
ABSTRACT 

MARTINS, GUSTAVO SALGADO. Reproductive Systems in Acacia crassicarpa Leveraging 

Breeding Opportunities for Accelerated Delivery of Genetic Gains in Important Quantitative 

Forestry Traits (Under the direction of Dr. Gary R. Hodge and Dr. Juan J. Acosta). 

 

Acacia crassicarpa is an important tree species in Southeast Asia. Its vigorous growth,  

resistance to pests and diseases, and good bole form are valuable features for tropical forestry. 

There are still constraints to maximizing the delivery of genetic gains. Although feasible, 

controlled pollination is impractical for advancing breeding populations requiring a huge effort to 

produce more than a few crosses per year. Vegetative propagation is possible only with juvenile 

ortets. Finally, there is limited knowledge about the wood properties of the species. 

This study applied genomics to unveil mating dynamics, reconstruct full-sib families for 

trial testing, and evaluate the potential of genomic selection to accelerate genetic gains for the 

species. Additionally, important wood and pulping properties were characterized, and within-tree 

patterns of variation were investigated for efficient phenotyping strategies. 

One season of reproduction in a seed orchard was characterized by genotyping 84,315 

seedlings with forty-two SNP markers. The analysis indicated that 67.8% of the seed collected was 

derived from male parents within the orchard. The average number of male parents per open-

pollination family was 50, with the average dominant male proportion equal to 23%. The 

reproductive success of genotypes was highly variable. Cumulative combined male-female 

reproductive success indicated that 50% of parents produced 80% of the seed. Spatial analysis 

showed a moderate-high spatial correlation between the mother tree's distance to the pollen source 

and its proportion within the open-pollination family, with a rapid decay with distance increase. 

On the wood properties, forty trees were selected for destructive sampling at age 50 months and 

assessed for wood density, kraft pulp yield, α-cellulose, carbohydrate composition, lignin content, 



and syringil/guayacil ratio. The mean whole-tree disc basic density was 481 kg m-3 and screened 

kraft pulp yield was 53.8%. Ground-level sampling could reliably predict the whole-tree property 

for basic density, pulp yield, and glucose content. Using NIR predictions to indirectly measure 

basic density, correlations with whole-tree density values were sufficient to allow accurate ranking 

and efficient selection of genotypes in a breeding program context. 

Genetic control of quantitative traits was studied with full-sib multi-environmental progeny 

trials measured at 36 months. The traits were predominantly controlled by additive effects, with 

heritability ranging between 0.09 for survival to 0.45 for basic density. The genetic correlation 

across sites was high for all traits showing the low impact of genotype-by-environment interaction. 

The trait-trait correlation showed that straightness was independent of other traits, survival was 

only correlated with mean annual increment, and growth traits were highly correlated among 

themselves. Surprisingly, wood basic density was highly correlated with growth traits. 

Integrating genomic methods into the breeding program of A. crassicarpa made possible 

the construction of genomic models with excellent breeding value prediction ability. Genomic 

models outperformed pedigree-based models for all traits, and accurate individual tree selection 

resulted in valuable gains for all units of selection: individual trees for generation advancement or 

within-family genomic selection for deployment with family forestry. The average gain from the 

within-family genomic selection practiced with a selection intensity of 10% on the top five ranked 

families was 18%, demonstrating the opportunity to effectively double the gains achieved in a 

generation compared to deployment based on family means. 

The results of this study provide fundamental answers to the conservation and breeding 

efforts of A. crassicarpa, allowing the maximization of the delivery of genetic gains.  
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PREFACE 

Acacia crassicarpa is one of Southeast Asia's most important tree species for forestry. This 

research explored a breeding population employing state-of-the-art technology to improve the 

species for timber production. Breeding efforts with the species are relatively recent, and biological 

and technological constraints remain to maximize its genetic potential for forestry. 

The manuscript was organized with an introduction followed by chapters prepared for 

submission to research journals as original articles. The first chapter presents a general 

introduction to the species biology and tree improvement strategies. It contains important concepts 

on which the following chapters develop. Some redundancy between the text in the introduction 

and chapters will then be present. 

Chapter Two deals with mating dynamics in open-pollination systems revealed by large-

scale pedigree reconstruction. It is currently with the referees of a reputable research journal.  

Chapter Three is a dive into the species’ wood properties. The article was published in the 

journal Forests and named "Wood and pulping properties variation of A. crassicarpa and sampling 

strategies for accurate phenotyping.” 

Chapter Four provides information on the genetic control of quantitative traits in full-sib 

families tested in multi-environmental trials for a large collection of important traits for the species. 

Chapter Five demonstrates the improvement in genetic modeling and increased genetic 

gains delivered by genomic selection.
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CHAPTER 1 

Introduction to Acacia crassicarpa 

1.1 Introduction 

Acacia crassicarpa A.Cunn. ex Benth. (thick-podded salwood, red wattle, Papua New 

Guinea red wattle, northern wattle, brown salwood) is an important tree species in Southeast Asia 

(Nambiar and Harwood 2014; Harwood and Nambiar 2014), where hundreds of thousands of 

hectares of planted forests are supported by advancements in silviculture (Mendham and White 

2019) and genetic improvement (Harwood et al. 2015; Nirsatmanto and Sunarti 2019). The name 

“crassicarpa” comes from Greek in reference to its thick pod. In Sumatra, Indonesia, flowering 

starts 30-36 months after planting, while the seed is produced in abundance after four years. Seeds 

mature 5-6 months after flowering. The main flowering season is January-February, but light 

flowering may occur as late as September. The peak fruiting season is June-July. However, there 

is variation between locations and from year to year. 

The species is naturally distributed in the humid tropical North-eastern Australia and New 

Guinea island. Provenance testing of wild collections started in the 1990s to explore its potential 

as an alternative species to A. mangium. With good bole form, vigorous growth on poorly drained 

acidic soils, and resistance to pests and diseases, A. crassicarpa is a valuable option for tropical 

plantation forestry (Turnbull et al. 1998; Midgley and Turnbull 2003). Small foresters and large 

integrated pulp and paper industries have A. crassicarpa as an important component of their wood 

supply (Martins et al. 2020; Nambiar et al. 2018). 

Acacia Mill. is a large woody genus of Fabaceae Lindl. family. The Australian acacias, 

formerly placed in Acacia subgenus Phyllodineae (Gibson et al. 2011; Miller et al. 2011), consists 

of 1,012 described species, of which at least a third have been introduced in different parts of the 
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world (Richardson et al. 2011). About nine of these Australian species extend northwards into 

New Guinea Island (Skelton 1987), including the five most important species and provenances for 

Southeast Asia’s tropical forestry: A. aulacocarpa, A. auriculiformis, A. crassicarpa, A. 

leptocarpa, and A. mangium. 

Floral morphology is a conserved trait, with small tubular flowers grouped into spherical 

or elongated flower heads, with pollen presented on the inflorescence surface (Stone et al. 2003). 

Pollen grains are clustered into a composite unit, named a “polyad,” which provides an efficient 

means of dispersal via pollinators and is a key component of the pollination efficiency of all 

acacias. Their flowers have a small cup-shaped stigma into which only one polyad can fit. There 

are always fewer ovules per ovary than pollen grains per polyad, so one polyad from a single 

pollination event can potentially fertilize all the ovules (Kenrick and Knox 1982). The stigmas are 

also distributed over the surface of the flower heads, opening gradually and asynchronously. A 

generalist entomophilous pollination syndrome is identified and provides accessible floral rewards 

to almost any insect visitor (Bernhardt 1989). The release of floral scent often enhances the 

recruitment of insects just before pollen release, and visual advertisement is maximized by opening 

flowers (Stone 2003; Kenrick 2003). Acacia inflorescences show no apparent adaptations for 

capturing wind-borne pollen, in contrast to typical wind-pollinated species, which have feathery 

stigmas and aerodynamic features that aid in capturing the pollen grains. Acacia’s pollen-to-ovule 

ratio is also very low, compatible with dependence on animal pollen vectors (Gibson et al. 2011). 

