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ABSTRACT

ABSTRACT

Pinus pinaster Ait. (Maritime pine) is one of the most important native species
in Portugal, occupying 23% of the national forestry area. Due to its economic
importance, a national tree improvement plan for this species has been in operation
since the early 1980’s. The maritime pine breeding programme is presently in its
second generation of selection (the progeny trials reported in this study are part of
this programme). The main objective of this thesis was to study the genetic control of
wood properties promoting wood quality of P. pinaster, paying special attention to
the genetic relationships between them and with growth traits. This work
contributes to the Portuguese P. pinaster breeding programme by adding
information on wood quality of 46 open-pollinated families that belong to its first
generation, which were represented in a progeny test that was burned by a forest

fire.

The results indicate that ring density is the most heritable (h?=0.63) of the
variables studied. Also, results pointed out that under Mediterranean climate
conditions, P. pinaster earlywood characteristics are subject to a stronger genetic
control (h?pnp)=0.54, h2Ewp)=0.60) than latewood components (h?wmxp)=0.34;
h? 1wp)=0.26), which might be more depend on environmental conditions. Pith to
bark trends showed that heritability values increase with age for most wood-density
components and that age-age genetic correlations for wood density components are
generally high, indicating the possibility of early selection. Also, the results showed
that genetic correlation between all wood density components were higher than the
corresponding phenotypic correlations, indicating that trait evaluation based on
phenotypic correlations rather than genetic ones would result in an underestimation
of potential gains from indirect selection. Furthermore, all wood density components
were highly genetically correlated with ring density (0.79<rg<1) and also closely
associated among themselves, indicating that these traits are probably largely
controlled by the same set of genes, and that selection for one characteristic should

result in a simultaneous response of associated traits.

Data indicated that ring density has a negative genetic correlation with the

lignin content (rg=-0.16), which is desirable if the final purpose is pulp production.




ABSTRACT

Concerning the genetic control of radial modulus of elasticity and radial modulus of
rupture, results showed that these traits are under a moderate genetic control
(h?=0.34 and h?=0.31, respectively), suggesting possible genetic gains by selection for
higher resistance and elasticity. These traits were positively correlated with ring

density and spiral grain, while the correlations with lignin content were negative.

Genetic and phenotypic correlations between growth and wood quality traits
were also studied, as well as the possible consequences of selection for growth at
early ages on wood quality. The results showed that genetic selection based on
growth will not result in a decrease of wood density and will not affect the spiral
grain intensity. Furthermore, it is possible to select for growth improvement with an

increase in the radial modulus of elasticity and with lower lignin proportion.

A major difficulty in estimating additive genetic parameters is the assumption
of an average genetic relationship between the progeny in an open pollinated trial of
0.125, which can produce bias. In order to avoid bias in the genetic parameters
estimations, the mean value of coancestry coefficient of the families was estimated
using microsatellite markers. A mean coancestry coefficient of 0.130 was obtained,

and it was concluded that the associated error in a heritability estimates was low.

In order to explore the possible effect that previous parameters estimates may
have on P. pinaster improvement, expected genetic gains were estimated for several
family based multi-trait selection indices for two possible final use scenarios, namely
solid wood and other for pulp production. The results showed that several of the 10
best families are common for the two final use scenarios, and that it is possible to
select a group of families that will give good results for solid wood end use or pulp
production. These findings comprise an important contribution to a small country
with limited financial resources like Portugal, since it addresses the optimization of
resources with a multi-option use in a small breeding programme such as

Portuguese P. pinaster




RESUMO

Pinus pinaster Ait. é uma das mais importantes espécies florestais
Portuguesas, ocupando 23% da area florestal nacional. Dada a sua importancia
econdmica no pais, foi implementado um programa de melhoramento no inicio dos
anos 80. Este programa esta presentemente na sua 22 geracao de selec¢do, sendo que
o ensaio utilizado no presente estudo é parte desse programa. Esta tese teve como
principal objectivo o estudo do controlo genético de algumas das mais importantes
propriedades da madeira da P. pinaster, dando especial atencao as relagdes genéticas
entre as caracteristicas e entre estas e os parametros de crescimento. Pretendeu-se
com este trabalho contribuir para o programa de melhoramento da P. pinaster,
adicionando informacdo sobre a qualidade da madeira de 46 familias de polinizacdo
livre pertencentes a 12 geracdo deste programa, representadas num ensaio que foi
alvo de um incéndio no ano de 2003.

Os resultados obtidos indicam que a densidade média do anel foi a
caracteristica estudada que apresentou valores mais elevados de heritabilidade
(h?=0.63). Os resultados obtidos indicam que nas condi¢des mediterraneas as
caracteristicas do lenho inicial estdo sujeitas a maior controlo genético (h? mnp)=0.54,
h? Ewp)=0.60) do que as do lenho final(h? wmxp)=0.34; h? 1wp)=0.26), as quais estdo mais
dependentes de factores ambientais. Os valores de heritabilidade aumentaram da
medula para o cimbio para a maioria das componentes da densidade, sendo que as
correlagdes genéticas entre idades para estas caracteristicas foram geralmente altas,
indicando a possibilidade de seleccdo precoce. As correlagdes genéticas obtidas entre
as diferentes componentes da densidade foram mais elevadas do que as
correspondentes correlagdes fenotipicas, indicando que a realizacdo de seleccao
indirecta com base nas correlacdes fenotipicas em lugar da utilizagdo das correlagdes
genéticas ira resultar numa subestima dos possiveis ganhos genéticos. As diversas
componentes da densidade apresentaram correlacdes genéticas elevadas com a
densidade média do anel (0.79<rg<1), bem como entre elas, indicando que estas
caracteristicas podem ser controladas, pelo menos em larga medida, pelo mesmo
conjunto de genes, e que a seleccdo para uma determinada caracteristica ird resultar

numa resposta simultanea das caracteristicas associadas.
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A densidade do anel apresentou correlagdes genéticas negativas com o teor de
lenhina (rg=-0.16), facto favoravel quando o objectivo final é a produgdo de pasta. No
que respeita ao controlo genético do moédulo radial de elasticidade e do moédulo
radial de ruptura, os resultados indicam que estas caracteristicas estdo sob um
controlo genético moderado (h?=0.34 and h?=0.31, respectivamente), o que sugere a
possibilidade de obtencdo de ganhos genéticos através da seleccdo para uma maior
resisténcia e elasticidade. Estas caracteristicas apresentaram correlagdes positivas
com a densidade do anel e com o fio da madeira sendo, no entanto, negativas com o

teor em lenhina.

Foram também estudadas as correlagcdes genéticas e fenotipicas entre o
crescimento e as caracteristicas de qualidade da madeira, bem como as possiveis
consequéncias da seleccdo para o crescimento em idades juvenis na qualidade da
madeira. Os resultados mostram que a selec¢do baseada no crescimento nio resulta
num decréscimo da densidade da madeira e que nio afecta a inclinagdo do fio da
madeira. Para além disto é possivel seleccionar para um maior crescimento com um
aumento simultdneo do mdédulo de elasticidade radial e menor teor em lenhina. Os
resultados indicam também que a selec¢do para maiores crescimentos aos 12 anos
de idade ndo ira, provavelmente, afectar negativamente as propriedades da madeira

aos 17 anos.

Um requisito para a estimativa das componentes de varidncia e outros
parametros genéticos, para qualquer caracter quantitativo, € o conhecimento do
coeficiente de parentesco. Normalmente em ensaios de polinizagdo livre é assumido
um valor de 0.125 entre as progénies, no entanto a utilizagdo de coeficientes
parentesco incorrectos pode implicar enviesamentos nas estimativas da
heritabilidade. Neste trabalho, o valor médio do coeficiente de consanguinidade
entre as familias utilizadas, foi estimado recorrendo a microsatélites, tendo se obtido
um valor médio de 0.13, o que sugere que o erro associado a estimativa de

heritabilidade é pequeno.

De forma a explorar as o impacto que os parametros genéticos estimados
anteriormente podem ter no melhoramento da P. pinaster, foram estimados os
ganhos genéticos para as diversas familias recorrendo a indices de selec¢do. Foram

considerados dois cenarios de utilizagdo final da madeira, nomeadamente a

viii




utilizacdo da madeira sélida e a producado de pasta. Os resultados mostraram que de
entre o grupo das 10 melhores familias existem varias que sdo comuns aos dois tipos
de utilizac¢do final da madeira, e que é possivel seleccionar um grupo de familias que
irdo produzir bons resultados em ambas as situagdes. Num pais pequeno e com
recursos financeiros limitados como é Portugal, a optimizacdo dos recursos através
da utilizagdo objectivos multiplos, é de extrema importdncia num programa de
melhoramento de pequenas dimensdes, como é o caso do programa de

melhoramento do pinheiro bravo.
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1.1. INTRODUCTION

The Portuguese forestry sector is strategic in providing important benefits to
the environment and the national economy, contributing to nature conservation,
environmental equilibrium, promoting biodiversity, protecting against erosion, and
ensuring air and water quality. The Portuguese Sustainable Forest Development Plan
(DGF 1999) states that forest areas should be managed to ensure optimisation and
compatibility of production and use, concerning the multiple uses of forest resources
and to respect the principles that support sustainability. Forested areas provide a

vital service, acting as ‘carbon pools’ for increasing levels of atmospheric CO, since

they comprise a large proportion of terrestrial vegetal biomass (Pastor and Post
1988). Terrestrial plants annually fix approximately 15% of the atmospheric pool of
carbon by photosynthesis, (Williams et al. 1997). The 21st century has brought new
challenges for forest management and forest ecosystems, which represent a very

promising tool for dealing climate change (Lopes et al 2009).

In Portugal, the forestry sector accounts for approximately 2% of the national
gross domestic product (GDP) and represents 10% of national exports, employing
113,000 workers directly, equivalent to 2% of the national active population (AEP
2008). The economic value per hectare of Portuguese forest is considerably higher
than in other Mediterranean countries (DGRF 2006). Despite the obvious importance
of this sector, Portugal is the only European Mediterranean country where the
average area of forest destroyed by fire per year has increased in the last two
decades. In the 1960’s the average annual area of forest destroyed by fire was only
10,000 hectares. Between 2001 and 2006 the average area destroyed annually by fire
was close to 190,000 hectares, with 60% occurring in forested areas and 40% in areas
covered by shrubs (DGRF 2006). The probability that a given area will burn in other
South Europe countries is approximately 0.5%; in Portugal the probability is 4 to 5

times greater.

The climatic factors characteristic of Mediterranean areas, condition and
determine the number and scale of forest fires whose origin is connected with
diverse structural and socio-economic factors (Baptista 2000). About 85% of

Portuguese forest is privately owned; with only 3% belong to the State, and the
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remaining 12% being communally owned lands. This structure of land ownership

restricts government action on forest management, including forest fire prevention.

According to the National Forest Inventory (2005/2006), maritime pine forest
is one of the largest productive ecosystems, occupying 23% of the forested area

(Table 1.1).

Table 1.1 Forest surfaces occupied by dominant tree Species (DGRF 2007).

Dominant Species Area percentage
Pinus pinaster 23%
Quercus suber 23%
Eucalyptus spp. 21%
Other Oaks 16%
Pinus pinea 3%
Castanea sativa 1%
Other hardwoods 3%
Other softwoods 1%
Young stands 9%

Maritime pine (Pinus pinaster Ait.) is a broadly distributed (Alia and Martin,
2003), highly valuable coniferous species (Pinaceae). Worldwide, P. pinaster is
estimated to cover a total area of approximately 4.4 million ha, of which 4.2 million
ha are located in the Mediterranean basin and Atlantic coast of Portugal, Spain and
France, which corresponds to the natural area of distribution (Figure 1.1). In
remaining areas it has settled as an exotic in other reforested areas such as Australia,

South Africa, New Zealand, Chile, Argentina and Uruguay (Sanz et al. 2006).

Maritime pine wood has an array of uses such as carpentry, structural
engineering material, chipboard, pulp and paper production, floor boards and
palettes and as new source of energy. The increasingly higher demand for wood
results in greater pressure on forest systems (Barnett and Jeronimidis 2003).
Nevertheless, in recent years, society has developed greater environmental

awareness, such as encouraging the purchase of products from sustainable forest




General Introduction | CHAPTER 1

management, thereby introducing a new variable into the production system.
Certification of forest products has become a powerful marketing tool that can
influence competitiveness and market access. One of the guidelines in the
Portuguese Sustainable Forest Development Plan (DGF 1999) is to develop and
ensure competitiveness in the forestry sector, in order to improve quality and
productivity of existing forest areas. In our opinion, tree improvement represents an
important tool since it allows an increase in forest quality and productivity, and

increases awareness of gene resource conservation.

Figure 1.1 Distribution map of maritime pine (in Alia and Martin 2003).

Similar to other countries, Portugal implemented the first measures to
improve maritime pine in the 1960s. However, it was only in the 80s that a structured
plan was implemented to achieve higher quality individuals, a key component of a
modern forestry (Roulund et al. 1988). The first actions consisted in the selection of
plus trees in “Mata Nacional de Leiria” by the senior forester D. H. Perry in 1963-1964,
followed by the establishment of seed orchards obtained by grafting of selected
trees. The selection criteria used was based on volume, stem form, spiral grain and
branch habits. Details on the plus tree selection and the scoring system that was
employed, are described in Perry and Hopkins (1967). Currently, the Maritime pine
breeding programme has reached the second selection generation, and like other
improvement plans its deployment is supported through 10 ha clonal seed orchard

and 60 ha seedling seed orchard. The importance of this tree improvement plan is
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well recognised with expected genetic gains of 21% for wood volume and 17% for

stem form in newly planted material (Aguiar 2007).

Although there is some knowledge on the genetic variation of growth traits
and tree form of P. pinaster (Kremer and Lascoux 1988; Alia et al. 1991; Butcher and
Hopkins 1993; Hopkins and Butcher 1993, 1994; Danjon 1995; Harfouche et al. 1995;
Aguiar et al. 2003; Correia et al. 2004), information concerning genetic control of
wood quality is limited (Chaperon et al. 1989; Lousada and Fonseca 2002; Pot et al.
2002; Lousada 2003). Until now the market has valorised wood quantity and
neglected wood quality. Wood quality is a multi-feature concept that can be studied
at different levels (wood density, chemical composition, mechanical traits, and fibre
dimension) making its evaluation complex and expensive process. Wood quality is a
subjective term, that must be defined in terms of attributes that make it valuable

relative to a given use (Jozsa and Middleton 1994).

Wood properties result from the combination of 1) macroscopic morphology -
the presence, extent and distribution of different types of wood tissue (e.g. reaction
wood, heartwood, knots, growth rings); 2) anatomy - types of cells and biometry, and
their proportion; 3) chemical composition - cell wall components and extraneous
materials (Pereira et al. 2003). Wood quality characteristics may be inherent to a
particular species, but can also be influenced by tree growth condition, as well as
many of the traits that are genetically controlled. The wood properties of most
conifers vary considerably as a result of variation in fibre morphology within each
annual ring formed, horizontal and vertical positions in the stem, between trees and

between stands (Zobel and van Buijtenen 1989).

Over time it has been recognised that wood quality and quantity cannot be
treated as independent factors and that wood quality improvement should be
considered in breeding programmes (Zobel and Talbert 1984; Vargas-Hernandez and
Adams 1991; Borralho et al. 1993; Zhang and Morgenstern 1995; Zobel and Jett 1995).
Genetic improvement and silviculture have resulted in the reduction of rotation age
or an increase in growth rate, resulting in an increase in the proportion of juvenile
wood (Kennedy 1995; Hylen 1999; Gapare et al. 2007). In Pinus species, juvenile wood

is usually characterized by shorter tracheids and thinner cell walls compared to
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mature wood, which often produces wood with lower specific gravity, mechanical
strength and more drying defects. Because of its low strength and instability upon
drying, juvenile wood presents limitations for most solid wood products (Zobel and
Sprague 1998). One way to reduce some of the negative effects of short-rotation trees
on wood quality is to breed for improvement of juvenile-wood characteristics

(Nichols et al. 1980; Vargas-Hernandez and Adams 1991; Zamudio et al. 2005).

A serious drawback to the advancement of knowledge of tree improvement in
the Mediterranean region is the frequent occurrence of forest fires. Forest
improvement research often faces partial or complete loss of the study material
before results can be obtained as a result of forest fires, which limits research on

adult trees and advances in this research area.

1.2. OBJECTIVES OF THE PRESENT INVESTIGATION

The main objective of this thesis was to study the genetic control of some of
the most important wood properties for the wood quality of P. pinaster and the
phenotypic and genotypic correlation patterns between the several traits. Intra-ring
wood density components, wood chemical, mechanical and growth traits, were the

traits in study.

With this work we intend to contribute to greater efficiency of Portuguese
improvement programme of this specie, through the development of methodologies
that allow a better accuracy in the evaluation of the genetic control of the
characteristics of growth and quality of wood, using information produced from a
test progeny, that was burned by a forest fire in August of 2003, killing most of the
trees. Thus, data on wood quality traits and growth will be collected on these trees,

and genetic parameters will be estimated.
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1.2.1. Layout of this Thesis

This dissertation consists of 8 chapters. The scientific articles that compose

the core of this thesis (six chapters) were published (2), in press (2) or submitted (2)

to international journals belonging to the Journals Citation Report (JCR).

Chapter 2- Gaspar, M.]., Louzada, ].L., Silva, M.E., Aguiar, A., and Almeida, M.H. 2008.

Age trends in genetic parameters of wood density components in 46
half-sibling families of Pinus pinaster. Canadian Journal Forest Research

38 (6): 1470-1477.

Chapter 3- Gaspar, M.].,, Louzada, ].L., Aguiar, A., and Almeida, M.H. 2008. Genetic

correlations between wood quality traits of Pinus pinaster Ait. Annals of

Forest Science 65 (7): 703.

Chapter 4- Gaspar, M.],, Alves, A., Louzada, ].L., Santos, A., Simdes, R., Fernandes, C.,

Almeida, M.H., and Rodrigues, ].C. Submitted. Phenotypic and genetic
correlations between lignin and wood density components in Pinus

pinaster Ait. Annals of Forest Science.

Chapter 5- Gaspar, M.J., Louzada, ].L., Morais, ]., Fernandes, C., Rodrigues, ].C., and

Almeida, M.H. Submitted. Genetic variations of wood mechanical traits in

46 half-sib families of Pinus pinaster Ait. Silvae Genetica.

Chapter 6- Gaspar, M.],, Louzada, ]J.L., Rodrigues, ]., Aguiar, A., and Almeida, M.H. (in

press). Does selecting for improved growth affect wood quality of Pinus
pinaster in Portugal? Forest Ecology and Management.

Do0i:10.1016/j.foreco.2009.03.046

Chapter 7- Gaspar, M.],, de-Lucas, A., Alia, R, Paiva, ].A.P., Hidalgo, E., Louzada, ].L.,

Almeida, M.H., and Gonzalez-Martinez, S.C. In Press. Use of molecular
markers for estimating breeding parameters: a case study in maritime

pine progeny trial. Tree Genetic and Genomes. DOI 10.1007/s11295-009-
0213-1
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2.1. ABSTRACT

This study contributes to the Pinus pinaster Ait. breeding programme, which is
reaching the third generation, by adding information on wood quality of 46
open-pollinated families from a progeny trial located in Leiria, Portugal, that
originated from seed collected in a clonal seed orchard. A total number of 552
seventeen-year-old trees were sampled at 2m height. Trends were studied from the
pith outward in variance components and heritability (h?) of wood density
components and ring-width characteristics as well as genetic correlations between
cambial ages. Mean ring density (RD), minimum density (MND), maximum density
(MXD), earlywood density (EWD), latewood density (LWD), earlywood width (EWW),
latewood width (LWW), ring width (RW), latewood percentage (LWP) and
heterogeneity index (HI),were determined using X-ray densitometry procedures. RD
had higher genetic control (h?=0.63), and heritability values of earlywood
components (ko) = 0.54, h? Ewn)=0.60) exceeded those of latewood components
(h? mxp)=0.34; h?1wp)=0.26). Heritabilities increased with ring number from pith for
almost all wood-density components, and there were high age-age genetic

correlations for wood density traits (rg> 0.98).

2.2.INTRODUCTION

Pinus pinaster Ait. (Maritime pine) is one of the most important native species
in Portugal, occupying 23% of the national forestry area (DGRF, 2007) and
representing 11% of the total value of forest product exports in 2000 (Correia et al.
2004). The economic importance of this species has led to the development of genetic
improvement initiatives. A national tree improvement plan has been in operation
since the early 1980s (Roulund et al. 1988) with the aim of increasing volume per
hectare and improving stem straightness, which has traditionally been one of the
species drawbacks. Currently, the maritime pine breeding programme has reached
two generations of selection; the progeny trial reported in this study is part of this
programme. This trial contains plants produced from seed collected in the

Escaroupim clonal seed orchard II (Aguiar 1993). This seed orchard includes
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49 genotypes and was established by grafting in 1975-80, to produce improved seed
for afforestation of coastal regions in Portugal. The ortets were obtained from
plus-trees selected in Mata Nacional de Leiria by the senior Forester D.H. Perry in
1963/64. The selection criteria used was based on volume, stem form, spiral grain
and branch habits. Details about the plus phenotypes selected and of scoring system

employed, are described in (Perry and Hopkins 1967).

