed and discussed in section III.  

In chapter 6, survival and size of resprouted and planted broadleaf trees (ash Fraxinus 

angustifolia and oak Quercus faginea) were assessed during the first years following fire, in 

order to compare their performance as alternative techniques to restore burned areas. Results 

showed important differences between the two methods. Indeed, survival was higher in 

resprouts than in planted trees, particularly for oaks (20-30% more). However, the main 

differences concerned plant growth, with height and diameter being 2-5 times higher in 

resprouts than in planted trees.  

In chapter 7, we assessed the effects of deer presence on the temporal trends of overall 

woody plant frequency and diversity in a burned forest, during the first years following fire. 

Results showed that a high deer density may delay the post-fire recovery of Mediterranean 

woody plant communities and cause shifts in the direction of plant succession, at least at 

initial stages. The slower recovery was evident not only in terms of plant frequency (site 

occupation) but also in terms of height development. Although plant diversity was not 

significantly affected by deer presence, there was a divergent floristic composition between 

browsed (open) and unbrowsed (fenced) areas. 

A variety of post-fire management issues and alternatives for cork oak forests was 

reviewed and discussed in chapter 8. Besides addressing several topics that are somewhat 

common to several other Mediterranean tree species (e.g. tree logging, using natural versus 

artificial regeneration, protection against herbivory, pests and diseases), it also addressed 
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other management practices such as branch pruning, and particularly emphasized the 

increased risk that cork oak faces because of the periodical cork harvesting activity. 

Implications for management and conservation 

Wildfires are a natural disturbance that has been present in Mediterranean Basin ecosystems 

for millennia, and nowadays it is quite clear that they will continue to occur in the future. 

Several studies indicate a current and future trend of increasing wildfire occurrence and 

severity due to changes in land management and climate in many regions worldwide, 

including the Mediterranean Basin (Pausas 2004, Flannigan et al. 2009, Giannakopoulos et al. 

2009). Additionally, climate change is also predicted to increase water stress (Pereira et al. 

2009) and to favour the spread of diseases in this region (Bergot et al. 2004), decreasing the 

vigour of trees, and consequently increasing further their susceptibility to fire. Having that in 

mind, the smarter thing to do is to learn how to live in fire-prone ecosystems, improving our 

knowledge on fire ecology of forest species and trying to avoid the negative impacts of fire by 

managing the land and resources in a sustainable manner (Pausas 2012).  

Post-fire tree responses and model applications 

In this study we showed that the most common post-fire tree responses can be predicted from 

simple variables related to fire severity and to plant characteristics. Most models presented, 

particularly those for predicting individual mortality of pines and stem mortality of 

broadleaves, showed very good performance. Moreover, several of these models were 

validated against independent datasets, providing insights on their generality.  

The results presented in this study may be useful for land managers because the models 

allow them to predict post-fire tree responses more efficiently, thus improving the ability to 

estimate the economic and ecological impacts caused by fire. These impacts may include 

changes in wood and cork production, carbon stocks, wildlife habitat and biodiversity, water 

retention and soil erosion, among others (Whelan 1995, Thies et al. 2006). The results and 

models presented may help managers taking decisions such as selecting the more fire-resistant 

and resilient species for afforestation/reforestation, or when planning prescribed burns. 

Models can also help planning and performing post-fire management activities such as 

coppicing the more severely damaged trees and assisting natural regeneration (Woolley et al. 

2012). Moreover, such predictions facilitate understanding the effects of fire on the 



General conclusions 

235 
 

composition and structure of plant communities, being an important component in ecosystem 

process and succession models (Regelbrugge and Conard 1993).  

The particular case of cork oak 

The thick and insulating bark of cork oak often permits trees to resprout quickly from crown 

buds after fire, giving this species a competitive advantage over coexisting woody plants. 

Together with its socioeconomic importance and cultural significance, this extraordinary 

resprouting capacity makes the cork oak an excellent candidate for reforestation programs in 

fire-prone ecosystems. However, and although cork oak is usually recognized as a highly fire-

resistant and resilient species, the results from this study (chapters 3 to 5) highlight its 

susceptibility to fire when trees are exploited for cork production. The vulnerability of 

exploited trees is at its highest level immediately after bark harvesting (up to nearly 100% 

probability of mortality), and then it decreases with time as bark regrows until cork is 3–4 cm 

thick, which is usually attained by the end of the cork production cycle. Thus, during most of 

the time (particularly during the first half of the cycle) the exploited trees are much more 

vulnerable to fire than unexploited trees.  

Cork is a valuable natural resource and cork harvesting is the main reason why most 

managers want to maintain cork oak ecosystems (Silva and Catry 2006, Aronson et al. 2009). 

However, it is important to recognize that bark harvesting is also the major factor contributing 

to their increased fire vulnerability. Indeed, the ecological effects of fire on recently debarked 

cork oak stands are likely much more negative than in other broadleaf forests, because a 

larger proportion of trees is expected to die. Besides the ecological effects, a strong negative 

economic impact is expected in burned cork oak stands, both because the charred bark loses 

its value, and cork production decreases.  

In chapters 5 and 8, we suggest several alternative or complementary actions to increase 

vigour and sustainability of cork oak forests; some of them are specifically related to fuels 

and cork harvesting management (e.g. debarking coexisting trees in different years or 

increasing the harvesting cycle), and could be implemented in order to reduce the risk of fire 

damage in exploited cork oak stands. Stopping bark exploitation may be unrealistic in most 

cases, but this would be the most effective option to increase ecosystem resilience to fire, 

and should be considered in areas where conservation and tourism are the main objectives. 

The valorisation of many other services provided by cork oak forests (e.g. Bugalho et al. 

2011) could create economic incentives to maintain these systems less dependent on bark 
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exploitation in the future. Additionally, several other management actions are suggested 

(chapter 8). 

Post-fire restoration of burned forests 

One central decision in the post-fire management of burned forests, when the restoration of 

the former forest type is the main objective, is whether to use natural regeneration (indirect 

restoration), if it is present or predicted to occur, or active restoration through plantation or 

seeding (Vallejo et al. 2012). Plantation is probably the most common practice in the 

Mediterranean region (particularly for broadleaves), and has been largely favored by 

reforestation policies. However, planting has very high costs, including the production or 

acquisition of plants, their transport, site preparation, equipment, fertilizers, tree shelters, and 

human labor. Furthermore, site preparation activities may increase the risk of soil erosion, and 

mortality rates are often high during the first years, leading to additional expenses with the 

replacement of dead trees. Most of these costs can be avoided when using natural 

regeneration. Results from chapter 6, where a comparison of survival and growth of panted 

and naturally regenerated broadleaved trees was performed, showed a significantly worse 

performance of planted trees. These results suggest that using natural regeneration through 

resprouting may be a much cheaper and more effective technique than planting to restore 

burned forests with a large proportion of resprouter species, as it is the case of many 

Mediterranean forests.  

The presence of wild or domestic herbivores is also an important issue for post-fire forest 

restoration, as they may strongly influence vegetation dynamics (Vallejo et al. 2012). When 

plants are top-killed by fire and regenerate only vegetatively, or when the objective is either to 

preserve the natural seed regeneration, or to reforest by seeding or planting, the presence of 

herbivores in the burned area will likely constitute a serious problem (unless their densities 

are very low) and some protective measures should be taken (Whelan 1995, Catry et al. 

2007). This can be done by reducing the number of animals during the first years after fire or, 

more often, by protecting the plants through fencing. Results from chapter 7, showed that the 

fencing effect was increasingly important over time for the recovery of woody plants in a 

burned area. We showed that eight years after fire, some species were more affected by 

herbivory than others, but the overall post-fire recovery of the plant community was slower in 

the presence of a high deer density. These effects may be desirable or not, depending on the 
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management objectives; however, the slower recovery in terms of site occupation and height 

development may have negative implications for soil conservation.  

Future research 

Although this study contributes to increase our understanding about the fire ecology of 

several forest species, it also highlighted some issues that deserve further investigation.  

This thesis has addressed the post-fire responses of several forest species occurring in the 

western Mediterranean Basin; however, some of them had relatively small sample sizes and 

the knowledge about several other important species is still inexistent or very poor. Thus, 

further investigating the fire ecology of these and other species, including both ecological and 

management variables, as well as long-term monitoring, is still desirable.  

Bark thickness (BT) was shown to be the most important morphological plant trait 

conferring resistance to fire damage and a good predictor of stem mortality of broadleaf trees. 

However, for operational purposes this variable is not so easy to assess as tree diameter 

(DBH). Although we have presented several equations relating BT to DBH (that help 

managers estimating BT from a known DBH), developing further this kind of equations for 

these and other Mediterranean species, should be very useful.  

The knowledge about which are the best post-fire management practices aiming at 

assisting the natural regeneration is also crucial. Managers confront with a lack of information 

about the convenience, and also about when and how to perform several post-fire operations 

such as cutting, clipping or pruning. In the particular case of cork oak, there is also a lack of 

information about how fire affects the cork production of the surviving trees at the short-

medium term, and how much time managers should wait until starting debarking again. 

Studies addressing all these issues would be very useful to improve post-fire management. 

Predicted climate changes in the Mediterranean Basin are expected to affect the current 

fire regimes, namely in terms of an increase in future fire intensity/severity, fire frequency, 

and in the extent of the fire season (Santos et al. 2002, Pausas 2004, Alcamo et al. 2007). 

Thus, the knowledge about if and how these changes will affect the capacity of trees to 

survive and regenerate following fires has become an issue of increasing importance. For 

example trees may be able to withstand summer fires, but may be very sensitive to fires 

occurring in spring, when they are flowering and actively growing. Results from chapter 5 

showed that trees burning in the early summer (when trees are physiologically more actively) 
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seem to be more vulnerable than those burning later; this suggests that if fires start to become 

more frequent in early summer or spring (as already reported in North America by Westerling 

et al. 2006), the trees ability to withstand fires will decrease. It would be also valuable to 

assess how post-fire tree responses can be affected by increasing fire severity and frequency, 

as well as by other indirect stressing factors induced by climate change such as increasing 

drought or diseases. Climate change is also favoring the conditions for expansion of the 

geographic range where fires traditionally occurred; thus, further investigation should also 

include species from Mediterranean ecosystems which were rarely affected by fire in the past 

but that may become more frequently affected in the future. 
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1. Introdução

Este capítulo aborda as interacções entre as plantas e o fogo. São apre-
sentados os princípios e os processos de base que determinam a forma
como as plantas são afectadas pelo fogo e os factores que controlam as suas
respostas após o fogo. Os efeitos do fogo na vegetação são normalmente
os impactes mais óbvios que se podem observar após um incêndio. 

A capacidade de resposta das plantas ao fogo pode variar significati-
vamente de fogo para fogo ou entre diferentes áreas dentro de um mesmo
incêndio. O tipo de resposta será na maior parte dos casos variável em 
função da interacção entre uma série de factores como o regime de fogo
(e.g., intensidade do fogo, duração da combustão, época do ano), as carac-
terísticas do local (e.g., solos, topografia, clima) e as características de cada
planta (e.g., espécie, vigor vegetativo, idade). A capacidade de sobrevi-
vência e de regeneração das comunidades vegetais no período após o fogo
depende ainda da intensidade de ocorrência de factores adicionais de per-
turbação (e.g., seca, pastoreio, mobilizações de solo, pragas). 

A utilização de técnicas apropriadas para monitorizar os efeitos especí-
ficos do fogo sobre a vegetação é necessária para detectar as alterações
ocorridas na comunidade de plantas. O objectivo é permitir que os ges-
tores sejam capazes de prever os efeitos do fogo nas plantas, baseados no
conhecimento sobre as condições do incêndio e nas características das 
espécies e comunidades existentes antes do fogo, e interpretar as causas
para a variabilidade nas respostas das plantas observada após o fogo. 
O conhecimento sobre as características da vegetação e do fogo, bem como
a compreensão dos mecanismos que influenciam a resposta das diferentes
espécies de plantas após um incêndio, constituem factores-chave no planea-
mento florestal e na gestão de áreas ardidas. 

2. Resistência das plantas ao fogo

A resistência das plantas ao fogo depende em grande medida da
presença de características adaptativas que lhes permitam tolerar melhor
o calor, da percentagem de tecidos mortos e localização desses tecidos,
dos mecanismos reprodutivos e da capacidade para recuperar dos danos
sofridos. Existem duas formas de as plantas conseguirem tolerar a expo-
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sição ao fogo. Uma é a de que as células que constituem os tecidos vitais
consigam suportar temperaturas mais elevadas, e a outra é através da
protecção desses tecidos vitais evitando que a temperatura letal seja
atingida (Whelan, 1995). Por outro lado, as características que adicionam
ou conservam as reservas nutritivas da planta são também muito
importantes uma vez que permitem a recuperação dos indivíduos após
o fogo (e.g. Pyne et al., 1996).

A morte dos tecidos das plantas devido ao fogo depende da quanti-
dade de calor a que estes são expostos. O calor recebido pela planta depende
simultaneamente da temperatura atingida e do tempo durante o qual os
tecidos estão expostos a essa temperatura. A capacidade que as células têm
para suportar temperaturas elevadas varia pouco entre espécies e entre teci-
dos de uma mesma planta. A maior parte das células vegetais morrem se
a temperatura atingir aproximadamente 50-55º C (Hare, 1961; Wright e
Bailey, 1982), embora alguns tecidos de plantas consigam suportar tempera-
turas mais elevadas por períodos de tempo muito curtos. Para uma dada
temperatura aplicada a um tecido vegetal, a variação da mortalidade das
células resulta também do seu estado de hidratação e se estão ou não meta-
bolicamente activas. Tecidos de plantas em repouso vegetativo e que se 
encontram num estado de desidratação podem tolerar um calor muito
mais intenso do que tecidos metabolicamente activos e completamente 
hidratados (Whelan, 1995). Por exemplo, os gomos são geralmente muito
mais sensíveis ao calor do fogo quando estão em fase de crescimento activo
e o seu conteúdo em humidade é elevado (aumentando a condutividade
térmica), do que durante o período de dormência ou após terminar o cres-
cimento anual (Dieterich, 1979; Wright e Bailey, 1982). Alguns estudos 
indicam que diversas espécies resistem melhor ao fogo durante o Inverno
do que durante o Verão (Whelan, 1995). Para além do estado metabólico
em que as plantas se encontram, o facto de as condições meteorológicas
no momento do fogo influenciarem a intensidade e o comportamento do
fogo, bem como o tempo necessário para que as células atinjam uma tem-
peratura letal, são outros factores que podem explicar estas diferenças. 

Para além dos aspectos já mencionados, as reservas nutritivas que
permitem a recuperação dos indivíduos após o fogo também variam entre
espécies e ao longo do ano. Em geral as plantas estão mais susceptíveis aos
danos provocados pelo fogo quando as reservas de hidratos de carbono
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se encontram num nível relativamente baixo. Os padrões sazonais das
reservas nutritivas das plantas variam muito entre espécies (Zwolinski,
1990), e deste modo, um fogo que ocorre num determinado momento do
ano pode ser mais prejudicial para algumas espécies do que para outras.
Algumas espécies de árvores são aparentemente mais susceptíveis após o
período inicial de crescimento anual do que no período final de cres-
cimento ou durante a dormência (e.g. Regelbrugge e Conard, 1993), pois
após o crescimento inicial as plantas têm menos reservas disponíveis.

Algumas partes da planta são mais importantes para a sobrevivência
após o fogo do que outras. O câmbio é um tecido vital para a sobre-
vivência do tronco e da copa. Os gomos são importantes porque a
produção de novas folhas após o fogo depende da sobrevivência destes
tecidos. As sementes também são vitais para algumas espécies pois
representam a única oportunidade de a planta perpetuar o seu código
genético. Os tecidos vegetais mais importantes e susceptíveis tais como o
câmbio e os gomos podem não estar directamente expostos ao calor do
fogo, sendo protegidos por outros tecidos como a casca, encontrando-se
enterrados no solo, ou situados muito acima da superfície, onde é menos
provável que sejam submetidos a um calor letal. Da mesma forma as
sementes podem estar protegidas por frutos que as isolam do calor
excessivo, enterradas no solo, ou na copa a grande altura. A resistência
das árvores ao fogo tende geralmente a aumentar com a idade, pois as
copas tornam-se maiores, a espessura da casca e o diâmetro dos troncos
aumentam, e para algumas espécies a altura da base da copa também
aumenta (Miller, 2000).

A morte das plantas resulta frequentemente de danos provocados em
diferentes partes, tais como os danos na copa associados a uma elevada
percentagem de mortalidade ao nível do câmbio. Dependendo da extensão
e severidade dos danos as plantas podem sobreviver durante mais ou
menos tempo após o fogo. Porém, devido ao seu estado fisiológico
enfraquecido, as plantas afectadas pelo fogo podem ser subsequentemente
atacadas por insectos ou infectadas por doenças e fungos conduzindo a
um aumento da mortalidade nos anos seguintes (e.g. Littke e Gara, 1986).
A ocorrência de qualquer outro factor de stress anterior ou posterior ao
fogo (e.g. condições meteorológicas desfavoráveis, feridas, herbívoria),
torna também as plantas mais fracas e susceptíveis de morrer.
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2.1. Árvores e arbustos

Sobrevivência da copa

As localizações expostas dos gomos apicais laterais e terminais de
muitas espécies de árvores e arbustos tornam-nas muito susceptíveis 
à morte da copa por acção do fogo. A estrutura de uma planta lenhosa 
é um dos factores que afecta a probabilidade de que a sua parte aérea seja
letalmente afectada pelo fogo. Algumas características importantes da
copa são a densidade e dimensão dos ramos, a proporção entre material
vivo e morto, a localização da base da copa em relação aos combustíveis
à superfície, e a dimensão total da copa (Brown e Davis, 1973). Por
exemplo a altura aumenta a probabilidade de sobrevivência da copa pois
as partes aéreas de plantas de baixa estatura estão mais expostas ao calor
e são frequentemente mortas. Devido à diminuição da temperatura com
a distância aos combustíveis de superfície, certas plantas que crescem mais
em altura (principalmente árvores), podem conseguir proteger tecidos
vitais como gomos e sementes, apenas porque estes se encontram acima
das chamas. A eficácia da altura na protecção da copa dependerá da
continuidade vertical do combustível, na própria árvore e no sub-coberto.
Nas espécies de árvores com desramação natural (em que os ramos
inferiores que vão morrendo caem naturalmente), a probabilidade do
fogo entrar nas suas copas é menor (Keeley e Zedler, 1998). Alguns autores
sugerem que a arquitectura da copa de algumas espécies ajuda a deflectir
o calor dos gomos apicais, permitindo uma maior tolerância ao fogo (e.g.
Kruger e Bigalke, 1984). Por outro lado, os gomos e ramos mais pequenos
resistem menos ao calor do que os maiores, devido à sua menor massa
(Byram, 1948; Wagener, 1961). Porém, para que estas características da
copa sejam efectivas e contribuam para a sobrevivência da parte aérea
das plantas, é também necessário que os troncos estejam protegidos por
uma casca suficientemente isoladora. 

