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(ABSTRACT) 

The purpose of this study was to investigate variation in selected anatomical, 

physical and mechanical properties of three Populus x euramericana (Dode) Guinier 

hybrid clones grown on two dissimilar sites in Hungary. Six 15 years old trees from 

three clones on one site and six 10 years old trees from two clones on the other site were 

sampled at breast height. 

Anatomical properties, including vessel lumen diameter, area and shape factor, 

number of vessels per unit area, fiber lumen diameter and area, fiber length, ray area, 

and cell wall area percent were measured by an image analyzer. Site, clone and/or their 

interaction significantly affected one or more of these properties except fiber length. 

Variations were significant among trees within clone and site for all variables except 

vessel lumen diameter. However, most of the variations was within tree as a result of 

the effect of age. Statistically significant correlations were found between anatomical 

properties.



For specific gravity, there was no significant differences between sites but there 

was a significant clone effect with a repeatability of 0.51 indicating genetic control on 

this property. There were no significant differences among clones for modulus of 

rupture, crushing strength, maximum tensile strength, and tension modulus of elasticity. 

Strength properties were significantly higher near the bark than close to the pith except 

for maximum tensile strength. Specific gravity was not the single most important factor 

affecting strength properties of the clones. 

The effect of age and growth rate on specific gravity and anatomical properties 

were also investigated. Differences among clones for growth ring widths were 

significant in the "good" years only. Specific gravity was high near the pith, then each 

of the clones exhibited a different radial pattern. Based on segmented regression, a 

quadratic model with a plateau proved to be useful for estimating the demarcation 

between juvenile and mature anatomical characteristics. The ages of maturation were not 

the same for all properties; however, the order of maturation was the same on both sites. 

No consistent relationships between growth rate and specific gravity and anatomical 

properties were found when growth rings of the same age were compared.
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“The greatest obstacle to discovery is not the ignorance - 
it is the illusion of knowledge.” - DANIEL J. BOORSTIN 

INTRODUCTION 

Human life is intimately connected with the forests as a natural resource. Wood, 

a product of trees, is one of the most wonderful materials created by nature. The 

greatest value of wood is that it is a renewable raw material. Variability in its 

composition, appearance and properties gives wood great versatility. Combined influence 

of genetic and environmental factors results in natural variation in wood properties. 

However, variability is also a major disadvantage from the standpoint of manufacturers 

considering efficient utilization of wood (Zobel and van Buijtenen 1989). 

The demand for wood has been increasing while the timber resources have 

changed significantly from natural forests to plantation grown forests in some parts of 

the world. Successful planting of genetically improved trees and intensive forest 

management practices requires cooperation among foresters, forest geneticists, and wood 

technologists because mistakes in selection and management can not be corrected easily 

or quickly (Zobel and Talbert 1984; Matyas 1986). The main issue is not only growing 

forests in the most economical way; but also growing trees with tolerance to pests and 

adverse environments and with the desired wood quality. Although the evaluation of 

wood quality depends on the users needs, more uniformity, both within and among trees, 

is demanded by manufacturers of wood products. Reduction in variability is of 

importance because of the impact on product quality and production efficiency (Burdon 

and Thulin 1965; Zobel et al. 1983; Zobel and van Buijtenen 1989). 

Wood uniformity within a species can be increased either genetically by using 

vegetative propagation or by silvicultural manipulations, such as fertilization, cultivation, 

spacing, and thinning. Wood properties are determined by the genetic makeup of the 

tree as well as by the interaction of the genetic makeup with the environment.



Therefore, it is impossible to predict the interaction accurately (Zobel and van Buijtenen 

1989). Research on wood properties is of major importance because it provides essential 

information to the foresters who manage the tree improvement programs and to the 

wood-using industries which apply new technologies to achieve the best utilization of the 

harvested trees. 

