
ABSTRACT 
 

GANTZ, CARLOS HERIBERTO. Evaluating the efficiency of the resistograph to 
estimate genetic parameters for wood density in two softwood and two hardwood 
species. (Under the direction of Gary R. Hodge.) 
 
 

Wood density is one of the most important characteristics of wood for pulp 

and paper and solid wood industries. In this work, the efficiency of the resistograph 

to measure wood density in standing trees is compared to the x-ray densitometry 

method for Pinus radiata, Pinus caribaea, Eucalyptus globulus and Eucalyptus 

urophylla. Resistograph data was also used to estimate genetic parameters of wood 

density for these species and compare them to x-ray densitometry. Phenotypic 

correlation between resistograph resistance and wood density was moderate for all 

species, ranging from 0.30 to 0.78 but Type A genetic correlation was close to 1.0 in 

P. caribaea and E. globulus. Narrow sense heritabilities for resistograph and density 

traits were moderate to high, with values ranging between 0.16 and 0.64. These 

results indicate that it is possible to use the resistograph in genetic tests for the 

indirect selection of trees with desirable wood density.   
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1. INTRODUCTION 

 

Wood density is one of the most important characteristics of wood due to its 

effects on the yield in forestry and industrial operations, and on the quality of solid 

wood and pulp and paper products. Genetic tree improvement of wood density, as 

for any trait, requires the assessment of a large number of trees for the trait of 

interest and that the trait be inherited. Extensive wood density measurement and 

analysis often involves destructive methods. Both destructive and non-destructive 

methods can be expensive. In this work, the efficiency of the resistograph to 

measure wood density in standing trees is compared to the x-ray densitometry 

method for Pinus radiata D.Don (Pinus radiata), Pinus caribaea Morlet var. 

hondurensis (Sénéclauze) W.H.Barrett & Golfari (Pinus caribaea), Eucalyptus 

globulus Labill. (Eucalyptus globulus) and Eucalyptus urophylla S.T.Blake 

(Eucalyptus urophylla). Resistograph data is also used to estimate genetic 

parameters of wood density for these species. If the instrument yields a reliable 

estimation of wood density, it would be an easy-to-use and low cost method that 

would facilitate the inclusion of this characteristic in operational breeding programs. 

Non-destructive wood density measurement and analysis is done utilizing 

radiation densitometry, usually using gamma or x-rays. This reliable technique has 

been increasingly used for the last thirty years, and it involves the use of increment 

cores taken from the tree bolt. The increment cores need to be prepared in a 

laboratory before the density profiles can be obtained, making this method time 
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consuming and expensive (Chantre and Rozenberg, 1997). Density data obtained 

by this method has been successfully used as dependent variables to determine its 

heritability as well as the effects of environmental factors on wood density (Polge, 

1978; Abdel-Gadir et al., 1993; Zobel and Jett, 1995).     

The resistograph was developed with the aim of creating an easy to use and 

precise system to detect internal defects in the wood, typically products such as 

structural timbers or utility poles. It has been recently proposed as a tool for wood 

density analysis in standing trees. Promising results have been obtained when drill 

resistance variations among and between the tree rings along the cross section of 

the stem were obtained with the resistograph, and were compared with x-ray wood 

density profiles (Rinn et al., 1996; Chantre and Rozenberg, 1997). Nevertheless, 

these studies involved dried wood samples and/or a few number of trees.  

  There are no reports relating the correlation between gamma densitometry 

and the resistograph profiles using a large number of trees from progeny tests of 

Pinus radiata, Pinus caribaea, Eucalyptus globulus and Eucalyptus urophylla, and 

there are no reported results regarding the estimation of genetic parameters of wood 

density using the resistograph profiles for these species. There is an ongoing project 

to estimate genetic parameters for Pinus taeda growing in South Carolina, USA, 

using the resistograph and x-ray densitometry (NCSU-Industry Cooperative Tree 

Improvement Program, 2002). 
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2. OBJECTIVES 

 

There are two major objectives in the research project: 

1. To compare wood density estimates from standing trees of Pinus radiata, 

Pinus caribaea, Eucalyptus globulus and Eucalyptus urophylla, obtained with the 

resistograph and with gamma densitometry methods. 

 

2. To compare genetic parameters for wood density measured with the 

resistograph and x-ray densitometry, of trees planted in genetic tests of Pinus 

radiata, Pinus caribaea, Eucalyptus globulus and Eucalyptus urophylla. 
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3. LITERATURE REVIEW 

 

3.1. Wood density. 

Wood density is the amount of wood substance present in a given volume of 

wood. It is defined as the oven-dry mass of wood divided by its green volume 

(Downes et al.,1997; Zobel and Jett, 1995). 

Wood density is not a single characteristic but is determined by several 

characteristics of the wood. Thus, wood density can vary because of changes in 

vessel size, distribution and frequency, fiber dimensions (wall thickness, cell 

diameter), the ratio of earlywood to latewood, the amount of cell rays and 

parenchyma, etc. (Downes et al.,1997). These characteristics are in turn, influenced 

by environmental and genetic factors. Thus changes in climate, growth rate, soil 

fertility and silvicultural treatments such as fertilization, thinning, and tree breeding 

could affect wood density (Zobel and van Buijtenen, 1989; Sirviö and Kärenlapi, 

1999; Yasue et al., 2000).  

Wood density varies within the tree in a radial direction, usually increasing 

from the center of the tree to the bark. It also varies with tree height, but in this case 

variations are not consistent and depend on the species. In most pine species, wood 

density is lower at the top of the tree, while in some hardwoods such as the 

eucalypts it is higher at the top of the tree than at its base (Downes et al., 1997).   
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3.2. Importance of wood density. 

Wood density is an important wood property for both solid wood and fiber 

products in both conifers and hardwoods (Zobel and Jett, 1995). Wood density also 

affects the production processes and quality of pulp and paper as well as solid 

products (Valente et al., 1992; Haygreen and Bowyer, 1996; Downes et al., 1997). 

 

3.2.1. Importance of wood density on pulp production. 

Fiber (wood) is the most important variable cost in pulp production 

economics. According to Smook (1997) about thirty percent of the kraft pulp 

production cost is attributed to wood raw material.  As high-density wood produces 

more pulp per unit of wood volume than a low-density wood, an increase in wood 

density has an important effect in the efficiency of pulp production (Zobel and van 

Buijtenen, 1989; Downes et al., 1997; Foelkel, 1997).  High densities are related to 

higher pulp yields on a volume basis and the optimization of the digester capacity 

(Downes, 1997; Miranda et al., 2001). 

Blair et al. (1975) found a linear positive relationship between wood density 

and kraft pulp yield, when working with a sample of 100 ten year-old Pinus taeda 

trees.  

Tibbits et al. (1990) found a moderate phenotypic correlation between wood 

density and pulp yield, and a strong genetic correlation between these traits, for 

Eucalyptus globulus growing in Australia. 
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Simulating the effect of genetic selection for different traits on the costs of 

Eucalyptus globulus kraft pulp production, Borralho et al. (1992) found that an 

increase of 8 to 10 percent in wood density could reduce production costs up to 

US$12/Tn of oven dry pulp produced. 

Using the analysis developed by Borralho et al. (1992), and applying it to the 

case of Pinus taeda growing in southeast Texas, Lowe et al. (1998) found that an 

increase of 3.3 percent in profit can be expected in a kraft pulp mill, by genetic 

selection of trees only for high wood density. 

Chambers and Borralho (1997), found that an increase in wood density and 

tracheid length of Pinus radiata trees, is associated with a decrease in fiber 

coarseness and a reduction in cost per oven-dry tone of bleached thermomechanical 

pulp produced. They also found that wood density and tracheid length have a major 

influence on the cost of refining in a TMP process. 

 

3.2.2. The effects of wood density on pulp and paper products. 

Wood density affects the final products in pulp and paper production. For 

hardwoods, suitable wood densities for pulp and paper production range between 

400 and 600 kg/m3. Within this range, papers made from high-density wood often 

tend to be bulky, with an open structure, which is porous and more compressible, 

giving better printability and opacity. Papers made from low-density wood are 

smoother, have high tensile and bursting strengths, but low opacity, and are best 

suited to packaging products (Downes, 1997). 
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According to Smook (1997), as more refining is required, paper tensile 

strength and smoothness can be negatively affected when kraft pulp is produced 

from high density wood. On the other hand, tear strength increases as wood density 

increases. This relationship has been found for many species of both softwoods and 

hardwoods (Zobel and Jett, 1995). 

Burdon et al. (1999) found that chip basic density in Pinus radiata is 

negatively correlated with handsheet apparent density (R2=0.70). Kibblewhite 

(1999), and Kibblewhite and Shelbourne (1997), reported that long fibers and high 

number of fibers are critical to achieve good web formation in low basis weight paper 

grades. Good formation affects strength and printability. 

In his literature review regarding the pulping properties of the Eucalypts, Dean 

(1995) reported that wood density is a good predictor of handsheet bulk, tensile and 

burst index. High basic density is related to a decline in tensile and burst strength, 

and more porous and bulkier sheets. Higher bulk will make paper more 

compressible, giving better printability. Kibblewhite and Riddle (2000) reported 

similar relationships for Eucalyptus nitens. 

 

3.2.3. The effects of wood density on solid wood products. 

Wood density affects sawn wood because of its close correlation with wood 

strength. Mechanical strength properties, such as modulus of elasticity (MOE), 

modulus of rupture (MOR), maximum crushing strength parallel to the grain, and 
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compression parallel and perpendicular to the grain, increase as wood density 

increases (Haygreen and Bowyer, 1996). 

In a study of timber quality in South Africa, Banks (1977) found that Pinus 

caribaea var. caribaea had superior mechanical characteristics to both Pinus elliottii 

and Pinus caribaea var. hondurensis, and that this superiority was due to a higher 

wood density.  

Working with 30 year-old Pinus taeda trees growing in North Carolina, USA, 

Megraw et al. (1999) found that MOE increased significantly from pith to bark, and 

this increase was related to the corresponding increase in wood density. 

Considering all the rings measured they found that 93% of the variation in MOE was 

attributable to wood density and microfibril angle. 

In Pinus radiata, wood density is correlated to characteristics such as 

stiffness, strength and surface hardness (Shebourne et al., 1997). Matheson et al. 

(1997) reported genetic correlations of –0.89, 1.04 and 0.93, between wood density 

and radial shrinkage, modulus of elasticity (MOE) and modulus of rupture (MOR), 

respectively, reflecting a close relationship between these important characteristics 

of sawn timber. 

 

3.3. Wood density measurement. 

Extensive wood density analyses can be expensive and often involve 

destructive methods for obtaining whole-tree estimates of wood density. The 

disadvantages of destructive wood density analysis in tree breeding programs are 
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obvious. Many forest species can not be propagated vegetatively, so it would be 

difficult to use trees selected on the basis of their wood properties operationally.   

In order to sustain a tree-breeding program over the long term, a large 

number of selections are required (Zobel and Talbert, 1984). Non-destructive wood 

density analysis usually uses the extraction of increment cores and its analysis 

through gravimetric determinations, or x-ray densitometry. Both of these steps are 

time consuming and expensive. An efficient method for wood density which allows 

the sampling of large number of trees at low cost is necessary if this trait is to be 

included in tree breeding programs. 