O tipo de folhas também pode influenciar a resistência das plantas.
No caso das coníferas, as agulhas compridas (e.g. P. pinea) proporcionam
uma maior protecção inicial aos gomos que as agulhas curtas (e.g. P.
sylvestris) (Wagener, 1961). O facto de as folhas serem perenes ou caducas
também pode influenciar a sobrevivência da copa, sendo que as espécies
de folha caduca são muito menos susceptíveis durante a estação de
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dormência (e.g. Miller, 2000). O conteúdo em humidade das folhas e 
pequenos ramos varia ao longo do ano, sendo mais elevado durante 
o período de maior actividade (formação das folhas e alongamento dos
ramos na Primavera), diminuindo durante o restante período de cresci-
mento (Verão), e diminuindo ainda mais quando o crescimento cessa
(Outono e Inverno para a maioria das espécies excepto coníferas que têm
um período de crescimento adicional no fim do Verão/início do Outono).
O conteúdo em humidade também influencia a inflamabilidade das folhas
e ramos, e quanto maior este for, maior é a quantidade de calor necessária
para atingir a temperatura de ignição. Em geral as espécies folhosas têm
folhas com maior conteúdo em humidade que as resinosas, sendo menos
susceptíveis a fogos de copas (Bond e van Wilgen, 1996). Porém existem
espécies de folhosas, como os eucaliptos, que contêm elevados níveis de
compostos inflamáveis nas folhas, que tornam a ignição e combustão da
copa mais fácil que em espécies que não possuam esses compostos (Bond
e van Wilgen, 1996; Miller, 2001).

A dessecação da copa de uma árvore (crown scorch) é provocada pelo
calor libertado pelo fogo, e é um indicador do impacte do fogo na árvore
que pode ser quantificado logo nos dias posteriores ao incêndio pela
observação da altura ou do volume de folhas/agulhas secas (não verdes).
A altura acima do solo até à qual a copa foi dessecada pode ser medida 
directamente, ou estimada com recurso a um simulador de fogos (e.g. 
BehavePlus) a partir do comprimento da chama, da temperatura do ar e da
velocidade do vento (e.g. Albini, 1976). Porém a percentagem do volume
da copa com folhagem dessecada é normalmente um melhor indicador
do impacte do fogo do que a altura da copa dessecada, uma vez que
considera a proporção de folhagem que permanece viva (Peterson, 1985).
A mortalidade de algumas espécies de árvores está mais relacionada com
a proporção de copa dessecada do que com os danos no tronco (Ryan et
al., 1988), enquanto que noutras espécies se verifica o contrário (Peterson
e Arbaugh, 1986). Para muitas espécies de coníferas e para árvores ou
arbustos com pequenos gomos, a dessecação da copa é frequentemente
equivalente à morte da copa devido à reduzida protecção dos gomos.
Grande parte das espécies de coníferas têm uma elevada probabilidade de
morrer se o volume de copa dessecada for superior a 60-70%, quer como
consequência directa do fogo quer devido ao efeito associado à incidência
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de pragas e doenças durante os primeiros anos após o incêndio. Porém,
para algumas espécies de coníferas mais resistentes (e.g. Pinus ponderosa
ou Larix occidentalis) o volume de copa consumida pode ser um melhor
indicador de mortalidade da copa que o volume de copa dessecada. O con-
sumo da copa resulta da ignição das folhas/agulhas e dos ramos finos.

Sobrevivência do tronco

As árvores e arbustos podem morrer quando o câmbio (camada de
crescimento activa situada entre o lenho e a casca) é exposto a temperaturas
letais. Diversos estudos indicam que quando o tronco é submetido a uma
fonte de calor, o tempo necessário para que as células do câmbio atinjam
uma temperatura letal é função da espessura da casca e das suas proprie-
dades térmicas (Whelan, 1995). A morte do câmbio, se ocorrer na base do
tronco principal e em toda a sua circunferência, corresponde à morte da
parte aérea da planta (copa e tronco), mesmo que a copa não seja directa-
mente afectada. 

A resistência dos troncos ao fogo está principalmente relacionada com
a espessura da casca, a qual varia com a espécie, diâmetro, idade, distância
acima do solo, saúde e vigor das plantas (Gill, 1995). Por exemplo Hare
(1961) levou a cabo várias experiências em que constatou que o tempo
necessário para que as células do câmbio atinjam uma temperatura letal
está exponencialmente relacionado com a espessura da casca para todas as
espécies de árvores estudadas, e que a correlação positiva existente entre
o diâmetro da árvore e a espessura da casca origina uma relação entre o
DAP e o tempo necessário para que o câmbio atinja uma temperatura letal.
Assim, as árvores pequenas de uma dada espécie são geralmente mais sus-
ceptíveis do que as grandes, devido à relação alométrica entre a espessura
da casca e o diâmetro. No entanto, para um dado diâmetro, existe uma
variabilidade considerável na espessura da casca entre espécies. Em Portugal
as espécies com casca mais grossa são o sobreiro, o pinheiro-bravo e o
pinheiro-manso (Figura 1), embora no caso do sobreiro não exista qualquer
relação entre a espessura da casca e o DAP a partir do momento em que as
árvores entram em exploração devido à prática habitual de extracção perió-
dica da cortiça. Um estudo recente levado a cabo em Portugal (Catry et al.,
2010) sugere que uma espessura de casca superior a 3-4 cm será suficiente
para proteger o câmbio de forma efectiva (ver Figura 2b na Caixa 1). 



Por outro lado, a qualidade do isolamento proporcionado pela casca
dependerá também da sua estrutura, composição, densidade e do seu
conteúdo em humidade (Hare, 1965), factores estes que variam de espécie
para espécie. A textura da superfície da casca pode também afectar a sua
probabilidade de ignição.

Um dos indicadores dos danos no tronco mais utilizados é a altura do
tronco queimado expressa como proporção da altura total da árvore.
A altura do tronco queimado pode ser um bom indicador dos danos
sofridos e mesmo da mortalidade (e.g. Ryan, 1982), e está frequentemente
correlacionado com o volume de copa afectado. Nas espécies de casca mais
fina, quando a casca se apresenta carbonizada, o câmbio que se encontra
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FIGURA 1
Relação entre a espessura da casca e o diâmetro à altura do peito (DAP) para 14 espécies
arbóreas (baseado em equações obtidas a partir de dados de campo recolhidos em Por-
tugal; mínimo de 40 árvores por espécie): destaque para as 3 espécies com casca mais
grossa, nomeadamente o sobreiro (cortiça virgem), o pinheiro-bravo e o pinheiro-manso.
As restantes espécies representadas são (não discriminadas): aroeira, azinheira, carrasco,
castanheiro, carvalho-negral, carvalho-português, eucalipto, freixo, medronheiro, pilriteiro
e zambujeiro.
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por baixo está frequentemente morto. Nas espécies de casca grossa (e.g.
pinheiro-bravo ou pinheiro-manso) é mais frequente que a causa de morte
esteja associada aos danos na copa ou raízes que aos danos no tronco; a
morte do câmbio normalmente só ocorre se o tronco estiver exposto ao calor
do fogo durante um longo período de tempo, o que pode acontecer se por
exemplo existir acumulação de material lenhoso no solo junto ao tronco. 

Por outro lado quando existem feridas no tronco, provocadas por
fogos anteriores ou por qualquer acção mecânica, o câmbio fica mais
susceptível a sofrer danos adicionais pelo fogo, pois a casca é geralmente
mais fina ou inexistente junto da ferida e a existência de concavidades ou
buracos pode favorecer um maior tempo de residência da chama junto ao
tronco (Miller e Findley, 2001). Por exemplo Rundel (1973) registou uma
forte correlação entre a morte da copa em sequóias gigantes e a presença
de cicatrizes de fogo na base dos troncos. As feridas provocadas por um
fogo (correspondendo aos locais onde o câmbio morreu) muitas vezes só
são visíveis quando a casca se desprende do tronco. Estas feridas podem
ficar infectadas por microorganismos ou fungos, e a sobrevivência das
árvores pode depender da sua capacidade em compartimentar rápida e
eficazmente as feridas de modo a formar uma barreira em redor do tecido
afectado que reduza o alastramento da infecção (Smith e Sutherland,
1999). A resinagem nos pinheiros pode também torná-los mais suscep-
tíveis ao fogo devido às feridas e cicatrizes que facilmente se incendeiam
devido à natureza inflamável da resina. Por exemplo Whelan (1995) refere
que no SE dos Estados Unidos os pinheiros (P. palustris) com antigas
cicatrizes de resinagem são mais severamente afectados ou morrem,
mesmo em fogos de superfície e menos intensos. 

A espessura e a textura da casca ou a presença de feridas pode também
afectar a probabilidade de morte nos troncos de espécies arbustivas,
embora, devido ao reduzido diâmetro da maioria dos seus troncos, a maior
parte seja letalmente afectada por qualquer fogo que atinja a folhagem
no topo, excepto se o tempo de residência for muito curto.
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CAIXA 1
EFEITOS DO FOGO NAS ÁRVORES UM CASO DE ESTUDO EM PORTUGAL

Na sequência de um grande incêndio (~3000 ha) que ocorreu em Setembro de

2003 no concelho de Mafra, deu-se início a um estudo para avaliar os efeitos do

fogo nas principais espécies arbóreas. Foram seleccionados aleatoriamente 26

pontos e em cada um deles foram estabelecidos trajectos para monitorizar 

o estado vegetativo de cada árvore e medir diversos parâmetros relacionados

com a intensidade do fogo, características do local, e características dos indi-

víduos. Durante os primeiros 4 anos após o incêndio, um total de 755 indiví-

duos de 11 espécies (9 de folhosas e 2 de resinosas) foram monitorizadas

regularmente. As espécies estudadas foram: Castanea sativa (castanheiro), 

Crataegus monogyna (pilriteiro), Eucalyptus globulus (eucalipto), Fraxinus 

angustifolia (freixo), Olea europaea var. sylvestris (zambujeiro), Pinus pinaster

(pinheiro-bravo), P. pinea (pinheiro-manso), Pistacia lentiscus (aroeira), Quercus

coccifera (carrasco), Q. faginea (carvalho-português) e Q. suber (sobreiro).

Ao fim de 4 anos verificou-se que a maioria (89%) das resinosas (coníferas)

morreu, enquanto que a maior parte das folhosas sobreviveu (92%). Porém,

apesar da baixa mortalidade observada nos indivíduos das espécies folhosas,

a maioria deles (74%) sofreu morte da parte aérea, regenerando apenas a par-

tir da base do tronco ou raízes, o que significa um processo de recuperação

muito mais lento que em caso de sobrevivência da copa. Nas resinosas estu-

dadas a morte da parte aérea corresponde sempre à morte do indivíduo. Entre

as folhosas, apenas o castanheiro apresentou mortalidade elevada, e o so-

breiro (árvores não descortiçadas) foi a espécie com menor mortalidade da

parte aérea.

Foram utilizados métodos de regressão logística para desenvolver modelos 

gerais relacionando a probabilidade de mortalidade (do indivíduo ou apenas

da parte aérea), com indicadores de severidade do fogo e características dos

indivíduos (Figura 2). Entre as variáveis analisadas, para além das diferenças

entre os dois principais grupos funcionais (coníferas e folhosas), a altura do

tronco queimado, o volume de copa afectada e a espessura da casca, foram

aquelas que mais influenciaram o tipo de resposta das árvores. Os modelos 

seleccionados foram validados com dados independentes obtidos em 4 outros

incêndios (945 árvores), tendo sido obtidos bons resultados.

Mais detalhes sobre este estudo podem ser consultados em Catry et al. (2007,

2010). Relativamente ao sobreiro, e devido às suas especificidades (ser a única

árvore europeia com capacidade de regenerar a copa quando esta é destruída

pelo fogo, e em que a casca é regularmente extraída), sugere-se a consulta de

bibliografia específica para esta espécie (e.g. Catry et al., 2009; Moreira et al.,

2007, 2009; Silva e Catry, 2006).



Sobrevivência das raízes

Uma planta pode perder a parte aérea (copa e tronco) mas ainda
assim sobreviver. Isto acontece frequentemente com os indivíduos das
espécies folhosas. Porém a morte das raízes de uma planta corresponde
sempre à morte do indivíduo. 

Tal como para as copas e troncos, existem características físicas e estru-
turais que influenciam os danos ao nível das raízes nas espécies lenhosas.
As raízes estruturais de suporte que crescem lateralmente próximo da
superfície são mais susceptíveis aos danos provocados pelo fogo que as
raízes mais profundas. As raízes que se encontram nas camadas orgânicas
têm uma maior probabilidade de serem letalmente afectadas ou consu-
midas que as raízes localizadas nas camadas minerais do solo. As raízes
finas que captam a maior parte da água e nutrientes necessários à planta
estão normalmente distribuídas junto à superfície, e a perda destas raízes
pode constituir uma causa de morte mais significativa do que os danos
provocados nas raízes estruturais (Wade, 1993). Embora a destruição de
parte das raízes de uma árvore ou arbusto possa não matar o indivíduo,
pode conduzi-lo a um estado de stress significativo que aumentará a
probabilidade de morte no futuro. 
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FIGURA 2 
Modelos preditivos das respostas das árvores 4 anos após um incêndio: 

ESQUERDA: Probabilidade de mortalidade dos indivíduos (e intervalos de confiança)
em função da altura máxima do tronco queimado (% da altura da árvore) e do
grupo de espécies (resinosas ou folhosas); DIREITA: Probabilidade de morte da parte
aérea (copa e tronco) em folhosas em função da espessura da casca (cm) e da al-
tura máxima do queimado (%). (Adaptado de Catry et al., 2010).

P
R

O
B

A
B

IL
ID

A
D

E
D

E
M

O
R

T
A

L
ID

A
D

E
1.0

0.8

0.6

0.4

0.2

0.0

ALTURA MÁXIMA DO QUEIMADO (%)

0       20 40 60 80 100

Coníferas

Folhosas

Espécies

P
R

O
B

A
B

IL
ID

A
D

E
D

E
M

O
R

T
E

D
A

P
A

R
T

E
A

É
R

E
A

1.0

0.8

0.6

0.4

0.2

0.0

ESPESSURA DA CASCA (cm)

0        1 2 3 4 5

25

50

75

100

altura do queimado (%)



Os danos provocados pelo fogo nas raízes ou em outras estruturas da
planta situadas abaixo do solo não podem ser previstos pelo comporta-
mento geral do fogo nem por outras características específicas tais como a
intensidade da frente de fogo ou a altura das chamas, pois a maior parte do
calor produzido é direccionado para cima. A morte das estruturas enter-
radas no solo está muito mais relacionada com o tempo de residência do
fogo ou da fonte de calor (e.g. Wade, 1986), que por sua vez é influenciado
pela quantidade, tipo, compactação e teor de humidade dos combustíveis
presentes à superfície. A humidade do solo também retarda a penetração
de calor no solo (Frandsen e Ryan, 1986), protegendo as estruturas sub-
terrâneas das plantas. Pode existir alguma relação entre o calor libertado
durante o fogo e os danos nas raízes, particularmente se apenas existir uma
fina camada de combustível à superfície. Porém, se existir uma acumu-
lação moderada ou elevada de combustível à superfície, o tempo de resi-
dência da fonte de calor será provavelmente bastante superior e poderá
causar danos consideráveis nas estruturas subterrâneas, mesmo que na
copa não se observem danos (Wade e Johansen, 1986).

2.2. Herbáceas

O conhecimento existente sobre os factores que conferem tolerância
ao fogo às plantas herbáceas é bastante inferior relativamente às plantas
lenhosas. 

Nas plantas herbáceas existe uma diferença fundamental entre gra-
míneas e dicotiledóneas que tem a ver com a localização dos meristemas.
As gramíneas têm os seus meristemas na base das folhas enquanto as 
dicotiledóneas os têm expostos e constantemente elevados à medida que
a planta cresce. Esta característica das gramíneas protege muitas delas do
fogo uma vez que muito do calor libertado por um fogo é direccionado
para cima. Adicionalmente, os caules e folhas das gramíneas que formam
uma massa densa e compacta ajudam também a proteger do calor os me-
ristemas situados no centro, permitindo frequentemente uma muito 
rápida recuperação pós-fogo (Bond e van Wilgen, 1996). 