New combinations within a genus. can be produced by hybridization (Piatnitsky 

1960). The hybrid is a cross between two species or different geographic races within 

species that would not otherwise have cross-bred. Since characteristics of a species 

depend on genetic inheritance, it is possible to develop trees that are different from those 

created by nature. Hybrids that are carrying desired characteristics can be quite useful 

if vegetative propagation can transfer the desirable traits to the production arena. 

Planting of selected clones results in more uniformity reducing the variability in wood 

and better meeting the demands of wood users (Zobel and Talbert 1984; Zobel and van 

Buijtenen 1989). 

Vegetative propagation, where all individuals are expected to be perfect replicates 

of their parent tree, is an effective method to reduce the variability of properties. 

Populus species and their hybrids are abundant in the north temperate regions and they 

represent a fast growing, genetically improved and vegetatively propagated broadleaved 

species of the secondary forests and plantations. The most important hybrid group is 

Populus x euramericana, a number of clones produced as a result of cross between 

European black poplar (Populus nigra) and eastern cottonwood (Populus deltoides) 

(Wright 1976). 

Wood from poplar plantations is generally considered for use as energy, 

chemicals, and as a raw material for industrial manufacturing. Investigation on the wood 

properties of different clones give scientists the opportunity to study the influence of 

environmental effects, silvicultural practices, and their interactions on wood properties. 

These studies provide essential information for managing tree improvement programs and 

to improve the utilization of these clonal material. 
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PROBLEM STATEMENT 

Like many European countries, Hungary has a serious shortage of timber 

resource. Only about 18% of the land area is forested (Molnar and Feher 1991). The 

increasing demands for wood products have induced foresters to start a tree improvement 

program in the 1950’s which focused on poplars an especially fast growing, genetically 

improved, and vegetatively propagated genus for reforestation. Many species and 

hybrids of Populus spp. can be planted extensively as exotics in Hungary because they 

are well adapted to the soil and climate of the country. 

Due to this reforestation program, about 9% of the forested area has been planted 

in poplars and their hybrids (Molnar et al. 1990). The annual harvest from this stands 

is more than 20% of the overall timber production in the country. Research on wood 

properties of hybrid poplars will enhance the efficiency of the tree improvement 

programs and the subsequent utilization of this material. Selection of the best hybrids 

for the various sites in terms of growth and wood properties can effectively fine tune 

overall forest planning and management. 

In this study the following hypotheses were tested: 

- There are site and clonal differences for anatomical properties. 

- There are site and clonal differences for specific gravity and clonal 

differences for mechanical properties. 

- There are within-tree differences for anatomical properties and specific 

gravity, and there are significant relationships between growth rate and 

these wood properties of clonal material.



OBJECTIVES 

The goal of this study was to determine the wood properties and explore the 

causes of their variations for three hybrid poplar clones (Populus spp.) planted in two 

different sites of Hungary. In order to accomplish this goal the following specific 

objectives were formulated: 

1. To investigate site and clonal effects on selected anatomical characteristics of 

three Populus x euramericana clones collected in Hungary. 

2. To analyze site and clonal variations of specific gravity in relation to mechanical 

properties of the clones. 

3. To characterize the within-tree variations in selected anatomical properties and 

specific gravity in the radial direction as a result of age and growth rate effects.



PREFACE 

This dissertation is organized into five parts: a general methodology description, 

three sections of research papers, and an overall discussion and conclusion. In the first 

part, a detailed description of material, methods, and the experimental design are 

presented. The three sections are formatted for publications, and so intended to be 

inclusive. The first section is an analysis of site and clonal effects on selected anatomical 

properties of the clones. The second section provides a comparison on variations in 

specific gravity and mechanical properties of clonal material. In the third section, the 

influence of age and growth rate on anatomical properties and on specific gravity are 

described. 

Since the three sections are intended to be all-encompassing, some repetition 

inevitably exists in the methodology parts.