It is widely recognised that wood quality and quantity cannot be treated in
isolation from each other, and that wood quality improvement should be integral to
breeding programmes (Zobel and Jett 1995; Zobel and Talbert 1984). Furthermore,
reducing rotation age or increasing growth rate typically incurs the risk of increasing
the proportion of juvenile wood (Hylen 1999; Kennedy 1995). In Pinus species,
juvenile wood is usually characterized by shorter tracheids and thinner cell walls
than mature wood, which often produces wood of lower specific gravity. Because of
its low strength and instability upon drying, juvenile wood still presents a problem
for most solid wood products (Zobel and Sprague 1998). One way of reducing some
of the negative effects of short-rotation trees on wood quality is to breed to increase
juvenile-wood density (Gapare et al. 2006; Zamudio et al. 2005). Further, a trait in
mature wood that is highly correlated with its value in juvenile material also
presents advantages in the breeding programme, because the overall length of the
programme will be reduced; hence, forest tree breeding will be more effective. Early
selection would speed up the breeding process and increase the genetic gain
achieved per unit time (Lambeth 1980; Mckeand 1988). A prerequisite of early tests is
a high correlation between the expression of the juvenile and mature traits (Nanson

1970).

Among the desirable wood quality properties to breed for, wood density is
considered the most significant for improvement (Zobel and van Buijtenen 1989)
because of its close relationship with important properties related to technological
traits, and because it is relatively easy to measure. However, given the complex
nature of this trait, variations in wood density can be difficult to interpret, because a
particular wood density value can be derived from various combinations of
components. Overall ring density depends on earlywood (EW) and latewood (LW)

densities, and the relative proportions of each (Vargas-Hernandez and Adams 1991).
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Wood uniformity is another characteristic benefit to be expected from the

application of genetics to wood properties (Zobel and van Buijtenen 1989). Wood
heterogeneity is an important defect, and uniformity of juvenile wood is usually
lower than that of mature wood (Zobel and Jett 1995; Zobel and van Buijtenen 1989).
Thus, reducing variability is usually a main objective of a breeding program
involving wood properties. The knowledge of genetic control of these characteristics
would contribute to a better understanding of the genetics of overall wood density,
permitting manipulation through the alteration of one or more components and,
ultimately, leading to a possible increase in the efficiency of selection for this trait
(Louzada and Fonseca 2002). Studies on different species have found that wood
density is usually a trait with strong genetic control (for review see Zobel and van
Buijtenen 1989). However, there are contradictory results concerning density

components.

The aim of this study is to evaluate the inheritance of mean ring density (RD)
and its components at different cambial ages. The work contributes to the Pinus
pinaster breeding programme by adding information on wood quality of 46
open-pollinated families that belong to the first generation of the maritime pine

breeding programme.

2.3. MATERIALS AND METHODS

The study trial site was Pinhal de Leiria (established in 1987), located in
central coastal Portugal (lat 39°50’, long 8°55’, alt 30m). The site has a Mediterranean
climate, with a mean air temperature of 14.2°C, a mean annual rainfall of 880 mm, and
Spodic Podzols soils derived from costal sand dunes. Seedlings were raised for 9
months in the nursery in plastic bags (250cm3 volume). Seedlings were planted at
2mx2m spacing in March 1987 after harrowing and ploughing the site; no fertilizer
was applied. The trial included 46 open-pollinated families that were 17 years old,
which originated from seed collected in the Escaroupim clonal seed orchard Il

(Aguiar 1993).
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The 46 families were replicated in 3 blocks with 4 trees per plot, giving a total

of 552 trees for analysis. Trees were sampled at 2m height. One internodal wood disc,
10cm thick, was collected and sawn into a 2mm thick radial strip segment from the
pith to bark. The strips were conditioned at 12% moisture content. Radial samples
were X-rayed perpendicular to the transverse section and their images scanned by
microdensitometric analysis (Hughes and Sardinha 1975; Polge 1978). The time of
exposure to radiation was 300s, at an intensity of 18mA and an accelerating tension
of 12kV, with a 2.5m distance between X-ray source and film. The data comprising
the radial density profiles were recorded every 100um with a slit height (tangential

direction) of 455um.

The first and last annual rings of each sample were excluded since they were
usually incomplete. Growth-ring boundaries were identified on the radial profiles by
locating the sharp density variations through visual observation of the macroscopic
anatomical features. For each ring, average (RD), minimum density (MND), maximum
density (MXD), earlywood density (EWD), latewood density (LWD), earlywood width
(Eww), latewood width (LWW), ring width (RW) and latewood percentage (LWP)
were determined. The EW-LW boundary in each growth ring was assigned a fixed
density of 500Kg m3. This density has been used for several conifer species (Barbour
et al. 1994; Fujimoto et al. 2006), even though some researchers have been using the
average of minimum and maximum ring density to define the transition point for
EW/LW (Nicholls et al. 1980; Vargas-Hernandez and Adams 1991; Zamudio et al.
2005). The advantages of using a fixed density to determine the EW-LW boundary
have been well explained by Rudman (1968) and Jozsa et al. (1987). This value of
500Kg m-3 was a result of an adjustment to the value proposed by Louzada (2000)
who compared different criteria and indicated that this is the best density for 18
years old Pinus pinaster. Although this criterion does not allow identifying the
beginning of the LW, it can be used to designate the portions of the ring with a
density higher than the threshold as LW. Intra-ring density variation was quantified
using the heterogeneity index (HI) proposed by Ferrand (1982), defined as the
standard deviation of all density values across the annual ring. Because rings close to

the pith have less volume than those near the bark, they contribute less to the whole
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disc volume. To compensate for this effect, wood density components were weighed

for each ring by its respective cross-sectional area.

2.3.1. Data analysis
All traits, for every ring, were analysed using the following model:
Yijk:}.L + Bj +F; + BXFjj + € jjk [2.1]

where Y represents the phenotypic individual observation, p is the overall mean, B;is
the effect of the jt block (fixed), F; is the effect of the ith family (random), BxFj; is the
effect of the statistical interaction between the it family and the jth block (random);

and € is the residual error. Variance components for family (afz), family-block

interaction (afsz) and residual errors (¢2), with their standard errors, were
estimated by restricted maximum likelihood, using the average information REML

algorithm implemented in the ASREML program (Gilmour et al. 1998).

Narrow sense heritability (h?) was estimated for each trait measured at each

cambial age (ring number) as:
2
2_03
hy= o [2.2]

where 62 represents the additive genetic variance and 62 represents the total
phenotypic variance. Families were assumed to be maternal half-siblings, therefore
the o = 40f2 relationship was assumed to estimate the genetic parameters. It should
be noted that the half-sib relation is an assumption that can be violated to some
degree and an inherent upward bias in estimates of additive genetic variance can be

expected.

Phenotypic variance was estimated as o7 =af2+afsz+a§. Standard errors for

heritability were estimated by ASREML using a Taylor series approximation (Gilmour

et al. 1998).
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Genetic correlations within the same trait measured at two different cambial

ages (X and Y) were evaluated as follows using a multivariate extension of equation

(2.1).

_ Cova(xy) (23]

Ta f 2 2
04Oy

where cov,(x,y) is the additive genetic covariance between two different cambial

ages, and afx and a,fy are the additive variance components for cambial ages X and Y,

respectively.

2.4. RESULTS AND DISCUSSION

Table 2.1 lists summary descriptive statistics for different wood density
components and respective heritability estimates. The RD (474Kgm=3), LWD
(618Kgm-3), and EWD (386Kgm-3) are similar to values reported elsewhere (Louzada

and Fonseca 2002; Markussen et al. 2003) for young P. pinaster trees.

Table 2.1 Descriptive statistics table for different wood density components weighted for the
last ring and respective heritability estimates (standard errors given in brackets).

Trait Mean Std. Dev. Coeff. Var. Min Max h?; (se)
RD (kgm) 474 0.051 10.68 336 655 0.63 (0.190)
MND (kgm?) 308 0.037 12.11 207 445 0.54 (0.184)
MXD (kgm?) 707 0.060 8.51 558 917 0.34 (0.164)
EWD (kgm?) 386 0.026 6.69 304 463 0.60 (0.191)
LWD (kgm®) 618 0.034 5.43 535 732 0.26 (0.141)
LWP (%) 38.196 16.927 44.31 6.420 82.240 0.46 (0.168)
EWW (mm)  2.674 0.876 32.74 0900  6.100 0.32 (0.137)
LWW (mm)  1.556 0.907 58.29 0300 6400 0.31 (0.156)
RW (mm) 4224 0.901 21.33 2500  8.600 0.10 (0.111)a
HI (kgm) 120 0.019 16.05 7 196 - a

RD = Average Ring Density, MND = Minimum Density, MXD = Maximum Density, EWD = Earlywood Density, LWD =
Latewood Density, LWP = Latewood Percentage, EWW= Earlywood Width, LWW= Latewood Width, RW = Ring Width, HI =
Heterogeneity Index; a: in the analysis of variance the differences among families were not significant (p > 0.05); ---- the
heritability value was quantified with the null value




Age Trends in Wood Density Components | CHAPTER 2

Considering these values (LWD 1.6 times higher than the EWD), we can

conclude that this wood can be considered homogeneous when compared with
Pseudotsuga menziesii (Mirb.) Franco, where the LW is 3.5 to 4 times as dense as EW
(Polge 1963). For the ring width characteristics EWW is larger (2.67mm) than LWW
(1.56mm), which also has the larger coefficient of variation (CV). All the growth
variables (RW, EEW, LWW and LWP) have CVs > 21%, whereas wood density variables
tend to have coefficients <12%. Mean values of individual rings for the traits LWD and
MXD increased throughout the core (Fig. 2.1). For the other density traits (RD, MND,
EWD) the density values decreased over the first successive rings, then increased.
Both RW and EWW increased remarkably in the first three rings, followed by a
gradual decline, while LWW was much more constant (Fig. 2.1). Latewood proportion
started with a significant decrease but, at age 4 began to increase gradually to a mean
of 40% at ring number 11 (Fig. 2.1). The pronounced decline in LWP was due to an

enlargement in EWW.

RD was the trait under strongest genetic control (h? = 0.63) (Table 2.1), which
is consistent with results from previous studies on this species. Chaperon et al.
(1989) estimated an h? value of 0.44 for specific density, whereas Louzada and
Fonseca (2002) obtained higher heritability values, varying from 0.53 to 0.74, for
average ring density. However, on 15-year-old trees of the same species in France
Pot et al. (2002) obtained considerably lower values (h?=0.29) for the same trait.
Differences may result from distinct environmental conditions since the heritability
of a certain trait can vary with the population, age and test location, or from random

estimation errors.
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Figure 2.1 Average values of individual rings for all density components until ring 11.

Studies on other Pinus species reveal a multiplicity of results with heritability
estimates ranging from 0.43 to 0.85 (Kumar 2002, 2004; Nicholls et al. 1980; Zamudio
et al. 2002) for P. radiata, and (Talbert et al. 1983) for P. taeda. Heritability estimates
for EW components (h? mnp)=0.54, h? wn)=0.60) are superior to those obtained for LW
components (h?uxp)=0.34; h?@wn)=0.26), confirming that for P. pinaster, EW

characteristics are subject to stronger genetic control and that LW components are
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almost entirely subject to environmental factors. In fact, LWD appears to be more

sensitive to climatic fluctuations (Lebourgeois 2000). Xylogenesis (wood formation)
is controlled by both exogenous (ex: photoperiod, water availability and
temperature) and endogenous (phytohormones) (Paiva 2006). According to Plomion
et al. (2001) in temperate zones EW is formed early in the growing season when
temperature, water availability and photoperiod are optimal for active growth. EW
has thin walled tracheids or fibers with a large radial diameter. The LW, which is
formed in summer or autumn when cambial cell division and expansion rates
decline, has narrower lumens and thicker cell walls. Spring provides optimal
conditions for tree growth and it is during this period that genetic effects stand out.
In summer, growth conditions are less stable due to high temperatures and water

stress, which may increase the phenotypic variance, leading to reduced heritability.

In this study, density components varied significantly among families and
displayed high genetic control; however, none of them presented a higher
heritability than RD, even though there were slightly higher levels for the EW
components (MND and EWD). These results are consistent with those obtained for
Pinus radiata (Nicholls et al. 1980), Pseudotsuga menziesii (Vargas-Hernandez and
Adams 1991; 1992) and Cryptomeria japonica (Fujisawa et al. 1993). In contrast, other
studies on P. pinaster (Louzada and Fonseca 2002), P. radiata (Kumar 2002) and Picea
mariana (Zhang 1998; Zhang and Jiang 1998; Zhang and Morgenstern 1995) indicate

that EWD is the component most dependent on genetic effects.

In theory, these components are of limited value in improving selection
efficiency for wood density (Vargas-Hernandez and Adams 1991). Several authors
(Vargas-Hernandez and Adams 1992; Zhang 1998; Zhang and Jiang 1998; Zhang and
Morgenstern 1995) observed no significant gain in the target trait when using the EW
components, compared to those obtained using RD, meaning that inclusion of these
components would not augment wood density. In contrast, the results of Louzada
and Fonseca (2002), indicate that selection on the basis of EW components could
result in increased wood density and a decrease in ring heterogeneity. Indeed, wood
uniformity (see Zobel and Jett 1995) could be cited as one of the wood properties

most closely associated with profitability (being much sought after by product
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managers). Nevertheless, the inconsistency of results between studies highlights the

importance in identifying the genetic control of these traits.

For other ring characteristics, variation among families did not produce
statistically significant differences (p>0.05) for RW and HI. Variation of these two
components is most likely due to environmental factors, not genetic ones. The low
estimates values for heritability are easily understandable since growth
characteristics (diameter) often exhibit relatively modest heritabilities (Cotterill et
al. 1987; Harfouche et al. 1995; Hopkins and Butcher 1994). In a study by Aguiar et al.
(2003) carried out after 12 years in this progeny trial, heritability of diameter was
estimated at 0.18. Remaining ring characteristics (LWP, LWW and EWW) displayed
intermediate heritability. Our estimated heritabilities for these traits are similar to
those from previous studies of Pinus pinaster (Louzada and Fonseca 2002) and other
conifer species (Fujisawa et al. 1993; Kumar 2002; Nicholls et al. 1980; Vargas-
Hernandez and Adams 1991, 1992; Zhang and Jiang 1998; Zhang and Morgenstern
1995). Although we observed low heritabilities for RW, the moderate values obtained
for EWW and LWW provide a basis for the genetic manipulation of the wood quantity
and quality of this species, in the absence of adverse genetic correlations with other

density components.

2.4.1. Trends in heritability with ring number

This study allows the assessment of temporal change in the genetic control of
these characteristics, because the heritabilities of the different wood properties were
estimated ring by ring. This is important, because genetic control of wood frequently
changes with ring number from the pith (Zobel and Jett 1995). Only density
components showed statistically significant family variation (RW and HI were
excluded) in all rings (Table 2.2 and Figure 2.2), the evolution of estimated

heritabilities and of additive and phenotypic variances with ring numbers.
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Table 2.2 Estimated heritability values (with standard errors given in brackets) of wood density components for rings 2-11.

RING RD MND MXD EWD LWD EWW LWW RW LWP HI

2 0.49 0.20 0.37 0.28 0.40 0.29 0.32 0.08 a 0.40 0.078 a
(0.169) (0.138) (0.148) (0.138) (0.147) (0.133) (0.154) (0.107) (0.157) (0.131)

3 0.45 0.21 0.37 0.31 0.40 0.29 0.33 0.08 a 0.40 0.077 a
(0.170) (0.139) (0.148) (0.143) (0.147) (0.135) (0.155) (0.108) (0.157) (0.132)

4 0.45 0.23 0.39 0.33 0.41 0.28 0.32 0.08 a 0.40 0.092 a
(0.1712) (0.142) (0.150) (0.148) (0.148) (0.133) (0.154) (0.109) (0.158) (0.133)

5 0.51 0.26 0.38 0.35 0.40 0.29 0.31 0.06 a 0.40 0.094 a
(0.173) (0.146) (0.150) (0.153) (0.148) (0.132) (0.154) (0.109) (0.158) (0.134)

6 0.52 0.29 0.40 0.37 0.41 0.29 0.32 0.06 a 0.41 0.098 a
(0.176) (0.151) (0.154) (0.158) (0.149) (0.132) (0.157) (0.112) (0.160) (0.135)

7 0.54 0.33 0.41 0.40 0.40 0.31 0.33 0.06 a 0.42 0.092 a
(0.179) (0.158) (0.155) (0.166) (0.149) (0.136) (0.158) (0.113) (0.161) (0.135)

8 0.57 0.38 0.42 0.44 0.38 0.33 0.32 0.10 a 0.43 0.065 a
(0.181) (0.166) (0.157) (0.172) (0.145) (0.139) (0.157) (0.117) (0.163) (0.130)

9 0.60 0.42 0.38 0.50 0.33 0.33 0.34 0.10 a 0.45 a
(0.184) (0.171) (0.156) (0.179) (0.141) (0.140) (0.158) (0.115) (0.164)

10 0.60 0.46 0.31 0.55 a 0.32 0.32 0.11 a 0.45 a
(0.186) (0.176) (0.156) (0.185) (0.138) (0.158) (0.116) (0.166)

11 0.60 0.50 0.30 0.56 0.13 a 0.31 0.32 0.11 a 0.45 a
(0.187) (0.179) (0.156) (0.187) (0.137) (0.157) (0.113) (0.167)

Note: See table 2.1 for abbreviations
a: the differences between Families were not significant (P > 0.05).
---- the heritability value was quantified with the null value.
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Figure 2.2 Age trends in phenotypic (07) and additive (¢2) variance components, and individual heritability, for average ring density and its
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Heritability estimates increase with ring number for most density
components except for LWD and MXD, which showed decreases from ring 7.
Phenotypic variance decreased with age across all measured density components.
This initial period of high phenotypic variance could be due to juvenile trees
sensitivity to climate fluctuations, land preparation, establishment history (Louzada
and Fonseca 2002), meaning that genetic potential can only be expressed from the 7t
to 9th year of cambial age. The observed increase of the estimated heritabilities in the
components analysed was never attributable to enhanced additive variance. Additive
variance is higher in components: RD, MXD and LWP. However, only RD presents high
heritability whereas MXD and LWP exhibit both high additive variance and
phenotypic variance, resulting in low heritabilities. This indicates that LW formed
during the summer months is subject to strong environmental influences that largely

override the genetic factors.

Results from other species concur that wood density is subject to strong
genetic control. However, conflicting results have been reported concerning changes
in genetic control for wood density and its components with ring number. Previous
studies have found similar increases in the heritability of RD and its components. For
example, in Pseudotsuga menziesii, Vargas-Hernandez and Adams (1992) reported
that heritability estimates increased with age for all density traits.

Hylen (1999) observed a similar pattern in young P. abies (L.) Karst. More
recently, Li and Wu (2005) observed an increase of heritability values to 0.4 in P.
radiata, for area-weighted density over 14 rings from the pith, a value that remained
stable in older trees. In contrast, in P. pinaster, Louzada and Fonseca (2002) found an
initial increase in the heritability values of the density features followed by a slight
decrease. They also found a tendency for increased heritability up until sixth to
eighth ring followed by stabilization in the genetic control of the evolution of LWP
and RW characteristics. In Pinus elliottii Engelm., Hodge and Purnell (1993) observed
that heritabilities for density components in the rings near the pith were slightly
higher than those nearer the bark. Nicholls (1980) reported that the heritability of
basic density in P. radiata decreased from the pith outward, reaching a minimum at
approximately the ninth growth ring from the pith, followed by an increase in

heritability with further increase in age. It is possible that the considerable
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variability of results in the estimates of genetic parameters in previous studies could
have been affected by several factors such as site conditions, genetic material,
experimental and measurement procedures for wood density, as well as other
components (Wright 1976; Zobel and Jett 1995). Moreover, limiting environmental
factors can occur in the spring (EW) in some regions and summer (LW) in other
regions. RD, MND and EWD are shown to be highly heritable traits, suggesting that

large gains can be obtained for these characters.

2.4.2. Age-age genetic correlations

In this context, it is essential to know not only the heritability value of a
specific character, but also how that characteristic is correlated age by age and with

others factors in order to fully assess the implications of its selection.

Results in Table 2.3 express the age-age genetic correlations between three
different ring ages. Age-age genotypic correlations between the third and sixth rings
were close to 1 for most wood density components. Correlations between wood
density traits at sixth and eleventh ring were always higher than those between the
third and the eleventh in all traits. For most characteristics the high correlation
values (> 0.9) clearly indicate that it does not compensate to wait 6 or 11 years for
evaluation since the third ring produces identical information. This is a very
important result, regarding the advantages of early selection. According to Wu et al.
(1998), there are three main advantages early selection in tree breeding: (i)
increased election intensity or reduced field testing size; (ii) a shortened generation
interval; and (iii) genetic information from early testing can be used to enhance
selection efficiency at mature age. However, in the traits EWD, LWD, and EWW it may
be preferable to wait until the sixth year in order to carry out a more accurate

evaluation of individuals.
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Table 2.3 Age-age genetic correlation (SEs in parentheses) among three different ring
numbers (3, 6 and 11) for each wood density components.