 

3.3.1. Gravimetric method to measure wood density. 

In order to calculate wood density, the volume at a given moisture content 

and the oven-dry weight of a wood sample are required.  The oven-dry weight is 

obtained by drying the sample in an oven at constant temperature. The volume of 

the sample is determined by multiplying its dimensions, if the sample has a regular 

form. If the sample has an irregular form, the volume is calculated by the 

displacement method, by which the volume of the sample is measured by the weight 

of the displaced water, when the sample is submerged into it. Another method uses 

a graduated cylinder filled with a liquid, and the volume is determined by the 

difference in the level of the liquid produced by the immersion of the wood sample 

(Haygreen and Bowyer, 1996; ASTM, 2000). This technique is especially suited for 
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small samples and it has been broadly used for the genetic analysis of wood density 

(Zobel and Jett, 1995; Downes, 1997). 

  

3.3.2. Radiation densitometry. 

Radiation densitometry has been in use for the last thirty years.  The 

technique involves the extraction of increment cores or some similar wood sample, 

cutting the increment cores to a sample of 2 mm thick, scanning the samples 

together with gamma or x-rays and recording the pictures with a densitometer, and 

converting and recording of the optical values to wood density values (Polge, 1978; 

Moschler and Winistorfer, 1990; Chantre and Rozenberg, 1997). 

Bergsten et al. (2001) developed a x-ray densitometry device which can avoid 

the first step described above by utilizing intact cores, and therefore can do density 

determinations faster.  

Gamma or x-ray densitometry has been used for many kinds of wood studies, 

involving the effects of environmental and genetic effects on wood density (Polge, 

1978). 

Abdel-Gadir et al. (1993) utilized x-ray densitometry to study the intra-ring 

variation of juvenile and mature wood in Pseudotsuga menziesii trees. From the      

x-ray densitometry data, they were able to determine earlywood and latewood 

density within rings, and determined the variance components of those wood 

characteristics.  
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 Cown et al. (1992) used x-ray densitometry to study the variation of Pinus 

radiata wood density and its components (earlywood, latewood) in different rings 

from pith to bark. Other authors have used Silviscan®, which is an automated x-ray 

densitometer and image analyzer, to estimate the inheritance of transverse fiber 

dimensions such as fiber wall thickness, fiber diameter and perimeter, and its 

relationships to wood density (Matheson et al., 1997; Nyakuengama et al., 1997; 

Nyakuengama et al., 1999).  

Greaves et al. (1997), used x-ray densitometry to study the correlation among 

wood density, earlywood density and latewood density, as well as the correlation 

between wood density measurements at different ages (age-age correlation) in 

Eucalyptus nitens, and Evans et al. (2000) used x-ray densitometry (Silviscan®) to 

construct whole tree maps of wood density in 15-year-old trees of the same species. 

Rozenberg et al. (2001) developed a strategy to incorporate wood density into 

a breeding program for Picea abies and Pseudotsuga menziesii in Europe. They 

used x-ray densitometry techniques to calculate earlywood and latewood density, 

looking for within ring homogeneity as a trait for selection. 

While the accuracy of x-ray wood density measurements is very high, the 

main drawback of the technique is the time required to use it with a large number of 

samples. It is possible to measure between 100 to 250 samples per week. The cost 

of measuring a large number of trees is high (Chantre and Rozenberg, 1997).    
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3.3.3. The Pilodyn. 

The Pilodyn wood tester is a portable tool used for estimating wood density 

by measuring the depth of penetration of a blunt pin, which is shot into the outer 

millimeters of the stem wood, with a constant force. The depth of the pin penetration 

is inversely related to wood density and usually two to four readings per tree are 

used in order to obtain a good estimate of wood density. 

The Pilodyn has been used in several species to estimate the relative density 

of standing trees, especially to rank families in tree breeding programs. Cown et al. 

(1999) have reported several studies showing correlations ranging between –0.55 to 

–0.90 for Pilodyn penetration and outerwood basic density in different species.  For 

Pinus radiata, they reported correlations between –0.80 and –0.96 for trees between 

10 and 20 years old, and King and Burdon (1991) reported a narrow sense 

heritability for Pilodyn penetration of 0.40 for 10-year-old trees in New Zealand. 

Wang et al. (1999), found a correlation between Pilodyn penetration and disc 

density (discs taken at breast height) of –0.52 for individual trees and of –0.77 at the 

family level, for Pinus contorta. 

Raymond et al. (1998), found correlations between the average of four 

Pilodyn measurements per tree and basic wood density, that ranged from –0.39      

to –0.87 for 5-year-old Eucalyptus globulus trees, and between –0.68 and –0.95 for 

10-year-old trees of the same species. In 10 to 15-year-old Eucalyptus nitens they 

found correlations ranging from –0.50 to –0.88. 
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Tibbits et al. (1990), found a correlation between Pilodyn and basic wood 

density of –0.77, but a genetic correlation of –0.98, for 8-year-old Eucalyptus 

globulus trees growing in a genetic test in Australia.  

Wei and Borralho (1997) reported a phenotypic correlation between Pilodyn 

and wood density of –0.80, for 7-year-old Eucalyptus urophylla trees growing in 

China. 

Gea et al. (1997) obtained phenotypic and genetic correlation of –0.68 and    

–0.92 respectively, for 5-year-old Eucalyptus nitens growing in New Zealand. In this 

study the narrow sense heritability for Pilodyn penetration was 0.41. Studying 

Eucalyptus nitens genetic tests established in Tasmania, Tibbits and Hodge (1998) 

reported a single-site genetic correlation between Pilodyn penetration and basic 

wood density of –1.04. While the value is over its theoretical maximum, it suggests a 

high degree of genetic correlation between the two traits. In the same study, they 

report a single site heritability of 0.46 for Pilodyn penetration.  

     While these correlations are high, some disadvantages of the Pilodyn are: 

the wood density estimates are not very accurate, it requires conscientious operation 

and maintenance, and the data is captured manually (Cown et al., 1999).   

 

3.3.4. The resistograph. 

 The resistograph was developed with the goal of creating an easy-to-use, 

robust and precise measuring system to detect internal defects in wood. The method 

is based on the measure of drilling resistance along a small needle path when is 
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inserted with constant drive into a tree. The power consumption of the drilling device 

is measured electronically as a value of the drilling resistance. The measurements 

are immediately stored in the internal memory of the device (Rinn et al., 1996). 

  The instrument has also been used to estimate wood density in different 

wood composites and wood samples taken from different tree species. Winistorfer   

et al. (1995), working with medium density fiberboard, particleboard and oriented 

strandboard, found a good relationship between the vertical density profiles obtained 

with the resistograph and with x-ray densitometry.  Rinn et al. (1996) found good 

correlations (R2>0.8) between the mean drill resistance (resistograph readings) and 

wood density measured with x-ray densitometry in dried wood. Chantre and 

Rozenberg (1997) compared radial x-ray densitometry and resistograph profiles 

from a 25 year-old Pseudotsuga menziesii stand. They reported a moderate 

correlation (r=0.62) for the profile mean density, but a high correlation (r=0.93) for 

the weighted mean density profile.   

 

3.4. Genetics of wood density. 

The degree of genetic control of any trait is measured by its heritability, which 

is the proportion of the genetic variance to the total variance. Two kinds of heritability 

estimates are commonly used: the narrow sense heritability (h2), defined as the 

proportion of additive variance to the total (phenotypic) variance; and the broad 

sense heritability (H2), which is the proportion of the total genetic variance (additive 

and non-additive) to the phenotypic variance. 
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The inheritance patterns for wood density are strong for the conifers and for 

the hardwoods, and there are many studies reporting heritability values for different 

tree species (Zobel and Jett, 1995; Hardner and Tibbits, 1997). However papers 

regarding only the four species of interests in this study are considered in this 

section. 

 Some studies with Pinus radiata in New Zealand confirm the high heritabilities 

for wood density.  Cown et al. (1992) reported heritabilities of 0.92 for wood density 

in the inner 5 rings from the pith and of 1.0 for rings 6 to 10. Nevertheless, these 

high heritabilities were attributed to sampling errors. Burdon and Low (1992) found 

high to very high heritabilities, ranging from 0.53 to 0.96 for wood density for 7 to             

8-year-old trees of Californian and local populations growing in New Zealand.  

Shelbourne et al. (1997b), reported an individual heritability of 0.87 for 13-year-old 

trees grown in New Zealand.  Nyakuengama et al. (1999) found heritabilities for 

earlywood density ranging between 0.35 and 0.46, and for latewood density ranging 

between 0.25 and 0.30, for trees of 10 and 18 years of age, respectively. 

Jayawickrama (2000) estimated single-site heritabilities for wood density ranging 

between 0.65 and 0.82, and an across-site heritability of 0.72, working with data 

from trees of 5 to 6 years of age.  

 Harding et al. (1990), found an individual heritability for wood density of 0.62, 

for 11-year-old Pinus caribaea var. hondurensis trees growing in Queensland, 

Australia. Zobel and Jett (1995) citing a study by Burley et al. (1980), report a 
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heritability range between 0.50 and 0.71 for wood density of 7-year-old trees 

growing in Fiji and Queensland.   

 In a study involving 18 Eucalyptus globulus families and ten 8-year-old trees 

per family growing in Australia, Tibbits et al. (1990) reported a single-site heritability 

of 0.78 for wood density. Using data from two genetic tests planted in Portugal, 

Borralho et al. (1992) found an across-site heritability of 0.65 for wood density of 7 to 

8-year-old trees. Working with 5-year-old Eucalyptus globulus trees, MacDonald et 

al. (1997), found individual heritabilities for wood density ranging between 0.28 and 

0.41. Using gravimetric measurements and near infrared reflectance to estimate 

genetic parameters of pulping characteristics of Eucalyptus globulus traits, involving 

three sites, Muneri and Raymond (2000) and Raymond et al. (2001) found an 

across-site heritability of 0.63 for wood density. 

Wei and Borralho (1997), reported individual tree heritabilities of 0.71 for      

4- year-old Eucalyptus urophylla. 

 

4. MATERIALS AND METHODS 

 

4.1. Materials. 

4.1.1. Genetic material. 

Wood density and resistograph measurements were done on progeny tests 

and forest plantations of four species: Pinus radiata, and Eucalyptus globulus, grown 

in Chile; and Pinus caribaea var. hondurensis (through the remainder of this 
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manuscript referred to simply as Pinus caribaea) and Eucalyptus urophylla, located 

in Venezuela. 

 One genetic test was selected in each of three sites per species when 

possible. When it was not possible to find a genetic test on three sites, a plantation 

was selected. The plantations and/or tests selected were of the same age.  Site 

characteristics of the tests and plantations are described in Appendix 1. 

 For Pinus radiata, three 10-year-old control-pollinated tests were chosen: El 

Labrador, San Antonio and Villacura. Between 30 to 32 control-pollinated families, 

involving 17 parents, were selected at random from these tests. The families 

originated from a partial diallel mating design. Due to high level of mortality and poor 

form of the trees, which made the selection of enough good trees difficult, the 

Villacura test was considered as a plantation for the purpose of the analysis      

(Table 4.3.1A). 