Apesar de nas monocotiledóneas arborescentes e nas dicotiledóneas
os meristemas estarem geralmente mais expostos ao calor que nas
gramíneas, existem arranjos particulares de folhas que podem proteger 
os gomos do calor letal durante a passagem do fogo (Gill, 1981). 
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Muitas espécies de gramíneas e de outras herbáceas são relativamente
tolerantes ao fogo quando este ocorre no fim da época de crescimento e
quando as plantas se encontram dormentes, sendo mais vulneráveis aos
danos se arderem durante os períodos de crescimento activo (Bond e van
Wilgen, 1996; DeBano et al., 1998). Como nas regiões Mediterrânicas 
a maior parte dos incêndios ocorre durante o Verão, coincidindo com 
o período de dormência (ou fim de crescimento) da maior parte das
espécies herbáceas silvestres, o fogo acaba por não ter normalmente
consequências tão graves sobre este tipo de vegetação como tem sobre as
espécies lenhosas.

3. Formas de regeneração pós-fogo

A recuperação das comunidades vegetais após um fogo é variável de
acordo com a resposta das espécies individuais, e é influenciada pelas 
características ambientais e perturbações posteriores. A mortalidade após
um fogo pode ser diminuida, devido aos mecanismos de resistência des-
critos anteriomente, ou compensada pela germinação de sementes pouco
depois do fogo (Lloret, 2004). Existem apenas duas possibilidades de
regeneração das plantas após fogo, nomeadamente por resposta vegeta-
tiva ou reprodução sexual (seminal) (Figura 3).
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FIGURA 3 
Exemplos de tipos de resposta após fogo em espécies arbóreas: regeneração vegetativa
(epicórmica no sobreiro e basal no medronheiro, à esquerda e ao centro, respectivamente)
e regeneração sexual (seminal no pinheiro-manso, à direita). (Fotos: Filipe X. Catry)



3.1. Regeneração vegetativa

A regeneração vegetativa, que se exprime através da emissão de
rebentos, é a forma através da qual muitas plantas perenes sobrevivem 
e recuperam após o fogo, refazendo a sua componente aérea. A capacidade
de regeneração vegetativa após fogo é favorecida pelo isolamento térmico
e está muito difundida entre as Angiospérmicas, particularmente em
vegetação esclerófila e floresta caducifólia; usualmente é apresentada
dicotomicamente mas na realidade varia num continuum de zero a 100
por cento (% de plantas que rebentam) (Vesk e Westoby, 2004). 

Consultando uma base de dados das características das plantas do 
Mediterrâneo relacionadas com o fogo (Paula e Pausas, 2009) constatamos
que a resposta vegetativa pós-fogo é omnipresente nas espécies lenhosas
Portuguesas. Praticamente todas as árvores, com excepção dos pinheiros,
a apresentam, nomeadamente as espécies dos géneros Quercus, Betula, Ilex,
Ceratonia, Ulmus, Fraxinus, Olea, Acer, Prunus e Sorbus. De entre os arbustos
salientem-se os géneros Pistacia, Nerium, Buxus, Viburnum, Arbutus,
Erica (a grande maioria das espécies), Pterospartum, Ruscus, Myrtus, Phil-
lyrea, Daphne, Rhamnus e Crataegus. Prevalece nos géneros Cytisus e Genista
e está representada nalguns tojos (Ulex europaeus, U. minor) e zimbros 
(Juniperus oxycedrus), sendo também relevante noutras plantas lenhosas
ou sub-lenhosas (Hedera, Rubus, Lonicera, Pteridium, Chamaerops). Em con-
trapartida, a regeneração vegetativa rareia bastante nos Cistus (e restantes
Cistáceas) e nas Lamiáceas, que incluem os géneros Rosmarinus e Lavandula.

A sobrevivência individual depende da sobrevivência de gomos ad-
ventícios dormentes, os quais apenas produzem novos rebentos quando
a folhagem sofre dano (Chandler et al., 1983; Trabaud, 1987). A resposta
vegetativa provém de órgãos localizados a diferentes alturas e profundi-
dades, respectivamente acima e abaixo da superfície do solo (Miller, 2000).
As árvores capazes de reconstituição vegetativa podem rebentar do tronco
ou da copa, mesmo quando esta arde, se a espessura da casca garantir que
os gomos não são danificados pelo fogo. Caso contrário a actividade 
vegetativa manifestar-se-á através das estruturas basais ou subterrâneas,
tal como nas plantas arbustivas e herbáceas. O texto que se segue foi 
essencialmente compilado a partir de Trabaud (1987), Miller (2000) e 
Lloret (2004).
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* invulgar em coníferas

TABELA 1 
TIPO E LOCALIZAÇÃO DOS GOMOS GERADORES DE REBENTAÇÃO PÓS-FOGO

(REGENERAÇÃO VEGETATIVA). MODIFICADO DE MILLER (2000)

TIPO DE GOMO

Epicórmico

Estolho

Colo da raíz

Tuberosidade lenhosa

Cáudice

Raíz

Rizoma

Bolbo, cormo 
ou bolbo sólido

LOCALIZAÇÃO

Aérea

Acima do solo, 
manta morta

Solo, acima do solo

Solo, acima do solo

Solo ou manta morta

Solo ou manta morta

Solo ou manta morta

Solo

GRUPO DE PLANTAS

Folhosas sempre verdes*

Herbáceas

Folhosas e arbustivas*

Folhosas, arbustivas 
e herbáceas*

Herbáceas

Folhosas, arbustivas 
e herbáceas

Arbustos e herbáceas

Herbáceas perenes

Localização dos gomos dormentes

A Tabela 1 sumariza as estruturas das plantas que dispõem de capa-
cidade vegetativa, de acordo com Miller (2000). Os gomos dormentes de
muitas plantas lenhosas estão localizados nos tecidos dos troncos, acima
ou abaixo da superfície do solo. O colo da raiz, zona de ligação da raiz ao
caule e de onde as raízes se difundem, é um local comum de emissão de
rebentos após fogo. A rebentação epicórmica resulta de gomos localizados
no seio do tecido lenhoso dos troncos das árvores ou nas axilas dos ramos,
sendo comum no sobreiro e eucalipto.

Muitas espécies de plantas, especialmente arbustos e eucaliptos, 
rebentam a partir de gomos localizados em tuberosidades lenhosas sub-
terrâneas (lignotuber), que constituem engrossamentos da base do caule
bem protegidos de temperaturas letais por se encontrarem enterrados no
solo. O solo é um bom isolante e essa característica é particularmente bem
explorada por plantas com estas estruturas raiz-copa especializadas 
e que estão presentes em muitas espécies lenhosas das regiões Mediter-
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rânicas (Whelan, 1995). As tuberosidades lenhosas são não só uma fonte
de gomos a utilizar em caso de destruição da parte aérea, como constituem
uma estrutura de armazenamento de reservas de energia, necessária para
a regeneração. A capacidade da planta regenerar a partir do lignotuber após
o fogo poderá também depender da profundidade a que está enterrado
no solo e do seu tamanho (Whelan, 1995).

Os gomos dormentes localizam-se também frequentemente em caules
ou raízes de crescimento lateral em plantas lenhosas. Os rizomas – caules
horizontais subterrâneos – têm uma rede regular de gomos dormentes
que podem produzir novos rebentos e raízes adventícias.

Diversas plantas perenes, herbáceas ou sub-lenhosas, possuem
estruturas regenerativas únicas, nomeadamente os estolhos, que são
caules rastejantes que crescem à superfície do solo e desenvolvem raízes
a partir dos nós. Um cáudice é uma base caulinar subterrânea, persistente
e frequentemente lenhosa. Finalmente, refiram-se outras estruturas
subterrâneas como os bolbos e os cormos, típicos das Liliáceas e Iridáceas.

Processos de regeneração vegetativa pós-fogo

O processo da rebentação pós-fogo em plantas lenhosas é um processo
altamente regulado, e no qual intervêm os mesmos factores que controlam
a regeneração vegetativa subsequente a outras perturbações. O crescimento
da maioria dos gomos dormentes é governado pela dominância apical.
Hormonas de crescimento, como a auxina, são translocadas para os
gomos dormentes, impedindo a emissão de rebentos. É na extremidade
dos caules e nas folhas que as hormonas são produzidas, o que implica
que a sua produção cessa quando aqueles são eliminados pelo fogo.
Substâncias de crescimento localizadas nas raízes, particularmente as
citoquininas, são então translocadas para os gomos causando o seu
crescimento. Portanto é a morte das partes das plantas expostas ao fogo
que inicia a regeneração a partir dos gomos, cujo crescimento aquelas
inibiam. Os gomos que se desenvolvem em rebentos são geralmente
aqueles mais próximos dos tecidos mortos.

A capacidade de rebentação depende de características morfológicas
e fisiológicas da espécie, da condição dos indivíduos antes do fogo, do
comportamento do fogo e das condições do meio ambiente. A época do
fogo e o estado fisiológico da planta interagem e influenciam a regenera-
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ção após fogo. A capacidade de regeneração vegetativa varia usualmente
com a idade da planta, sendo tipicamente mais reduzida ou nula em plantas
demasiado jovens ou mais envelhecidas. As plantas podem regenerar vege-
tativamente imediatamente após o fogo ou apenas na Primavera seguinte
se o fogo tiver ocorrido durante o período de dormência. Os aumentos
de exposição solar e de temperatura do solo após o fogo podem favorecer
a magnitude da rebentação. Até que os rebentos sejam fotossinteticamente
auto-suficientes, a energia necessária para o seu crescimento procede dos
hidratos de carbono e nutrientes armazenados nas estruturas regenerativas
ou nas raízes. Em espécies desprovidas de estruturas capazes de armazena-
mento significativo de hidratos de carbono (como lignotubers), fogos de
Primavera podem ter um impacte maior na capacidade regenerativa, já
que ocorrem quando o armazenamento de reservas é mínimo, mas em
certas espécies o impacte é maior quando o fogo ocorre no final da
estação de crescimento. Cremer (1973), por exemplo, verificou que diversas
plantas em florestas de eucalipto australianas regeneravam pior após
períodos de rápido crescimento que após períodos de quiescência, o que
relacionou com a acumulação de reservas, que é menor após terem sido
direccionadas para o crescimento. A frequência de fogo também é impor-
tante devido ao tempo necessário para que a planta reponha as reservas
de energia gastas. A capacidade de regenerar repetidamente após o fogo
varia muito consoante as espécies. 

Relação geral entre a regeneração vegetativa e a severidade do fogo

A energia libertada pelo fogo pode afectar a regeneração vegetativa
de várias formas. Um fogo de severidade reduzida pode eliminar espécies
cujos componentes reprodutivos se localizem mais superficialmente, por
exemplo raízes e rizomas, ou estejam pouco protegidos. No entanto,
pouco afectará os órgãos enterrados mais profundamente e estimulará
significativamente a rebentação em caso de destruição da copa.

Um fogo de severidade moderada consome as estruturas vegetais 
situadas na folhada e topo da manta morta inferior, por exemplo rizomas
superficiais, podendo matar gomos nas porções sub-superficiais dos
caules e na parte superior de tuberosidades subterrâneas. As plantas com
gomos na manta morta inferior ou solo mineral produzirão rebentos.
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Um fogo de severidade elevada elimina as plantas cujas estruturas 
reprodutivas se localizam na manta morta e pode aquecer letalmente
algumas partes incluídas nos níveis superiores do solo, especialmente
quando há acumulação de combustível lenhoso ou quando a manta
morta é espessa. A rebentação ocorrerá apenas a partir de órgãos localiza-
dos em áreas adjacentes ou profundamente enterrados, mas, dependendo
da espécie, pode ainda assim ser vigorosa.

3.2. Regeneração seminal

Independentemente da capacidade de cada espécie para regenerar vege-
tativamente, a grande maioria das espécies de plantas vasculares têm a
possibilidade de produzir sementes. Em termos evolutivos, o aparecimento
das primeiras plantas produtoras de semente durante o Período Devónico
Superior há cerca de 365 milhões de anos (Raven et al., 2003), abriu um
vasto leque de possibilidades de dispersão das populações de plantas em
ambiente terrestre. Desde a dispersão pelo vento até à dispersão por animais
ou pela corrente dos rios, foi possível desenvolver mecanismos muito
eficazes de expansão das populações de plantas. Para além disso foi possível
obter outras vantagens evolutivas para as plantas produtoras de semente,
tais como a protecção física do embrião e uma reserva de nutrientes
disponível para o seu desenvolvimento, aumentando assim as probabili-
dades de sucesso no processo de germinação e crescimento das plântulas. 

O processo evolutivo deu origem aos inúmeros tipos e formas de
sementes, que se podem encontrar actualmente na nossa flora. Desde as
sementes minúsculas das Cistáceas até às glandes produzidas pelas
Fagáceas, apenas para referir duas famílias muito importantes da flora
nativa em Portugal, existe toda uma diversidade de sementes, cada uma
delas resultando de adaptações evolutivas de natureza diversa. Essas
adaptações têm a ver com o tipo de dispersão, com a estratégia de coloni-
zação ou com a interacção com o meio ambiente, por exemplo. Tendo
em conta que as espécies evoluíram em ambientes onde os recursos são
inevitavelmente limitados, as sementes das plantas também evoluíram
na base de compromissos, dos quais um dos mais importantes tem a ver
com a relação entre o número de sementes e o seu tamanho (Fenner e
Thompson, 2005). Deste modo será de esperar que espécies com sementes
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de grandes dimensões sejam produzidas em pequenas quantidades e que
sementes de pequenas dimensões sejam produzidas em grandes quanti-
dades. Este aspecto é indissociável do ciclo de vida das diferentes espécies,
na medida em que as sementes de maiores dimensões estão normalmente
associadas a espécies com um ciclo de vida mais longo. Por sua vez, a
duração do ciclo de vida tem sido associada à existência de um maior ou
menor nível de perturbação nos ambientes onde as espécies evoluíram.
De um modo geral associam-se ciclos de vida mais curtos a plantas de
menores dimensões, com uma produção mais precoce de sementes e adap-
tadas a ambientes mais sujeitos a perturbações não previsíveis como fogos
ou inundações (Kozłowski e Wiegert, 1987). Nestas espécies a colonização
dos locais perturbados faz-se de forma massiva e a mortalidade não está
muito dependente da densidade, ocorrendo sobretudo na fase adulta.
Pelo contrário, as espécies associadas a menores níveis de perturbação têm
à partida uma maturação mais tardia, ocorrendo uma forte mortalidade
na fase juvenil, muito dependente da densidade de plântulas estabelecidas
(Fenner e Thompson, 2005). Como veremos mais à frente, estas duas
tendências evolutivas podem ser relacionadas com a capacidade das espé-
cies para regenerar vegetativamente ou seja, com a sua maior ou menor
dependência da produção e disseminação de sementes, para se propagarem. 

Fornecimento e dispersão das semente

Os mecanismos de dispersão das sementes são muito diversos e estão
estreitamente associados às características das próprias sementes e dos
frutos. Para além da simples acção da gravidade (barocoria), a dispersão
das sementes pode fazer-se através da acção do vento (anemocoria),
através do arrastamento pela água (hidrocoria), ou através do transporte
por animais (zoocoria). Estes modos de dispersão podem ainda ser
bastante subdivididos e têm inúmeras variantes. Por exemplo o transporte
por animais pode acontecer externamente (epizoocoria) como é o caso
das sementes que ficam agarradas ao pêlo dos mamíferos, ou internamente
(endozoocoria) como é o caso das sementes ingeridas e posteriormente
expelidas pelas aves. Diferentes formas de dispersão correspondem a
distâncias de transporte muito variáveis. Normalmente associam-se os
mecanismos com maior poder de transporte aos estádios mais avançados
da sucessão ecológica, ao passo que mecanismos com fraco poder de
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dispersão, são normalmente associados aos estágios iniciais (Aparicio et
al., 2008), existindo no entanto numerosas excepções a esta regra geral.

No que toca ao papel do fogo na dispersão das sementes, podemos
encontrar vários exemplos em que a deiscência das sementes é facilitada
através da acção do calor sobre os frutos. É esse o caso de várias espécies
do género Pinus (e.g. Boydak, 2002; Goubitz et al., 2004; Fernandes 
e Rigolot, 2007) ou do género Eucalyptus (e.g. Potts, 1990; Lamont et al.,
1991; Vivian et al., 2008). No entanto, a acção do fogo pode ainda
favorecer a dispersão de sementes de outras formas, nomeadamente ao
permitir uma circulação facilitada do vento e da água à superfície do solo,
para além de uma diminuição dos obstáculos físicos ao transporte das
sementes (Whelan, 1995).

Banco de sementes

A estimulação da deiscência pelo fogo tem sido associada à manuten-
ção de um banco de sementes na copa, através de frutos que retardam a
libertação das suas sementes durante períodos de vários anos. O pinheiro-
-bravo é referido como uma espécie que consegue manter um banco de
sementes na copa através da produção de pinhas serôdias (Fernandes e 
Rigolot, 2007), uma designação também referida como bradisporia, por
alguns autores (Whelan, 1995). As pinhas abrem entre dois a três dias após
o incêndio, o que permite à semente (penisco), provida de uma asa de
grandes dimensões, percorrer distâncias consideráveis na horizontal até cair
sobre o manto já arrefecido de cinzas, onde tem a possibilidade de germi-
nar. Aparentemente o efeito inibidor das cinzas na germinação, verificado
em laboratório por alguns autores (e.g. Reyes e Casal, 2004), não é suficiente
para impedir o elevado recrutamento de plântulas que se verifica em al-
gumas áreas queimadas. Algumas das pinhas podem permanecer durante
40 anos na árvore à “espera” do próximo fogo, e o penisco pode manter-se
viável durante 30 anos (Tapias et al., 2002). No entanto nem todos os au-
tores interpretam a produção e a libertação de sementes em massa, simples-
mente como uma adaptação ao fogo. Uma das teorias mais correntes 
explica a deiscência concentrada no tempo como uma forma de saciar os
predadores, que dessa forma deixam uma grande quantidade de sementes
disponíveis para a germinação. Aliás essa é igualmente uma das explicações
apontadas para a irregularidade da produção de semente ao longo do
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tempo, em que anos quase sem produção alternam com anos de safra
(Kelly, 1994; Fenner e Thompson, 2005) tal como se verifica em espécies
do género Quercus por exemplo (Abrahamson e Layne, 2003).