Ring

TRAIT . 6 11
Ring
3 0.990 0.933
RD (0.005) (0.031)
6 i 0.973
(0.014)
3 0.989 0.932
MND (0.008) (0.046)
6 B 0.978
(0.019)
3 0.979 0.900
MXD (0.012) (0.061)
6 i 0.937
(0.037)
3 0.981 0.855
EWD (0.012) (0.073)
6 i 0.940
(0.033)
3 0.980 0.874
(0.011) (0.140)
LWD
6 i 0.922
(0.124)
3 0.972 0.880
EWW (0.016) (0.065)
6 3 0.968
(0.022)
3 0.995 0.986
L (0.003) (0.008)
6 ) 0.996
(0.003)
3 0.997 0.980
LWP (0.002) (0.011)
6 i 0.992
(0.005)
3 0.900 0.652
RW (0.090) (0.269)
6 i 0.915
0.077)

Note: See Table 2.1 for abbreviations

According to Hylen (1999) this can indicate that accumulation over rings
smoothes out environmental effects and that genetic control of traits is more
strongly manifested. RW correlations values between the third and eleventh ring
(rg=0.65) are considerably inferior to those of the remaining characteristics.
However, between the sixth and eleventh ring, the value is 0.92; thus, it can be
assumed that families with larger growth rates at sixth ring retain this tendency in

subsequent ages. This indicates that growth characteristics are not genetically
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controlled to the same extent as the remaining traits, suggesting that early tests for

P. pinaster should increase the efficiency of the tree-breeding programme, for at least
some characteristics. Zobell and Jett (1995) state that even when this age-age
correlation is fairly weak, such early evaluations are valuable in eliminating families

with undesirable wood density properties.

Our results are consistent with previous studies on P. pinaster (Louzada 2003)
namely that for RD, MND and EWD traits, the high genetic correlation between young
and older ages makes it possible to select at a very young cambial age. Studies on
other species also indicate that age-age genetic correlations for wood density traits
tend to be high (Hylen 1999; Kumar 2002; Loo et al. 1984; Talbert et al. 1983;
Vargas-Hernandez and Adams 1992; Williams and Megraw 1994; Zobel and van
Buijtenen 1989). An extreme example is the finding of Nepveu and Birot (1979, cit in
Zobel and van Buijtenen 1989) in P. abies, where they found that adult specific

gravity could be predicted even from a single ring at the juvenile stage.

2.5. CONCLUSIONS

This study indicates that in P. pinaster RD is the most heritable of the variables
studied, suggesting that large gains can be obtained from selecting on the basis of
this variable. Estimated heritabilities for the EW components (MND, EWD) were
superior to those obtained from LW components (MXD, LWD), indicating that, in this
species, earlywood characteristics are subject to stronger genetic control than
latewood components which depend more on environmental factors. Pith-to-bark
trends show that heritability values increase with age for almost all wood-density
components and that age-age genetic correlations for wood density components are
generally high. The genetic correlation between ring 2 and 10 were always greater

than 0.97, except for EWW, EWD and LWD, allowing early selection for these traits.
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3.1. ABSTRACT

It is essential to understand how characteristics are related to each other in
breeding programmes to select wood properties, in order to avoid that, in selecting
for one trait, we are negatively affecting another. Moreover, measuring wood
properties is time consuming and expensive. This study assesses genetic and
phenotypic correlations between wood density components and spiral grain of 46
half-sib families of Pinus pinaster in seventeen-year-old trees. Results showed that
genetic correlations for all wood density components were higher than
corresponding phenotypic correlations. Furthermore, all wood density components
were highly genetically correlated with ring density, and also closely associated
among themselves. Results showed a higher genetic correlation of ring density with
earlywood density (rg=0.96) than with latewood density (r;=0.79). A moderate to
high positive genetic correlation was found between spiral grain and wood density
characteristics (0.29-0.61). We conclude that ring density (overall wood density) can
be improved by increasing either earlywood density, latewood percent, or both of

these traits, and spiral grain can be modify in future plantations.

3.2. INTRODUCTION

The 2005-2006 National Forest Inventory estimates the total forest area in
Portugal at 3.4 million hectares. The volume of standing wood of the main species
that supply industry is estimated at 67 million m3 for Pinus wood and 41 million m3
for Eucalyptus wood. Due to the economic importance of P. pinaster (Roulund et al.
1988), a national tree improvement plan for this species has been in operation since
the early 1980’s. The Maritime pine breeding programme is presently in its second
generation of selection (the progeny trials reported in this study are part of this
programme). Selection of genotypes for seed orchards and breeding populations is
usually based solely upon diameter, height and stem traits. Such selection criteria
may have an indirect effect on different wood properties (Zobell and Jett 1995), but
there is little genetic information available on the relation between these selection

traits and wood properties.
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A consequence of future plantings is an increase in the proportion of juvenile
wood due to the reduction of rotation age because of an increase in growth rate
(Hylen 1999; Zamudio et al. 2005). Despite some exceptions depending on the type of
end product, juvenile wood is generally considered to be of lower quality than
mature wood (Zamudio et al. 2005). An increase in the proportion of juvenile wood
will represent a problem for most solid wood products due to its low strength and
instability following drying (Zobel and Sprague 1998). Juvenile wood in Pinus species
is usually characterized by a shorter tracheid, and cell walls thinner than in mature
wood, which often produces lower specific gravity, and also by a severe spiral grain

(Zobel and Spargue 1998).

Wood density is closely associated to the most important wood quality
properties and technological traits, providing a vital index that confers important
information in this area (Zobel and Jett 1995; Zobel and van Buijtenen 1989).
Nevertheless, variations in wood density can be difficult to understand, since this
complex trait is not a single property but a complex of several intra-ring
components, including minimum and maximum wood densities, early and late wood
densities, proportion of latewood etc (Pliura et al. 2006). Another important wood
property is the spiral grain, a term applied to the helical orientation of the tracheids
in a tree stem. This property confers a twisted appearance to the trunk after the bark
has been removed, causing twisting in dried sawn timber through anisotropic
shrinkage (Harris 1989), and is recognised as one of the key properties determining
the suitability of wood for use as sawn timber (Raymond 2002), one of the main

applications for P. pinaster wood in Portugal.

One way to reduce some of the negative effects of short rotations on wood
quality is by breeding to improve juvenile wood characteristics (Nichols et al. 1980;
Zamudio et al. 2005) as a result of improved knowledge of the genetic control of
wood characteristics, wood growth, and their interrelationship. This process will
result in increased selection efficiency for a selected trait through the modification of

one or more characteristics (Louzada and Fonseca 2002).

In a breeding programme that selects for wood properties, it is essential to

understand how the characteristics are related to one another. Knowledge of
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additive genetic correlations is extremely important in any selection programme,

since the measurement of wood properties is time consuming and expensive. Genetic
correlations play an important role in the prediction of correlated responses and the

development of effective selection indices.

The aim of this study was to estimate genetic and phenotypic correlations
between intra-ring wood characteristics and spiral grain, and to evaluate the
implications of these relationships in tree breeding for wood quality in P. pinaster.
These findings are of great importance for the continued development of maritime

pine breeding programmes to guide future generation’s selection.

3.3. MATERIALS AND METHODS
3.3.1. Trial and measurements
3.3.1.1. Location

The field trial location was at Pinhal de Leiria situated in central coastal
Portugal (lat 39°50’, long 8°55’, alt 30m). The site is characterized by a Mediterranean
climate, with a mean air temperature between 12.5°C and 15°C, relative humidity
between 80 and 85% and yearly rainfall values of 700mm to 800mm, with a 4 month
period of summer drought. The Spodic Podzols (PZ sd) soils are derived from sand
dunes of maritime origin. Seedlings were raised for 9 months in the nursery in plastic
bags (250cm3 volume). Planting (2mx2m spacing) took place in March 1987 after

harrowing and ploughing the site; no fertilizer was applied.

3.3.1.2. Genetic material

The trial included 46 open pollinated families, derived from seed collected in
the Escaroupim clonal seed orchard II (Aguiar 1993). This seed orchard includes 49
genotypes; it was established by grafting in 1975-80 and belongs to the first

generation of the breeding program. Only 46 families were considered in order to
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avoid poor seed production. The families were replicated in 8 blocks with 2x4 tree
plots. In the year of 2003, wood samples were collected from a subset of 4 trees per
family and block in the same 3 blocks, giving a total number of 552 trees. The
sampled trees within each plot were randomly selected. A single wood disc with a
thickness of 10cm was collected at a predetermined sampling height of 2m. The disk
was sawn into a 2mm-thick radial strip segment from the pith to the bark, and then
conditioned at 12% moisture content. These radial samples were X-rayed
perpendicular to the transverse section and their image scanned by
microdensitometric analysis (Louzada 2000). Growth ring boundaries were
identified on the radial profiles by locating sharp density variations through cross-
examination using visual observation of the macroscopic anatomical features.
Annual rings were numbered from pith-to-bark, and the first and the last annual

rings of each sample were excluded since they were usually incomplete.

For each ring, average ring density (RD), minimum density (MND), maximum
density (MXD), earlywood density (EWD), latewood density (LWD), earlywood width
(Eww), latewood width (LWW), ring width (RW) and latewood percentage (LWP)
were determined for each ring. The earlywood-latewood boundary or
earlywood/latewood limit in each growth ring was assigned a fixed density
0.5gcm3. Similar to several authors in the study of other conifer species (Fujimoto et
al. 2006; Hodge and Purnell 1993), we used a single fixed value of density; even
though some researchers have used the average of minimum and maximum ring
density to define the EW/LW transition point (Vargas-Hernandez and Adams 1991;
Zamudio et al. 2005). The advantage of the former criterion for determining the
EW/LW boundary is explained in detail by Jozsa et al. (1987) and Rudman (1968).
This criterion does not allow identification of the beginning of latewood, but does
allow identification of ring portions with a higher density over a certain threshold,
which we define here as LW. The applied value of 0.5gcm was derived from an
adjustment to the value proposed by Louzada (2000) for P. pinaster in the
comparison of different criteria, and was considered the most correct value for 18
years old specimens of this species. Intra-ring density variation was quantified using
the heterogeneity index (HI), defined by the standard deviation of all density values

across the annual ring. Rings close to the pith have less volume than those closer to
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the bark, thereby contributing less to overall disc volume. In order to compensate for

this effect, wood density components were weighted for each ring density

component by its respective cross-sectional area (Ferrand 1982).

In each disc, the grain angle was measured at the most recent formed
latewood of the last ring, using a grain slope detector (Harris 1989) and the pith as a
reference (Hannrup et al. 2002). To define this reference, nails were hammered into
the pith from both sides of the disc and a string was tied between them so that the
cord ran through a vertical line. The spiral grain angle (SPG) was calculated as the
arctangent of the ratio of the distance from the reference line (a) to the line traced
with the needle of the slope of the grain detector and the thickness of the disc (b)
(Fig 3.1).

Tiies (NJ SEEPIID))

Figure 3.1 Procedure for measuring grain angle on wood discs (Gi: Spiral Grain Angle;
Gi=arct(a/b); a: distance from the reference line to the line traced with the needle; b: thickness
of the disc).

Following the protocol given by Harris (1989), spirality direction was
indicated by assigning a positive sign to the left handed angles. Measurements in
each disc were taken in two opposite radii, and the mean grain angle was calculated

as the mean of the absolute value of the angles, ignoring differences in sign.

3.3.2. Data analysis
The mixed linear model associated with the data for a given trait was:
Yijk:}.L + Bj +F; + BXFjj + € jjk [3.1]

where Y represents the phenotypic individual observation; p is the overall mean;
B;j - the effect of the jt block (fixed); F; - the effect of the ith family (random); BxFj; -

the effect of the interaction between the it family and the jt block (random) and
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e- the residual error. Variance components for family (0]%), family-block interaction
(Glgxb) and residual errors (0%), with the respective associated standard errors, were

estimated by restricted maximum likelihood, using the average information REML

algorithm implemented in the ASREML programme (Gilmour et al. 1998).

Narrow sense heritability (h%) was calculated for each trait measured as:
2 _
hi == [3.2]

where o2 represents the additive genetic variance and o2 represents the total

a
phenotypic variance. Families were considered to be maternal half-siblings,

therefore the o2 = 4X0'f2 relationship was assumed to estimate the genetic
parameters. Phenotypic variance was estimated as o2 =af2+afsz+a€2. Standard errors

for heritability were estimated by ASREML using a Taylor series approximation

(Gilmour et al. 1998).

The genetic and phenotypic correlations between all wood density
components were calculated using a multivariate extension of model (3.1). When the
family effect was found to be null for any of the traits analysed in the univariate
analysis, this effect was not included in the multivariate analysis. Genetic
correlations between traits (X and Y) measured at 17 years-old were evaluated as

follows:

Covg(x,
— a(X%y) [3.3]
02,08,

where COV, (x,y) is the additive genetic covariance, and a,fx and agy are the

additive variance components for traits X and Y, respectively.

The phenotypic correlation between traits (X and Y), was estimated as:

Covp(x,
o p(x.y) (3.4]
P 2 2
UPx'UPy
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where covp(x,y) is the phenotypic covariance between traits X and Y, estimated as
cov p(x,y) = COVy (X,y)+ COVy(X,¥)+ cov (xy), which is the sum of the family,

interaction, and residual covariance components. aﬁx and a,?y are the phenotypic

variances for traits X and Y, respectively. Standard errors for genetic and phenotypic
correlations were estimated by ASREML a Taylor series approximation (Gilmour et al.

1998).

3.4. RESULTS AND DISCUSSION

Summary statistics for each characteristic and the respective heritability
estimation are shown in Table 3.1. The intraring wood characteristics values were

previously reported by (Gaspar et al. 2008).

Table 3.1 Descriptive statistics table for different wood traits and respective heritability
estimates (standard errors given in brackets).

Trait Mean Std. Dev. Coeff. Var. Min Max hZ; (se)

RD (gem™) 0.474 0.051 10.68 0.336 0.655 0.63 (0.190)
MND (gem) 0.308 0.037 12.11 0.207 0.445 0.54 (0.184)
MXD (gem3) 0.707 0.060 8.51 0.558 0.917 0.34 (0.164)
EWD (gem3) 0.386 0.026 6.69 0.304 0.463 0.60 (0.191)
LWD (gem™) 0.618 0.034 5.43 0.535 0.732 0.26 (0.141)
LWP (%) 38.196 16.927 44.31 6.420 82.240 0.46 (0.168)
EWW (mm) 2.674 0.876 32.74 0.900 6.100 0.32 (0.137)
LWW (mm) 1.556 0.907 58.29 0.300 6.400 0.31 (0.156)
RW (mm) 4.224 0.901 21.33 2.500 8.600 0.10 (0.111)a
HI (gem) 0.120 0.019 16.05 0.07 0196  -eee- a

SPG 4.2 2.259 53.40 -1.30 13.11 0.47 (0.150)

RD = Average Ring Density, MND = Minimum Density, MXD = Maximum Density, EWD=Earlywood Density, LWD =
Latewood Density, LWP = Latewood Percentage, EWW= Earlywood Width, LWW= Latewood Width, RW = Ring Width;
SPG=Spiral Grain; a: in the analysis of variance the differences among Families were not significant (P > 0.05); ---- the

heritability value was quantified with the null value
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The trait under strongest genetic control was average ring density (RD,

h?= 0.63) among the heritability values, whilst RW showed the lowest heritability
estimation (h? =0.10). No significant differences (p > 0.05) were observed between
families for this trait, indicating that the variation in growth characteristics most
likely derives from environmental factors rather than genetic ones (Gaspar et al.
2008). Growth characteristics (diameter) frequently exhibit relatively low values of
heritabilty (Bouffier et al. 2008; Cotterill et al. 1987; Harfouche et al. 1995; Hopkins
and Butcher 1994; Zas et al. 2004). In a study carried out after 12 years in this
progeny trial, Aguiar et al. (2003) estimated a heritability value for diameter of 0.18.
The grain angle presented a coefficient of variation (CV) of 53 with an average value
of 4.2°. Spirality was predominantly left-handed (98%), with a few trees displaying a
weak level of right-handed spirality. This conforms to the general pattern of spirality
in conifers, where the grain angle is usually left handed in early years, followed by a
gradual change towards right-handed spirality with increasing age (Harris 1989).
Heritability estimates for SPG were 0.47, indicating moderate to strong genetic
control of this characteristic. Our estimated heritability for this trait is higher than
that derived by Arbez et al. (1978) from a previous study on maritime pine (h#=0.16)
but similar to values reported for other coniferous species. Hansen and Roulund
(1997) observed that individual narrow-sense heritability of the spiral grain in Sitka
spruce was 0.63 and 0.78. In Picea abies, Hannrup et al. (2002) reported a broad-sense
heritability of 0.42, whilst Hallingback et al. (2008) and Silva et al. (2000) reported
narrow-sense heritability for this species from (0.32-0.44) and (0.29-0.47)
respectively. Heritability for spiral grain in Pinus sylvestris has been found to be 0.4
(Hannrup et al. 2003). In Pinus radiata Gapare et al. (2007) estimated a narrow-sense
heritability of 0.44 and 0.46. (Zobel and Jett 1995) pointed out that much of the
variation in spiral grain within a species derives from the different methods used to
assess this characteristic. Nevertheless, our findings indicated that potentially, tree

breeders can modify spiral grain in future plantations.
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3.4.1. Genetic correlations between traits

Phenotypic and additive genetic correlations between all traits are presented

in the Table 3.2.

Data shows that genetic correlations for all traits (except for SPG) were higher
than the corresponding phenotypic correlations, indicating that the use of
phenotypic correlations, rather than genetic ones, to evaluate traits will result in the

underestimation of potential gains from indirect selection.

Table 3.2 Phenotypic (upper triangle) and genetic (lower triangle) correlations coefficients
(with standard errors given in brackets) between all traits.

RD MND MXD EWD LWD LWP EWW LWW SPG

RD 0.66 0.80 0.67 0.72 0.90 -0.72 0.80 0.18
(0.027)  (0.017)  (0.026)  (0.026)  (0.008)  (0.021)  (0.016)  (0.046)
MND 1.02 0.42 0.79 0.33 0.54 0.52 0.42 0.16
(0.078) (0.039)  (0.018)  (0.041)  (0.034)  (0.034)  (0.039)  (0.046)
MXD 0.90 0.95 0.34 0.93 0.69 0.57 0.60 0.10
(0.084)  (0.194) (0.164)  (0.063)  (0.024)  (0.030)  (0.029)  (0.046)
EWD 0.96 1.06 0.88 0.19 0.49 0.37 0.46 0.18
(0.065)  (0.044)  (0.193) (0.045)  (0.036)  (0.040)  (0.037)  (0.046)
LWD 0.79 0.72 0.97 0.72 0.59 0.54 0.46 0.05
(0.134)  (0.248)  (0.024)  (0.256) (0.029)  (0.032)  (0.036)  (0.045)
LWP 0.96 0.95 091 0.86 0.80 0.76 0.87 0.15
(0.027)  (0.124)  (0.102)  (0.128)  (0.158) (0.019)  (0.011)  (0.197)
EWW -0.85 -0.91 -0.59 0.85 -0.39 0.89 -0.49 -0.04
(0.095)  (0.135)  (0.208)  (0.163)  (0.276)  (0.086) (0.034)  (0.046)
LWW 0.99 1.00 0.89 0.88 0.83 1.00 0.83 0.19
(0.055)  (0.196)  (0.148)  (0.161)  (0.208)  (0.039)  (0.179) (0.044)
SPG 0.55 0.61 0.31 0.57 0.29 0.55 -0.59 0.51

(0.181)  (0.177)  (0.233)  (0.179)  (0.258)  (0.197)  (0.239)  (0.210)

Note: See Table 3.1 for trait abbreviations.

All wood characteristics studied showed a strong genetic correlation with RD,
and between themselves, indicating that these traits are probably controlled, to a
large extent, by the same set of genes (Vargas-Hernandez and Adams 1991), and that

selection for one characteristic should result in a simultaneous response of
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associated traits. The strong genetic relationship between density and each one of its
components highlights the fact that overall density is a complex trait resulting from
different combinations of the fraction, and relative density of each component (Hylen
1997). All correlations with RD were positive, with the exception of EWW where
strong negative genetic correlations were detected, due to the fact that, contrary to
latewood, earlywood is characterized by lower density, larger lumens, and thinner
cell walls (Hylen 1999; Kumar 2002; Loo et al. 1984; Talbert et al. 1983; Vargas-
Hernandez and Adams 1992; Williams and Megraw 1994; Zobel and van Buijtenen
1989). These results are consistent with those obtained in studies on Pseudotsuga
menziesii (Hodge and Purnell 1993) and Picea mariana (Abdel-Gadir et al. 1993).
Zhang (1998) suggested that such trends were most likely due to a direct reaction of
differentiating cells in the cambial zone due to the relative availability of

photosynthates and growth regulators at different times during the growing season.

The present study showed a higher genetic correlation of RD with EWD than
with LWD, and a higher phenotypic correlation of RD with LWD than with EWD.
Louzada (2003) reported that P. pinaster earlywood density has a higher genetic and
phenotypic correlation with overall wood density than latewood density. Similar
results were obtained in P. menziesii by Vargas-Hernandez and Adams (1991). Also
Abdel-Gadir et al. (1993) studied Abies balsamea and observed higher phenotypic
correlation between wood density and earlywood than with latewood density.
Conversely, although similar results for the genetic correlation among overall wood
density and earlywood density were obtained, Zhang and Morgstern (1995) also
encountered strong negative genetic correlation (-0.73) between overall wood
density and latewood density. Louzada (2003) reported the same conclusions
concerning P. pinaster namely “EWD not only reflects a better tree genetic potential
but also is controlled over years, in a large way, by the same genes”. This study verified
that EWD manipulation resulted in a significant genetically correlated response in
other components (RD and LWP), whilst latewood density appeared to be more
sensitive to climate variation. Latewood is formed later in the growing season, when
cambial cell division and expansion declines. In this period, conditions in
Mediterranean regions are suboptimal due to constraining factors such as high

temperatures and water stress which mask genetic effects, leading to reduced
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heritability (hlz (Mnp) = 0.54, hiz Ewb) = 0.60, hl2 (Mxp) = 0.34; hl2 (LWD) = 0.26), confirming

that, for P. pinaster, earlywood characteristics are subject to stronger genetic control,
and that latewood components are more susceptible to environmental factors
(Gaspar et al. 2008). Our findings indicate that earlywood density is most likely a
result of genetic factors, but that latewood density depends mostly on environmental

factors.