MATERIAL AND METHODS 

DESCRIPTION OF SITES 

For this study, three hybrid Populus clones with rapid growth rate were chosen 

from two different sites in Hungary (Site 1: Daka, Site 2: Zalavar). Both sites are 

located in the central part of Transdanubia, the western region of Hungary. The overall 

climate can be described as temperate continental, the area is in the xeric mixed 

hardwood forest region. The relatively low and very uneven rainfall is not favorable for 

forest development. Due to frequent summer drought, hydrological conditions and 

ground water availability greatly determine site quality. It is these marginal 

circumstances that make the apparently slight climatic and edaphic conditions important. 

Hybrid poplar clones require continuous water supply and relatively warm climate 

for satisfactory development. Site parameters described in Table J indicate that Site 2 

is more favorable for poplar plantations. Its climate is slightly modified by 

mediterranean impacts which manifest themselves in more evenly distributed rainfall and 

reduced extremes in temperatures. Site indicator herbs and grasses confirm the 

superiority of Site 2: Impatiens noli-tangere, Carex remota, Deschampsia caespitosa and 

Baldingera arundinacea indicate continuously wet conditions while in Site 1 Poa 

angustifolia, Calamagrostis epigeios and Solidago spp. are common weeds on xeric, 

drought sensitive sites. Poplar stands in Site 1 are more likely to become water-stressed, 

retarded in growth and attacked by pathogens.



DESCRIPTION OF CLONES 

The plantation in Site 1 was fifteen years of age and in Site 2 ten years of age. 

Measurements were taken on the following clones: 

- Populus x euramericana (Dode) Gunier cv. Kopecky, 
- Populus x euramericana (Dode) Gunier cv. I-214, 

- Populus x euramericana (Dode) Gunier cv. Koltay. 

General description of clones are detailed in Table 2. The well-known Italian I- 

214 clone was imported in 1951 and since then it has been planted extensively throughout 

the country. Currently, this single clone represents more than 30% of the poplar 

plantations in Hungary. The I-214 clone requires intensive silvicultural treatment. Its 

stems tend to develop large branches; furthermore, its wood is considered to be of lower 

density among poplars. 

The Kopecky and Koltay are Hungarian bred clones, named after their breeders. 

The Hungarian forest geneticists Kopecky and Koltay were among those who started the 

forest tree improvement program in Hungary in the early 1950’s. Koltay was awarded 

the Kossuth Prize’ for his activity in breeding of poplars. 

The Kopecky clone may be planted on a variety of sites ranging from relatively 

wet to semi-dry sites and does well under both extensive and intensive management 

regimes. Its thick, rough bark develops early; therefore, it is recommended for locations 

with a high potential for wildlife damage. 

The Koltay clone may be used as a direct substitute for Populus robusta, which 

is considered to be the best quality poplar clone with the highest wood density. 

Furthermore, it is recommended for short-rotation plantations for biomass silage 

production (Matyas 1983; 1986). Plantations in Daka are shown in Figure I. 

  

IThe highest Hungarian state award. It is equivalent with the international Nobel Prize. 
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DESIGN OF THE EXPERIMENT 

The experimental design (Figure 2) involved two sites, three clones and six trees 

(ramets) from each clone. However, the Koltay clone was not available from Site 2. 

Six trees were randomly selected from each clone on each site. Samples were taken 

from each growth ring in each tree for the anatomical and specific gravity measurements. 

For the mechanical property tests, samples were taken from three positions (each 1/3 of 

the radius of the tree), but only from the sample trees on Site 1. Based on this sampling 

technique, the variations among growth rings and radial positions represented the effect 

of the age of the cambium when the increments were produced. 

MATERIAL COLLECTION 

The trees were chosen for straightness of bole and absence of visual defects. 

Each tree was felled and a 100mm thick disk was cut from each tree at breast height and 

a 500mm long short log was also taken immediately above the disk from sample trees 

in Site 2. Disks were used to measure the width of each growth ring and to obtain 

samples for anatomical property, specific gravity and micro tensile strength 

determination. Specimens for bending and compression strength tests were cut from the 

short logs. 