 For Eucalyptus globulus, three 7-year-old open-pollinated tests were chosen: 

Curico, Don Alfonso and Pan Grande.  Thirty families were sampled in Curico, and 

20 in Don Alfonso and Pan Grande (Table 4.3.1A).  

 Three CAMCORE open-pollinated tests were initially chosen for Pinus 

caribaea: Chaguaramas, El Merey and Santo Tomas.  Nevertheless, due to high 

mortality in El Merey, this test was considered as a plantation in the analysis. 

Between 30 and 32 families were sampled in each site. The families in the two tests 

were not related. The age of the tests ranged between 10 and 16 years old (Table 

4.3.1A). 
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 For Eucalyptus urophylla, one CAMCORE open-pollinated test, Saltanejas, 

and two plantations, Agroforestal and Orinoco, were chosen for data collection.  The 

trees were 4 years old in all sites (Table 4.3.1A). 

 

4.1.2. Materials for resistograph and wood density measurements. 

Model RESI® B-400 Pro from the company IML (Instrumenta Mechanik Labor 

GmbH) was used for the resistograph measurements.  An advance speed of 30.0 

cm/minute was used with all the species.  It was the fastest speed with which a good 

resolution of the resistance profiles was obtained in this study. The instrument 

measures the resistance to the penetration of the drilling needle into the wood every 

0.04 mm. The measurements were stored directly in the resistograph’s electronic 

unit, as resistance profiles. The battery of the electronic unit was charged every 

night and it was not allowed to discharge to a level below 35 volts, according to the 

RESISTOGRAPH-IML user manual. 

Wood density was measured using gamma-ray densitometry. This technique 

was provided by the CSIR, in South Africa.  

 

4.2. Methodology. 

4.2.1. Sampling procedure. 

About 30 to 32 families and approximately 13 to 15 trees per family were 

sampled with the resistograph in each Pinus radiata test to obtain measurements of 

the drill resistance. For Eucalyptus globulus about 20 to 30 families and between      
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4 and 13 trees per family were sampled. About 80 trees were sampled in 

plantations. For the Pinus caribaea and Eucalyptus urophylla tests, between 30 to 

32 families, and about 8 trees per family were sampled (Table 4.3.1A). Each tree 

was drilled at DBH (diameter at breast height, or approximately 1.3 m above ground) 

and was labeled with an identification number. An “x” was painted exactly on the drill 

hole, in order to recognize that point and facilitate the extraction of increment cores. 

One 12 mm increment core was extracted at breast height as close as 

possible (approximately 1 inch) to the drilling hole left by the resistograph, from a 

subsample of the trees previously measured with that instrument.  A total of 22 

families and about 4 trees (cores) per family were sampled in the Pinus radiata tests 

and 69 trees from the plantation.  For Eucalyptus globulus, 20 families and 4 trees 

per family were sampled in each test. The same number of trees per family was 

sampled for Pinus caribaea and Eucalyptus urophylla, but the number of families per 

test was 26 for the former and 30 for the later. In the plantations, 90 trees were 

sampled, but due to some problems with the increment cores, only the trees (cores) 

shown in Table 4.3.1B were used.  All the trees were dominant or co-dominant and 

had good form, when possible. 
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Table 4.3.1A. Number of sites, families and trees sampled with the resistograph.  
 
 
 

 (*): Tests established by Forestal Mininco S.A. 
 (**): Chaguaramas and El Merey are CAMCORE tests established by PROFORCA. 
         Santo Tomas and Saltanejas are CAMCORE tests established by Smurfit Carton de Venezuela. 
         Agroforestal is a operational plantation and Orinoco, is a CAMCORE test, managed by 

Agroforestal Anzoategui. 
 

Country Species 
(age) 

Genetic tests Plantations Number 
of 

families/ 
location 

Number of 
trees/ 

location 

Chile Pinus 
radiata       
(10 yrs-
old)* 

El Labrador 

San Antonio 

 

 

 

Villacura 

32 

30 

-- 

464 

401 

81 

 Eucalyptus 
globulus  (7 
yrs.-old)* 

Curico 

Don Alfonso 

Pan Grande 

 30 

20 

20 

80 

79 

270 

Venezuela Pinus 
caribaea       
(10-16 yrs-
old)** 

Chaguaramas  

 

Santo Tomas 

 

El Merey 

30 

-- 

32 

233 

80 

229 

 Eucalyptus 
urophylla (4 
yrs.-old)** 

 

 

Saltanejas 

Agroforestal 

Orinoco 

 

-- 

-- 

32 

89 

89 

238 
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Table 4.3.1B. Number of sites, families and trees sampled with increment cores             

for x-ray densitometry. 

 

 

 

As mentioned previously, wood density was measured from the 12 mm 

increment cores using gamma densitometry. Only half of the increment cores were 

used (pith to bark). The measurements were done at the CSIR, in South Africa. 

Briefly, the method involved the following steps: a) the increment cores were dried to 

avoid fungal development during storage and shipment; b) extractives were removed 

from the cores by soaking them in an alcohol-benzene solution; c) the increment 

Country Species 
(age) 

Genetic tests Plantations Number 
of 

families/ 
location 

Number of 
trees/ 

location 

Chile Pinus 
radiata       
(10 yrs.-old) 

El Labrador 

San Antonio 

 

 

 

Villacura 

22 

22 

-- 

102 

81 

69 

 Eucalyptus 
globulus   

(7 yrs.-old) 

Curico 

Don Alfonso 

Pan Grande 

 20 

20 

20 

80 

77 

80 

Venezuela Pinus 
caribaea       
(10-16 yrs.-
old) 

 

 

Santo Tomas 

Chaguaramas 

El Merey 

-- 

-- 

26 

49 

71 

95 

 Eucalyptus 
urophylla (4 
yrs.-old) 

 

 

Saltanejas 

Agroforestal 

Orinoco 

 

-- 

-- 

30 

30 

60 

89 
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cores were sawn, to produce a wood piece with a thickness of 2 mm; d) gamma ray 

scanning at 0.5 mm intervals; e) report of the results in spreadsheets containing tree 

identification number and the pith to bark wood density expressed in gr./cc. 

 

4.2.2. Data processing. 

The resistograph produces graphic files relating the drilling depth (abscissa) 

and the resistance, measured as amplitude percentage. The files had to be 

converted to text files in order to be used with any statistical software. This was done 

using the IML software of the resistograph system.   

The resistograph profiles showed an increasing trend in the resistance 

amplitude as the drilling needle penetrates the tree stem. This was corrected to 

avoid noise in the data and to be able to separate wood from bark as well as to 

identify where the pith was located.  

The first millimeters, before the resistograph needle starts to drill into the 

bark, have no drill resistance in the profiles generated (zero amplitude percentage of 

the drilling resistance). At the opposite side of the stem, where the needle leaves the 

bark, a constant drilling resistance is registered (Figure 4.3.2A). The slope between 

these two points was calculated and then each amplitude value was adjusted in 

order to correct the increasing tendency of the profiles. 

A big increase in drilling resistance is produced at the point where the 

resistograph needle leaves the bark and starts to drill into the wood. The same 

happens when the needle leaves the wood and penetrates the bark on the distant 
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side of the stem. These points were identified in the “Drilling depth” axis (abscissa) 

and defined as “startwood” and “endwood” in each tree, the remaining being the 

bark. The midpoint in the abscissa between startwood and endwood was defined as 

the “pith” (Figure 4.3.2A). 

Gamma densitometry data files were stored in spreadsheets and then were 

imported directly into SAS System. 

Earlywood and latewood was calculated from the resistograph and 

densitometry data, as the ring density that was above and below a threshold value 

defined for each species (Figure 4.3.2B). The threshold value used was the average 

resistance amplitude and the average density for the resistograph and densitometry 

data, respectively. For the resistograph resistance, these average values were: 20.0 

for Pinus caribaea and 12.5 for Pinus radiata. For density, these values were: 0.48 

for Pinus caribaea and 0.42 for Pinus radiata.   
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Figure 4.3.2A.  Definition of bark, startwood, endwood and pith in the resistograph profile. 
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Figure 4.3.2B. Typical (a) adjusted resistograph profiles, and (b) x-ray density 

profiles and definition of earlywood and latewood for Pinus radiata (I) 

and Pinus caribaea (II). 

 

a. Adjusted resistograph profile.

b. X-rays densitometry profile.

Adjusted amplitude. / Wood density. 
II. Pinus caribaea.  Site: Santo Tomas. 

Earlywood 

Latewood 

a. Adjusted resistograph profile.

b. X-rays densitometry profile.

Adjusted amplitude. / Wood density. 
I. Pinus radiata.  Site: El Labrador. 

Earlywood 

Latewood 
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After the aforementioned steps were completed, the following variables were defined 

for the data analysis: 

Y : mean amplitude of the resistograph drilling resistance profile. 

AdjY : adjusted mean amplitude of the resistograph drilling resistance          

profile. 

Den : mean wood density obtained from gamma densitometry. 

EarlyY / LateY: mean earlywood” and “latewood” drill resistance. 

EarlyD / LateD: mean earlywood and latewood density. 

LateYper: mean “latewood” drill resistance as a percentage of the mean 

drilling resistance. 

LateDper: mean latewood density as a percentage of mean density. 

DiffY : difference between “earlywood” and “latewood” drill resistance. 

DiffD : difference between earlywood and latewood density. 

CVY : coefficient of variation of mean drill resistance for each tree. 

CVD : coefficient of variation of the mean wood density within each          

increment core (for each tree). 

 

 All the traits defined above were used for Pinus radiata and Pinus caribaea, 

but for Eucalyptus globulus and Eucalyptus urophylla it was difficult to separate 

latewood from earlywood. The trees from both species were young (7 and 4 years 

old, respectively), so only juvenile wood was formed. As shown in Figure 4.3.2C, 

differences between latewood and earlywood in juvenile wood are not as great as in 

mature wood (Haygreen and Bowyer, 1996). Only Y, AdjY, Den, and CVY and CVD 

were used in the analysis for these two species. 
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Figure 4.3.2C. Typical (a) adjusted resistograph profiles and (b) x-ray density 

profiles (b), for Eucalyptus globulus (I) and Eucalyptus urophylla (II). 

a. Adjusted resistograph profile. 

b. X-ray densitometry profile. 

Adjusted amplitude. / Wood density. 
I. Eucalyptus globulus.  Site: Don Alfonso. 

a. Adjusted resistograph profile. 

b. X-ray densitometry profile. 

Adjusted amplitude. / Wood density. 

II. Eucalyptus urophylla.  Site: Agroforestal. 
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4.2.3. Data analysis. 

A correlation analysis was performed using the correlation procedure (Proc 

Corr) from the SAS (SAS Institute Inc., 1989) to measure the degree of the linear 

relationship between the resistograph drilling resistance (mean amplitude) and the x-

ray wood density, for the traits previously defined. 

