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General Introduction 
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0 Figure 1.1 Distribution of Pinus kesiya in native countries and in countries where it is established as an exotic (Adapted from Nyunai 2008 

and Orwa et al. 2009) 
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1.3 Study objectives 

1.3.1 General objective 

 

The overall objective of this study was to assess wood properties and growth traits 

important for sawn timber production of P. kesiya planted in Malawi. The results should 

provide information to wood industry experts on the potential use and sustainable use of the 

species when processing logs for timber. The results should also provide tree breeders with 

relevant information to establish and refine breeding and deployment programmes of the 

species. Finally, the results should provide foundation for machine grading of P. kesiya 

timber in Malawi.  

 

1.3.2 Specific objectives 

 

I To determine the radiation variation in tracheid length and growth ring width. 

 

II  To demarcate the boundary between juvenile wood and mature wood. 

 

III  To estimate wood density and mechanical properties (modulus of elasticity-MoE and 

modulus of rupture-MoR). 

 

IV  To estimate genetic parameters for wood quality traits (wood density, MoE and 

MoR) and growth traits (diameter at breast height-DBH, tree height and volume). 

 

V To develop a multi-trait selection index for simultaneous improvement of both wood 

properties and growth traits. 
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0Figure 1.2 Research Framework: The Arabic numerals in each box corresponds to a thesis chapter, while the Roman 

numerals corresponds to a specific objective achieved in the chapter  
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Literature Review 
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2.1 Introduction 

This chapter provides an overview of radial variation in tracheid length and growth 

ring width of fast grown plantation trees for effective utilization of wood. Further, it outlines 

the demarcation between juvenile wood and mature wood in conifer species. The chapter 

also provides a review of relevant research on wood density and mechanical properties of 

some coniferous species. The review also discusses the genetic parameters in wood 

properties and growth traits of some fast grown plantation tree species important for tree 

improvement programmes. Finally, the review discusses the development and use of 

selection indexes in tree breeding programmes.  

 

2.2 Variation in tracheid length and growth ring width 

Variation in wood is a common phenomenon. Eliciting information on the pattern and 

extent of variation in tracheid length and growth ring width is crucial to knowing the end use 

of wood species. This to a larger extent helps in the efficient and sustainable utilization of 

wood (Adenaiya and Ogunsanwo 2016). The variability in tracheid length and growth ring 

width has profound influence on the properties of wood (Dinwoodie 1961, Kiaei 2011). 

Tracheid length and growth ring width are among the most important wood quality attributes 

for pulp (Beaulieu 2003) and solid wood (Erickson and Harrison 1974, Mvolo et al. 2015a). 

Tracheid length and growth ring width vary with and within species (Lindström 1997). 

Tracheids represent over 95% of wood volume in Pinus species (Harris 1991). Thinning 

(Herman et al. 1998, Mvolo et al 2015a) and spacing (Lasserre et al. 2009) are known to 

favor an increase of growth ring width. When stands are heavily thinned, a negative influence 

can be registered on tracheid length (Erickson and Harrison 1974). This is an indication that 

information on radial variation pattern in tracheid length and growth ring width can facilitate 
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increase from pith to bark; and (3) an increase from pith to bark up to a maximum, followed 

by a smooth decrease. 

 Makinen and Hynynen (2014) studied the radial variation in tracheid length of 

thinned and unthinned planted trees of Pinus sylvestris L. in southern Finland. They reported 

no major detrimental differences in tracheid length between thinned and unthinned trees. 

However, tracheid length increased with increase in age both in thinned and unthinned trees, 

generally an increase from innerwood to outerwood. Similar results had been reported in the 

wood of planted Pinus radiata (Evans et al. 1995) and Pinus sylvestris L. (Havino et al. 

2009). In literature, there is a general increase of tracheid length due to the length increase 

of cambial initials with increasing cambial age for teak wood (Jaakkola et al. 2005, 2007, 

Rautiainen and Alen 2009, Makinen and Hynynen 2012). Conversely, radial variation in 

tracheid length of Pinus sylvestris L. from drained peatland stands in central Finland were 

investigated and as a result significant differences in tracheid length were observed between 

core and outerwood (Makinen et al. 2015). Variation within tree of wood anatomical 

properties of Picea mariana in Ontario, Canada were also examined (Yang and Hazenberg 

1994). Their results indicated an initial rapid and then gentle increase in tracheid length from 

pith to outwards. 

