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Abstract

:

Sustainable pulpwood production from fast-growing tree plantations is needed for pulp and paper industries. To increase the pulpwood production efficiency, the anatomical characteristics and derived-wood properties of 75 trees from 15 half-sib families of Eucalyptus camaldulensis Dehnh. planted in Thailand were investigated, and then the family was classified by suitability of wood as raw material for pulp and paper products using principal component analysis and clustering. The mean values of vessel diameter, vessel frequency, fibre diameter, fibre lumen diameter, and fibre wall thickness at 2 cm from the cambium were 128 µm, 16 no./mm2, 11.1 µm, 7.1 µm, and 1.88 µm, respectively. In addition, the Runkel ratio, Luce’s shape factor, flexibility coefficient, slenderness ratio, solids factor, and wall coverage ratio (i.e., derived-wood properties) were 0.53, 0.42, 0.64, 85.3, 68 × 103 µm3, and 0.34, respectively. Significant differences in fibre diameter, fibre lumen diameter, and Runkel ratio were found among families. Although significant differences among families were not found for other anatomical characteristics and derived-wood properties, the p-values obtained by an analysis of variance test ranged from 0.050 to 0.088. Based on the results of a principal component analysis and cluster analysis, 15 families were classified into four clusters with different expected pulp and paper characteristics. The suitability of wood from E. camaldulensis half-sib families for pulp and paper can be evaluated by principal component analysis using anatomical characteristics and physical properties as variables. Based on the results, desirable pulp and paper quality may be obtained through the selection of families from this species.
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1. Introduction


Pulpwood is one of the important forest products. According to the FAO (Food and Agriculture Organization of the United Nations) statistics [1], quantities of production in “pulpwood, round and split, all species” category were 601,836,690 m3 in 2010 and 708,640,761 m3 in 2019, showing an increase in production of 17.7% from 2010 to 2019. This fact indicates that the demand for pulpwood will still increase in the world. To meet this demand, plantation forestry using fast-growing tree species, such as Eucalyptus spp., Populus spp., Acacia spp., and Pinus spp., have played an important role for the sustainable supply of pulpwood [2].



Eucalyptus plantations covered 18 million hectares in Africa, Asia, North and Central America, Oceania, and South America in 2000 [3]. Of the Eucalyptus species, Eucalyptus camaldulensis Dehnh. is naturally distributed in Australia, and it is extensively planted from tropical to temperate zones [4]. The wood from this species is mainly used as raw material for pulp and paper products. In Thailand, E. camaldulensis trees have been harvested for pulp production, with a short rotation from 5 to 10 years after planting [5,6]. To increase the wood yield of this species, tree breeding programmes focusing on growth characteristics have been conducted [6,7]. However, these breeding programmes do not aim to improve wood quality in order to improve pulp and paper quality.



It is known that pulp and paper quality is influenced by anatomical characteristics and wood properties [8,9]. Fibre wall thickness is one of the most important factors because it is closely related to pulp yield, sheet density, and paper strength [9]. A vessel element with a large diameter and long length causes vessel picking, in which a vessel element is picked from the surface of paper during printing, leading to inferior paper [8]. In previous studies, to facilitate the evaluation of pulp and paper quality, derived-wood properties have been estimated based on anatomical characteristics [8,9,10,11,12,13,14,15,16,17,18]. Fibres with high Runkel ratios are stiffer and less flexible, resulting in bulkier paper with the area having a weak bond [10]. A low Luce’s shape factor indicates low resistance to beating in papermaking [11]. The flexibility coefficient expresses the potential of fibre to collapse during beating [10,12]. Collapsed fibres produce paper with high strength [10]. Malan and Gerischer [12] reported that the slenderness ratio is related to the tearing strength and folding endurance of paper. The solids factor is important for predicting sheet density [9]. Wall coverage ratio is one of the indices for bending resistance [8].