Most authors emphasize the importance of percentage of latewood as the
source of variation in pine wood density (Zobell and Jett 1995). Occasionally, the
relationship between specific gravity and latewood percentage in conifers is not as
high as could be expected (Zobell and Jett 1995). This study revealed a very high
genetic and phenotypic correlation between RD and LWP (0.96 and 0.90, respectively).
Significant genetic correlations between these two traits have been reported
elsewhere (Fujisawa et al. 1993; Hodge and Purnell 1993) although
Vargas-Hernandez and Adams (1991) and Zhang and Morgenstern (1995) obtained
only moderate genetic correlation values between these traits. We conclude that the
reported differences related with LWP possibly result from different methodologies
used to define the threshold value between EW and LW. Some researchers used the
average of minimum and maximum ring density (Cown and Parker 1978; Fujimoto
et al. 2006), whilst others use a fixed density value (Nichols et al. 1980;
Vargas-Hernandez and Adams 1991). This study adopted the latter approach to
define the EW/LW threshold and the results suggest that ring density can be

improved by increasing earlywood density, latewood percent, or both of these traits.

A moderate to high positive genetic correlation was observed between spiral
grain and wood density characteristics (0.29-0.61). However, other studies have
obtained lower genetic correlations between spiral grain and wood density
(Eisemann et al. 1990; Hannrup et al. 2004). SPG presented a higher dependency on
earlywood components (MND and EWD), and had high genetic correlation with RD
(0.55), being more dependent on earlywood (rgscewn)=0.57) than on latewood
(rgseLwn)=0.29). Also, genetic correlations between SPG and intra-ring width
characteristics (EWW and LWW) were high but presented contradictory signs (-0.59
and 0.51 respectively). The opposite signs were expectable as EWW and LWW are
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highly negatively correlated (rz=-0.83), consequently if SPG is positively correlated
with LWW, it will be negatively correlated with EWW. Generally correlations between
grain angle and growth have been week (Eisemann et al. 1990; Hannrup et al. 2004;
Hannrup et al. 2003; Hallingback 2008), indicating that there won't be genetic loss in
growth when breeding for low SPG, or the other way around. Unfortunately in this
study we weren't able to evaluate the magnitude of this correlation, but it should be

investigated further.

3.5. CONCLUSIONS

The results of this study showed that genetic correlations for all wood density
components were higher and more stable than the corresponding phenotypic
correlations. Furthermore, all wood density components were strongly genetically

correlated with RD, and were also strongly associated among themselves.

The present study also showed that EWD has a higher genetic correlation with
RD than LWD, while RD presented higher phenotypic correlation with LWD than with
EWD. These results indicate that, in P. pinaster, earlywood characteristics are more
subject to genetic control whereas latewood components are more strongly
influenced by environmental factors. Results also suggest that ring density (overall
wood density) can be improved by increasing either earlywood density, latewood
percent, or both of these traits. In addition, our results indicate that, potentially, tree

breeders can modify spiral grain in future plantations.
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4.1. ABSTRACT

Genetic selection for one trait can have a significant impact on other traits that
are also important for final use; thus it is important to know how characteristics are
related to each other. Genetic control and relationships among Pinus pinaster lignin
content and density traits were assessed by estimating heritability and phenotypic
and genetic correlations using 552 trees representing 46 half-sib families. Results
showed very low or even null phenotypic correlations of lignin content with all the
other traits, indicating that the phenotypic correlation should not be used to perform
mass selection of traits. Ring density presented a low but negative genetic
correlation with lignin. Furthermore, results showed that lignin content was more
dependent on the proportion of latewood present in the ring. We conclude that it
seems possible for breeders to adjust the course of selection depending on their
objective. If the purpose is pulp production, the improvement of density with a
reduction of lignin is desirable, so the increase of LWP appears to be the correct way

to obtain higher wood density.

4.2.INTRODUCTION

Maritime pine (Pinus pinaster Ait.) is a highly valuable coniferous species
(Pinaceae), broadly distributed across the western Mediterranean Basin, Southern
Europe and Africa and the Atlantic coast of Portugal, Spain and France (Alia and
Martin 2003). In Portugal it is one of the most productive forest ecosystems,
occupying approximately 23% of the total Portuguese forest area (DGRF 2007). Its
wood is used as timber and as raw material for pulp, being the only source of long

fibre for pulp, with an annual consumption around 600 000 ton (CELPA 2007).

The economic importance of this species has led to the development of genetic
improvement initiatives. A national tree improvement plan has been in operation
since the early 1980s (Roulund et al. 1988) with the aim of increasing volume per

hectare and improving stem straightness, a well known drawback of this species.
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Currently, the maritime pine breeding program has reached the second generation of

selection; the progeny trial reported in this study is part of this program.

Among the desirable wood-quality properties to breed for, wood density is the
most frequently studied (Zobel and van Buijtenen 1989), because it is widely
recognize that this is an important, easy to measure trait, that largely defines the
appropriateness of wood for a variety of end products (Zobel and Jett 1995).
However, due to the complex nature of this trait, variations in wood density can be
difficult to interpret, since wood density is not a single property, but a complex of
characteristics (i.e. density components). Overall ring density depends on earlywood
(EW) and latewood (LW) densities, and the relative proportions of each (Vargas-
Hernandez and Adams 1991). Previous studies performed on the genetic control of
the wood density components of this species, found high heritability and genetic
correlations of wood density and its components (Bouffier et al. 2008; Bouffier et al
2009; Gaspar et al. 2008a, Gaspar et al. 2008b; Louzada 2003; Louzada and Fonseca
2002). Although single trait genetic gains are possible, improvement of the average of
one trait may have consequences for other traits (Zobel and Talbert 1984), which
could in turn have significant impacts on pulp and timber production and quality.
Sound knowledge of genetic correlations is important for both defining breeding
goals and selecting the right genotypes (Kumar et al. 2008). If improving one desired
characteristic results in a reduced value for a second desirable property, very careful
consideration must be made concerning the most effective breeding plan (Zobel and
van Buijtenen 1989). Thus, it is essential to evaluate the extent to which selection for
density affects other wood quality properties in maritime pine such as chemical

traits (Pot et al. 2002).

The existence of genetic variation in cellulose and lignin content for P. pinaster
has been reported by Perez et al. (2007) and Pot et al. (2002). However, there is little
information on how these traits interact with others traits, particularly with intra-
ring characters. The objective of the present work was to estimate the phenotypic
and genetic correlations of lignin content with intra-ring wood density components
of P. pinaster wood, in order to evaluate how selection for density affects lignin

content.
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4.3. MATERIAL AND METHODS

The progeny test used in this study belongs to a series of three sites (Aguiar et
al. 2003). The trial includes 46 open-pollinated families from plus-trees originally
selected in Mata Nacional de Leiria based on volume, stem form, spiral grain and

branch habits (Perry and Hopkins 1967).

The field trial location was at Pinhal de Leiria (established in 1987), located in
central coastal Portugal (lat 39°50’, long 8°55’, alt 30m). The site is characterized by a
Mediterranean climate, with a mean air temperature between 12.5°C and 15°C,
relative humidity between 80 and 85% and yearly rainfall values of 700mm to
800mm, with a 4 month period of summer drought. The Spodic Podzols (PZ sd) soils
are derived from sand dunes of maritime origin. Seedlings were raised for 9 months
in the nursery in plastic bags (250cm3 volume). Planting (2mx2m spacing) took place
in March 1987 after harrowing and ploughing the site; no fertilizer was applied. The
trial included 46 open-pollinated families 17 years old, which originated from seed

collected in the Escaroupim clonal seed orchard II (Aguiar 1993).

A total of 552 trees from the 46 open-pollinated families at age 17 were used in
this study. The trial was established following a complete block design with 3
replicates and 4 tree-plots. In all trees one internodal wood disc, 10cm thick was

collected at 2m height.

For chemical analysis only the last four years of each disk were used in order
to avoid compression wood. The lignin content (LG) was predicted using Near
Infrared Spectroscopy (NIRS) on extractive-free wood meal samples according to
Rodrigues et al. (2006) and Perez et al. (2007). Other traits assessed were average
ring density (RD), minimum density (MND), maximum density (MXD), earlywood
density (EWD), latewood density (LWD), earlywood width (EWW), latewood width
(Lww), latewood percentage (LWP), ring width (RW) and heterogeneity index (HI)
were determined for all trees, using microdensitometric analysis as described in

Gaspar et al. (2008a).
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4.3.1. Data analysis
The mixed linear model associated with the data for a given trait was:
Yijk:}.L + Bj +F; + BXFjj + € jjk [4.1]

where Y represents the phenotypic individual observation; p is the overall mean; B;
is the effect of the jth block (fixed); F; is the effect of the ith family (random); BxFj is
the effect of the interaction between the ith family and the jt block (random) and ¢ is
the residual error. Variance components for family (013), family-block interaction
Glg*b), and residual errors (02), with the respective associated standard errors, were

estimated by restricted maximum likelihood, using the average information REML

algorithm implemented in the ASREML programme (Gilmour et al. 1998).

Narrow sense heritability (h?) was calculated for each trait measured as:
2
2 O,
hi == [4.2]

where o2 represents the additive genetic variance and ¢% the total phenotypic

variance. Total phenotypic variance was estimated as:
03=07+0%,+0? [4.3]

and adjusted additive variances as:
0f=——X05 [4.4]

where the coancestry coefficient (0.26) was obtained from correlated paternity,
estimated by molecular markers as described by Gaspar et al. (Accepted). Standard
errors for heritability were estimated by ASREML using a Taylor series

approximation (Gilmour et al. 1998).

The genetic and phenotypic correlations between all wood density

components were calculated using a multivariate extension of model (4.1). When the
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family effect was found to be null for any of the traits analysed in the univariate
analysis, this effect was not included in the multivariate analysis. Genetic
correlations between traits (X and Y) were evaluated as follows:
Cov,(x,
r,= —2aty), [4.5]

2 2
Oay- Oay

where cov, (x,y) is the additive genetic covariance, and a,fx and a,fy are the additive
variance components for traits X and Y, respectively.
The phenotypic correlation between traits (X and Y), was estimated as:

Covp(X,
rp= p(xy)

2 2
O'PX. O'Py

[4.6]

where cOVp(x,y) is the phenotypic covariance between traits X and Y, estimated as
COVP(x,y)=COVf (X,y) + oV (x,y)+covg(xy), which is the sum of the family,
interaction, and residual covariance components. aﬁx and a,?y are the phenotypic

variances for traits X and Y, respectively. Standard errors for genetic and phenotypic
correlations were estimated by ASREML a Taylor series approximation (Gilmour et al.

1998).

4.4.RESULTS

Table 4.1 gives descriptive statistics and respective heritability estimation for
each characteristic. Average lignin content (LG) was 28%, with a coefficient of
variation (CV) of 2%. Highly significant (p<0.001) differences between families were
observed for this trait. The heritability value estimated for this trait was 0.34,
suggesting that it is under a moderate genetic control. All within-ring components
showed significant (p<0.05) differences between families, with the exception of RW.
Within all traits studied, earlywood components and average ring density (MND,

h?=0.62; EWD, h?=0.61; RD, h?=0.53) were under strongest genetic control.
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Table 4.2 lists phenotypic and additive genetic correlations between lignin and
all the other traits. For most characteristics low or even no phenotypic and genetic

correlation values were observed.

Table 4.1 Descriptive statistics for the different wood traits (pondered for the last 4 rings)
and respective heritability estimates (with SEs given in parentheses).

Individual level Family Level
Traita Mean SD h
Max Min CvV Max Min CvV

LG (%) 281 083 320 264 3.0 290 276 12 0.34
: : ’ ’ ’ ! : ’ (0.147)
RD (g cm-3) 050 0055 070 037 1093 056 045 521 ?6513:; Y
MND (gem-3) 032 0.048 046 019 1512 036 027  7.24 ?661?39)
MXD (gem-3) 083 0066 1.03 064 795 090 076  3.66 ?631}9 Y
EWD (gem-3) 037 0037 047 028 986 040 034 474 ?661}37)
LWD (gem-3) 070  0.043 083 057 612 074 066 256 ?621?5 Y
LWP (%) 3958 1003 8216 1615 2533 4956 3005 1169 ?(341676)
EWW (mm) 2813 083 380 040 296 228 128  12.69 ?621?:5)
LWW (mm) 180 143 260 040 7920 143 083  12.04 %115;2)
0.08"
RW (mm) 290 069 560 150 2366 335 232 889 000

0.41
HI (g em-3) 018 002 026 008 1482 020 014 662 il

a LG = Lignin content; RD = Average Ring Density, MND = Minimum Density, MXD = Maximum Density, EWD =
Earlywood Density, LWD = Latewood Density, LWP = Latewood Percentage, EWW= Earlywood Width, LWW= Latewood
Width; RW=Ring Width; HI=Heterogeneity index.

b In the analysis of variance, the difference between families were not significant (p>0.05).

All the phenotypic correlations were negative with the exception of growth
traits (i.e., EWW and LWW) where moderate-low positive correlations were detected.
Latewood density components (MXD and LWD) and HI had low but negative
correlations. The stronger genetic correlations observed were moderately negative

and were found in LWP and LWW (1=-0.31; rz=-0.23). Correlations with RD were also

negative but low (-0.16) while all other traits presented nearly no correlation.
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Table 4.2 Phenotypic (rp) and additive genetic (rg) correlation coefficients (with standard
errors given in brackets) between lignin content and the other wood traits

Ip Ig
RD -0.1 -0.16
(0.046) (0.237)
MND -0.07 -0.08
(0.047) (0.236)
MXD -0.12 -0.00
(0.047) (0.247)
EWD -0.05 -0.08
(0.047) (0.236)
LWD -0.16 0.04
(0.045) (0.264)
LWP -0.04 -0.23
(0.046) (0.234)
EWW 0.15 0.03
(0.044) (0.276)
LWwW 0.13 -0.31
(0.045) (0.28)
IH -0.13 0.03
(0.046) (0.245)

Note: See Table 4.1 for trait abbreviations

4.5. DISCUSSION

In our study the estimated heritability for lignin content (h?=0.34) was lower
than that obtained by Pot et al. (2002) in 15-year-old trees of the same species in
France with an estimated heritability values for LG of 0.47. Even higher heritability
estimates for this trait (h?=0.75) where reported by Perez et al. (2007) also in France,
in 15-year-old trial of the same species. These differences may result from the
distinct environmental conditions, as heritability of a certain trait can vary with the
population, age, and test location or from random estimation errors. Moreover, this
range of results may be due to variations in the percentage of lignin associated with
the existence of reaction wood (compression wood in softwoods). Compression
wood (CW) contains more lignin and less cellulose than normal wood (Tsoumis
1991), thus, the presence of this kind of wood can influence estimates of the genetic

effect of lignin content in our study CW was carefully avoided.

Hannrup et al. (2004) obtained a low narrow sense heritability value
(h2=0.10), but a high value for the broad sense heritability (h?=0.54) for Picea abies.

According to this author, non additive effects may contribute to the high broad-sense
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heritabilities for LG. However, Pot et al. (2002) found indications that lignin content
is predominantly additively inherited. A study performed in Pinus taeda by Sykes et
al. (2006) also gave individual-tree heritability estimates of 0.12 and 0.23, while
Ukrainetz et al. (2008) did not find significant statistical differences between families
of Pseudotsuga menziesii. Due to weak heritabilities, selection against lignin content
through breeding could yield modest genetic gains. Moreover, selection of the family
with lower LG would cause less than 2% reduction in lignin content when compared
to the selection of the family with highest lignin content. Similar conclusions were
drawn by Sykes et al. (2003) who concluded that lowering LG through breeding will
involve considerable effort and cost. However, the relationship between lignin
content in wood and pulp yield and quality variables could be a starting point to
evaluate changes in this character in terms of economic profits for a given pulp
production system (Costa e Silva et al. 1998). The chemical removal of lignin from
wood during the pulping process makes use of large amounts of concentrated
chemicals, so reducing lignin content in wood would be advantageous in decreasing

energy and chemical consumption.

The results obtained in this study for the intra-ring density traits are generally
higher that the heritability values estimated in a previous performed with the same
samples (Gaspar et al. 2008a). In the preceding work all rings were taken into
account for the determination of the wood density components, while the present
study considered only the last four rings. The heritabilities obtained for earlywood
components were higher than those obtained in the previous study. Results could be
easily explained by the fact that in the first years the heritability increases with ring
number for most density components (Gaspar et al. 2008a). Consequently, it was
obtained estimations for the years with higher heritability values. Other studies
performed on P. pinaster (Louzada and Fonseca 2002), Pinus radiata (Kumar 2002),
Picea mariana (Zhang 1998; Zhang and Jiang 1998; Zhang and Morgenstern 1995) and
P. menziesii (Ukrainetz et al. 2008) also indicate that EWD is the component more
dependent on genetic effects. When transition wood is formed, the wood properties
become more regular which may contribute to more precise estimates of genetic
parameters (Sykes et al. 2003). Even though the material used in this study is

relatively young (17 years), heritabilities determined using just the last 4 rings may
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be more meaningful than those where the juvenile wood is included, since these

results can be closer to the adult behaviour of these trees.

Understanding how characteristics are related to one another is relevant to
tree improvement since it allows the assessment of the degree to which one trait will
change as a result of a change in another trait (Zobel and Talbert 1984). Lignin is a
wood property with potential importance for pulp production, therefore the
correlated response in LG should be considered when deciding on a selection
strategy (Costa e Silva et al. 1998). The present study showed very low or even no
phenotypic correlations of lignin content with all other traits, indicating that
phenotypic correlation should not be used to perform mass selection of traits. Our
findings concerning genetic correlations indicated that RD had negative but low
genetic relationship with lignin, suggesting that selection based on wood density will
not result in an increase of LG. Previous studies carried out with P. Pinaster (Pot et al.
2002), P. abies (Hannrup et al. 2004) and P. menziesii (Chantre et al. 2002) indicated
the existence of a strong negative genetic correlation between these two traits. The
correlations between RD and lignin content have important industrial implications,
since selection for increase density will increase pup yield per hectare and decrease
production costs. Perez et al. (1995) in a work performed with P. pinaster obtained
negative correlations between pulp yield and lignin content, and a positive

correlation between pulp yields and cellulose content.

Our results also showed that lignin content was more dependent on
proportion of latewood present on the ring (LWP and LWW), suggesting that these
traits may be controlled, at least partially, by the same set of genes, and that
increasing the existence of more latewood would decrease the lignin content. These
findings are in agreement with those of Hannrup et al (2004) who also obtained a
negative genetic correlation between LWP and LG (-0.49). Sykes et al. (2006)
concluded that latewood within a growth ring of loblolly pine had more desirable
wood properties than earlywood, because cellulose content was higher and lignin
content was lower in latewood. In fact, results of a previous study performed in the
same samples (Gaspar et al. 2008b), showed that RD is genetically highly positively
correlated with LWW and presented a high negative genetic correlation with EWW.

Thus, it is expected that the negative genetic correlation of LG with RD also implies
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higher negative correlations with latewood intra-ring traits, and positive

correlations with EWW. Results from this previous study also showed that selection
for higher density could be performed by increasing either LWP or EWD
(Gaspar et al. 2008a). Additionally, as previously stated, the results showed a
negative genetic correlation between lignin content and the proportion of latewood
present on the ring and a almost null correlation with EWD was obtained in the

current work.

4.6. CONCLUSIONS

The results of this study showed that due to weak heritabilities and low CV
observed for LG, selection against lignin content through breeding could yield
modest gains. The wood density traits showed moderated to high heritabilities,
suggesting that large gains can be obtained from selecting on basis of most of these
variables. This work also allows us to conclude that selection based on density will
not result in an increase of LG, and that the lignin content was more dependent on

the proportion of latewood present on the ring.

Based on these results it seems possible for breeders to adjust the course of
selection depending on the type of end product. For pulp production, the
improvement of density with a reduction of lignin is desirable, so the increase of LWP
should be the path to obtain higher wood density. Tree improvement programs
should decide which traits will be of most importance in the future before

incorporating them into their breeding programs.
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5.1. ABSTRACT

Genetic parameters for radial modulus of elasticity (MOEraa) and the radial
modulus of rupture (MORRra.d), as well as its correlations with wood density
components, spiral grain and lignin content were estimated in a seventeen-year-old
Pinus pinaster progeny trial. The trial was located in Leiria, Portugal, included of 46
half sib families originated from seed collected in a clonal seed orchard. A total of 552
trees were sampled at 2m height. The results show that MOErag and MORgag are under
moderate genetic control (h?=0.34 and h2=0.30, respectively), suggesting possible
genetic gains by selection for higher resistance and elasticity. MOEr.a had higher
correlations with the all other traits, presenting higher correlation with latewood
components than with earlywood components. Negative correlations were observed
between mechanical traits and lignin content, while the correlations with spiral grain

were positive.