Significant differences among anatomical characteristics (including tracheid length) 

of wood have been recognized in radial direction. The variations in the structure of wood 

have a significant impact on the wood quality and yield of pulp and paper products, and on 

the strength and utility of solid wood products. Therefore, information of radial variation in 

wood properties is important. Radial variation directly influences wood homogeneity, and 

its study may provide a more rational use of material (Erickson and Harrison 1974, Carlquist 

1988).  
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0Figure 2.1 Growth ring (earlywood and latewood) of a pine tree (Adapted from Rollinson 

2012) 

 

  



15 
 

Tirak-Hizal and Erdin (2016) explained that lack of uniformity represents one of the 

greatest wood quality problems facing all wood-using industries. Uniform wood is desirable 

not only for manufacture of fiber products but for solid wood products as well. Within-ring 

density variation often presents a problem when painted and exposed to the elements. Such 

wood is also difficult to machine to a smooth condition or to peel on a veneer lathe because 

of differing hardness between earlywood and latewood bands (Shmulsky and Jones 2011). 

Radial variation in growth ring width of P.  mariana at different initial planting spacing 

were studied (Yang and Hazenberg 1994). They reported a wider growth ring width in wider 

planting spacing. There is acceleration of growth for widely spaced trees than crowded trees, 

because widely spaced trees do not compete for growth elements such as nutrients, water 

and sunlight, hence they tend to have wider growth ring width (Zhu et al. 2000).  

Campelo et al. (2006) studied growth ring width of P. pinea in dry Mediterranean area 

in Portugal. They reported that radial growth of P. pinea was strongly correlated with 

precipitation. A lower mean growth ring width was observed in the inland area compared to 

the coastal area. This can be attributed to the more favourable climatic conditions in the 

coastal area and the lower water holding capacity of the soils in the inland area. Furthermore, 

trees in the inland area, growing under drier conditions, showed higher latewood/earlywood 

ratio. Latewood/earlywood ratio increases with increasing drought stress (Fritts et al. 1965). 

The higher latewood/earlywood ratio in the inland trees reflects a higher water stress (Creber 

and Chaloner 1984). According to Domec and Gartner (2002), a higher latewood/earlywood 

ratio could be a strategy for coniferous growth in wet conditions in spring and dry conditions 

in summer.   

Additionally, Campelo et al. (2006) reported negative correlations between 

temperature in summer and latewood formation. Latewood formation is dependent on 

carbohydrates produced by photosynthesis, which is very sensitive to water stress and 
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temperature (Kozlowski et al. 1991). As a result, summer drought can reduce the net 

photosynthesis that decreases the supply of carbohydrates for latewood formation and 

secondary thickening of cell walls.  

 

2.3 The boundary between juvenile wood and mature wood 

Juvenile wood is a term derived to clarify why growth rings close to the pith have 

certainly different wood properties (Seth et al. 2005). The concept of juvenile wood is an 

important consideration in relation to wood properties and explains why upper logs in mature 

stands have juvenile characteristics. In comparison to mature wood, juvenile wood is 

characterized by disadvantageous traits reducing its quality, thus limiting their potential 

processability (Bendtsen and Senft 1986). Therefore, demarcation of the boundary between 

juvenile wood and mature wood is essential for the optimization of timber utilization, quality 

and value of final products (Alteyrac et al. 2006). Juvenile wood tends to have higher 

microfibril angles, lower wood density, thinner cell walls, shorter tracheid lengths, greater 

spiral grain, lower cellulose to lignin ratio, higher longitudinal shrinkage, lower latewood 

percentage and higher growth ring width (Zobel and Sprague 1998). Sometimes juvenile 

wood (Figure 2.2) is referred to as core wood while mature wood as outerwood (Cown 1992). 