Family variance components were estimated for each trait on each site using 

the SAS VARCOMP procedure and the REML method, which is a restricted 

maximum likelihood approach, to estimate genetic parameters. The linear model 

used with the open-pollinated data (P. caribaea, E. globulus and E. urophylla) was: 

 

yijk = µ + Fi + Rij + eijk 

 

Where µ is the test mean; Fi is the random effect of the ith family [with E(Fi)=0 

and Var(Fi)= σ2
f]; Rij  is the fixed effect of the jth replicate in the ith test [with E(Fi)=0 

and Var(Rij)= σ2
r]; and eijk  is the random tree error [with E(eijk)=0 and Var(eijk)= σ2

e]. 

For the half diallel tests (Pinus radiata) variance components were calculated 

using PROC MIXED. A SAS IML program was used to create dummy variables for 

parent identification following procedures outlined by Xiang and Li (2001).  The 

linear model used for these control-pollinated tests was: 

   yijklm = µ + Fi + Mj + Cij + Rk + eijkl 
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 Where: µ is the test mean; Fi is the general combining ability (GCA) of the           

ith female parent; Mj  is the GCA of the jth female parent; Cij is the interaction (specific 

combining ability) between the ith female and the jth parents;  Rk  is the random effect 

of the kth replicate; and eijkl  is the random tree error. 

The Type A genetic correlation (rAg) was estimated for resistograph drill 

resistance and density traits, in Pinus caribaea, Eucalyptus globulus and Eucalyptus 

urophylla. This measures the correlation between the true breeding values of the 

traits of interests, and it is defined as: 

 

rAg = σf(x,y) / √(σ2
fx * σ2

fy)  

 

Where σf(x,y) is the family covariance between the two traits, σ2
fx is the family 

variance of trait x, and σfy  is the family variance of trait y (Falconer and Mackay, 

1996). The family covariance was calculated using an auxiliary variable (x + y), for 

each pair of traits (x and y), and estimating the variance associated with this 

variable: 

σ2
 (x + y) = σ2

x + σ2
y + 2* σ(x,y)  

  σ(x,y) = [σ2
 (x + y) - σ2

x - σ2
y] / 2 

 

Data for the same families located in three sites were available for Pinus 

radiata and Eucalyptus globulus, thus Type B genetic correlations (rBg) could be 
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estimated as a measure of genoptype by environment interaction, using the 

expression: 

    rBg = σ2
f / (σ2

f + σ2
fe) 

 

Where: σ2
f is the family variance and σ2

fe is the family by environment 

interaction variance. 

Narrow sense heritabilities (h2) for resistograph resistance and density traits 

were estimated using the procedures for variance components estimation described 

above. Single-site heritabilities were calculated using the following formula for the 

open-pollinated tests (Pinus caribaea, Eucalyptus globulus and Eucalyptus 

urophylla):  

h2 = 3* (σ2
f) / (σ2

f + σ2
e) 

 

 Where: σ2
f is the family variance for the trait of interest; and σ2

e is the error 

variance. 

 Narrow sense heritabilities for each Pinus radiata control pollinated tests were 

calculated using the formula: 

   h2 = 4*(σ2
GCA) / (2*σ2

GCA + σ2
SCA + σ2

e) 

 

 Where: σ2
GCA is the variance of the general combining ability; σ2

SCA is 

variance for specific combining ability; and σ2
e is the error variance. 
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 Standard error for heritabilities were calculated using Dickerson’s 

approximation (Dickerson, 1970): 

  

  Var (h2) = Var [(k*σ2
f) / (σ2

T)] = [k2*σ2
f / (σ2

T)2]   

 

Where: k = 3 in the open-pollinated tests and k = 4 in the control-pollinated 

tests,  σ2
T = (σ2

f + σ2
e) in the open-pollinated tests and σ2

T = (2*σ2
GCA + σ2

SCA + σ2
e) 

in the control pollinated tests. 

The mean of individual heritabilities was also calculated along with the 

empirical standard errors. 

 

5. RESULTS AND DISCUSSION 

 

5.1. Pinus caribaea. 

Values for mean resistograph and wood density traits and their respective 

standard deviations are presented in Table 5.1.  
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Table 5.1. Means and standard deviations for resistograph (amplitude) and wood 

density (gr/cc) traits in Pinus caribaea. 

 
 

 Chaguaramas El Merey Santo Tomas 

Trait Mean ± std. N Mean ± std. N Mean ± std. N 

Y 21.36 ± 3.17 233 21.24 ± 3.28 80 23.05 ± 4.33 229 

AdjY 19.74 ± 2.91 233 18.87 ± 3.14 80 20.01 ± 3.63 229 

Den 0.44 ± 0.05 49 0.46 ± 0.04 71 0.53 ± 0.07 95 

LateY 23.24 ± 1.82 233 23.36 ± 1.84 80 24.32 ± 2.30 229 

LateD 0.65 ± 0.04 49 0.66 ± 0.04 71 0.67 ± 0.04 95 

LateYper 0.44 ± 0.25 233 0.38 ± 0.24 80 0.47 ± 0.24 229 

LateDper 0.19 ± 0.10 49 0.24 ± 0.08 71 0.40 ± 0.18 95 

EarlyY  16.70 ± 1.23 233 15.91 ± 1.35 80 15.87 ± 1.56 229 

EarlyD 0.39 ± 0.02 49 0.40 ± 0.02 71 0.43 ± 0.02 95 

DiffY 6.53 ± 1.80 233 7.44 ± 1.88 80 8.38 ± 2.28 229 

DiffD 0.26 ± 0.04 49 0.26 ± 0.04 71 0.24 ± 0.04 95 

CVY 0.16 ± 0.03 233 0.17 ± 0.03 80 0.17 ± 0.04 229 

CVD 0.26 ± 0.05 49 0.28 ± 0.04 71 0.24 ± 0.04 95 

 

 Mean wood density for the species ranged between 440 and 460 kg/m3 at 10 

years (Chaguaramas and El Merey), and was 530 kg/m3 at 16 years of age (Santo 

Tomas). These values are similar than those reported for the species when growing 

in Venezuela, with 425 kg/m3 at 14 to 15 years, and to that for 12-year-old trees in 

Brazil (510 kg/m3), but lower than the wood density obtained for the species in Fiji, 
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with 660 kg/m3 at 15 years (Dvorak et al., 2000). Wood density obtained in this study 

was also comparable to that obtained using radiation densitometry in other studies. 

Harding (1990) reported a wood density of 435 kg/m3 at 11 year of age, for trees 

planted in Queensland (Australia). Wright et al. (1990) reported wood densities 

ranging between 413 and 501 kg/m3 for 7 years old trees planted in Fiji. The higher 

wood density obtained in Santo Tomas could be due to different growing 

environments, but tree age is also an important factor. Latewood and earlywood 

densities as well as latewood percentage were also higher in Santo Tomas than in 

the other two sites (Table 5.1), suggesting that higher mean wood density in this site 

was a consequence of an increase in both density components.   

 Latewood percentage varied between 19% and 40% in the three sites. These 

values are higher than those reported by Harding (1990) for 11 years old trees, but 

the different values can be a consequence of the method used to calculate latewood 

density. 

AdjY (adjusted amplitude) and Y (unadjusted amplitude) were higher at Santo 

Tomas than the other two sites, but the difference among sites was low compared to 

the difference in mean wood density. EarlyY was lower in Santo Tomas, but EarlyD 

was higher in this site (Table 5.1), suggesting that on a site-to-site basis, the 

relationship between these traits probably was not very strong.  

 The wood homogeneity traits CVY, CVD and DiffD, were relatively constant 

across sites, but DiffY had higher values in Santo Tomas. In the three sites sampled, 

the coefficients of variation for density (CVD) were higher than the ones for 
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resistograph resistance (CVY). The within-tree coefficients of variation of wood 

density obtained in this study ranged between 24% and 28%. These values were 

higher than the ones for the variations among trees, which ranged between 8.7% 

and 13.2%.  

  

5.1.1. Phenotypic correlation between resistograph and wood density traits. 

Correlations between resistograph mean amplitude and wood density traits 

were moderate to high, as is shown in Table 5.1.1. 

 

Table 5.1.1. Phenotypic correlations between resistograph resistance and wood 

density traits, for Pinus caribaea. 

 

 Correlation coefficient (r) 

Trait Chaguaramas 
(N=49) 

El Merey 
(N=71) 

Santo Tomas 
(N=95) 

Den - Y 0.77 0.77 0.78 

Den - AdjY 0.74 0.77 0.78 

LateD - LateY 0.56 0.65 0.70 

LateDper - LateYper 0.69 0.67 0.73 

EarlyD - EarlyY 0.35 0.66 0.38 

DiffD - DiffY 0.47 0.53 0.43 

CVD - CVY 0.63 0.57 0.26 
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 Surprisingly, the correlation between Den (wood density) and Y (mean 

unadjusted resistograph amplitude) was similar to that of Den and the adjusted 

amplitude (AdjY) on all sites.  In both relationships the correlation was high               

(r = 0.77), indicating that 60% percent of the variation in wood density was explained 

by the variation in mean resistograph resistance (R2 = 0.60).  

 The coefficients of correlation of the relationships LateD vs. LateY, and 

LateDper vs. LateYper, were similar, but lower than the relationship between Den 

and Y (or AdjY), ranging between 0.56 and 0.73. The correlation coefficients for 

EarlyD vs. EarlyY were lower than those for the latewood traits, ranging between 

0.35 and 0.66. 

 The lowest coefficients of correlation, ranging between 0.26 and 0.63 were 

obtained for those traits that measure wood uniformity: DiffD vs. DiffY, and CVD vs. 

CVY. 

 The results shown above were similar to those presented by Chantre and 

Rozenberg (1997) for 25-year-old Pseudotsuga menziesii growing in France. They 

found Pearson coefficient of correlations of 0.62 for mean resistograph resistance 

and mean wood density, 0.40 for latewood density and latewood resistograph 

resistance and 0.17 for earlywood density and earlywood resistograph resistance. 

Nevertheless, using the standard deviation as a measure of wood density uniformity, 

they found a higher relationship, with a correlation coefficient of 0.70. Similar results 

were also reported for Pinus taeda, where a phenotypic correlation from 0.52 to 0.70 
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was found between mean resistograph resistance and wood density (NCSU-Industry 

Cooperative Tree Improvement Program, 2002). 

 

5.1.2. Genetic parameters for resistograph and wood density traits. 

 Genetic correlations were calculated between resistograph and density traits 

with the highest phenotypic correlations. The results are presented in Table 5.1.2A. 

 

Table 5.1.2A. Type A genetic correlations (rAg) between resistograph resistance and 

wood density traits, for Pinus caribaea. Site: Santo Tomas. 

 
 

Trait pair Genetic correlation (rAg) 
 (N=95) 

Den – Y 1.22 

Den - AdjY 1.39 

LateD - LateY 1.29 

LateDper - LateYper 1.21 

 

 Due to problems with the increment cores taken from trees growing in 

Chaguaramas (some rotten and others not passing through the pith, which were 

discarded) and the high mortality present in El Merey, the sample size did not allow 

the estimation of Type A genetic correlations for those sites, and was estimated only 

for the Santo Tomas site. 
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 All Type A genetic correlations were over the theoretical limit value of 1.0. 

