
Universidade de Trás-os-Montes e Alto Douro 
 
 
 

Impact of the pinewood nematode (Bursaphelenchus xylophilus) 
on the chemical and physical properties of Pinus pinaster wood. 

Socio-economic and environmental aspects of pine wilt disease in 
Portugal 

 
 

 
A thesis submitted for the degree of DOCTOR OF PHILOSOPHY in Agronomic and 

Forestry Sciences at the University of Trás-os-Montes and Alto Douro 

 
 

Valeria Reva 
 

 

 

Supervisors 
Doutor José Luís Louzada, CITAB,UTAD 
Professor Doutor António Rui de Almeida Figueiredo, DEM, UC 
 
Jury 
Presidente: Doutor Vicente de Seixas e Sousa, Presidente da Escola de Ciências Agrárias e 
Veterinárias, UTAD 
Vogais: 
• Doutora Isabel Maria de Oliveira Abrantes, Professora Catedrática, UC 
• Doutora Helena Margarida Nunes Pereira, Professora Catedrática, ISA 
• Doutor António Rui de Almeida Figueiredo, Professor Associado com Agregação, UC 
• Doutor José Luís Penetra Cerveira Louzada, Investigador Auxiliar com Agregação, 

UTAD 
• Doutora Maria Emília Calvão Moreira da Silva, Professora Auxiliar, UTAD 
• Doutor Luís Miguel Ferreira Pontes Martins, Professor Auxiliar, UTAD 

 
 

 
 

Vila Real, 2014 



 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aut inveniam viam aut faciam. 

 

Viam supervadet vadens. 

 

 

*   *   *   *   *   *   * 

To my daughters 

 

 

 

 



 



 

iii 

 

Acknowledgements  

 

I would like to thank:  

My scientific advisors Dr. José Luís Louzada, CITAB, UTAD, and Prof. António 

Rui de Almeida Figueiredo, DEM, University of Coimbra, who supported me throughout 

my entire research. I am sincerely grateful for the time, effort and constructive criticism 

given to me during the discussion of the results; 

Prof. Domingos Xavier Viegas, DEM, University of Coimbra, who inspired me to 

study pine wilt disease; 

Prof. Isabel Abrantes and Dr. Luís Fonseca, IMAR-CMA, Department of Life 

Sciences, University of Coimbra, for encouragement and help in the preparation and 

submission of the manuscripts and for their contributions to nematode screening and 

identification testing; 

Forest engineers Raquel Campos Alves of the Federação Nacional de Associações 

de Proprietários Florestais (FNAPF), Covas/Tábua, and Manuela Ferraz, Office of Civil 

Protection and Forestry, Municipality of Penela, for their help in the sampling and 

gathering of data on the evolution of forested areas; 

Armindo G. Teixeira, UTAD, for his help in preparing the samples for the 

experimental part of the study and for the technical support in testing the basic density and 

extractive content of the wood; 

Dr. Celeste Pereira, INEGI, University of Porto, for support in the flammability 

tests; 

Dr. Karen Bennett for kind help in reviewing and correcting the manuscript 

language. 

 

And last but not least, my family, colleagues and friends, for all your help! 



 

iv 

 

 

 



 

 

v 

 

Resumo 

O nemátode da madeira do pinheiro, Bursaphelenchus xylophilus, é uma das mais 

sérias ameaças à floresta de pinheiros a nível mundial. Em Portugal, o nemátode afecta o 

pinheiro bravo (Pinus pinaster Ait.), uma espécie de coníferas de grande valor económico. 

Os nemátodes migram através dos canais de resina e alimentam-se de células do 

parênquima, induzindo rápidas alterações metabólicas nas células do parênquima, áreas de 

cavitação, desnaturação e necrose do parênquima e células cambiais. 

O objectivo deste trabalho foi avaliar o impacto das alterações bioquímicas, do 

stress hídrico na madeira e da perda de produção de resina devidos ao ataque do nemátode 

nas propriedades químicas e físicas da madeira de P. pinaster, nomeadamente, a densidade 

básica da madeira, a composição química elementar, o teor de extractivos, as propriedades 

de sorção, o poder calorífico superior (PCS), e a inflamabilidade. Este estudo 

interdisciplinar salienta os aspectos tecnológicos e económicos relacionados com a aptidão 

da madeira infectada para uso nas indústrias de processamento de madeira e de produção 

de bioenergia. 

Foram estudadas amostras de madeira de P. pinaster infectada com nemátode e 

não infectada. Árvores sintomáticas (escurecimento/vermelhidão das agulhas) e sem 

sintomas foram amostradas num povoamento de pinheiro bravo na região centro de 

Portugal. Foram recolhidas as amostras de seções transversais do tronco (1,5 m, 6 m da 

base, topo) e de ramos. Para todas as amostras foi realizado o teste de identificação e 

contagem de nemátodes. 

Os valores do PCS foram determinados de acordo com a norma CEN/TS-14918 

usando o calorímetro de bomba Parr-6300 automático e o calorímetro de bomba Leco-

AC600 semiautomático. Na análise da composição química, foram determinados os teores 

de carbono, hidrogénio, azoto, enxofre e cinzas por meio da combustão instantânea com a 

oxidação completa. A densidade básica foi calculada com base no peso seco e no volume 

saturado, sendo o último medido pelo método de imersão. A análise do conteúdo de 

extractivos foi efectuada recorrendo a um aparelho de extracção de Soxhlet e com base nas 

normas Tappi 204cm-07 e Tappi 207cm-08, tendo sido utilizados dois reagentes orgânicos 

(diclorometano e etanol) e um não-orgânico (água destilada). Os testes para determinar a 

variação de humidade e o teor de humidade de equilíbrio foram realizados na câmara 

climática Fitoclima-300 EDTU. Os testes de inflamabilidade foram realizados num 
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calorímetro de cone com um fluxo constante de calor de 16 kW/m2. A análise estatística 

dos dados foi realizada com o software STATISTICA StatSoft Inc. 

Foram encontradas as seguintes diferenças entre a madeira de P. pinaster 

infectada e não infectada para os parâmetros estudados. 

• Verificou-se a diferença estatisticamente significativa para o PCS e os teores de 

hidrogénio e de azoto, em que a madeira infectada apresenta, em média, menor 

poder calorífico, menor teor de azoto e maior de hidrogénio. Os teores de carbono, 

oxigénio, enxofre e cinzas não se diferenciaram significativamente. O valor médio 

do PCS da madeira infectada (19,79 MJ/kg) posiciona-se entre o PCS de madeira 

de folhosas (18,6-19,8 MJ/kg) e o PCS de madeira de resinosas (20,0-22,5 MJ/kg).  

• Verificou-se a diminuição de 2% da densidade básica da madeira, e a diminuição 

de 8,90% a 5,98% para o teor total de extractivos. Nas árvores infectadas, os 

extractivos têm distribuição inversa ao longo do tronco comparativamente com as 

árvores não infectados.  

• Diferentes valores de humidade de equilíbrio foram obtidos para certas condições 

ambientais (algumas das diferenças foram estatisticamente significativas). As 

isotermas de adsorção para a madeira infectada e não infectada têm posicionamento 

similar.  

• Verificaram-se diferenças estatisticamente significativas para o tempo de ignição e 

o tempo em chama, e ligeiras diferenças nos valores de perda de massa. Para todos 

estes parâmetros, os valores obtidos para a madeira não infectada foram inferiores 

aos da madeira infectada.  

• Para a taxa de perda de massa, verificaram-se os valores mais baixos para a 

madeira infectada para as amostras recolhidas das secções do tronco a 6 e 1,5 m. Já 

para as secções do topo dos troncos não foram observadas diferenças significativas. 

• A madeira infectada tem menor taxa de liberação de calor e menor energia total 

libertada (diminuição estatisticamente significativa) do que a madeira não 

infectada. Os valores do teor total dos extractivos foram correlacionados (com 

significância estatística) com os do tempo de ignição, do tempo em chama e da 

perda de massa.  

 

Por fim, foram analisados os impactos socio-económico e ambiental do nemátode 

no contexto de Portugal. Foram apresentados os principais aspectos e parâmetros a incluir 
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na modelação do impacto total do nemátode, e proposta uma nova abordagem para o 

controlo da doença da murchidão do pinheiro baseada na estrutura de mosaico florestal 

com o apoio das actividades económicas relacionadas. 

Apesar das diferenças verificadas para os parâmetros estudados, a conclusão geral 

é que o nematode do pinheiro bravo tem um pequeno impacto sobre as características 

estudadas de madeira. No entanto, existem algumas questões relacionadas com o uso 

industrial da madeira de P. pinaster infectada (produção de bioenergia, produção de papel 

e de pasta de papel, ciclo de vida de paletes) que necessitam de estudos adicionais. 
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Abstract 

The pinewood nematode, Bursaphelenchus xylophilus, is considered one of the 

most serious threats to pine forest worldwide. In Portugal, this nematode affects maritime 

pine (Pinus pinaster Ait.): a coniferous species of a great economic value. The nematodes 

migrating through resin canals and feeding on parenchyma cells, induce rapid metabolic 

changes in ray parenchyma cells, cavitation areas, denaturation and necrosis of 

parenchyma and cambial cells.  

The objective of this research was to evaluate the impact of biochemical changes, 

water stress and loss of resin production due to nematode attack on the chemical and 

physical properties of P. pinaster wood, specifically, on wood basic density, elementary 

chemical composition, content of extractives, sorption properties, gross calorific value 

(GCV), and flammability. This interdisciplinary study stresses technological and economic 

aspects related with suitability of infected P. pinaster wood for use in the wood-processing 

and energy industries. 

Samples of PWD infected and uninfected wood were studied. P. pinaster trees 

with PWD symptoms (browning/reddening of the needles) and without symptoms were 

sampled in a planted pine forest in the central region of Portugal. Cross sections of the 

trunk at 1.5 m, 6 m from the base, top and crown branches were collected. Nematode 

screening, identification and quantification were performed for all sampled trees. 

The GCVs were determined using Parr 6300 automatic isoperibol calorimeter and 

Leco AC600 Semi-Automatic Isoperibol Calorimeter according to the standard method 

CEN/TS 14918. Chemical composition analysis was performed by determining the 

contents of carbon, hydrogen, nitrogen, sulfur and ash on complete and instant oxidation of 

samples by “flash” combustion. Wood basic density was calculated on the basis of dry 

weight and green volume, the last one measured by water displacement or immersion 

method. The extractive content analysis was carried out with a Soxhlet extraction 

apparatus and based on the norm Tappi 204 cm-07 and Tappi 207 cm-08 norms. Two 

organic (dichloromethane and ethanol) and a non-organic (distilled water) reagents were 

used. The tests to determine the moisture content variation end equilibrium moisture 

content were carried out using a climatic chamber Fitoclima 300 EDTU. Flammability 

tests were performed in a cone calorimeter at a constant heat flux of 16 kW/m2. Statistical 

data analysis was performed with STATISTICA StatSoft Inc. software. 
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The following differences for the studied parameters were found between infected 

and uninfected P. pinaster wood. 

• Statistically significant difference was found for the GCV and the contents of 

hydrogen and nitrogen, in which the infected wood has on average lower calorific 

value, lower nitrogen content and higher hydrogen content. The carbon, oxygen, 

sulfur and ash contents did not differ statistically. The mean GCV of infected wood 

(19.79 MJ/kg) varied between the GCV of hardwoods (18.6-19.8 MJ/kg) and the 

GCV of softwoods (20.0-22.5 MJ/kg).  

• The wood basic density decreases 2%, and the total extractives content decreases 

from 8.90% to 5.98%. Extractives in infected trees have inverse distribution along 

the trunk as compared with uninfected trees.  

• Differences (some of them statistically significant) in the equilibrium moisture 

content values, determined under varying environmental conditions, were found. 

The adsorption isotherms for infected and uninfected wood have similar 

positioning. 

• Statistically significant differences were found for time to ignition and time in 

flame, and slight differences were found for mass loss. For all these parameters, 

obtained values for uninfected wood were lower than those for infected wood.  

• Lower values of the mass loss rate were found for infected wood for trunk at 6 and 

1.5 m. No differences were observed for top of the trunk. 

• Statistically significant decrease of the values of the total energy released was 

found for infected wood. Statistically significant correlation was found between the 

total extractive content and time to ignition, time in flame and mass loss.  

 

Finally, socio-economic and environmental impacts of the PWD in the context of 

Portugal were analyzed. Framework for modelling of the total PWD impact was presented 

and new approach for the PWD control, based on forest mosaic structure supported by 

economic activities, was discussed.  

Despite the differences verified for studied parameters, the overall conclusion is 

that PWN has a slight impact on studied characteristics of wood. However, there are some 

related issues of industrial use of PWN infected P. pinaster wood (bioenergy production, 

pulp and paper production, pallets life cycle) that need additional studies.  
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1.1. Pine wilt disease worldwide 

The expansion and intensification of world trade is a main factor responsible for 

the biological invasion and distribution of alien (exotic) species all over the world 

(Westphal et al., 2008). Some of them cause the spread of dangerous quarantine pests, 

resulting in ecological damage and economic loss (Pimentel, 2005). 

The pinewood nematode (PWN), Bursaphelenchus xylophilus, is the causal agent 

of pine wilt disease (PWD), and has been placed on the A2 list of quarantine pests by 

European and Mediterranean Plant Protection Organization (EPPO, 2014). The most 

susceptible host trees belong mainly to the genus Pinus, which vary among geographic 

locations: P. bunjeana, P. densiflora, P. luchuensis, P. massoniana and P. thunbergii, for 

Asian countries, and P. nigra, P. sylvestris and P. pinaster for European countries (Evans 

et al., 1996; Vicente et al., 2012). In total, 38 species worldwide have been reported as 

hosts (Magnusson, 1986). Due to high tree mortality and consequent enormous annual 

losses of pine timber in areas affected by the PWN, pine wilt disease nowadays is 

considered to be one of the most serious threats to pine forests worldwide. A native of 

North America, where it is non-pathogenic for native conifer species, the PWN spread to 

Japan in the early 20th century (1905) and later into China (1982), Taiwan (1985) and 

Korea (1988) (Wingfield et al. 1982; Yano, 1913; Cheng et al. 1983; Tzean and Jan 1985; 

Yi et al. 1989). In 1999, this nematode was detected for the first time in Europe, in 

mainland Portugal (Setubal Peninsula, 20 km south of Lisbon), associated with maritime 

pine, P. pinaster (Mota et al., 1999). In 2008, it was detected in Spain (Abelleira et al., 

2011; Robertson et al., 2011) and, in 2009, on the island of Madeira (Fonseca et al., 2010, 

2012). The analysis of genetic variability and genetic relationships among Portuguese 

isolates of pinewood nematode, B. xylophilus, confirmed the suggestion that the nematode 

found in Portugal is of East Asian origin (Vieira et al., 2007; Fonseca et al., 2012; 

Figueiredo et al., 2013; Pereira et al., 2013). 

The natural transmission of the nematode from one host tree to another is carried 

out by insects (Coleoptera-Cerambycidae), mainly belonging to the genus Monochamus. 

Long-range dissemination to non-native areas occurs as a result of human activity through 

the transport of non-manufactured wood products used in international trade (cut branches, 

wood chips, packing cases, crates, pallets, sawdust) (Evans et al., 1996; Gu et al., 2006; 

Schrader and Unger, 2003; Jones et al., 2008).  
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The introduction and distributions of alien species depend on appropriate 

biological and climatic factors. For the PWN, B. xylophilus, favorable conditions comprise 

a mean daily summer temperature above 20ºC (Rutherford et al., 1990), the presence of a 

suitable host tree, mainly Pinus spp. (Magnusson, 1986) and a proper insect vector, usually 

a Monochamus sp. (Linit, 1988; Evans et al., 1996). In 1984, when the nematode was 

discovered in wood chips imported for the Finnish pulp industry, the possibility of the 

nematode establishing itself and spreading under Nordic conditions become an issue under 

concern (Magnusson, 1986). The analysis of the environmental conditions important for 

nematode establishment and PWD development (Mamiya, 1984; Kondo et al., 1982) led to 

the conclusion that the PWN, B. xylophilus, could well reproduce also in Nordic areas, 

especially in the summer period. This increases the risk of invasion of European countries, 

giving strong reasons for restriction actions and regulation on trade of pine wood, wood 

products and wood packaging materials.    

1.2. Pine wilt disease in Portugal 

In Portugal, the PWN affects maritime pine, P. pinaster (Mota et al., 1999), which 

occupies 26% of the total forest area (AFN, 2013). This pine species is the main coniferous 

species used for pine timber, pulp and paper and resin production, both for export and 

internal use. 

After the detection of the PWN in Portugal in 1999, the authorities imposed 

regulatory measures to prevent the spread of the nematode. In 2001, the National 

Eradication Program for the Pinewood Nematode (PROLUNP) was established by 

Executive-Law nº 239/2001. The project team aimed to ensure, articulate and manage 

appropriate means and extraordinary measures to control the eradication of the PWN. The 

phytosanitary measures and rules for pest control were established by Regulation Act nº 

1572/2003 (December, 27th), Executive-Law nº 154/2005 (September, 6th) and Regulation 

Act nº 103/2006 (February, 6th), subsequently amended by Regulation Acts nº 815/2006 

(August, 16th) and nº 321/2007 (March, 23rd). As the PWN was located in a certain region 

(Setubal Peninsula), an Affected Zone (area where the PWN was known to occur) and 

Buffer Zone (area of 20 km width surrounding the Affected Zone and where the PWN was 

not registered) were defined, which together constitute Demarcated Area. The rest of the 

territory in the country where the PWN does not occur was defined as a Free Zone 

(Rodrigues, 2008). The eradication activity established by the legislation mentioned above 
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consisted of the elimination of infected trees and all the conifers considered as potential 

host trees (species Picea orientalis, Pinus halpensis, Pinus nigra, Pinus nigra austriaca, 

Pinus nigra laricio, Pinus pinaster, Pinus radiata and Pinus sylvestris) and the 

destruction/processing of felled trees. The restrictions on the transport of infected wood 

were established for the Demarcated area, permitting only the transport of round wood 

without bark. 