To a certain extent, outcrossing rates are highly promoted by dichogamous flowering and 

self-incompatibility (George et al. 2008). Partial self-compatibility and intraspecific variation in 

self-compatibility seem relatively common, with some ability to reproduce by selfing (Millar et al. 

2012). Among Australian Acacia species, selfing varies from self-incompatible to completely self-
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compatible and autogamous (Kenrick and Knox 1989; Morgan et al. 2002). Regarding inbreeding 

depression, a significantly reduced early growth was verified at 18 months of age in A. mangium, 

with lower height and diameter at breast height of self-fertilized individuals compared to 

outcrossed, demonstrating the importance of minimizing selfing in operational seed production 

(Harwood et al. 2004). For A. crassicarpa, a study with progenies of single trees collected from 

two populations (15 trees near Coen, Queensland, Australia, and 21 trees near Wemenever, Papua 

New Guinea) showed high outcrossing rates with little variation between them. Differences 

between single and multi-locus estimates and fixation indices between populations were not 

significant, indicating that these populations followed Hardy-Weinberg equilibrium frequencies 

with a low level of inbreeding (Moran et al. 1989). 

A. crassicarpa is a hermaphrodite with strictly protogynous flowers where the stigma is 

receptive before the anthers produce pollen. Although technically feasible, controlled pollination 

of acacias is difficult as the individual flowers are very small and difficult to emasculate. Also, the 

percentage of flowers that develop into pods is typically less than 5%, even if pollen is not limiting. 

In the breeding program of April Asia, even recommended methods such as “inflorescence 

pollination” (Griffin et al. 2010) require a huge effort to produce more than a few crosses yearly. 

Therefore, controlled pollination is not practical for advancing breeding populations which require 

hundreds of crosses for each breeding cycle. Breeding populations have been bred by open 

pollination. Typically, progeny trials are established, and family and within-family selections are 

made to convert them into “seedling seed orchards” (SSO). After thinning and a subsequent 

general flowering, the open-pollinated seed is collected from the best trees of the better-performing 

families to establish second-generation progeny trials. Clonal breeding orchard (CBO) 

establishment combines selections captured by marcotting or grafting and is also practiced to 
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increase selection intensity and genetic gain over that achievable from SSOs (Harwood et al. 

2015). 

In principle, clonal forestry should deliver the greatest genetic gain at any stage of a 

breeding program by deploying both additive and non-additive gain (Zobel 1993). It requires mass-

production of juvenile propagules of selected trees as implemented for Eucalyptus (Rezende et al. 

2014). For A. crassicarpa, vegetative propagation is cost-effective, but is possible only with 

juvenile ortets. With current vegetative propagation techniques, by the time phenotypes can be 

measured for assessment of genetic value, the selected tree can only be propagated by grafting. 

Family forestry can be defined as the commercial deployment of half-sib (open-pollinated) or full-

sib (control-pollinated) family blocks. Family forestry can be done using either seedlings or 

vegetative propagules, such as rooted cuttings. In Indonesia, family forestry using vegetative 

propagules (sometimes called clonal family forestry) has been successfully employed with acacia 

(Wong and Yuliarto 2014). Selected female parents tested using progeny in open-pollination 

families will produce a limited amount of improved seeds in seed orchards. This seed can be sown 

and vegetatively propagated to bulk-up nursery hedges supporting the deployment of cuttings. The 

main limitation of this strategy with open-pollination families is that selection is based only on 

female additive effects. Still, it has been widely used due to the inefficiency of controlled crossing. 

The advantage of full-sib family deployment over open-pollinated family deployment is 

significant. The full parental control and potential capture of gain from specific combining ability 

can capitalize on the full-sib family genetic value, delivering larger genetic gains and higher 

uniformity (White et al. 2007). 

The past decades have seen considerable progress in forest tree genomics research, and 

cost-effective genotyping platforms of breeder-friendly single nucleotide polymorphism markers 
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(SNP) are now available for all mainstream plantation forest trees (Grattapaglia 2022). Various 

tools and methods have been successfully employed in applied forest tree improvement programs 

(Whetten et al. 2023). Parentage analysis using different genotyping platforms, statistical methods, 

and software has been reported for several animal and plant species (Jones and Ardren 2003; Jones 

et al. 2010). The value of parentage reconstruction is to allow full pedigree determination of open-

pollinated seed lots. It may be the only way full parental control can be applied to estimate genetic 

parameters for species where controlled crossing is inefficient or impossible. For A. crassicarpa, 

using molecular markers to reconstruct pedigrees could be of great value in determining full-sib 

families and managing kinship in breeding populations. With full-sib family models, breeders can 

better model the genetics of complex quantitative traits and their association with phenotypic 

variation. Quantitative genetics researchers are often interested in partitioning observed 

phenotypic variance into causal genetic and environmental components. Typically, this involves 

the use of linear mixed models that can handle unbalanced data and complex experimental designs 

to deal with a high level of field heterogeneity due to differences in soil type, fertility, water 

holding capacity, etc., and a high number of genetic treatments (Isik et al. 2017), common to tree 

breeding trials with large tree plot sizes. 

Furthermore, several published forest tree studies show that utilizing genomic information 

for modeling the genetic contribution on the phenotypic expression matches or surpasses the 

performance of phenotypic selection for growth and wood properties traits (Grattapaglia 2022). 

Also, realized relationship matrices constructed from genome-wide SNP markers can accurately 

measure relatedness (Hayes et al. 2009), capturing the deviation from the expected value due to 

the Mendelian sampling of alleles during sexual recombination. Within-family genomic selection 

is feasible, allowing the breeder to explore the genetic variance present within a full-sib family 
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equivalent to ½ of the additive genetic variance plus ¾ of the dominance genetic variance 

(Falconer and MacKay 1996) and deliver additional genetic gains beyond family mean selection 

(Lynch and Walsh 1998). This strategy would be useful with tree species with difficult vegetative 

propagation, as demonstrated for loblolly pine, with accurate within-family genomic selection 

(Walker et al. 2021). In addition, upon the breakthrough development of techniques for mass-scale 

production of juvenile propagules, superior individual genotypes can be sourced with genomic 

selection, maximizing the genetic gain obtained per breeding generation with clonal forestry.  
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CHAPTER 2 

Pollination and Mating Dynamics Unveiled by Orchard-Wide Pedigree Reconstruction in 

Acacia crassicarpa 

 

2.1 Introduction 

Acacia crassicarpa A.Cunn. ex Benth. is an important tree species in Southeast Asia 

(Nambiar and Harwood 2014; Harwood and Nambiar 2014), where hundreds of thousands of 

hectares of planted forests are supported by advancements in silviculture (Mendham and White 

2019) and genetic improvement (Harwood et al. 2015; Nirsatmanto and Sunarti 2019). The species 

is naturally distributed in the humid tropical North-eastern Australia and New Guinea island. 

Provenance testing of wild collections started in the 1990s to explore its potential as an alternative 

species to A. mangium. With good bole form, vigorous growth on poorly drained acidic soils, and 

resistance to pests and diseases, A. crassicarpa is a valuable option for tropical plantation forestry 

(Turnbull et al. 1998; Midgley and Turnbull 2003). Small forestry companies and large integrated 

pulp and paper industries have A. crassicarpa as an important component of their wood supply 

(Martins et al. 2020; Nambiar et al. 2018). 

Acacia Mill. is a large woody genus of Fabaceae Lindl. family. The Australian acacias, 

formerly placed in Acacia subgenus Phyllodineae (Gibson et al. 2011; Miller et al. 2011), 

consisting of 1,012 described species, of which at least a third have been introduced in different 

parts of the world (Richardson et al. 2011). About nine of these Australian species extend 

northwards into New Guinea Island (Skelton 1987), including the five most important species and 

provenances for Southeast Asia’s tropical forestry: A. aulacocarpa, A. auriculiformis, A. 

crassicarpa, A. leptocarpa, and A. mangium. 
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Floral morphology is a conserved trait, with small tubular flowers grouped into spherical 

or elongated flower heads, with pollen presented on the inflorescence surface (Stone et al. 2003). 