Clearly, the estimates can not be considered very precise, due to the very small 

sample size used for x-ray density measurements: 26 families, approximately 4 trees 

per family, for a total of 95 trees. Nevertheless, these results indicate that the 

genetic correlation between resistograph resistance and wood density would be 

high, suggesting that the two measurements are reflecting what is genetically the 

same trait (Falconer and Mackay, 1996). 

 The results in this study for Pinus caribaea are consistent with results 

reported for Pinus taeda growing in South Carolina, USA. Type A genetic correlation 

estimate was 0.94 ± 0.05 for the relationship between mean resistograph resistance 

and mean wood density using 14 control-pollinated families coming from only 6 

different parents, and 30 trees per family (NCSU-Industry Cooperative Tree 

Improvement Program, 2002). 

Heritability is one of the most important genetic parameters, as it measures 

the degree of genetic control of a particular trait. Narrow sense heritability estimates 

for resistograph resistance and wood density traits are presented in Table 5.1.2B.  

Narrow sense heritabilities were moderate to high for all resistograph traits, 

ranging between 0.24 (LateYper) and 0.40 (Y). The highest heritability was obtained 

for the mean resistance (Y), with an average single-site value of h2 = 0.40.   

The heritabilities for resistograph traits obtained with the small data set, 

corresponding to the trees sampled for gamma densitometry in Santo Tomas, were 

higher than wood density heritabilities for all the traits analyzed. Heritabilities for 
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resistograph were more than double the heritabilities for density traits. The exception 

was earlywood traits, in which EarlyD was greater than EarlyY (Table 5.1.2B). 

 

Table 5.1.2B. Narrow sense heritabilities (h2) for Pinus caribaea resistograph 

resistance and wood density traits. 

 

  Large data set  Small data set 

 Chaguaramas Santo Tomas Average Santo Tomas 

Traits h2 ± s.e. 
(N = 233)* 

h2 ± s.e. 
(N = 229)* 

h2 ± s.e. 
(N = 229)* 

h2 ± s.e. 
(N = 95)** 

Y 0.17 ± 0.02 0.62 ± 0.06 0.40 ± 0.04 0.51 ± 0.11 

AdjY 0.15 ± 0.02 0.46 ± 0.04 0.31 ± 0.03 0.42 ± 0.10 

Den n.e. n.e. n.e. 0.17 ± 0.07 

LateY 0.20 ± 0.02 0.50 ± 0.05 0.35 ± 0.04 0.36 ± 0.10 

LateD n.e. n.e. n.e. 0.23 ± 0.09 

LateYper 0.05 ± 0.01 0.44 ± 0.04 0.24 ± 0.02 0.33 ± 0.10 

LateDper n.e. n.e. n.e. 0.18 ± 0.07 

EarlyY 0.25 ± 0.01 0.00 0.13 ± 0.05 0.04 ± 0.08 

EarlyD n.e. n.e. n.e. 0.23 ± 0.07 
 
(*): Estimates using the large resistograph data sets. 
(**): Estimates using the smaller data set, corresponding to the trees sampled for densitometry. 
(n.e.): Not estimable. 
   

 The narrow sense heritabilities for Den, LateD and LateDper were low         

(h2 = 0.17, h2 = 0.23 and h2 = 0.18, respectively) compared to the values usually 
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reported for these traits. Heritabilities for EarlyD were within the range of those 

reported in other studies (Zobel and Jett, 1995). As mentioned, the density 

parameters presented in Table 5.1.2B were based on a small sample size (N=95), 

and thus had relatively large standard errors. Thus they should be taken only as 

reference values. 

 The moderate to high heritability (h2=0.40) obtained for resistograph 

resistance (Y) and the high Type A genetic correlation between this trait and density  

(rAg ≈ 1) suggest it might be possible to obtain good gains in a tree-breeding program 

through indirect selection. According to Falconer and Mackay (1996) one can expect 

that indirect selection will be better than direct selection only when the heritability of 

the secondary character is higher than the heritability of the character of interest and 

the genetic correlation is high. This seems to be the case for the selection of wood 

density by the indirect selection of resistograph resistance. 

 

5.2. Pinus radiata. 

 Wood density for Pinus radiata varied between 420 kg/m3 and 430 kg/m3 

among the three sites. Latewood density was more variable, ranging between 510 

kg/m3 and 540 kg/m3, and latewood percentage varied between 38% and 45% 

Earlywood density was less variable among sites, with values between 350 kg/m3 

and 360 kg/m3 (Table 5.2.). These values for wood density agree with those 

reported in the literature. Cown and Clement (1983) reported mean densities ranging 

between 308 kg/m3 and 463 kg/m3 for the first 12 rings in 20-year-old Pinus radiata, 
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latewood densities between 517 kg/m3 and 608 kg/m3 and earlywood densities 

between 308 kg/m3 and 379 kg/m3 in the same trees. Cown et al. (1992) reported 

family means for extracted basic density (using x-ray densitometry), ranging from 

370 kg/m3 to 450 kg/m3, for rings 6 to 10 in 22 years old Pinus radiata trees, growing 

in New Zealand. Using x-ray densitometry (Silviscan®), Shelbourne et al. (1997) 

found a mean wood density of 496 kg/m3 for 13-year-old Pinus radiata in New 

Zealand, and Nyakuengama et al. (1999) reported a mean wood density of 488 

kg/m3 for 23-year-old trees growing in Australia. While these two wood density 

values are higher than the ones obtained in this study, they may reflect the trend of 

increasing wood density with age (Tian et al., 1995).  

 Wood density (Den) in Villacura was the lowest, 410 kg/m3 vs. 430 kg/m3 in 

the other two sites. The same families were present in the three tests. Thus the 

difference in mean wood density can be attributed mainly to environmental effects. 

In their review of the Pinus radiata wood properties in New Zealand, Kininmonth and 

Whitehouse (1991) reported that wood density is strongly related to mean annual 

temperature, which in turn depends on latitude and altitude. In general, higher 

temperatures were associated with high density. Other factors that may affect wood 

density in Pinus radiata pine are foliar nitrogen content and rainfall. Beets et al. 

(2001) found that low foliar nitrogen content and low rainfall during autumn, winter 

and spring, produced high-density wood in Pinus radiata growing in a fertilization 

trial. The Villacura site has the lower mean annual temperature and the higher mean 
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annual precipitation (Table A1.1 in Appendix 1). These two factors could lead to the 

lower density obtained at this site. 

 

Table 5.2. Means and standard deviations for resistograph (amplitude) and wood 

density (gr/cc) traits in Pinus radiata. 

 

 

 El Labrador San Antonio Villacura 

Trait Mean ± std. N Mean ± std. N Mean ± std. N 

Y 14.40 ± 1.25 464 14.50 ± 0.93 401 14.91 ± 1.33 81 

AdjY 12.04 ± 0.97 464 12.61 ± 0.75 401 13.01 ± 1.16 81 

Den 0.43 ± 0.03 102 0.43 ± 0.04 81 0.41 ± 0.03 69 

LateY 14.63 ± 0.52 464 14.70 ± 0.39 401 14.65 ± 0.55 81 

LateD 0.54 ± 0.02 102 0.53 ± 0.02 81 0.51 ± 0.02 69 

LateYper 0.39 ± 0.14 464 0.48 ± 0.12 401 0.54 ± 0.20 81 

LateDper 0.45 ± 0.10 102 0.43 ± 0.12 81 0.38 ± 0.14 69 

EarlyY 10.39 ± 0.55 464 10.73 ± 0.47 401 10.95 ± 0.81 81 

EarlyD 0.35 ± 0.02 102 0.35 ± 0.02 81 0.36 ± 0.02 69 

DiffY 4.24 ± 0.67 464 3.97 ± 0.55 401 3.71 ± 0.99 81 

DiffD 0.18 ± 0.02 102 0.19 ± 0.02 81 0.16 ± 0.02 69 

CVY 0.18 ± 0.03 464 0.16 ± 0.02 401 0.15 ± 0.03 81 

CVD 0.26 ± 0.03 102 0.27 ± 0.02 81 0.22 ± 0.03 69 
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 Latewood percentage varied between 39% and 54% in these 10 years old 

tests. These values did not agree exactly with those reported in the study by Cown 

et al. (1992), where they found latewood percentages of about 20% in the juvenile 

wood, and between 50% and 90% near the bark of 22 year old Radiata pine trees. 

They used 400 kg/m3, as the threshold value to separate earlywood and latewood 

within the rings, while a density value of 420 kg/m3 was used in this study. The 

differences in latewood percentage between these studies may be partially related to 

differences in the threshold values used. 

Mean values of resistograph resistance were similar in the three sites for Y, 

AdjY, and LateY, while LateYper was more variable across sites (Table 5.2). Again, 

the variability in latewood percentage can be a consequence of the arbitrary 

definition of the value determining latewood.  

 DiffY, DiffD, CVY and CVD were lower in Villacura, suggesting a more 

uniform wood in this site, due to a slightly increase in earlywood density and a 

reduction in latewood density, compared to the other to sites. CVD values (density 

variation within trees) were higher than CVY in the three sites sampled (Table 5.2.) 

and were higher than the among trees coefficient of variation for wood density, 

which ranged between 6.9% and 9.3%. 

 

5.2.1. Phenotypic correlation between resistograph and wood density. 

Phenotypic correlations between wood density and resistograph resistance 

for the traits measured are presented in Table 5.2.1. 
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Table 5.2.1. Phenotypic correlations between resistograph resistance and wood 

density traits, for Pinus radiata. 

 
 

 Correlation coefficient (r) 

Trait El Labrador   
(N=102) 

San Antonio    
(N=81) 

Villacura        
(N=69) 

Den – Y 0.50 0.41 0.58 

Den – AdjY 0.46 0.38 0.53 

LateD – LateY 0.30 0.54 0.31 

LateDper - LateYper 0.53 0.46 0.43 

EarlyD – EarlyY 0.32 0.06 0.14 

DiffD – DiffY 0.26 0.33 0.05 

CVD – CVY 0.33 0.24 0.08 

 

 

Correlation coefficients for Den versus Y were the highest of all the traits 

measured, but they were moderate to low, ranging from 0.41 to 0.58. This means 

that only 16% to 35% of the variation in wood density could be explained by the 

variation in resistograph resistance. The correlation between Den and AdjY was 

lower, indicating that for some reason the increasing trend in the resistograph 

profiles reflected better the overall wood density of the trees.  

Correlation coefficients for latewood and latewood percentage (LateD vs. 

LateY, and LateDper vs. LateYper) were lower, ranging from 0.30 to 0.54. These low 
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correlations could be a partial explanation for the conflicting patterns of site means 

for LateDper and LateYper (Table 5.2).  

The correlation between DiffD vs. DiffY, CVD vs. CVY, and EarlyD vs. EarlyY, 

were the lowest of all the traits analyzed, with coefficients ranging between 0.05 and 

0.33 for DiffY vs. DiffD, from 0.08 to 0.33 for CVD vs. CVY, and from 0.06 to 0.32 for 

EarlyD vs. EarlyD, indicating that density and resistograph resistance had different 

patterns of variation. These results were similar to those obtained for Pinus caribaea 

in this study and to those reported by Chantre and Rozenberg (1997) for 25-year- 

old Pseudotsuga menziesii, and by the NCSU-Industry Cooperative Tree 

Improvement Program (2002) for Pinus taeda. 