During the period from 1999 to 2007, Setubal Peninsula was the only region with 

the presence of the nematode, and the area of the Affected Zone increased from 3,090 km2 

to 5,100 km2 as the result of the PWD evolution (Rodrigues, 2008). However, the 

monitoring of the implementation of Commission Decision 2006/133/EC and the National 

eradication program for Pinewood nematode B. xylophilus carried out by the Food and 

Veterinary Office (FVO) of the European Commission concluded that the eradication 

measures applied have been insufficient (FVO, 2008). As the result, the disease spread 

rapidly to the central region of the country and, in 2008, the entire territory of mainland 

Portugal was designated as an affected area (Regulation Act nº553-B/2008). In 2011, the 

National Forest Authority defined 247 parishes (total area of 12,258.99 km2) where the 

presence of the PWN was detected and these areas were designated as sites of intervention 

(AFN, 2011). Together with 378 adjacent parishes (11,596.81 km2) and 786 parishes 

(23,223.55 km2) corresponding to the Buffer Zone (20 km along the border of Portugal), 

they constituted a priority area for disease control activities.  

The propagation of PWD over the territory of mainland Portugal (AFN, 2012) 

revealed the impact of natural (or biological) and human factors on the spread of the 

disease (Figure 1), where human activity (accidental or uncontrolled) is the fundamental 

factor responsible for spread of PWD in over longdistances and on a large scale, as also 

occurred in China (Robinet et al., 2009). Four steps of the nematode dissemination are 

clearly observed (Figure 1):  

1. Accidental distribution due to human activity (infested wood shipped to Setubal 

Port), when the nematode was detected in 1999 in the Setubal Peninsula; 

2. Dissemination by insect-vector over the Setubal Peninsula; 

3. Uncontrolled human activity (transportation of the infested wood), when the area 

affected by the PWN increased drastically; 

4. Dissemination by insect-vector over the central part of mainland Portugal. 

Previous legislation was enhanced by Executive-Law nº 95/2011, with stronger 

rules concerning phytosanitary actions, and particularly, transport of round wood.  



 

6 

 

Tree felling within a radius of 50 meters from the center of the nematode 

infection, and thermal treatment of wood packaging materials (pallets) and of contaminated 

wood before transportation and industrial use are essential phytosanitary procedures 

established since 2008 (AFN, 2008) and applied to control the spread of PWD.  

 

 

 

Figure 1. The impact of natural (or biological) and human factors on the spread of the pine wilt disease over 
the territory of mainland Portugal: four steps of the nematode dissemination (Adapted: AFN, 2012) 
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1.3. Biological aspects of pine wilt disease  

The dissemination of the PWN is the result of the symbiotic contact of the 

juvenile nematode with the tracheal system of its insect vector (in Portugal, Monochamus 

galloprovincialis (Oliv.)) (Aikawa, 2008; Giblin-Davis et al., 2003; Linit, 1988) (Figure 

2).  

 

 

Figure 2. Pine wood nematode and insect vector interactions: primary and secondary transmissions. 
(Adapted: Fonseca, 2008) 

 

 

PWN primary transmission (Figure 2) occurs when the insect vector engages in 

maturation feeding on the twigs of healthy pine trees, which allows the transition of 

nematodes from vector beetle to a new host tree via wounds made by beetle feeding 

(Aikawa, 2008). Secondary transmission occurs during the reproduction cycle of the 

insect-vector, when the adult female insect initiates oviposition under the bark of trees 

recently killed by the PWN or dying trees (Aikawa, 2008). The insect larvae inhabit the 

inner bark during the initial instars, then begin to bore tunnels into the xylem where they 
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make the pupal chamber. The insect-vector overwinters as larvae and pupil between late 

spring and early summer. During the winter, the nematodes aggregate around the pupal 

chambers following insect eclosion in the pupal chamber and then invade the insect 

tracheal system. 

The nematodes invade the healthy tree through the feeding wounds and then 

migrate through resin canals and feed on parenchyma cells of the host’s resin canals. 

Nematodes rapidly permeate throughout the trunks, reproducing and feeding on 

parenchyma cells, which causes cavitation, the plugging of tracheids (water conduits) and a 

decrease in xylem water contents, and induces metabolic changes in ray parenchyma cells 

in cavitation areas and denaturation and necrosis of parenchyma and cambial cells, 

resulting in tree mortality (Evans et al., 1996; Giblin-Davis et al., 2003). PWD develops in 

two phases (Kuroda, 2008). In the early phase, the PWN population is low. Epithelial cells 

immediately synthesize resin that effectively protects against the initial invasion of 

nematodes, but does not completely prevent the mitigation of nematodes in the tissue. 

Nematodes, moving through the resin canals and feeding on the contents of living cells, 

cause anatomical changes in the host. In resin canals necrosis occurs and the epithelial 

cells swell. Cells producing secondary metabolites (materials that form as a defence 

reaction to wounding or infection) degrade and die. Oily droplets form in the tracheids 

around resin canals and along the ray tissues. Oleoresin exudation decreases and stops. The 

tree becomes more vulnerable to nematode propagation, and the nematode population 

propagates extensively due to its high reproduction rate. The number of necrotic cells in 

ray tissue and the cambium increases, and the tracheids become dysfunctional leading to 

blockage of sap ascent and water stress. The dehydrated area increases, the xylem 

desiccation progresses, and the cambium and phloem become necrotic (Fukuda, 1997; 

Kuroda, 2008). Within some months of the nematode invasion, the infected tree dies due to 

complete denaturation (Kuroda et al., 1988; Kuroda, 1991).  

The first external symptom of PWD is a general wilting of the needles (Figure 3). 

As the disease progresses, the wilted needles discolour, turning reddish or brown, an 

indicator of crown drying and tree death (Mamiya, 1984). Based on the visible symptoms 

of the severity of the PWD, the symptomatic trees are classified into 6 groups as follows: 0 

– no symptoms; I – less than 10% brown leaves; II - 10-50% brown leaves; III – 50-80% 

brown leaves; IV – more than 80% brown leaves; V- dead tree without leaves (Proença et 

al., 2010).  
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Figure 3. External symptoms of the pine wilt disease: general wilting of the needles and discoloring (turning 
reddish or brown). 

 

1.4. The impact of the nematode infection on pine wood 
properties 

The internal changes in pine tree tissues due to the wilting mechanism (the 

development of cavitation areas and disturbances in oleo-resinosis, cell metabolism and 

sup ascent) raise the hypothesis of changes in wood properties. To our knowledge, there is 

a lack of studies addressing this aspect. 

The impact of the nematode attack on the mechanical behavior of P. pinaster 

wood was studied by Rodrigues et al. (2010), who evaluated mechanical parameters (axial 

compression stress, modulus of rupture, modulus of elasticity, and maximum bending 

load), basic density, and radial growth rate (number of rings per radial length unit). Lower 

values were found for all parameters for infected wood as compared with uninfected. PWD 

induced a lowering of the mechanical parameters of between 8 and 10%, 4% of basic 

density and 42% of radial growth rate. Excepting maximum bending load, the variation 

found was statistically significant. It is supposed that tracheid cavitation is sufficient to 

induce micro-fractures or the partial implosion of tracheid elements, possibly leading to 
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micro-structural rot-type collapse (Wilcox, 1968; Jacobsen et al., 2005, Cochard et al., 

2004, Scheffer, 1973, cited in Rodrigues et al., 2010). Despite the differences found 

between the infected and uninfected wood, the nematode attack did not change the 

technological classification of wood specimens. 

1.5. Study objectives 

Because of the serious damage (high tree mortality) caused by PWD, much effort 

has been made to developing disease control techniques. To give a better understanding of 

PWD, studies have mainly focused on biological aspects, such as: the PWN diagnostic; the 

relationships between the insect vector, host tree and nematode; physiological process of 

the symptom development (wilting mechanisms), the resistance mechanism and 

biochemical response of the host tree (Zhao et al., 2008). 

The consequences of the annual loss of pine timber and the restrictions on the 

import of raw softwood on lumber industries and related economic sectors constitute the 

main point of various studies undertaken in Japan, Canada and the United States evaluating 

the economic impact due to PWN.  

Another important aspect in the evaluation of the destructive economic impact of 

the PWN is related to the decrease in the economic value of pine plantations due to high 

tree mortality, costly phytosanitary measures, and the devaluation of the infected wood. 

The last item raises a number of questions, purely studied up to now, concerning the 

impact of the PWN on wood quality and consequent changes in the technological value 

and price of the infected wood. Indeed, understanding the impact of the nematode infection 

on the properties of wood is extremely important for the evaluation of the potential supply 

of pine wood as a raw material for woodworking industries and the 

advantages/disadvantages of its use in certain products. 

A decrease of 4-13% in basic density and the main mechanical parameters due to 

the nematode attack was found (Rodrigues et al., 2010). Because of the complexity of the 

anatomical changes, physiological incidences related to wilting mechanism and 

biochemical response of the infected trees, a broader impact on wood properties is 

expected. Thus, the main objective of this research was to evaluate the impact of the 

biochemical changes, water stress and loss of resin production due to nematode attack on 

the chemical and physical properties of P. pinaster wood to obtain the comprehensive 
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information helping the evaluation of the aptitude of infected pine wood biomass as a raw 

material for woodworking and energy industries. 

This thesis presents: (i) a comparative analysis of wood basic density, elementary 

chemical composition, content of extractives, sorption properties, gross calorific value, and 

flammability of PWN-infected and uninfected P. pinaster wood; and (ii) an analysis of the 

relation between studied parameters.  

The second objective was to analyze the socio-economic and environmental 

impacts of PWD and the role of economic factors on PWD control.  

The study considers the problem of PWD from a broad interdisciplinary 

perspective, linking biological, technological (wood quality), economic and environmental 

aspects.   

The thesis is structured as follows.  

Chapter 1 provides a brief overview of the problem of PWD worldwide and in 

Portugal, establishing the theoretical background of this research and stated objectives. 

The following chapters focus on different aspects of the impact of the pinewood 

nematode on the chemical and physical properties of P. pinaster wood, comparing the 

values of the parameters obtained for infected and uninfected wood. 

Chapter 2 analyses the impact of the PWN on the gross calorific value (GCV) 

and chemical (elementar) composition of P. pinaster wood. 

In Chapter 3, the impact of the PWN on basic density, extractives content and 

moisture sorption properties of P. pinaster wood is discussed. 

Chapter 4 presents the analysis of the relation between different types of 

extractives, their total content and the GCV of P. pinaster wood.  

In Chapter 5, the impact of the pinewood nematode on flammability of P. 

pinaster wood is discussed. This chapter also analyses the relation between flammability 

and the other parameters studied before, namely, basic wood density, extractive content 

and GCV. 

Chapter 6 gives the perspective of the socio-economic and environmental impact 

of PWD in the context of Portugal, focusing the importance of these factors in the control 

of the PWD spread.  

Chapter 7 provides general conclusions concerning the results obtained in this 

research, indicating the future work to be developed as an extension of the present study.
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CHAPTER 2. Impact of the pinewood nematode on 

the gross calorific value and chemical composition 

of P. pinaster biomass 
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2.1. Introduction 

The pine wood nematode (PWN) is perhaps the most serious threat to pine 

species, causing devastation to the majority of affected pine forests worldwide (Zhao et al., 

2008; Gu et al., 2006; Webster and Mota, 2008). Human activity and the enormous 

expansion of global trade, with the use of unprocessed or inadequately-processed wood for 

packaging purposes, has resulted in the widespread distribution of the PWN around the 

world and the risk of introduction of it into non-affected areas. Because of the significant 

damage caused by PWD, serious studies have been undertaken in Japan, Canada, China 

and the United States, mostly oriented towards better understanding of the biology and 

ecology of the disease and its dissemination (Zhao et al., 2008). The economic impact of 

the PWN mentioned in some of these studies was mostly related to the annual loss of pine 

timber, and restrictions on the exploitation and commercialization of softwood, causing a 

drop in its export value and the consequent depression of the wood chip and lumber 

industries (Bergdahl, 1988; Webster and Mota, 2008; Mota and Vieira, 2008; Vicente et 

al., 2012).  

The impact of PWN infection on pine wood quality and the properties and 

suitability of infected wood for use by wood-processing industries is another important 

economic aspect, which, to our knowledge, has been scarcely studied up to now and 

constitutes the framework of this study.  

The mechanical properties of PWN-infected P. pinaster wood and the 

technological aptitude of thermal treatment were recently studied by Rodrigues et al. 

(2010). It was concluded that, despite the 4-13% decrease in the main mechanical 

parameters, such as basic density, axial compressive stress, modulus of rupture, modulus of 

elasticity and maximum bending load, the presence of the PWN did not change the 

technological classification of the wood (Rodrigues et al., 2010).  

The objective of this research was to evaluate the impact of biochemical changes 

and loss of resin production on the heating value and chemical composition of PWN-

infected wood. This study presents a comparative analysis of the gross calorific value 

(GCV) and chemical composition of PWN-infected and uninfected P. pinaster wood, 

thereby permitting the evaluation of the aptitude of infected pine wood biomass as a raw 

material for wood-processing and energy industries. 
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2.2. Materials and methods 

2.2.1.  Plant material  

Pinus pinaster trees were sampled in forest areas in the Central region of Portugal 

(Oliveira do Hospital municipality, Coimbra District). Cross-sections of the trunk (1.5 m 

and 6-8 m from the base of the trunk) and crown branches of trees with visible symptoms 

were collected, placed in sealed bags and labelled (Figure 4).  

The trees were classified into 6 groups, based on the severity of the PWD 

symptoms displayed: 0 – no symptoms; I - <10% brown needles; II - 10-50% brown 

needles; III – 50-80% brown needles; IV - >80% brown needles; V- dead tree without 

needles (Proença et al. 2010). Trees with symptom classes I and IV were not present in the 

sampling area. As pine trees may wilt for different causes other than nematodes, nematode 

screening and identification was performed for each wood element, and only those with the 

confirmed presence of nematodes were used for further analysis.  

 

 

Figure 4. Sampling of Pinus pinaster trees at the study site and collected samples of the trunk cross-sections. 
 

Nematodes were extracted from wood samples (100 g) using the Baermann funnel 

or the tray method (Whitehead and Hemming, 1965; Abrantes et al., 1976). 

Bursaphelenchus xylophilus were screened, identified, on the basis of specific diagnostic 

morphological characters (Fonseca et al., 2008; EPPO, 2009), and counted. 
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After PWN screening, identification and counting, 17 PWN-infected pinewood 

cross-sections, obtained from nine cut trees, were selected for further analysis. Each cross-

section presented a different number of PWN/100 g of wood (Table 1).  

 

Table 1. Bursaphelenchus xylophilus-infected Pinus pinaster wood samples. Classification according to 
symptoms and number of pinewood nematodes (PWN)/100 g wood. 

Sample  Cross section Symptom class PWN/100 g wood 
1 tree #1, trunk, 1.5 m III 6466 
2 tree #2, trunk, 6-8 m V 7666 
3 tree #2, trunk, 1.5 m V 357 
4 tree #3, trunk,1.5 m III 7967 
5 tree #3, crown branches  III 24033 
6 tree #3, trunk,6-8 m III 8567 
7 tree #4, crown branches  III 4133 
8 tree #4, trunk,1.5 m III 1267 
9 tree #5, trunk,6-8 m III 5633 

10 tree #5, trunk,1.5 m III 7800 
11 tree #6, trunk,1.5 m II  6200 
12 tree #6, trunk,6-8 m II  21733 
13 tree #7, trunk,1.5 m II 3000 
14 tree #7, trunk,6-8 m II 15667 
15 tree #8, trunk,1.5 m III 5000 
16 tree #9, trunk,6-8 m V 42 
17 tree #9, trunk,1.5 m V 4600 

 

 

The nematode distribution within the host trees was not homogeneous (Table 1) 

and, consequently, metabolic changes in ray parenchyma cells in cavitation areas and the 

level of wood destruction are different in each case. For that reason, all 17 selected cross-

sections were considered as independent samples. 

2.2.1.  Chemical composition analysis  

Chemical analysis (microanalysis) was performed at the Centre for the Scientific 

and Technological Support for Research (CACTI) at the University of Vigo, Spain. The 

analytic method used to determine the carbon, hydrogen, nitrogen, sulfur and ash contents 

was based on the complete and instant oxidation of the sample by “flash” combustion that 

converts all organic and non-organic compounds into combustion products. Gases from 

combustion were transported by carrier gas (He) through a chromatographic column 

reduction oven , where they were separated from other elements, and then passed through 
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the thermal conductivity detector that indicated the concentration of the components in the 

sample. Three replications were performed for each sample and the mean value was taken 

as a final value.  

2.2.2.  Gross calorific value  

Two diametrically opposed circular segments were cut from each trunk cross-

section (Figure 5a). The segments were broken into chips and then ground in a laboratory 

mill (Retsch-Mühle) using 1-mm mesh screen size (Figure 5b).  

The moisture content of the samples was determined by the oven-drying 

technique. The GCV was determined using Parr 6300 automatic isoperibol calorimeter 

(Figure 6).  Samples ranging from 0.5 to 0.6 g were used to avoid combustion failures. 

Three replicates of each wood sample were made. The values obtained were adjusted to the 

GCV in dry basis using the following equation (Riley, 2007): 

dry basis as determined

100
*

100
GCV GCV

M
=

−
     (1) 

 

where M(%) is the moisture content of the sample in wet basis. The mean value of three 

replications was taken as a final GCV of the sample.  

 

 

 

Figure 5. Preparing of the samples for the gross calorific value determination. 
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Figure 6. Determination of the gross calorific value using Parr 6300 automatic isoperibol calorimeter. 

2.2.3.  Statistical analysis  

A regression analysis was performed to determine the impact of the PWN on the 

GCV and chemical composition of P. pinaster wood. The correlation coefficient matrix 

was determined for the GCV and chemical analysis for PWN infected and uninfected 

wood.  

To compare corresponding experimental and theoretical values of the GCV, the 

Student t-test was applied. The normality of distribution (the Shapiro-Wilk test) and 

homogeneity of variances (Leveneʼs test) of data samples were verified before the 

application of the Student t-test (Hill and Lewicki, 2006). The Student t-test with Welch 

correction (Welch, 1947) was used to compare the GCV and concentration of chemical 

components for infected and uninfected wood. A criticalt  was calculated assuming a 

significance level of α=0.05, with a degree of freedom calculated as: 

2 2 2
1 1 2 2

2 2 2 2
1 1 2 2

1 2

( )
. .

( ) ( )
( 1) ( 1)

S n S n
d f

S n S n

n n
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+

− −

     (2) 

 

The null hypothesis is that both the GCV and the chemical composition for 

infected and uninfected wood are identical0 inf uninf( : )H µ µ= . The hypothesis H0 is rejected 

when criticalt t> , where critical . .;1 /2d ft t α−=  is the quantil of the t-Student distribution. The 
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normality of the data samples was confirmed by the Shapiro-Wilk test. Although Leveneʼs 

test confirmed the homogeneity of the variances of the infected and uninfected data 

samples, the Welch correction of the t-test was used to assure a t-test result applied tofor 

two data samples with different sample sizes. 