A manutenção de bancos de sementes é ainda comum a várias espécies
de arbustos como é o caso dos géneros Cistus e Lavandula. No entanto, no
caso dos exemplos referidos o banco de sementes é mantido ao nível do
solo e não na copa. O resultado em termos de colonização da área recente-
mente queimada é semelhante, dando igualmente origem a uma grande
densidade de plântulas, que aproveitam o espaço criado pelo fogo, para
crescer em apertada competição entre si. Para que tal possa acontecer 
é necessário que o fogo exerça um estímulo sobre as sementes depositadas
no solo ao longo dos anos, quebrando a sua dormência e permitindo a
germinação.

Relação entre a germinação e o fogo

Devido ao facto de serem estruturas com uma actividade essencial-
mente latente em termos fisiológicos, as sementes apresentam natural-
mente uma tolerância elevada ao calor (Whelan, 1995). Mesmo semen-
tes com um tegumento pouco espesso como as glandes de algumas
Fagáceas, podem suportar temperaturas de 150º C durante alguns minu-
tos (Reyes e Casal, 2006). No entanto a resistência das sementes ao calor
é muito variável, dependendo não só das características do tegumento, com
das características do próprio fruto. Para além destas formas de isolamento
há a contar com o isolamento proporcionado pelo solo, dado que muitas
sementes são enterradas por animais. Neste caso uma maior profundidade
de enterramento das sementes poderá ser vantajosa, sobretudo se pensar-
mos que as sementes que permanecem na folhada dificilmente resistem
à passagem do fogo. No entanto, para todas as plantas, a partir de uma certa
profundidade há um declínio acentuado nas taxas de germinação (Whelan,
1995) independentemente da ocorrência ou não de fogo. A questão da 
sobrevivência ao fogo torna-se ainda mais complexa se adicionarmos a
questão da duração do aquecimento. De facto a sobrevivência de uma 
semente ao fogo é, tal como acontece com os tecidos vivos do tronco de uma
árvore, o resultado de uma combinação temperatura/duração do aque-
cimento, ambas as variáveis contribuindo directamente para o aumento
da mortalidade das sementes (e.g. Bell e Williams, 1998). Já no que diz 



respeito à protecção proporcionada pelos frutos há que referir, de entre
os grupos de espécies arbóreas com maior relevância, as espécies do género
Pinus, através das brácteas das pinhas e as espécies do género Eucalyptus,
através da protecção proporcionada pelas cápsulas que constituem o fruto
destas espécies (Whelan, 1995).

Um aspecto tão ou mais bem mais estudado que o papel do calor na
destruição das sementes, tem a ver com o papel do fogo como factor de
estimulação da germinação. Esta estimulação pode fazer-se directamente
através do calor que atinge as sementes, ou indirectamente através do
calor que atinge os frutos, permitindo ou facilitando a sua deiscência
(González-Rabanal e Casal, 1995; Izhaki et al., 2000; Clarke e French,
2005). Para além do calor, são apontados outros factores que poderão
contribuir para estimular a germinação, nomeadamente: o fumo (e.g.
Reyes e Trabaud, 2009), a concentração de nitratos (e.g. Bell et al., 1999)
e a exposição à luz (e.g. Luna e Moreno, 2009). Em todo o caso, é impor-
tante ter em conta que os estímulos que permitem quebrar a dormência
das sementes de pouco servem se não estiverem reunidas as condições
ambientais necessárias à germinação. De referir que o estudo dos meca-
nismos que permitem o estimulo da germinação das sementes após o fogo,
tem sido das áreas mais prolíficas em termos de trabalhos publicados,
existindo uma enorme quantidade de artigos científicos relativos a comu-
nidades de plantas de diversas regiões do Planeta. 

Condições ambientais de germinação

As diferentes espécies estão adaptadas a diferentes condições óptimas
de germinação. Muitos autores têm estabelecido uma relação estreita 
entre a capacidade das diferentes espécies para regenerar vegetativamente
e as condições óptimas de germinação. As espécies que não têm capaci-
dade de regeneração vegetativa dependem exclusivamente da produção de
sementes para assegurar a continuidade da espécie, pelo que são designa-
das como espécies de regeneração obrigatória por semente (obligate seeders).
Nestas espécies tudo se passa de modo a que possam completar o seu ciclo
de vida, incluindo a produção de sementes, antes da chegada do próximo
fogo. Neste grupo incluem-se todas as espécies cujos indivíduos geralmente
morrem após a ocorrência do fogo e que, como tal, estão completamente
dependentes da regeneração por via seminal para poder assegurar a sua
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continuidade. Deste modo, o investimento faz-se preferencialmente na
parte aérea, em detrimento do desenvolvimento das raízes, dando normal-
mente origem a relações raíz/parte aérea (biomassa) mais baixas (Figura 4).
Dado apenas poderem aceder a camadas de solo sujeitas a uma intensa 
secura durante os meses de Verão, estas plantas necessitam de adaptações
estruturais de defesa contra a secura, no sentido de evitar ao máximo as
perdas de água, de forma a manter o seu equilíbrio hídrico. Deste modo,
as espécies de regeneração obrigatória por semente exibem frequente-
mente indumento nas folhas, menor área foliar, produção de óleos voláteis,
cutícula e mesófilo mais espessos e um mais eficiente controlo estomático
(Keeley, 1986). Estas espécies têm tendência a dominar em zonas mais 
secas e menos férteis e em fases pouco evoluídas da sucessão ecológica,
sendo frequentemente associadas a matos baixos e dispersos (Margaris,
1981). Dado o intenso recrutamento que ocorre sempre que estejam
reunidas as condições necessárias à germinação, nomeadamente o calor
proporcionado pelo fogo ou a simples abertura de clareiras, estas espécies
são normalmente conotadas com a estratégia r (Reyes, 1996; Díaz Barradas
et al., 1999) no âmbito da classificação de MacArthur & Wilson (1967)
para as estratégias populacionais. De entre as espécies que ocorrem no nosso
país são importantes representantes deste grupo, as plantas dos géneros
Cistus, Lavandula, Rosmarinus e Halimium.
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Já as espécies com capacidade de regeneração vegetativa estão frequen-
temente associadas a etapas mais avançadas da sucessão, nomeadamente
a matagais altos e apenas regeneram por semente quando estão reunidas
condições ambientais mais favoráveis à germinação e ao crescimento das
plântulas (Silva e Rego, 1998b). O recrutamento é feito de forma gradual
dando origem a baixas densidades de plântulas (Clemente et al., 1996;
Silva e Rego, 1998a). Dadas estas características, é normal referir estas
espécies como estrategas k. Ao nível das espécies existentes em Portugal
são incluídas neste grupo quase todas as espécies normalmente apontadas
como dominantes das formações climácicas referidas para o nosso país,
nomeadamente os géneros Quercus, Arbutus, Pistacia, Rhamnus, Viburnum,
Phyllirea e Laurus, entre outros. 

a 

FIGURA 4  
Imagens incluindo a raiz e a parte aérea de uma espécie (a) de regeneração obrigatória 
por semente (Lavandula luisieri) e de (b) uma espécie de regeneração vegetativa (Erica
scoparia). As escalas representam 0.5 m.

b 
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No entanto existem numerosas espécies que, muito embora estando
obrigatoriamente incluídas numa das duas categorias referidas, não
correspondem minimamente ao padrão de características descrito. Daí a
necessidade constatada por vários autores de identificar sub-grupos que
tivessem um número mínimo de semelhanças funcionais nomeadamente
no que toca às adaptações ao fogo. De entre as diferentes classificações 
salientamos o modelo proposto por Pausas (1999) o qual simplesmente
sub-divide os dois grupos de acordo com a existência ou não de um
recrutamento de plântulas directamente favorecido pelo fogo, dando
assim origem a quatro categorias distintas.

Nas condições do nosso país importa ter em conta várias espécies
exóticas devido à sua capacidade de regeneração por semente após o fogo,
nomeadamente as espécies do género Acacia e Eucalyptus (Marchante 
et al., 2009). Devido à ausência de pragas, espécies consumidoras e de
competidores naturais, estas espécies quando germinam após o fogo
apresentam vantagens competitivas relativamente à restante vegetação
nativa. Estas características são complementadas por uma elevada
rusticidade, por uma elevada taxa de crescimento e por uma elevada
resiliência ao corte e ao fogo. No caso do género Acacia existem evidências
experimentais quanto à estimulação da germinação por acção do calor
proporcionado pelo fogo (Auld e Oconnell, 1991) o que faz com que possa
existir um elevado recrutamento de plântulas nas áreas queimadas. Já no
que toca ao género Eucalyptus e em particular à espécie Eucalyptus
globulus, apesar das evidências quanto ao aparecimento de plântulas em
áreas queimadas, não há evidências quanto à existência de um efeito
positivo do calor sobre a germinação das sementes (Reyes e Casal, 2001).
Há antes indícios de que a libertação das sementes poderá ser facilitada por
fogos de copas e que a sua disseminação poderá ser potenciada através do
transporte de ramos e cápsulas pelas correntes de convecção (Carr, 1974;
Kirkpatrick, 1977). Os poucos trabalhos publicados sobre o assunto,
apontam para a inexistência de bancos de sementes no solo e para a
preferência pela germinação em solos minerais, sem vegetação (Vivian et
al., 2008). Deste modo é possível igualmente uma dispersão a maiores
distâncias através do arrastamento pela água ao longo de regos de
escoamento superficial ou devido a fenómenos de fluxo laminar. Caso não
existam estas formas de transporte, a regeneração deverá circunscrever-se



III. EFEITOS DO FOGO NA VEGETAÇÃO74

a alguns metros em volta das árvores mãe, e em função da sua altura (Potts,
1990; Virtue e Melland, 2003). Em todo o caso deve referir-se a grande
lacuna de conhecimento a este respeito para o nosso país. De acordo com
trabalhos actualmente em curso há observações de regeneração de euca-
lipto em áreas queimadas a mais de 150 m do sementão mais próximo, 
o que pode indiciar um potencial de disseminação de sementes superior
ao referido pela literatura disponível até agora. 

4. Variabilidade e incerteza nos padrões de sucessão
ecológica após fogo

O conceito clássico de sucessão ecológica como um processo mais ou
menos linear de evolução da vegetação em direcção a um estádio climá-
cico estável, tem vindo a ser substituído pela ideia de que esse processo
pode ser bastante mais complexo. Podem assim ocorrer múltiplas alter-
nativas nunca se atingindo um estádio verdadeiramente estável devido 
à ocorrência de perturbações de natureza diversa (Christensen, 1988) 
incluindo o fogo (Cattelino et al., 1979). Também o conceito de vegetação
natural potencial para um dado local tem vindo a ser contestado igual-
mente devido à instabilidade dos ecossistemas, que torna difícil conhecer
o resultado da sucessão ecológica, sobretudo em regiões sujeitas a pertur-
bações recorrentes desde tempos remotos (Chiarucci et al., 2010), como
é o caso de Portugal. Deste modo, após a passagem de um incêndio, o de-
senvolvimento da vegetação nas nossas condições segue um percurso
que depende de múltiplos factores e que, por esse motivo, não é fácil de
prever com exactidão. De entre estes factores importa referir o regime de
fogo, as características da vegetação antes do fogo e as características edafo-
-climáticas do local.

No que toca ao regime de fogo há sobretudo a ter em conta duas 
variáveis com uma relação sensivelmente inversa (Whelan, 1995; Bond 
e Keeley, 2005): a intensidade do fogo e a sua frequência. A intensidade
do fogo determina, como vimos anteriormente neste capítulo, a proba-
bilidade de mortalidade de forma diferenciada para diferentes espécies 
e para diferentes fases de desenvolvimento. Deste modo as características
do fogo podem actuar como um mecanismo selectivo que influencia a 
futura composição da comunidade nas áreas queimadas (Bond e Keeley,
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2005). Em fogos de baixa intensidade podemos ter uma muito baixa
mortalidade da vegetação arbórea, sendo apenas afectada a vegetação do
sub-coberto. Pelo contrário, em fogos de copas de elevada intensidade, 
podemos ter alterações ao nível de toda a comunidade de plantas, o que
pode implicar a substituição do tipo de floresta anterior por um outro 
diferente (e.g. Broncano et al., 2005). Tal pode acontecer, quer porque 
surgem novas espécies dominantes, típicas de estádios mais precoces do
processo de sucessão ecológica, quer porque o fogo tem um efeito de 
selecção ao eliminar algumas espécies, permitindo a continuidade de outras.
Dois exemplos típicos do nosso País são o sobreiro e o pinheiro-bravo, 
ambos apontados como exemplos de selecção pelo fogo (Carrión et al.,
2000; Fernandes e Rigolot, 2007), devido às características do ritidoma que
permitem a sobrevivência a elevadas temperaturas e, no caso do pinheiro-
-bravo, devido à facilidade de colonização de áreas queimadas através da
dispersão das sementes. No entanto, em regimes de fogo que combinam
simultaneamente uma elevada intensidade, devido à elevada carga de
combustível, e uma elevada frequência de origem antropogénica, o pi-
nheiro-bravo perde a sua competitividade devido à impossibilidade de 
refazer o banco de sementes das copas (Fernandes e Rigolot, 2007) o que
pode ditar o seu desaparecimento do processo de sucessão ecológica. 
O desaparecimento é mais provável ainda para as espécies que não apre-
sentam mecanismos evidentes de adaptação ao fogo, tais como as espécies
do género Juniperus (Lloret e Vilà, 2003). Por outro lado existem evidências
que apontam para uma perda da capacidade de resiliência da vegetação
para regimes de fogo com elevada frequência, sobretudo nas zonas com
menor produtividade (e.g. Delitti et al., 2005).

As características da vegetação antes do fogo assumem uma
importância fundamental na medida em que determinam o seu potencial
regenerativo quer em termos de composição quer em termos de taxa de
crescimento. No entanto em áreas de vegetação com características distintas
(diferentes usos do solo ou diferentes estádios de desenvolvimento) mas
partilhando as mesmas características de solo e clima, o fogo pode provocar
uma homogeneização da paisagem dando origem ao reinício da sucessão
a partir de fitocenoses arbustivas com características semelhantes (Lloret
e Vilà, 2003; Acácio et al., 2009; Loepfe et al., 2010). Apesar de tudo
diferentes autores têm reportado o papel fundamental das características
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da vegetação antes do fogo na sucessão ecológica, na medida em que 
a composição da comunidade de plantas que surge após o fogo depende
da regeneração vegetativa e do banco de sementes associados às espécies
previamente existentes (Trabaud e Lepart, 1980; Guo, 2001; Capitanio e
Carcaillet, 2008).

As características do solo e do clima locais têm um papel igualmente
importante no percurso da vegetação após um fogo. Essa influência faz-se
sentir directamente no desenvolvimento da vegetação, na medida em que
aquelas características determinam o nível dos factores limitantes do
crescimento vegetal, sobretudo a água, a temperatura e os nutrientes para
as regiões de influência mediterrânica. Deste modo o resultado da sucessão
pode ser significativamente diferente para diferentes condições de clima,
quer no que diz respeito ao desenvolvimento global da vegetação após fogo
(Röder et al., 2008) quer no que diz respeito à selecção de espécies devido
à influência diferenciada que é exercida sobre diferentes grupos de plantas
(Prieto et al., 2009). Estas considerações são igualmente válidas para as
condições edáficas. Factores inevitavelmente inter-relacionados como a
profundidade do solo, o teor médio de humidade ou o tipo de rocha-mãe,
são determinantes no potencial de crescimento assim como no elenco de 
espécies e na diversidade da vegetação que surge após um incêndio (Keeley
et al., 2005; Baeza et al., 2007; Capitanio e Carcaillet, 2008).

Apesar da elevada variabilidade associada ao percurso da vegetação
após o fogo, existem alguns padrões mais ou menos comuns que importa
referir. Um deles prende-se com a evolução da diversidade vegetal. A este
respeito vários autores referem um aumento temporário da diversidade,
durante os 1-3 anos que se seguem imediatamente ao fogo (Guo, 2001;
Keeley et al., 2005; Capitanio e Carcaillet, 2008) dada a reduzida competição
entre as plantas na área recentemente queimada. No entanto este padrão é
fortemente influenciado por factores locais assim como pelo tipo de plantas
previamente existentes, nomeadamente quanto às estratégias regenerativas
após o fogo (Keeley et al., 2005). Um outro padrão sensivelmente comum
prende-se com o crescimento da vegetação o qual, apesar de se processar a
diferentes taxas dependendo da produtividade da estação e das estratégias
regenerativas envolvidas, pode ser razoavelmente representado por uma
curva exponencial tendencialmente assimptótica (Viedma et al., 1997;
Röder et al., 2008). No caso de o crescimento ser essencialmente o resultado
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da contribuição de plantas com regeneração vegetativa vigorosa como é
o caso do carrasco (Quercus coccifera), a taxa de recuperação da vegetação
pode ser particularmente elevada nos primeiros anos após fogo. (Clemente
et al., 1996; Delitti et al., 2005). Podemos ainda referir a existência de
padrões quanto à sucessão de plantas, de acordo com o seu tipo fisionó-
mico, taxonómico ou regenerativo. A este respeito têm sido estabelecidos
modelos genéricos de sucessão utilizando as estratégias regenerativas após
fogo (ver a secção 3 neste capítulo). Notavelmente estes modelos apresen-
tam características comuns às diferentes regiões com clima mediterrânico
do Planeta, apesar de envolverem espécies filogeneticamente distantes
entre si (Keeley, 1986). 