 

5.2.2. Genetic parameters for resistograph and wood density traits. 

It was not possible to estimate Type A genetic correlations between density 

and resistograph resistance traits for Pinus radiata. Unfortunately, the random 

sample of trees selected for x-ray density assessment produced family variance 

estimates equal to zero for all traits. In the results obtained for control-pollinated 

tests of Pinus taeda growing in South Carolina, USA (NCSU-Industry Cooperative 

Tree Improvement Program, 2002) high Type A genetic correlations (rAg = 0.94) 

were found between wood density and resistograph resistance. 

Using the complete data set, Type B genetic correlations (rBg) were estimated 

for resistograph traits as a measure of the genotype x environment (GxE) 

interaction. The results are presented in Table 5.2.2A. 
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Table 5.2.2A. Type B genetic correlations (rBg) for resistograph resistance 

traits in Pinus radiata. 

 

Trait Type B genetic correlation (rBg) 

Y 0.90 

AdjY 0.88 

LateY 1.00 

LateYper 0.87 

EarlyY 0.30 

 

 

 In general, high Type B genetic correlations were obtained for four of the five 

traits analyzed, with values over 0.80, indicating a low degree of GxE, and that the 

variation in wood density in the three sites sampled was mainly controlled by 

environmental factors. The exception was EarlyY with a genetic correlation of 0.30, 

indicating the presence of GxE for this trait. In the case of LateY, the Type B genetic 

correlation was rBg=1.0, because the genotype by environment interaction variance 

component was zero. With the exception of EarlyY, these results agree with many 

reports for different wood traits; very low GxE interactions are typical (Zobel and Jett, 

1995). For example, Jayawickrama (2001) reported a Type B genetic correlation of 

0.99 for wood density for 5 years old Pinus radiata growing in New Zealand.  

Heritability estimates were calculated for resistograph traits, using the large 

data set composed by all the resistograph measurements, from the sites El Labrador 
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and San Antonio. For wood density, a smaller number of trees were sampled with 

increment cores. As mentioned above, using this small data set estimated family 

variance components were zero. Heritabilities for resistograph traits using the large 

data set are presented in Table 5.2.2B. 

 

Table 5.2.2B. Narrow sense heritabilities (h2) of wood traits measured 

  with resistograph, for Pinus radiata. 

  

 Single-site (h2 ± s.e.)* Average h2 ± s.e. 

Trait El Labrador San Antonio  

Y 0.34 ± 0.03 0.56 ± 0.06 0.45 ± 0.04 

AdjY 0.32 ± 0.02 0.43 ± 0.04 0.38 ± 0.03 

LateY 0.25 ± 0.02 0.45 ± 0.04 0.32 ± 0.03 

LateYper 0.35 ± 0.03 0.55 ± 0.05 0.45 ± 0.04 

EarlyY 0.20 ± 0.02 0.00 0.10 ± 0.01 

 (*): heritability ± standard error. 
 

 The results showed moderate to high heritabilities for Y, AdjY, LateY and 

LateYper, ranging from 0.32 to 0.45 (across-site average), and with Y and LateYper 

having the highest values (h2 = 0.45, in both traits). The heritability for EarlyY was 

the lower, with a value of 0.10. These results were similar to those found for Pinus 

caribaea in this study, but contrast with those reported by Shelbourne (1997) for 26-

year-old Pinus radiata clones, for which broad sense heritabilities for earlywood and 
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latewood were similar, with values of H2 = 0.68 for the former and H2 = 0.62 for the 

later. 

 While the heritabilities found for resistograph traits were lower than those 

reported for wood density in Pinus radiata in New Zealand, which range between 

0.50 and 0.90 (Zobel and Jett, 1995; Ridoutt et al., 1998), the heritabilities of 

resistograph resistance (Y, AdjY) and latewood resistograph traits (LateY, LateYper) 

were high enough to make good progress in a tree breeding program. 

 

5.3. Eucalyptus globulus. 

High wood densities were found for 7 year old Eucalyptus globulus trees on 

the three sites sampled, ranging from 590 kg/m3 in Don Alfonso, to 620 kg/m3 in 

Curico and Pan Grande (Table 5.3).   

 

Table 5.3. Means and standard deviations for resistograph (amplitude) and wood 

density (gr/cc) traits in Eucalyptus globulus. 

 
 

 Curico Don Alfonso Pan Grande 

Trait Mean ± std. N Mean ± std. N Mean ± std. N 

Y 19.27 ± 1.66 80 18.88 ± 1.61 79 22.28 ± 2.13 270 

AdjY 17.18 ± 1.60 80 16.85 ± 1.34 79 19.67 ± 1.57 270 

Den 0.62 ± 0.05 80 0.59 ± 0.04 77 0.62 ± 0.04 80 

CVY 0.13 ± 0.03 80 0.11 ± 0.02 79 0.15 ± 0.02 270 

CVD 0.13 ± 0.02 80 0.14 ± 0.03 77 0.15 ± 0.02 80 
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The values for wood density obtained in this study were within the upper 

density range (obtained with the gravimetric method) reported by Valente et al. 

(1992) for 12 year old Eucalyptus globulus growing in Portugal (470 kg/m3 to 650 

kg/m3), but were higher than those reported by other authors. Borralho et al. (1992) 

reported a mean wood density of 530 kg/m3 for 8-year-old Eucalyptus globulus trees 

growing in Portugal. Clark (2001) and Raymond et al. (2001) found wood densities 

ranging from 482 kg/m3 to 571 kg/m3 in 6 to 8 year old trees of different provenances 

growing in Australia.  In all these studies wood densities were calculated using the 

gravimetric method. This method measures the basic density using the green wood 

volume, while x-ray densitometry measures dry density, with moisture content of 

10% (Borralho et al., 1997). In a study of some wood properties of 15-year-old 

Eucalyptus globulus growing in Chile, Prado and Barros (1989) reported basic wood 

densities (green wood) of 530 kg/m3, while the dry wood density (12% moisture 

content) was 634 kg/m3, for the same samples. Hillis and Brown (1984) reported 

basic wood densities (green wood) of 645 kg/m3 to 720 kg/m3 and dry wood 

densities of 805 kg/m3 to 900 kg/m3 for mature timber of Eucalyptus globulus trees. 

Therefore, the differences with the results presented in Table 5.3 can be attributed to 

differences in the methodology used to measure wood density. Nevertheless, site 

and genetic effects can also be a factor influencing wood density values.  

The difference in mean wood density among sites was important (30 kg/m3). 

The lowest wood density was obtained in Don Alfonso (590 kg/m3) compared with 

the wood density obtained in Curico and Pan Grande (620 kg/m3). The same 
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genetic material was sampled in each site and therefore, differences in wood density 

among sites can be attributed to environmental effects. For example, Raymond and 

Muneri (2000) found that wood density in Eucalyptus globulus growing in Victoria, 

Australia, was related to mean annual rainfall. Wood density was lower in the sites 

with high mean annual rainfall than in dryer sites. Don Alfonso is the site with the 

highest mean annual rainfall, therefore this may be a factor contributing to the low 

density obtained in this site. 

Latewood density and latewood percentage were not calculated for the 

Eucalypts because it was difficult to found the annual ring boundaries both in the 

resistograph and density profiles. 

In general, the values for CVY and CVD were similar in the three sites 

sampled. The within-tree coefficients of variation for density (CVD) varied between 

0.13 and 0.15. These values are higher than those for among-trees coefficient of 

variation obtained in this study, which ranged between 6.5% and 8.1%, and than 

those reported in other studies for among-trees coefficients of variation, which 

usually range between 5% and 10% (Tibbits et al., 1990; Raymond and MacDonald, 

1998; Raymond et al., 2001).  

Mean resistograph resistance values (Y and AdjY) showed important 

differences among the sites sampled. The highest values for Y and AdjY were 

obtained in Pan Grande (22.28 and 19.67), followed by Curico (19.27 and 17.18). As 

for wood density (Den), Don Alfonso had the lowest resistograph resistance values 

(18.88 for Y and 16.85 for AdjY). 
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5.3.1. Phenotypic correlation between resistograph and wood density. 

Phenotypic correlations between wood density (Den) and resistograph 

resistance traits (Y, AdjY) are presented in Table 5.3.1. 

 

Table 5.3.1. Phenotypic correlations between resistograph resistance and wood 

density traits, for Eucalyptus globulus. 

 
 

 Correlation coefficient (r) 

Trait Curico           
(N=80) 

Don Alfonso    
(N=77) 

Pan Grande     
(N=80) 

Den - Y 0.59 0.46 0.45 

Den - AdjY 0.50 0.45 0.53 

CVD - CVY 0.08 0.16 0.04 

 
  

The correlations for the relationships Den vs. Y, and Den vs. AdjY were 

moderate on all sites, ranging between 0.45 and 0.59. This means that only 20% to 

35% of the variation in wood density is explained by the variation in resistograph 

resistance.  The similarity in the correlation coefficients of Den vs Y and Den vs. 

AdjY indicate that there are not advantages in correcting Y. 

Correlation coefficients between CVD and CVY were almost zero, indicating 

that wood density and resistograph resistance had different patterns of variation. 
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5.3.2. Genetic parameters for resistograph and wood density traits. 

Type A genetic correlations for wood density (Den) and resistograph 

resistance (Y and AdjY) were very high, as shown in Table 5.3.2. 

 

Table 5.3.2A. Type A genetic correlations (rAg) between resistograph resistance and  

wood density traits, for Eucalyptus globulus. 

 
 

 Genetic correlation (rAg) 

Trait Curico           
(N=80) 

Don Alfonso    
(N=77) 

Pan Grande     
(N=80) 

Den – Y 0.93 1.12 1.09 

Den – AdjY n.e.* 1.08 1.01 
(*): not estimable. 
 

 Type A genetic correlation between Den and Y ranged from 0.93 to 1.12, 

while for the relationship between Den and AdjY the values ranged from 1.01 to 

1.08. Values over the theoretical limit of 1.0 were obtained, probably due to the small 

sample size used (4 trees per family). Nevertheless, these results suggest that the 

genetic correlation between the density and resistograph traits analyzed is very high, 

and thus, the same genes could be controlling them. 

There are no reports of genetic correlations for these traits in Eucalyptus 

globulus. Nevertheless, Tibbits et al. (1990) found a high genetic correlation         

(rAg= -0.93) between Pilodyn pin penetration and wood density in 8 year old 

Eucalyptus globulus trees growing in Tasmania (Australia). This result agrees with 
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the values obtained in this study for the genetic correlations between density and 

resistograph traits. 

 In the case of Eucalyptus globulus, multi-site analysis estimated the σ2
fe as 

zero for all x-ray and resistograph traits, and thus the Type B genetic correlation was 

equal to one (rBg = 1.0) for all traits. This indicates that for the families tested in these 

three tests there was no genetic by environment interaction for any trait.  