Statistical data analysis was performed with STATISTICA StatSoft Inc. and JMP 

(SAS Institute) software. 

2.3. Results and discussion 

The gross calorific values and carbon, hydrogen, oxygen, nitrogen, sulfur and ash 

contents (C, H, O, N, S, Ash) on dry basis for infected and uninfected wood samples are 

presented in Table 2. The sulfur (S) values were determined as < 0.30, and the oxygen (O) 

content was calculated assuming 0.1 as reference value for S. The nitrogen (N) content of 

the sample #3 was < 0.07 and this value was used as reference value for the N content.  

The uninfected wood sample #18 was prepared and tested by the authors. Data 

from the other five uninfected wood samples (#19-#23) were reported in other studies 

(Núñez-Regueira et al., 1996; Telmo et al. 2010).  

The GCV, on dry basis, of infected and uninfected wood ranges from 19.0 to 

20.25 MJ/kg and 19.48 to 20.69 MJ/kg, respectively, and the mean GCV of infected wood 

(19.79 MJ/kg) was lower than that of uninfected wood (20.25 MJ/kg) (Table 2). The GCV 

of infected wood, compared with the general range of GCV of the wood for non-resinous 

(18.6-19.8 MJ/kg) and resinous (20.0-22.5 MJ/kg) species (hardwood and softwood) 

(Resch 1982), varied between the highest value of hardwood and the lowest value of 

softwood.  

The main components of biomass fuel both for uninfected and infected wood are 

C, O and H. The mean content of C (uninfected 49.32%; infected 47.61%) and O 

(uninfected 42.62%; infected 45.13%) correspond to more than 90% of the chemical 

composition (wt% in dry basis) of wood (Table 2). The third highest value was H 

(uninfected 6.34%; infected 6.78%). PWN infected wood, compared to uninfected wood, is 

characterized by a lower mean value of C, N and Ash contents, and a higher mean value of 

H and O contents. The range of the content of these chemical elements in infected wood 

was 46.76-48.89% (C), 6.54-6.91% (H), 44.04-46.22% (O), 0.07-0.27% (N) and 0.23-

0.97% (Ash), with mean values of 47.61% (C), 6.78% (H), 45.13% (O), 0.10% (N) and 

0.38% (Ash) (Table 2). The mean values of C, H, O and N for infected wood are in the 
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range reported by CEN/TS 14961 (2005), where the variation of C, H, O and N contents in 

softwood species is (47-54%), (5.6-7.0%), (40-44%), (<0.1-0.5%), respectively (Telmo et 

al., 2010).  

 

Table 2. Gross calorific value (GCV) (MJ/kg, dry basis) and chemical composition (wt% on dry basis) of 
Bursaphelenchus xylophilus-infected and uninfected Pinus pinaster wood samples. 

Sample 

Moisture  
content 
(wt%, 
dry 

basis) 

GCV 
(as 

determined) 

GCV 
(dry 

basis) 
C H O N S Ash 

in
fe

ct
ed

 w
oo

d 
 

1 1.92 19.573 19.956 47.59 6.84 44.86 0.10 0.10 0.62 
2 1.59 19.247 19.558 47.38 6.83 45.35 0.08 0.10 0.34 
3 1.86 18.647 19.001 46.76 6.91 45.93 0.07 0.10 0.30 
4 2.15 19.716 20.149 47.95 6.89 44.71 0.10 0.10 0.35 
5 2.16 19.755 20.192 48.89 6.65 44.04 0.11 0.10 0.32 
6 1.89 19.869 20.251 48.41 6.90 44.29 0.08 0.10 0.30 
7 2.45 19.189 19.670 48.02 6.83 44.63 0.14 0.10 0.42 
8 2.05 19.658 20.070 47.80 6.83 44.94 0.08 0.10 0.32 
9 2.09 19.361 19.775 47.08 6.87 45.63 0.10 0.10 0.32 
10 1.78 19.594 19.948 47.54 6.59 44.80 0.27 0.10 0.97 
11 2.48 19.000 19.482 47.49 6.73 45.43 0.08 0.10 0.26 
12 2.85 19.450 20.020 48.14 6.76 44.66 0.09 0.10 0.34 
13 2.42 19.534 20.018 46.80 6.85 45.83 0.11 0.10 0.41 
14 2.71 18.721 19.242 47.30 6.58 45.72 0.09 0.10 0.30 
15 2.61 18.857 19.362 46.82 6.54 46.22 0.09 0.10 0.32 
16 1.92 19.683 20.069 47.89 6.81 44.97 0.09 0.10 0.23 
17 2.14 19.282 19.703 47.52 6.83 45.27 0.08 0.10 0.28 

   mean 19.792 47.61 6.78 45.13 0.10 0.10 0.38 

un
in

fe
ct

ed
 w

oo
d 18 2.10 19.957 20.385 47.68 6.78 45.19 0.09 0.10 0.25 

19 --- --- 20.100 48.40 6.00 45.30 0.10 0.00 0.20 
20 --- --- 19.481 46.96 6.39 43.41 3.02 0.22 1.04 
21 --- --- 20.685 49.74 6.40 41.57 1.88 0.15 0.84 
22 --- --- 20.463 50.26 6.01 41.58 2.01 0.14 0.91 
23 --- --- 20.398 52.89 6.45 38.69 1.86 0.08 0.71 

   mean 20.252 49.32 6.34 42.62 1.49 0.12 0.66 

 

 

The GCV for uninfected and infected pine wood was found positively related to C 

(r=0.59; r=0.68) and negatively related to O (r=-0.36; r=-0.75) (Table 3). There is a high 

negative correlation between C and O (r=-0.89; r= -0.95). This means that the C value will 
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give a good estimation for O, and vice versa. A strong correlation between N and Ash was 

verified. 

 

Table 3. Correlation coefficient (r) matrix for the gross calorific value (GCV) (MJ/kg, dry basis) and 
chemical composition (wt% on dry basis) of Bursaphelenchus xylophilus-infected and uninfected Pinus 

pinaster wood samples. 

  GCV C H O N S Ash 

in
fe

ct
ed

 w
oo

d 

GCV 1.00 0.68 0.23 -0.75 0.22 --- 0.18 

C  1.00 0.03 -0.95 0.07 --- -0.04 

H   1.00 -0.14 -0.39 --- -0.28 

O    1.00 -0.25 --- -0.19 

N     1.00 --- 0.89 

S      1.00 --- 

Ash       1.00 

  GCV C H O N S Ash 

un
in

fe
ct

ed
 w

oo
d 

GCV 1.00 0.59 0.07 -0.36 -0.33 -0.32 -0.19 

C  1.00 -0.13 -0.89 0.16 -0.26 0.18 

H   1.00 0.03 -0.10 0.25 -0.13 

O    1.00 -0.58 -0.20 -0.59 

N     1.00 0.82 0.98 

S      1.00 0.84 

Ash       1.00 
Marked correlations are significant at p<0.05 

 

 

Table 4 shows the results of the t-test for the GCV and chemical elements for 

PWN infected and uninfected wood. The calculated t value is higher than criticalt   thus 

indicating a significant difference of the GCV for infected and uninfected wood. The 

results of the t-test also showed a significant difference for the H and N contents. The C, O, 

S and Ash contents for infected and uninfected wood did not differ statistically. 

The relation between the GCV and the C, H, O, N, S and Ash contents is 

expressed by the following equation (Van Loo et al., 2008): 

    
0.3491 1.1783 0.1005

0.0151 0.1034 0.0211
C H S

N O Ash

GCV X X X

X X X

= + +
− − −

    (3) 
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where Xi is the content of ith element in wt% on dry basis. Using the Eq.(3) and the values 

of the C, H, O, N, S and Ash contents presented in Table 2, the theoretical GCVs for 

infected and uninfected wood were calculated.  

 

Table 4. Statistical testing of the difference between the gross calorific value (GCV) and chemical 
composition of Bursaphelenchus xylophilus-infected and uninfected Pinus pinaster wood. 

   GCV C H O N S Ash 

in
fe

ct
ed

 
w

oo
d 

1M  19.79 47.61 6.78 45.13 0.10 0.10 0.38 

1S  0.36 0.58 0.12 0.61 0.05 0.00 0.18 
2
1σ  0.13 0.34 0.01 0.37 0.002 0.00 0.03 

1n =17        

un
in

fe
ct

ed
 

w
oo

d 

2M  20.25 49.32 6.34 42.62 1.49 0.12 0.66 

2S  0.42 2.14 0.30 2.53 1.17 0.07 0.35 
2
2σ  0.18 4.58 0.09 6.41 1.36 0.01 0.12 

2n =6        

t-
te

st
 

d.f. 8 5 6 5 5 5 6 

t  2.38 1.93 3.57 2.40 2.92 0.49 1.88 

criticalt  2.31 2.57 2.45 2.57 2.57 2.57 2.45 
significance 
(α = 0.05) 

s n.s s n.s s n.s n.s 

s – significant, n.s – not significant 

 

 

Table 5 shows the GCVexperimental determined by calorimeter, the GCVtheoretical, 

mean value and standard deviation (SD) for infected and uninfected wood samples. For 

uninfected wood, the GCVexperimental was higher than GCVtheoretical for 4 of 6 samples. The 

opposite was found for uninfected wood, where GCVexperimental was less than GCVtheoretical 

for all (17) studied samples. 

The Student t-test, applied to compare corresponding experimental and theoretical 

values of the GCV, revealed a good approximation of the experimental data by Eq.(3) for 

uninfected wood, though this was not the case for infected wood. The difference between 

GCVexperimental and GCVtheoretical was not significant (p=0.78) for uninfected wood, but was 

statistically significant for infected wood (p=0.02). It shows the impact of the PWN 

infection on the established ratio between the GCV and the C, H, O, N, S and Ash contents 

by Eq.(3).   
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Table 5. Theoretical and experimental gross calorific value (GCV) for Bursaphelenchus xylophilus-infected 
and uninfected Pinus pinaster wood samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To identify which components best explain the GCV, a multiple linear regression 

analysis was performed. Table 6 represents the backward stepwise multiple regression 

using the GCV as output dependent variable and C, H, O, N and Ash components as input 

independent variables.  

Backward elimination starts with all candidate variables, which are tested one by 

one for statistical significance and deleted when not significant. The small number of 

uninfected wood samples (6 samples) obstructed the separate analysis of infected and 

uninfected wood samples. Therefore, in order to estimate uninfected wood, the multiple 

regression analysis was started with all samples (infected and uninfected). Table 6a) shows 

the summary of this analysis, where the energy content is explained as a function of O 

(β=67.9) and N (β=32.1) contents. Then, the regression analysis was performed only for 

infected samples. Table 6b) shows that in this case only the O component was the best 

Sample 
infected wood uninfected wood 

GCV  
experimental 

GCV  
theoretical 

GCV  
experimental 

GCV  
theoretical 

1 19.956 20.156 20.385 20.091 
2 19.558 20.028 20.100 19.408 
3 19.001 19.856 19.481 19.516 
4 20.149 20.367 20.685 20.697 
5 20.192 20.474 20.463 20.413 
6 20.251 20.581 20.398 22.141 
7 19.670 20.326   
8 20.070 20.221   
9 19.775 19.950   
10 19.948 19.842   
11 19.482 19.942   
12 20.020 20.289   
13 20.018 19.804   
14 19.242 19.672   
15 19.362 19.404   
16 20.069 20.230   
17 19.703 20.093   

mean  
(SD) 

19.792 
(0.362) 

20.073 
(0.305) 

20.252 
(0.422) 

20.378 
(0.998) 
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explanatory independent variable associated with the final step of the multiple regression. 

In both cases, a great influence of the O content on the GCV was revealed.   

 

Table 6. Multiple linear regression analysis between gross calorific value (GCV) and chemical composition 
of (a) Bursaphelenchus xylophilus-infected and uninfected Pinus pinaster wood samples ( n=23), (b) infected 

Pinus pinaster wood samples (n=17). 

Step Intercept C H O N Ash R2 

(a)        

1 179.327 -1.456 
(28.1) 

-1.861 
(7.2) 

-1.706 
(43.1) 

-1.454 
(18.2) 

-1.008 
(3.5) 

0.491 

2 68.799 -0.366 
(21.7) 

-0.662 
(7.8) 

-0.598 
(46.6) 

-0.631 
(23.8) 

E 0.477 

3 31.814 E -0.252 
(9.7) 

-0.227 
(57.5) 

-0.269 
(32.8) 

E 0.464 

4 30.222 E E -0.229 
(67.9) 

-0.225 
(32.1) 

E 0.448 

(b)  

1 2415.698 -23.789 
(38.8) 

-23.571 
(8.6) 

-24.252 
(40.2) 

-1.678 
(0.9) 

-23.214 
(11.5) 

0.683 

2 2178.890 -21.435 
(37.8) 

-21.083 
(8.5) 

-21.882 
(40.4) 

E -21.225 
(13.3) 

0.676 

3 85.219 -0.496 
(31.2) 

E -0.924 
(63.2) 

E -0.310 
(5.7) 

0.595 

4 63.490 -0.262 
(25.9) 

E -0.692 
(74.1) 

E E 0.586 

5 40.160 E E -0.451 
(100.0) 

E E 0.570 

The values indicate the regression coefficients. The beta values (the proportion that each independent 
variable contributes to explaining the dependent variable) are given in brackets. 
E – Indicates that the chemical element is not significant at p<0.05 and was eliminated. 

 

 

The regression analysis was performed to study the effect of the PWN infection 

(PWN/100g wood) on the GCV, C, O, H, N and Ash. The fitting curves (Figure 7) 

demonstrate the impact of the PWN on the GCV, C, O, and H. The correlation between the 

GCV and PWN/100 g wood value is not strong, with a coefficient r=0.23 and p>0.05 

(Figure 7a). Carbon has a positive correlation with a coefficient of 0.56, p<0.05 (Figure 

7b), while O and H have negative correlations, with respective coefficients of – 0.45 and – 

0.43, p>0.05 (Figure 7c and d). The correlation between C, O, H and PWN/100 g wood 
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value is stronger than that observed for the GCV, but is also classified as a moderate 

correlation. Both N and Ash have practically no correlation with PWN/100 g wood value 

and, therefore, were not presented graphically. The regression model (equation) for N is 

0.1 (0.38 6)y E x= + −  with a correlation coefficient r=0.056, and for Ash is 

0.38 (0.13 6)y E x= + −  with a correlation coefficient r= 0.005. 

The results revealed that there is no strong correlation with the value of PWN/100 

g of wood neither for the GCV nor for the chemical elements studied. However, two 

intervals (0-10000 PWN/100 g and 15000-25000 PWN/100 g) were found where the same 

increasing (decreasing) trend for the GCV, C and O can be observed. Taking into 

consideration the differences in capability of the tree defence reaction to a nematode attack 

and consequent biochemical and anatomical changes in the early and advanced phases of 

PWD, two different linear regression curves may exist. This hypothesis needs additional 

studies. 

 

Figure 7. Linear regression curves for the gross calorific value (GCV) (a) and the main chemical elements of 
biomass fuel, C (b), O (c) and H (d) correlated with the number of pinewood nematodes (PWN)/100 g wood. 
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2.4. Conclusions 

This study evaluated the impact of biochemical changes and the loss of resin 

production on the gross calorific value and chemical composition of PWN-infected P. 

pinaster wood.  

A statistical analysis of the difference between the GCV and chemical 

composition for PWN-infected and uninfected wood, using the Student t-test with Welch 

correction, indicated a significant difference for the GCV and insignificant changes of 

chemical composition of infected wood. Despite the lowering of the GCV of PWN-

infected wood, it is positioned on the threshold between the general ranges of the GCV for 

hardwood and softwood species. A regression analysis showed that there was no 

significant correlation between the GCV and PWN/100 g of wood value, moderate 

correlation with C, O and H, and no correlation with N and Ash. 

Despite the differences in the studied parameters for infected and uninfected wood, 

the overall conclusion is that PWN-infected P. pinaster wood is suitable for use as a raw 

material for the wood-processing and energy industries, and particularly, for pellet 

production. 
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CHAPTER 3. Basic density, extractive content and 

moisture sorption properties of P. pinaster wood 

infected with the pinewood nematode 
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� Reva V, Oliveira R, Fonseca L, Pereira C, Abrantes I, Viegas DX. 2011. Effect of the 

pinewood nematode, Bursaphelenchus xylophilus, on the flammability and moisture 

content of Pinus pinaster wood. Medpine 4 – 4th International Conference on 

Mediterranean Pines, 6-10 June, Avignon, France. (Poster presentation)  

� Reva V, Fonseca L, Lousada JL, Abrantes I, Figueiredo R. 2012. Impact of the pine 

wood nematode, Bursaphelenchus xylophilus, on chemical and physical 

characteristics of Pinus pinaster wood. IUFRO Conference Division 5 Forest 

Products, 8-13 July, Estoril, Portugal. (Poster presentation) 

� Reva V, Fonseca L, Lousada J L, Abrantes I, Figueiredo R. 2013. Chemical and 

physical characteristics of Pinus pinaster wood infected by the pine wood nematode, 

Bursaphelenchus xylophilus. 7º Congresso Florestal Nacional. 5-8 June, Vila 

Real/Bragança, Portugal. (Poster and oral presentation). 
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3.1. Introduction 

This study focuses upon the impact of the PWN infection on the chemical and 

physical characteristics of wood. It is of great importance to understand the impact of the 

nematode on the properties of wood in order to evaluate it as a potential industrial 

resource. The impact of the PWN on the mechanical properties, gross calorific value 

(GCV) and chemical composition of P. pinaster wood were recently studied. A decrease of 

4-13% in the main mechanical parameters of infected wood (basic density, axial 

compressive stress, modulus of elasticity and maximum bending load) was detected 

(Rodrigues et al., 2010). The GCV of PWN-infected wood presented lower values than 

uninfected wood (19.79 MJ/kg and 20.25 MJ/kg, respectively) (Reva et al., 2012).  The 

difference in the GCV, hydrogen and nitrogen contents was statistically significant. The 

carbon, oxygen, sulphur and ash contents did not differ statistically. 

The objective of this research was to evaluate the impact of biochemical and 

anatomical changes due to tree defence reactions on the basic density, extractive content 

and moisture sorption properties of PWN-infected P. pinaster wood through a comparative 

analysis of these parameters for infected and uninfected wood.  