Pollen grains are clustered into a composite unit, named a “polyad,” which provides an efficient 

means of dispersal via pollinators and is a key component of the pollination efficiency of all 

acacias. Their flowers have a small cup-shaped stigma into which only one polyad can fit. There 

are always fewer ovules per ovary than pollen grains per polyad, so one polyad from a single 

pollination event can potentially fertilize all the ovules (Kenrick and Knox 1982). The stigmas are 

also distributed over the surface of the flower heads, opening gradually and asynchronously. A 

generalist entomophilous pollination syndrome is identified and provides accessible floral rewards 

to almost any insect visitor (Bernhardt 1989). The release of floral scent often enhances the 

recruitment of insects just before pollen release, and visual advertisement is maximized by opening 

flowers (Stone 2003; Kenrick 2003). Acacia inflorescences show no apparent adaptations for 

capturing wind-borne pollen, in contrast to typical wind-pollinated species, which have feathery 

stigmas and aerodynamic features that aid in capturing the pollen grains. Acacia’s pollen-to-ovule 

ratio is also very low, compatible with dependence on animal pollen vectors (Gibson et al. 2011). 

To a certain extent, normalized outcrossing rates are highly promoted by dichogamous 

flowering and self-incompatibility (George et al. 2008). Partial self-compatibility and intraspecific 

variation in self-compatibility seem relatively common, with some ability to reproduce by selfing 

(Millar et al. 2012). Among Australian Acacia species, selfing varies from self-incompatible to 

completely self-compatible and autogamous (Kenrick and Knox 1989; Morgan et al. 2002). 

Butcher et al. (2004), studying the breeding system of A. mangium, observed high self-pollination 

rates in the offspring of trees derived from natural populations with inbreeding, while a seed 

orchard based on highly outcrossing Papua New Guinea (PNG) populations produced outcrossed 
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seed. However, high outcrossing rates can be maintained in populations with less than half the 

allelic richness of the more genetically diverse PNG populations as long as a high proportion of 

heavily flowering trees and sufficient pollinator activity are present. In regards to inbreeding 

depression, a significantly reduced early growth was verified at 18 months of age in A. mangium, 

with lower height and diameter at breast height of self-fertilized individuals compared to 

outcrossed, demonstrating the importance of minimizing selfing in operational seed production 

(Harwood et al. 2004). For A. crassicarpa, a study with progenies of single trees collected from 

two populations (15 trees near Coen, Queensland, Australia, and 21 trees near Wemenever, PNG) 

showed high outcrossing rates with little variation between them. Differences between single and 

multi-locus estimates and fixation indices between populations were not significant, indicating that 

these populations followed Hardy-Weinberg equilibrium frequencies with a low level of 

inbreeding (Moran et al. 1989). 

A. crassicarpa flowers are hermaphrodites with strictly protogynous flowers where the 

stigma is receptive before the anthers produce pollen. Although technically feasible, controlled 

pollination of acacias is difficult as the individual flowers are very small and difficult to 

emasculate. Also, the percentage of flowers that develop into pods is typically less than 5%, even 

if pollen is not limiting. In the breeding program of April Asia, even recommended methods such 

as “inflorescence pollination” (Griffin et al. 2010) require a huge effort to produce more than a 

few crosses per year. Therefore, controlled pollination is not practical for advancing breeding 

populations which require hundreds of crosses for each breeding cycle. Breeding populations have 

been bred by open pollination.  

Typically, progeny trials are established, and then family and within-family selection is 

done to convert them into “seedling seed orchards” (SSO). After thinning and a subsequent general 
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flowering, the open-pollinated seed is collected from the best trees of the better-performing 

families to establish second-generation progeny trials. Clonal breeding orchard (CBO) 

establishment, which brings together elite selections captured by marcotting or grafting, is also 

practiced to increase selection intensity and genetic gain over that achievable from SSOs (Harwood 

et al. 2015).  

The successful use of molecular markers to perform parentage analysis using different 

genotyping platforms, statistical methods, and software has been reported for several animal and 

plant species (Jones and Ardren 2003; Jones et al. 2010). In our context, using molecular markers 

to reconstruct pedigrees could be of great value in determining full-sib families and managing 

kinship in breeding populations. It also allows for better modeling of the genetics of complex traits 

and their association with phenotypic variation. Furthermore, pedigree reconstruction can help 

breeders understand the mating dynamics of orchards and give insights into the open-pollination 

family structure. Therefore, this study aimed to examine a pollination season of an A. crassicarpa 

orchard with parentage analysis provided by large-scale use of single nucleotide polymorphism 

(SNP) markers to unveil recombination patterns and reconstruct full-sib families for breeding trials 

establishment. 

2.2 Material and Methods 

2.2.1 Germplasm and DNA-Sampling 

The orchard studied is an elite seed orchard (ESO) established by the breeding program of 

April Asia in August 2012 on a mineral soil compartment in Riau province, Sumatra Island, 

Indonesia (Figure 2.1). Silvicultural practices followed the company’s standard operating 

procedure for soil cultivation, fertilization, and weeding. The orchard design consisted of single-

tree plots of 15 genetic treatments replicated in 15 randomized blocks, totaling 225 plots of 100 
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square meters each (10m x 10m) with a total area of 2.25 hectares. The ESO compartment is 

located on the outskirts of a commercial nursery, adjacent to several eucalyptus and acacia 

experiments and seed orchards. It comprises the ESO and a neighboring CBO in a eucalyptus 

plantation buffer surrounded by access roads and a natural riverine forest. 

 

 

Figure 2.1. An aerial overview of the orchard’s compartment highlights the Elite Seed Orchard 

(ESO) and the Clonal Breeding Orchard (CBO). Imagery date: July 8, 2015. 

 

In early 2017, a flowering census with leaf sampling was performed on all seventy-seven 

standing trees in the ESO, and all live trees in the neighboring CBO, to confirm the genetic identity 

of mother trees. Pod harvesting occurred from March to September, peaking in June and July. All 

pods produced from individual open-pollinated trees over the reproductive season were collected 

and processed, generating 50 open-pollination families. A selection of 24 of these families, 

balanced by maternal representation and seed weight, was sown in January 2018. After 

germination and plantlet development in the nursery, 84,315 seedlings were produced and sampled 

for DNA analysis and parentage reconstruction.  
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2.2.2 DNA Extraction and SNP Genotyping 

A proprietary panel of 42 SNP markers was developed from an internal genome sequencing 

effort to provide a high-throughput and cost-effective genotyping platform capable of accurately 

assigning A. crassicarpa genotypes. SNPs were selected based on minor allele frequency (MAF), 

broad distribution across the genome, including representation of each of the 13 chromosomes, 

and uniqueness of sequence surrounding the SNP. Orion Biosains (Puchong, Malaysia) designed, 

optimized, and performed assays utilizing the LGC Array Tape genotyping platform. A set of 173 

trees was genotyped to validate the panel, comprising the 77 ESO mother trees and 96 progenies. 

Orchard tree samples were genotyped in triplicate, and nursery samples were genotyped in 

quadruplicate, with 25,830 total SNP genotyping events. DNA was extracted from dried leaf 

samples using Orion Biosains’ proprietary automated DNA extraction protocols. For the parentage 

reconstruction campaign, 84,315 orchard offspring seedlings were sampled and genotyped 

following the abovementioned procedures. 

2.2.3 Parentage Reconstruction 

Seedlings were sampled from known mothers and assigned to candidate fathers using the 

paternity analysis of the software CERVUS version 3.0.7 (Marshall et al. 1998; Kalinowski et al. 