Heritability estimates for density and resistograph traits are presented              

in Table 5.3.2B. 

 

Table 5.3.2B. Narrow sense heritabilities (h2) for Eucalyptus globulus resistograph 

resistance and wood density traits. 

 

 Curico Don Alfonso Pan Grande Average 

Traits h2 ± s.e.* 
(N = 80)** 

h2 ± s.e. 
(N = 77)** 

h2 ± s.e. 
(N = 80)** 

h2 ± s.e. 
(N = 78) 

Y 0.33 ± 0.12 0.94 ± 0.24 0.65 ± 0.17 0.64 ± 0.18 

AdjY 0.00 0.83 ± 0.22 0.62 ± 0.16 0.48 ± 0.19 

Den 0.59 ± 0.17 0.33 ± 0.13 0.71 ± 0.19 0.54 ± 0.16 
 
(*): heritability ± standard error. 
(**): Estimates using the small data set, corresponding to the trees sampled for x-ray densitometry. 
 

 

Heritability estimates for all the traits analyzed were moderate to high. The 

highest heritability obtained was for Y (unadjusted resistograpgh resistance) with a 

value of h2 = 0.64 across sites, followed by Den (density) with a heritability of 0.54 
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(across sites). Across-site heritability for AdjY was the lowest (h2 = 0.48).  Due to the 

small sample size (4 trees per family), which leads to relatively high standard errors, 

these values should be considered with caution. Nevertheless, they agree with the 

heritabilities for wood density reported in other studies. Borralho et al. (1992) 

reported narrow sense heritabilities ranging between 0.50 and 0.80, with a mean of 

0.65, for 8 to 9 year old Eucalyptus globulus trees growing in Portugal. In their 

review of the genetics of wood properties, Zobel and Jett (1995) reported narrow 

sense heritabilities for wood density ranging from 0.45 to 0.80, for Eucalyptus 

globulus trees between 4 and 12 year old. Raymond et al. (2001) found an across 

site heritability of 0.63 for 7 to 8 year old trees growing in Australia. 

Large variations among sites were obtained for heritability estimates. This can 

be a result of the small sample size used, which makes the estimates imprecise, or it 

could be also attributable to environmental variations.  

The heritabilities and genetic correlations for density and reistograph 

resistance obtained in this study are high enough to make good progress in a tree 

breeding program, using the resistograph for making indirect selection for wood 

density.    

 

5.4. Eucalyptus urophylla. 

Wood density in Eucalyptus urophylla varied between 590 kg/m3 in the 

Agroforestal site and 630 kg/m3 in Saltanejas. Wood density at Orinoco was 620 

kg/m3 (Table 5.4.). 
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Table 5.4. Means and standard deviations for resistograph (amplitude) and wood 

density (gr/cc) traits in Eucalyptus urophylla. 

 
 

 Agroforestal Orinoco Saltanejas 

Trait Mean ± std. N Mean ± std. N Mean ± std. N 

Y 25.28 ± 3.22 89 24.26 ± 2.79 89 25.49 ± 2.71 238 

AdjY 21.90 ± 2.82 89 21.15 ± 2.33 89 22.68 ± 2.28 238 

Den 0.59 ± 0.06 30 0.62 ± 0.05 60 0.63 ± 0.05 89 

CVY 0.16 ± 0.03 89 0.18 ± 0.03 89 0.14 ± 0.02 238 

CVD 0.14 ± 0.03 30 0.13 ± 0.03 60 0.18 ± 0.04 89 

 

 The wood density values obtained in this study were well above those 

calculated using the gravimetric method and reported by Malan (1993) with wood 

densities ranging between 300 kg/m3 and 405 kg/m3 for 6-year-old trees growing in 

South Africa, and are within the upper values reported by Wei and Borralho (1997) 

with gravimetric wood densities between 320 kg/m3 and 619 kg/m3, and a mean of 

513 kg/m3 for 6-year-old trees growing in four genetic trials in China. These 

differences can be attributed to environmental and genetic variation as well as to the 

different methods used. As stated before, wood density calculated using gamma or 

x-ray densitometry is dry density, which is higher than the basic density calculated 

by the gravimetric method (Hillis and Brown, 1984; Prado and Barros, 1989; 

Borralho et al., 1997). 
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 Differences in wood density among sites were high (590 kg/m3 in Agroforestal 

to 630 kg/m3 in Saltanejas), and they can be attributed to a different genetic 

constitution of the three populations sampled and to site variations. For example, 

Wei and Borralho (1997) found important site and provenance differences in mean 

wood density of four Eucalyptus urophylla trials in China.    

 Values for Y were higher than for AdjY in the three sites, reflecting the effects 

of the correction of the increasing trend in the resistograph profiles. The resistograph 

traits (Y, AdjY) showed variations among sites. The higher value was obtained in 

Saltanejas and the lowest in Orinoco.  

 Coefficients of variation for density (CVD) and resistograph resistance (CVY) 

had similar values in Agroforestal, but were slightly different in the other two sites, 

without a defined pattern (Table 5.4.). Coefficients of variation for within-tree wood 

density (CVD) were higher than those for among-trees wood density obtained in this 

study, which ranged between 7.9% and 10.2%.  

 

5.4.1. Phenotypic correlation between resistograph and wood density. 

The relationship between density (Den) and the resistograph traits (Y, AdjY) 

was studied using correlation analysis.  The results are shown in Table 5.4.1. 
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Table 5.4.1. Phenotypic correlations between resistograph resistance and wood 

density traits, for Eucalyptus urophylla. 

 

 

 Correlation coefficient (r) 

Trait Agroforestal  
(N=30) 

Orinoco         
(N=60) 

Saltanejas      
(N=89) 

Den - Y 0.76 0.62 0.50 

Den - AdjY 0.61 0.29 0.36 

CVD - CVY 0.31 -0.03 0.23 

 

 Moderate to high correlation coefficients were obtained for the relationship 

between density and Y (unadjusted resistograph resistance) in all the sites sampled, 

with values ranging from 0.50 to 0.76. This means that between 35% and 58% of the 

variation in wood density was explained by the variation in resistograph resistance. 

In all the sites sampled, these coefficients were much higher than the coefficients 

obtained for the relationship Den vs. AdjY (adjusted resistograph resistance), which 

ranged between 0.29 and 0.61, indicating that it is not necessary to adjust the 

resistograph profiles in order to estimate wood density. The lowest correlation 

coefficients were obtained for the relationship between CVD vs. CVY (-0.03 to 0.31). 

 

5.4.2. Genetic parameters for resistograph and wood density traits. 

Two Eucalyptus urophylla CAMCORE genetic tests were sampled (Orinoco 

and Saltanejas), but due to problems with the quality of the increment cores 

obtained in Orinoco, the sample size was reduced so much that it was not possible 



 57

to estimate genetic parameters for that population. Genetic parameters for 

Saltanejas are shown in Table 5.4.2. 

 

Table 5.4.2. Type A genetic correlations (rAg) and narrow sense heritabilities (h2) for 

resistograph resistance and wood density traits, for Eucalyptus urophylla. 

Site: Saltanejas. 

 
 
 Heritabilities Type A genetic 

correlations (rAg) 
Traits h2 ± s.e. 

(N = 89)* 
h2 ± s.e. 

(N = 238)** 
Den 

Y 0.72 ± 0.18 0.42 ± 0.04 0.16 

AdjY 0.65 ± 0.17 0.36 ± 0.03 0.01 

Den 0.41 ± 0.13 n.e.*** n.e.*** 
 
(*): Estimates using the small data set, corresponding to the trees sampled for x-ray densitometry.  
(**): Estimates using the large resistograph data set. 
(***): Not estimable. 

 

Heritability estimates for density were moderate to high, with a value              

of h2 = 0.41. This value is lower than the one reported by Borralho et al. (1997) for 

one Eucalyptus urophylla genetic trial in China, but was consistent with those 

reported by Raymond (1995) in her summary of the heritabilitites found in 16 studies 

involving different eucalypt species, where narrow sense heritabilities ranged 

between 0.05 and 0.84, with a mean of 0.54. 

Heritabilities for Y and AdjY using the small data set were moderate to high, 

with values of 0.65 and 0.72, respectively. These values were higher than the 
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heritability obtained for wood density. When using the small data set (same trees as 

for Den) the standard error of the heritabilities for Y and AdjY were higher than the 

ones for Den. 

Type A genetic correlations between Den vs. Y and Den vs. AdjY were almost 

zero. This was rather surprising as this result contrasts with those obtained for the 

other three species analyzed in this study, and in Eucalyptus urophylla high 

heritabilities and moderate to high phenotypic correlations were found. The low 

genetic correlation estimate may simply be due to sampling, but it is possible that 

the relationship between resistograph resistance and density traits is strongly 

influenced by environmental correlations and/or non-additive genetic effects 

(Falconer, 1996). This Eucalyptus urophylla test was only 4 years old. Greater 

microfibril angles and large amount of reaction wood can be found in this very 

juvenile wood and these factors can influence either resistograph profiles (Rinn et 

al., 1996; Bergsten et al., 2001). In their review regarding the genetic aspects of 

wood quality in Picea abies, Rozenberg and Cahalan (1997) stated that genetic 

variability for wood traits cannot be estimated accurately unless the trees are at least 

5 to 7 years old. This could be an explanation for the low genetic relationship among 

the traits analyzed. 

 

5.5. General discussion. 

The phenotypic correlations for the relationships between density (Den) and 

resistograph resistance (Y, AdjY) traits obtained for the four species studied, were 
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low to moderate, ranging between 0.30 and 0.78. Therefore, between 10% and 60% 

of the variation in wood density could be explained by the variation in resistograph 

resistance, making it difficult to establish a precise linear function for the estimation 

of density from resistograph data. Several methodological and environmental factors 

can influence this relationship: a) gamma densitometry and resistograph had similar 

profiles, but usually the values of the distance from the pith to bark (the x-axis) did 

not match well, showing rings that appear in one profile and not in the other (Figures 

4.3.2B-I and 4.3.2B-II); b) resistograph measurements and increment cores for 

densitometry can not be taken at exactly the same point in the stem. Therefore, 

internal defects such as hidden knots can affect in different ways the density and 

resistograph profiles; c) the resistograph measurements were done on standing 

trees, while x-ray density measurements are performed on extracted dry wood 

samples. Different moisture content and extractives could produce a distortion 

between the two methods; d) all the trees measured were young, containing mostly 

juvenile wood. Reaction and compression wood in juvenile wood is present in high 

proportions (Haygreen and Bowyer, 1996) and it affects the resistograph profiles, 

increasing the resistance amplitude in the profiles (Rinn et al., 1996; Mattheck et al., 

1997); e) the resistograph needle does not always penetrate the wood perpendicular 

to the annual rings, and can deviate from the intended penetration path, producing 

wider rings with a continuous increase from early to latewood, and reducing the 

maximum values (latewood peaks) within the rings, especially in the region near the 

pith (Moschler and Winistorfer, 1990; Rinn et al., 1996). 
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In general, the correlation between density (Den) and the unadjusted 

resistograph resistance (Y) was marginally better than the correlation between Den 

and the adjusted resistograph resistance (AdjY) in Pinus caribaea, Pinus radiata and 