The study of hygroscopicity of P. pinaster biomass also has particular importance 

in the scope of forest fire propagation. Fuel moisture content affects various fire behaviour 

factors, such as the preheating and ignition of unburned fuels, rate of fire spread (or fire 

growth), rate of energy release, and production of smoke by burning and smouldering fuel 

(Nelson, 2001). The residues of pine forest exploitation that are without economic value 

(i.e. that could potentially be used in bioenergy production) due to high transportation 

costs, are usually left behind. According to Executive-Law 95/2011, imposed by the 

Portuguese authorities as regulatory measures to prevent the propagation of the nematode, 

the residues of pine forest exploitation should be burned or may be left in the forest when 

chipped so that they are less than 3 cm in dimension. Under this context, the presence of 

less-hygroscopic surface dead fuels may influence surface fire behaviour. 

It is generally recognized and confirmed by various studies that extractives affect 

the sorption properties of wood (Nearn, 1955; Higgins, 1957; Spalt, 1958; Wangaard and 

Granados, 1967; Jankowsky and Galvão, 1979; Hernandez, 2007). The relationship 

between the extractive content and equilibrium moisture content (EMC) was analysed for 

both infected and uninfected wood. 
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3.2. Materials and methods 

3.2.1.  Plant material  

Pinus pinaster trees of the same age (approximately 40 years) with PWD 

symptoms (browning/reddening of the needles) and without symptoms were cut and 

sampled in a planted pine forest in the central region of Portugal (Oliveira de Hospital 

municipality, Coimbra District) (see Figure 4, Section 2.2.1.). Cross-sections of the trunk 

at 1.5 m, 6 m from the base, top and crown branches were collected, and placed in sealed 

and labeled individual plastic bags.  

Nematode screening, identification and counting were performed for all sampled 

trees, as pine tree wilting can have causes other than nematodes, and trees with no visible 

symptoms may be healthy or infected with nematodes. Nematodes were extracted from 

wood samples (100 g) using the Baermann funnel method with modifications (Whitehead 

and Hemming, 1965). Bursaphelenchus xylophilus were identified on the basis of species-

specific diagnostic morphological characters (Fonseca et al., 2008; EPPO, 2009) and 

quantified.  

As a result of the nematode screening and identification, wood samples of 20 trees 

(8 infected and 12 uninfected) were selected for further analysis: 42 samples of cross-

sections (7 infected and 7 uninfected trees), and 20 samples of crown branches (8 infected 

and 12 uninfected trees). The numbers of PWN/100 g of wood for collected sections of 

infected trees are shown in Table 7.  

3.2.1.  Basic wood density 

The basic wood density test was performed for two diametrically opposed circular 

sectors that were cut from each trunk cross section. The mean density of the two sectors 

was taken as the final value of the cross-section density. The green volume of each of these 

samples was measured by the water displacement or immersion method (Haygreen and 

Bowyer, 1982). 

 The samples were submerged under water for 24h (hot/boiling and cold/of-

ambient-temperature water was used to ensure full saturation). Then, the samples were 

removed from water the excess water was eliminated using absorbent paper. The green 
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volume was determined by weighing the recipient with water and with water plus the 

sample using an electronic balance with a precision of 0.1 g. The mass (in grams) of water 

displaced by the sample is equal to the volume of water in cm3, giving thus a green volume 

of the sample. Then, the samples were oven dried at 100±3ºC to constant mass and the 

oven-dry weight was determined. 

 

Table 7. Number of pinewood nematode (PWN)/100 g wood for wood samples collected from 
Bursaphelenchus xylophilus-infected Pinus pinaster trees (symptom group according Proença et al. (2010) is 

indicated). 

Tree wood samples PWN/100 g wood Symptom group 
tree #1/ 
crown branches 
trunk top 
trunk, 6-8 m 
trunk, 1.5 m 

 

V 
13090 

11 
3179 
217 

tree #2 
crown branches 
trunk top 
trunk, 6-8 m 
trunk, 1.5 m 

 

III 
7220 
5356 
7356 
6995 

tree #3 
crown branches 
trunk top 
trunk, 6-8 m 
trunk, 1.5 m 

 

IV 
6935 
673 
182 

5 
tree #4 
crown branches 
trunk top 
trunk, 6-8 m 
trunk, 1.5 m 

 

IV 
107095 

382 
7035 
583 

tree #5 
crown branches 
trunk top 
trunk, 6-8 m 
trunk, 1.5 m 

 

I 
18156 
14970 

0 
0 

tree #6 
crown branches 
trunk top 
trunk, 6-8 m 
trunk, 1.5 m 

 

0 
24 
0 

728 
0 

tree #7 
crown branches 
trunk top 
trunk, 6-8 m 
trunk, 1.5 m 

 

I 
28200 
17680 
7887 
6540 

tree #8  
V 

crown branches 4640 
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The basic wood density (BD) was calculated on the basis of the dry weight and 

green volume as follows:  

BD [kg/m3] = [oven-dry weight of sample] / [green volume of sample]  (4) 

The mean basic density for each tree was calculated taking into account the basic 

density of 10 and 50% of the tree length (Fonseca and Lousada, 2000; Lousada et al., 

2008), using the following equation (Fonseca and Lousada, 2000): 

   tree 1.5m 6-8mBD 0.004124 0.314094 BD 0.675259 BD= + ⋅ + ⋅   (5) 

3.2.2.  Extractive content 

The content of extractives was determined for two diametrically opposed circular 

sectors that were cut from each trunk cross section (see Figure 5a, Section 2.2.2.). The 

mean value of extractive content of two sectors was taken as a final value of extractives for 

studied cross section.  

The wood samples were broken into chips and ground in a laboratory mill 

(Retsch-Mühle) with a 2-mm mesh screen (see Figure 5b, Section 2.2.2.). The moisture 

content of the samples was determined before extraction by the oven-drying technique. 5g 

sawdust samples (humid basis) were used to perform the extractive content analysis carried 

out with a Soxhlet extraction apparatus and based on the Tappi 204 cm-07 and Tappi 207 

cm-08 norms (TAPPI, 2007, 2008) (Figure 8a,b). Two organic (dichloromethane and 

ethanol) and a non-organic (distilled water) reagents were used (200 ml of each solvent). 

The extraction started with dichloromethane, followed by distilled water and ethanol, with 

extraction periods of 10, 12 and 10 h, respectively. To determine the quantity of extractives 

removed by dichloromethane and ethanol, a small amount of solvent with extractives was 

evaporated to dryness and the resulting residues were weighed (Figure 8c). The quantity of 

the extractives removed by water was established by weighing a sample in dry basis before 

and after extraction. The total extractive content was calculated as the sum of the 

extractives obtained for each reagent and related to the weight of sample in dry basis.  
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Figure 8. Determination of the content of extractives. 
 

3.2.3.  Moisture content variation and equilibrium moisture content 

Two types of tests were performed to study the sorption properties of PWN-

infected and uninfected P. pinaster wood. The tests were carried out using a Fitoclima 300 

EDTU climatic chamber and crown branches were used as the plant material (Figure 9). 

The crown branches of each sampled tree were cut into chips of 2-2.5 cm in length (Figure 

9a) and placed into an oven at 30ºC for 24 h in order to stabilize the moisture content of the 

samples. 
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Figure 9. Determination of the moisture content variation and equilibrium moisture content: samples (a) and 
Fitoclima 300 EDTU climatic chamber (b). 

 

 

First test type. The variation of moisture content in response to changes in the 

ambient condition (temperature, T, and relative humidity, RH), was determined for each 

sample as described below. A sample ranging from 10 to 10.5 g was placed inside the 

climatic chamber on a special support connected to KERN PRJ-320 electronic balance 

with precision of 0.001 g. The mass was registered, each minute, on a storage device. The 

test ran for 72 h and was composed of two parts: 48 h to determine the EMC at 17.1ºC and 

75% of RH; and 24 h to find out the variation in the wood moisture content as a response 

to varying ambient conditions, namely, for the values of the temperature and RH fixed by 

the Coimbra meteorological station on 21th August 2005, 3 days before the big forest fire 

in Coimbra (Figure 10).  

Second test type. 48 h tests were performed to evaluate, for each sample, the EMC 

at 15, 20, 25, 30 and 35ºC of T, and 30, 50, 70, 75 and 80% of RH. Samples of 10 to 10.5 g 

were placed inside the climatic chamber and tested under certain T and RH conditions. 

After 48 h, the samples were taken of the chamber, weighed on an electronic balance with 

a precision of 0.01 g, and placed back to continue the test with other values of T and RH. 

The mean values of the EMCs obtained were taken as final EMC values of infected and 

uninfected wood under the respective T and RH conditions. 
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Figure 10. Variation of temperature (T, ºC) and relative humidity (RH, %) of air fixed by Coimbra 
meteorological station on 21th August 2005. Precipitation = 0 mm. 

 

3.2.4.  Statistical analysis 

A regression analysis was conducted to evaluate the impact of the PWN on the 

basic density and extractive content of P. pinaster wood, and to study the relationship 

between EMC and extractive content. The correlation coefficient matrix was determined 

for the EMC and extractives for infected and uninfected wood. The Student t-test was 

applied to compare the wood density, extractive content and EMC values for the infected 

and uninfected wood. The null hypothesis is that these parameters are identical for infected 

and uninfected wood (H0 : µinf = µuninf vs. H1 : µinf ≠ µuninf). The normality of distribution 

(Shapiro-Wilk test) and homogeneity of variances (Levene’s test) of data samples were 

verified before the application of the Student t-test. The statistical data analysis was 

performed with STATISTICA StatSoft Inc. software. 

3.3. Results 

3.3.1.  Basic wood density 

The basic wood density of samples of infected and uninfected wood ranged from 

394 kg/m3 (trunk, top) to 507 kg/m3 (trunk, 1.5 m) and from 413 kg/m3 (trunk, top) to 507 
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kg/m3 (trunk, 1.5m), respectively (Table 8). The basic density decreased along the tree 

trunk (base-to-top direction) both for infected and uninfected wood, although infected trees 

presented lower density values at 6-8 m and at the top of the trunk. A nematode attack 

induces a 2% variation in the mean basic density of the tree (466 kg/m3 for infected and 

475 kg/m3 for uninfected). No statistically significant correlation was found between the 

number of nematodes (PWN/100 g wood) and basic wood density (r=-0.31, p=0.22). 

 

Table 8. Basic density (BD, kg/m3) of Bursaphelenchus xylophilus–infected and uninfected Pinus pinaster 
wood (mean value and standard deviation, x σ± ). 

 Wood sample   BD 

in
fe

ct
ed

 
w

oo
d 

trunk, top 394 ± 0.03 

trunk, 6-8 m 449 ± 0.03 

trunk, 1.5 m 507 ± 0.04 

mean 466(a) 

un
in

fe
ct

ed
 

w
oo

d 

trunk, top 413 ± 0.03 

trunk, 6-8 m 462 ± 0.05 

trunk, 1.5 m 507 ± 0.03 

mean  475(a) 

(a) mean basic density was calculated as

tree 1.5m 6-8mBD 0.004124 0.314094 BD 0.675259 BD= + ⋅ + ⋅  
 

3.3.2.  Extractive content  

Extractives include a wide range of chemical compounds which can be extracted 

from wood by organic (dichloromethane and ethanol-benzene) or non-organic solvents 

(cold or hot distilled water) (TAPPI, 2007, 2008). Organic solvents remove waxes, fats, 

resins, sterols, non-volatile hydrocarbons, low-molecular-weight carbohydrates, salts, 

polyphenols. Non-organic solvent removes tannins, gums, sugars and coloring matter 

present in wood. 

Substances extracted by dichloromethane and water represent most of the total 

extractive content for all tree-sections (crow branches, trunk top, 6-8 m and 1.5 m) both for 

infected and uninfected wood (Table 9).  
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Table 9. Extractive content (EC, % of dry sample weight) of Bursaphelenchus xylophilus–infected and 
uninfected Pinus pinaster wood (mean value and standard deviation,x σ± ). 

 
Wood 
sample 

EC, 
dichloromethane 

extraction 

EC, 
distilled water 

extraction 

EC, 
ethanol 

extraction 

Total EC 
per sample 

in
fe

ct
ed

 w
oo

d 

crown 
branches 

2.30 ± 0.69 3.62 ± 0.73 0.43*± 0.06 6.35 ± 1.11 

trunk, top 3.69 ± 1.53 2.62* ± 1.48 0.33 ± 0.07  6.64 ± 2.28  

trunk, 6-8 m 2.19 ± 0.97 3.37* ± 2.04  0.34 ± 0.11  5.90* ± 2.02  

trunk, 1.5 m 2.14* ± 1.05  3.00* ± 2.28 0.34 ± 0.09  5.47* ± 2.61   

mean trunk 
2.67 

[44.61%] 
2.98* 

[47.76%] 
0.34* 

[5.63%] 
5.98* 

[100%] 

un
in

fe
ct

ed
 w

oo
d 

crown 
branches 

2.30 ± 0.90 4.12 ± 0.54 0.28* ± 0.12 6.70 ± 1.04 

trunk, top 3.64 ± 0.86   4.51* ± 0.66   0.27 ± 0.09  8.42 ± 0.74   

trunk, 6-8 m 2.76 ± 0.38   5.71* ± 0.78   0.22 ± 0.05  8.69* ± 0.81   

trunk, 1.5 m 3.58* ± 0.82   5.76* ± 1.81 0.25 ± 0.10  9.59* ± 2.42   

mean trunk  
3.32 

[37.35%] 
5.33* 

[59.87%] 
0.25* 

[2.78%] 
8.90* 

[100%] 

* difference between values of extractive content of infected and uninfected wood is significant at 
p<0.05 

 

 

For uninfected trees, the total extractive content decreased continuously along the 

tree (base-to-top direction) from 9.59 to 6.70% d.w., while for infected trees, the 

extractives had an inverse distribution, increasing from 5.47 to 6.64% d.w. In general, the 

total extractive content in the trunk of infected trees (5.98% d.w.) was less than that of 

uninfected trees (8.90% d.w). The differences in the total extractive content and in the 

content of water- and ethanol-soluble compounds of infected and uninfected wood were 

statistically significant at p<0.05. The content of dichloromethane-extractable compounds 

did not differ statistically. 

For infected wood, there was a statistically significant positive correlation 

(r=0.55, p=0.01) between the number of nematodes and the total extractive content.  

Concerning the correlation between the total content of extractives and extractives 

removed by three solvents, the following results were obtained. For infected wood, there 

was a positive statistically significant correlation between the total content of extractives 

and dichloromethane- and water-extractable substances for the samples of crown branches 

(r=0.77, p=0.045 and r=0.76, p=0.047) and tree trunk (r=0.55, p=0.022 and r=0.79, 
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p=0.001, respectively). There was no statistically significant correlation between the total 

content of extractives and ethanol-extractable substances.  

For uninfected wood, the total content of extractives in the crown branches had a 

statistically significant positive correlation with dichloromethane-extractable substances 

(r=0.84, p=0.001), although no statistically significant correlation with water- and ethanol-

extractable substances was found (r=0.49, p=0.11, and r=0.11, p=0.73, respectively). For 

the samples of tree trunk, the total content of extractives was positively related with 

dichloromethane-, water- and ethanol-extractable substances (r=0.53, p=0.013; p=0.85, 

p=0.001, and r=0.49, p=0.023, respectively). 

3.3.3.  Moisture sorption properties 

The results of the tests of moisture content variation in response to changes of 

atmospheric RH and temperature (Figure 10) are presented in Figure 11. A statistically 

significant difference (p<0.02) was found between the mean EMC of infected and 

uninfected wood, determined during 48 h of the test under RH=75% and t=17.1ºC. A 

similar response of the infected and uninfected wood was found for hourly varying 

ambient conditions (T and RH), which  is confirmed by the moisture loss rate presented in 

Figure 12 and corresponding moisture content variation during last 24 hours shown in 

Figure 11. 

 

 

Figure 11. Moisture content (M, d.b.) variation for infected and uninfected wood (mean value): 48 h at 
17.1ºC and relative humidity (RH) of 75%, and 24 h under an hourly variation of temperature and RH as 

presented in Figure 10. 
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Figure 12. Moisture loss rate (dM/dt) corresponding to moisture content variation during the last 24 hours of 
the test performed under hourly variation of temperature and relative humidity and presented in Figure 11. 

 

 

The sensibility of woody fuels to changes in temperature and atmospheric RH is 

reflected by sigmoid sorption curves (isotherms) (Nelson, 2001). Figure 13 shows a 

similar positioning of the adsorption isotherms for PWN-infected and uninfected wood for 

different environmental conditions (T=15, 20, 25, 30, 35ºC; RH=30, 50, 70, 75, 80%): the 

EMC increases with increasing RH; for the constant value of RH, the EMC increases with 

decreasing temperature. 

 

 

Figure 13. Adsorption isotherms for Bursaphelenchus xylophilus-infected and -uninfected wood obtained for 
temperature varying from 15 to 35ºC. 
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At a constant temperature (T=15, 20, 25, 30 and 35ºC), the adsorption isotherms 

showed slight differences in response to the infected and uninfected wood for RH varying 

from 30 to 80% (Figure 14b-f). The difference between the EMCinfected-wood and 

EMCuninfected- wood, where EMCinfected-wood > EMCuninfected- wood, was statistically significant at 

p<0.05 for temperature of 30 and 35ºC and RH of 30 and 50%. With an increase in RH, 

this difference decreased and the isotherm position inverted, where EMCinfected-wood < 

EMCuninfected-wood, was observed for RH of 80%. The general adsorption isotherms for 

infected and uninfected wood were compiled based on the mean values of EMCs obtained 

for temperature varying from 15 to 35ºC, and are presented on Figure 14a.  

For infected wood, a statistically significant positive correlation at p<0.05 was 

found between the EMC and water-extractable substances for different temperature and 

high RH values: r=0.84, T=15, 25ºC, HR=80%; r=0.78, T=30ºC, RH=75%; r=0.85, 

T=35ºC, RH=75%; r=0.88, T=35ºC, RH=80%. For uninfected wood, there was a 

statistically significant negative correlation at p<0.05 between the EMC and 

dichloromethane-extractable substances for high temperature values and low RH: r=-0.65, 

T=30ºC, RH=30%; r=-0.78, T=35ºC, RH=30%.  The correlation found between the EMC 

and the total content of extractives of infected and uninfected wood was not statistically 

significant. However, it should be noted that for infected wood this correlation was mainly 

positive while for uninfected wood it was negative for all values of T and RH (Table 10). 