The suitability of wood from Acacia melanoxylon [19] and Eucalyptus spp. [20] as raw material for pulp and paper products has been evaluated in previous studies by principal component analysis (PCA) using anatomical characteristics, chemical characteristics, and wood properties as variables. For example, Carrillo et al. [20] examined the wood properties and fibre quality of 6-year-old E. globulus and E. nitens trees using PCA. Most E. nitens trees showed principal component (PC)1 values that indicate basic density, while most E. globulus trees showed higher PC2 values, which indicate fibre quality and stem diameter. Regarding E. camaldulensis, several studies have been conducted on anatomical characteristics, derived-wood properties, and wood properties for the improvement of pulp and paper quality [5,9,13,14,15,21,22,23,24]. We also clarified among-family variations in the basic density and lignin content of E. camaldulensis [5,25]. However, the suitability of wood as raw material for pulp and paper products in E. camaldulensis families or clones has not yet been evaluated by PCA. Further detailed research is needed to not only clarify anatomical characteristics and wood properties but also evaluate the suitability of wood as raw material for pulp and paper. Such research should be based on PCA analysis and use these characteristics and properties of E. camaldulensis half-sib families as variables.



In this study, anatomical characteristics and derived-wood properties were investigated for 5-year-old E. camaldulensis trees from 15 half-sib families. Based on the PCA and clustering results using the obtained anatomical characteristic data, the yield and quality of pulp and paper were estimated in each family to clarify the suitability of wood in each family as raw materials for pulp and paper.




2. Materials and Methods


2.1. Wood Sampling


The progeny test site of second-generation Eucalyptus camaldulensis Dehnh. was located in Wang Nam Khieo, Nakhon Ratchsima, Thailand (14°30′ N, 101°56′ E). Figure 1 shows the climate data of Nakhon Ratchsima, Thailand [26]. The test site was established in 2006 with 120 half-sib families selected as plus trees from Australia and Thailand based on growth characteristics [6]. Trees were planted with an initial spacing of 3.0 m × 1.5 m. In 2010, a thinning treatment was conducted, and eight trees in each family remained with spacing of around 3.0 m × 4.5 m after thinning.



Of the 120 half-sib families, 15 families were selected for their superior growth and physiological characteristics at age 5. Stem diameter at 1.3 m above the ground and tree height were measured for six trees in each family in July 2011 [5]. Of the measured trees, five trees in each family were selected for average stem diameter within a family, and a total of 75 trees from 15 families were used. Two core samples (5 mm in diameter and 2 cm in length from the cambium) were collected in different circumferential positions at 1.3 m above the ground using an increment borer (Haglöf, Långsele, Sweden). One core sample was used to determine basic density, and the other core sample was used for determining fibre length, lignin content, vessel frequency, vessel diameter, fibre diameter, fibre lumen diameter, and fibre wall thickness. For analysing anatomical characteristics, core samples were divided into two small segments (1 cm in length). Anatomical characteristics were measured in both core samples in a tree. Lignin contents were determined by wood obtained from the trimming of the surface of core samples for determining anatomical characteristics. Of these factors, basic density, fibre length, and lignin content (determined by the acetyl bromide method [27]) were investigated by Kuramochi et al. [5] (Table 1).