2007). Estimates of expected heterozygosity (HE), observed heterozygosity (HO), polymorphism 

information content (PIC), and average non-exclusion probability (NE) were calculated for each 

locus based on allele frequencies of the offspring genotyped. The simulation of paternity analysis, 

utilized by the software to estimate the resolving power of the markers given their allele 

frequencies and to estimate critical values of the log-likelihood statistics, was performed with the 

following parameters: 10,000 individuals; 58 candidate parents; 0.95 proportion of sampled 

parents; 0.01 proportion of mistyped loci; and the option to test for self-fertilization. All other 
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parameters of the paternity analysis followed the software default. Offspring assigned to a 

candidate father, given the known mother, with a trio confidence level equal to or above 95% were 

considered for downstream analysis. 

2.3 Results 

2.3.1 Pedigree Reconstruction and Family Structure 

Seventy-seven standing trees were counted in the census performed in early 2017, with 

flowers recorded in all of them. The genetic identity analysis pointed out 18 genotypes in the ESO 

and 40 genotypes in the neighbor CBO. The ESO layout is presented in Figure 2.2, with the 24 

open-pollinated trees with seedlots selected for this study highlighted in green. 

 

Figure 2.2. Elite Seed Orchard design with 77 trees comprising 18 unique parents (P) confirmed 

by genetic identity analysis. The 24 cells highlighted in green represent the open-pollinated trees 

with a seedlot sown in this study. 

 

The genotype call rate for the validation set was 98.4%. As measured by concordance 

across replicated genotyping assays of the same samples, genotype call accuracy was 99.2% 
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(Appendix A1). The allele frequency analysis summary is presented in Appendix A2. There were 

347 samples with less than half the number of markers called, and following the software preset, 

these samples were disregarded for downstream analysis. The remaining 83,968 seedlings, 

successfully genotyped with more than 21 SNP, showed a 0.973 average proportion of SNP called. 

The mean minor allele frequency (MAF) was 0.425, the mean observed heterozygosity (HO) was 

0.508, the mean expected heterozygosity (HE) was 0.482, and the mean polymorphic information 

content (PIC) was 0.365. The summary of the paternity analysis is presented in Table 2.1.  

 

Table 2.1. Paternity analysis output by male groups representing progeny assigned as full-sibs of 

ESO parents (Group 1), ESO females pollinated by a CBO male parent (Group 2), and progeny 

with an ESO female and unknown male parent (Group 3). Group 3 was subdivided into progeny 

with a positive female LOD score (Group 3.1) and a negative female LOD score (Group 3.2). 

Group Male Parent Assignment Number of Progeny % of Total 

1 ESO male 56,938 67.8% 

2 CBO male 10,764 12.8% 

3 Not Assigned 16,266 19.4% 

       3.1 Female LOD ≥ 0 15,878 18.9% 

       3.2 Female LOD < 0 388 0.5% 

Total   83,968 100% 

 

Of all progeny tested, 67.8% were assigned to an ESO male parent, i.e., a full-sib of ESO 

parents (Group 1), and 12.8% were assigned to a CBO male parent, being a full-sib of an ESO 

female and a known male parent present in the neighbor CBO (Group 2). Overall, 80.6% of the 

progeny analyzed were assigned to an ESO female and one of the 58 (18 ESO + 40 CBO) male 

parents with a known genotype. The analysis did not assign any known male parent with a 95% 

confidence level for the remaining 19.4% of the progeny (Group 3). In parentage analysis, a 

positive LOD score means that the candidate parent is more likely to be the true parent than not 
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the true parent. A true parent almost always has a positive LOD score. The Group 3 breakdown 

showed that 18.9% of the total progeny was not assigned a male parent but had a positive LOD 

score for the female parent. Only 0.5% showed a negative female LOD score, indicating that 99.5% 

of the progeny analyzed matched the known female. 

The genetic composition of the open-pollination families (OP) derived from the 24 selected 

mother trees is presented in Figure 2.3. 

 

 

Figure 2.3. Open pollination family structure as revealed by parentage analysis. Families were 

named as a key “[ r . Pf ] x Pm” with the female tree within brackets with “r” for the replicate 

number, “Pf” for the female parent, “Pm” for the dominant male parent. The decay of the dominant 

male proportion fits a power function (y = 0.77x-0.58) with R2 = 0.94 with an average dominant 

male proportion of 23%. The average number of males per family was 50. 
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The full diallel with parents and reciprocal crosses matrix is presented in Appendix A3. A 

total of 236 full-sib families were determined, accounting for 73% of the 324 families with 18 

parents (N2 = 182 = 324). Ignoring the crosses’ directionality and selfings, i.e., merging reciprocal 

crosses discounting selfings, 136 full-sib families were determined, accounting for 89% of the 153 

total possible ( N(N-1)/2 = (18*17/2) = 153). If we consider only families with at least 30 progeny, 

enough to establish a progeny trial with replication, 95 families were determined, representing 

62% of the total possible families. A 3-D representation of the crossing structure of the population 

derived from the pedigree reconstruction is presented in Figure 2.4. 

 

Figure 2.4. 3-D representation of the full diallel revealed by the pedigree reconstruction. Each 

column represents a full-sib family, with its height the number of progeny. No seedlots of female 

parents P04, P08, P09, and P15 were sowed. Thus, they are blank in the chart above on the female 

side. 
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2.3.2 Reproductive Success 

The elite seed orchard progeny output is summarized in Table 2.2. The total seed weight 

harvested in the 2017 seed production season was approximately 15 kg. Exploring the entire seed 

collection was impossible, and a 4.6 kg sample of the orchard’s total production was sowed to 

match the genotyping budget. The Pearson correlation coefficient between the female progeny 

count and the harvest seed weight was 0.88. The correlation between the number of ramets of each 

genotype with the male progeny count was 0.23. 

 

Table 2.2. ESO progeny output of the 2017 reproductive season. For each parent, the number of 

ramets, total seed weight harvested and sowed, and the number of progeny counted as female and 

male given by the pedigree reconstruction are presented, along with their respective selfing rates 

and progeny count rank. 

Parent Ramets 
Weight (g)  Progeny Count 

Harvest Sow   Female Rank Self (%) Male Rank 

P01 5 105 38  687 13 0.4 1,562 12 

P02 5 3,200 635  11,546 2 0.4 5,424 3 

P03 9 716 174  2,407 10 0 4,954 4 

P04 1 0 0  0 15 0 25 18 

P05 6 715 449  8,577 4 0.8 4,533 5 

P06 6 2,891 446  8,221 5 2.0 8,236 2 

P07 10 302 279  5,394 8 0.2 10,231 1 

P08 3 54 0  0 16 0 4,332 6 

P09 3 0 0  0 17 0 49 17 

P10 4 1,723 589  9,823 3 0.2 2,743 9 

P11 3 586 451  6,512 7 0 3,339 8 

P12 2 382 210  4,138 9 0.1 1,774 10 

P13 7 43 35  359 14 0 1,132 14 

P14 3 77 36  746 12 0.3 957 15 

P15 1 0 0  0 18 0 343 16 

P16 4 3,590 793  15,257 1 0.3 4,212 7 

P17 1 81 81  1,765 11 0.1 1,350 13 

P18 4 815 407   8,148 6 0.7 1,742 11 

Total 77 15,280 4,623   83,580 - - 56,938 - 

Average 4.3 849 257   4,643 - 0.3 3,163 - 
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The cumulative reproductive success of the ESO parents normalized by the number of ramets to 

account for their unbalanced representation in the orchard is presented in Figure 2.5. 

 

 

Figure 2.5. Cumulative female, male, and combined reproductive success. The diagonal line 

represents an equal contribution of the breeding parents. 