Juvenile wood is produced near the center of the tree and would be related to the 

number of rings from the pith. It would be controlled by auxin production in the tree crown 

and results from close proximity to the foliage (Zobel and Talbert 1984). The most accepted 

concept is that juvenile wood is directly related to the age of the cambium (Zobel and van 

Buijtenen 1989, Tasissa and Burkhart 1998). Plumptre (1983) studied the factors that 

influence juvenile wood in Pinus caribaea. They reported that the pattern of juvenile wood 

formation and transition to mature wood varies with the genetic make-up of the tree, the site, 

the climate and the silviculture practiced.      
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0Figure 2.2 Sketch of the juvenile zone of a number of 17-years-old pines, indicating the 

high proportion of juvenile wood towards the top of the tree and a lesser amount in the basal 

part (Adapted from Zobel and Talbert 1984)   

 





19 
 

 

 

 

 

0Figure 2.3 Proportion of juvenile wood in rapidly grown conifer trees (Adapted from 

Zobel and Talbert 1984)      
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0Figure 2.4 Juvenile to mature wood transition (Adapted from Shmulsky and Jones 

2011)  
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Numerous researchers have reported that not all juvenile wood shows excessive 

longitudinal shrinkage and that pieces may actually increase in length upon drying, possibly 

due to growth stresses (McAlister and Clark 1992). Large fibril angles are also associated 

with low tensile strength (Krahmer 1986). Besides, veneer produced from juvenile wood has 

been found to be rougher and to contain more splits and deeper lathe checks, thereby 

producing greater thickness variation (Kellogg and Kennedy 1986, Shmulsky and Jones 

2011). 

Juvenile wood is said to be a matter of concern to construction in general and to the 

laminating industry in particular, due to low strength and high longitudinal shrinkage (Senft 

et al. 1985). Considering all these factors; reduced strength, occurrence of spiral grain, a high 

degree of longitudinal shrinkage and problems in use, juvenile wood is generally undesirable 

when used in many wood products (Table 2.1). 

Shmulsky and Jones (2011) reported that as a raw material for high grade and high 

strength paper, juvenile wood has long been regarded as inferior, in part because of its low 

cellulose and high lignin content. It has been viewed as undesirable by pulp and paper 

specialists as more has become known about it. Early research found juvenile wood to have 

significantly lower density and to yield less pulp per ton of material processed than mature 

wood. Higher chemical consumption in the pulping process and up to a 10 percent increase 

in manufacturing costs were also noted (Zobel and Kellison 1972). 

Studies on growth of jack and lodge pole pine and bleachable grade kraft pulps by 

Hatton (1993) and Hatton and Gee (1994), confirmed earlier findings regarding strength of 

paper. They reported that paper made of juvenile wood and top wood pulps exhibits better 

inter fiber bonding than paper made of mature wood pulp. Both of these studies concluded 

that finer fibers from juvenile wood will provide new opportunities to tailor make pulps with 

specific properties sought by papermakers. 
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0Table 2.1 Some properties of juvenile wood compared with mature wood 

Wood property Juvenile wood Mature wood 

Specific gravity (green) 0.42a 0.48 

Density (kgm-3)                 427.2a                 489.2 

Fiber length (mm) 2.98a 4.28 

Cell wall thickness (µm) 3.88a 8.04 

Lumen size (µm) 42.25a 32.78 

Cell diameter (µm) 50.01a 48.86 

S2 layer fibril angle (o)                55b               20 

Longitudinal shrinkage, green to 12% moisture 
content (% of green dimension)  0.90c <0.10 

Breaking strength or MoR (psi)             4924d        9147d 

Stiffness index or MoE (106 psi) 0.59d 1.55d 

Compression strength parallel to the grain index            100e             124 

Adapted from Shmulsky and Jones (2011); a data from 11-year-old (juvenile) versus 30-year-

old (mature) loblolly pine; b information from coniferous wood; c data based on tests of 

Caribbean pine; d data from test of juvenile and mature wood  of 36-year-old loblolly pine;  

e data based on tests of plantation-grown conifers     
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Hatton (1997) working with Douglas fir and jack pine, also confirmed earlier findings 

on strength relationships. They reported that when kraft pulping juvenile wood, pulp yields 

at a given lignin content were consistently lower (approximately 5 percent lower) than when 

using mature wood as raw material. Kraft pulping of juvenile wood yielded pulps with 

shorter average fiber length (15-24 percent shorter) and a lower proportion of long fibers 

(16-58 percent less). The reasons for different strength properties in juvenile wood pulps 

have been outline elsewhere (Jackson and Megraw 1986). They pointed out that the thinner 

cell walls of juvenile wood result in tighter packing of fiber in a paper sheet, with more 

contact between adjacent fibers. The result is higher sheet density and higher tensile and 

burst strength. Tear strength, on the other hand, is directly and negatively influenced by a 

short fiber length and thin cell wall (Shmulsky and Jones 2011). 