5.2. INTRODUCTION

Maritime pine (Pinus pinaster Ait.) is an important commercial species in
southwest Europe. It is the principal conifer in Portugal, covering 710.6x103ha,
approximately 23% of the total Portuguese forestry area (DGRF 2007). The wood of
this species is remarkably versatile and it is used in both timber and pulp industries,
involving different stakeholders (forest owners, the timber and pulp industries) for
whom different traits may be of interest. The quality of wood used for structural
purposes may be defined in terms of strength, stiffness and stability (Perstorper et
al. 1995). Due to efforts to improve the growth rate of the species and the consequent
decrease of harvest age, a greater proportion of juvenile wood is present (Burdon et
al. 2004; Kennedy 1995; Kumar et al. 2002). In Pinus species, juvenile wood is
characterized by a shorter tracheid and thinner cell walls than mature wood, which
often produces wood with a lower specific gravity. Due to its low strength and
instability on drying, juvenile wood presents a problem for most solid wood
products (Zobel and Sprague 1998). Wood with lower mechanical properties and

higher heterogeneity would be probable consequences of future plantings
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comprising a greater proportion of juvenile wood (Zamudio et al. 2005). A way of

mitigating the negative effects of short rotations on wood quality is to breed for

improved juvenile wood properties (Gapare et al. 2006).

The knowledge of wood mechanical properties is of primordial importance for
selection and application in the various areas of engineering (Santos and Pinho
2004). Mechanical stiffness and strength of wood are combinations of physical,
chemical and anatomical properties of wood (Steffenrem et al. 2007). Nevertheless,
density is regarded as the single most important predictor of the wood mechanical
properties (Sharp 2003), although density is not a single property, but it is a complex

of characteristics (density components).

Wood density has been the principal wood quality trait used for selection, due
to the close relation with other important characteristics for different end uses
(West 2006) and also the high heritability (Zobel and Jett 1995). Consequently, it is
essential to understand how the different characteristics are related to one another,
and this requires knowledge about the variation and the genetic correlations. Other
key property influencing the mechanical traits is spiral grain (Sharp 2003). According
to this author the existence of a deviation of longitudinal orientation of the cells
always reduces the longitudinal strength of wood. Wood chemical composition can

also influence the physical properties of different types of wood (Bodig 1981).

For structural applications it is necessary to characterize not only the
longitudinal mechanical properties of wood but also the properties related with
radial and tangential directions of wood anatomy (Xavier et al. 2007; Xavier et al.
2004). However, the majority of published works about the variability of mechanical
properties of maritime pine have focused on the longitudinal properties (Machado
and Cruz 2005). According to Ohbayashi et al. (2001) one purpose for studying
characteristics such as the modulus of rupture in the radial orientation (MORgad) is
that low values of this trait might increase the potential for within-ring internal
checking. These checks form occasionally during kiln drying, either softwood as in

hardwood (Ilic 1995).
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The aim of this study was to characterize the genetic control of radial modulus

of rupture and radial elasticity module and the correlation patterns between these

traits and intra-ring wood characteristics, spiral grain and lignin content.

5.3. MATERIAL AND METHODS

The progeny test used in this study included 46 open pollinated families,
originated from seed collected in the Escaroupim clonal seed orchard II (Aguiar
1993). Established in 1987, the field trial location was Pinhal de Leiria, situated
central coastal Portugal. The site is characterized by a Mediterranean climate, with a
mean air temperature between 12.5°C and 15°C, relative humidity between 80 and
85% and yearly rainfall values usually between 700mm and 800mm, with a 4 month
period of summer drought, and by Spodic Podzols (PZ sd) soils derived from sand
dunes of maritime origin. Seedlings were raised for 9 months in the nursery in plastic
bags (250cm3 volume). Planting (2mx2m spacing) took place in March 1987 after

harrowing and ploughing the site; no fertilizer was applied.

The 46 families were replicated in 3 blocks with 4 trees per plot, giving a total
number of 552 trees for analysis. One wood disc with a thickness of 10cm was
collected at a sampling height of 2m. The disk was sawn into a 2mm-thick radial strip
segment from the pith to the bark, and then conditioned at 12% moisture content.
This strips were used to determine ring density (RD), minimum density (MND),
maximum density (MXD), earlywood density (EWD), latewood density (LWD),
earlywood width (EWW), latewood width (LWW), latewood percentage (LWP), ring
width (RW) using X-ray densitometry procedures as described by Gaspar (2008a) The
same strips were used to evaluate MOEr.d and MORgag, through three-point bending
tests (Brancheriau et al. 2002). Before testing the specimen dimensions (thickness
and width) were measured with a digital calliper (0.01mm resolution). Bending tests
were carried out in an electro-mechanical testing machine (Instron 5848
MicroTester®). The experiments were carried out at room temperature under

displacement control (0.5mm/min) and with a span of 40mm.
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The other traits assessed were spiral grain (SPG) determined in the last ring of
all trees, as explained in (Gaspar 2008b) and the proportion of lignin content (LG)
predicted using near infrared spectroscopy (NIR) on extractive-free wood meal

samples according to Rodrigues et al. (2006) and Perez et al. (2007).

5.3.1. Data analysis
The mixed linear model associated with the data for a given trait was:
Yijk:}.L + Bj +F; + BXFjj + € jjk [5.1]

where Y represents the phenotypic individual observation; [ is the overall mean; B;
is the effect of the jt block (fixed); F; is the effect of the ith family (random); BxFj is
the effect of the interaction between the ith family and the jt block (random) and ¢ is
the residual error. Variance components for family (afz), family-block interaction
(afz*b) and residual errors (o2), with the respective associated standard errors, were
estimated by restricted maximum likelihood, using the average information REML
algorithm implemented in the ASREML programme (Gilmour et al. 1998). Narrow

sense heritability (h?) was calculated for each measured trait as:

hi=2 [5.2]

where o2 represents the additive genetic variance and o2 the total phenotypic

variance. Total phenotypic variance was estimated as:

03=0%+0%,+02 [5.3]

and adjusted additive variances as:

a§=71 X0} [54]
0.26 -

where the coancestry coefficient (0.26) was obtained from correlated paternity,

estimated by molecular markers as described by Gaspar et al. (In Press). Standard
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errors for heritability were estimated by ASREML using a Taylor series

approximation (Gilmour et al. 1998).

The genetic and phenotypic correlations between all wood density
components were calculated using a multivariate extension of model (5.1). When the
family effect was found to be null for any of the traits analysed in the univariate
analysis, this effect was not included in the multivariate analysis. Genetic
correlations between traits (X and Y) were evaluated as follows:

r, = Sey) [5.5]

2 2
0ax0ay

where cov, (x,y) is the additive genetic covariance, and O'C%x and G,fy are the additive

variance components for traits X and Y, respectively.

The phenotypic correlation between traits (X and Y), was estimated as:

Covp(x,y)

Tp = ———= .
P — [5.6]
TpxOpy

where covp(x,y) is the phenotypic covariance between traits X and Y, estimated as
covp(x,y)zcovf (x,y)+covp(x,y)+coveg(xy), which is the sum of the family,
interaction, and residual covariance components. O'Ex and a,%y are the phenotypic

variances for traits X and Y, respectively. Standard errors for genetic and phenotypic
correlations were estimated by ASREML using a Taylor series approximation

(Gilmour et al. 1998).

5.4. RESULTS AND DISCUSSION

Descriptive statistics table for radial modulus of rupture (MORRrag) and radial
modulus of elasticity (MOERraq) are given in Table 5.1. Figure 5.1 show graphs of family
mean values for mechanical traits, and highlight the differences that were found
between families. About 50% of families had a mean value higher than the average

value of MORgraq and 47% exceeded the mean value of MOEgraa. Family 32 had the
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highest mean values for both traits (MOEra=1.32GPa, MORRad=16.13MPa) and

minimum value obtained for MOEgrada and MORgraq were 1.042 GPa and 12.27 MPa for
families 78 and 30, respectively. Ohbayashi et al. (2001) in a work performed in
radiate pine obtained also for MORRraq @ mean value of 7.8 MPa, slightly lower than the

ones obtained by us.

Table 5.1 Descriptive statistics table for Radial Modulus of Rupture (MORrad) and Radial
Elasticity Module (MOERrad), respective additive and phenotypic variance components and
individual heritability estimates (standard errors given in brackets)

MORRad MOERad
(MPa) (GPa)
Mean 13.8 1.1
Max 19.80 1.72
Min 8.76 0.78
SD 1.72 0.15
Cv (%) 12.5 13.2
Va 0.983 0.638 x102
Vp 2.882 0.213 x10-1
he 6131) (6143)

The mean value obtained for MORrag and MOEg.q was 13.8 MPa and 1.1 GPa
respectively, with a coefficient of variation of approximately 13% for both traits. Both
traits had moderate heritability values 0.34+0.131 and 0.30+0.143 for MORgrag and
MOERrag, respectively, indicating that these traits are subject to only modest genetic
control in maritime pine. Genetic control of mechanical properties has not been well
documented compared with growth traits and wood density. As far as the author’s
knowledge, no other studies have evaluated the genetic control of mechanical traits
on radial direction. Nevertheless, our estimated heritabilities for this trait
correspond well with results found in previous studies performed in other
coniferous species, for MOE and MOR measured in the longitudinal direction. These
studies also report moderate to high genetic control for these characteristics
(Baltunis et al. 2007; Fujimoto et al. 2006; Johnson and Gartner 2006; Kumar 2004;
Kumar et al. 2006). The differences between families with highest and lowest MOERgad

and MORRaq, allied with the values of heritability estimates, indicate that selection for
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higher resistance and elasticity through breeding could yield some genetic gains.

However, it is necessary to understand how characteristics are related to one
another in order to be able to assess the degree to which one trait will change as a
result of improving another trait (Zobel and Talbert 1984).

o Mean [ +SD __ Min-Max
22 ———

20

MORgaa (MPa)

=
0
O
0
[ C 1

5 8 1012 14 16 18 20 23 25 30 32 39 45 48 50 53 56 59 68 76 79 &1
T 9 1113151719 22 24 29 31 34 41 46 49 51 54 58 61 73 78 80 82

Families

o Mean [] +SD __ Min-Max

MOErad (GPa)
0

=

0.8

5 8 101214 16 18 20 23 25 30 32 39 45 48 50 53 56 59 68 76 79 81
T 93 11131517 193 22 24 29 31 34 41 46 49 51 54 58 61 73 78 80 82
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Figure 5.1 Mean family values, respective standard deviations and minim and maxim
values of radial modulus of rupture (MORrad) and radial modulus of elasticity (MOERad).
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Tables 5.2 and 5.3 present phenotypic and genetic correlations observed
between MORRrad¢ and MOEraq and the other traits in study. Results showed a high
phenotypic and genetic correlation between the two mechanical traits (r,=0.61 and
rg=0.56, respectively), indicating that these traits are at least for a large part
controlled by the same set of genes and that indirect selection procedures could be
carried out on these characters. Both mechanical traits presented positive

phenotypic or genetic correlations with RD.

Table 5.2 Estimates of phenotypic correlation coefficients (with standard errors given in
brackets) between all traits.

MOERad MORRad

MORRad ?6%129) -

RD 6042 6046
MND (604 (0646
MXD (6043) (6046)
EWD 6045 (6046
LWD ok [0.645)
Lwp o8 6046
EWW (0085 (0046
Lww (()6.%(13] ?6%(?45)
SPG (6045 0655
LG {0045 (005)

MORRg,¢ = Radial Modulus of Rupture, MOEg,q= Radial Elasticity Module, RD =
Average Ring Density, MND = Minimum Density, MXD = Maximum Density,
EWD = Earlywood Density, LWD = Latewood Density, LWP = Latewood
Percentage, EWW=Earlywood Width, LWW= Latewood Width, SPG=Spiral
Grain, LG= Proportion of Lignin Content.

These findings coincide with those obtained by Burdon et al. (2004); Dungey et
al. (2006); Hannrup et al. (2004) and Steffenrem et al. (2007), although the mechanical
traits were evaluated longitudinally. Our findings also indicate that MOEg.q was more

genetically dependent on latewood components, both density (MXD and LWD) and
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growth ones (LWP and LWW). The highest positive genetic correlation observed in

this work was between MOEr.ga and LWW, indicating that selection for greater

quantities of latewood would increase wood stiffness.

Table5.3 Estimates of genotypic correlation coefficients (with standard errors given in

brackets) between all traits.

MOERad MORRad
MORRad 003
RD G2146) (6243)
MND (G2i1) o12)
MXD Py 270)
EWD o) Gr2)
LWD G0 (0206)
LWP (6276) 0262)
EWW 0205) 3e2)
LWW G210 6273
SPG 0251) (6260)
LG 0259) 0279)

Note: See Table 5.2 for trait abbreviations

Results from a previous study performed in the same samples showed that RD

was genetically highly positively correlated with LWW and negatively correlated with

EEW (Gaspar et al. 2008b). Thus, as MOEraq has a high genetic correlation with RD, it

would be expected that MOEr.q also presented high positive correlations with

latewood intra-ring traits, and negative with EWW. This findings are in agreement

with the “weak band theory” that was proposed by Bodig (1965) and Kennedy (1967)

cit. by Liu and Ross (2005). According to this author, in the radial direction earlywood

and latewood bands are arranged in series, perpendicular to the applied load. Both

bands carry the same load, but latewood deforms much less than earlywood. The

first failure occurs in the weakest earlywood band, with subsequent failures

occurring in other earlywood bands and then latewood bands as compression
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progresses. Thus, if improvement of earlywood density is possible, the loading
capacity in the radial direction can be superior. With the exception of MND and EWD,
lower correlations of MORrag with all the intra-ring traits were obtained. These
results suggest that MORraa could be enhanced trough the improvement of the
earlywood density, even though this trait is less affected by intra-ring variations that

MOERad.

Phenotypic and genetic correlations between SPG and mechanical traits were
positive but low, with the exception of the moderate genetic correlation value with
MOERaq (rg=0.42). A converse relation between MOEg.¢ measured in the longitudinal
direction and spiral grain or microfibrill angle is usually reported in literature
(Hannrup et al. 2004). One possible explanation of our results may be due to the high
genetic correlation observed between SPG with RD and LWW in the same samples
(Gaspar et al., 2008b), since MOEraq also presents high genetic correlations with RD
and LWW. Spiral grain does not have an overwhelming influence on the mechanical
performance in the radial direction, so it is possible that this correlation is a result of
an indirect relation with other trait. Thus, it is expected that this tendency of
increasing MOEraq with SPG is a reflection of a higher incidence of juvenile wood
and/or occurrence of reaction wood, which confounds the relation between these
traits. For example, it is probable that a tree with a high incidence of reaction wood
presents higher values of SPG (Harris 1989), since reaction wood in softwoods is
characterized by high values of LWP, LWW and RD (Timell 1986; Zobel and van
Buijtenen 1989), high MOEraq values are expectable. Thus, it is possible that SPG is

positively correlated with MOEgraq due to the indirect effect of reaction wood.

Phenotypic correlations between mechanical traits and LN were weak and
negative (rgmor)=-0.16 and rgmor)=-0.11). The genetic correlation value obtained
between MOERraq and LG was also negative but considerably higher (-0.53), while the
correlation with MORgrag Was also negative but very weak (-0.094). Similar genetic
correlations between these traits were obtained by Chantre et al. (2002), Hannrup et
al. (2004) and Steffenrem et al. (2007). According to Steffenrem et al. (2007) it is
difficult to find support for these results in the literature “since the cell structure in
earlywood contains higher proportions of lignin - rich middle lamella than latewood,

the effect of lignin on MOE and MOR could be confounded with other correlated traits
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such as RW, LWP and density”. Unpublished results of analyses performed in the same

samples used in this work, indicates a negative genetic correlation between LWW and
LG. The high correlation between LWW and MOERraq (0.48) can explain the negative
relation of MOEgr.a and LN. These genetic correlations indicate that selecting trees
with lower LG, for example for pulp production, will decrease the radial modulus of

elasticity of the wood, so attention should be given to the final use of the material.

Destructive methods are usually used to evaluate mechanical properties.
However a large number of living trees need to be evaluated using non-destructive
methods in order to create breeding or production populations with trees that
posses the best attributes, or simply because the genetic trial need to be maintained
for further evaluations. With this work the genetic control of mechanical traits was
evaluated using samples that could be obtained through core samples, what is a non

destructive method.

5.5. CONCLUSIONS

Based on a non destructive method, using samples cores our heritability
results indicates that MOEraq and MORgag are under a moderate genetic control. Also
the differences between families with the highest and the lowest MORraq and MOERag
indicate that selection for higher resistance and elasticity through breeding could
yield some genetic gains. The positive correlations observed between both
mechanical traits and RD indicates that selecting for RD will not result in a decrease
of MORra¢ and, is possible to obtain an increase in MOEg.¢. The high genetic
correlations observed between the MOEr.a and latewood components make it a
strong trait for indirect genetic improvement. Results suggest that MORgraq could be
improved through the enhancement of earlywood density, even though this trait is

less affected by intra-ring variations that MOEaq.
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6.1. ABSTRACT

The selection criteria for the first generations in the Portuguese Pinus pinaster
improvement program have been the growth rate and form traits. In this work we
study the consequences of this selection on wood quality traits. This study assesses
genetic and phenotypic correlation between growth, wood density components,
lignin content and mechanical traits (radial modulus of elasticity and radial modulus
of rupture) of 46 half sib families from a progeny trial located in Leiria, Portugal,
originated from seed collected in a clonal seed orchard. A total of 552 seventeen-
years-old trees (about half of full rotation age) were sampled at 2m height. Height
measured at 12 years old presented a higher genetic control (hz=0.34) relatively to
DBH, measured at 12 and 17 years old respectively (h2=0.17 and h2=0.15). The results
of this study also showed that DBH growth is more dependent on latewood
components than earlywood components and that higher growth in Mediterranean
regions can be due to an increase of the period of latewood formation. Further, we
can conclude genetic selection based on growth will not result in a decrease of wood
density, will not affect the occurrence of spiral grain, and is possible to obtain an
increase in the radial modulus of elasticity. The present study also showed that it is
possible to select for increased growth with lower lignin proportion. Results also
suggest that selection for growth at 12 years will probably not affect negatively the

wood properties at 17 years.

6.2. INTRODUCTION

Maritime pine (Pinus pinaster Ait.) is a highly valuable coniferous species
(Pinaceae), broadly distributed in the western Mediterranean Basin, in Southern
Europe and Africa, and the Atlantic coast of Portugal, Spain and France (Alia and
Martin 2003). It is one of the most important forest species in France, Portugal and
Spain, used mainly for carpentry, construction, chipboard, pulp and paper
production, floor boards and palettes. In Portugal, according to the National Forest
Inventory (2005/2006), 23% of the national forest area is occupied by P. pinaster
(DGRF 2007), representing 11% of the total of forest product exports in 2000
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(Correia et al. 2004). Due to the economic importance of P. pinaster, a national tree
improvement plan for this species has been in operation since the early 1980’s
(Roulund et al. 1988). Presently, the maritime pine breeding programme is in its
second generation of selection (the progeny trials reported in this study are part of
this programme), and the selection criteria for the first generations have been the
growth rate and form traits. Such selection criteria might have an indirect effect on
wood properties (Zobell and Jett 1995), therefore, it's essential to know the nature
and magnitude of the relationship between growth traits, wood density and other
quality traits. The relationship between growth rate and wood density has been
studied intensively, but the results obtained are contradictory. Zobel and van
Buijtenen (1989) reviewed 55 hard pine studies up until 1986; 35 showed no
relationship, 11 a significant reduction in density with increased growth and 4
reported that when trees grew faster, a higher density was observed. Wu et al (2008)
reviewed several studies on Pinus radiata and found that in a total of 64 genetic
correlations between density and DBH (or ring width) the values ranged between -

1.08 and 0.6 with a mean value of -0.51.

More attention has been given to breeding for wood density and quality in
recent years, because of shorter rotations and the recognition that increasing
rotation markedly raises the effective growing cost (Wu et al 2008). In a previous
work by Gaspar et al (2008a) on the heritability of wood density components in P.
pinaster, it was concluded that ring density (RD) was the trait under strongest
genetic control (h2= 0.63), and heritability values of earlywood components exceeded
those of latewood components. Heritabilities increased with ring number from pith
for almost all wood-density components, and there were high age-age genetic

correlations for wood density traits (rg> 0.98).

Sound knowledge of genetic correlations is important for both defining
breeding goals and selecting right genotypes (Kumar et al. 2008). If improving one
desired characteristic results in a reduced value for a second desirable property, a
very careful consideration must be made as to the most effective breeding plan
(Zobel and van Buijtenen 1989). Consequently it is important to avoid problems

derived from adverse correlations.
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The aim of this study was to estimate genetic and phenotypic correlations
between growth and wood quality traits and to evaluate the possible consequences
of selection for growth at early ages on wood quality of maritime pine populations in
Mediterranean conditions. These findings are of great importance for the continued
development of maritime pine breeding programmes, providing a guideline to future

generation’s selection.

6.3. MATERIAL AND METHODS
6.3.1. Location

The field trial location was at Pinhal de Leiria, established in 1987 and situated
in central coastal Portugal (lat 39°50’, long 8°55’, alt 30m). The site is characterized by
a Mediterranean climate, with a mean air temperature between 12.5°C and 15°C,
relative humidity between 80 and 85% and yearly rainfall values of 700mm to
800mm, with a 4 month period of summer drought. The Spodic Podzols (PZ sd) soils
are derived from sands dunes of maritime origin. Seedlings were nursery raised for 9
months in plastic bags (250cm? volume). Planting (2mx2m spacing) took place in

March 1987 after harrowing and ploughing the site; no fertilizer was applied.