2.2. Anatomical Characteristics


Figure 2 shows transverse image of E. camaldulensis. The secondary xylem of E. camaldulensis consisted of vessel, wood fibre, ray parenchyma, and axial parenchyma cells (Figure 2A) [28]. To determine vessel frequency, vessel diameter, fibre diameter, fibre lumen diameter, and fibre wall thickness, the transverse surface of the small samples was trimmed with a sliding microtome (ROM-380, Yamamotokohki, Saitama, Japan). The trimmed samples were dehydrated using a graded ethanol series, followed by absolute ethanol and acetone, and then the dehydrated samples were coated with gold using a sputter coater (SC-701Mk II, Sanyu Electron, Tokyo, Japan). Transverse images of the samples were taken using a scanning electron microscope (JCM-5000, JEOL, Tokyo, Japan) with an acceleration voltage of 5–15 kV to determine the anatomical characteristics. Two photomicrographs with ×34, 20 photomicrographs with ×300, and six photomicrographs with ×600 were taken for determining vessel frequency, vessel diameter, and fibre morphologies (fibre/lumen diameter and fibre wall thickness), respectively. The transverse images were stored on a personal computer, and then the morphology of the vessels and fibres was determined using image analysis software (ImageJ, National Institutes of Health, Bethesda, MD, USA). Vessel diameter was determined by averaging the radial diameter and tangential diameter (Figure 2B). The transverse sectional shape of the fibre and fibre lumen (Figure 2C) was assumed to be an ellipse, and then the major and minor radii were estimated by the software. The fibre and fibre lumen diameters were determined by averaging the major and minor radii, respectively. Each whole fibre wall region was regarded as a trapezoid, the fibre wall thickness was calculated as the height of the trapezoid using the method described by Yoshinaga et al. [29]. To determine the vessel frequency, the number of vessels in the digital images were counted, and then the number of vessels was divided by the area of the digital image. In addition, three digital images at each radial position were used to determine vessel frequency. The vessel diameter was measured for 30 vessels, while fibre diameter, fibre lumen diameter, and fibre wall thickness were measured for 50 wood fibres.




2.3. Derived-Wood Properties


The following derived-wood properties related to pulp and paper quality were determined [14,15,18]: Runkel ratio [30], Luce’s shape factor [11], flexibility coefficient [12], slenderness ratio [12], solids factor [31], and wall coverage ratio [8]. Their calculation formulas are listed in Table 2 [8,9,11,12,18,30,31,32,33].




2.4. Data Analysis


Data of stem diameter, tree height, basic density, lignin content, and fibre length in five trees used in the present study were recalculated from the data published in a previous paper (Table 1, [5]). The mean values of anatomical characteristics and derived-wood properties in each radial position were calculated, and then mean value of a tree was calculated by averaging the two radial positions in a tree. The mean values in a tree in each characteristic or property were used for following statistical analysis. A one-way analysis of variance (ANOVA) test was performed to detect among-family variation in each anatomical characteristic and derived-wood property. The repeatability of each characteristic was calculated as the ratio of family variance to total variance (family variance + residual variance) [34]. PCA was applied to the data to clarify the suitability of wood as raw material for pulp and paper products. The following measured properties were selected as variables for PCA: (1) properties showing significant differences among families and (2) properties known to be important for the yield and quality of pulp and paper. The principal component scores were calculated, and then cluster analysis was conducted using Euclidean distance and Ward’s linkage method to classify the families into clusters. All statistical analyses were performed using R statistical software [35].





3. Results and Discussion


3.1. Anatomical Characteristics and Derived-Wood Properties


Table 3 shows the mean values of anatomical characteristics for each family. The mean values of all 15 families were 128 µm, 16 no./mm2, 11.1 µm, 7.1 µm, and 1.88 µm for vessel diameter, vessel frequency, fibre diameter, fibre lumen diameter, and fibre wall thickness, respectively. It was reported that the clonal mean value ranges of tangential vessel diameter, vessel frequency, fibre diameter, and fibre wall thickness in five clones of 5-year-old E. camaldulensis trees planted in Thailand were 89–101 µm, 14–16 no./mm2, 11.4–12.3 µm, and 2.2–2.6 µm, respectively [23,24]. In 6- to 8-year-old E. camaldulensis trees planted in Morocco, fibre width, fibre lumen width, and wall thickness were 10.1, 5.5, and 2.3 µm, respectively [13]. The anatomical characteristics at the outermost part (2 cm in length from the cambium) of the stem in the 5-year-old plantation-grown E. camaldulensis trees examined in the present study (Table 3) were similar to those obtained for similar-age trees from this species in previous studies [13,23,24]. However, several researchers reported that anatomical characteristics’ values varied from pith to bark in E. camaldulensis [14,21,22,23,24,25,36]. Thus, the obtained mean values in the present study are not considered as whole-tree values in this species.