Eucalyptus globulus, and was better in Eucalyptus urophylla. The improvement in 

the correlation coefficients ranged between 0.03 and 0.33. Only on one Eucalyptus 

globulus site did the opposite occur. The reason to adjust the resistograph profiles 

was the increasing trend observed in drill resistance as the needle penetrates the 

stem. This was initially considered an artifact that was caused by a slight curvature 

of the drilling needle when passing through the tree, increasing the resistance due to 

the friction of the shaft with the wood and then adding that force to the resistance 

measured at the needle tip (Helms and Niemz, 1993). If this assumption is true, one 

might expect that the slope would be positively related to the tree diameter (DBH), 

i.e. that the bigger the trees would tend to have larger slopes. In fact, the correlation 

between the slope and tree diameter was negative and low for the four species, with 

values ranging between –0.08 and –0.22. This indicates a slight tendency for bigger 

trees to have slightly lower slopes, i.e. smaller increases in resistance as the needle 

passed through the stem. The relationship between density and diameter (DBH) was 

also negative in all the species, with values ranging from   –0.03 to –0.29, indicating 

a slight tendency for bigger trees to have lower density. The results suggest that 

slope is primarily influenced by density. Coefficients of correlation between the slope 

of the resistance profile and mean wood density vary according to the species, 

between 0.20 and 0.56, again indicating that the slope was partially influenced by 
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wood density. This can be an explanation of why the unadjusted profile had a better 

correlation with density than the adjusted one. Despite this result, the adjustment of 

the resistograph profiles was necessary in order to calculate the average earlywood 

and latewood density components and it would also be necessary to calculate ring 

widths on a ring-by-ring basis. The analysis of the within-ring wood density 

components, as well as the variation of wood density with age (ring by ring) to define 

the transition between juvenile and mature wood, was not performed in this study. 

Nevertheless, the potential to examine these traits is an important feature of both    

x-ray analysis and the resistograph, and can be useful traits for breeding for 

homogeneity of wood properties. Further research with the resistograph could be 

focused on these issues, taking advantage of the similarities between resistograph 

and x-ray density profiles (Figure 4.3.2B-I), and using similar algorithms to those 

developed for x-ray densitometry analysis. 

While the phenotypic correlations between density and the resistograph traits 

were moderate, very high Type A genetic correlations with values close to 1.0 were 

obtained one site for Pinus caribaea and in three sites for Eucalyptus globulus. This 

indicates that under the conditions of this study, both methods are measuring the 

same genetic traits in those species. The exception was Eucalyptus urophylla, in 

which no genetic correlations were found, which could be attributed to the fact that 

this was the species with the youngest trees (only 4 years old). Rozenberg and 

Cahalan (1997) state that with young trees (4 to 7 year-old) of Picea abies, genetic 
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parameters for wood properties cannot be estimated accurately. The results for 

Eucalyptus urophylla can also be attributed to sampling error. 

Heritabilities for density (Den) were moderate for the four species studied, 

with values ranging from 0.17 to 0.54. The heritabilities for resistograph resistance 

traits (Y, AdjY) were high in the four species studied, with values ranging between 

0.16 and 0.64 (mean across sites), indicating a higher degree of genetic control for 

the resistograph traits than for wood density. While these results have large 

standard errors due to the small sample size used, they agree with heritability values 

for wood density reported in other studies (Zobel and Jett, 1995; Raymond, 1995). 

Results for mean Earlywood and Latewood traits in Pinus caribaea and Pinus 

radiata were very variable and it was not possible to find conclusive results, probably 

due to the small sample size, but also due to methodological problems. More 

detailed studies are required to appropriately define the boundaries between 

earlywood and latewood in the resistograph data.  

The results obtained for the estimates of genetic correlation and heritabilities, 

suggested that the resistograph could be used in genetic tests, for indirect selection 

of trees or families with desirable wood density. The genetic correlation is the 

correlation between the true breeding values and it constitutes an upper value for 

the correlation between the estimated breeding values. With the high genetic 

correlation for the relationship between density (Den) and resistograph resistance (Y 

and AdjY) obtained in this study, it is possible to expect a high correspondence 

between the predicted breeding values for density and resistograph resistance. This 
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was demonstrated in Pinus taeda growing in South Carolina, USA (NCSU-Industry 

Cooperative Tree Improvement Program, 2002). According to Falconer and Mackay 

(1996) one can expect that indirect selection be better than direct selection only 

when the heritability of the secondary character is higher than the heritability of the 

character of interest and the genetic correlation is high. This seems to be the case 

for the selection of wood density by the indirect selection of resistograph resistance. 

The efficiency of the indirect selection compared with the direct selection of the trait 

of interest can be calculated with the following expression (Falconer and MacKay, 

1996): 

  CRx/Rx = [iy*hy*rAg] / [ix*hx] 

 

Where: CRx/Rx is the relation between the correlated response due to indirect 

selection of trait x when selecting for trait y, and the response due to direct selection 

of trait x; ix and iy are the selection intensity of trait x and trait y, respectively; hy and 

hx are the square roots of the heritability of each trait; and rAg is the genetic 

correlation between the two traits. 

If individual (h2) and family (h2
f) mean heritabilities (across all species and 

sites) of h2=0.48 and h2
f =0.65 for resistograph resistance (Y) and h2=0.37 and       

h2
f = 0.59 for density (Den) is assumed, as well as the same selection intensity of 

i=2.063 (selection of 5% of the whole population of trees) is assumed for both traits, 

it is possible to calculate CR/R for density, using different values for the genetic 

correlation between the two traits. The gains obtained with indirect mass (individual) 
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selection for wood density using resistograph resistance are greater than for direct 

selection on density if the genetic correlation is greater than 0.90. If family selection 

is used, similar gains are obtained with indirect selection only if the genetic 

correlation is higher than 0.97. These calculations were performed using the same 

selection intensities for both traits, which is a conservative assumption because with 

the same amount of resources, many more trees could be assessed and selected 

using the resistograph than using x-ray densitometry (Figure 5.5.1.).  
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Figure 5.5.1. Correlated response in relation to genetic correlation 

between wood density (Den) and resistograph resistance (Y). 
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Another important factor to be considered in the decision of whether indirect 

selection can be used or not, is the cost comparison between the two options (direct 

or indirect selection). Radiation densitometry techniques are time consuming, 

laborious and expensive when a large number of trees are measured, as is the case 

in tree breeding programs. Even when using a motorized increment borer, no more 

than 100 cores can be extracted by day, and the laboratory process can take several 

days. With the resistograph, 150 to 200 trees can be measured per day, and no 

laboratory steps are required, and therefore it is less expensive than measuring 

wood density using radiation densitometry. This makes the resistograph an attractive 

alternative for wood density selection in a genetic program.   

 

6. CONCLUSIONS 

 

The following conclusions can be drawn from the results obtained under the 

conditions of this experiment: 

1. Moderate to low phenotypic correlations (0.30 to 0.78) were obtained for 

the relationship between density and the resistograph resistance traits. 

Further research is needed to improve this relationship, taking into 

account factors like moisture content. 

2. More consistent results for the correlations and genetic parameter 

estimates were obtained for average density (Den) and resistograph traits 
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(Y, AdjY) than for the average within-ring traits (LateY, LateYper, LateD, 

LateDper). 

3. Type A genetic correlations among density and resistograph traits were 

generally high, with values >0.93 and most of them over the theoretical 

value of 1.0, indicating that both x-rays and resistograph were measuring 

what would appear to be the same genetic trait. 

4. Mean individual-site heritabilities for wood density (Den) in all four species 

were moderate to high (0.17 to 0.54). In general, these values are within 

the range of those reported for wood density in other studies.  

5. Mean individual-site heritabilities for resistograph resistance (Y) in all four 

species were moderate to high, with values ranging between 0.16 and 

0.64. In general, heritability for Y was higher than heritability for wood 

density (Den). 

6. The results of the genetic correlations and heritabilities suggested that the 

resistograph could be used in genetic tests, for the indirect selection of 

trees with desirable wood density. 

7. Between 2% and 13% more gain in wood density can be obtained through 

mass selection of trees using the resistograph instead of x-ray 

densitometry, if the genetic correlation between density and resistograph 

resistance is greater than 0.90. In case of family selection, indirect 

selection gives lower gains, unless the genetic correlation is higher than 

0.97. 
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Appendix 1 

Site characteristics of the tests and plantations sampled. 
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Table A1.1. Site characteristics of the Pinus radiata  tests and plantations. 
 

Site 
characteristic 

El Labrador San Antonio Villacura 

Country Chile Chile Chile 

Latitude 37º 42’ S 37º 29’ S 37º 33’ S 

Longitude 72º 38’ W 72º 44’ W 71º 53’ W 

Altitude (m.a.s.l.) 57 343 375 

Mean annual 
temperature (ºC) 

16 16 15 

Mean annual 
precipitation (mm) 

1200 1200 1400 

Soil texture sandy sandy loam clay loam 

Soil Depth (cm) >120 70 – 100 >120 

Drainage moderate poor good 
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Table A1.2. Site characteristics of the Eucalyptus globulus tests. 
 

Site 
characteristic 

Curico Don Alfonso Pan Grande 

Country Chile Chile Chile 

Latitude 37º 38’ S 39º 15’ S 37º 54’ S 

Longitude 73º 32’ W 72º 41’ W 72º 26’ W 

Altitude (m.a.s.l.) 181 300 235 

Mean annual 
temperature (ºC) 

15 14 16 

Mean annual 
precipitation (mm) 

1400 1800 1200 

Soil texture clay clay clay 

Soil Depth (cm) < 80 > 120 >120 

Drainage poor moderate poor 
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Table A1.3. Site characteristics of the Pinus caribaea tests and plantations. 
 

Site 
characteristic 

Chaguaramas El Merey Santo Tomas 

Country Venezuela Venezuela Venezuela 

Latitude 08º 42’ N 08º 10’ N 10º 00’ N 

Longitude 62º 45’ W 63º 30’ W 69º 05’ W 

Altitude (m.a.s.l.) 40 60 300 

Mean annual 
temperature (ºC) 

25.7 27.12 27.0 

Mean annual 
precipitation (mm) 

1020 1065 1287 

Soil texture sandy sandy loam clay loam 

Soil Depth (A 
horizon) (cm) 

65 60 45 

Drainage good good good 
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Table A1.4. Site characteristics of the Eucalytpus urophylla test and 
plantations. 

 

Site 
characteristic 

Agroforestal Orinoco Saltanejas 

Country Venezuela Venezuela Venezuela 

Latitude 08º 26’ N 07º 48’ N 09º 32’ N 

Longitude 64º 48’ W 64º 43’ W 60º 17’ W 

Altitude (m.a.s.l.) 175 75 200 

Mean annual 
temperature (ºC) 

27º C -- -- 

Mean annual 
precipitation (mm) 

1000 1369 1467 

Soil texture sandy sandy clay loam 

Soil Depth (A 
horizon) (cm) 

-- -- 20 

Drainage good good good 
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