 

Table 10. Correlation coefficient (r) matrix for the total content of extractives and equilibrium moisture 
content (EMC) of Bursaphelenchus xylophilus-infected and –uninfected Pinus pinaster wood for different 

temperatures (t) and relative humidity (RH) (p-value in brackets). 

  t (ºC) 

  15 20 25 30 35 15 20 25 30 35 

RH 
(%) 

E
M

C
 

Total content of extractives  

(infected wood) 

Total content of extractives  

(uninfected wood) 

30 
0.04 

(0.93) 
0.34 

(0.45) 
0.38 

(0.40) 
-0.04 

(0.93) 
0.26 

(0.58) 
-0.17 

(0.60) 
-0.21 

(0.52) 
-0.30 

(0.34) 
-0.33 

(0.30) 
-0.50 

(0.10) 

50 
0.19 

(0.69) 
0.21 

(0.65) 
0.25 

(0.60) 
-0.01 

(0.98) 
0.09 

(0.84) 
-0.14 

(0.67) 
-0.13 

(0.70) 
-0.15 

(0.64) 
-0.24 

(0.45) 
-0.22 

(0.49) 

70 
0.10 

(0.84) 
0.42 

(0.35) 
0.65 

(0.12) 
0.21 

(0.65) 
0.47 

(0.29) 
-0.17 

(0.61) 
-0.19 

(0.55) 
-0.31 

(0.33) 
-0.47 

(0.12) 
-0.18 

(0.57) 

75 
0.63 

(0.13) 
0.13 

(0.79) 
0.48 

(0.28) 
0.65 

(0.12) 
0.73 

(0.06) 
-0.16 

(0.63) 
-0.23 

(0.48) 
-0.19 

(0.55) 
-0.16 

(0.62) 
-0.17 

(0.60) 

80 
0.64 

(0.12) 
0.54 

(0.21) 
0.60 

(0.16) 
0.59 

(0.16) 
0.68 

(0.09) 
-0.09 

(0.79) 
-0.13 

(0.68) 
-0.19 

(0.55) 
-0.17 

(0.60) 
-0.13 

(0.68) 
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Figure 14. Adsorption isotherms for Bursaphelenchus xylophilus-infected and -uninfected P. pinaster wood and percentage variation of the equilibrium moisture content 
(EMC) of infected and uninfected wood for temperature varying from 15 to 35ºC [b)-f)]. Mean values of the EMC calculated as mean of EMCs obtained for different 
temperature values [a)]. Percentage variation marked by * is significant at p<0.05. 
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3.1. Discussion 

As Kuroda (2008) has described, nematodes enter the crown branches of the tree 

and settle in upper part of the trunk, congregating in restricted areas of the trunk in older 

and big trees. Indeed, the distribution of PWN along the tree is not homogeneous (Table 

7). However, the crown branches and trunk cross- sections at 6-8m have a higher 

concentration of nematodes (PWN/100g wood) than cross- sections at 1.5m in six out of 

seven cut trees. Despite some differences in the number of nematodes at the top of the 

trunk, the general tendency is for the nematode concentration to decrease from the crown 

branches to the base of the trunk in five out of seven sampled trees (trees #1, #3, #4, #5 and 

#7, Table 7). The basic wood density and extractive content reflect the nematode 

distribution in the host tree and the tree’s response to the nematode attack, identifying the 

areas most affected and damaged by nematodes. A decrease of 5% in the basic wood 

density was verified at the top of the trunk of PWN-infected trees as compared with 

uninfected trees, and 2% at 6-8 m (Table 9). The greatest concentration of extractives was 

also detected at the top of the trunk and the trunk section at 6-8 m (Table 9). The 2% 

variation in the mean basic density of infected and uninfected wood is comparable with the 

variation of 4% previously found by Rodrigues et al. (2010).   

Biochemical and anatomical changes due to the tree’s defense reactions induce the 

decrease of the total extractive content in infected trees as compared with uninfected (5.98 

and 8.90%d.w. in tree trunk, respectively) supplemented by changes in the percentage of  

dichloromethane-, water-, and ethanol-soluble substances within the total extractive 

content (Table 9). The increase of dichloromethane-extractable substances is observed in 

infected trees representing 44.61% of the total extractive content when compared with 

37.35% for uninfected wood (Table 9) as these substances, including the resin in the case 

of pine trees, constitute the first components of the tree’s defensive reaction (Hillis, 1987; 

Kuroda, 2008). Mass disturbances of the tree’s cellular structure and water stress lead to a 

decrease of water-soluble and increase of ethanol-soluble substances in infected trees 

(49.76 and 5.63% of the total extractive content when compared with 59.87 and 2.78% for 

uninfected wood, respectively).  

Despite the differences in basic wood density and extractive content, the overall 

conclusion is that the PWN has a slight impact on these characteristics of wood. However, 

there are some related issues of industrial use of P. pinaster wood that need further study. 
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The 2-4% decrease in basic wood density and up to 13% in other main mechanical 

parameters of infected wood (axial compressive stress, modulus of elasticity and maximum 

bending load, (Rodrigues et al., 2010)) may have a negative impact on the life cycle of 

final products. On the other hand, the use of PWN-infected wood, with it lower extractive 

content, may have some advantages for the pulp industry. In fact, the presence of 

extractives in raw material affects the pulp bleaching response (Baptista et al., 2006) and is 

one of the problems of pulp production, causing a potential loss of pulp yield (Morais and 

Pereira, 2012). 

The position of the adsorption isotherms for infected and uninfected wood 

(Figure 13, Figure 14) leads to the conclusion that the EMC variation of infected and 

uninfected wood responds similarly to continuously changing atmospheric relative 

humidity and temperature. For a RH below 70% (Figure 14), uninfected wood has a 

slightly lower EMC than infected wood.  Uninfected wood has a higher total content of 

extractives compared to infected wood, and a low EMC is usually associated with high 

concentrations of extractives (Higgins, 1957; Spalt, 1958; Jankowsky and Galvão, 1979). 

However, a high extractive content, corresponding to a high EMC, was observed for RH 

above 70%, which implies that the extractive content is not the main factor determining the 

EMC for infected wood. Mass disturbances of tree cellular structure, the percentage of 

dichloromethane-, water-, and ethanol-soluble substances within the total extractive 

content, and cavitation areas due to nematode activity seem to be the most probable 

explanation of the hygroscopicity of the infected wood for RH above 70%.  

3.2. Conclusions 

The present study evaluated the impact of anatomic and biochemical changes due 

to the tree defence reaction on the basic density, extractive content and hygroscopic 

behaviour of PWN-infected P. pinaster wood. The presence of nematodes decreases the 

mean basic density of infected wood (2%) and the total content of extractives (5.98% d.w. 

infected versus 8.90% d.w. uninfected wood). The differences in the total extractive 

content and in the content of water- and ethanol-soluble compounds were statistically 

significant, while the content of dichloromethane-extractable compounds did not differ 

statistically. A redistribution of the extractives was detected: the extractive content 

decreases continuously along the tree (base-to-top direction) from 9.59 to 8.42% d.w. in 

uninfected trees and increases from 5.47 to 6.64% d.w. in infected trees. The lower wood 
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density values and higher values of extractive content were found at 6-8 m and at the top of 

the trunk of infected trees, corresponding to the part of the tree trunk most affected by the 

nematode attack. The adsorption isotherms for infected and uninfected wood show a 

similar pattern. The EMC of uninfected wood, characterized by a higher total extractive 

content compared to infected wood, was less than the EMC of infected wood for RH below 

70%. An inverted position of the EMC of infected and uninfected wood was detected for 

RH above 70%, which is most likely related with the nematode attack. 

Even with these differences, the overall conclusion is that the presence of the 

nematode has a slight impact on the P. pinaster wood properties under study.



 

 

CHAPTER 4. The impact of extractive contents on 

the variation of the gross calorific value of pinewood 

nematode-infected and uninfected P. pinaster wood 

 

 

The content of this chapter was published/presented in: 

� Reva V, Fonseca L, Lousada JL. The impact of extractive contents on the variation 

of the gross calorific value of infected with pinewood nematode and uninfected 

Pinus pinaster wood. Submitted to Biomass and Bioenergy in 5 March 2013. (Full 

paper) 
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4.1. Introduction 

The impact of wood components on the gross calorific value (GCV) has been 

reported in different studies, and various multiple regression models have been proposed. 

A linear relationship between the GCV and carbon content was found by Susott et al. 

(1975) and Tillman (1978). Models explaining the GCV by the content of carbon, 

hydrogen, oxygen, nitrogen, sulphur and ash content have also been proposed (Perry and 

Chilton, 1973; Van Loo and Koppejan, 2008).  

The effect of lignin and extractive contents on the GCV has been widely studied 

(White, 1987; Demirbas, 2001, 2003; Shafizadeh and DeGroot, 1976; Telmo and Lousada, 

2011). It was concluded that variation in the lignin content better explains the variation in 

GCVs than extractive content variation for both softwood and hardwood biomass. 

Softwoods tend to have higher GCV, lignin and extractive content than hardwoods (Telmo 

and Lousada, 2011). However, despite the importance of the lignin content in GCV 

variation, it is considered that softwoods have greater GCV due to their resin content 

(White, 1987; Chandler et al., 1983). 

Extractives include a wide range of chemical compounds which can be extracted 

from wood by organic (dichloromethane and ethanol-benzene) or non-organic solvents 

(cold or hot distilled water) (TAPPI 2007, 2008). Organic solvents remove waxes, fats, 

resins, sterols, non-volatile hydrocarbons, low-molecular-weight carbohydrates, salts, 

polyphenols. Non-organic solvent removes tannins, gums, sugars and coloring matter 

present in wood. 

The main objective of this study was to evaluate the impact of different types of 

extractives on the GCV with regard to the same species (P. pinaster). The tests were 

performed for PWN-infected and uninfected P. pinaster wood samples. The PWN induces 

anatomic changes, decrease of xylem water contents, oleoresin exudation, denaturation and 

necrosis of parenchyma and cambial cells leading to the death of the tree (Kuroda et al., 

1988; Kuroda, 1991; Kuroda, 2008) and, consequently, differences on the content of 

extractives in infected and uninfected wood (the results are described in Chapter 3). The 

study provides a detailed characterization of the fuel properties of infected and uninfected 

wood, which has particular importance for pellet production. 
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4.2. Plant material 

The plant material used for the present study is described in detail in Chapter 3. 

4.3. Materials and methods 

Samples of cross-sections from 1.5 m, 6-8 m and the top of the trunk of B. 

xylophilus-infected and uninfected P. pinaster trees were used for the study. Diametric 

segments of PWN-infected and uninfected wood samples were cut from each cross-section 

(see Figure 5a, Section 2.2.1.). The segments were broken into chips and then ground in a 

laboratory mill (Retsch-Mühle) using 1-mm mesh screen (see Figure 5b, Section 2.2.1.).   

The determination of the extractive content is described in detail in Chapter 3. 

The GCV was determined for compressed-tablet samples using Leco AC600 

semi-automatic isoperibol calorimeter according to the standard CEN/TS 14918 method 

(2005) (Figure 15).  

 

 

Figure 15. Determination of the GCV using the Leco AC600 automatic isoperibol calorimeter. 
 

 

The values obtained were adjusted to the GCV in dry basis by Eq.(1) (Section 

2.2.2). The moisture content of the samples was determined using the oven-drying 
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technique. Three replicates of each wood sample were made. The mean value of three 

replicates was taken as the final GCV of the sample. 

The statistical data analysis (correlation and multiple linear regression) was 

conducted to study the impact of extractives on the GCV variation between extracted and 

un-extracted wood (∆GCV), and was performed with STATISTICA StatSoft Inc. software. 

4.4. Results and discussion 

Table 11 shows the values of the extractive content (resulting from extraction by 

different solvents and the total) and GCVs for different sections of tree trunk of infected 

and uninfected trees.  

As has already been mentioned in Chapter 3 Section 3.3.1, the value of the total 

content of the infected wood extractives was lower than that of uninfected wood for all tree 

cross-sections (trunk, top 6.64% vs. 8.42%; trunk, 6-8 m: 5.90% vs. 8.69%; trunk, 1.5 m: 

5.47% vs. 9.59%, respectively) (Table 11). Substances extracted by dichloromethane and 

water represent more than 95% of the total content of extractives both for infected and 

uninfected wood. A lower percentage of dichloromethane-extractable substances was 

found for cross-sections at 6-8 m and 1.5 m (2.19%, 2.14% for infected and 2.76%, 3.58% 

for uninfected wood, respectively). At the top of the trunk, a higher percentage of 

dichloromethane-extractable substances was found for infected wood (3.69%), and a lower 

percentage (3.64%) for uninfected wood. 

The GCV ranged from 20.16 to 20.25 MJ/kg for un-extracted uninfected wood 

and from 19.62 to 20.04 MJ/kg for un-extracted infected wood (Table 11). Lower values 

of the GCV were obtained for extracted wood varying from 19.48 to 19.53 MJ/kg for 

uninfected wood and from 19.29 to 19.40 MJ/kg for infected wood. Figure 16 shows the 

positioning and the mean GCVs of extracted and un-extracted infected and uninfected P. 

pinaster wood. There was a statistically significant difference (p<0.001) for both un-

extracted and extracted infected and uninfected wood. The GCVs, obtained for un-

extrcated infected and uninfected P. pinaster wood, were similar to presented in Chapter 2, 

Section 2.2.2. 
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Table 11. Mean and standard deviation ( ) of extractive content (EC, % of sample weight) and gross calorific value (GCV, MJ/kg) of Bursaphelenchus xylophilus-
infected and uninfected Pinus pinaster wood 

 

 Tree section 
EC, 

dichloromethane 
extraction 

EC, 
distilled water 

extraction 

EC, 
ethanol 

extraction 

Total EC 
per section 

GCV 
extracted wood 

GCV 
un-extracted 

wood 
∆GCV 

in
fe

ct
ed

 trunk, top 
3.69 ± 1.53 

(56) 
2.62 ± 1.48 

(39) 
0.33 ± 0.07 

(5) 
6.64 ± 2.28 

(100) 
19.38 ± 0.07 20.04 ± 0.33 0.65 ± 0.28 

trunk, 6-8 m 
2.19 ± 0.97 

(37) 
3.37 ± 2.04 

(57) 
0.34 ± 0.11 

(6) 
5.90 ± 2.02 

(100) 
19.40 ± 0.20 19.62 ± 0.20 0.25 ± 0.12 

trunk, 1.5 m 
2.14 ± 1.05 

(39) 
3.00 ± 2.28 

(55) 
0.34 ± 0.09 

(6) 
5.47 ± 2.61 

(100) 
19.29 ± 0.10 19.68 ± 0.25 0.39 ± 0.25 

un
in

fe
ct

ed
 trunk, top 

3.64 ± 0.86 
(43) 

4.51 ± 0.66 
(54) 

0.27 ± 0.09 
(3) 

8.42 ± 0.74 
(100) 

19.52 ± 0.06 20.16 ± 0.24 0.64 ± 0.19 

trunk, 6-8 m 
2.76 ± 0.38 

(32) 
5.71 ± 0.78 

(66) 
0.22 ± 0.05 

(3) 
8.69 ± 0.81 

(100) 
19.53 ± 0.11 20.17 ± 0.16 0.65 ± 0.13 

trunk, 1.5 m 
3.58 ± 0.82 

(37) 
5.76 ± 1.81 

(60) 
0.25 ± 0.10 

(3) 
9.59 ± 2.42 

(100) 
19.48 ± 0.17 20.25 ± 0.21 0.77 ± 0.32 

Values are presented for Bursaphelenchus xylophilus–infected and uninfected, extracted and un-extracted wood samples.  
The percentage of extractives in the total extractive content is given in brackets. 
∆GCV (MJ/kg) = GCVun-extacted- GCVextracted 
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Figure 16. The gross calorific value of extracted and un-extracted Bursaphelenchus xylophilus-infected and 
uninfected Pinus pinaster wood 

 
 

The positive values of the ∆GCV=GCVun-extacted-wood - GCVextracted-wood show that 

extractives increase the GCV of wood (Table 11). For uninfected wood, the decrease of 

the GCV from the base to the top of the trunk (20.25, 20.17, 20.16 MJ/kg, respectively) 

corresponds to the decrease in the total content of extractives (9.59, 8.69, 8.42%, 

respectively). For infected trees, the total content of extractives increases from the base to 

the top (5.47, 5.90, 6.64%), and the GCV followed this trend with some exceptions (19.68, 

19.62, 20.04 MJ/kg).  

Concerning the correlation between ∆GCV, GCVun-extacted-wood and extractive 

content, the following results were obtained. For samples of infected and uninfected wood, 

there was a high positive statistically significant correlation between:  

• ∆GCV, GCVun-extacted-wood, and total content of extractives (r=0.542, p=0.000 and 

r=0.537, p=0.001, respectively); and ∆GCV, GCVun-extacted-wood and dichloromethane-

extractable substances (r=0.61, p=0.000 and r=0.65, p=0.000). All samples were 

considered;  

• ∆GCV, GCVun-extacted-wood and total content of extractives (r=0.61; p=0.028 and r=0.68; 

p=0.01); and ∆GCV, GCVun-extacted-wood and dichloromethane-extractable substances 

(r=0.92, p=0.000 and r=0.93, p=0.000). Samples of trunk top cross-sections were 

considered;  
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• ∆GCV, GCVun-extacted-wood and total content of extractives (r=0.56, p=0.036 and r=0.57, 

p=0.034), and ∆GCV, GCVun-extacted-wood and dichloromethane-extractable substances 

(r=0.57, p=0.033 and r=0.70, p=0.005). Samples of trunk cross-sections at 1.5m were 

considered. 

For infected wood, a positive statistically significant correlation was found 

between dichloromethane-extractable substances, ∆GCV and GCVun-extacted-wood for all 

studied wood samples (r=0.74, p=0.001 for both ∆GCV and GCVun-extacted-wood) and 

samples of trunk top cross-sections (r=0.94, p=0.006 for ∆GCV and r=0.97, p=0.002 for 

GCVunextacted-wood). For uninfected wood, a positive statistically significant correlation was 

found between dichloromethane-extractable substances and GCVun-extacted-wood for all the 

wood samples studied (r=0.43, p=0.049); and between dichloromethane-extractable 

substances, ∆GCV and GCVun-extacted-wood for samples of trunk top cross-sections (r=0.89, 

p=0.007 for ∆GCV; and r=0.95, p=0.001 for GCVun-extacted-wood).  

Table 12 represents backward stepwise multiple regression using ∆GCV as 

output-dependent variable and dichloromethane-, water- and ethanol-extractable 

substances as input-independent variables. Dichloromethane-extractable substances (D) 

were the best independent explanatory variable when all samples of infected and 

uninfected wood were used (Table 12a) with equation ∆GCV=0.117 + 15.083×D, 

R2=0.377; and for samples of infected wood (Table 12b) with equation ∆GCV=0.036+ 

15.031×D, R2=0.540. No model was found for uninfected wood samples (Table 12c). 