Although separation of juvenile and mature wood has been recommended as a way to 

improve yields and pulp quality, a growing number of studies have found little difference in 

pulp quality obtained from young and mature trees as long as trees are not extremely young 

at the time of harvest. Goyal et al. (1999), for example, examined fiber length and tensile 

and tear strength of hand sheets made of kraft pulp from short rotation tree crops and 

concluded that after 7-8 years of tree growth, papermaking properties may not change 

significantly. 

Most studies recently have focused on answering the question: what effect juvenile 

wood might have on the properties of wood composite products? These include: particle 

board, flake board, and fiber board. Composite products technology offers an opportunity 

for production of greater quantities of large dimension structural materials without the need 

to use large size trees as raw material. In such products, juvenile wood has generally been 

found to be undesirable. In agreement to this, Wasniewski (1989) found decreasing strength 

and increasing linear expansion in randomly oriented flake board as the proportion of 
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Wood density varies greatly within any species because of a number of factors. These 

include location in a tree, geographic location within the range of the species, site condition 

(soil, water, and slope), genetic source and silvicultural practices (Shmulsky and Jones 

2011).  McKinley (1995) specified that average density is influenced most strongly by the 

mean annual temperature of the site, which means there is indirect effect of both altitude and 

latitude. Forests with higher elevation and latitudes tend to have lower average wood density. 

In addition, Cown (1992) and McKinley (1995) reported that combinations of seedlot, site 

and silviculture can result in the late development of the wood density radial trend with 

mature stems exhibiting some juvenile characteristics. Similarly, Guilley et al. (1999) 

investigated wood density variation in Quercus petraea and they proved that regional, site 

quality and silvicultural significantly influenced wood density. In contrast, site was not a 

significant source of variation of wood density in Acacia melanoxylon (Machado et al. 2014)    

Several studies have documented a response of wood density to thinning and pruning 

(Cown and McConchie 1981, Cown 1992, McKinley 1995). Thinning results in a slight 

decrease in density in the rings. The impact of pruning is less clearly defined, but there is 

some evidence that the removal of branches can increase density slightly (McKinley 1995). 

Cown and McConchie (1982) working with radiata pine in New Zealand reported that 

rotational age has influence on wood density irrespective of site or silviculture. They found 

that younger trees tend to have lower wood density. 

 Shmulsky and Jones (2011) concluded that in many coniferous trees wood density 

generally increases from pith to bark and decreases from butt up wards. The increase in wood 

density from the pith to the bark is due to the increasing age of the cambium (Izekor et al. 

2010). The decrease in wood density from bottom to top agrees with the auxin gradient 

theory (Larson 1969). The theory states that the endogenous auxin arising in the apical region 

of growing shoots stimulates cambial division and xylem differentiation. Therefore, high 
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2003 and Kamala et al. 2014 reported a strong relationship between wood density and 

mechanical properties in Pinus patula. On the other hand, Deresse (1998) reported a weak 

relationship between wood density and mechanical properties in Pinus resinosa and there 

was no relationship between wood density and mechanical properties in Pinus radiata (Cave 

and Walker 1994).  

Low density correlations with mechanical properties were in some cases attributed to 

the influence of MFA (Cave and Walker 1994, Yang and Evans 2003, Machado and Cruz 

2005). The reasoning is that density increases while MFA decreases with age, thereby 

impacting the mechanical tests and resulting in poor correlations when density alone is 

considered (Cave and Walker 1994, Machado et al. 2014). The grain angle can also affect 

the correlation between density and mechanical properties (Green et al. 1999, Machado et 

al. 2014).   

 

2.5 Genetic parameters for effective tree breeding programmes 

Knowledge of genetic parameters in wood properties and growth traits is the basis of 

sound tree improvement programmes. Estimates of heritabilities and genetic correlations are 

essential population parameters required in tree breeding research and in design and 

application of practical tree breeding programmes (Hung et al. 2015).  