6.3.2. Genetic material

The progeny test used in this study was established in 1987. The trial includes
46 open-pollinated families, derived from seed collected in the Escaroupim clonal
seed orchard II. The ortets were obtained from plus-trees selected in the Mata
Nacional de Leiria by senior forester D. H. Perry in 1963-1964. The selection criteria
used were based on volume, stem form, spiral grain and branch habits (Perry and
Hopkins 1967). This seed orchard includes 49 genotypes; it was established by
grafting in 1975-1980 and belongs to the first generation of the breeding program.
Only 46 families were considered in order to avoid poor seed production. The 46

families were replicated in 8 blocks with 2x4 trees plots. In 2004, wood samples were
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collected from a subset of 12 trees for every family in 3 blocks, giving a total number
of 552 trees (the four trees per plot were selected by random). A single wood disc
with a thickness of 10 cm was collected at a predetermined sampling height of 2m.
The disk was sawn into a 2mm-thick radial strip segment from the pith to the bark,
and then conditioned at 12% moisture content. Radial samples were X-rayed
perpendicular to the transverse section and their images scanned by
microdensitometric analysis (Hughes and Sardinha 1975; Polge 1978). The time of
exposure to radiation was 300s, at an intensity of 18mA and an accelerating tension
of 12kV, with a 2.5m distance between X-ray source and film. The data comprising
the radial density profiles were recorded every 100um with a slit height (tangential

direction) of 455um.

The first and last annual rings of each sample were excluded since they were
usually incomplete. Growth-ring boundaries were identified on the radial profiles by
locating the sharp density variations through visual observation of the macroscopic
anatomical features. For each ring, average ring density (RD), minimum density
(MND), maximum density (MXD), earlywood density (EWD), latewood density (LWD),
earlywood width (EWW), latewood width (LWW), ring width (RW) and latewood
percentage (LWP) were determined. The earlywood (EW) latewood (LW) boundary in
each growth ring was assigned a fixed density of 500 Kgm-3 as the limit between
EW/LW. We used one fixed value of density as has been used for several conifer
species (Barbour et al. 1994; Fujimoto et al. 2006), even though some researchers
have been using the average of minimum and maximum ring density to define the
transition point for EW/LW (Nicholls et al. 1980; Vargas-Hernandez and Adams 1991;
Zamudio et al. 2005). The advantages of this criterion for the EW/LW boundary based
on a fixed density value were well explained by Jozsa et al. (1987) and Rudman
(1968). This value of 500Kgm was a result of an adjustment to the value proposed
by Louzada (2000) for P. pinaster, where it compares different criteria and indicates
that this one is the most correct for this species with 18 years old. Although this
criterion does not allow identifying the beginning of the latewood, it allows
indentifying the portions of the ring with a density higher than a threshold, which we
call LW. Intra-ring density variation was quantified by the heterogeneity index (HI)

proposed by Ferrand (1982), defined by the standard deviation of all density values
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across the annual ring. Because rings close to the pith have less volume than those
near the bark, they contribute less to the whole disc volume. To compensate for this
effect, wood density components were weighed for each ring density component by
its respective cross-sectional area. These area-weighed cumulated traits are

henceforth referred to simple as cumulated traits or values (Hylen 1999).

The same strips were used to evaluate the radial modulus of elasticity
(MOERad) and the radial modulus of rupture (MORgaq), through three-point bending
tests (Brancheriau et al. 2002). Before testing the specimen dimensions (thickness
and width) were measured with a digital calliper (0.01mm resolution). Bending tests
were carried out in an electro-mechanical testing machine (Instron 5848
MicroTester®). The experiments were carried out at room temperature under

displacement control (0.5mm/min) and with a span of 40 mm.

The other traits assessed were spiral grain (SPG) determined for all trees as
explained in Gaspar et al. (2008b) In each disc, the grain angle was measured at the
most recent formed latewood of the last ring, using a grain slope detector (Harris

1989) and the pith as a reference (Hannrup et al. 2002).

The proportion of lignin content (LG) was estimated by near infrared
spectroscopy (NIR) on extractive-free wood meal samples according to Rodrigues et
al. (2006) and Perez et al. (2007). Being an indirect method, NIR needs calibration.
The accuracy of NIR spectroscopy is influenced by the spectral noise and the
reference data noise (Geladi 2002). However statements such as “NIR predictions can
never be better than the primary reference method” were refuted (DiFoggio 1995;

Rodrigues et al. 2006).

Height (HT) was assessed with a telescopic rod at age 12, and breast height
diameter (DBH) was measured over bark using standard procedures, at age 12 and

17, in all trees of the trial.
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6.3.3. Data analysis
The mixed linear model associated with the data for a given trait was:
Yijk:}.L + Bj +F; + BXFjj + € jjk [6.1]

where Y represents the phenotypic individual observation; p is the overall mean; B;:
the effect of the jth block (fixed); Fi: the effect of the ith family (random); BxFj: the
effect of the interaction between the ith family and the jth block (random) and €- the
residual error. All terms in the model 6.1, except B, is assumed to be normally and
independently distributed with mean zero and corresponding variances (o?).
Variance components for family (afz), family-block interaction (cffz*b) and residual
errors (02), with the respective associated standard errors, were estimated by
restricted maximum likelihood, using the average information REML algorithm

implemented in the ASREML programme (Gilmour et al. 1998).
Narrow sense heritability (h?) was calculated for each trait as:

hi== [6.2]

where 62, represents the additive genetic variance and o%p the total phenotypic

variance. Total phenotypic variance was estimated as:

G2p=0G2¢+G2 xp+02 [6.3]
and estimated additive variances as:

0l=—x07% [6.4]

where the coancestry coefficient (6 =0.13) was obtained (in the absence of selfing)
from correlated paternity r’, estimated by molecular markers see (Gaspar et al. In

Press) as:

O =0.250xr’, + 0.125%(1- r’p) [6.5]
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Standard errors for heritability were estimated by ASREML using a Taylor

series approximation (Gilmour et al. 1998).

Genetic and phenotypic correlations between all wood traits were calculated
using a multivariate extension of model [6.1]. When the family effect was found to be
null for any of the traits analysed in the univariate analysis, this effect was not
included in the multivariate analysis. Genetic correlations between traits (X and Y)
were evaluated as follows:

Covg(x,y)

Ty = S [6.6]
04x0ay

where COV, (x,y) is the additive genetic covariance, and J,fxand G,fy are the

additive variance components for traits X and Y, respectively.
The phenotypic correlation between traits (X and Y), was estimated as:

Covp(x,y)

Tp = ———=t [6.7]
oh,

where covp(x,y) is the phenotypic covariance between traits X and Y, estimated as

covp(x,y):covf(x,y)+c0vﬂ,(x,y)+covg(x,y), which is the sum of the family,

interaction, and residual covariance components. aﬁx and aﬁy

are the phenotypic
variances for traits X and Y, respectively. Standard errors for genetic and phenotypic
correlations were estimated by ASREML a Taylor series approximation (Gilmour et al.

1998).

Selecting for one trait x will result in a correlated response of other traits, and
the correlated response of a trait y can be estimated by using the equation of indirect

response (Falconer and Mackay 1996):

Cry/x=1. hx.hy . rgpy).0py [6.8]
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where hy and hy are the square root of appropriate narrow sense heritabilities for

traits X and Y respectively; rgxy) is the additive genetic correlation between traits X

and Y and Glgy is the phenotypic standard deviations of trait y.

6.4. RESULTS AND DISCUSSION

Summary statistics for growth traits and respective heritability estimates are

given in Table 6.1.

Results showed a lower heritability for DBH (h?(12=0.17 and h?(17=0.15)
compared to HT (hZ= 0.34) because the phenotypic variance is relatively higher than

the additive variance.

Results for DBH are in agreement with those observed for the same species by
Kusnadar et al. (1998) and Zas et al. (2004), but lower than those found by Costa and
Durel (1996). Our estimated heritabilities for HT correspond well with those found in
previous studies of maritime pine (0.27-0.45) (Cotterill et al. 1987; Danjon 1995;
Kremer and Lascoux 1988; Pot et al. 2002), but lower values (0.11-0.17) for this trait
were observed by (Kusnadar et al. 1998; Zas et al. 2004).

Table 6.1 Descriptive statistics table for diameter measured at 17 and 12 years old and total
height measured at 12 years old, respective narrow heritability(h?) estimates and phenotypic
and additive variances (Vp and Vs, respectively). Standard errors given in brackets.

DBHi2 HT12 DBH17

(cm) (m) (cm)
Mean 10.28 6.9 13.26
SD 2.66 1.16 3.20
CV (%) 29 18 27
Max 18.0 10.0 22.0
Min 5.0 9.0 5.1
Va 1.15 0.41 1.50
Vp 6.68 1.19 9.80
he 606 w10 0%

100
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Although a higher genetic control of HT relatively to DBH was reported by Zas
et al. (2004), other authors have suggested the opposite (Costa and Durel 1996;
Kusnadar et al. 1998); i.e. higher heritability values for DBH. According to Costa and
Durel (1996) diameter is more affected by competition between trees and
microenvironment effects than height. In fact, larger additive and phenotypic
variances observed for DBH were observed in this work. Contributing to this higher
competition between trees may the fact that this trial was installed with a narrower
spacing (2x2) than usual for this species. Relatively small changes in DBH heritability
with age (0.17 versus 0.15), were also observed by Costa and Durel (1996); Danjon
(1994) and Kusnadar et al. (1998) although most of these authors mentioned that

heritability increases with age.

Phenotypic (rp) and additive genetic (rg) correlations between DBH measured
at 17 years old and the other wood traits are presented in Table 6.2. In contrast to
Picea species, where negative genetic correlation between wood density and growth
traits is usually reported (Hannrup et al. 2004; Yanchuk and Kiss 1993; Zhang et al.
1996), studies on several Pinus species have revealed often contrasting results (Fries
and Ericsson 2006; Wu et al. 2008; Zobel and Jett 1995). Even in P. pinaster,
correlation values between wood density and growth rate are contradictory. While
Keller (1973) and Louzada (2003) obtained positive correlations between density and
growth (0.43 and 0.11 respectively), Pot et al. (2002) and Chaperon et al. (1989) found
negative genetic correlations in the same species (-0.48 and -0.89). For P. pinaster in
France Boulffier et al. (2008), reported that these two traits were weakly negatively
correlated both phenotypically and genetically. In the present study, phenotypic
correlations between DBHi; and RD were weakly positive (0.24) but genetic
correlation was close to zero (0.04), indicating that selection based on growth will

not result in a decrease of wood density.
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Table 6.2 Phenotypic (rp) and additive genetic (rg) correlations between diameter measured
at 17 years old and the other wood traits (Standard errors given in brackets).

Ip Ig
RD o) 032)
MND 0n 02
MXD Gon 62%)
EWD 005 02
LWD Gon 026
LWP Gon 6o)
EWW 0% 026
LWW 608 62%)
SPG o) B23)
MORrad s, P
MOEras 0% )
LG 005 029

DBHI17=diameter measured at 17 years old; RD = Average Ring Density, MND =
Minimum Density, MXD = Maximum Density, EWD = Earlywood Density, LWD =
Latewood Density, LWP = Latewood Percentage, EWW= Earlywood Width, LWW=
Latewood Width, SPG=Spiral Grain; Rrad =Radial Modulus of Rupture ; MOErad=
Radial Modulus of Elasticity; LG= Lignin Content

In a comprehensive review on the reasons for these contradictory results,
Louzada (2003) suggested that the relationship between wood density and growth
rate is site specific. From our data (Table 6.2) it can be observed that DBH was more
dependent on latewood components (MXD, LWD) than earlywood components (MND,
EWD). Increase in DBHi7; was due to an increase in LWP (0.42) and not an
enhancement in EWW (0.0). Further, it is clear that larger trees tended to present
higher values of RD, LWD, LWW and LWP, explaining why faster growing trees do not
have necessarily lower densities. Results suggest that one possible reason for higher
or lower wood density in fast growing trees depends upon growth being due to an
increase of LWW or EWW, respectively. In a study on Abies balsamea (Koga and Zhang
2004) reported a negative phenotypic correlation between RD and RW (-0.48), a
strong positive correlation between RW and EW (0.96), but no correlation between

RW and LW (0.05), i.e., larger radial growth was caused by an increase in EW. In Picea
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abies Steffenrem (2008) refers that RW variation can be explained by earlywood zone
width, while the width of the latewood barely varies. The existence of more LW or
EW can be associated with the growing conditions of trees. Higher growth rates
observed in higher latitudes can be a consequence of the early onset of cambial
initiation, resulting in a higher proportion of EW. On the other hand, higher growth in
Mediterranean regions can be due to an increase of the period of latewood
formation, since the main tree growth constraining factors in this region are the high
temperatures and water stress during the summer. When growth conditions are
favourable in summer (water availability), trees present higher RW due to an
enlargement of LWW and, consequently, higher RD. Conversely, during drought
summers trees will present less LWW, RW and RD. A significant association of
P. pinaster growth with water supply was observed in a study performed in central
Spain (Bogino and Bravo 2008). Also for three pine species (P. sylvestris, P. nigra and
P. uncinata) a positive effect of summer rainfall on growth has also been observed in

Spain and Portugal (Andreu et al. 2007).

Also Campelo et al. (2007) in a study performed in P. pinea in Portugal, verified
that climate explained between 59% and 76% of the tree ring variance, that latewood
width was more sensitive to climate variations than earlywood and that earlywood
development was mostly pre-determined at the beginning of the growing season.
Moreover, results from a previous work (Gaspar et al. 2008a), performed on the same
samples used in this study, showed that heritability estimates for earlywood
components (h?wnp)=0.54, h?Ewn)=0.60) were superior to those obtained for
latewood components (h?xp)=0.34; h?wwn)=0.26), confirming that for P. pinaster
earlywood characteristics are subject to stronger genetic control and that latewood
components are more subject to environmental factors. Earlywood formation is
made partially at the expense of stored carbohydrates rather that products of
current photosynthesis (Hill et al. 1995), while latewood formation depends mainly
on current photosynthesis and, hence latewood traits are more closely related to

current climate conditions that earlywood (Lebourgeois 2000; Zhang 1997).

The relationship between wood density and growth also differs with location

to some extent some extent (Zhang et al. 1996). To this author it seems that in a
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species where exists a negative relationship between wood density and growth this
relation tends to be weaker in trees growing in a more favourable environment. For
Downes et al. (2002) and Wimmer and Downes (2003) it is evident that the
relationship between annual growth rate and density will depend largely on the
relative size of the increments produced at different times of the year. These authors
stated that when large rings are accompanied with the increased proportion of
latewood, a positive relationship between density and growth is also possible. It is
important to point out that in order to assess the real influence of growth rate on
wood density, analyses must be carried out among homogeneous age classes.
According to Zobel and van Buijtenen (1989) it is not acceptable to relate wood
properties to ring width with rings of different ages. Nevertheless, this has been and
still is frequently done, resulting in false and controversial ideas on the effect of
growth rate, and may be another factor contributing for multiplicity of results
obtained. It is of great importance to define difference between juvenile and mature
wood when studying the effect of growth rate on basic density (Saranpaa 2003).
Wide growth rings and low density are associated with juvenile wood, and narrow
growth rings with high density are characteristic for mature wood. Therefore, a
negative correlation between ring width and density will be evident if juvenile and

mature wood are both included in the analysis (Saranpaa 2003).

Formation of spiral grain is under considerable genetic control, while its
expression may be at least partly dependent on factors affecting the growth
conditions of trees (Harris 1989). Other works have revealed high level of spiral grain
to be correlated with a fast growth rate (Eklund et al. 2003). These authors
demonstrated a positive relationship between growth, ethylene evolution and a high
left-handed spiral grain. Results from this work indicate the existence of a positive
but low phenotypic and genetic correlation between growth and spiral grain (0.24
and 0.154 respectively), indicating that grain inclination tend to be maintained in fast
growing trees. Similar findings were reported for P. abies by Costa e Silva et al.
(2000) and Hallingback et al. (2008). Lower but inconsistent correlations were
obtained for Pinus caribaea (Harding et al. 1991), Pinus sylvestris (Hannrup et al.
2003) and P. abies (Hannrup et al. 2003; Hansen and Roulund 1997). As observed in

the present work, phenotypic correlations between these traits were higher than
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genetic ones, meaning that the relation between spiral grain and growth traits is
more influenced by environmental conditions than genetic conditions. Thus,
selecting for fast growing trees will not affect the occurrence of spiral grain since

environmental conditions can exert a more pronounced effect.

Correlations between growth and mechanical traits highlighted a modereate
positive phenotypic correlation between diameter growth and MOEgaq (0.49) while
genetic correlation, although also positive, presented a more moderate value (0.30).
For MORRraq a very weak positive phenotypic correlation was obtained (0.07) while
the genetic correlation presented a weak but negative value. Several works on
P. radiata (Baltunis et al. 2007; Kumar 2004; Kumar et al. 2002), Pseudotsuga
menziesii (Johnson and Gartner 2006) and P. abies (Steffenrem 2008) gave negative
correlations between growth and modulus of elasticity, but it should be highlighted
that the mechanical traits were evaluated in the longitunal direction in these studies.
Results from a previous work (Gaspar et al. Submitted-b) performed on the same
samples used in the present study, indicated that MOEr.g was more dependent on
latewood components, either the density (MXD and LWD) or growth components
(LWP and LWW). The higher positive genetic correlation observed in this work was
between MOEr.« and LWW, indicating that selecting for and enlargement of the
latewood percentage would increase wood stiffness. So, it is possible that LWW,
which also has a high association with growth rate, is responsible for the positive

correlation between growth and radial MOE.

Phenotypic and genetic correlations between the DBH and lignin were
negative (-0.19 and -0.41, respectively). The moderate to high value obtained for
genetic correlation indicates that it is possible to select for increased growth with a
lower lignin proportion, which is beneficial to pulp production. This relation can also
be explained by the fact that lignin proportion was more dependent on latewood
portion presented at the ring (LWP and LWW), suggesting that these traits may be
controlled, at least partially by the same set of genes, and that increasing the
existence of more latewood would decrease the lignin proportion (Gaspar et al.
Submitted-a). Thus, trees with higher DBH and higher proportion of latewood are
expected to have lower LG. Results observed in this work are opposite those

observed for other conifers including P. pinaster where positive genetic correlations
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were observed between growth traits and lignin proportion (Costa e Silva et al. 1998;
Pot et al. 2002; Sykes et al. 2006). These results are understandable since the relation
between growth and wood density in these works was negative, and wood density is

usually negatively correlated with lignin proportion.

Table 6.3 presents phenotypic (rp) and additive genetic (rg) correlations
between wood quality traits evaluated at 17 years old, and DBH and HT measured at
12 years old, while in Table 6.4 are presented the expected correlated response for

each trait considering a selection for growth traits with an intensity of 10%.

Table 6.3 Phenotypic (rp) and additive genetic (rg) correlations between different wood traits
and DBH (diameter) and HT (total height) measured at 12 years old.

DBH 12 HT 12

I'p Ig I'p I'g
RD 0.25 0.11 0.31 0.06
(0.04) (0.21) (0.04) (0.19)
-0.13 0.09 0.11 -0.05
MND (0.05) (0.21) (0.05) (0.19)
0.25 0.03 0.29 -0.01
MXD (0.04) (0.24) (0.04) (0.22)
0.08 0.05 0.13 -0.03
EWD (0.04) (0.21) (0.05) (0.19)
0.21 -0.08 0.25 -0.08
LWD (0.04) (0.27) (0.04) (0.24)
0.32 0.29 0.36 0.25
LWP (0.04) (0.21) (0.04) (0.20)
-0.05 -0.32 -0.13 -0.13
EWW (0.05) (0.24) (0.04) (0.32)
0.40 0.14 0.37 0.23
Lww (0.04) (0.24) (0.04) (0.21)
0.20 0.22 0.12 0.17
SPG (0.04) (0.21) (0.05) (0.20)
R 0.03 -0.14 0.04 -0.11
rad (0.05) (0.24) (0.05) (0.22)
0.44 0.16 0.41 0.29
MOErad (0.04) (0.25) (0.04) (0.22)
LN -0.23 -0.31 -0.28 -0.42
(0.04) (0.24) (0.04) (0.23)

Note: See Table 6.2 for trait abbreviations

Early evaluation of genotypes for adaptative and volume traits are an
important component of tree improvement strategy when long rotations are used in
forestry. However, attention should be given to the effect of this selection process on
wood quality. Our results indicate that since genetic and phenotypic correlations

between wood quality traits and growth traits (DBH and HT) at age 17 were of the
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same order and direction as correlations with the same traits at 12 years old, we can
conclude that selection for growth at 12 years will not negatively affect the wood
properties at 17 years. In some situations like for RD and EWW, the correlations were
higher with DBH12 (0.11 and -0.32) than with DBH17 (0.04 and -0.17), indicating that
early selection can be suitable for these traits. The correlated responses presented in
table 6.4 between these traits corroborate this point; however we have to stress out
the high errors associated with the correlation estimates. Concerning the genetic
correlations with HTi, all were lower than the ones observed with DBH12, excepting
for the correlations with LWW and MOEga.g, but the expected correlated responses are

not very different.

Table 6.4 Expected correlated response for each trait considering selection for growth traits
with an intensity of 10%, genetic gain give in trait units (GG) and in percent (CG%).