Em Portugal são praticamente inexistentes os estudos de longa duração
sobre a sucessão da vegetação após fogo. Existem no entanto informações
razoavelmente consistentes sobre a evolução da vegetação no curto prazo
em que intervêm espécies com e sem capacidade de regeneração vegetativa
assim como espécies com e sem recrutamento estimulado pelo fogo. Num
estudo na Serra da Arrábida, Clemente et al. (1996) verificaram uma
colonização inicial de plantas herbáceas e de plantas de regeneração
obrigatória por semente (Cistus sp.) nos primeiros anos após o fogo,
simultaneamente com uma rebentação vigorosa de carrasco (Quercus
coccifera). Após esse período inicial o carrasco passou a dominar a estação
o que implicou o desaparecimento dos outros dois grupos de plantas.
Resultados semelhantes foram obtidos por Silva e Rego (1997) em
estudos realizados nas Serras da Malcata e de Candeeiros. Através de uma
abordagem sincrónica foi possível determinar a abundância de regeneração
seminal ao longo de três etapas da sucessão ecológica (Figura 5). Em ambos
os locais de estudo, verificou-se um aumento do estabelecimento de
novos indivíduos das espécies mais exigentes em termos de água e de solo
(medronheiro, gilbardeira, carrasco), todas elas com capacidade de rege-
neração vegetativa. Pelo contrário as espécies com elevada capacidade
inicial de colonização (nomeadamente Cistáceas e alecrim) foram per-
dendo essa capacidade nas etapas mais avançadas. 
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FIGURA 5 
Variação na frequência relativa de plântulas (regeneração seminal) ao longo de 3 estádios
da sucessão. Espécies de regeneração exclusiva por semente são representadas por linhas
a negrito. B1 – vegetação com 1-3 anos; B2 – vegetação com 3-10 anos; R – vegetação com
mais de 10 anos. A vegetação com 3 anos foi associada aos estádios B1 ou B2 em função
do grau de coberto e da altura média. 
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No entanto depois de se atingir a fase de matagal poderá existir o que
podemos designar como um impasse ecológico, devido a constrangimentos
de ordem diversa relacionados com a dificuldade de passagem ao estádio
de floresta. Este foi o resultado encontrado por Acácio et al. (2007) em
estevais da Serra do Caldeirão no Algarve, onde se verificou a dificuldade
de regeneração da floresta natural de sobreiro, devido a constrangimentos
relacionados com: a disponibilidade de sementes, a dispersão de sementes,
a germinação de sementes e o recrutamento de plantas.

Um outro factor de incerteza, já referido anteriormente prende-se com
a presença de espécies lenhosas exóticas. Dado o elevado potencial de rege-
neração e crescimento de algumas destas espécies (nomeadamente os
géneros Acacia, Eucalyptus e Ailanthus), a recuperação da vegetação nativa
após fogo pode encontrar dificuldades acrescidas e o padrão de sucessão
ser consideravelmente alterado. A elevada ocorrência de fogo em algumas
regiões do nosso país poderá estar a contribuir para agravar esta situação
na medida em que estas espécies podem tirar vantagens competitivas deste
tipo de perturbações tal como é referido por diversos autores, relativa-
mente a outras regiões. (e.g. Crawford et al., 2001; Brooks et al., 2004).
Resta lembrar que os conhecimentos a este respeito em Portugal são ainda
essencialmente de natureza empírica, pelo que urge conseguir um maior
nível de informação sobre o papel das espécies exóticas na sucessão
ecológica após o fogo, para as condições do nosso país.
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1. Introdução

A gestão da vegetação que surge naturalmente após um incêndio, seja ela
de origem vegetativa ou seminal, é um factor muito importante a considerar
na recuperação de uma área ardida. Também nos casos em que o repovoa-
mento da área ardida seja feito através de plantação ou sementeira, é
normalmente fundamental proceder a uma gestão adequada da vegetação
de forma a garantir o seu sucesso de acordo com os objectivos estabelecidos.

No Capítulo III abordaram-se diversas características adaptativas que
permitem às plantas persistir após um incêndio. Características tais como
a presença de uma casca grossa ou folhagem resistente permitem que as
plantas sobrevivam a fogos de intensidade reduzida ou moderada, enquanto
que características como a germinação estimulada pelo fogo, a presença
de pinhas serôdias ou de gomos subterrâneos, permitem que as plantas
persistam mesmo após fogos de intensidade elevada (e.g. Brown, 2000).
A intensidade e a severidade do fogo têm uma grande influência na
composição e estrutura da comunidade vegetal que surgirá inicialmente
após o fogo. Porém, e embora fogos muito severos criem oportunidades
para o estabelecimento de novas espécies de plantas, em geral nas áreas
ardidas a vegetação natural tende a retornar à composição florística pré-
-incêndio (e.g. Bond and van Wilgen, 1996). 

Neste capítulo abordam-se vários aspectos relacionados com a gestão
da vegetação após um incêndio. Dependendo das características do local
a recuperar e dos objectivos estabelecidos, poderá ser necessária uma
gestão mais ou menos activa da área ardida. Existem ainda diversos
factores, tais como as práticas silvícolas utilizadas, o perigo de incêndio,
a presença de herbívoros, ou a presença de espécies vegetais invasoras,
que podem interferir seriamente com os esforços para restabelecimento
da vegetação após um incêndio. Qualquer acção de gestão bem-intencionada
pode falhar por completo se aqueles factores não forem antecipados e
geridos correctamente (e.g. Brown, 2000).

2. Aproveitamento da regeneração natural

A recuperação da vegetação numa área ardida poderá ser feita através de
diferentes métodos, nomeadamente a plantação e/ou sementeira, ou através
do aproveitamento da regeneração natural (e mais raramente através de
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técnicas mistas). O Capítulo XI abordou diversos aspectos relativos à
plantação e sementeira, pelo que nesta secção será dado maior ênfase ao
aproveitamento da regeneração natural de espécies arbóreas. Na bacia do
Mediterrâneo a regeneração natural da floresta após um incêndio ocorre 
predominantemente por via vegetativa no caso das espécies folhosas (reben-
tação de toiça, de raiz ou a partir da copa), e por via seminal no caso das
coníferas (e.g. Silva e Páscoa, 2002; Catry et al., 2007a). No caso das espécies
arbustivas e herbáceas ambas as formas de regeneração são frequentes.

2.1. Vantagens e desvantagens da regeneração natural

Em Portugal é frequente a ideia de que a recuperação de áreas florestais
ardidas deve ser feita através de plantações ou sementeiras, sendo estas
opções frequentemente preferidas independentemente de ser ou não
possível o aproveitamento da regeneração natural. Na verdade não existe
uma tradição em Portugal de aproveitamento da regeneração natural, nem
mesmo ao nível dos serviços técnicos do Estado. Basta para tal atentar no
pouco relevo que tem sido dado a este assunto em muita da literatura
técnica de base produzida no nosso país (e.g. Alves, 1982; Louro et al.,
2003). Ressalve-se porém o trabalho de condução da regeneração natural
de pinhal bravo efectuado no passado pelos serviços florestais, e que Silva
(1988) descreve com detalhe.

Para um aproveitamento efectivo e viável da regeneração natural é
evidentemente necessário que ela esteja presente, em densidade suficiente
e com as espécies desejadas, na área a recuperar. Uma vistoria da área
ardida nos primeiros meses após o incêndio permitirá avaliar a exequi-
bilidade desta opção. No caso de áreas que antes do incêndio eram
ocupadas por povoamentos florestais de espécies folhosas, não existem
normalmente limitações pois a grande maioria dos indivíduos tenderá a
regenerar por via vegetativa (e.g. Catry et al., 2010). Porém existem
excepções e essa regeneração nem sempre é garantida (por exemplo em
povoamentos de sobreiro recentemente descortiçados onde a mortalidade
poderá ser elevada). Já a maior parte das coníferas (resinosas) regeneram
apenas por semente, sendo necessário um número suficiente de árvores
produtoras de semente na área ardida ou nas suas imediações. Em pinhais
jovens (com idade inferior a 15-20 anos) a regeneração natural poderá ser
reduzida ou inexistente, sendo eventualmente necessário rearborizar
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através de sementeira ou plantação. Essa necessidade poderá também
existir no caso de se verificarem condições ambientais adversas que
impeçam o regular estabelecimento das jovens plântulas.

Por outro lado, a potencial utilização da regeneração natural dependerá
também dos objectivos de gestão (e.g. produção ou conservação). 
A plantação ou a sementeira poderão ser as únicas opções viáveis quando
na recuperação da área ardida se pretende por exemplo introduzir espécies
anteriormente ausentes ou presentes em baixas densidades (nesse caso
deverá ter-se em atenção a legislação que limita a substituição de espécies
florestais em áreas ardidas). Estas opções permitem geralmente um melhor
controlo sobre a densidade, compasso, estrutura e composição dos futuros
povoamentos, e permitem também a utilização de plantas e sementes selec-
cionadas ou melhoradas, o que nalguns casos poderá ser determinante na
escolha da técnica a utilizar. No entanto, em muitos casos o aproveita-
mento da regeneração natural que surge após um incêndio pode ser uma
opção bastante mais vantajosa, quer do ponto de vista económico, quer do
ponto de vista ecológico e social (e.g. Vallejo et al., 2006; Catry et al., 2007a).

O investimento associado a uma nova plantação (ou sementeira) é, em
geral, mais elevado do que o aproveitamento da regeneração natural (e.g.
Vallejo et al., 2006). Entre as despesas de curto prazo normalmente asso-
ciadas a uma plantação estão o custo da maquinaria e mão-de-obra para
preparação do terreno (podendo incluir a mobilização do solo, o corte das
árvores queimadas e o arranque de cepos), o custo das plantas e do adubo,
da mão-de-obra necessária para o transporte das plantas e para a abertura
da cova de plantação, bem como as retanchas necessárias para substituição
das plantas que morrem durante os primeiros anos. Considerando que
numa plantação é frequentemente necessário substituir entre 10% e 20%
dos indivíduos durante os primeiros anos, esta operação pode ainda
representar um acréscimo significativo dos custos totais associados à
reflorestação de uma área ardida. No caso de uma sementeira as despesas
associadas poderão ser inferiores às de uma plantação, dependendo das
técnicas utilizadas. Em contraste, no caso de se optar pelo aproveitamento
da regeneração natural, os custos serão nulos ou muito inferiores, pelo
facto de não ser necessário proceder às diversas operações anteriormente
mencionadas, à excepção de um eventual corte das árvores queimadas.
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Entre as principais acções de gestão dos povoamentos a médio ou longo
prazo, incluem-se os desbastes, as podas, e o controlo dos matos (ver secção
2.2). Estas acções são frequentemente necessárias independentemente da
técnica utilizada (plantação, sementeira ou aproveitamento da regeneração
natural), embora os desbastes possam ser mais exigentes no caso da
regeneração vegetativa das espécies folhosas, devido à possível necessidade
de seleccionar os múltiplos rebentos basais em cada indivíduo (operação
normalmente designada como monda), ou no caso da regeneração seminal
de coníferas (resinosas), devido à elevada densidade de plântulas que fre-
quentemente surge após um incêndio.

Para além dos custos económicos, existem outros factores muito
importantes a ter em consideração quando se equacionam as vantagens 
e desvantagens dos diferentes métodos na recuperação da vegetação de uma
área ardida. Tendo em conta que na maior parte dos casos o principal
objectivo após um incêndio é restabelecer o mais depressa possível o
coberto vegetal existente antes do fogo, uma das principais vantagens do
aproveitamento da regeneração natural é a maior rapidez do processo 
de recuperação da área ardida. Enquanto a plantação ou sementeira geral-
mente só se inicia vários meses ou anos após o incêndio, a regeneração
natural, quer seja vegetativa ou seminal, inicia-se normalmente no espaço
de poucas semanas. Por outro lado, no caso da regeneração vegetativa de
espécies folhosas, a velocidade de crescimento dos indivíduos é normal-
mente muito superior à das plantas semeadas ou plantadas (e.g. Moreira
et al., 2009). Este maior crescimento deve-se ao facto de os indivíduos
possuírem um sistema radicular já bem desenvolvido e reservas energéticas
acumuladas (e.g. Bond and van Wilgen, 1996), o que constitui também
uma grande vantagem ao nível da sua capacidade de sobrevivência (ver
Caixa 1). Deste modo, a regeneração natural assegura muito mais rapida-
mente a cobertura e protecção do solo contra a erosão, sem a necessidade
de proceder a mobilizações, o que frequentemente se desaconselha em
terrenos declivosos por potenciar os processos erosivos. 

Outra possível desvantagem da plantação ou sementeira é o facto de
frequentemente se utilizarem plantas e sementes provenientes de outras
regiões e que poderão estar menos adaptadas às condições climáticas e
edáficas do local a recuperar, e poderem ser também (tal como a terra
dos contentores) um vector de disseminação de agentes patogénicos,
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nomeadamente fungos. Uma desvantagem não menos importante tem a
ver com o facto de a introdução de plantas de outras regiões induzir
poluição genética que se poderá traduzir na diminuição ou mesmo
extinção das raças locais. Estas potenciais desvantagens poderão ser
eliminadas ou substancialmente reduzidas através da utilização de
plantas, sementes e terra provenientes da região onde se pretende intervir.
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Na sequência de um incêndio na Tapada Nacional de Mafra, foi monitorizada 

a sobrevivência e regeneração vegetativa de freixos (Fraxinus angustifolia) 

e carvalhos (Quercus faginea) cuja copa foi destruída pelo fogo. Paralelamente,

os gestores da Tapada efectuaram plantações com estas espécies, o que 

constituiu uma oportunidade para comparar a eficácia destas duas formas de

restauro pós-fogo (passivo e activo). 

A sobrevivência das árvores plantadas, após quase dois anos, foi bastante 

razoável, mas inferior à das árvores queimadas pré-existentes, em particular 

no caso dos carvalhos (Figura 1). O dado mais significativo foi que entre as 

árvores sobreviventes, o crescimento em altura foi duas a cinco vezes superior

na regeneração de toiça, relativamente ao crescimento das árvores plantadas

(Figura 1). Estes resultados sugerem que, no caso de espécies arbóreas que 

regenerem após o fogo de forma vegetativa, a regeneração natural possibilita

maiores taxas de sobrevivência e maiores crescimentos do que plantações. Mais

detalhes sobre este trabalho podem ser consultados em Moreira et al. (2009).

CAIXA 1
REGENERAÇÃO NATURAL DE TOIÇA VERSUS PLANTAÇÃO: 

SOBREVIVÊNCIA E CRESCIMENTOS

FIGURA 1 
À ESQUERDA: Sobrevivência de árvores (freixo e carvalho-português) plantadas em
2003 e 2004 (barras brancas e cinzentas, respectivamente) versus o aproveitamento
da regeneração natural (barras negras) para freixos e carvalhos, após 20-22 meses. 
À DIREITA: Altura mediana (e distância interquartis) dos freixos e carvalhos plantados
em 2004 e 2005 (círculos negros e círculos brancos, respectivamente) versus a altura
dos rebentos de toiça das árvores em regeneração (quadrados negros). 
(Gráficos adaptados de Moreira et al., 2009).
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2.2. Condução da regeneração natural

A condução da regeneração natural de numa área queimada deverá
reger-se por um objectivo de base, que por sua vez deverá condicionar
todas as operações a realizar. Esse objectivo consiste em favorecer o cresci-
mento da regeneração no sentido de obter, o mais cedo possível, povoa-
mentos de árvores adultas menos susceptíveis ao fogo. Árvores maiores
têm em geral uma casca mais espessa e uma base das copas mais alta, o que
faz aumentar a sobrevivência em povoamentos percorridos pelo fogo.
Vários autores apontam o estado de maturação das florestas como um
factor fundamental de resistência ao fogo. Em florestas mais maduras a
incidência e severidade do fogo tendem a ser menores (Ordóñez et al.,
2005; González et al., 2006; Román-Cuesta et al., 2009).

Para além deste objectivo geral, há no entanto que definir o tipo de
utilização florestal que se pretende para a área queimada. De entre as espécies
com porte arbóreo que regeneram naturalmente, poderá existir um interesse
exclusivo apenas numa delas, com vista ao estabelecimento de um
povoamento puro para produção de lenho, por exemplo. Um dos casos mais
comuns é o aproveitamento da regeneração natural de pinheiro-bravo, que
aparece frequentemente em grande profusão nas áreas ardidas anterior-
mente ocupadas por pinhal adulto. Neste caso particular é apontada uma
outra estratégia que passa pela abertura do povoamento, acompanhada pela
gestão do combustível de superfície, como forma de garantir uma maior
resistência ao fogo e uma menor combustibilidade (Fernandes e Rigolot,
2007). Por vezes ter-se-á que aguardar algum tempo para decidir que espécie
aproveitar, pois a observação da área queimada pouco tempo após o fogo
poderá não dar indicações suficientes sobre as espécies que irão regenerar
por semente nos anos seguintes. Há igualmente que ter em conta a
velocidade de crescimento das diferentes espécies, o porte final que
conseguirão atingir e o facto de a regeneração ser de origem seminal ou
vegetativa. A regeneração vegetativa tem normalmente uma taxa inicial de
crescimento muito superior (Moreira et al., 2009). A partir do momento
em que se define a espécie ou espécies a privilegiar, deverá favorecer-se o
crescimento da regeneração natural através de acções que passam pela
selecção das plantas, pela intervenção em redor de cada planta e pela
intervenção sobre as próprias plantas.
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Selecção

A selecção de plantas é uma questão fundamental no aproveitamento
da regeneração natural dado que as decisões iniciais irão influenciar todo
o restante processo de recuperação da vegetação. Antes da selecção de
indivíduos convêm identificar as áreas a intervir. Esta questão é muito
importante porque o investimento só deve ser efectuado se a densidade
de plantas e o potencial de crescimento o justificarem. Deste modo 
a densidade de plantas deve ser avaliada primeiro para determinar o
potencial para a constituição de um povoamento florestal. Para tal
poderão utilizar-se diferentes métodos. Para além da utilização de
parcelas de amostragem, existem métodos mais expeditos com medição
de distâncias, que permitem um maior rendimento do trabalho no
campo. Silva e Rego (1998) utilizaram um método de amostragem à
distância (distance sampling), inicialmente desenvolvido para a realização
de censos de animais (Buckland, 2001), para estimar a densidade de
plântulas de espécies lenhosas em áreas queimadas. Este método pode ser
utilizado para avaliar densidades de plântulas em situações de difícil
detecção, com um coberto arbustivo já estabelecido, alguns anos após 
o fogo. Existem ainda outros métodos baseados na medição de distâncias
que poderão ser vantajosamente utilizados, pois dispensam a delimitação
de parcelas no campo e posterior contagem integral dos indivíduos
(Cottam e Curtis, 1956; Zhu e Zhang, 2009). 