 

2.3.3 Pollination Spatial Pattern 

Three genotypes were present with a single tree/ramet: P04, P15, and P17. Their male reproductive 

outputs, i.e., the number of progeny with the genotype as a male parent, were 24, 343, and 1,350, 

respectively. We have used the parent with the largest male contribution, P17, to model the pollen 

spatial dispersion pattern. Of the 24 OP families sowed, 21 had P17 as one of its male parents, not 

accounting for P17 itself. We calculated the proportional contribution to the entire open-pollination 

family for these 21 mother trees that received P17’s pollen. The largest proportional contributions 
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were detected in the proximity of the pollen source, decaying with distance following a power 

function with R2 = 0.77, as presented in Figure 2.6. 

 

 

Figure 2.6. P17’s spatial pollen distribution across the orchard is revealed by pedigree 

reconstruction. The values in each cell of the orchard design (A) are the proportional contribution 

of P17 as a pollen donor relative to the entire open-pollination family size, expressed as a 

percentage of the total progeny count. The contribution decay follows a power function with R2 = 

0.77 (B). 

 

2.4. Discussion 

Seed orchards are a key component of forest breeding cycles and are assumed error-free 

regarding their genetic integrity until proven differently. On the other hand, identification errors 
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are rather common (Slavov et al. 2005; Kaya and Isik 2010; Przybylski et al. 2019). Quality control 

of genetic identity is critical throughout the breeding cycle. Genetic gains can be compromised if 

genetic identities are lost or confused. “While proper labeling and care during all aspects of the 

tree improvement program are essential, genetic fingerprinting is also an important tool that should 

be used to enhance quality control” (White et al. 2007). Molecular markers are useful to validate 

the orchard’s genetic integrity, correcting errors such as misidentification of ramets or the presence 

of “external” genotypes. In our study, supported by SNP markers, we detected three identification 

errors, i.e., genotypes not intended to be included in the original design, and therefore precisely 

confirmed the actual genotypic composition of all trees in the orchard. Furthermore, large-scale 

pedigree reconstruction was made possible by accurately determining parent-offspring pairs and 

mating system dynamics. 

Despite the apparent complexity and availability of a suite of software and methods for 

parentage analysis, simple Mendelian inheritance is the fundamental mechanism behind it. Thus, 

it is logical that genotyping errors will impact the accuracy of parentage assignments because they 

will likely result in apparent incompatibilities between parents and offspring. Compared with 

genotype-by-sequencing (GbS), SNP-PCR marker systems usually produce more reliable 

genotypes (Whalen et al. 2019) and are the best method considering both reliability and cost per 

sample. Furthermore, choosing informative SNPs will provide higher power for parentage analysis 

and maximize cost efficiency. To maximize power, SNP minor allele frequency and genotype call 

accuracy should be high (Flanagan and Jones 2019). We used a validated SNP panel to successfully 

perform 3.38 million SNP genotyping events with a call rate of 98.4%, call accuracy of 99.2%, 

and an average MAF of 0.425. These were excellent parameters that added confidence to assigning 

parentage accurately. 
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Paternity analysis was performed assuming a known mother, as we carefully harvested 

pods from female trees. Also, the analysis is more powerful if the female parent is known (Marshall 

et al. 1998). Indeed, 99.5% of the progeny analyzed matched with confidence the female parent 

informed a priori, indicating the good traceability of the harvesting campaign and the accuracy of 

the parentage assignment on the maternal side. On the male side, 67.8% of the assignments were 

from an ESO parent, 12.8% were from the neighbor CBO located 150 meters away, and 19.4% 

were unknown, i.e., pollen contamination from an unknown male parent. 

This level of external pollen contamination was lower than what has been found for other 

tree species. In Eucalyptus grandis, Jones et al. (2008) reported 46% assignment of pollen parents 

out of the population beyond 192 meters from the respective mother trees outcrossed. Grattapaglia 

et al. (2004) found 29% external pollen contamination for hybrid E. grandis x E. urophylla. In 

Pinus sylvestris L., Hall et al. (2020) found a 33.6% external pollen contamination with the closest 

Scots pine stands to the seed orchard more than 500 m away. 

With parentage resolved, we found a surprisingly rich male contribution to the open-

pollination family structure. The average number of male parents per family was 50, representing 

86% of the 58 known male parents with at least one progeny in the family. The contribution of 

each male parent was uneven, and the most successful male parent within an open-pollinated 

family accounted, on average, for 23% of the total number of individuals. In contrast, the smallest 

male within OP accounted for a single progeny in all families tested. 

We could also demonstrate the spatial pollen dispersion pattern for a single genotype, P17. 

This parent was a low-tier genotype for reproductive success, with only 81g of seeds harvested, 

with a progeny count of 1,765 as female (rank 11 out of 18) and 1,350 as male (rank 13 out of 18). 

Its pollen dispersion showed a moderate-high spatial correlation between the mother tree's distance 
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to the pollen source and its proportion within the open-pollination family, with a rapid decay with 

distance increase. This result is consistent with the study of Le et al. (2019) dealing with natural 

hybridization between A. auriculiformis and A. mangium. They concluded that the frequency of 

pollen flow decreased exponentially with increasing distance from the pollen source. 

The correlation between the number of ramets and male reproductive success was 

significant (r = 0.72). More ramets scattered around by an appropriate orchard design, such as the 

Optimum Neighborhood Algorithm design (Chaloupková et al. 2016), will likely increase the 

overall male success. Many ramets of a given genotype pollinating their closest female trees in 

larger proportions, similar to what was observed for P17, will increase their overall male success 

when accounting for the entire orchard as a bulk. However, even for female parents receiving 

P17’s pollen not farthest than 20 meters, its average contribution to the open-pollination family 

was only about 10%, showing that distance alone is not the only factor determining pollination 

success. We can expect synchronicity driven by dichogamous flowering, pollinator availability, 

and reproductive success to play a major role, especially in the absence of adaptations for capturing 

wind-borne pollen, a pattern consistent with most species in the genus Acacia (Gibson et al. 2011). 

For A. mangium, Yuskianati and Isoda (2013) indicated that approximately 80% of all 

crosses were between trees separated by 40 m or less. Nurtjahjaningsih (2016) found that 

pollinations occurred over distances ranging between 15 and 150 m while studying a seed orchard 

in Wonogiri, Central Java, Indonesia. In contrast, some Acacia species potentially pollinated by 

birds have recorded longer distances of pollen movement. Maximum pollinator dispersal distances 

exceeded 1,870 m in A. woodmaniorum (Millar et al. 2014), and occasional hybridization between 

native populations of A. saligna subsp. saligna and subsp. lindleyi was detected over distances of 
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around 1,600 m (Millar et al. 2008). We did not find any previous reports of pollination dynamics 

for A. crassicarpa for a direct comparison. 

The female and male reproductive success of genotypes was variable. The cumulative 

maternal reproductive success indicated that 40% of the parents contributed 80% of the seed 

production, whereas, on the paternal side, 50% contributed 80% of the pollination. The 

reproductive success distortion was slightly more pronounced on the maternal side. We could 

verify that for the combined cumulative reproductive success, 20% of the parents contributed 40% 

of the seed production. We attribute A. crassicarpa to a 20/40 distortion pattern. These results 

differ somewhat from wind-pollinated species, such as pines, generally showing larger distortions 

with a 20/80 pattern (Park et al. 2020; Lai et al. 2010). 

Our study describes the open-pollination recombination pattern in A. crassicarpa as rich 

and broad, without a single predominant male parent, and with many pollen donors present within 

the family structure, even at varying proportions. From a breeding perspective, this feature is 

advantageous when the objective is to generate many different crossing combinations, with 

recombination events approximating panmixis, allowing for the reconstruction of full-sib families 

in sufficient quantity to fill a diallel structure. For A. crassicarpa, the lack of efficiently controlled 

pollination methods is an important limitation. Using genomic methods, we could reconstruct 95 

full-sib families from an OP seed collection, representing 62% of the total number of families not 

accounting for reciprocals, with at least 30 seedlings per family, sufficient for full-sib progeny 

testing. Full-sib mating designs allow the estimation of both additive and non-additive components 

of genetic variance and specific combining effects, which may prove valuable in future breeding 

efforts with A. crassicarpa. 
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Finally, the selfing rates estimated in our study were very low, with an average of 0.3%, 

indicative of an efficient mechanism to prevent large-scale selfing in A. crassicarpa. Among selfed 

individuals pointed out by the parentage analysis, it was impossible to discriminate true-to-type 

self-pollinations from cross-pollinations with pollen from the same male parent genotype. 