 

2.5.1 Heritability 

One of the most important properties of quantitative traits is that they can be described 

in terms of heritability. Heritability indicates the relative contribution of genetics and the 

environment to the phenotypic differences among individual trees or families. It expresses 

the proportion of the phenotypic difference (phenotypic variance), among individual trees or 

families that on average is attributable to the genetic difference. Strictly defined, heritability 
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0Table 2.2 Heritability estimates of some traits of interest in fast grown plantation trees in 

five references 

Trait Cornelius 
1994  

Gapare et al. 
2012  

Kennedy et 
al. 2013  

Hong et al. 
2014 

Steffenrem 
et al. 2016  

Growth traits 

DBH 0.23 0.13 0.29 0.24 0.09 

HGT 0.28 - - 0.27 0.13 

Vol 0.21 - - 0.24 - 

Wood quality traits 

DEN 0.50 0.64 0.71 0.42 0.44 

MoE - 0.47 0.52 0.45 - 

MoR - - 0.62 - - 

MFA - 0.49 0.52 0.52 - 

DBH: diameter at breast height; HGT: height; Vol: volume; DEN: density; MoE: modulus 

of elasticity; MoR: modulus of rupture; MFA: microfibril angle 
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2.7 Conclusion of literature review 

The review has revealed that in conifers tracheid length increases with an increase of 

growth rings, reaches a maximum in a certain year and then gradually increase or level off. 

The boundary between juvenile wood and mature wood can be well defined by the variation 

of tracheid length. Juvenile wood is defined as the zone where the length of fusiform initial 

(cambial cell) increases rapidly with cambial age, while mature wood is defined as the zone 

where the length of cambial cell is stable. Wood density and mechanical properties increases 

from pith to bark and decreases from butt upwards. Heritability for wood quality traits are 

found to be high genetic control than growth traits in forest trees. Indicating that higher 

genetic gains can be obtained by direct selection of wood quality traits. The genetic 

correlation between wood properties and growth traits are favourable in some conifers and 

unfavourable in others. Signifying that genetic correlations between wood properties and 

growth traits in forest trees depend on species. However, for unfavourable correlations, there 

is potential for simultaneous improvement of wood properties and growth traits through 

multi-trait selection index.    
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3.1 Abstract  

 

Wood anatomical features measured in tree-rings are useful indicators of 

environmental change and wood quality. This study was conducted to investigate the radial 

variation in tracheid length and growth ring width and to demarcate the boundary between 

juvenile wood and mature wood of Pinus kesiya Royle ex Gordon planted in Malawi. A total 

of 90 discs were collected from six families at breast height (1.3 m above the ground) and 

were measured for tracheid length and growth ring width. The results show that there were 

statistical significant (P<0.001) differences on tracheid length and growth ring width among 

the ring numbers in juvenile wood. Tracheid length at first increased rapidly from pith to 

bark and thereafter increased gradually or remains more or less constant, while growth ring 

width decreased. However, there were no significant (P>0.05) differences on tracheid length 

and growth ring width among families across the radius. On the basis of radial variation of 

tracheid length, the boundary between juvenile wood and mature wood could be marked at 

ring number 10 from the pith. This should be taken into account when planning for forest 

management and product manufacturing using Pinus kesiya planted in Malawi.  

 

Keywords: Tracheid length, growth ring width, juvenile wood, mature wood, wood quality. 
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one of the most essential tools for understanding tree growth and its reaction to varying 

climatic settings (Bhat et al. 2001, Tian et al. 2009). They form the basis for wood anatomy, 

dendroclimatology, dendrochronology and dendroecology (Pant 2003, Sousa et al. 2012). 

They are valuable instruments in forest management as well as in product manufacturing as 

they are closely connected with tree growth rate and wood properties (Alteyrac et al. 2006, 

Gogoi et al. 2014). This is an indication that information on radial variation pattern of ring 

width and tracheid length can facilitate tree growth and wood quality in forest management 

and wood utilization (Saravanan et al. 2013, Sharma et al. 2013b, Anoop et al. 2014).  