A escolha das áreas onde intervir deve também considerar o potencial
de crescimento da regeneração natural. Esse potencial é completamente
diferente se a área seleccionada se situar junto a uma linha de água ou na
cumeada de uma zona montanhosa. Devem ser privilegiadas situações
de maior fertilidade e que consequentemente correspondam a maiores
taxas de crescimento da vegetação, como sejam os vales e os sopés das
encostas em geral. O aproveitamento da regeneração natural em linhas de
água deverá ser uma prioridade, quer pelo motivo apontado, quer porque
a reconstituição de galerias ripícolas de espécies folhosas com desconti-
nuidade vertical poderá ser uma estratégia vantajosa para contrariar a
propagação e diminuir a severidade do fogo (Fernandes et al., 2010).
Existem no entanto situações de degradação da vegetação ripícola em
que o restauro activo é a única abordagem capaz de garantir o sucesso da
intervenção.
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Após escolhida a área a intervir deverão ser seleccionadas as plantas
dentro do leque de espécies a aproveitar. À partida deverão ser escolhidas
as plantas de maior porte, e deverá conduzir-se o povoamento para uma
estrutura regular o que aumenta descontinuidade vertical de combustíveis
e reduz a combustibilidade (González et al., 2006). As plantas escolhidas
deverão idealmente ser sinalizadas. Trata-se de uma prática com uma
justificação acrescida sempre que se opte por controlar a vegetação
arbustiva concorrente. No entanto existem frequentemente dificuldades
físicas concretas em aceder às plantas. Na verdade a vegetação arbustiva
poderá ser de tal forma impenetrável (presença de plantas espinhosas por
exemplo) que poderá impedir o acesso dos operadores encarregados de
fazer essa marcação em toda a área a tratar.

Intervenção em redor das plantas seleccionadas

Uma das maiores preocupações é diminuir a combustibilidade da
formação vegetal de modo a que o fogo não venha a destruir a regeneração
natural e dessa forma a comprometer os objectivos em vista. Simulta-
neamente conseguem-se libertar as plantas da concorrência pela luz, água
e nutrientes, se bem que as evidências sobre os reais benefícios a este
respeito sejam contraditórias (Vilà e Sardans, 1999; Gómez-Aparicio et
al., 2004). Em todo o caso trata-se sempre de uma intervenção onerosa e
difícil de pôr em prática tendo em conta as condicionantes mais comuns
neste tipo de situações. A intervenção mecanizada pode ser difícil dada a
irregularidade da distribuição das plantas no terreno, pelo que em muitos
casos apenas são possíveis intervenções com o uso de motoroçadora, mais
onerosas mas também mais selectivas. No caso de uma grande abundância
de regeneração como acontece frequentemente em pinhais queimados, é
aconselhável a remoção mecânica de linhas contínuas de plantas interca-
ladas com linhas mais estreitas sem intervenção ou com intervenção
moto-manual (Louro et al., 2002). Os elevados custos destas operações
levaram Fernandes et al. (2005) a examinar a viabilidade do fogo contro-
lado como técnica alternativa de limpeza e desbaste da regeneração natural
de pinheiro bravo, com excelentes resultados (Caixa 2).
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Um pinhal bravo na serra do Alvão com 14 anos de idade e estrutura irregular foi

sujeito a fogo controlado. Quatro anos e meio depois, os pinheiros na zona tratada

(D) distribuíam-se normalmente pelas classes de diâmetro, enquanto na zona 

adjacente não intervencionada (T) 45% dos indivíduos apresentavam DAP inferior 

a 2,5 cm (Figura 2). O número de indivíduos por hectare e altura dominante ci-

fravam-se na zona D respectivamente em 2800 ha-1 e 10.9 m, representando 58%

e 108% dos valores observados em T. Note-se também o substancial aumento da

área basal (44%) na classe de DAP dos 20 cm em D relativamente a T. Um incên-

dio percorreu o pinhal posteriormente, com um decréscimo para metade da in-

tensidade do fogo em D, onde não se registou qualquer mortalidade; pelo

contrário, o dano foi generalizado em T, tendo as árvores sido cortadas (Figura 2).

Um desbaste térmico (através de fogo controlado) só será efectivo em forma-

ções com uma variação razoável de diâmetros e dimensões, caso contrário 

a grande maioria dos indivíduos sucumbirá ou sobreviverá. As desvantagens

do fogo controlado face a uma limpeza convencional são evidentes, nomeada-

mente a pouca precisão na selecção dos indivíduos a eliminar e na definição da

densidade residual, e a quase ausência de controlo sobre o espaçamento das

árvores. Informação adicional sobre este trabalho pode ser consultada em Fer-

nandes et al. (2005).

CAIXA 2
EFEITO DE UM DESBASTE TÉRMICO EM

REGENERAÇÃO NATURAL DE PINHAL BRAVO

FIGURA 2 
Repartição da densidade (G, N) por classe de DAP e da densidade (N) por andar

arbóreo nas parcelas de desbaste (D) e testemunha (T). 
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Numa fase mais avançada de desenvolvimento haverá que ponderar
a necessidade de efectuar desbastes, de modo a favorecer as plantas com
melhor conformação e melhor potencial de crescimento, reduzir o
potencial de fogo de copas e aumentar a resistência individual ao fogo.
Em formações de menor combustibilidade poderá ser vantajosa a manu-
tenção de um coberto denso (Colin et al., 2001; Fernandes, 2006; Silva et
al., 2009), de modo a reduzir a velocidade do vento, aumentar a humidade
e reduzir a luminosidade no interior do povoamento para dificultar o
crescimento do sub-bosque. A manutenção destas condições consegue-se,
como já referimos, em povoamentos mais maduros os quais têm sido
associados a uma menor severidade do fogo com menores danos na
vegetação arbórea dominante (Román-Cuesta et al., 2009; Fernandes et
al., 2010). Estas condições são mais rapidamente atingidas quanto mais
favoráveis forem as condições para o crescimento da regeneração natural
e no nosso país correspondem sobretudo a exposições norte e oeste e 
à base das encostas, onde o teor de humidade do solo é maior durante 
o período óptimo de crescimento vegetativo. 

Quanto aos critérios de regulação dos desbastes a aplicar, dependem da
espécie em questão. Para o pinheiro-bravo existem tabelas para a regulação
dos desbastes de acordo com as classes de qualidade da estação (Alves,
1982). Para outras espécies, nomeadamente as folhosas, a informação a
este respeito é muito mais escassa e igualmente vocacionada para uma
optimização do ponto de vista da produção de lenho (e.g. Oliveira et al.,
2001; Carvalho, 2005) a qual não coincide forçosamente com os critérios
relacionados com a prevenção de incêndios. O uso de simuladores do
comportamento do fogo permite desenhar intervenções de desramação 
e desbaste que minimizam a probabilidade de fogo de copas em resinosas.

Intervenção sobre as plantas seleccionadas

Trata-se aqui de cumprir dois objectivos: por um lado melhorar a
conformação da planta de modo a favorecer o seu crescimento em altura;
por outro criar descontinuidades verticais de modo a diminuir os danos
causados por um eventual fogo. A intervenção será obviamente diferente
consoante se trate de plantas de regeneração vegetativa ou quando se trate
de plantas provenientes de regeneração seminal. No primeiro caso,
dependendo dos objectivos de gestão, poderá ser feita uma selecção dos
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rebentos de toiça de modo a favorecer os mais vigorosos. Seguidamente
deverão ser removidos os ramos dos andares inferiores de modo a atingir
os objectivos atrás referidos.

No caso de plantas de regeneração seminal apenas se terá que intervir
ao nível dos ramos dos andares inferiores através da realização de
desramações. Se existirem dois lançamentos terminais a competirem pela
dominância apical, deverá ser mantido apenas um deles de modo a
acelerar o crescimento em altura. Este crescimento poderá ser ainda
estimulado através da manutenção de densidades elevadas de vegetação,
nomeadamente com indivíduos da mesma espécie. No entanto este tipo
de medidas implicam a manutenção de uma continuidade horizontal nos
combustíveis prolongando assim o período em que risco de fogo severo
é elevado. A intervenção nas plantas poderá revestir-se de alguma comple-
xidade técnica no caso de ser necessário conformar a copa, nomeadamente
tendo em vista o aproveitamento económico da cortiça ou da produção
de fruto. Este tipo de intervenções tem a designação de podas de
formação muito embora alguns autores utilizem a designação de forma
abrangente, mesmo quando se trate de mera intervenção ao longo do
fuste. Algumas normas técnicas a seguir quanto à execução de desramações
e podas de formação podem ser encontradas em literatura técnica diversa
produzida de forma mais genérica (Montoya, 1996; Louro et al., 2002;
Louro et al., 2003) ou mais dirigida para as espécies de interesse florestal
(Natividade, 1950; Montoya, 1988, 1993; Oliveira et al., 2000; Oliveira et
al., 2001; Carvalho, 2005).

Os custos associados

Os custos associados à condução da regeneração natural poderão ser
elevados. Há no entanto que ponderar a importância destes inves-
timentos na medida em que poderão fazer a diferença entre a possi-
bilidade de voltar a ter um coberto florestal ou o simples retornar ao
início da sucessão ecológica devido à acção do fogo. Por exemplo,
Fernandes et al. (2010) mostram como é vulnerável ao fogo a regeneração
natural de carvalho negral (Quercus pyrenaica) e o interesse em acelerar
a aquisição de resistência ao fogo e reduzir a combustibilidade das
formações. Os custos associados às várias operações para aproveitamento
da regeneração natural constam na Tabela 1 (preços propostos para 2008-
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-2009 pela Comissão de Acompanhamento das Operações Florestais –
CAOF, www.anefa.pt/site/pdf/matrizes0809.zip). Para além das operações
descritas na presente secção, incluíram-se por conveniência as operações
especificamente associadas ao controlo de plantas exóticas. O planea-
mento das operações a realizar no aproveitamento da regeneração natural
poderá incluir todas ou apenas algumas das operações referidas.

2.3. Minimização de factores adicionais de stress

Após um incêndio as árvores sobreviventes encontram-se em geral
mais debilitadas, sendo mais susceptíveis a factores adicionais de stress
que podem conduzir à sua morte. Alguns desses factores, tais como 
a ocorrência de condições meteorológicas desfavoráveis, são imprevisíveis
e não poderão ser controlados. Porém o stress adicional provocado por
determinadas práticas silvícolas ou pela herbivoria podem ser minimi-
zados ou evitados. 

A poda e o descortiçamento

As práticas silvícolas aqui mencionadas aplicam-se essencialmente a
povoamentos florestais de folhosas e aos casos em que pelo menos parte
da copa sobrevive ao fogo. As considerações apresentadas referem-se à
gestão dos povoamentos de sobreiro por ser uma folhosa espécie particular-
mente representativa em Portugal, embora no caso das podas estas possam
ser generalizáveis a outras espécies. 
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TIPO DE OPERAÇÃO

Sinalização da regeneração natural

Controlo da vegetação espontânea total

Controlo das plantas lenhosas invasoras (pincelagem)

Controlo das plantas lenhosas invasoras (corte)

Controlo de densidade excessiva

Desramação *

TABELA 1 
CUSTOS POR HECTARE REFERENTES A 2008/09 PROPOSTOS PELA COMISSÃO

DE ACOMPANHAMENTO DAS OPERAÇÕES FLORESTAIS, RELATIVOS A
OPERAÇÕES ASSOCIADAS AO APROVEITAMENTO DA REGENERAÇÃO NATURAL

MÍNIMO

26.94

359.48

61. 61

269. 61

89.87

0.39

MÁXIMO

107.74

1078.44

323.22

539.22

1078.44

1.50

* Custos por planta



Após um incêndio, as árvores dispõem de reservas energéticas, principal-
mente na forma de amido, para restaurar os tecidos danificados (e.g. as
folhas da copa) e para cicatrizar as feridas. Porém determinadas práticas
silvícolas como a poda e o descortiçamento, quando realizadas nos anos 
imediatamente após o fogo, poderão criar novas exigências e originar situa-
ções de grande debilidade. Adicionalmente muitas pragas e doenças opor-
tunistas aproveitam esta debilidade e as feridas abertas para progredir onde
em circunstâncias normais não o poderiam fazer (Cardillo et al., 2007).

Uma das questões mais controversas em relação aos sobreirais afectados
pelo fogo relaciona-se com o momento do primeiro descortiçamento após
o incêndio. Para decidir qual o momento mais adequado para extrair 
a cortiça, devem considerar-se não só os aspectos económicos de curto
prazo mas também, e principalmente, os aspectos silvícolas associados à
manutenção do vigor e potencial produtivo das árvores no futuro, bem
como das restantes funções associadas. Em geral, os factores determinantes
para essa decisão deverão ser a severidade do fogo, a idade da cortiça no
momento do fogo, e o vigor das árvores (Cardillo et al., 2007).

Em Portugal não é permitido extrair cortiça com menos de nove anos
de idade, salvo raras excepções sujeitas a autorização, entre as quais se
incluiu recentemente o descortiçamento de sobreiros queimados após
verificação da sua recuperação (DL nº 155/2004). Porém não existe na lei
qualquer referência ao que se entende por recuperação dos sobreiros
afectados, podendo assim a decisão ser bastante subjectiva. Apesar desta
lacuna, uma publicação técnica recente (DGRF, 2006) recomenda que o
descortiçamento só deve ser efectuado em árvores que tenham pelo menos
75% da copa revestida com folhagem, mas ainda assim poderão surgir
dúvidas na aplicação desta recomendação. Em Espanha o IPROCOR
(Instituto del Corcho, la Madera y el Carbón Vegetal) é mais explícito e
recomenda que se deve esperar até que a copa tenha recuperado cerca de
75% do volume existente antes do fogo, e que a cortiça tenha um calibre
de pelo menos 2 a 3 cm de espessura. Quando a cortiça tem menos de 2 cm
de espessura, as probabilidades de produzir feridas no entrecasco durante
o descortiçamento aumentam significativamente (Amo e Chacón, 2003).
Segundo estes autores, o descortiçamento deve fazer-se no início da época
e de forma conservadora, reduzindo a altura de descortiçamento e
deixando as árvores em que a cortiça não ceda facilmente. É também
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possível reduzir os danos por corte do entrecasco se o descortiçamento
for efectuado por trabalhadores experientes ou através da utilização de
máquinas de descortiçamento automático. De facto, mesmo em condições
normais (i.e. sem fogo), a extracção da cortiça constitui um factor de
debilidade para as árvores, tornando-as mais susceptíveis aos agentes
bióticos e abióticos (Natividade, 1950). Natividade (1950) refere ainda que
a prática do descortiçamento constitui um forte estímulo para a produção
suberosa, mas que este é obtido à custa da vitalidade da árvore e conduz
ao seu envelhecimento prematuro.

Em Portugal não é permitido extrair cortiça nos dois anos após uma
poda (nos sobreiros explorados em pau batido), não sendo também
permitido efectuar podas nos dois anos após o descortiçamento (DL 
nº 169/2001). Em Espanha (Extremadura), este período de tempo de
espera entre as duas operações é de três anos. A Lei estabelece assim um
período mínimo de separação entre duas operações que reconhecida-
mente causam stress às árvores, para que estas possam recuperar (Cardillo
et al., 2007). Tendo em conta que os incêndios causam frequentemente
nas árvores uma desfoliação da copa e feridas tão ou mais severas do que
as provocadas por uma poda, seria prudente definir objectivamente as
condições a observar antes de proceder à extracção da cortiça ou, tal como
acontece no caso das podas, estabelecer um período mínimo de intervalo
entre o fogo e o descortiçamento seguinte.

Relativamente à realização de podas em árvores afectadas por
incêndios a situação é semelhante, pelo que não é aconselhável proceder
a este tipo de intervenções nos primeiros anos após o fogo. Num estudo
realizado na Sardenha (Itália) sobre a recuperação pós-fogo de sobreiros
em exploração (Barberies et al., 2003), registou-se uma percentagem de
plantas inviáveis de 72% a 80% (árvores mais jovens e menos jovens,
respectivamente) em sobreiros cuja copa foi podada alguns meses após o
incêndio, enquanto em sobreiros não intervencionados (grupo de
controlo) a percentagem de plantas inviáveis foi entre quatro e duas vezes
inferior (cerca de 18% a 38%, respectivamente).

Outros factores

As mobilizações do solo após um incêndio deverão ser evitadas
sempre que possível ou reduzidas ao mínimo, quer porque aumentam
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frequentemente o risco de erosão, quer porque existe o perigo de
aumentar ainda mais os danos nas plantas que resistiram ao fogo. 
Os potenciais danos directos provocados pela mobilização de solo sobre
as plantas sobreviventes incluem tanto a destruição das raízes superficiais,
como a destruição da regeneração de toiça ou raiz que entretanto se
começou a desenvolver. A regeneração de semente que muitas vezes surge
após um incêndio também pode ser destruída por estas mobilizações.