The derived-wood properties of 14-year-old E. camaldulensis trees grown in Australia were examined by Ohshima et al. [14,15]. They reported that Runkel ratio, Luce’s shape factor, flexibility coefficient, slenderness ratio, solids factor, and wall coverage ratio for two trees were 0.50, 0.37, 0.68, 50.5–56.6, 48.6–51.2 × 103 µm3, and 0.32, respectively. In this study, family mean value ranges of the Runkel ratio, Luce’s shape factor, flexibility coefficient, slenderness ratio, solids factor, and wall coverage ratio were 0.44–0.64, 0.36–0.47, 0.60–0.68, 76.5–92.2, 59–80 × 103 µm3, and 0.30–0.38, respectively (Table 4). The results obtained in the present study were similar to those reported by Ohshima et al. [14,15], except for the slenderness ratio and solids factor (Table 4). Slenderness ratio and solids factor were calculated by fibre length and fibre/lumen diameter. The fibre length in the present study was longer than that reported by Ohshima et al. [22], although wood fibre and fibre lumen diameter had almost the same values in both studies [21], indicating that the slenderness ratio and solids factor values in E. camaldulensis trees at age 5 were higher than those in Ohshima et al. [14]. Based on these results, it is believed that paper with good tearing strength and low sheet density can be obtained from 5-year-old trees from E. camaldulensis families. It is well known that wood with a Runkel ratio of less than 1.0 and a wall coverage ratio of less than 0.4 is suitable for papermaking [30,37]. The results of this study satisfied these two criteria (Table 4), suggesting that the wood obtained from these families is suitable for papermaking.



Veenin et al. [23] found that, in 5-year-old E. camaldulensis clones, tangential vessel diameter and vessel frequency did not significantly differ, while a significant difference was found for fibre diameter. In this study, significant among-family variations were found in fibre diameter and fibre lumen diameter (Table 3), considering that pulp and paper quality related to fibre diameter and fibre lumen diameter differ among families. The p-values obtained by an ANOVA test in many derived-wood properties ranged from 0.048 to 0.078 (Table 4), suggesting that the quality of pulp and paper produced from the wood of this species can be improved through the improvement of fibre morphologies under appropriate tree breeding programmes. Similar results were obtained by Varghese et al. [38]: pulp yield, basic density, and lignin contents in E. camaldulensis can be improved by the selection of families according to growth characteristics as well as wood properties.




3.2. Statistic Classification of Families in Regard to Expected Pulp and Paper Quality


Results of the PCA are shown in Figure 3 and Table 5. The following properties were used as variables: stem diameter, basic density, lignin content, vessel diameter, fibre length, and Runkel ratio. The absolute loading values for PC1 were high for basic density, lignin content and Runkel ratio (Table 5). For PC2, the loading values for stem diameter, fibre length, and vessel diameter were high (Table 5). The first and second principal components explained 37.7% and 26.6%, respectively (Figure 3). As shown in Figure 3, 15 families were classified into two types: (1) families near the origin (i.e., the values of PC1 and PC2 were both 0) and (2) families separated from the origin. Fifteen families were clarified into four clusters: cluster D (family IDs: 61, 64, 219, 227, 236, and 996) was located near the origin, whereas clusters A (family IDs: 126, 129, 155, and 184), B (family IDs: 99 and 179), and C (family IDs: 26, 88, and 203) were scattered (Figure 3 and Figure 4). Based on these results, the expected characteristics of pulp and paper in each family were examined (Table 6). The fact that the families in cluster D were located near the origin suggests that the wood from these families has average pulp and paper quality in relation to the 15 families used in this study. Cluster B included families 99 and 179, and wood from these families may provide high pulp yield and good digestibility and low strength and vessel picking frequency. Thus, this wood is suitable for producing paper for which less strength is acceptable. Cluster C, comprised of families 26, 88, and 203, can achieve the highest pulp yield, with good digestibility and high strength properties. Families 126, 129, 155, and 184 in cluster A provide low pulp yield, digestibility, and vessel pick frequency, indicating that the wood is not suitable for efficient pulp production.