Fitting curves resulting from the multiple regression analysis demonstrate the positive 

effect of the dichloromethane-extractable substances on the ∆GCV and are presented in 

Figure 17. 

Linear regression curves in Figure 18 demonstrate the positive impact of the total 

content of extractives on the ∆GCV, which is similar for infected and uninfected wood and 

is expressed by the equations ∆GCV=0.130+5.163×ECt, R2=0.0.166, and 

∆GCV=0.212+5.311×ECt, R2=0.367, respectively. 
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Table 12. Multiple linear regression analysis between variation of the gross calorific value (∆GCV) of 
extracted and un-extracted wood and extractives 

a) Bursaphelenchus xylophilus-infected and uninfected Pinus pinaster 
wood samples (n=38). 

Step Intercept Dichloromethane 
extraction 

Distilled 
water 

extraction 

Ethanol 
extraction 

R2 

1 -0.058 14.435 
(0.588) 

3.520 
(0.247) 

14.083 
(0.048) 

0.432 

2 -0.006 14.456 
(0.589) 

3.288 
(0.231) 

E 0.430 

3 0.117 
15.083 
(0.614) 

E E 0.377 

b) Bursaphelenchus xylophilus-infected Pinus pinaster wood samples 
(n=17). 

Step Intercept Dichloromethane 
extraction 

Distilled 
water 

extraction 

Ethanol 
extraction 

R2 

1 -0.144 15.356 
(0.751) 

0.740 
(0.050) 

44.947 
(0.132) 

0.555 

2 -0.096 15.241 
(0.745) 

E 38.298 
(0.112) 

0.553 

3 0.036 
15.031 
(0.735) 

E E 0.540 

c) uninfected Pinus pinaster wood samples (n=21). 

Step Intercept Dichloromethane 
extraction 

Distilled 
water 

extraction 

Ethanol 
extraction 

R2 

1 0.169 6.471 
(0.233) 

2.941 
(0.169) 

58.350 
(0.207) 

0.184 

2 0.310 5.745 
(0.207) 

E 67.359 
(0.263) 

0.158 

3 0.440 E E 98.817 
(0.350) 

0.123 

4 --- E E E --- 

Values indicate the regression coefficients. The standardized beta coefficients 
are given in brackets. E – Indicates that the independent variable is not 
significant at p<0.05 and was eliminated. 
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Figure 17. Linear regression models for the variation of the gross calorific value (∆GCV) and the content of 
dichloromethane-extractable substances (D). 

 
 
 
 

 

Figure 18. Linear regression models for the variation of the gross calorific value (∆GCV) and the total 
content of extractives (ECt). 
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4.5. Conclusions 

In this study, the impact of different types of extractives and their total content on 

the gross calorific values of wood was studied for samples of Bursaphelenchus xylophilus-

infected and uninfected P. pinaster wood. 

The gross calorific value increases with the increase in the total extractive content. 

A high statistically significant positive correlation was found between ∆GCV, GCVun-

extacted-wood, and total content of extractives and dichloromethane-extractable substances for 

all the wood samples, infected and uninfected, and samples from trunk cross-sections at the 

top and at 1.5m.  

The dichloromethane-extractable substances (D) were the only explanatory 

variable in the multiple regression model for all samples of infected and uninfected wood 

(∆GCV=0.117 + 15.083×D, R2=0.377), and for samples of infected wood (∆GCV=0.036+ 

15.031×D, R2=0.540). Fitting curves, resulting from the multiple regression analysis, 

demonstrate the positive effect of the total content of extractives and dichloromethane-

extractable substances on the ∆GCV. 
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CHAPTER 5. The flammability of pinewood 

nematode-infected and uninfected P. pinaster wood  

 

 

The content of this chapter was published/presented in: 

� Reva V, Oliveira R, Fonseca L, Pereira C, Abrantes I, Viegas DX. 2011. Effect of the 

pinewood nematode, Bursaphelenchus xylophilus, on the flammability and moisture 

content of Pinus pinaster wood. Medpine 4 – 4th International Conference on 

Mediterranean Pines, 6-10 June, Avignon, France. (Poster presentation)  
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5.1. Introduction 

Wood is a common material used for building and decorative purposes. It is also the 

only carbon-based renewable fuel that has become increasingly important in the context of 

climate change. A detailed understanding of the combustion process of wood is fundamental 

for any perspective on wood application. 

It is essential to be able to predict the ignition and burning rate of wood for fire 

safety engineering in building design. Computer-based hazard models also require burning 

rate as one of the input parameters.  

Wood combustion is the only widely established technology for heat and power 

production, with available combustion systems ranging from a few kW up to more than 

100MW. However, biomass combustion causes significant pollutant formation (CO, NOx, and 

dust pollutants), particularly when combustion is incomplete (Nussbaumer, 2003).  Moreover, 

the continuous supply of biomass to automatic combustion systems leads to large degree of 

overlap between combustion phases in the furnace affecting its performance. Hence, fuel 

properties, combustion technologies and combustion process conditions constitute challenges 

for research into the environmental impact and efficiency of the biomass combustion systems 

(Van Loo and Koppejan, 2008).  

Ignitability (the facility of initiating self-sustained flaming combustion due to heat 

flux exposure) and heat release rate (a measure of the rate at which a burning material/item 

releases an energy) are determining parameters for the evaluation of fire hazards and material 

combustibility. The intensity of external heat flux, composition of volatiles and moisture 

content of wood are considered as factors determining wood ignition (Simms, 1960, 1963, 

1967). Heated by an external heat source to a critical (pyrolysis) temperature, the wood starts 

to decompose producing pyrolysis gases. When these mix with the surrounding air, they form 

combustion mix. When this reaches a suitable concentration and temperature (within 

flammable limits), ignition occurs and flaming combustion takes place. The heat release rate, 

usually expressed as the heat released per unit of exposed surface area of a burning item 

(kW/m2), is calculated as the product of mass loss rate (mass burning rate) per unit of exposed 

surface area and heat of combustion. Generally, the greater the heat release rate the greater the 

fire hazard. In bioenergy production systems, the control of the heat release rate is the 

challenge in designing batch-fired heating systems.  
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There is a considerable difference in the flammability properties and combustion of 

different species of wood, subdivided into two categories, softwoods and hardwoods 

(Janssens, 1991; Drysdale, 2011; Cholin, 1997; White and Dietenberger, 1999; Van Loo and 

Koppejan, 2008). The wood type/species influences the combustion process through such 

physical/chemical characteristics as chemical composition, volatile content, density and 

porosity. The chemical composition is related with gross calorific value, emissions and ash-

content. Together with volatile content, it also influences the thermal behavior of wood. 

Density, varying within the tree and significantly different for hardwoods and softwoods, is 

related with burning time and total energy released. The porosity influences mass loss per unit 

time. 

The differences in density, chemical composition, heat of combustion and extractives 

content found for Bursaphelenchus xylophilus-infected P. pinaster wood as compared with 

uninfected wood (see Chapter 2 and 3) suggest possible alterations in flammability properties 

of infected wood. Thus, the objective of this study is to evaluate the impact of the pinewood 

nematode on the flammability of P. pinaster wood, both uninfected and infected with 

nematode , and it presents the comparative analysis of  such parameters as time to ignition, 

time in flame, mass loss, heat release rate and the total energy released. Particular attention 

was given to relationship between flammability parameters and content of extractives. 

5.2. Materials and methods 

5.2.1.  Plant material 

The plant material used for the present study is described in detail in Chapter 3. 

Samples (6x6x1cm) of PWN-infected and uninfected P. pinaster trees were cut across the 

grain (Figure 19) from cross sections of the trunk at 1.5 m, 6-8 m and the top.  

Sample grain orientation is relevant due to the mechanism by which the volatiles exit 

the wood surface, which influences the ignition and burning characteristics (Figure 20). As 

the xylem cells are shaped like long “tubes”, the incident radiative heat flux is either parallel 

or perpendicular to these “tubes”. When the radiative heat flux has a perpendicular direction, 

the cell wall blocks the flow of volatiles to the surface exposed to heat flux. The walls have to 

decompose to allow a sufficient flux of volatiles to achieve flammability limit. This process 



 

63 

 

requires additional energy, and under low incident heat fluxes (<10 kW/m2) affects the 

ignition of wood (Spearpoint, 1999).  

 

 

Figure 19. Wood samples taken from the cross-sections of the Pinus pinaster trees. 
 

 

 

Figure 20. Movement of volatiles for different grain orientation. Adapted from (Spearpoint, 1999) 
 

 

Figure 21 shows the volumetric mass density (wood density) of the samples under 

study (12% moisture content) for different tree cross-sections, defined as the ratio between 

sample mass and volume. The values are in line with those obtained by Francescato et al. 

(2008) for maritime pine with a moisture content of 13% (680 kg/m3), Louzada (2000) for the 

same species (at 1.5m of base) with a moisture content of 12% (657 kg/m3), as well as 

Fonseca and Lousada (2000) for the entire stem (566 kg/m3). Like basic density (Chapter 3, 
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Subsection 3.3.1), the volumetric mass density decreased along the tree trunk (base-to-top 

direction) both for infected and uninfected wood. Unlike basic density, there were slight 

differences (statistically not significant) of mean values of volumetric mass density for all tree 

cross-sections.  

 

  

Figure 21. Density at 12% moisture content (or volumetric mass density) of the studied samples of 
Bursaphelenchus xylophilus-infected and uninfected Pinus pinaster wood. 

5.2.2.  Flammability test 

Flammability tests were performed in a cone calorimeter (Figure 22) at a constant 

heat flux of 16 kW/m2 (the value for established cone calorimeter configuration).  

 

 

Figure 22. Cone calorimeter scheme. 
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All the samples were tested in the horizontal orientation. The samples were wrapped 

in a single layer of aluminium foil and placed on calcium silicate support (Figure 23). A 

sample was permanently radiated and an ignition source (pilot flame) provided.  

 

 

Figure 23. Flammability test performed in a cone calorimeter. 
 

After ignition, the pilot flame was removed. During the test, the sample mass was 

measured using the AND FXi3000 electronic balance with a precision of 0.01 g and registered 

every half-second on a data logger. The test was complete when the flame was extinguished 

and the mass of residues became constant. Time to ignition and time to flameout were 

registered. Before data analysis, the raw mass loss data were smoothed using KaleidaGraph (1 

times smooth option) to minimize noise signals from the measurement. 

The value of the heat release rate (HRR) qɺ  was estimated by the equation, used for a 

simple object made from a pure substance with a known constant heat of combustion (Bryant 

and Mulholland, 2008):   

    NCVq m= ⋅ɺ ɺ      (6) 
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where mɺ is the mass loss rate ( /m dm dt= −ɺ ); NCV is the net calorific values at a constant 

pressure and moisture content M.  

The NCV was determined by the following equation (CEN/TS 14918): 

[ ]{ }212 ( ) 0.8 ( ) ( ) (1 0.01 ) 24.43NCV GCV w H w O w N M M= − − + × − −   (7) 

 

where GCV is the gross calorific value in dry basis (data presented in Chapter 4); w(H), w(O), 

w(N) are hydrogen, oxygen and nitrogen content, in percentage by mass, dry basis; M is the 

moisture content. To determine the NCV, the following values of hydrogen, oxygen and 

nitrogen content were used: for infected wood, w(H)=6.78%, w(O)=45.13%, w(N)=0.1%; for 

uninfected wood, w(H)=6.34%, w(O)=42.62%, w(N)=1.49% (see Chapter 2).  

The total energy released in combustion, q, was calculated by equation: 

   

f

i f
0

( ) NCV
t

q q dt m m= = − ⋅∫ ɺ     (8) 

where tf is the time when the test was complete (flameout); qɺ  is the heat release rate; mi  and 

mf  are the initial and final masses of the sample; NCV is the net calorific values at constant 

pressure and moisture content M. 

5.2.3.  Statistical analysis 

The statistical data was analysed (correlation and regression) using STATISTICA 

StatSoft Inc. software in order to study the impact of volumetric mass density and extractive 

content on flammability parameters (time to ignition, time in flame, mass loss) and the total 

energy released . 

5.3. Results and discussion 

5.3.1.  Flammability parameters of PWN-infected and uninfected wood 

Figure 24 shows time to ignition, time in flame (calculated as a difference between 

time of flame-out and time to ignition) and mass loss for infected and uninfected wood. This 

figure also presents the values of the parameters studied for different cross-sections (top, 6 m, 
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1.5 m) of infected and uninfected trees (Figure 24a, c, e) and in general, when all the samples 

of infected and uninfected wood are considered without separation by cross-section (Figure 

24b, d, f).   

For all cross-sections, the uninfected wood has shorter time to ignition as compared 

with infected wood. For both infected and uninfected wood, the shortest time to ignition was 

obtained for samples from the trunk top. The ignition took longer for samples from the section 

at 1.5 m, and longest of all for section at 6 m. For all the samples, the difference in time to 

ignition found for infected (mean 101.19 s) and uninfected (mean 78.18 s) wood was 

statistically significant (p=0.0009) (Figure 24a, b). 

Time in flame decreases continuously along the tree (base-to-top direction) for both 

infected (428.68→371.21→334.35 s) and uninfected (429.25→372.06→330.75 s) wood. The 

difference in flaming time for infected and uninfected for each cross-section is slight. In 

general (when all the samples are considered), this difference is statistically significant 

(p=0.003, meaninfected=248.02 s, meanuninfected=210.56 s) (Figure 24c, d).  

The mass loss, calculated as the difference between initial and final sample mass 

(∆m=mi-mf), decreases continuously along the tree (base-to-top direction) for both infected 

(20.39→16.92→15.60 g) and uninfected (20.26→17.63→15.71 g) wood. The difference of 

mass loss between infected and uninfected wood was not statistically significant 

(meaninfected=18.55 g, meanuninfected=18.31 g) (Figure 24e, f).  

The mass loss curves for PWN-infected and uninfected P. pinaster wood are 

demonstrated in Figure 25. Figure 25a) shows the curves representing the mean values of 

mass loss during the flammability test obtained for cross-sections of the trunk at 1.5 m, 6-8 m 

and the top of infected and uninfected trees. The construction of the mean value mass loss 

curve is exemplified by Figure 25b), where such a curve was developed for the mass loss data 

for samples from trunk-top cross-sections of uninfected trees. All the curves presented in 

Figure 25a) were developed following this approach. 

The mass loss curves found for the trunk top cross-section were almost identical for 

infected and uninfected trees (the curve for infected wood is positioned slightly below the 

curve for uninfected wood). For cross-sections at 1.5 m and 6-8 m, the samples of uninfected 

wood have a more intense flaming phase corresponding to lower position of respective mass 

loss curves as compared with infected wood (Figure 25a).  
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Figure 24. Time to ignition (a-b), time in flame (c-d) and mass loss (e-f) of Bursaphelenchus xylophilus-infected 
and uninfected Pinus pinaster wood (by section and for all samples). 
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Figure 25. Mass loss curves (mean values) for cross-sections of the trunk at 1.5 m, 6-8 m and top of 
Bursaphelenchus xylophilus-infected and uninfected Pinus pinaster trees (a); mass loss curves for samples of 
trunk top cross- sections of uninfected trees and respective mean value mass loss curve (b). (m* - normalized 

mass). 
 

 

Figure 26 shows the evolution curves of the mass loss rate (Figure 26a) and heat 

release rate per unit of exposed surface area (HRRA) (Figure 26b) for wood samples from 

different cross-sections of infected and uninfected trees. Mass loss rate curves were developed 

based on the data of mean mass loss presented in Figure 25. 
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Figure 26. Mass loss rate [g/s] (a) and heat release rate per unit area (HRRA, [kW/m2]) (b) for infected (with 
Bursaphelenchus xylophilus) and uninfected Pinus pinaster wood (by tree cross-section) 

 

 

Two peaks were observed for all mass loss rate curves (Figure 26a, Table 13). This 

result may be associated to the “back effect” described in the integral model ignition scenario 

of solid wood (Spearpoint, 1999). At the beginning of the combustion process, the mass loss 

rate increases over time. Wood decomposition leads to the formation of the char layer on the 

wood surface. When this layer becomes thicker, it blocks the flow of volatiles and the mass 
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loss rate decreases, which corresponds to the first peak of the mass loss rate curve. As soon as 

the thermal wave reaches the back of the sample (as a result of a long exposure to heat flux), 

the sample combustion intensifies and the mass loss rate increases, corresponding to the 

second peak of the mass loss rate. 

 

Table 13. The heat release rate per unit area (HRRA) peak values obtained for Bursaphelenchus xylophilus-
infected and uninfected Pinus pinaster wood (mean values per tree cross-section) 

 Tree section 
HRRA peak 1 

[kW/m2] 

Time to 
peak 1 

[s] 

HRRA peak 2 
[kW/m2] 

Time to 
peak 2 

[s] 

in
fe

ct
ed

 
w

oo
d 

trunk, top 412.09 59 416.75 162 

trunk, 6m 350.07 108 355.00 177 

trunk, 1.5m 375.53 147 407.81 201 

un
in

fe
ct

e
d 

w
oo

d trunk, top 414.38 58 452.05 158 

trunk, 6m 460.99 95 541.29 178 

trunk, 1.5m 477.29 90 538.23 180 

 

 

The differences found in the mass loss rate curves for infected and uninfected wood 

(to a greater degree verified for cross section at 6m and 1.5m) become more amplified in heat 

release rate curves (Figure 26b). This occurs due to the difference in the NCVs of infected 

and uninfected wood calculated on the basis of the respective GCVs and chemical 

composition of wood (comparative analysis of these parameters was performed in Chapter 2, 

Section 2.2.1, and Chapter 4, Section 4.4).  The following NCVs (mean values for cross-

section), which varied considerably for the infected and uninfected wood, were used to 

estimate HRR: for uninfected wood, 19.86 (top), 19.66 (6m) and 19.79 MJ/kg (1.5m); for 

infected wood, 17.36 (top), 16.97 (6m) and 17.03 MJ/kg (1.5m). The HRRA peak values 

obtained for infected and uninfected wood and the time when these values were achieved are 

presented in Table 13. These values decrease continuously along the tree (base-to-top 

direction) for both infected and uninfected wood. The infected wood had lower HRRA peak 

values for all tree cross-sections compared with the uninfected wood, (412.09/416.75 kW/m2 

vs. 414.38/452.05 kW/m2 for trunk-top, 350.07/355.00 kW/m2 vs. 460.99/541.29 kW/m2 for 

trunk-6m, and 375.53/407.81 kW/m2 vs. 477.29/538.23 kW/m2). These data, obtained for heat 

flux of 16 kW/m2 and calculated as a product of mass loss rate per unit of exposed surface 

area and heat of combustion, are higher than those found by White and Dietenberger (1999) 
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for some softwood species, when HRRA was obtained for heat flux of 50 kW/m2 and 

measured using the oxygen consumption technique (ASTM E1354 method). The following 

values were mentioned in their study: HRRA peak of 209 kW/m2 for red and white pine, 175 

kW/m2 for red cedar, and 227 kW/m2 for redwood. These differences in HRRA may be 

explained by various factors, such as species type, method of HRR calculation/measurement 

and external heat flux. As observed by Xiaojun et al. (2004), the relationship between the 

(average) HRR and external heat flux was more parabolic than linear. In their study, the 

highest values of the average HRR were found for heat flux of 20 kW/m2. The minimum 

critical heat flux was of 30 kW/m2, after which an almost linear relationship between the 

(average) HRR and the external heat flux was found for heat fluxes of 40 and 50 kW/m2.  