A herbivoria pode ser um importante factor limitante da regeneração
natural em áreas ardidas (e.g. Catry et al., 2007a). No caso de existirem
densidades de animais incompatíveis com o sucesso da regeneração numa
área ardida, poderá optar-se pela redução da carga animal, ou pela
protecção de “áreas de regeneração” ou protecção individual das plantas.
As questões relacionadas com a herbivoria são abordadas em mais detalhe
na secção seguinte.

3. A herbivoria como factor limitante na recuperação de
áreas ardidas

Os grandes herbívoros ruminantes, domésticos (e.g. cabras, ovelhas,
vacas, cavalos), ou silvestres (e.g. veados, corços, gamos, muflões), podem
ter um impacte muito significativo sobre a vegetação, nomeadamente em
situações de pós-incêndio altura em que as plantas se encontram muito
susceptíveis ao pastoreio. Se o pastoreio ocorrer demasiado cedo após o
incêndio pode reduzir ou mesmo eliminar a vegetação que se pretende
estabelecer (Brown, 2000). Embora existam inúmeras espécies de herbí-
voros mais pequenos que também podem afectar o desenvolvimento da
vegetação (e.g. coelhos, ratos, insectos), nesta secção concentramo-nos
apenas sobre os grandes herbívoros ruminantes, por serem aqueles que
frequentemente têm um maior impacte na vegetação após um incêndio.

Quando existem populações abundantes de grandes herbívoros nas
imediações das áreas ardidas, é normalmente necessário intervir, sob pena
de comprometer todo o processo de recuperação da vegetação. A redução
das cargas animais (i.e. densidade de animais num dado período de
tempo) para níveis compatíveis com o desenvolvimento das espécies de
plantas existentes, poderá constituir a solução ideal do ponto de vista da
recuperação da vegetação durante os primeiros anos após o incêndio.
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Porém isso pode não ser possível ou compatível com os objectivos de
gestão da área em causa, sendo nesses casos necessário adoptar outras
medidas, tais como a protecção das plantas.

3.1 Efeitos dos herbívoros nas comunidades vegetais

Os herbívoros podem alterar a composição florística, estrutura, produ-
tividade e ciclo de nutrientes das comunidades vegetais (Huntly, 1991; Catry
et al. 2007b). Estes efeitos manifestam-se sobretudo através da selecção
alimentar que depende da disponibilidade de plantas existente em dado
momento. Os grandes herbívoros preferem as folhas aos caules, as partes
verdes das plantas relativamente às partes secas, e as espécies de porte alto
relativamente a espécies de porte mais rasteiro. A selecção de determinadas
espécies provoca a diminuição da frequência destas na comunidade vegetal
(e.g. Bugalho et al., 2006). Caso as espécies seleccionadas preferencialmente
sejam dominantes, então a sua diminuição na comunidade poderá induzir
o aparecimento de espécies anteriormente dominadas e até aumentar a
diversidade florística da comunidade. Por outro lado, o consumo das plantas
pelos herbívoros vai também alterar a estrutura da comunidade (e.g. altura
média e densidade de plantas) e consequentemente alterar o habitat de
outras espécies, desde insectos a aves e mamíferos, podendo este efeito
estender-se até ao topo da cadeia alimentar (Bugalho, 1994; Fuller, 2001). 

Espécies de herbívoros diferentes têm comportamento e estratégias
alimentares (isto é o modo como seleccionam plantas) também diferentes
(Hoffman, 1989; Bugalho, 1995). O conhecimento das estratégias alimen-
tares dos herbívoros ocorrentes na área e o controlo da carga animal é pois
essencial na gestão da vegetação pós-fogo e na recuperação de áreas ardidas.
No grupo dos herbívoros ruminantes a principal divisão é entre espécies
que têm dietas predominantemente de tipo lenhoso (e.g. corço, ou a cabra)
e ruminantes que consomem sobretudo herbáceas (e.g. ovelhas). Existem
ainda espécies, como o veado, cuja dieta dominante varia entre herbáceas e
lenhosas em função da variação da disponibilidade sazonal. Na Bacia do
Mediterrâneo a dieta do veado é constituída por proporções elevadas de
lenhosas durante o verão, enquanto que na Primavera é predominantemente
constituída por herbáceas (Bugalho e Milne, 2003).

Após o fogo as principais espécies vegetais a regenerar são inicialmente
muito deficitárias em defesas físicas e químicas, sendo particularmente
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susceptíveis ao pastoreio. Adicionalmente, o fogo provoca libertação de
nutrientes (antes imobilizados na vegetação) que são devolvidos ao solo
sob a forma de cinzas (e.g. potássio, fósforo, cálcio). As primeiras espécies
vegetais a despontar, com disponibilidade de nutrientes elevada e compe-
tição reduzida, têm normalmente valores de digestibilidade elevados 
e são muito atractivas para os grandes herbívoros que as incluem preferen-
cialmente na dieta (Hobbs, 2007; Figura 3). É por esta razão que a densi-
dade de herbívoros aumenta frequentemente em áreas recentemente
ardidas (Figura 4).
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FIGURA 3 
Valores de concentração média de azoto e digestibilidade in vitro de biomassa vegetal

de pastagens com e sem fogo controlado. Adaptado de Hobbs et al. (1991).
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A utilização intensa de plantas perenes por parte de herbívoros
domésticos ou silvestres, sobretudo durante a primeira estação de cresci-
mento após o fogo, poderá causar danos graves às plantas. Por exemplo
as espécies lenhosas mais consumidas diminuem ou podem mesmo
desaparecer em zonas com cargas elevadas de cervídeos, em benefício de
outras menos preferidas ou mais resistentes (Bonnet e Klein, 1966).
Dependendo da comunidade de plantas em causa, da severidade do fogo
e da intensidade do pastoreio, poderá ser necessário esperar entre um e
mais de sete anos após o fogo para que a vegetação recupere suficiente-
mente para poder ser novamente submetida a uma utilização pastoril
(Brown, 2000). 

Os efeitos, provocados pelos herbívoros, sobre a vegetação lenhosa
são diversos. As actividades que têm maior impacte são aquelas que
implicam consumo directo (integral ou não) das plantas e dos seus
orgãos reprodutores ou propágulos. Os herbívoros podem ainda afectar
indirectamente determinadas espécies ao alterarem o balanço competitivo
entre espécies.

Os efeitos do consumo frequente de diferentes partes de plantas
traduzem-se numa alteração da estrutura da vegetação. Em sistemas
mediterrânicos, e em espécies como a azinheira, o sobreiro ou outros
carvalhos, os efeitos vão desde o achaparramento das árvores mais baixas,
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FIGURA 4 
Percentagem média de animais em pastoreio em parcelas com e sem fogo controlado
em a) 74 dias após o fogo e b) 83 dias após o fogo. Adaptado de Laterra et al., (2003).
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até à formação de uma linha de desramação na parte inferior da copa das
árvores mais altas que marca o alcance dos herbívoros (Orueta et al.,
1993). Relativamente ao consumo de rebentos, muitas espécies de plantas
suportam bem um consumo ligeiro, mas as árvores reagem mal a um
consumo repetido do rebento terminal, imprescindível ao seu crescimento
em altura. Quando todos os rebentos são afectados, a árvore fica
totalmente deformada e em certos casos acaba por secar e morrer (Bonnet
e Klein, 1966). Hannan e Whelan (1989) referem que em plantações de
coníferas se detectaram danos em 50% dos indivíduos, estando 15% das
árvores afectadas no rebento terminal. Os prejuízos económicos que daí
advêm podem, em certos casos, ser consideráveis. Bonnet e Klein (1966)
referem que o consumo de plantas jovens ou rebentos de árvores é 
o principal estrago provocado pelos cervídeos na floresta.

No que se refere ao consumo massivo de sementes e plantas jovens,
exceptuando as espécies que desenvolveram um sistema de disseminação
endozoócora (através do sistema digestivo de certos animais), este pode
traduzir-se numa acentuada redução ou mesmo na ausência de regene-
ração, com o consequente envelhecimento das comunidades vegetais
(Catry, 1999; Orueta et al., 1993). Algumas das espécies mais afectadas no
Mediterrâneo são as do género Quercus, sobretudo a azinheira devido 
à qualidade da sua bolota e pelo facto de existir frequentemente em zonas
com cargas elevadas de herbívoros (Orueta et al., 1993).

3.2 Gestão das populações de herbívoros 

Devido aos impactes que os herbívoros podem ter sobre a vegetação,
é desejável que se faça uma gestão adequada das suas populações de modo
a garantir um equilíbrio entre plantas e animais. 

Indicadores de pastoreio excessivo

É importante avaliar se determinada área está ou não sujeita a
pastoreio excessivo quer no pré-fogo quer no pós-fogo. Existem diversos
indicadores que poderão auxiliar o gestor nessa avaliação. Como
indicadores observáveis na vegetação, o excesso de utilização das espécies
mais apetecíveis, ou o consumo crescente de espécies que se sabe serem
de valor nutritivo baixo ou até tóxicas (Garcia-Gonzalez e Cuartas, 1992)
podem indicar uma situação de pastoreio excessivo. O excesso de pastoreio
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sobre determinadas espécies lenhosas provoca o seu achaparramento,
sendo este facilmente detectável no terreno (Orueta et al., 1993). Ao mesmo
tempo a planta reage produzindo folhas de menor tamanho, aumentando
a quantidade de espinhos, encurtando a distância entre nós e provavel-
mente aumentando a sua esclerofilia (Garcia-Gonzalez e Cuartas, 1992). 

No caso dos animais, principalmente silvestres, a ocorrência em zonas
sobre-pastoreadas reflecte-se na sua condição corporal. Existem indicadores
anatómicos que permitem verificar se se encontram ou não em stress
nutricional. As reservas de gordura, podem ser estimadas qualitativamente
de modo visual, ou, no caso de cervídeos, a diminuição dos crescimentos
anuais das armações ou a presença de malformações (Fandos, 1991) dão
indicações sobre se os animais em determinada área se encontram ou não
em stress nutricional e portanto em situação de pastoreio excessivo. No caso
de herbívoros domésticos e silvestres existem ainda indicadores popula-
cionais importantes. Por exemplo, o decréscimo da fertilidade e o incremento
da mortalidade juvenil, o atraso no início da puberdade, ou as alterações
provocadas na relação de idades da população (Fandos, 1991) podem dar
indicações sobre o estado nutritivo da população em causa.

Controle das cargas animais

A gestão das populações de herbívoros domésticos é mais fácil do que
a gestão das populações de herbívoros silvestres. Relativamente a espécies
domésticas, poderão considerar-se técnicas como o pastoreio rotacional.
Neste caso os animais pastam determinadas áreas durante períodos
determinados enquanto em outras áreas a vegetação recupera. A duração
destes períodos dependerá de factores tais como a rapidez de recuperação
da vegetação ou a espécie animal em causa (e.g. superior para cabras do
que para ovelhas). Embora possível, este é um método que muito dificil-
mente se aplica a populações de animais silvestres como o veado ou o gamo.
Nestes casos a gestão das populações, e nomeadamente a redução da carga
animal, é geralmente efectuada através da caça. Em áreas que não permitam
o pastoreio rotacional ou a caça, deverá optar-se por outros métodos de
protecção da vegetação.
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3.3. Protecção da vegetação contra os herbívoros

Em áreas onde existam cargas animais elevadas que comprometam
a recuperação da vegetação após o fogo, será necessário tomar medidas
de protecção das plantas. Dependendo da área e dos objectivos de gestão,
essa protecção poderá passar pela utilização de protectores individuais
ou pela vedação de áreas de maior dimensão durante períodos temporais
que permitam a regeneração e o re-estabelecimento da vegetação.  

Protecção individual das árvores

A protecção individual das árvores é utilizada em diversos países, nos
casos em que os animais têm acesso a zonas em regeneração ou a
plantações. Existem vários tipos de protectores, com preços e eficiências
de protecção variáveis. O método mais utilizado consiste em proteger
cada árvore com um protector de rede metálica cilíndrico ou em forma
de paralelepípedo. Para cumprir adequadamente o seu objectivo, a rede
dever ser suficientemente forte e não elástica. Em áreas onde existam
cervídeos, gado bovino ou equino, a rede deverá ter no mínimo 2 metros
de altura, mas será preferível optar por rede mais alta (2.5 m), sobretudo
se o terreno não for plano e se existirem veados na área a proteger (Figura
5). Para herbívoros de menor porte a altura pode ser reduzida (em função
da altura que o animal consegue atingir).

Na Figura 6 apresenta-se um esquema de um tipo de protecção
individual, contra cervídeos ou outros herbívoros de grande porte, que
poderá ser utilizada para proteger a regeneração natural ou árvores
plantadas, Este tipo de protecção permite, por um lado, poupar na
quantidade de rede necessária e, por outro, permite retirar facilmente 
a rede para aumentar a altura da protecção, ou para proceder ao desbaste
selectivo dos rebentos de toiça no caso da regeneração natural. Para cada
protecção são necessários dois postes de madeira (com cerca de 2 m),
rede de malha fina, e grampos metálicos. No momento da instalação das
protecções deve colocar-se a rede rente ao solo, de forma a não deixar
aberturas. Quando a árvore atingir a parte superior da protecção, deve
subir-se a rede 50 cm acima do solo, permitindo que a planta cresça em
altura com a parte superior fora do alcance dos herbívoros, e permitindo
simultaneamente que a sua base fique parcialmente acessível aos animais,
o que poderá beneficiar a árvore por reduzir a competição com a
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vegetação arbustiva ou herbácea que cresce em seu redor. Para evitar a
operação de ter de subir a rede ao fim de alguns anos, pode optar-se logo
de início por uma rede com 2.5 m de altura. 
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FIGURA 5 
À ESQUERDA E AO CENTRO: Protecções individuais contra cervídeos, feitas com rede metálica
com 250 cm de altura (regeneração vegetativa de carvalho e de pilriteiro três anos após
o incêndio); À DIREITA: regeneração vegetativa de carvalho, não protegida (três anos após
o mesmo incêndio). (Fotos: Filipe X. Catry).

FIGURA 6 
Sistema de protecção contra grandes herbívoros ajustável a dois níveis, com uma rede

metálica com 200 cm de altura. (figura reproduzida de Catry et al. 2007a).
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Outro método possível é a utilização de repelentes químicos. A pro-
tecção química consiste na aplicação de produtos repulsivos sobre os
rebentos das jovens árvores, porém na maior parte dos casos a sua eficácia
é de curta duração ou está ainda por comprovar.

Protecção de parcelas

Vedar totalmente uma parcela que se pretende regenerar, natural ou
artificialmente, pode constituir uma boa solução para recuperar a floresta
em áreas ardidas onde existam grandes herbívoros. Dependendo dos
objectivos de gestão, da dimensão da área a proteger e da densidade de
árvores no povoamento, esta opção poderá ser mais ou menos vantajosa.
Em geral para áreas maiores e densidades de árvores elevadas, esta técnica
tenderá a ser mais económica do que a protecção individual das plantas.
Esta opção tem ainda a vantagem de permitir uma regeneração mais densa
na área ardida, e uma melhor cobertura do solo, sendo a opção mais eficaz
em termos de prevenção dos riscos de erosão após um incêndio.

Uma desvantagem deste método é que ao impedir o acesso dos animais
a determinadas áreas, reduz-se a disponibilidade alimentar, aumentando
simultaneamente a pressão que estes irão exercer sobre as áreas não
protegidas. Outra possível desvantagem é que alguns anos após o fogo 
a vegetação na área se torne muito densa (dependendo da produtividade
do local), aumentando o perigo de incêndio. Porém, se a área vedada não
for muito extensa e se as áreas circundantes tiverem pouca acumulação de
combustível, o perigo de incêndio é muito limitado, e estas áreas poderão
representar uma mais valia importante, funcionando simultaneamente
como locais de abrigo para diversas espécies. No caso de se optar por este
tipo de protecção, pode também proceder-se a limpezas de matos e a
desbastes (ao fim de alguns anos e em intervalos regulares) para reduzir 
a carga combustível e para favorecer as espécies mais interessantes. Estas
operações de limpeza e desbaste podem ser bastante vantajosas ou
mesmo necessárias, dependendo dos objectivos de gestão, mas constituem
também um acréscimo do custo financeiro associado a este método.
É ainda de referir que nas áreas onde existam grandes herbívoros silvestres,
não se deverão vedar áreas contínuas de grande dimensão, uma vez que
quanto maior for a área, mais difícil se torna retirar os animais que
eventualmente tenham ficado no seu interior após a instalação da vedação.
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Por outro lado, ao abrigo da vedação, a vegetação espontânea regenera
rapidamente, constituindo um suplemento substancial de alimento nos
anos que se seguem à abertura da parcela, devendo esta ocorrer o mais
precocemente possível, desde que os rebentos terminais das árvores
estejam fora do alcance dos herbívoros (Bonnet e Klein, 1966). 

Uma vedação mecânica de rede é um bom método para proteger a
vegetação dos grandes herbívoros. Para impedir o acesso de cervídeos
como o veado, pode utilizar-se uma rede metálica que deverá ter entre
2.0 m e 2.5 m de altura (Bonnet e Klein, 1966). Geralmente a rede fica
assente em postes colocados em cada 3 ou 4 m, podendo ser fixada solida-
mente por meio de grampos, ou através de um sistema desmontável, que
permite retirar parte da vedação para evacuar animais que ficaram
fechados, retirar árvores e outros materiais, ou retirá-la definitivamente
(Klein e Saint-Andrieux, 1989). 