Disks and short logs from Site 1 were cut into 50mm wide middle sections along 

one radius in east-west direction to minimize the presence of tension wood caused by the 

effect of prevailing wind. The segments of short logs were divided into three blocks 

representing wood near the pith, in the middle part of the radius, and close to the bark. 

Bending and compression strength specimens were cut from the blocks. Bending strength 

tests were performed in Hungary.



The segments of disks and the compression strength specimens from Site 1 and 

the disks from Site 2 were wrapped in plastic bags with 5% solution of sodium- 

pentachlorophenate to prevent fungal deterioration and mailed to the Department of Wood 

Science and Forest Products, Virginia Polytechnic Institute and State University, 

Blacksburg, Virginia. There the middle sections of disks from Site 2 were also cut along 

one radius in the east west direction to prepare samples for anatomical measurements and 

specific gravity. 

METHODS 

Slide preparation (Sass 1958): 

Transverse microtome sections of each growth ring were prepared for anatomical 

measurements. The sections approximately 20um thick were stained with 1% aqueous 

safranin for 2 minutes and washed once with water and twice with 70% ethanol. Then 

the sections were covered with 2% fast green in 70% ethanol for one minute, drained, 

washed with 100% ethanol until dehydrated, and cover with xylene. Finally they were 

mounted on glass slides with permount. Safranin and fast green were used together to 

differentiate the possible tension wood fibers from normal fibers. A minimum of five 

slides was prepared and labelled from each growth ring. 

Fiber maceration (Franklin 1945): 

Three pieces about 15mm long and 2mm in cross section from the middle part of 

each growth ring were placed in a 1:1 mixture of 30% hydrogen peroxide and glacial 

acetic acid for 72 hours at 60°C. At the and of the maceration process, the fibers were 

washed with water twice and placed into 70% ethanol. After draining, the samples were 

stained with 2% fast green, then washed with 70% ethanol, swirled and drained twice.



Finally they were washed with 100% ethanol, drained, and stored in xylene pending 

further preparations of temporary slides for measurements. 

Anatomical measurements by IMAGE] image analyzer: 

From the slides, the anatomical characteristics were measured on an image 

analyzer. The system, as showed in Figure 3., includes: 

- Zeiss Axiophot research microscope, 
- CCD-72 Series camera (black and white), 
- Sony Trinitron color video monitor, 
- WIN 386-33 personal computer, 
- Super Sync 2A color monitor, 
- IMAGE] / AT image processing and analysis system (Universal Imaging 

Corporation 1990). 

Using the image analyzer system the following anatomical parameters were measured or 

calculated for each growth ring: 

- Vessel lumen diameter [um] 

- Number of vessels per unit area [No/mm’] 
- Vessel lumen area [%] 
- Shape factor of vessels 
- Ray cell area [%] 

- Fiber lumen diameter [um] 
- Fiber lumen area [%] 

- Cell wall area [%] 
- Fiber length [mm] 

Measurements were taken at 100x magnification using configured filters to 

separate vessel lumens from the fiber lumens and from the cell wall and ray area (Figure 

4). In each growth ring, five images as random replicates were analyzed: one from 

earlywood, one from latewood and three from the middle part of the growth increment. 

Vessel lumen diameter was calculated as an average of the system "diameter" 

and "longest cord" values recorded automatically. However, the "diameter" is defined 

by Imagel as a measure of the thinnest portion of an object; meanwhile, the "longest 
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cord" is defined as a measure of the greatest linear distance between any two points on 

the object being measured. If vessels appear one by one, "diameter" can represent the 

tangential diameter of vessel elements, and "longest cord" can be considered as the radial 

diameter. Since there were many vessel chains in the structure of these poplars, the 

direction of the elongation of vessels showed the opposite direction from that mentioned 

above (Figure 4). Thus the average of the two measured distances was used for 

calculation of the mean values of vessel lumen diameters. 

Number of vessels was recorded from the same images as vessel lumen diameters 

and the size of region being measured (usually the whole monitor screen). These data 

were used to calculate the number of vessels per unit area. 