The results obtained in this study suggest that the expected characteristics of pulp and paper products differ among the families. Thus, the suitability of wood as a raw material for pulp and paper should be evaluated by PCA and clustering based on the specific wood properties and anatomical characteristics of E. camaldulensis families. These results can be used for preliminary family selection in this species to produce wood that leads to desirable pulp and paper quality.





4. Conclusions


The anatomical characteristics and derived-wood properties of E. camaldulensis trees from 15 half-sib families were investigated. Among the families, significant differences were found in fibre diameter, fibre lumen diameter, and Runkel ratio. In addition, relatively lower p-values obtained by ANOVA test were also found in flexibility coefficient (0.050), Luce’s shape factor (0.051), wall coverage ratio (0.063), slenderness ratio (0.067), solids factor (0.078), and fibre wall thickness (0.088). These results indicated that pulp and paper quality might be improved by selecting families with good anatomical characteristics. The PCA and cluster analysis examined several properties related to pulp and paper quality. Based on the expected pulp and paper quality, the 15 families were classified into four clusters: average pulp and paper (cluster D); paper with less required strength (cluster B); the most desirable paper, except for vessel picking frequency (cluster C); and pulp with poor yield (cluster A). The results indicate that the pulp and paper quality achieved through the use of wood from E. camaldulensis half-sib families may be improved by appropriate tree breeding programmes. In addition, the results can contribute to the sustainable supply of pulpwood from fast-growing tree plantations to pulp and paper industries.
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Figure 1. Monthly mean temperature and precipitation in Nakhon Ratchsima (14°58′ N, 102°04′ E), Thailand. Climate data were provided from Japan Meteorological Agency [26]. Mean monthly temperature and precipitation were calculate by averaging monthly values from 2006 to 2010. Circles indicate mean value of temperature. Bars indicate mean value of precipitation. 
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Figure 2. Scanning electron photomicrographs of transverse sections of E. camaldulensis. (A), types of cells; (B), tangential diameter (TD) and radial diameter (RD) of a vessel; (C), wood fibres. V, vessel; Wf, wood fibre; Rp, ray parenchyma; arrow heads, axial parenchyma. 
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Figure 3. Principal component analysis scores for selected traits. PC, principal component. Numbers in the figure indicate family IDs. 
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Figure 4. Dendrogram based on the principal component scores shown in Figure 3. Numbers in the figure indicate family IDs. Boxes indicate the same clusters. The letters (A–D) indicate cluster means. 






Figure 4. Dendrogram based on the principal component scores shown in Figure 3. Numbers in the figure indicate family IDs. Boxes indicate the same clusters. The letters (A–D) indicate cluster means.
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Table 1. Family mean values and repeatabilities (R) of stem diameter over bark at 1.3 m above the ground (D), tree height (TH), basic density (BD), fibre length (FL), and lignin content (LC) in 15 half-sib families (modified from Kuramochi et al. [5]).






Table 1. Family mean values and repeatabilities (R) of stem diameter over bark at 1.3 m above the ground (D), tree height (TH), basic density (BD), fibre length (FL), and lignin content (LC) in 15 half-sib families (modified from Kuramochi et al. [5]).





	
Family ID

	
D (cm)

	
TH (m)

	
BD (g/cm3)

	
FL (mm)

	
LC (%)