Nevertheless, selfing was of minor scale in the open-pollination family structure analyzed. 

2.5 Conclusion 

Parentage analysis using an informative SNP panel successfully characterized a 

reproductive season of a breeding orchard of A. crassicarpa. The species has a generalist 

entomophilous pollination syndrome with a mating dynamic favoring a rich male composition of 

open-pollination families. Even though we could show a case of spatial pollen pattern distribution 

with the rapid decay of pollination with distance to pollen source, in general, most families showed 

many male parents without a single dominant one. On average, the male that produced the most 

progeny in a given family had a 23% contribution. If seed orchard managers and breeders target 

orchard designs that provide optimal mating, open pollination should result in good admixture 

minimizing preferential mating. Our study showed a low selfing rate of 0.3%, corroborating an 

outcrossed breeding system for the species. From an applied tree breeding perspective, the 

parentage reconstruction efficiently generated many full-sib families, allowing progeny testing and 

overcoming the controlled pollination limitation to produce the crosses. 
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ABSTRACT 

 

Research Highlights: This study provides a comprehensive set of wood and pulping 

properties of Acacia crassicarpa to assess variation and efficient sampling strategies for whole-

tree level phenotyping. Background and Objectives: A. crassicarpa is an important tree species in 

Southeast Asia, with limited knowledge about its wood properties. The objective of this study was 

to characterize important wood properties and pulping performance of improved germplasm of the 

species. Furthermore, we investigated within-tree patterns of variation and evaluated the efficiency 

of phenotyping strategies. Materials and Methods: Second-generation progeny trials were studied, 

where forty 50-month-old trees were selected for destructive sampling and assessed for wood 

density, kraft pulp yield, α-cellulose, carbohydrate composition, and lignin content and 

composition (S/G ratio). We estimated the phenotypic correlations among traits, determined 

within-tree longitudinal variation and its importance for whole-tree level phenotyping. Results: 

The mean whole-tree disc basic density was 481 kg m-3, and the screened kraft pulp yield was 

53.8%. The reliabilities of each sampling position to predict whole-tree properties varied with 

different traits. For basic density, pulp yield, and glucose content, the ground-level sampling could 

reliably predict the whole-tree property. With NIR predictions as an indirect measurement method 

for disc basic density, we verified reduced reliability values for breast height sampling but 

sufficiently correlated to allow accurate ranking and efficient selection of genotypes in a breeding 

program context. Conclusions: We demonstrated the quality of A. crassicarpa as a wood source 

for the pulping industry. The wood and pulping traits have high levels of phenotypic variation, and 

standing tree sampling strategies can be performed for both ranking and high accuracy 

phenotyping purposes. 
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3.1 Introduction 

Acacia crassicarpa A.Cunn. ex Benth. is a fast-growing tree species largely used as a wood 

source in Southeast Asia (Nambiar and Harwood 2014), where planted forests are supported by 

advancements in silviculture (Mendham and White 2019), genetic improvement by recurrent 

selection strategies, vegetative propagation, and recent, use of molecular tools (Nirsatmanto and 

Sunarti 2019, Harwood et al. 2015, McKinnon et al. 2018). The primary use of the species’ wood 

is for pulp and paper production, where large vertically integrated companies in the region have 

hundreds of thousands of hectares of A. crassicarpa forests comprising a major component of their 

wood supply chain (Nambiar et al. 2018, Griffin et al. 2018). 

Targeting higher pulp production efficiency, one of the main breeding objectives is to 

improve the wood quality to optimize cellulose yield and chemical consumption during the pulping 

process. Furthermore, the pulp industry is evolving to expand the portfolio of products obtained 

from forest biomass beyond bleached kraft pulp, potentially including dissolving pulp, chemicals, 

fuels, and polymers, in alignment with sustainable wood supply and the biorefinery concept for 

waste-free processing of wood into value-added products (Kumar and Christopher 2017, Lundberg 

et al. 2014, Marinova et al. 2010). 

Wood chemistry must be considered when evaluating pulping processes and product 

quality (Schmidt 2005), and is therefore essential in ensuring that the breeding objectives are 

aligned with the long-term business strategy. To realize genetic gains in wood quality traits, 

understanding the extent of genetic control is fundamental to the choice of the breeding strategy 

(ies) to be implemented (White 1987, Borralho et al. 1993). Furthermore, knowing how different 

wood properties are correlated is important, as this information can then establish selection traits 

that may be used to explain the majority of the variability of interest for a given product attribute. 
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Finally, the larger the number of characters involved, the smaller the attainable gain from selection 

for each trait (Chen et al. 2016, Rezende et al. 2014, Greaves et al. 1997). 

There is scarce literature dealing with phenotypic and genetic parameters of wood quality 

traits of A. crassicarpa. The first reports of its pulping and paper-making qualities were published 

in the early 1990s (Clark et al. 1991, Clark et al. 1992), where three native trees of unknown age 

showed an average basic density of 638 kg m-3 and screened kraft pulp yield of 47.2%. Following 

on, Laurila 1995 ranked A. crassicarpa along with A. mangium and G. arborea as the most suitable 

species for pulp and paper in a study comparing eight species in a reforestation project in South 

Kalimantan (Indonesian portion of Borneo Island) for wood density, strength, fiber properties, 

lignin content, and extractives content. The basic density, compared at the same age, was higher 

than A. mangium and similar to A. auriculiformis. Provenance variation was evaluated by Shukor 

et al. 1998 on four-year-old trees from six provenances that originated from Australia, Papua New 

Guinea and Irian Jaya (Papua, the Indonesian portion of New Guinea Island). The authors showed 

significant differences among provenances in shrinkage, compression, and shear parallel to the 

grain, but none for specific gravity, or the flexural properties MOR (modulus of resistance) and 

MOE (modulus of elasticity). Yao et al. 2012 evaluated four A. crassicarpa trees at varying ages, 

obtaining an average klason lignin content of 21.5%, surprisingly, the highest value among the 

five Acacia species tested, suggesting a low lignin content for the genus. 

For other relevant species of the Acacia genus, a collection of studies dealing with different 

wood properties supports an ample understanding of the phenotypic variation found in the genus, 

as shown for A. mangium (Griffin et al. 2014, Chowdhury et al. 2005, Nugroho et al. 2012, 

Karlinasari et al. 2014, Moya et al. 2010), A. auriculiformis (Chowdhury et al. 2009, Tonouéwa 

at al. 2020) and their interspecific hybrid (Dinh Kha et al. 2012,  Rokeya et al. 2010, Rafeadah 
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and Rahim 2007, Jusoh et al. 2014, Barry et al. 2005, Yahya et al. 2010, Bakri et al. 2018). 

Moreover, there is abundant literature dealing with wood quality traits for other important tree 

species commercially planted worldwide, contextualizing variation in wood quality traits in a 

wider range of tree species, as shown for eucalypts (Bouvet et al. 2020, Nickolas et al. 2020, 

Stackpole et al. 2011, Del-Río et al. 2005, Ohra-aho et al. 2013, Lima et al. 2019, Raymond 2002), 

pines (Atwood et al. 2002, Sykes et al. 2003, Neale et al. 2002, Li et al. 2020, Fundová 2020) and 

poplars (Schimleck et al. 2005, Jin et al. 2019, Niemczyk et al. 2019). Generally, wood quality 

traits show intermediate to strong genetic control, with greater genetic stability across 

environments than growth traits, with the tree’s phenotype providing a reliable indicator of its 

genetic merit, making wood quality traits amenable to genetic advancement through selection 

(Cornelius 1994, Zobel and Talbert 1984). 