A protecção temporária através da colocação de uma vedação
eléctrica é mais indicada para as espécies domésticas, sendo pouco
adaptada ao meio florestal, onde a presença de vegetação torna difícil a
sua utilização. Nos casos em que se opte por esta solução, é necessário
utilizar pelo menos três fios (estendidos respectivamente a 40, 90 e 130
cm do solo) para impedir eficazmente a passagem dos cervídeos (Bonnet
e Klein, 1966). A manutenção deste sistema em boas condições implica
verificações frequentes e uma limpeza total da vegetação circundante. 
A sua eficácia pode ser aumentada através da colocação de bandeirolas
coloridas, suficientemente visíveis. Tal como no caso anterior, as vedações
deverão ser retiradas depois de atingidos os objectivos.
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Durante os primeiros anos após um incêndio que afectou grande parte da 

Tapada Nacional de Mafra, monitorizou-se anualmente o estado vegetativo de

várias espécies de folhosas aí existentes. Devido à presença de uma população

de cervídeos, constituída por gamos e veados (densidade de 0.4 animais/ha),

parte das árvores na área ardida foram protegidas com protectores individuais

de modo a permitir uma avaliação dos efeitos dos herbívoros sobre a mortali-

dade e crescimento da regeneração de toiça. 

Três anos após o fogo registou-se uma elevada sobrevivência, independente-

mente do consumo por parte dos herbívoros. Porém no caso do carrasco, do

carvalho-português e do pilriteiro, registou-se uma maior mortalidade nas 

árvores que foram consumidas, apesar de só o carrasco apresentar diferenças

significativas entre indivíduos protegidos e não protegidos (Figura 7). No caso

do pilriteiro e do carrasco só no terceiro ano se começaram a observar árvores

mortas, e a grande maioria os indivíduos que morreram (90%) não se encon-

travam protegidos. O consumo repetido das plantas por parte dos animais pode

levar ao esgotamento das reservas acumuladas antes do fogo. Assim, se as

plantas não conseguirem repor essas reservas, será de esperar um aumento 

da mortalidade com o passar do tempo.

CAIXA 3
IMPACTE DOS CERVÍDEOS SOBRE

A REGENERAÇÃO VEGETATIVA APÓS UM INCÊNDIO

FIGURA 7 
Mortalidade observada ao fim do terceiro ano após o incêndio em três espécies de fo-
lhosas: comparação entre árvores protegidas e não protegidas da acção dos herbívoros.
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Relativamente ao crescimento da regeneração natural de toiça, verificou-se que

este foi muito afectado pelos cervídeos na maior parte das espécies estudadas

(Figura 8). As únicas excepções foram a aroeira e o eucalipto que, devido às

suas características (elevada concentração de taninos, óleos e baixa digestibi-

lidade) são evitadas pelos herbívoros. Ao fim de três anos, os indivíduos não

protegidos de todas as outras espécies apresentavam uma altura média inferior

a 40 cm, evidenciando o impacte negativo que os herbívoros podem ter na re-

cuperação da floresta após um incêndio. Informação adicional sobre este tra-

balho pode ser consultada em Catry et al. (2007a).



4. Gestão de espécies exóticas invasoras

Um dos maiores problemas da recuperação da vegetação num cenário
pós-fogo é o aparecimento de espécies exóticas com carácter invasor.
Trata-se de um problema com uma importância particular na gestão das
áreas ardidas, na medida em que a expansão de muitas espécies invasoras
é facilitada ou estimulada pela ocorrência de perturbações como o fogo.
Por sua vez a expansão destas espécies pode alterar de forma significativa
o regime de fogo (Brooks et al., 2004). Cria-se desta forma um ciclo de
fogo associado às espécies invasoras em que a sua expansão está associada
a uma elevada combustibilidade e em que a ocorrência de fogo facilita a
sua expansão. Neste tipo de condições e mesmo nas áreas não queimadas
as espécies nativas têm frequentemente muito poucas oportunidades para
se voltarem a estabelecer e o restauro ecológico destas áreas poderá ser
particularmente difícil (Brooks et al., 2004). 

Muito embora não seja um problema generalizável a todo o território
português, a ocorrência de espécies exóticas invasoras assume frequen-
temente características de grande gravidade dadas as consequências
negativas no funcionamento dos ecossistemas, na perda de biodiversidade,
nas alterações da paisagem e no aumento do risco de incêndio (Marchante
e Marchante, 2007). Essa gravidade decorre ainda da grande dificuldade
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FIGURA 8 
Média da altura máxima (cm) da regeneração natural de toiça de 7 espécies de fo-
lhosas 3 anos após o fogo: árvores protegidas e árvores não protegidas da acção dos
herbívoros (o eucalipto foi a espécie com maior crescimento mas não se encontra 
representado porque não foi protegido) (Adaptado de Catry et al. 2007a).

FREIXO PILRITEIRO ZAMBUJEIRO CARVALHO CARRASCO AROEIRA CASTANHEIRO

A
LT

U
R

A
(c

m
)

300

200

100

0

Protegidas

Não protegidas



técnica e dos grandes custos financeiros associados às operações de 
controlo das espécies invasoras. Tais constrangimentos assumem em
algumas situações quase um carácter de irreversibilidade em termos
práticos, tal a extrema dificuldade de erradicação de algumas espécies.
De acordo com Marchante e Marchante (2007) as acções de controlo
deverão necessariamente passar por três fases: um controlo inicial com
carácter massivo, um controlo de seguimento para complementar o tra-
tamento inicial e um controlo de manutenção para eliminar possíveis
focos esporádicos da espécie invasora. O reconhecimento da importância
e da complexidade técnica do problema apenas recentemente têm merecido
o devido relevo, dado que até há relativamente poucos anos a questão se
encontrava ausente dos manuais técnicos de boas práticas editados pelos
serviços florestais do Estado (e.g. Louro et al., 2002; Silva e Páscoa, 2002;
Louro et al., 2003). Aparentemente o agravamento do problema dos
incêndios durante a última década contribuiu para chamar a atenção
relativamente à questão das invasoras lenhosas na gestão das áreas
queimadas (Conselho Nacional de Reflorestação, 2005).

A invasão pós-fogo por espécies exóticas é sobretudo mais grave na
faixa Centro e Norte litoral, se nos restringirmos apenas às espécies
lenhosas. No entanto as situações são muito diversas e estão bastante
relacionadas com o historial de introduções deliberadas no local ou nas
imediações, de plantas ou propágulos destas espécies. Em 2006 encontra-
vam-se listadas para Portugal 564 taxa de plantas vasculares exóticas
naturalizadas, estando esta listagem em constante evolução (Almeida e
Freitas, 2006). De entre estas espécies, são sobretudo preocupantes as
espécies lenhosas, dado terem maior capacidade para dominar os ecos-
sistemas onde se desenvolvem. O efeito sobre as espécies nativas pode ir
muito para além da competição directa pela luz, água e nutrientes. Alguns
destes efeitos no funcionamento dos ecossistemas poderão ser pouco
evidentes, como a ruptura de associações mutualistas presentes nas raízes
das espécies nativas (Stinson et al., 2006) ou o efeito depressivo na
restante vegetação causado por substâncias alelopáticas (Carballeira e
Reigosa, 1999). De entre as espécies presentes no nosso país devemos
salientar pela sua importância em Portugal Continental os géneros
Acacia, Hakea, Ailanthus e Eucalyptus. Estes quatro géneros de plantas
com porte arbóreo ou arbustivo têm características muito diversas em
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termos da capacidade de disseminação de sementes e de germinação em
situações pós-fogo. Por outro lado a utilização que tem sido feita destas
plantas é muito diversa, dando origem a problemas específicos dada a
sua diferente expansão no país. A este respeito a Eucalyptus globulus,
vulgarmente conhecida simplesmente por eucalipto, é a espécie que
apresenta maior potencial de regeneração em termos absolutos dado ser
utilizada em plantações industriais em grande escala, sendo provavel-
mente a espécie arbórea com maior área de expansão no território
nacional (Silva et al., 2007b). No entanto o reconhecimento do carácter
invasor da espécie é controverso, em grande parte devido à sua impor-
tância económica. Na verdade não estão estabelecidos em Portugal
métodos objectivos de avaliação e classificação do carácter invasor das
espécies exóticas. Tal poderá explicar o facto da espécie não constar na
lista oficial de espécies invasoras (Dec.Lei 565/99). A este respeito poderá
vir a ser útil a adopção de um sistema objectivo de classificação tal como
os propostos para países como o Canadá (Murphy et al., 2006) ou a Nova
Zelândia (Pheloung et al., 1999). 

Apesar da dimensão do problema e das elevadas consequências em
termos económicos e ecológicos, sabe-se ainda muito pouco sobre a
dinâmica da regeneração natural das espécies invasoras em áreas queimadas
e da sua interacção com as plantas nativas locais, para as condições do
nosso país. Muito do conhecimento existente ao nível do território de
Portugal Continental encontra-se compilado em Marchante et al., (2005)
e em Marchante et al., (2009), mas poucos trabalhos específicos de natureza
científica têm sido publicados de modo a validar para o nosso país o
conhecimento empírico existente. Importa assim descrever cada um dos
géneros de plantas referidos, tentando perceber o impacte que causam
ao nível da gestão das áreas queimadas.

O género Acacia

Trata-se sem dúvida do género de plantas lenhosas mais recorren-
temente associado a processos de invasão biológica em Portugal. Em
Marchante et al. (2005) são descritas oito espécies de acácias com carácter
invasor, com particular destaque para as espécies A. dealbata e A. melano-
xylon devido à sua importância. Godinho-Ferreira et al. (2005) fez pela
primeira vez um levantamento dos povoamentos onde plantas do género
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Acacia se tornaram dominantes, correspondendo a cerca de 18500 ha
(dados relativos ao inventário florestal de 1995-98). Estes povoamentos
foram identificados sobretudo no Centro e Norte Litoral e não incluem as
muitas outras situações onde estas plantas se encontram de forma dispersa
ou no sub-bosque constituindo igualmente um obstáculo à recuperação
da regeneração natural das espécies nativas. Uma das situações-tipo com
maior gravidade é a substituição das galerias ripícolas de espécies nativas
junto às linhas de água por indivíduos de A. dealbata. Muito embora não
existam estudos conhecidos a este respeito, aparentemente parece existir
uma expansão da espécie através do transporte das vagens pela corrente dos
rios e ribeiras fazendo com que surjam novas colonizações a jusante. A rela-
ção com o fogo é razoavelmente conhecida, sabendo-se que existe de facto
uma estimulação da germinação em muitas espécies do género Acacia (Hill,
1982; Auld e O’connell, 1991; Marchante e Marchante, 2007). No entanto as
vantagens competitivas relativamente à restante vegetação derivam também
do facto de serem espécies que regeneram vigorosamente após o corte (Yongqi
e Fuwen, 2006), tornando as operações de controlo particularmente difíceis. 

De acordo com Marchante et al. (2005) os métodos de controlo da 
A. dealbata e A. melanoxylon incluem o arranque de plântulas, o descasque
e o corte seguido de aplicação de herbicida. É ainda referida a utilização
de controlo biológico com a libertação de insectos do género Melanterius,
método ainda não aplicado em Portugal. No entanto a ocorrência de
incêndios dificulta bastante o processo de controlo, na medida em que 
o calor e a criação de espaços abertos estimula a germinação do banco de
sementes no solo (Marchante et al., 2005). No caso de A. dealbata Gilbert
(1959) sugere uma grande longevidade (300 a 400 anos) para as sementes
no solo das florestas da Tasmânia. Deverá assim privilegiar-se a manu-
tenção de um coberto denso sempre que possível dado que poderá ser
uma solução para tentar controlar a germinação das sementes. Por outro
lado é fundamental eliminar as plantas de maiores dimensões mesmo que
muitas vezes seja sugerida a condução em alto-fuste de povoamentos de
acácia, particularmente A. melanoxylon, devido às grandes dimensões que
podem atingir (Santos et al., 2004). Na verdade a manutenção de exem-
plares de grandes dimensões apenas poderá agravar o problema devido à
grande quantidade de sementes que serão libertadas destes sementões,
aumentando a área colonizada por novas plantas. 
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O género Hakea

As duas espécies do género Hakea, referenciadas para Portugal são a 
H. sericea e H. salicifolia. (Marchante et al., 2005; Almeida e Freitas, 2006;
Marchante et al., 2009). Em particular a primeira tem sido relacionada
com a ocorrência de áreas queimadas. Trata-se de uma espécie espinhosa
com frutos termo-deiscentes (folículos lenhosos) contendo duas sementes
aladas, que se libertam quando a planta é queimada ou morre (Marchante
et al., 2009). A invasão por plantas desta espécie origina problemas não
apenas de competição com a vegetação nativa devido à densa copa, mas
também de acesso de pessoas e animais devido à presença de folhas
aciculares muito desenvolvidas. Os métodos de controlo propostos passam
pelo corte mecânico e permanência no solo durante 1 a 1.5 anos, após o
que se aconselha a queima do material, incluindo as sementes que entre-
tanto foram libertadas (Marchante et al., 2005). Quaisquer acções de
controlo manual estão fortemente limitadas devido à presença de espinhos.
O fogo controlado, que começou a ser utilizado recentemente como
técnica de controlo no Alto Minho, é muito eficaz se um segundo fogo for
efectuado antes que a regeneração produza sementes. 

O género Ailanthus

No nosso país encontra-se representado pela espécie A. altíssima. 
Trata-se de uma árvore dióica com um grande potencial de dispersão dos
propágulos alados (sâmaras) e com uma grande capacidade para regenerar
vegetativamente a partir da raiz. Devido à sua utilização como ornamental
e às suas características heliófilas é sobretudo frequente junto a estradas,
bordadura de campos agrícolas e outros locais sujeitos a perturbação. Dada
a facilidade em emitir rebentos a partir das raízes, é fortemente desacon-
selhado o corte. O único processo aparentemente eficaz consiste na aplicação
de herbicida em feridas profundas abertas no tronco (Marchante et al., 2005). 

O género Eucalyptus

Em termos de utilização florestal, o género Eucalytpus encontra-se
representado em Portugal quase exclusivamente pela espécie Eucalyptus
globulus. Apesar de a espécie ter sido introduzida em Portugal há mais de
cento e cinquenta anos e de ter começado a ser utilizada em grande escala
desde o início do século XX (Goes, 1977; Radich, 2007), a existência de
regeneração natural de origem seminal só recentemente começou a ser
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mais amplamente documentada (Machado et al., 2001; Silva et al., 2007a;
Silva et al., 2007b; Marchante et al., 2009). Alguns autores referem-se
explicitamente ao carácter invasor da espécie (Marchante e Marchante,
2007; Silva et al., 2007b; Marchante et al., 2009) embora não existam ainda
estudos e critérios objectivos que permitam estabelecer inequivocamente
essa classificação, tal como aliás acontece com a generalidade das restantes
espécies apontadas como invasoras. Apesar de só recentemente ter ganho
visibilidade, a questão da regeneração seminal do eucalipto é já descrita
por Goes (1977) numa propriedade no Ribatejo em 1954, o que indicia
que o facto de não existirem referências mais antigas, pouco diz sobre a
real evolução do processo de regeneração natural por semente no nosso
país. Muito embora não seja aparentemente tão eficiente na colonização
de novas áreas como as espécies anteriores, a enorme área de expansão da
espécie e a ocorrência generalizada de regeneração por semente nas áreas
de melhor adaptação ecológica, fazem com que existam preocupações
quanto à competição com a vegetação nativa, nomeadamente em áreas
queimadas. No caso de colonização de áreas onde se pretenda fazer o
aproveitamento da regeneração natural de outras espécies, o aparecimento
de regeneração seminal de eucalipto poderá dificultar bastante esta tarefa
dado o muito maior potencial de crescimento das plantas desta espécie.
Por outro lado a espécie apresenta uma grande resiliência ao corte e ao
fogo, através da regeneração vegetativa a partir das toiças e ao longo do
fuste, apresentando também aqui vantagens competitivas com as espécies
nativas (Catry et al., 2007a). Devido a estas características existe a necessi-
dade de estabelecer medidas no sentido de minimizar os impactes negativos
causados pela regeneração natural de eucalipto em áreas queimadas (Silva
et al., 2007a). 

Num estudo realizado com base em cartografia de ocupação do solo
da Tapada Nacional de Mafra, Catry (2000) reportou um aumento da
área de eucalipto, de 4 ha em 1974 para 64 ha em 1999, apesar de não
terem sido efectuadas plantações ou sementeiras nesse período.
Posteriormente, Heathfield et al. (2001) conseguiram simular de forma
aproximada o aparecimento de manchas de eucaliptal nesta Tapada, com
base num modelo de dispersão linear difusa com um alcance máximo de
200 m. Os autores atribuíram as diferenças entre as manchas modeladas
e as manchas reais à ocorrência de dois incêndios que poderão ter
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favorecido o aparecimento da regeneração natural, proveniente sobretudo
de povoamentos exteriores à Tapada. Existem no entanto muitos aspectos
que não se encontram devidamente esclarecidos cientificamente. Um deles
prende-se com a explicação para o aparecimento de uma aparentemente
maior quantidade de regeneração natural em áreas queimadas, como
resultado do efeito do fogo. Na verdade segundo alguns autores, a espécie
parece não formar um banco de sementes no solo (Vivian et al., 2008) e
parece igualmente devidamente afastada a hipótese de existir um estímulo
de germinação por acção do fogo (Reyes e Casal, 2001) (ver igualmente
o Capítulo III). No entanto não existem ainda estudos conhecidos em
Portugal que permitam explicar o aparecimento de regeneração natural
de eucalipto em áreas queimadas. A nível de controlo da espécie, várias
técnicas têm sido utilizadas, incluindo a destruição mecânica das toiças,
e o corte com tratamento químico ou a simples pulverização da regene-
ração por semente.
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