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD






	
26

	
11.2

	
0.6

	
16.1

	
1.6

	
0.58

	
0.05

	
0.94

	
0.08

	
27.3

	
2.8




	
61

	
10.7

	
0.8

	
15.0

	
2.0

	
0.57

	
0.04

	
0.96

	
0.04

	
29.4

	
3.5




	
64

	
10.2

	
0.8

	
14.5

	
0.5

	
0.57

	
0.02

	
0.95

	
0.05

	
29.4

	
2.8




	
88

	
10.1

	
0.4

	
14.7

	
0.6

	
0.57

	
0.05

	
1.03

	
0.07

	
28.8

	
4.7




	
99

	
10.1

	
0.5

	
14.8

	
0.8

	
0.60

	
0.07

	
0.87

	
0.06

	
26.5

	
1.5




	
126

	
9.6

	
1.4

	
15.7

	
1.0

	
0.51

	
0.03

	
0.90

	
0.06

	
30.2

	
1.6




	
129

	
10.6

	
0.9

	
14.8

	
1.3

	
0.53

	
0.05

	
0.91

	
0.08

	
30.0

	
1.6




	
155

	
10.2

	
0.8

	
15.4

	
1.2

	
0.53

	
0.05

	
0.91

	
0.08

	
30.2

	
2.0




	
179

	
9.7

	
0.5

	
14.5

	
1.3

	
0.58

	
0.04

	
0.94

	
0.06

	
27.2

	
1.8




	
184

	
10.5

	
1.3

	
13.9

	
1.5

	
0.54

	
0.03

	
0.93

	
0.04

	
29.5

	
2.4




	
203

	
11.1

	
1.0

	
15.6

	
0.7

	
0.56

	
0.03

	
0.95

	
0.04

	
27.0

	
2.5




	
219

	
10.8

	
1.2

	
15.0

	
1.6

	
0.58

	
0.03

	
0.94

	
0.03

	
29.7

	
2.0




	
227

	
10.4

	
1.7

	
14.9

	
1.0

	
0.61

	
0.05

	
1.00

	
0.05

	
29.5

	
2.7




	
236

	
10.6

	
0.9

	
17.0

	
1.7

	
0.55

	
0.04

	
0.95

	
0.05

	
30.5

	
2.2




	
996

	
9.1

	
0.9

	
13.9

	
1.4

	
0.57

	
0.02

	
0.98

	
0.06

	
29.3

	
2.3




	
Mean/total

	
10.3

	
0.6

	
15.1

	
0.8

	
0.56

	
0.03

	
0.94

	
0.04

	
29.0

	
1.3




	
F-values

	
1.626

	
2.014

	
2.200

	
2.366

	
1.292




	
p-values

	
0.098

	
0.032

	
0.018

	
0.011

	
0.239




	
R

	
0.11

	
0.17

	
0.13

	
0.21

	
0.06








The mean and standard deviation (SD) for each family were recalculated for five trees used in the present study from data of six trees published in a previous paper [5]. Mean/total values were calculated based on the mean values of all 15 families. Basic density was determined as the ratio of oven-dry weight to green volume, as measured by the water displacement method described by Takeuchi et al. [18].
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Table 2. Relationships between pulp and paper quality and measured properties as well as the calculation formulas for derived-wood properties.






Table 2. Relationships between pulp and paper quality and measured properties as well as the calculation formulas for derived-wood properties.





	Property
	Formula
	Relation to Pulp and Paper Quality
	Reference





	Stem diameter
	-
	Pulp yield (+)
	[32]



	Basic density
	-
	Pulp yield (+)
	[31]



	Lignin content
	-
	Digestibility (−)
	[33]



	Fibre length
	-
	Paper strength (+)
	[9]



	Vessel diameter
	-
	Vessel picking (+)
	[8]



	Runkel ratio
	     2 × F W T   F L D     
	Pulp yield (+) and digestibility (−)
	[30]



	Luce’s shape factor
	       F  D 2  − F L  D 2    F  D 2  + F L  D 2      
	Resistance to beating (+)
	[11]



	Flexibility coefficient
	     F L D   F D     
	Tearing and tensile strength (+)
	[12]



	Slenderness ratio
	     F L   F D     
	Tearing strength (+)
	[9,12]



	Solids factor
	      (  F  D 2  − F L  D 2   )  × F L   
	Sheet density (−)
	[9,31]



	Wall coverage ratio
	     2 × F W T   F D     
	Bending resistance (−)
	[8]







FWT, fibre wall thickness; FLD, fibre lumen diameter; FD, fibre diameter; FL, fibre length; (+), (−), positively or negatively related to pulp and paper quality (modified from Takeuchi et al. [18]).
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Table 3. Family mean values and repeatabilities (R) of the anatomical characteristics of 15 half-sib families.






Table 3. Family mean values and repeatabilities (R) of the anatomical characteristics of 15 half-sib families.