The values of the total energy released in combustion calculated using Eq. (6-8) are 

presented in Figure 27. According to these equations, mass loss and NCV are the only 

parameters explaining the value of the total energy. Similar to mass loss, the total energy 

released decreases continuously along the tree (base-to-top direction) for both infected 

(347.52→301.42→270.79 kJ) and uninfected (398.76→346.94→311.97 kJ) wood. As no 

statistically significant difference was found between the infected and uninfected wood for 

mass loss (Figure 24e,f), the NCV became the main variable affecting the total energy 

released. The NCV is calculated basing on the GCV and content of oxygen (O), nitrogen (N) 

and hydrogen (H). The statistically significant difference found for GCV, N and H of infected 

and uninfected wood (see Chapter 4, Section 4.4.) may explain the statistically significant 

difference between the total energy released found for the top, 6 m, 1.5 m trunk cross-sections 

(p=0.027, p=0.00005 and p=0.0003, respectively) and for all samples (p=0.0007) of infected 

(qmean=326.01 kJ) and uninfected (qmean=362.23 kJ) wood (Figure 27). 
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Figure 27. Energy released in combustion of Bursaphelenchus xylophilus-infected and uninfected Pinus pinaster 
wood (by section and for all samples). 

 

5.3.2.  Correlation and regression analyses 

Table 14, Figure 28 and Figure 29 present the results of the correlation and 

regression analyses performed to identify the relationship between flammability parameters 

(time to ignition, time in flame, mass loss), volumetric mass density, the total energy released 

and different type of extractives and their total content.  

As no multiple regression models were found explaining the relationship between the 

studied parameters, Figure 28 and Figure 29 shows only simple regression models 

corresponding to those correlations (Table 14). 

Time in flame, mass loss and total energy released have strong statistically 

significant positive correlation (p<0.001) with volumetric mass density, verified for both 

infected and uninfected wood (Table 14). The correlation coefficient values are respectively 

0.59, 0.97 and 0.96 for infected wood, and 0.51, 0.979 and 0.978 for uninfected wood. For 

infected wood, these parameters also have statistically significant negative correlation 

(p<0.01) with the total content of extractives (-0.43, -0.41 and -0.42, respectively). However, 

no statistically significant correlation was found for uninfected wood.  

Regarding different types of extractives, flammability parameters and the total 

energy released correlated more precisely with dichloromethane- and ethanol-extractable 

substances than with water-extractable substances. Thus, for infected wood, a statistically 

significant negative correlation with dichloromethane-extractable substances was found for 
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mass loss (r=-0.42, p=0.007) and total energy released (r=-0.38, p=0.17); a statistically 

significant positive correlation with ethanol-extractable substances was found for time in 

flame (r=0.55, p=0.000) and total energy released (r=0.36, p=0.023). For uninfected wood, a 

statistically significant correlation with dichloromethane-extractable substances was found for 

time to ignition (negative correlation, r=-0.47, p=0.000) and time in flame (positive 

correlation, r=0.31, p=0.02); statistically significant negative correlation with ethanol-

extractable substances was found for time to ignition (r=-0.28, p=0.04), mass loss (r=-0.30, 

p=0.025) and total energy released (r=-0.30, p=0.027). A statistically significant correlation 

with water-extractable substances was found only for infected wood, for time in flame 

(positive correlation, r=-0.38, p=0.015). 

 

Table 14. Correlation coefficient (R) matrix of flammability parameters (time to ignition [s]; time in flame [s]; 
mass loss [g]), volumetric mass density at M=12% [kg/m3], total energy released [kJ], and extractive content 
(EC, % of sample mass) of Bursaphelenchus xylophilus–infected and uninfected Pinus pinaster wood 

 
 

Volumetric 
mass density 

(12% 
moisture 
content) 

EC, 
dichloro-
methane 

extraction 

EC, 
distilled 
water 

extraction 

EC, 
ethanol 

extraction 
Total EC 

in
fe

ct
ed

 w
oo

d tignition 0.01 -0.16 0.04 -0.08 -0.07 

tin-flame 0.59*** -0.09 -0.38* 0.55*** -0.43** 

∆m 0.97*** -0.42** -0.14 0.30 -0.41** 

q 0.96*** -0.38* -0.18 0.36* -0.42** 

un
in

fe
ct

ed
 

w
oo

d 

tignition 0.12 -0.47*** 0.01 -0.28* -0.22 

tin-flame 0.51*** 0.31* -0.07 0.06 0.09 

∆m 0.98*** 0.02 -0.13 -0.30* -0.11 

q 0.98*** 0.05 -0.14 -0.30* -0.10 

in
fe

ct
ed

 a
nd

 
un

in
fe

ct
ed

 
w

oo
d 

tignition 0.10 -0.38*** -0.12 -0.03 -0.29** 

tin-flame 0.53*** -0.04 -0.35** 0.40*** -0.30** 

∆m 0.98*** -0.21* -0.18 -0.001 -0.26* 

q 0.86*** 0.02 0.05 -0.22* 0.04 

tignition – time to ignition; tin flame – time in flame; ∆m=mi-mf – mass loss; q – total energy released; 
significant at: ***<0.001; ** <0.01; * <0.05 
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Figure 28. Linear regression models for time in flame (a), mass loss (b), the total energy released (c) and 
volumetric mass density for Bursaphelenchus xylophilus-infected and uninfected Pinus pinaster wood. 
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Figure 29. Linear regression models for time to ignition (a), time in flame (b), mass loss (c) and the total content 
of extractives for Bursaphelenchus xylophilus-infected and uninfected Pinus pinaster wood. 
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Finally, the results of the correlation and regression analyses, when performed for all 

the samples of infected and uninfected wood, revealed the following statistically significant 

relationships:  

• Time in flame (tin-flame), mass loss (∆m) and the total energy released (q) were positively 

correlated with volumetric mass density (VMD) (r=0.53, p=0.000; r=0.98, p=0.000; r=86, 

p=.0.000, respectively). The corresponding regression models are:  

tin-flame=6.453+0.369×VMD (R2=0.23)  (Figure 28a);  

∆m=-0.132+0.031×VMD (R2=0.95)  (Figure 28b);  

qinfected=18.969+0.497×VMD (R2=0.92)  (Figure 28c); 

quninfected=-14.171+0.627×VMD (R2=0.96) (Figure 28c).  

As was mentioned before and shown in Figure 24e,f, mass loss shows similar mean 

values of infected and uninfected wood and its variation follows the same tendency. This 

is also reflected in the regression model presented in Figure 28b. However, the same is 

not found for the total energy released. The use of the NCV in calculating the total energy 

released leads to differences in data and, consequently, different models for infected and 

uninfected wood (Figure 28c). 

• Time to ignition (tignition), time in flame (tin-flame) and mass loss (∆m) were negatively 

correlated with the total content of extractives (ECtotal) (r=-0.29, r=-0.30, r=-0.26, 

p=0.000, respectively). The corresponding  regression models are:  

tignition=128.377-5.075×ECtotal (R
2=0.08)  (Figure 29a); 

tin-flame=304.537-9.571×ECtotal (R
2=0.09)  (Figure 29b); 

∆m=21.303-0.327× ECtotal (R
2=0.07)  (Figure 29c). 

• Time to ignition and mass loss were negatively correlated with dichloromethane-

extractable substances (-0.38. p=0.000 and r=-0.21, p=0.046).  

• Time in flame was correlated negatively with water-extractable substances (r=-0.35, 

p=0.001) and positively with ethanol-extractable substances (r=0.40, p=0.000). 

• The total energy released was negatively correlated with ethanol-extractable substances 

(r=-0.22, p=0.034). 
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5.4. Conclusions 

The flammability properties of Bursaphelenchus xylophilus-infected and uninfected 

P. pinaster wood were studied. The tests were performed in the cone calorimeter for the heat 

flux of 16 kW/m2.  

Statistically significant differences were found between infected and uninfected 

wood for time to ignition, time in flame (calculated as a difference between time of flame-out 

and time to ignition), and slight differences were found for mass loss (calculated as a 

difference between initial and final mass). For all these parameters, the values obtained for the 

uninfected wood were lower than those for the infected wood.  

Considering tree cross-sections, the mass loss rate curves were positioned differently 

for infected and uninfected wood for the trunk at 6 m and 1.5 m, where infected wood 

presented lower mass loss rate values. Samples of infected and uninfected wood from the top 

of the trunk have a similar mass loss rate.  

HRR, calculated as the product of the mass loss rate (mass burning rate) per unit of 

exposed surface area and heat of combustion, follows the tendency found for the mass loss 

rate. As the calorific values (GCV and NCV) were lower for infected wood than for the 

uninfected, the differences in HRR become more accentuated. As a result, for all three cross 

sections, infected wood has lower HRR than the uninfected wood. Consequently, the infected 

wood revealed a statistically significant decrease in the values of the total energy released.  

A statistically significant correlation (p<0.01) was found between the total extractive 

content and time to ignition, time in flame and mass loss. Dichloromethane-extractable 

substances (waxes, fats, resins, sterols, non-volatile hydrocarbons, low-molecular-weight 

carbohydrates, salts, and polyphenols) play a significant role in the ignition process, which is 

reflected by a statistically significant correlation between these extractives and time to 

ignition (p< 0.001).  

The results show that infected wood has less energy potential than uninfected wood, 

which has particular importance for bioenergy production units. Additional studies are needed 

involving the operation of boilers using uninfected biomass.  

 

 
 

 



 

 

CHAPTER 6. The socio-economic and 

environmental impact of PWD: the perspective of 

Portugal  
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6.1. Assessment of the direct and indirect economic impacts of 
PWD in Portugal and Europe 

The destructive economic impact of the pinewood nematode (PWN), mentioned 

in various studies undertaken in Japan, Canada and the United States, is usually related to 

the annual loss of pine timber and restrictions on the trade of raw softwood, causing a drop 

in export value and the consequent depression of the wood chip and lumber industries 

(Bergdahl, 1988; Gu et al., 2006; Webster and Mota, 2008; Zhao et al., 2008). 

The PWN, believed to be native to North America, has been found in at least 36 

states of the United States, but there is no indication of large-scale mortality of conifers 

(Bergdahl, 1988). This contrasts with the situation in Japan, where pine forests have 

suffered losses of over 46 million cubic meters of wood in the last 50 years (Zhao et al., 

2008). Although PWD has been known in Japan since the early 1900s, the PWN was only 

confirmed as the causal agent of PWD in 1971 (Kiyohara and Tokushige, 1971). At the 

beginning of the 1980s, various countries (Finland, Norway, South Korea, and Sweden) 

placed a permanent or partial embargo (restrictions included kiln dried lumber) on conifer 

wood from North America, Japan and other regions known to have the PWN. In 1985, 

additional restrictions on the importation of coniferous wood were recommended to all 

countries members of the European Plant Protection Organization (EPPO). These 

embargoes significantly affected the export trade, and according to the United States 

Department of Agriculture, Foreign Agriculture Service, Forest Products Division, the 

export value of wood and wood products dropped considerably during the period from 

1981 to 1986: from $652.57 million to $510.08 million for softwood lumber, and from 

$290.18 million to $118.60 million for chipped wood (Bergdahl, 1988). 

In 2008, the Food Chain Evaluation Consortium (FCEC) reported the results of a 

detailed analysis of the socio-economic impact of different scenarios (complete ban, soft 

ban and no ban) for the movement of susceptible wood products from Portugal to the rest 

of the European Community (FCEC, 2008). Direct and indirect impacts were assessed. The 

direct impact was measured by the value of losses in the export of round wood, sawn wood 

and wood packaging material (WPM). The indirect impact was measured by the reduced 

demand for raw material due to export activity decrease, costs in management strategies 

and disease control.  

Three following scenarios were considered:  
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1) complete embargo (ban), when all susceptible species (i.e., coniferous wood), whether 

treated/marked or not, including imported pallets, were banned;  

2) “soft” embargo, when the movement of susceptible Portuguese wood out of Portugal 

would be banned, except duly marked and treated WPM under a strengthened control 

system and WPM produced by the other Member States (MS) of the European Union 

(EU);  

3) no embargo.  

The complete ban scenario brought drastic consequences for the Portuguese 

economy. Trade, the WPM industry, sectors upstream of the WPM industry (forestry and 

saw milling), sectors downstream of the WPM supply chain (industries using WPM and 

transport/logistic), and the wider economy were considered for an estimation of the overall 

impact. The study calculated that in the short term (1 year), the following losses could be 

expected (FCEC, 2008):  

• Round wood: € 5 mln export loss, ≈18.4 mln turnover loss; ≈ 970 jobs at risk; 

• Saw milling: € 82.2 mln export loss; ≈ € 126.9 mln turnover loss; ≈ 1,900 jobs at 

risk; 

• Wood Packaging Material industry: € 28.3 mln export loss, ≈ €30.5 mln turnover 

loss, ≈ 430 jobs at risk; 

• Industries using WPM: ≈ € 16 bln turnover loss, ≈ 160,000 jobs at risk; 

• Transport and logistics (excluding transport of susceptible wood): ≈ € 0.55 bln 

turnover loss, ≈ 4,055 jobs at risk; 

• Transport of susceptible wood: € 25 mln turnover loss, ≈ 310 jobs at risk; 

• Costs of collection and destruction of extra pallets (retained in Portugal due to 

embargo): € 11.2 mln; 

• Costs of installation of heat treatment units: € 1.7 mln;  

• The Portuguese economy as a whole: increased public deficit by € 2.5 bln 

(minimum). 

 

The impact of the complete ban scenario for other Member States of the European 

Union comprises: 

• Loss of 57 bln euros per year due to decrease of Portugal’s Gross Domestic Product 

and reduced imports;  
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• Reduced exports by Portugal will mean some opportunity for additional exports for 

other MS, although this opportunity would be smaller than the potential loss of 

exports to Portugal; 

• More complex and costly logistics in Europe due to the ban on wood pallets 

produced in Portugal; 

• An increase in pallet production in other MS to compensate for the loss of 

production in Portugal and for the retention of pallets in Portugal due to the 

embargo; 

• Increased activity on the part of Spanish ports to compensate for the reduction of 

export/import activity in Portuguese ports. 

It was concluded that no-ban and “soft” ban scenarios had fewer economic 

consequences, mainly related to the loss in forestry value and the impact on trade due to 

the increase of costs related with the imposition of the International Standard For 

Phytosanitary Measures No. 15 (ISPM 15 2009). 

The economic impact after 22 years (2008-2030) of an uncontrolled PWN 

infestation in the EU was studied in details by Soliman et al. (2012) by integrating the 

information on climate, spread of the PWN and value of forestry assets in Europe. The 

direct impact assessment (only loss in standing stock, costs of mitigation not included) was 

based on the assumption that any regulatory control measures or changes in the structure of 

the standing stock are applied. The assessment of the total (direct and indirect) impact, 

namely, the impact on social welfare, was based on the functional relationship for supply 

and demand to determine the market equilibrium. Two spatial resolution levels were 

applied, where coarse resolution involves units NUTS-1 and NUTS-2 (Nomenclature of 

Territorial Units for Statistics, EC 2003) and fine resolution considered units 1x1km2 grid 

cells. The cumulated direct impact obtained for the coarse resolution level was 24% higher 

than that for the fine resolution level due to spatial aggregation on the temperature data 

level (climatic conditions of PWD spread). 

The results of the economic assessment performed by Soliman et al. (2012) 

demonstrated a large economic impact for the softwood industry in the EU. High timber 

losses are expected in Portugal, Spain, Italy and France. An extreme situation has been 

predicted for Portugal and Spain, where losses in standing volumes may achieve 

respectively 89% and 84% of total stock. A lesser impact was predicted for Italy, where the 
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PWN is believed to be present in only a few areas in the northwest. As for France, only the 

southern part of the country was predicted to be affected. 

The cumulated wood loss in 2030 under unregulated PWN spread, calculated in 

fine resolution level, was estimated at 22 bln euros, and the reduction in social welfare at 

218 mln euros. Such a large difference in the estimated values was explained by the fact 

that the direct impact represents a decrease in the value of standing forestry stock, while 

the total impact involves the changes in the yearly wood flow to market, where 

accumulation is slow and takes a long period of time after the standing stock is considered 

as lost due to PWD (Soliman et al. 2012). The planting of resistant trees will not change 

the situation, while in 22 years (time frame under analysis), they will not yet have been 

harvested to supply the round wood market.  

6.2. Framework for modelling the impacts of PWD: the 
context of Portugal  

The negative impact of the PWN is more complex than described in the above 

referred studies. Besides the economic impact expressed by enormous annual loss of 

timber, drop in the export value of wood and wooden products (with a consequent impact 

on woodworking industries) and increasing costs in disease control management 

procedures regarding the wood trade, the PWN leads to even more drastic environmental 

impact including changes to the forest ecosystems (tree species conversions), loss of 

biodiversity, wildlife habitat destruction, and soil and water conservation (Zhao et al., 

2008). To understand the real impact of PWD in the context of Portugal, its assessment 

should be performed considering all the particularities of forestry, relationships between 

forestry sectors and related industries, and environmental characteristics. A simplified 

scheme showing the socio-economic and environmental aspects of the PWD impact is 

presented in Figure 30.  
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Figure 30. Economic (marked by blue) and environmental (marked by purple) aspects of the impact of PWD 
in the context of Portugal. Events are marked by yellow. 
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Forest areas account for 39% of the territory of mainland Portugal and are mainly 

represented by four species: eucalyptus (Eucalyptus globulus, 26%), maritime pine (Pinus 

pinaster, 23%), cork oak (Quercus suber, 23%) and holm oak (Quercus rotundifolia, 11%) 

(AFN, 2013). Maritime pine stands are located mainly in the northern part and some 

regions of the central part of mainland Portugal. Eucalyptus stands are typically located 

along the western part and in few interior regions in the central and southern parts. Cork 

oak stands predominate in south-western Portugal, and holm oak in the south-east. More 

than 80% of the forest is privately owned and fragmented into very small stands (<5 ha), 

whose owners frequently have no production strategy due to the high costs of forest 

management. The strong presence of small private property constitutes an enormous 

obstruction in the implementation of national/regional forest management and production 

strategies for both National Forest Authority and associations of forestry producers.  