Vessel lumen area as a percentage of the monitored region was counted 

automatically from each image analyzed. 

Shape factor of vessels could be recorded on each image because Imagel allows 

classification of objects based on the extent of their roundness. Values are between Q 

and 1, where Q represents an extremely thin object and 1 a perfect circle. Calculation 

of shape factor is described below: 

SHV _ = (41a)/p’ where SHV = shape factor 
a= nr a = area of a circle 
p= 20r = r= p/n p = perimeter of a circle 
a= n(p/2ny = p’/4n 

Since the area and the perimeter are known: 

1 = p’/(41a) is the same equation for shape factor given above except inverted. 

Ray area percent was determined after counting rays as parallel lines and 

multiplying that number by the average ray thickness. This method was chosen because 
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the gray level of cell walls and that of the whole rays were similar, so that they could 

not be distinguished from each other automatically. After preliminary measurements 

where the rays were made to appear long white objects, an average ray cell thickness 

could be calculated because the uniseriate rays had consistent thickness values. 

Fiber lumen diameter was determined at 200x magnification because at the lower 

magnifications used for vessel parameters, the cell wall and ray areas could not been 

distinguished. Furthermore, the contrast was not enough to separate the fibers. The 

regions of measurements were chosen between two rays and that contained only fibers 

(Figure 5). One randomly selected image was analyzed from about the middle part of 

each growth increment. Fiber lumen diameter values were calculated in the same way 

as those for vessel lumens. Each region tested had a different size but included at least 

30 fibers. 

Fiber lumen area percent was obtained automatically for each region monitored 

for measurements of fiber lumen diameters. Since only fibers were captured on these 

images, the fiber lumen to fiber wall ratio represented percent fiber lumen area. 

Cell wall area percentage values were derived from measured parameters 

subtracting vessel lumen area, ray area and fiber lumen area percentages from unit area 

based on the following equation: 

WA = 100-{VLA+RA+[((100-VLA-RA)FLA/100]} 

where: WA = cell wall area [%] 

VLA = vessel lumen area [%] 

RA = ray cell area [%] 

FLA = fiber lumen area [%] 

Fiber length data were obtained from macerated material using the same sections 

as for the slides. From each growth increment thirty-five unbroken fibers were 
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measured. The Imagel system cannot separate objects which are crossing one another. 

Therefore, instead of using the automatic measurement mode, manual measurement mode 

with caliper was applied (Figure 6). 

Specific gravity (Smith 1954): 

The maximum moisture method was used to determine the specific gravity of 

these small specimens. Specific gravity based on green volume can be calculated from 

the weight of the completely water saturated specimen and the weight of the specimen 

ovendried. Using this technique, an error may exist in obtaining the absolute maximum 

saturation with water and in assuming a constant value for the density of the cell wall 

substance. Therefore, for purposes of comparison, specific gravity of segments with the 

same thickness was measured by the water displacement method. Results of this control 

test did not differ significantly from those obtained by averaging the specific gravity 

values of each growth ring as determined by the maximum moisture method. The 

maximum moisture method was assumed to be more suitable for this investigation. 

The equation and the derivation of the formula is as follows: 

  

M= My~M, _ My _ Ve-Vo0 _Ve_ Veo 

Mo mM, My Mo, My 

where Miu. = maximum water content in grams of water per gram of 

ovendry wood; 
m, = ovendry weight [gr]; 
m = mass of water-saturated wood [gr]; 

m,, = mass of water in wood [gr]; 

V; = green volume [cm’]; 
V, = ovendry volume [cm°]; 
VY. = volume of the ovendry cell walls [cm’]; 
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V; ° Vz 

-1-1 
Gr Gyo 

where G, = specific gravity of wood based on ovendry volume; 
G; = specific gravity of wood based on green volume; 
G, = specific gravity of wood substance= 1.53; 

Specific gravity (G,) can be calculated from the following formula if the ovendry 

and green (completely saturated) weight of the sample are measured : 

1 

OT 
Maaxt G 

gO 
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STATISTICAL ANALYSES 

In order to compare the variations in the anatomical properties between sites and 

among clones, analysis of variance (ANOVA) models, or in case of unbalanced data 

general linear models (GLM) models were calculated using the Statistical Analysis 

System (SAS Institute Inc. 1985). Following an overall F test, Duncan’s multiple 

comparison procedure as a posteriori test was used to evaluate all possible comparisons 

between means of the measured variable at a certain level (Kirk 1968). The experimental 

design is shown in Figure 2. 