	
Family ID

	
VD (µm)

	
VF (no./mm2)

	
FD (µm)

	
FLD (µm)

	
FWT (µm)




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD






	
26

	
134

	
9

	
15

	
3

	
10.9

	
0.4

	
6.5

	
0.5

	
2.07

	
0.13




	
61

	
130

	
10

	
17

	
1

	
11.2

	
0.3

	
7.3

	
0.6

	
1.91

	
0.25




	
64

	
126

	
9

	
17

	
2

	
11.0

	
0.6

	
7.2

	
0.4

	
1.81

	
0.15




	
88

	
132

	
12

	
16

	
3

	
11.2

	
0.5

	
6.9

	
0.4

	
2.01

	
0.26




	
99

	
119

	
11

	
18

	
3

	
10.6

	
0.8

	
6.4

	
1.0

	
1.99

	
0.18




	
126

	
122

	
13

	
16

	
3

	
11.7

	
0.4

	
8.0

	
0.6

	
1.76

	
0.16




	
129

	
125

	
21

	
17

	
4

	
10.6

	
0.4

	
6.9

	
0.6

	
1.75

	
0.15




	
155

	
135

	
11

	
16

	
4

	
10.9

	
0.8

	
7.4

	
0.6

	
1.68

	
0.32




	
179

	
123

	
6

	
18

	
3

	
11.0

	
0.6

	
7.1

	
1.0

	
1.88

	
0.27




	
184

	
126

	
8

	
17

	
2

	
11.0

	
0.5

	
7.1

	
0.5

	
1.86

	
0.08




	
203

	
133

	
28

	
14

	
3

	
11.1

	
0.3

	
7.3

	
0.3

	
1.82

	
0.05




	
219

	
130

	
9

	
17

	
2

	
10.9

	
0.8

	
7.0

	
0.7

	
1.88

	
0.22




	
227

	
123

	
13

	
17

	
3

	
11.2

	
0.5

	
7.2

	
0.5

	
1.91

	
0.10




	
236

	
131

	
12

	
16

	
3

	
11.8

	
0.6

	
7.7

	
0.6

	
1.96

	
0.16




	
996

	
128

	
13

	
16

	
3

	
10.8

	
0.6

	
6.9

	
0.3

	
1.84

	
0.23




	
Mean/total

	
128

	
5

	
16

	
1

	
11.1

	
0.3

	
7.1

	
0.4

	
1.88

	
0.11




	
F-values

	
0.677

	
0.834

	
1.927

	
2.138

	
1.665




	
p-values

	
0.787

	
0.631

	
0.041

	
0.022

	
0.088




	
R

	
−0.07

	
−0.03

	
0.16

	
0.19

	
0.12








VD, vessel diameter; VF, vessel frequency; FD, fibre diameter; FLD, fibre lumen diameter; FWT, fibre wall thickness. The mean and standard deviation (SD) for each family were calculated based on data from five trees in the family. Mean/total values were calculated based on the mean values for all 15 families.
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Table 4. Family mean values and repeatabilities (R) of the derived-wood properties of 15 half-sib families.






Table 4. Family mean values and repeatabilities (R) of the derived-wood properties of 15 half-sib families.





	
Family ID

	
RR

	
LSF

	
FC

	
SR

	
SF (×103 µm3)