 

Despite these facts no information is available on radial variation pattern in growth 

ring width and tracheid length of Pinus kesiya in Malawi. Thus no effort has been made to 

investigate the radial variation pattern of growth ring width and tracheid length in this 

species. Reports from different research has shown that radial variation in anatomical 

properties and growth characteristics are caused by both specific environmental factors, 

forest management practices and within controlled genetic factors (Downes et al. 2002, Pant 

2003, Alteyrac et al. 2006, Diaz et al. 2007, Mmolotsi et al. 2013). Therefore, the purpose 

of this study was to investigate the radial variation in growth ring width and tracheid length 

and to demarcate the boundary between juvenile wood and mature wood for Pinus kesiya in 

Malawi. The knowledge on radial variation pattern in tracheid length and growth ring width 

and the boundary between juvenile wood and mature wood would be incorporated into 

decision support system in Malawi to assist the forestry industry in planning and developing 

tree improvement programmes and wood utilization for Pinus kesiya and thus anticipating 

the impacts. 
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0Figure 3.1 Location of Chongoni Forest Plantation in Southern Africa 
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0Table 3.1 Characteristics of growth data set 

 Family Variable Mean Minimum  Maximum SD 

n = 15 trees per family 

A 

Diameter at breast height  
(cm) 36.1 32.0 39.0 2.22 

Total height (m) 29.3 24.6 34.2 2.55 

Merchantable height (m) 24.3 20.4 27.4 1.92 

B 

Diameter at breast height  
(cm) 28.0 23.0 32.0 2.51 

Total height (m) 24.3 19.8 28.3 2.25 

Merchantable height (m) 18.4 16.3 21.8 1.60 

C 

Diameter at breast height  
(cm) 34.6 29.0 38.0 2.75 

Total height (m) 27.5 24.7 29.5 1.62 

Merchantable height (m) 21.0 19.2 23.8 1.41 

D 

Diameter at breast height  
(cm) 33.0 28.0 38.0 2.70 

Total height (m) 25.3 23.1 29.8 2.04 

Merchantable height (m) 20.0 17.2 22.6 1.58 

E 

Diameter at breast height  
(cm) 31.0 26.0 36.0 2.51 

Total height (m) 24.5 21.4 27.4 1.97 

Merchantable height (m) 19.3 16.5 22.3 1.70 

F 

Diameter at breast height  
(cm) 29.1 24.0 34.0 3.45 

Total height (m) 24.7 19.6 26.9 2.37 

Merchantable height (m) 18.9 16.2 21.4 1.42 
 

Note: Merchantable height is the height of the tree at 15 cm top diameter, SD: Standard 

deviation. 
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3.4 Results and discussion 

3.4.1 Radial variation in tracheid length and growth ring width 

The length of tracheids in wood is an important determinant of the use to which that 

wood is put. The quality of both lumber and pulp is determined, in part, by the length of 

tracheids in the wood. Long fibres give lumber greater strength and papers produced from 

pulp of long fibres are of more strength and fold-resistance (Sharma et al. 2014). The 

variation in patterns of tracheid length and growth ring width as a function of ring number 

from pith to bark are given in Table 3.2 and Figures 3.2 and 3.3, respectively.  

 

The results presented in Table 3.2 indicates that there were statistical significant 

(P<0.001) differences on tracheid length and growth ring width among the ring numbers 

from pith to bark. Tracheid length at first increased rapidly from pith to bark, then more 

slowly, while annual ring width decreased. Radial increase in tracheid length from pith to 

bark is due to increase in length with cambial age (Chalk 1930). The average growth ring of 

Pinus kesiya for the present study has been found to be 4.28±0.18 mm, which is higher than 

the mean growth ring width for Pinus kesiya (3.81 mm) reported by Gogoi et al (2014) and 

lower than those of Pinus eldarica (4.95 mm) (Reza et al. 2002). This difference may be 

attributed to initial plant spacing. There is acceleration of growth for widely spaced trees 

than crowded trees, because widely spaced trees do not compete for growth elements such 

as nutrients, water and sunlight, hence they tend to have wider growth ring width (Zhu et al. 

2000). In the present study, trees were planted at a spacing of 2.75 m x 2.75 m, which was 

wider than for Gogoi et al. (2014) which were planted at a spacing of 1.8 m x 1.8 m, while 

for Reza et al. (2002) trees were planted at a spacing of 3.0 m x 3.0 m. 
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0Table 3.2 Mean values of tracheid length and growth ring width of Pinus kesiya 

at different ring number 

 

Ring number from pith 
to bark 

Tracheid length 
(mm) 

Growth ring width 
(mm) 

3 1.62±0.08 d 13.84±0.18 a 

6 2.36±0.08 c 9.41±0.18 b 

9 3.01±0.08 b 5.33±0.18 c 

12 3.93±0.08 a 2.02±0.18 d 

15 3.97±0.08 a 1.71±0.18 d 

18 4.02±0.08 a 1.66±0.18 d 

21 4.14±0.08 a 1.60±0.18 d 

24 4.29±0.08 a 1.52±0.18 d 

27 4.36±0.08a 1.44±0.18 d 

CV (%) 5.6 8.2 

R2 0.97 0.95 

  