To accurately assess the wood properties of a tree, it is important to consider the inherent 

dimensional changes in wood properties that are unequal along the main bole of the tree, requiring 

destructive multi-spatial sampling for the accurate determination of whole-tree level phenotype 

(Zobel and van Buijtenen 1986, Barnett and Jeronimidis 2003, Plomion et al. 2001, Von Arx et al. 

2016, Katz et al. 2008, Jones et al. 2008, Schimleck et al. 2006, Ohshima et al. 2005, Igartúa et 

al. 2003, Ona et al. 2001, Raymond and Muneri 2001, Raymond et al. 2001, Kube and Raymond 

2001). On the other hand, the phenotyping procedure for important pulping traits is resource 

demanding. Thus, wood quality traits are expensive and time-consuming to measure, requiring 

laboratory facilities and technical expertise to process wood and assess the properties correctly. 

To overcome the challenge of characterizing a tree with a non-destructive, cost-effective, and 

faster procedure, wood technologists have developed indirect measurement methods (Gao et al. 

2017, Schimleck et al. 2019) that inherently introduce a trade-off between accuracy and ease of 
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measurement that depends on the trait and the objective of the characterization. Ultimately, the 

goal is to capture enough information to adequately quantify the mean and variability in a 

particular property, accounting for sampling and subsequent analysis costs. 

In the context of a tree breeding program, breeders have been able to efficiently 

characterize families and clones for selection balancing the loss in phenotyping accuracy, due to 

indirect measurements and single position sampling, with replication. Usually, families and clones 

are ranked for a particular trait with an average value across multiple trees/ramets measured by a 

given indirect measurement method. Notably, near-infrared spectroscopy (NIRS) models have 

been developed and successfully used to predict wood properties (Hodge et al. 2018, Meder et al. 

2010, Schimleck et al. 2005, Schimleck et al. 2004). Despite the significant investments required 

for calibration of NIR models, this technique is well-suited for ranking purposes and allows for 

the inclusion of wood quality traits in the selection criterion and provides the ability to estimate 

genetic parameters at the population level (Schimleck 2008, Downes et al. 1997). 

In this study we used 240 50-month-old wood samples, representing six stem positions taken from 

40 A. crassicarpa trees, to evaluate wood density, screened kraft pulp yield, α-cellulose, 

carbohydrate composition, and lignin content and composition (S/G ratio) to (1) assess variation 

in important wood and pulping properties of A. crassicarpa; (2) estimate phenotypic correlations 

among different wood quality and pulping traits, and (3) understand within-tree longitudinal 

patterns of variation and its importance for whole-tree level phenotyping. With this comprehensive 

set of wood and pulping property estimates, we aim to increase the amount of information available 

for this important tree species, and better address efficient sampling procedures for different 

phenotyping objectives. 
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3.2 Materials and Methods 

3.2.1 Field Trials 

A. crassicarpa progeny trials established by the breeding program of Asia Pacific 

Resources International Limited - APRIL (www.aprilasia.com) were employed in this study. Two 

replicates of the same group of families in a common breeding zone were established in November 

2012 in hemic peat soil with an average bulk density of 0.22 gram cm-3 at Pelalawan Regency, 

Riau Province, Indonesia. Each test consisted of 25 treatments in an eight replication randomized 

complete block design with ten trees per plot (two rows of five trees). The specimens consisted of 

open-pollinated families derived from a clonal breeding orchard with second-generation selections 

from Papua New Guinea provenance. 

3.2.2 Wood Properties Measurements 

3.2.2.1 Wood Sampling and Basic Density Determination 

Utilizing the company’s NIR model routinely used in the breeding program, all families 

were ranked at age three years for basic density, and four families covering the observed range in 

the trials were selected. Trees were field inspected for tree stem defects, diseases, and straightness, 

and ten trees of each of the four families were then chosen for destructive wood sampling. The 

trees were felled, and commercial heights (HTcom) were determined from the base to the point 

representing a 4.5 cm diameter at the top. The bole positions corresponding to breast height (1.3 

m), and 0%, 25%, 50%, 75%, and 100% of the commercial height were then marked, the over-

bark diameter was recorded, and cores, discs, and logs were extracted (Figure 3.1) and transported 

to APRIL’s Wood Tech Laboratory. 

Two discs (2.5 cm of thickness) were collected at all positions. From the first disc, wedges 

were ground to produce woodmeal following TAPPI T 257 as source material for NIR spectral 
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collection and associated wet chemical analysis. The second disc was used to determine the disc 

basic density (DBD), measured in kg m-3, following TAPPI T 258. At positions representing 0%, 

25%, 50%, and 75%, logs of 1.2 m length were produced, and from their central region, the two 

discs were extracted. The remaining billets from each log were chipped (FARMI CH 260 OEM), 

and screened following SCAN CM:40-01 standard using a wood chip classifier (TMI 71-01 Chip 

Class) to provide chips for basic density (CBD) and screened kraft pulp yield (KPY) 

measurements. The CBD was measured following TAPPI 258 procedure. In addition, samples 

representing whole-tree composition were prepared by combining volumes of chips from each 

position proportionally to its area, and composite chips basic density (CBDc) and composite 

screened kraft pulp yield (KPYc) were determined. 

 

 

Figure 3.1. Destructive sampling for direct measurements of wood properties and correspondent 

laboratory analyses performed at each position along the tree bole. The figure is a schematic and 

not to scale and is intended for illustration only. 
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3.2.2.2 Wood Carbohydrates and Lignin 

Five grams of wood meal were supplied to the University of British Columbia for wood 

chemical analysis, according to Hart et al. 2013. The sample representing the 100% position was 

not included in the sample set for wood chemical determination. The wood samples were then 

ground using a Wiley mill to pass through a 40 mesh screen and Soxhlet extracted with hot acetone 

for 24 hours, and then oven-dried at 105 ºC for 24 hours. Three mL of 72% (w/w) H2SO4 was 

pipetted into a test tube containing approximately 200mg of dried material and was mixed for 30 

seconds every 10 minutes. After two hours, the contents of the test tube were transferred to a serum 

bottle using 112 mL nanopure water. The serum bottles were then sealed and autoclaved at 121 ºC 

for 60 minutes. After autoclaving, the contents of the bottles were allowed to cool, then vacuum 

filtered through a pre-weighed medium coarseness crucible (Pyrex, USA) and 15 mL filtrate 

collected for further analysis. The retentate was rinsed with 60 mL of deionized water to remove 

any residual sugars and acid. The crucibles containing the retentate were oven-dried at 105 ºC for 

24 hours, and then re-weighed to obtain the insoluble lignin content (INS) of the wood 

gravimetrically. A sample of the filtrate was analyzed for acid-soluble lignin (SOL) at 205 nm. 

The total lignin (LIG) (soluble and insoluble) is expressed as a proportion of the initial extractive 

free wood. 

Approximately 0.9 mg of the solubilized filtrate and 0.1 mg of fucose (5mg/mL) internal standard 

was mixed and filtered through a 0.45 µm nylon filter into a glass vial. The total carbohydrate 

content (arabinose, rhamnose, galactose, glucose, mannose, and xylose) was determined using an 

anion exchange high-performance liquid chromatograph (Dx-600; Dionex, Sunnyvale, CA, USA) 

equipped with an ion exchange PA1 (Dionex) column, a pulsed amperometric detector with a gold 

electrode, and a SpectraAS3500 auto injector (Spectra-Physics, USA). The concentrations of 
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arabinose (ARA), galactose (GAL), glucose (GLU), mannose (MAN), rhamnose (RHA), and 

xylose (XYL) were calculated in proportion to the initial extractive free wood and combined as 

total carbohydrate concentration. 