Unlike the forestry sectors that focus on eucalyptus, cork oak and holm oak 

resources, the softwood forestry trade does not have strong bilateral cooperation between 

woodworking industries and forest owners regarding incentives from industrial sectors to 

encourage maritime pine plantations. Before PWD spread over the territory of mainland 

Portugal, the main risk of investment in the forest (and particularly in pine forests 

characterized by long-term profitability) has been associated to forest fires, which 

constitute a serious problem in Portugal (Gomes, 2006; Viegas et al., 2009). In recent 

years, this risk has increased due to the PWN, which discourages owners to invest in new 

pine tree plantations with a return period of 40-50 years. Therefore, eucalyptus plantations 

with 10-12 year return period have become an attractive alternative. The data from the 

National Forest Inventories (NFI), carried out between 1963 (1st inventory) and 2010 (6th 

inventory), demonstrate the structural changes that have taken place in forest stands in 

Portugal (Figure 31) (AFN 2010, 2013).  

During this period, stands of maritime pine were decimated because of forest 

fires, increasing interest in eucalyptus plantations (stimulated by the evolution of paper and 

pulp production industry) and PWD (the influence of this factor have become significant 

approximately from 2005). According to NFI-6 (AFN 2013), the total area of maritime 

pine stands decreased in 263,000 hectares between 1995 and 2010. Most of this area was 

transformed into shrublands and grasslands; 70,000 hectares were converted into 

eucalyptus stands and 13,700 hectares into other species, while 13,000 hectares was 

transformed into urban areas. The decrease in the investment in the maritime pine forest is 

reflected by the negative variation of areas reforested with maritime pine, while the 
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positive variation of areas reforested with eucalyptus clearly shows increased interest in 

species with lower return period of timber production (Figure 32). 

 

 

Figure 31. The evolution of forested areas per species (maritime pine, eucalyptus, cork oak and holm oak) 
according to the data of the National Forest Inventories (NFI) carried out between 1963 and 2010. 

 

 

 

Figure 32. Evolution of reforested areas per species (maritime pine, eucalyptus, cork oak and holm oak) 
according to the data of the National Forest Inventories (NFI) carried out between 1995 and 2010.  
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Concerning changes in the structure of forest stands due to the impact of forest 

fires plus PWD, two scenarios are possible, which are reflected in Figure 30.  

In the first scenario, economic interests are forcing the emergence of an extensive 

monoculture of eucalyptus forests, particularly in the central region of Portugal, which has 

favorable climatic conditions for this species. Eucalyptus forests reduce biodiversity and 

eliminate other social, cultural and economic benefits of pine forests, such as recreation 

opportunities, hunting and the production of non-wood products such as mushrooms, 

berries and medicinal plants. Monoculture forests are more susceptible to plant disease 

propagation. Due to the lack of fuel type interruption, monoculture forests may be more 

susceptible to extensive and highly destructive forest fires (however, the study performed 

by Fernandes (2009) suggests that flammability is a function of stand structure, rather than 

cover type). The aerodynamic and combustion characteristics of eucalyptus bark increase 

spotting distance and contribute to the appearance of large-distance spot fires, which is an 

important mechanism of forest fire spread (Almeida, 2011). 

The substitution of one type of forest production (pine) for another (eucalyptus) is 

not the worst perspective. A less desirable scenario is related to the interaction of factors 

such as increasing risk in forest investment and the abandonment of rural areas (this trend 

began in Portugal in the 1950s and is still not reversed). These factors together may 

intensify the tendency for the abandonment of forested areas and suspension of any type of 

investment in forest and forest fuel management. Forested areas will become highly 

susceptible to wildfires due to the accumulation of the biomass available for combustion, 

and appropriate conditions for extreme fire behavior. Consequently, conditions will be 

created for the occurrence of spot fires. 

In both scenarios, large forest fires will cause environmental destruction, soil 

erosion, and the degradation of burned forested areas susceptible to transformation into 

shrubland or grassland (Dennis 2001, Morton 2003, Keeley 2012). The emission of 

greenhouse gas emission is another critical environmental consequence of forest fires. 

Large amounts of pollutants emitted due to forest fires will impact air quality and human 

health (Morton 2003, Miranda et al 2005, Narayan 2007). Due to extensive burned forest 

areas, carbon sequestration through forestry will decrease. 

All the abovementioned environmental factors will produce considerable social-

economic damage and constitute an indirect economic impact of PWD, which may be 
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rather more than the direct economic impact expressed by disturbances to wood trade and 

wood working industries.  

6.3. Fuel management strategies and economic factors in 
PWD control strategy 

Considering the frequent long distant distribution of the PWN due to human 

(economic) activities, the application of phytosanitary actions in pine stands would not 

prevent the spread of PWD unless economic factors are intended as additional regulatory 

measures to control PWD. This approach suggests the need for the application of proper 

fuel management strategies (including phytosanitary actions) supported by proper 

economic activities.   

 Fuel management involves the creation of fuel-breaks and fuel modification in 

quantity/structure/type, in other words, the creation of a forest mosaic structure. It should 

be noted that the modification of fuel type in the context of PWD does not imply the 

conversion of pine-tree plantation into other forest types (even if this involves natural 

forests with more ecological services, as suggested by Yu et al. (2011) concerning the 

strategy for PWD control in China), because it can lead to the complete extinction of pine-

tree species, which cannot be considered as an ecological gain.  

The creation of a forest mosaic structure is crucial to modify fire behavior and 

landscape fire spread (Fernandes 2013), and is also of a great importance for PWD control. 

The potential spread of the PWN is strongly associated with the flight capacity of the 

insect vector. Using insect vector dispersal models and models describing the relationship 

between pine tree, nematodes and insect vector, it is possible to determine the area where 

the PWN can be transmitted. In recent years, this methodology has been explored in 

different studies in an attempt to develop mathematical models of the PWD transmission 

dynamic (Robinet 2011, Shi and Song 2013). However, these models were mainly used for 

(i) the evaluation of the PWD spread across Europe and consequent economic impact 

(Soliman et al. 2012), or (ii) the evaluation of eradication (clean cut) strategy to be applied 

in infected pine stand (Shi and Song 2013). No references have been found to studies 

dedicated to the application of PWD spread models in the context of the development of 

forest mosaic structure.  

It is obvious that the forest mosaic structure should be developed at the level of 

regional forest management and production strategy. In the context of more than 80% of 
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privately owned forest, fragmented into very small parcels, this becomes a challenge. 

Furthermore, the subsequent application of fuel management strategies (aimed at stand 

improvement) and phytosanitary strategies brings high costs. To encourage small-scale 

forest producers to carry out organized fuel management of timber production forests with 

long-term profitability, and to compensate for the high costs of fuel management, it is 

necessary to develop a number of economic activities providing short- and medium-term 

profitability using both wooden and non-wooden products. Of these, particular attention 

should be given to the installation of small-scale bioenergy production systems (<1MW) 

using residual biomass from timber stand improvement actions such as thinning, pruning, 

first commercial, and forest cleaning operations related to application of phytosanitary 

actions and forest fire prevention (Soliño 2009, Reva et al. 2010). Such bioenergy 

production systems are extremely important in the context of PWD control. When installed 

in proximity with pine tree stands, they will help reduce the long distance transportation of 

infected wood avoiding both the risk of disease spread and significant costs related to the 

application of phytosanitary measures for wood transport (the use of insecticide net or 

thermal treatment of wood). Besides, the infected wood becomes new economic value. 

Thus, when PWD is considered in the broader perspective and is linked to all 

factors critical for forestry development, it became clear that its efficient control is strictly 

related to solving of many of the other problems of the forest sector. In fact, the solution 

involves the modelling and application of fuel management systems based on the spatio-

temporal integration of different layers related to socio-economic and environmental 

issues, including PWD spread, fire regimes, stand growth with respective fuel management 

operation, woodworking industries and forest-oriented socio-economic activities.  

 

 

 
 
 
 
 
 
 



 

 

CHAPTER 7. General conclusions 
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The pinewood nematode (PWN), Bursaphelenchus xylophilus, the causal agent of 

pine wilt disease (PWD), is considered one of the most serious threats to pine forest 

worldwide. The negative impact of the PWN, mentioned in various studies undertaken in 

Japan, Canada, China and the USA, is usually related to economic damage induced by the 

annual loss of timber and restrictions on the movement of susceptible wood and wood 

products leading to significant economic losses (Bergdahl 1988, Webster and Mota 2008, 

Mota and Vieira 2008; Vicente et al. 2012). This study focuses on another important 

economic aspect, which has only been studied as a pure science up to now, concerning the 

impact of the PWN on wood quality and the consequent changes in the technological value 

and price of the infected wood.  

A nematode attack induces various biochemical and anatomical changes, water 

stress and loss of resin production (Kuroda et al. 1988; Kuroda 1991, 2008), which 

suggests that there may be changes in the properties of the wood. It is extremely important 

to understanding the impact of the nematode infection on the properties of the wood in 

order to evaluate the potential supply of pine wood as a raw material for woodworking 

industries and the advantages/disadvantages of its use in certain products. 

According to the study developed by Rodrigues et al. (2010), a nematode attack 

induces a 4-13% decrease in the main mechanical parameters of infected wood, such as 

basic density, axial compressive stress, modulus of elasticity and work to maximum 

bending load. This research evaluated the impact of the PWN on the chemical and physical 

properties of P. pinaster wood, specifically, on basic wood density, elementary chemical 

composition, content of extractives, sorption properties, gross calorific value and 

flammability. The relationship between these parameters was also analysed. 

Pinus pinaster trees were sampled in forested areas in the Central region of 

Portugal (Oliveira do Hospital municipality, Coimbra District). Samples of trunk cross-

sections (1.5m, 6-8m from the base and from the top) and crown branches were collected.  

Two samplings were performed. During the first sampling, the samples were collected 

from trees with visible PWD symptoms without specification of the age of the tree. During 

the second sampling, the samples were collected from trees of the same age (approximately 

40 years) with and without visible PWD symptoms. The nematode screening, identification 

and counting was performed for all samples. 

The chemical composition and GCV were studied for the first group of samples. 

The values obtained for the parameters for PWN infected wood were compared with those 
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mentioned in the literature, which were assumed to be the values of parameters for 

uninfected wood. The following results were obtained (Chapter2): 

• The GCV of infected wood presented lower values compared to uninfected wood 

(mean values of 19.79 MJ/kg and 20.25 MJ/kg, respectively). Despite the lowering of 

the GCV of PWN-infected wood, these values were positioned on the threshold 

between the general ranges of the GCV for hardwood (18.6-19.8 MJ/kg) and softwood 

(20.0-22.5 MJ/kg) species (Resch 1982). 

• A regression analysis showed that there was no strong correlation between the number 

of pinewood nematodes (PWN/100 g wood) and the GCV. It also showed statistically 

significant (p<0.05) moderate positive correlation with C, moderate negative 

correlation with O and H, and no correlation with N and Ash contents. 

• The results of the Student t-test indicated statistically significant (α<0.05) difference 

for the GCV, H and N contents for infected and uninfected wood. The C, O, S and Ash 

contents for infected and uninfected wood did not differ statistically. 

Basic wood density, extractive content, sorption properties, gross calorific 

value, and flammability were studied for the second group of samples. The results 

obtained for PWN-infected and uninfected wood were then compared (Chapters 3, 4, 5). It 

was found that: 

• A nematode attack induces a 2% reduction in the mean basic density of the tree (466 

kg/m3 for infected and 475 kg/m3 for uninfected). No statistically significant 

correlation was found between the number of nematodes (PWN/100 g wood) and  basic 

wood density; 

• For uninfected trees, the total extractive content decreased continuously along the tree 

(base-to-top direction), while for infected trees, the extractives had an inverse 

distribution. In general, the total extractive content in the trunk of infected trees (5.98% 

d.w.) was less than that of uninfected trees (8.90% d.w); 

• The differences in the total extractive content and in the content of water- and ethanol-

soluble compounds of infected and uninfected wood were statistically significant at 

p<0.05. The content of dichloromethane-extractable compounds did not differ 

statistically; 

• A statistically significant positive correlation between the number of nematodes 

(PWN/100 g wood) and the total extractive content was found; 
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• Lower wood density and higher values of extractive content were found at 6-8 m and at 

the top of the trunk of infected trees, thereby identifying  the part of the tree trunk most 

affected by the nematode attack; 

• A similar response of infected and uninfected wood was found when the ambient 

conditions (temperature and relative humidity of air) were varied on an hourly basis. 

The adsorption isotherms for infected and uninfected wood showed a similar trend; 

• The equilibrium moisture content (EMC) of the uninfected wood (characterized by a 

higher total content of extractives compared with infected wood) was less than the 

EMC of the infected wood for RH below 70%. The inverted position of the EMC of 

infected and uninfected wood which  means a high extractive content, corresponding to 

high EMC, was observed for RH above 70%, which leads to the conclusion that the 

extractive content is not the main factor determining the EMC for infected wood and it 

is most likely related with the nematode attack; 

• The gross calorific values (GCV) for second sampling group, obtained for un-extracted 

infected and uninfected P. pinaster wood, were similar to those obtained for the first 

sampling group presented in Chapter 2; 

• The gross calorific value increases with the increase in the total extractive content. A 

high statistically significant positive correlation was found between the variation of the 

GCV (∆GCV), GCVun-extacted-wood and total content of extractives and dichloromethane-

extractable substances for all wood samples, both infected and uninfected; 

• The dichloromethane-extractable substances were the only explanatory variable in the 

multiple regression model for all samples of infected and uninfected wood and for 

samples of infected wood. Fitting curves, resulting from the multiple regression 

analysis, demonstrate the positive effect of the total content of extractives and 

dichloromethane-extractable substances on the ∆GCV; 

• Statistically significant differences between PWN-infected and uninfected wood were 

found for time to ignition, time in flame (difference between time of flame-out and 

time to ignition), and slight differences were found for mass loss (calculated as a 

difference between initial and final mass). For all these parameters, the values obtained 

for the uninfected wood were lower than those for the infected wood. 

• Infected wood has a lower mass loss rate than uninfected wood, obtained for the trunk 

at 6 and 1.5m. Samples of infected and uninfected wood from the top of the trunk have 

a similar mass loss rate. 



 

96 

 

• For all tree cross-sections, the infected wood has a lower heat release rate than 

uninfected wood. There was a statistically significant decrease in the values of the total 

energy released for infected wood;  

• A statistically significant correlation was found between the total extractive content 

and time to ignition, time in flame and mass loss. Dichloromethane-extractable 

substances (waxes, fats, resins, sterols, non-volatile hydrocarbons, low-molecular-

weight carbohydrates, salts, and polyphenols) play a significant role in the ignition 

process, which was reflected in the statistically significant correlation between these 

extractives and time to ignition. 

Despite the differences in basic wood density, extractive content, sorption 

properties, gross calorific value, and flammability, the overall conclusion is that the 

PWN has a slight impact on these characteristics of wood. However, there are some 

related issues concerning the industrial use of P. pinaster wood that needs additional 

studies.  

The 2-4% decrease in basic wood density and up to 13% in the other main 

mechanical parameters of infected wood (axial compressive stress, modulus of elasticity 

and work to maximum bending load, (Rodrigues et al. 2010)) may have a negative impact 

on the life cycle of final products. From the other side, the use of PWN-infected wood, 

characterized by a lower extractive content, may have some advantages for the pulp 

industry. In fact, the presence of extractives in raw material affects the pulp bleaching 

response (Baptista et al. 2006) and is one of the problems of pulp production causing 

potential loss of pulp yield (Morais and Pereira 2012). The fact that infected wood has less 

energetic potential than uninfected wood has particular importance for bioenergy 

production units, and additional studies of operation of boilers using uninfected biomass 

are needed. In the context of mentioned above issues, price valuation of PWN infected P. 

pinaster wood is still an open question.  

Chapter 6 discussed the socio-economic and environmental aspects of PWD in 

the context of Portugal. The destructive economic impact of the PWN is related to an 

annual loss of pine timber affecting the supply of raw material to the woodworking 

industries. The economic impact becomes more significant when there is a permanent or 

partial (restrictions included kiln dried lumber) embargo on conifers and suspected wooden 

materials. The restrictions on the trade of raw softwood and wood packaging materials 

cause a drop in the export value and the consequent depression of the wood chip and 
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lumber industries. However, the real negative impact of PWD is more complex, and 

involves different economic and environmental aspects. Indeed, another important aspect 

in the evaluation of the destructive economic impact of the PWN is related to the decrease 

of the economic value of pine plantations due to high tree mortality, costly phytosanitary 

measures, and the devaluation of the infected wood. The loss of economic interest in pine 

timber production (considered as a main purpose of pine production forests) leads to a 

decrease of investment into pine forests and the replacement of the pine with other species 

(other economic interests), or complete abandonment of the stands. The environmental 

impact, related to the loss of biodiversity and changes in forest ecosystems, results from 

these changes. In Portugal, PWD “coincides” with another critical problem: forest fires. 

When joined together, this two “hot” topics drastically increase the level of environmental 

damage due to the GHG pollutant emissions, the degradation of burned areas, a decrease in 

carbon sequestration and biodiversity, and changes of forest ecosystems, wildlife habitat 

destruction, soil erosion, disturbances in water conservation. This environmental damage 

will bring additional economic losses that may be significantly higher than the direct 

economic losses related to the loss of pine timber and trade in pine wood and wooden 

products.         

These annotations show the real danger that the uncontrolled spread of PWD 

poses to Mediterranean countries (where forest fires constitute the major natural disaster), 

thereby stressing the importance of phytosanitary measures and disease control actions. 

Besides, the PWD control measures, which nowadays focus mainly on eradication strategy 

through the clean cut, should be considered in a broader perspective, taking into account all 

the factors influencing the trend of the forest sector development and the development of 

industries based on the use of forest resources from both an economic and environmental 

perspective, such as apply small-scale bioenergy production systems (<1MW) using 

residual biomass from timber industries and silvicultural actions such as thinning, pruning, 

first commercial cut, and forest cleaning operations related to the application of 

phytosanitary actions and forest fire prevention. This approach is poorly studied and is a 

challenge for further work.   
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