	
WCR




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD






	
26

	
0.64

	
0.08

	
0.47

	
0.04

	
0.60

	
0.03

	
86.1

	
6.0

	
72

	
10

	
0.38

	
0.03




	
61

	
0.53

	
0.11

	
0.41

	
0.06

	
0.65

	
0.05

	
85.5

	
5.5

	
71

	
8

	
0.34

	
0.04




	
64

	
0.50

	
0.05

	
0.40

	
0.03

	
0.66

	
0.02

	
86.5

	
2.7

	
67

	
11

	
0.33

	
0.02




	
88

	
0.58

	
0.10

	
0.44

	
0.05

	
0.62

	
0.04

	
92.2

	
8.0

	
80

	
14

	
0.36

	
0.04




	
99

	
0.64

	
0.14

	
0.47

	
0.07

	
0.60

	
0.05

	
82.6

	
5.8

	
62

	
9

	
0.38

	
0.05




	
126

	
0.44

	
0.07

	
0.36

	
0.04

	
0.68

	
0.03

	
76.5

	
4.2

	
66

	
8

	
0.30

	
0.03




	
129

	
0.51

	
0.09

	
0.41

	
0.05

	
0.65

	
0.04

	
86.0

	
10.2

	
59

	
6

	
0.33

	
0.04




	
155

	
0.46

	
0.11

	
0.37

	
0.06

	
0.68

	
0.05

	
82.8

	
5.9

	
60

	
18

	
0.30

	
0.05




	
179

	
0.55

	
0.17

	
0.42

	
0.09

	
0.64

	
0.07

	
85.2

	
7.1

	
67

	
9

	
0.34

	
0.06




	
184

	
0.53

	
0.04

	
0.41

	
0.02

	
0.64

	
0.02

	
84.9

	
6.7

	
66

	
3

	
0.34

	
0.02




	
203

	
0.50

	
0.03

	
0.40

	
0.02

	
0.66

	
0.02

	
85.4

	
4.8

	
67

	
5

	
0.33

	
0.01




	
219

	
0.54

	
0.09

	
0.42

	
0.05

	
0.64

	
0.04

	
85.9

	
5.0

	
67

	
13

	
0.34

	
0.03




	
227

	
0.53

	
0.06

	
0.42

	
0.03

	
0.64

	
0.02

	
88.7

	
7.1

	
74

	
4

	
0.34

	
0.03




	
236

	
0.51

	
0.06

	
0.41

	
0.04

	
0.65

	
0.03

	
81.0

	
7.1

	
77

	
6

	
0.33

	
0.03




	
996

	
0.53

	
0.07

	
0.42

	
0.04

	
0.64

	
0.03

	
90.7

	
5.9

	
68

	
12

	
0.34

	
0.03




	
Mean/total

	
0.53

	
0.06

	
0.42

	
0.03

	
0.64

	
0.02

	
85.3

	
3.8

	
68

	
6

	
0.34

	
0.02




	
F-values

	
1.872

	
1.855

	
1.858

	
1.762

	
1.706

	
1.781




	
p-values

	
0.048

	
0.051

	
0.050

	
0.067

	
0.078

	
0.063




	
R

	
0.15

	
0.15

	
0.15

	
0.13

	
0.12

	
0.14








RR, Runkel ratio; LSF, Luce’s shape factor; FC, flexibility coefficient; SR, slenderness ratio; SF, solids factor; WCR, wall coverage ratio. The mean and standard deviation (SD) for each family were calculated based on data from five trees in the family. Mean/total values were calculated based on the mean values for all 15 families.
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Table 5. Loading values of principal component analysis for 15 families.






Table 5. Loading values of principal component analysis for 15 families.





	Variables
	PC1
	PC2





	Stem diameter
	0.245
	0.384



	Basic density
	0.552
	-



	Lignin content
	−0.508
	0.354



	Fibre length
	0.220
	0.461



	Vessel diameter
	0.107
	0.683



	Runkel ratio
	0.563
	−0.213







PC, principal component; -, approximately 0.













[image: Table] 





Table 6. Expected characteristics of pulp and paper in each family.






Table 6. Expected characteristics of pulp and paper in each family.





	
Expected Characteristics of Pulp and Paper

	
Cluster




	
A

	
B

	
C

	
D






	
Pulp yield

	
-

	
++

	
+++

	
+




	
Digestibility

	
-

	
++

	
++

	
+




	
Paper strength

	
+

	
-

	
++

	
+




	
Vessel picking

	
++

	
++

	
-

	
+




	
Expected characteristics of products

	
Pulp with poor yield

	
Paper without high strength properties

	
The most desirable paper except for vessel pick

	
Average pulp and paper








The letters A–D indicate cluster means. +++, very good; ++, good; +, acceptable; -, bad.
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