Note: a,b,c,d means with different superscript within a column significantly differ 

(P<0.001)  
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1Figure 3.2 Radial variation of tracheid length for different six families of Pinus kesiya 
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0Figure 3.3 Radial variation of growth ring width for different six families of Pinus kesiya 
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There were no significant (P>0.05) differences on tracheid length and growth ring width 

among families across the radius. Thus, the pattern of variation was the same (Figures 3.2 

and 3.3). This is an indication that any tree among the families can be selected for tree 

improvement programs if tracheid length is considered as a variable.  

 

3.4.2 Juvenile and mature woods boundary 

Radial variation in anatomical properties are greatly essential to observe the degree of 

variation from pith to bark and to demarcate the boundary between juvenile wood and mature 

wood (Ishiguri et al. 2007, Sharma et al. 2013a, Sharma et al. 2014). Juvenile wood is a term 

derived to clarify why growth rings close to the pith have certainly different wood properties 

(Seth et al. 2005). The concept of juvenile wood is an important consideration in relation to 

wood properties and explains why upper logs in mature stands have juvenile characteristics. 

In comparison to mature wood, juvenile wood is characterized by disadvantageous traits 

reducing its quality, thus limiting their potential processability (Nawrot et al. 2012). 

Therefore, demarcation of the boundary between juvenile wood and mature wood is essential 

for the optimization of timber utilization, quality and value of final products (Alteyrac et al. 

2006, Nawrot et al. 2012). Juvenile wood tends to have higher microfibril angles, lower 

wood density, thinner cell walls, shorter tracheid lengths, greater spiral grain, lower cellulose 

to lignin ratio, higher longitudinal shrinkage, lower latewood percentage and higher growth 

ring width (Pant 2003, Tian et al. 2009).  

 

Basing on these parameters, various methods have been used to demarcate the 

boundary between juvenile wood and mature wood. The simplest graphic method has been 

used by few researchers (Adamopoulos and Voulgaridis 2002), while linear regression 

model, non-linear and polynomial models were opted by other researchers (Zhu et al. 2000, 





50 
 

 

 

 

 

 

 

0Figure 3.4 The boundary between juvenile wood and mature wood in Pinus kesiya 
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0Figure 3.5 Predictive model for tracheid length based on ring number from pith to bark 

 

 

 

  

Y = 1.29ln(x) + 0.27
R² = 0.92

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0 5 10 15 20 25 30

Tr
ac

he
id

 L
en

gt
h 

(m
m

)

Ring Number from Pith to Bark

Juvenile wood                           Mature wood



52 
 

3.5 Conclusion 

 

The study has revealed that there were statistical significant differences on tracheid 

length and growth ring width among the ring numbers in juvenile wood. Tracheid length at 

first increased rapidly from pith to bark and thereafter increased gradually or remains more 

or less constant, while growth ring width decreased. However, there were no significant 

differences on tracheid length and growth ring width among families across the radius. This 

is an indication that any tree among the families can be selected for tree improvement 

programs if tracheid length is considered as a variable. On the basis of radial variation of 

tracheid length, the boundary between juvenile wood and mature wood could be marked at 

ring number 10 from the pith. This should be taken into account when planning for forest 

management and product manufacturing using Pinus kesiya grown in Malawi. 
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CHAPTER 4 

 

Wood Density and Mechanical Properties of Pinus kesiya Royle ex Gordon 

in Malawi  
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4.1 Abstract 

 

Successful development of an appropriate tree breeding strategy and wood utilization 

requires information on wood properties. This study was therefore conducted to assess wood 

density and mechanical properties of Pinus kesiya Royle ex Gordon grown in Malawi. Wood 

samples from six families of P. kesiya at the age of 30 years were used for the study. The 

estimated mean wood density, Modulus of Elasticity (MoE), Modulus of Rupture (MoR) 

and moisture content were 0.593 ± 0.001 g/cm3, 13.46 ± 0.07 GPa, 113.67 ± 0.57 MPa and 