HT12 DBHi2 DBH17
GG CG% GG CG% GG CG%
RD (Kgm=) 0.53 11 0.64 35 0.58 22
MND (Kg m=) 0.27 -13 0.43 41 0.23 26
MXD (Kg m=) 0.70 -1 0.74 5 0.69 2
EWD (Kg m) 036 7 0.46 19 0.34 13
LWD (kg m) 0.57 7 0.54 -12 0.53 14
LWP (%) 38.20 1 38.39 1 38.38 1
EWW (mm) 2.59 -3 2.34 -13 2.52 6
LWW (mm) 1.69 9 1.69 10 1.82 18
SPG 4.27 1 4.34 3 4.33 3
MORCrad (MPa) 13.61 -1 13.53 -1 13.54 -1
MOErad (GPa) 1.32 16 1.30 14 1.48 30
LG (%) 27.86 -1 27.79 -1 27.60 -2

Note: See Table 6.2 for abbreviations

6.5. CONCLUSIONS

Based on the results of this study we can conclude that for the P. pinaster
Portuguese breeding programme a genetic selection based on growth can be
performed without a consequent decrease of wood density, it will not affect the
occurrence of spiral grain, and is possible to obtain an increase in the radial modulus

of elasticity. The present study also showed that it is possible to select for increased
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growth with lower lignin proportion. Further, our results suggests that for Maritime
pine in Mediterranean conditions, DBH growth is more dependent on latewood
components that earlywood components, and that an increase in this trait is due to
an increase in LWP and not due to an enhancement in EWW. Results also suggest that
selection for growth at 12 years will not negatively affect the wood properties at 17

years.
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7.1. ABSTRACT

The management of a genetic improvement program is based on the
knowledge of the genetic parameters and their relationships to determine the
genetic gains. Knowledge of the coefficient of coancestry (6) is a requirement for
efficient progeny testing scheme and for estimating additive variance components
for any quantitative trait. When using open-pollinated families, most authors assume
that the seedlings are related as half-sibs, but this is not always true. Our aim was to
estimate a mean value of the coancestry coefficient of the families present in a
maritime pine Pinus pinaster Ait. (maritime or cluster pine) progeny trial originating
from seed collected in a clonal seed orchard, and to study how deviations from the
standard assumption of 6=0.125 affect heritability estimations. Five highly
polymorphic microsatellite markers were scored in 125 offspring from a sub-sample
of five families from the progeny trial. The mean value of the coancestry coefficient of
the families present in this progeny trial was 0.130. Differences between the
unadjusted and adjusted heritability estimates were more pronounced in wood
density (0.629 and 0.586, respectively) than in diameter (0.166 and 0.154,
respectively). We conclude that in the trial, the associated error in heritability
estimates due to the inclusion of full-sibs, when assuming a standard coefficient of
relationship amongst open-pollinated sibs of 0.250, was low and that this result is
robust with respect to the number of families sampled, given unbiased estimates of

average relationship among offspring within sib-families.

7.2. INTRODUCTION

Pinus pinaster Ait. (maritime or cluster pine) is an important commercial
species in south-western Europe. In Portugal, P. pinaster is one of the most important
native species, covering 1 Mha, it is the only source of long fibre for pulp and paper
industry and the main one for solid sawn timber industries. A tree improvement
program is being developed for this species since the early 1980s based on a
selection of plus trees, the establishment of first-generation seed orchards and

open-pollinated progeny tests (Aguiar et al. 2003; Perry et al. 1970), with the aim of

119



CHAPTER 7 | Use of Molecular Markers for Estimating Breeding Parameters.

increasing volume per hectare and quality of stem form. Progeny tests allow the
estimation of genetic parameters and provide information about the ability of a
species to respond to selection and thus inform the deployment strategy for that
species (Zobel and Talbert 1984). To estimate genetic variance components it is
necessary to establish the relationship structure among the individuals tested
(Falconer and Mackay 1996; Lynch and Walsh 1997). We focus on the traditional
population genetic definition of coefficient of relatedness or relationship (r) for
diploid individuals, which is twice the coefficient of coancestry (6) (Lynch and Walsh
1997; Wright 1976).

Open-pollinated families have often been used for forest tree progeny trials,
due to easy operative management and simplicity of calculations (Borralho 1994),
especially in first generation breeding programs or in ecological studies where seeds
are collected in natural populations. Genetic relatedness among members of a
wind-pollinated family is usually assumed to be mathematically equivalent to the
covariance among half-sibs, which is equal to 0.25 (Falconer and Mackay 1996). This
involves assuming that families are true half-sib families, i.e., the female trees from
which the progenies were collected are unrelated, crosses are based on a high
effective number of unrelated males and there is no self-fertilization (Borralho 1994).
However, these assumptions are not usually met due to unaccounted relatedness
between parents, nonequal contributions of pollen, or the occurrence of selfed
progeny (Borralho 1994; Hansen and Kjaer 2006). This failure to meet assumptions
also implies that the family variance component is inflated by non-additive effects
when families include some proportion of full-sibs. Random mating and panmitic
equilibrium assumptions are often unrealistic for natural populations and, in many
cases, for seed orchards too (El-Kassaby and Ritland 1986). For example, several
studies in conifers have demonstrated that not all the clones within a seed orchard
(SO) make an equal contribution to the next generation (Goto et al. 2002; Hansen and
Kjaer 2006; Moriguchi et al. 2005; Plomion et al. 2001). In these conditions, the use of
r=0.25 would result in a biased estimation of additive genetic variance (Squillace
1974). According to Askew and El-Kassaby (1994), any testing program that depends
on wind-pollinated progenies for estimation of genetic parameters have to

cautiously evaluate the factors that determine the relationships among the progeny.
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The use of molecular marker technologies for parental analysis in breeding
programs can provide a solution to these uncertainties about the coancestry
coefficient, because they provide a mean to infer the relationship structure among
the individuals (Blouin 2003; Lynch and Ritland 1999). Some of the preferred genetic
markers for obtaining precise estimates of relatedness are microsatellites markers
(Gerber et al. 2000; Moriguchi et al. 2005), either from the nuclear or the chloroplast
genomes, because they usually display many alleles per locus (Lynch and Ritland
1999) and are co-dominant (Hardy 2003). In pines, chloroplast microsatellites are
haploid and paternally inherited. Because they don’t recombine, multiple chloroplast
fragments can be combined in haplotypes providing a paternal marker ideal for
pollen flow studies, as they allow direct identification of paternal gametes (Plomion

et al. 2001; Robledo-Arnuncio et al. 2004)

The aim of this work is to estimate a mean value of the coancestry coefficient
(0) of the families present in a progeny trial originated from seed collected in a clonal
seed orchard (CSO), and to study in what way deviations from the standard
assumption of 6=0.125 (i.e.,, r=0.25) in open-pollinated progeny tests of P. pinaster
would affect heritability estimation. It is also an objective of this study to show how
differences in coancestry coefficient across the families evaluated in a progeny test

would affect quantitative genetics estimations.

7.3. MATERIAL AND METHODS

7.3.1. Plant material and common-garden experiment

The progeny test used in this study belongs to a series replicated at three sites
and established in 1987 (Aguiar et al. 2003). The trials included 46 open-pollinated
families, originated from seed collected in the Escaroupim clonal seed orchard II
(Aguiar 1993). This CSO includes 49 genotypes and was established by grafting in
1975-80, but only 46 families were considered in the progeny test due to poor seed
production in the rest. The ortets were obtained from plus trees selected in Mata
Nacional de Leiria by the senior forester D.H. Perry in 1963/64. The selection criteria

used was based on volume, stem form, spiral grain and branch habits. Details about
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the plus phenotypes selected and the scoring system employed are described in
(Perry and Hopkins 1967). The 46 families were randomly replicated in 8 blocks with
8 trees per plot. In 2004 (age 17), wood samples were collected from a subset of 12
trees from every family in 3 blocks, giving a total number of 552 trees for evaluation

of wood quality traits.

A subsample of 125 offspring from five families (25 offspring per family),
representative of the same seed lot used in the establishment of the progeny trial,
were genotyped in our study. These five families showed extreme and contrasting
values of the inter-individual variance for different quantitative traits (Gaspar et al.
2008a). This way, i.e., by selecting families from the tails of the distribution for
molecular analysis, we were able to test whether quantitative genetics estimates are
affected by standard assumptions on sib relationship, with a limited genotyping

effort.

7.3.2. DNA isolation and molecular markers

Total genomic DNA was isolated from needles following the Doyle and Doyle
protocol (Doyle and Doyle 1990), with some modifications. Offspring were genotyped
for five microsatellite markers: two chloroplast microsatellite loci (Pt87268 and
Pt1254) and three nuclear microsatellites (Itph4516, Ctg275 and Ctg4363). These
markers were chosen from previous studies (see de-Lucas et al. 2008) because of
their high level of polymorphism and unambiguous scoring. The amplification
conditions for the different molecular markers are described in Robledo-Arnuncio et
al. (2004) (cpSSRs), Gonzalez-Martinez et al. (2002) (Itph4516) and Chagné et al.
(2004) (Ctg275 and Ctg4363).

Microsatellite fragments were scored in an ABI-PRISM 310 genetic analyzer
(Applied Biosystems, Foster City, CA, USA) using GeneScan ROX-500 as internal ladder

and standard running parameters.
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7.3.3. Data Analyses

7.3.3.1. Mating system parameters

Single- and multi- locus estimates of outcrossing rates (¢t; and tn, respectively)
per family were computed using a moment method based only on nuclear
microsatellites using MLTR (see Ritland 2002, for details). Confidence intervals were
obtained by bootstrapping (1000 bootstraps). The difference between multilocus and
single-locus estimates of outcrossing (tm-t;) was used to estimate biparental

inbreeding (i.e., inbreeding due to mating among relatives).

The percentage of full-sibs in each progeny was estimated by computing
correlated paternity within families (r,=2xFj) following Hardy et al. (2004) and using
SPAGeDi 1.2 (Hardy and Vekemans 2002). This method uses molecular markers to
score progeny arrays from mothers with known genotypes. In a first stage, pollen
gametes are inferred by discounting the mother genotype from the offspring diploid
genotypes (see Hardy et al. 2004 for details on how to deal with the classical ‘double
heterozygote’ issue). Then, in a second stage, co-ancestry among inferred pollen
gametes within families is computed using Nason'’s relative kinship estimator (see
Loiselle et al. 1995). Correlated paternity (r,) was computed separately for

chloroplast and nuclear markers and averaged, as in de-Lucas et al. (2008).

7.3.3.2. Quantitative genetic parameters

The traits assessed were ring density (RD) determined using X-ray
densitometry procedures, as described in Gaspar et al. (2008) and diameter at 1.30m

(DBH).

Traits were analysed using the following model:

Yik=W + Bj +F; + BxFj + € ijk [7.1]

where Y represents the phenotypic individual observation; p is the overall mean; B;

is the effect of the jth block (fixed); F; is the effect of the ith family (random); BxFj is
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the effect of the interaction between the ith family and the jt block (random); and € is
the residual error. Variance components for family (afz), family-block interaction
(sz*b) and residual errors (¢2), with the respective associated standard errors, were

estimated by restricted maximum likelihood, using the average information REML
algorithm implemented in the ASREML program (Gilmour et al. 1998). Narrow sense

heritability (h?) was calculated for each trait as:
hi==2 [7.2]

where 62, represents the additive genetic variance and o%p the total phenotypic

variance. Total phenotypic variance was estimated as:
o=02+0%+02 [7.3]
and estimated additive variances as:
ci=1,,2 [7.4]
2
where the coancestry coefficient () was obtained from estimates of outcrossing

rates and correlated paternity (obtained by molecular markers) as:

_0.2500x% fs+0.3335% sfs +0.1250x hs +0.2040X shs
fs+sfs+hs+shs

6

[7.5]

where fs is the number of full-sibs, sfs the number of self full-sibs, hs the number of
half-sibs and shs the number of self half-sibs (Squillace 1974). The number of full-sibs
is estimated here directly from correlated paternity (n X rp, where n is the number of
offspring considered). Given that outcrossing rates are not different from 100% (see
Results), selfing can be considered negligible. Therefore, the number of half-sibs can
be estimated as 1- r, while the number of self full-sibs and self half-sibs would be

Zero.

Coancestry coefficients estimated in this way are similar to those computed

directly for each family using nuclear markers (0.0773-0.1746 using Nason'’s
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approach, depending on the family), but they are more precise as this approach also
incorporates the information obtained from chloroplast haplotypes (as in de-Lucas
et al. 2008). Standard errors for heritability were estimated by ASREML using a Taylor

series approximation (Gilmour et al. 1998).

7.3.3.3. Simulation study

The main objective of the simulation study was to analyse the impact on
heritability estimates of different coancestry coefficients (estimated with molecular
markers) of the families included in a progeny trial. We simulated 46 families with
different structure (measured by the coancestry coefficient). Several scenarios were
then simulated for populations of 46 families presenting different degrees of
correlated paternity (between 5% and 60% of full sibs, corresponding to coefficients
of relationship of 0.26-0.40) and coefficients of variation (1, 10 and 25%). Although
the coefficient of relationship of open-pollinated families has a lower bound in 0.25,
when estimated with molecular makers it can have lower values due to statistical
error. Therefore, the range of the coefficients of variation for the coefficient of
relationship included in the simulations does not take into account this lower bound.
The value of correlated paternity of each simulated family was drawn from a normal
distribution, considering the same average (simulated) value of correlated paternity
and standard deviations according to assumed among-family coefficient of variation.
For each scenario, we computed narrow-sense heritability (h?), the mean coefficient
of relationship of the 46 families, and the coefficient of variation for the coefficient of

relationship.

7.4. RESULTS

Average (over families) out-crossing rates were high, 1.063+0.063, CI (95%):
0.992-1.200 and 0.911+0.039, CI (95%): 0.866-1.031 for multilocus and single locus
estimates, respectively. The high values obtained, in particular for the multilocus

estimates of outcrossing (t»=1.063+0.063), indicate absence (or at best a very low
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proportion) of selfed offspring. The apparent difference between single and
multilocus outcrossing rates (tm-ts=0.152+0.067) is related to biparental inbreeding

(i.e, mating among relatives; (Ritland 2002).

Estimates of correlated paternity within families varied between -0.0019 and

0.0738 with an average of 0.0418+0.0273, CI (95%): 0.0174-0.0662 (Figure 7.1).

0.08
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Correlated paternity

001 - fami4 fam15 fam32 fam50 fam59

Figure 7.1 Marker-based estimates of correlated paternity for each of five maritime pine
families (as estimated by Hardy et al’s 2004 approach); the average (continuous line) and
95% confidence intervals (dashed lines) are also indicated.

We did not find any trend between correlated paternity and the level of inter-
individual variance shown for different quantitative traits (see Gaspar et al. 2008) by
the families included in this study. Correlated paternity estimates were not
significantly different, as judged by overlapping confidence intervals at 95%
probability, to those obtained using other estimation methods such as the TwoGener
approach [average of 0.0546+0.0297, CI (95%): 0.0290-0.0822; see description of the

TwoGener method in (Austerlitz and Smouse 2001; Smouse et al. 2001)].

The effective number of males mating with a given mother tree was 24
(Nep=1/rp= 23.9), which is about half the census number (49 genets). Given that
similar numbers of effective males are typically found in large natural populations of
the species (see de-Lucas et al. 2008), our results suggest either more even male
contribution to sib families than normally expected in pine seed orchards or pollen
contamination from a source outside the CSO. The mean value of the coancestry

coefficient obtained considering 4% of full-sibs was 0.130, very close to the expected
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for half-sib progenies (0.125), with a coefficient of variation (based on estimates from

molecular markers) of 2.5%.

Adjusted heritabilities and standard errors (used here as a rough
approximation for inferring confidence intervals) calculated for different coancestry
coefficients and associated coefficients of variation are shown for the two traits
under study, diameter (DBH) and wood ring density (RD), in Figure 7.2 (it should be
noted that the heritability scale is different in the two figures).
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0.75 - o CV=10%
XCV=25%
5, 0.65
£
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F 055 1
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]
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Coefficient of relationship
0.21 -
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0.19 ®CV=10%
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Heritability
o
>

0.30 035 0.40
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Figure 7.2 Adjusted heritability and standard errors for different averages and among-family
coefficients of variation (CV) of the relationship coefficient (r), for two quantitative traits:
wood density (top) and diameter (bottom). The circle indicates the observed values for the
coefficient of relationship in our study case.
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Differences between the unadjusted and adjusted heritability values were
more pronounced in wood density -the trait with higher heritability- (0.629 and
0.586, respectively) than in diameter (0.166 and 0.154, respectively), but they did not
imply significant bias (bias <5%) in any of the two. The effect of the coefficient of
variation was not noteworthy in any trait, indicating that it does not affect

heritability estimates at all under the conditions analysed in this experiment.

7.5. DISCUSSION

Conifers are wind-pollinated and known to be predominantly outcrossers.
Recent studies on the pine mating system indicate that, for most species, outcrossing
rates are higher than 09 (de-Lucas et al. 2008; Fernandes et al. 2008;
Robledo-Arnuncio et al. 2004; Wasieliwska et al. 2005). The multilocus outcrossing
rate (tm) of Pinus pinaster in this study, based on progenies from a SO, was
1.063+0.063 (with confidence intervals at 95% overlapping one), matching well those
found in natural populations of the species. Gonzalez-Martinez et al. (2003) found a
value of outcrossing of approximately 0.96, based on natural regeneration (i.e., after
seed germination and seedling establishment) in natural conditions. Similarly,
de-Lucas et al. (2008) obtained an average (over 61 families from three populations)
outcrossing rate of 0.977 based on germinated seeds (i.e.,, without including early
natural selection). In addition, Fernandes et al. (2008), in a study performed in a P.
pinaster CSO, concluded that the probability that a seed embryo sampled from a
mother tree was derived from an outcrossing event was 90.1+2.3%. The absence of
selfing found in our study was not surprising in spite of the self-fertilization rates of
around 5% found in most seed orchards examined to date (Moriguchi et al. 2007). In
fact, many of the seeds and seedlings produced by inbreeding have a lower viability
than outcrossed individuals, so that the inbreds often remain undetected because of
large-scale early mortality (Linhart 2000). In Pinus species, selection against inbreds
is likely to be common at the seed stage (Leding 1998). In P. pinaster, most lethal or
sub lethal alleles are probably eliminated during seed formation and germination as
well as during the first growing season, so that the proportion of selfed offspring is

expected to be very low in mature populations (Gonzalez-Martinez et al. 2003). Durel

128



Use of Molecular Markers for Estimating Breeding Parameters | CHAPTER 7

et al. (1996), however, observed that P. pinaster survival rates after a first growing

season in the nursery were the same, independently of the level of inbreeding.

Nevertheless, in cases where outcrossing is high, mating may still involve only
a limited number of males or the contribution of a few males may be responsible for
the majority of mating, leading to high values of correlated paternity (r,) and,
consequently, high coancestry coefficients among offspring of the same family.
Several studies in different conifer species performed in seed orchards reported that
contribution as pollen donor differs significantly among clones (El-Kassaby et al.
1984; Goto et al. 2002; Hansen and Kjaer 2006; Kumar et al. 2007; Moriguchi et al.
2005; Plomion et al. 2001). Possible explanations for this fact may include flowering
asynchrony, and differences in male flowering intensity and pollen competitive
ability. In fact, Varela (1989), in a study of reproductive behavior performed in the
same CSO as this study, observed flowering phenology asymmetry, which could have
promoted substantial differences in the contribution of pollen donors. Fernandes et
al. (2008), in a study performed in a CSO that has some families in common with our
study, observed a male and female unbalanced contribution to the progeny. In our
study, a relatively low level of correlated mating (4-5%) was obtained, which is
similar to the values obtained in natural populations of P. pinaster (de-Lucas et al.
2008; Gonzalez-Martinez et al. 2002). This result was not expected, given the low
number of males available for mating in the CSO studied (only 49 genotypes) in
comparison to the large natural populations studied by de-Lucas et al. (2008) and the
typically uneven male contributions in pine seed orchards. However, according to
Askew and El-Kassaby (1994), the intrusion of foreign pollen usually increases the
effective size of the paternal population. The same authors note that wind-pollinated
seed orchards dominated by effectively large foreign pollen pools would produce the
‘idealized’” seed crops of virtually all half-sib relationships. Numerous studies have
reported the occurrence of high pollen contamination in conifer seed orchards
(Adams et al. 1997; Kaya et al. 2006; Moriguchi et al. 2007; Plomion et al. 2001; Slavov
et al. 2005). Fernandes et al. (2008), in a P. pinaster CSO installed side by side with the
CSO from which the trees of the present trial originated, found gene immigration

rates from outside the CSO of 52.4%. The very possible existence of pollen
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contamination may explain why the r, value is so low in our case study and so very

close to the natural-population values.

Our results are similar to those expected from half-sib families. This situation
is not always the case when the seeds are collected in natural populations, as mating
can differ among the different populations. In populations that are a source of plus
trees, pedigrees are usually unknown, and it is assumed that all plus trees are
genetically unrelated (Kumar and Richardson 2005). This lack of relatedness may not
always be true, causing the occurrence of biparental inbreeding within the families
in the following stages of the breeding program, as it may be the case in the present
progeny trial. Comparison of multi-locus and single-locus outcrossing rates in our
families revealed some amount of biparental inbreeding, although it probably does
not contribute much of the inbreeding coefficient. In contrast, Fernandes et al. (2008)
obtained a minimum estimate of biparental inbreeding of 21.7%. These authors note
that it is a very high value considering the care taken in the selection of plus trees;
however, as they were collected from the same provenance, the existence of some

family relationship among different first selections is still a reasonable hypothesis.