Nested design, as a simple hierarchical analysis of variance, was used to estimate 

the clonal (genetic) variation and the tree-to-tree (environmental) variation within clones 

for the properties on Site 1. Relating the estimated clonal variance component to the 

total (phenotypic) variation, repeatability (R) or broad sense heritability (H’) of a 

property can be calculated. The repeatability gives an estimate of the upper limit of the 

narrow sense heritability (h”) from a clonal test (Becker 1984). The total phenotypic 

variance (V,) can be calculated as follows: 

Vp = Vet Ve, where V, =genotypic variance, 
Vz =environmental variation. 

The genetic variance contains two components: the additive genetic variance and the 

dominance variance, from clonal test only the total genetic variance (V,) can be 

determined, and thus 

R=V,/(Ve+t Vp) =Vc/Vpzh 

Pearson correlation coefficients were calculated between all measured pairs of 

variables to test the intercorrelation between properties measured (Kleinbaum et al. 

1988). Values of r’s are considered as a general indexes of linear associations between 
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two random variables. However, if non-significant correlation is obtained it indicates 

that there exists a non-linear association or no association at all. To find out whether or 

not there were other than linear relationships between properties, the two variables were 

plotted against each other. 
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� � 
�F�i�g�u�r�e� �3�.� �-� �I�m�a�g�e� �a�n�a�l�y�z�e�r� �s�y�s�t�e�m�.� �L�e�f�t�:� �r�e�s�e�a�r�c�h� �m�i�c�r�o�s�c�o�p�e� �w�i�t�h� �p�h�o�t�o�g�r�a�p�h� �a�n�d� 
�v�i�d�e�o� �c�a�m�e�r�a�s�.� �M�i�d�d�l�e�:� �c�o�l�o�r� �v�i�d�e�o� �m�o�n�i�t�o�r�.� �R�i�g�h�t�:� �p�e�r�s�o�n�a�l� �c�o�m�p�u�t�e�r�.� 
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�F�i�g�u�r�e� �4�.� �-� �P�h�o�t�o�g�r�a�p�h�s� �o�f� �t�r�a�n�s�v�e�r�s�e� �s�e�c�t�i�o�n�s� �(�1�0�0�x�)� �o�f� �t�h�e� �K�o�p�e�c�k�y� �c�l�o�n�e� �a�s� �s�h�o�w�n� �o�n� 
�t�h�e� �m�o�n�i�t�o�r� �o�f� �t�h�e� �i�m�a�g�e� �a�n�a�l�y�z�e�r� �I�M�A�G�E�1�)�.� �T�o�p�:� �s�e�p�a�r�a�t�i�o�n� �o�f� �c�e�l�l� �w�a�l�l� �(�g�r�e�e�n�)�,� 
�v�e�s�s�e�l� �l�u�m�e�n�s� �(�b�l�u�e�)� �a�n�d� �f�i�b�e�r�s� �l�u�m�e�n�s� �(�p�i�n�k�)�.� �B�o�t�t�o�m�:� �v�e�s�s�e�l� �a�n�d� �f�i�b�e�r� �l�u�m�e�n�s� �w�i�t�h� 
�t�h�e�i�r� �"�l�o�n�g�e�s�t� �c�o�r�d�"� �(�l�o�n�g�e�r� �d�i�a�g�o�n�a�l�)� �a�n�d� �"�d�i�a�m�e�t�e�r�"� �(�s�h�o�r�t�e�r� �d�i�a�g�o�n�a�l�)�.� 
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