12.08% ± 0.03%, respectively. There were statistically significant (P<0.001) differences in 

wood density and mechanical properties along the radial direction and stem height. Wood 

density and mechanical properties increased from pith to bark and decreased from the butt 

upwards. There were no significant (P>0.05) differences in wood density and mechanical 

properties among the families. This is an indication that any tree among the families can be 

selected for tree improvement programs if density is considered as a variable. Wood density 

had a strong positive significant linear relationship with both MoE (r = 0.790; P<0.001) and 

MoR (r = 0.793; P<0.001). This suggests that it has the potential to simultaneously improve 

the wood density and mechanical properties of this species. Therefore, controlling wood 

density for the tree improvement program of P. kesiya in Malawi would have a positive 

impact on mechanical properties. 

 

Keywords: Pinus kesiya, modulus of elasticity, modulus of rupture, wood density, tree 

improvement 
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4.2 Introduction  

 

Pinus kesiya Royle ex Gordon is a softwood tree species of the family Pinaceae. It is 

one of the most valuable tree timber species in the tropics. Its world-wide demand is 

attributed to its high quality timber on account of the durability of the wood it produces 

(Gogoi et al. 2014). Pinus kesiya is native to the Himalaya region (Asian): China, India, 

Laos, Myanmar, Philippines, Thailand, Tibet, and Vietnam and it grows well at altitudes 

from 300 to 2700 m above the sea level (Missio et al. 2005). It has been successfully 

established as exotic in many countries of the world including Malawi, where it is raised as 

one of the fastest timber species. The tree grows to a height about 45 m with a straight, 

cylindrical trunk. It has a thick, reticulate and deeply fissured bark and pruinose branchlets 

with a waxy bloom (Gogoi et al. 2014). 

 

It is vital to record the wood parameters prior to large scale expansion of plantations 

outside its natural range. The information on wood parameters can facilitate tree growth and 

wood quality in forest management and wood utilization. Wood quality assessment involves 

the consideration of wood density and mechanical properties (Anoop et al. 2014). Certain 

wood properties are reported to be good indicators of timber properties and uses. Modulus 

of Elasticity (MoE) and Modulus of Rupture (MoR) are important properties for the use of 

wood as structural material. MoE is an indication of stiffness of board or structural member 

while MoR is an indication of strength (Johnson & Gartner 2006). Reports from several 

researchers indicate that wood density is the most important property controlling MoE and 

MoR (Zobel and van Buijtenen 1989, Steffenrem et al. 2007, Kord et al. 2010). Therefore, 

the determination of MoE and MoR together with wood density is important to understand 

their relationships. The relationship among these properties are species specific (Shmulsky 



56 
 

and Jones 2011); for instance, other researchers (Stanger 2003, Kamala et al. 2014) reported 

a strong relationship between wood density and mechanical properties in Pinus patula. On 

the other hand, other researchers (Deresse 1998) reported a weak relationship between wood 

density and mechanical properties in Pinus resinosa and there was no relationship between 

wood density and stiffness in Pinus radiata (Cave and Walker 1994). The relationships are 

of great importance in machine stress grading (placement of pieces of lumber of similar 

mechanical properties into different categories) and in tree breeding programs. They are used 

to predict the outcome of one parameter when the corresponding parameter has been 

improved (Zhang 1995). 

 

Pinus kesiya plantations were established in Malawi in order to provide raw materials 

for sawn timber and to reduce pressure on tree species from the natural forest. Regardless of 

the establishment of these fast growing Pinus kesiya plantations adequate information about 

its wood density and mechanical properties are necessary for the foresters to make wise 

management decision and grow trees of high quality wood that can lead to greater 

profitability for the forestry industry (Harris et al. 2002). Despite these facts, no information 

is available on wood density and mechanical properties for Pinus kesiya grown in Malawi. 

Just like many other species, research on Pinus kesiya has concentrated on growth variables 

like height, diameter and volume (Missanjo et al. 2013, Missanjo and Kamanga-Thole 2014). 

Therefore, the main objective of this study was to assess wood density and mechanical 

properties of Pinus kesiya grown in Malawi. Specifically, the study aimed at: estimating and 

determining the variation of wood density and mechanical properties along the radial 

direction and stem height, determining the relationship between wood density and 

mechanical properties, and assessing the quality of timber produced from Pinus kesiya in 

Malawi based on their mechanical properties for grading purpose. The study provides 






















































































































































