The coancestry coefficient was calculated based on outcrossing rates (t,) and
correlated paternity (r,) estimates from molecular markers. We did not find any
trend in r, values when comparing families showing extreme and contrasting values
of the inter-individual variance for different quantitative traits. The average value
obtained (6=0.130) was not very different from that expected for half-sib progenies
(0.125). The mean value of the genetic covariance coefficient of the families present
in this progeny trial was then 0.260. Differences between the unadjusted and
adjusted heritability values were more pronounced in wood density (0.629 and 0.586,
respectively) than in diameter (0.166 and 0.154, respectively), but were not
significantly biased (<5%). Nevertheless, a relatively low number of full-sibs (~10%;
i.e, a covariance coefficient of 0.28) would be enough to produce heritability

overestimations of about a 10%.

Attention should be given to the fact that, as the number of full-sibs increase,
the value of heritability does not depend only on the additive variance but also on

the dominance variance, so that the value of heritability would be further inflated.
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According to Borralho (1994), when dominance effects are large and selfing rates
vary significantly among families, heritabilities can be substantially overestimated,
especially for low heritability traits. On the other hand, bias does not appear to be
important when dominance effects are small and heritabilities are moderate to high.
This author also refers that the magnitude of the bias due to overdominance seems
small compared with the potential bias from assigning a wrong genetic correlation

among open-pollinated sibs.

The effect of the coefficient of variation (CV) of coancestry coefficients among
families was not notable for either of the traits studied, indicating that even if larger
variation among families was present, as far as the mean correlated paternity is
correctly estimated (unbiased), increasing the number of families studied (for
instance, from five to ten or more) would not, in our case, affect heritability
estimates. The low importance of the CV in our results suggests that only under
extreme conditions (high incidence of full-sib relationships) or extremely diverse
values among families, the heritability estimates can be affected. Therefore,
molecular markers, even scored only in a subsample of the families included in the
test, can be a valuable tool in assessing mean coancestry coefficient for the estimate
of quantitative genetic parameters in common garden experiments. We can conclude
that in P. pinaster open-pollinated progeny tests (and probably in other species with
a similar mating system), the associated error in heritability estimates due to the
inclusion of full-sibs, when assuming a standard coefficient of relation amongst open
pollinated sibs of %, is low and that this result is robust with respect to the number
of families sampled with genetic markers, given unbiased estimates of average

relationship among offspring within sib families.
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8.1. GENERAL DISCUSSION

The main objective of any tree improvement programme is to obtain
populations of superior genetic value, leading to the establishment of more valuable
plantations. It is then essential to clearly define the objectives, to indentify the
characteristics that affect the final objective and to evaluate their genetic control.
Based upon this information, deployment strategies can then be chosen. In a tree
breeding programme that aims to produce material for wood processing industry, it

is essential to consider wood properties as potential selection criteria.

The main objective of this work was to contribute to the Portuguese Pinus
pinaster improvement programme with information regarding the genetic control of
wood quality traits, and determine how these traits interact between themselves
and with growth traits. It is also a goal of this work to develop an index selection to
identify the families that better combine the different traits under study. Among the
desirable wood-quality properties to breed for, wood density is the most frequently
studied (Zobel and van Buijtenen 1989), since it is widely recognized as an
important, easily measured trait that is that largely defines the appropriateness of
wood for a variety of end products (Zobel and Jett 1995). However, the complex
nature of this trait means that variations in wood density can be difficult to
interpret, since wood density is not based upon a single property, but a complex of
characteristics that make up density components. Overall ring density (RD) depends
on earlywood (EW) and latewood (LW) densities, and the relative proportions of

each (Vargas-Hernandez and Adams 1991).

In Chapter 2, the heritability of wood density components and ring-width
characteristics as well as genetic correlations between cambial ages were studied. As
expected for most wood quality traits, the results indicated that they were subject to
genetic control [0.26<h?<0.63]. RD had higher genetic control (h?=0.63) and
heritability values of earlywood components (h?wmnp)=0.54, h?Ewn)=0.60) exceeded
those of latewood components (h?wmxp)=0.34; h?@wwp)=0.26), confirming that for
P. pinaster, EW characteristics are subject to a stronger genetic control, like other
phonological traits, than LW components, which are more affected by the growth

constrains acting in the end of the growing season. In Mediterranean regions usually
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springs provides optimal conditions for tree growth and it is during this period that
genetic effects are stands out. In summer, there are constraining conditions to
growth, due to high temperatures and water stress, which may increase phenotypic
variance, leading to reduced heritability. Concerning the intra-ring growth
components, the variation among families did not produce statistically significant
differences (p>0.05) for ring width (RW) and heterogeneity index (HI), what
conditions the possibility of obtaining genetic gains truth selection for this traits.
Nevertheless, the moderate values obtained for earlywood width (EWW) and
latewood width (LWW) provide a basis for the genetic manipulation of wood
quantity and quality of this species. Further, the high heritability values obtained for
EW components allows selection based on these components, that could result in an

increase of wood density and a decrease in ring heterogeneity.

Heritability increased with ring number from pith for almost all wood-density
components, and age-age genetic correlations for wood density components were
generally high. The genetic correlations between rings 3 and 11 for most traits
(rg>0.9), open the possibility of performing early selection. Since tree breeding
programs usually take many years to complete a breeding cycle; a trait in mature
wood that is highly correlated with its value in juvenile material is advantageous,
since the overall length of the programme will be reduced, making forest tree

breeding more effective.

The high heritability values obtained for wood density components suggests
that large gains can be obtained by selection for these traits, in the absence of
adverse genetic correlations with other traits. Therefore, in Chapter 3 genetic and
phenotypic correlations between the wood density components, traits and spiral
grain were assessed. Data showed that genetic correlations for all wood density
components were higher than corresponding phenotypic correlations, indicating
that trait evaluation based on phenotypic correlations rather than genetic ones
would result in an underestimate of potential gains from indirect selection.
Furthermore, all wood density components were highly genetically correlated with
ring density (0.79<rg<1) and also closely associated among themselves, indicating
that these traits are probably controlled, to a large extent, by the same set of genes,

and that selection for one characteristic should result in a simultaneous response for
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associated traits. The strong genetic relationship between density and each one of its
components highlights the fact that overall density is a complex trait resulting from
different combinations of LW and EW, and the relative density of each component
(Hylen 1997). RD presented a higher genetic correlation with earlywood density
(EWD) than with latewood density (LWD), and a higher phenotypic correlation with
LWD than with EWD, confirming results obtained in Chapter 2, namely that P.
Pinaster earlywood characteristics are subject to stronger genetic control, and that
latewood components are more strongly influenced by environmental factors.
Therefore ring density (overall wood density) can be improved by increasing either

EWD, LWP, or both of these traits.

Heigt genetic control was estimated for spiral grain (SPG) (h?=0.47), indicating
that potentially, tree breeders can modify SPG in future plantations. A moderate to
high positive genetic correlation was observed between this trait and wood density
characteristics (0.29-0.61). Also, SPG was more dependent on earlywood components
than on latewood components. These higher correlations observed between
earlywood and SPG, can be associated to the fact that spiral grain is a characteristic
that may occur in association with the existence of reaction wood (compression
wood in softwoods). Higher density values presented in compression wood, even by
earlywood (Tsoumis, 1991), result in a shorter portion of the ring with lower density
values than the threshold value between EW and LW, resulting in a smaller portion of

EWW and a higher LWP.

In Portugal, Maritime pine is the only source of long fibre for both pulp and
paper and the main source for solid sawn timber industries. Its chemical
composition, as well as wood density, is of extreme importance as a source of long
fibre. In Chapter 4 phenotypic and genetic correlations between lignin content (LG)
and density components were studied. Results showed moderate genetic control of
LG (h?= 0.34), and very low or even null phenotypic correlations of lignin content
with all other traits (-0.16<rp<0.15), indicating that phenotypic correlation was
unsuitable for mass selection of traits. Our findings concerning genetic correlations
indicated that RD had negative but low genetic relationship with lignin (rg=-0.16),

suggesting that selection based on wood density will not result in an increase of LG.
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The correlations between RD and LG have important industrial implications, since
selection for increased density will increase pulp yield per ton and decrease
production costs. Our results also showed that LG was more dependent on the
proportion of latewood present in the ring, suggesting that these traits may be
controlled at least partially by the same set of genes, and that increasing the
existence of more latewood would decrease the lignin content. In Chapter 2, data
showed that selection for higher density could be performed by increasing either r
or EWD. Based on these results breeders can possibly adjust the course of selection
depending on their objective. If the purpose is pulp production, improved density
and reduced lignin content is desirable, and an increase in LWP appears to be the

correct way to obtain higher wood density.

Genetic control of mechanical properties has not been well documented,
compared with growth and other wood quality traits. In Chapter 5 the genetic
variation of radial modulus of elasticity (MOErap) and radial modulus of rupture
(MORRrap) was analysed and correlation patterns between these traits and intra-ring
wood characteristics, spiral grain and lignin content were also assessed. Both
mechanical traits MORr.a and MOEra.a are subject to only moderate levels of genetic
control in Maritime pine (h?=0.34 and h?=0.31, respectively). Differences between
families with highest and lowest modulus of rupture and modulus of elasticity, allied
with the values of heritability estimates, indicated that selection for higher
resistance and elasticity through breeding could yield some genetic gains. Results
showed high phenotypic and genetic correlations between the two mechanical traits,
indicating that these traits are at least for a large part controlled by the same set of
genes and that indirect selection procedures could be carried out on these

characters.

As observed for LG in Chapter 4, the results indicate that MOEr.a was more
genetically dependent on latewood components (rgmog,mxp)=0.36; Igmog,Lwp) =0.36 and
I'g (MoE, Lww) =0.48) than on earlywood components (rgmog, Mnp)=0.11; IgmoE, Ewp) =0.16
and rgvor, Eww)=-0.02), indicating that selection for greater proportion of latewood
would increase wood stiffness. As observed in Chapter 3, RD is genetically highly

positively correlated with LWW and negatively correlated with EEW. Thus, traits
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highly genetic correlated with RD like MOEr.a are expected to present high positive
correlations with latewood intra-ring traits, and negative correlations with
earlywood. The high correlation between LWW and MOEr.a can also explain the
negative relation observed between MOEr.a and LG, since LG presents a negative
genetic correlation with RD. These results indicate that selecting trees with lower LG,
for example for pulp production, might produce a decrease in radial modulus of
elasticity of the wood, and that the final use of the material should be taken into

account.

Genetic and phenotypic correlations between growth rate and wood quality
traits have major implications for developing selection and breeding strategies. In
the Portuguese P. pinaster improvement programme, selection criteria for the first
generations have been the growth rate and form traits; however, it is important to
be aware of the consequences of this selection on wood quality traits. We addressed
this theme in Chapter 6 results showed that diameter at breast height (DBH) was
more dependent on latewood (rg(DBH, Mxp)=0.24; I'gpBH, LWD)=0.20 and Ig(DBH, wa]=0.42)
than earlywood components(rgman, Mnp)=0.00; I'gpph, Ewp)=0.07 and rgmaH, Eww)=0.00).
In our opinion, the existence of more LW or EW could be associated with the growing
conditions of trees. In fact, higher growth rates observed in higher latitudes can be a
consequence of the early onset of cambial initiation, resulting in a higher proportion
of EW. On the other hand, higher growth rates in Mediterranean regions may be due
to an increase in the latewood formation period, since the main constraint regarding
tree growth in this region is water stress during the summer. When growth
conditions are favourable in summer (water availability), trees present higher RW
due to an enlargement of LWW and, consequently, higher RD. Conversely, during
summer drought conditions trees will present less LWW, RW and RD. Further, we can
conclude that genetic selection for growth will not result in a decrease of wood
density, nor affect the occurrence of spiral grain, and that it is possible to obtain an
increase in the radial modulus of elasticity. The present study also showed that it is
possible to select for increased growth with a lower proportion of lignin. Results
also suggest that selection for growth at 12 years will probably not negatively affect

the wood properties at 17 years.
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A major difficulty estimating additive genetic parameters is the assumption
that has to be made of the genetic relationship between the progeny in an open
pollinated trial. Reliability of the estimates depends on knowledge of the
relationship among the individuals recorded. In Chapter 7 the mean value of the
coancestry coefficient of the families present in a progeny trial, with the same half-
sib families present in the burned trial, was estimated and it was studied how
deviations from the standard assumption of 6=0.125 affected heritability estimations.
Five highly polymorphic microsatellite markers were scored in 125 offspring from a
sub sample of five families from the progeny test. A mean coancestry coefficient
value of 0.130 was derived. We concluded that the associated error in heritability
estimates due to the inclusion of full-sibs in a P. pinaster open-pollinated trial,
(assuming a standard coefficient of relation amongst open-pollinated sibs of 0.250)
was low and that this result is robust relative to the number of families sampled,
with unbiased estimates of average relationship among offspring within sib families.
This determination allowed us to correct all subsequent genetic parameters
estimates, and to make a more precise determination of expected gains and define

better strategies for selection.

All tree improvement programmes aim to simultaneously improve more than
one trait. Index selection presents tree breeders with the attractive option of
combining information from several traits (Cotteril 1985). Knowledge of all genetic
parameters enables the application of multi-trait index selection, which combines all
information on phenotypic performance and genetic structure (Costa e Silva 1998).
In order to explore the possibilities that the previous parameters estimates may
have on Pinus pinaster improvement, expected genetic gains were estimated (White
and Hodge 1989) for several family based multi-trait selection indices, for two
possible final use scenarios, namely solid wood and other for pulp production (Table
8.1). The weighting coefficients indicated in the table represent the factors by which
the “equal emphasis” weights were multiplied according to the iterative approach
suggested by Cotterill and Dean (1990). We only chose to simulate the gains obtained
from family selection, once the genetic trial has been burned. Thus, the only

possibility was to select the best mothers, based on the index value of each family.
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The ranking of the best 10 families considering the different scenarios are presented

in table 8.2 (List of all families is presented in Appendix 1).

Table 8.1 Expected genetic responses in the target trait, from family selection based on
multiple trait indices derived under different final use scenarios -1) solid wood, 2) pulp
production- of alternative combinations of weighting coefficients. The expected genetic
changes are expressed in the measurement units of the trait, as well as in percentage of the
trait mean values (in parentheses).

Weighting coefficients Expected genetic responses

Scenarios
DBH RD MORrad MOErad
DBH RD SPG MORwd MOErd SPG
(cm) (gem-3) (MPa) (GPa)
0.07 0.05 1.32 1.22 0.12
a) 1 1 -1
(0.55) (11.11) (31.26) (891) (10.76)
0.10 0.07 1.76 0.98 0.12
1) b)) 3 3 2
(0.84) (14.02) (41.72) (7.13) (10.42)
0.12 0.07 1.97 0.80 0.11
) 10 10 -5
(0.99) (15.34) (46.72) (5.86) (9.90)
DBH RD LG
DBH RD LG
(cm) (gem3) (%)
0.46 0.08 -0.80
a) 1 1 1
(3.88) (18.97) (-2.84)
0.57 0.07 -0.82
2) b) 3 2 -3
(4.83) (15.23) (-2.90)
0.59 0.07 -0.82
) 10 7 -10
(4.72) (15.23) (-2.90)

DBH- Breast high diameter; RD- Ring density; SPG- Spiral Grain; MORrad- Radial Modulus of Rupture; MOErad- Radial
Modulus of Elasticity; LG- Lignin content proportion.

The expected gains presented clearly showed that it is possible to achieve
simultaneous improvements in growth and wood quality traits through family
selection for both solid wood and pulp production. An increase of 15% can be
achieved in RD simultaneously with a 1% increase in DBH. No decline was observed
for SPG, probably due to the positive genetic correlation observed between SPG and
RD (Chapter 3). The physiological background for the variation of this trait is not

well established, but it is likely that the pattern of variation is an adaptation to
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facilitate transport of water and photosynthetic products in xylem and phloem
(Kubler 1991; Rosner et al. 2007) and increase stem strength against wind rupture
(Skatter and Kucera 1997). According to Steffenrem (2008) zero grain angles at all
radial positions is rare. Instead, selection should concentrate on eliminating trees
with deviating spiral grain and excessive angles in juvenile wood from the breeding

populations.

When final use is for pulp production it is possible to increase growth and RD
with a simultaneous decrease in LG. Table 8.2 shows that several of the 10 best
families are common for the two final use scenarios (signed at bold) and that it is
possible to select a group of families that will give good results for solid wood end
use or pulp production. In a small country with limited financial resources like
Portugal, the optimization of resources with a multi-option use in a small breeding

programme such as Portuguese P. pinaster programme is extremely important.

Table 8.2 Ranking of the best 10 families considering the different scenarios different final
use scenarios - 1) solid wood, 2) pulp production- and the alternative combinations of
weighting coefficients a), b and c).

1a) 1b) 1c) 2a) 2b) 2¢)

32 20 20 20 20 20
15 61 15 18 18 18
20 15 32 61 53 19
61 18 61 19 19 53
13 32 18 49 15 15
68 13 13 53 49 49
18 49 49 15 61 61
49 68 68 13 13 13
22 53 53 78 78 78
59 19 7 7 7 7

8.2. CONCLUSION AND FUTURE PERSPECTIVES

The results obtained in this work clearly provide evidence that it is possible
to perform genetic selection for improving wood quality in the Portuguese Pinus
pinaster improvement program, once most of the studied traits presented moderate
to high genetic control and favorable genetic and phenotypic correlations between
them. The results obtained allow us to conclude that genetic selection based on

growth can be performed without compromising wood density, will not affect the
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occurrence of spiral grain, and that is possible to obtain an increase in the radial
modulus of elasticity. Also, the results showed that it is possible to select for
increased growth with lower lignin proportion. Concerning the expected gains
obtained through the application of multi-index selection indices, it is clear that is
possible to achieve simultaneous improvements in growth and wood quality traits
through family selection for the two final use scenarios, either solid wood as pulp
production. However, it is necessary to further complement these indices by adding
economic information on the several traits studied to obtain a more accurate

estimation of the possible genetic gains.

Most scenarios for global climate change suggest increase aridity and increase
frequency of extreme events in the near future. In this context, it is reinforced the
interest in the study of morphological, physiological and biochemical responses of
Pinus pinaster to this alterations, and to modulate our improvement population to
face this changes. Also, little is known on the effect of climate changes on traits
related with wood formation. Cambial activity is influenced by water balance
variations during the growing season, which results in a variation of the morphology
of the produced xylem cells. The ability of a given genotype to adjust its phenotype:
i.e., phenotypic plasticity can minimized the impact of climate fluctuations. Changes
in wood formation during cambial activity can be interpreted as a plastic response to
climate variation. In this context some results obtained in this study are being used
to study the genetic control of phenotypic plasticity, which is very useful tool to face

the future climate changes.

In our opinion, knowledge on the genes responsible for controlling wood
formation needs to be developed. As wood quality assessment is a long-time process,
association between molecular markers and phenotypic expression should be
established. Knowledge on these associations will be fundamental for early
identification of superior genotypes. In this way we will be able to put together

breeding populations in a more cost-effective and precise manner in the future.

Another aspect that should be highlighted, due to its importance and recent
awareness, is the occurrence of the nematode (Bursaphelenchus xylophilus) in
P. pinaster, the agent of the pine wilt disease, which is spreading to a vast area of our

country and decimating several maritime pine stands. Tree improvement will play
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an important role on the control of this disease trough the investigation of the
existence of possible resistant genotypes, and evaluating the genetic control of this
resistance, so it should be a selection criterion to be included in the breeding

programme.

Taking into account the results presented in this thesis, we believe that this
work may be a valuable contribution to the Portuguese P. pinaster improvement
programme, by adding information on the genetic control of wood quality and
growth traits. Furthermore this work used as genetic material, wood disc samples
from a progeny trial destroyed by a forest fire, gathering information that otherwise
would be lost. This material allowed us to characterise for several wood quality
properties, 46 families which belong to first generation of the improvement
programme. These findings are of great importance for the continued development

of maritime pine breeding programmes to guide future generation selection.
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Appendix 1

Apendix 1 - Ranking of the 46 families considering the different scenarios different final use
scenarios - 1) solid wood, 2) pulp production- and the alternative combinations of weighting
coefficients a), b and c).

1a) 1b) 1¢) 2a) 2b) 2¢)
32 20 20 20 20 20
15 15 61 18 18 18
20 32 15 61 53 19
61 61 18 19 19 53
13 18 32 49 15 15
68 13 13 53 49 49
18 49 49 15 61 61
49 68 68 13 13 13
22 53 53 78 78 78
59 7 19 7 7 7
51 59 7 17 17 17
7 51 76 32 32 32
53 79 51 39 39 39
79 22 79 50 59 59
39 39 59 59 50 50
58 58 58 51 51 51
16 76 39 14 14 14
11 19 11 16 16 16
76 11 22 79 45 45
17 16 17 48 79 79
8 17 45 45 48 48
48 48 16 23 23 23
41 45 48 76 11 11
45 73 73 11 76 76
73 41 78 68 56 56
19 8 41 56 82 82
56 23 8 9 9 9
23 50 50 30 30 30
82 78 46 8 8 8
9 46 23 82 68 68
50 56 24 73 73 73
14 14 14 22 29 29
46 24 25 46 46 46
81 25 56 24 22 22
78 81 34 29 24 24
34 34 81 80 80 80
25 9 30 12 12 12
29 29 29 58 58 58
24 82 9 25 25 25
12 30 82 34 34 34
80 12 12 41 31 31
30 80 80 31 41 41
5 5 5 81 81 81
31 31 31 54 54 54
54 54 54 10 10 10
10 10 10 5 5 5
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