3.2.2.3 Syringyl-Guaiacyl Ratio (S/G) 

A 10 mg sample of oven-dried extract-free wood was used to determine the lignin 

monomer composition. One mL of a reaction mixture (8.75 mL dioxane, 250 µL BF3, and 1 mL 

ethanol) was added to a 6 mL reaction vial containing the dried material and purged with N2 gas 

before the lid was tightly sealed. Vials were placed in a heating block at 100 ºC for 4 hours with 

periodic (hourly) agitation. The vials were transferred to a -20 ºC fridge for 5 minutes to halt the 

reaction. Then, 200 µL of internal standard (5 mg tetracosane /1 mL methylene chloride) and 300 

µL 0.4 M NaHCO3 were added to the vial to bring the pH between 3 and 4. Next, 2 mL of nanopure 

water and 1 mL methylene chloride were added to the vial, which was then recapped, vortexed, 

and allowed to separate into two phases. One mL of the lower phase was drawn by pipette, filtered 

through anhydrous Na2SO4, and finally transferred directly into a 2 mL polypropylene safe-lock 

microfuge tube. The sample was evaporated to dryness in a Speedvac set to 45 ºC and then 

resuspended in 700 µL of methylene chloride. Twenty uL of resuspended sample was derivatized 

by combining it with 20 µL of pyridine and 100 µL of N,O-bis(trimethylsilyl) acetamide in a glass 

insert within an amber-glass vial. The vial was sealed and inverted to mix, and allowed to incubate 

for at least 2 hours at 25 ºC prior to analysis. Finally, 1 µL of solution was analyzed by a gas 

chromatograph (HP 5890 Series II, Agilent Tech., Ontario, Canada) on an HP 6890 series II 

column equipped with an auto injector and flame ionization detector (FID) (Agilent Tech., Ontario, 

Canada) as per Robinson and Mansfield 2009. 
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3.2.2.4 Alpha Cellulose 

Alpha cellulose (αCEL) was determined according to Porth et al. 2013, with minor 

modifications. In brief, the acetone extracted wood was allowed to dry overnight at 50 °C. 3.5 mL 

of solution A (60 mL glacial acetic acid + 1.3 g NaOH L-1) and 1.5 mL of 20% sodium chlorite 

solution (20 g NaClO2 in 80 mL distilled water) were added to exactly recorded amounts (~150 

mg) of extract-free wood meal to initiate the chlorite delignification. The reaction tube was tightly 

sealed and then gently shaken at 60 ºC for 14 h. The reaction was quenched by placing the tubes 

in an ice bath, and the reaction solution was then thoroughly removed by pipetting while not 

disturbing the settled reacted wood meal. This procedure was repeated using fresh aliquots of each 

reactant. Finally, the reacted wood meal was transferred to a pre-weighed coarse sintered crucible, 

and washed twice with 50 mL of 1 % glacial acetic acid (under vacuum), followed by two washes 

with 10 mL acetone under vacuum, then dried at 50 ºC overnight to obtained holocellulose yield. 

To obtain the alpha cellulose content of the woody material, alkaline extractions using two 

different sodium hydroxide extractions were performed sequentially to remove the hemicelluloses. 

Exact weights of ~100 mg of holocellulose were transferred to a small beaker and left at room 

temperature for 30 min to allow moisture equilibration. To this 8 mL of 17.5% NaOH (from 

sodium hydroxide 50 % w/w) was added and the material was left to react for 30 min at 40 ºC. 

Then, 8 mL of distilled water were added and the material was stirred for one min, and left to react 

for 29 min. The reaction solution was carefully removed, and the process was repeated with fresh 

reactants. After the second reaction, all retentate was filtered through a pre-weighed coarse sintered 

crucible by washing with distilled water (3 x 50 mL). Subsequently, the reaction was neutralized 

by soaking in 1.0 M acetic acid for 5 min. After additional washing with distilled water (3 x 50 

mL), the material was dried at 50 ºC overnight to obtain the alpha cellulose content gravimetrically. 
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3.2.2.5 Kraft Pulping 

The screened wood chip samples of positions 0%, 25%, 50%, 75%, plus the whole-tree 

composite sample were measured for moisture content following TAPPI T 550, and screened kraft 

pulp yield (KPY) calculated using gravimetry. The cooking equipment used was a CRS autoclave 

with six 3-L rotating vessels, with every vessel carrying 350 bone-dry grams of chips and the 

liquor-to-wood ratio at 1:4. The batch digestors were controlled electronically by electric heating, 

and the cooks were carried out at 165 °C with a constant variable alkali charge of 15.5% to 19.5% 

EA as NaOH and fix sulfidity of 35%. Both parameters were chosen based on the kappa target 18 

± 1. The kappa number was determined by TAPPI T 236. Every result presented is an average of 

at least five cooks per sample at the same kappa number interval. 

3.2.2.6 NIR Modelling 

A NIR model was trained for basic density utilizing the 240 disc basic density (DBD) direct 

measurements, and the corresponding NIR spectra generated by 32 scans averaged to produce a 

single reflectance spectrum for each sample. The equipment used was a “FOSS NIR XDS Rapid 

Content Analyser” measuring reflectance at 660 NIR wavelengths covering the range of 1100 to 

2500 nm. 

A data analysis pipeline, written in R, was used for model development in two separate 

phases: 1) transformations and outlier detection, and 2) model training, cross-validation, and model 

selection (Hodge et al. 2018, Acosta et al. 2020). The first phase of the program applies 

mathematical transformations to NIR spectra to remove the scattering of diffuse reflections 

associated with sample particle size and to improve subsequent regression analyses. Scatter-

correction methods and spectral derivatives were applied to the spectral data. Scatter-correction 

methods included: multiplicative scatter correction (MSC), standard normal variate (SNV) and 
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detrend (DT); spectral derivative methods included second-order polynomial, the second 

derivative of Savitzky-Golay smoothing with two different window sizes of 5 and 7 points (SG5 

and SG7), and combination of transformation by pairs (SNV + SG, MSC + SG and DT + SG). For 

all observations on each spectral database, local outlier factors (LOF) were calculated and used to 

identify outliers based on density and distance (Breunig et al. 2000). Individuals with LOF values 

greater than two were excluded from the analysis. 

The second phase uses the outlier free and transformed databases to develop NIR prediction 

models between spectral data and DBD direct measurements. Partial least squares regression (PLS) 

was implemented in R using the R-package “pls” (Mevik et al. 2018), and model performance was 

evaluated using leave-one-out (LOO) cross-validation. Desirable models are those that: maximize 

the cross-validation coefficient of determination (R2
cv); minimize the standard error of cross-

validation (RMSEPcv); have a small number of latent variables (projection factors). Based on the 

criterion mentioned above, the best model was selected to predict the DBD at each position 

sampled. 

3.2.3 Within-tree Level Analysis 

At the bole positions level, exploratory analysis was performed with the following 

descriptive statistics: the number of observations (N), mean, standard deviation (SD), coefficient 

of variation (CV), and box plots. Within-tree longitudinal variation patterns were estimated with 

simple linear regression models, fitted with the positions as regressors of the wood property along 

the bole. The predictor is the position, numerically expressed as the percentage of commercial 

height, and the response is the trait considered. Thus, the slope shows how the trait is varying for 

every 1% of the commercial height, from base to top. To transform it into an objective statistic, 

we multiplied the slope coefficient by 100 (Slope100) to express the total variation in the 
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regression line, corresponding to the difference of fitted values at 0% and 100% of the commercial 

height. For all traits, the “Slope100” descriptive statistics were calculated with their statistical 

significance obtained via t-tests for the mean, minimum, and maximum. Also, Shapiro-Wilk 

normality tests were performed to determine if the slopes are normally distributed. 

3.2.4 Whole-tree Level Analysis 

For each bole section, determined for the log in between the positions measured, we 

calculated the frustum volume and its mean wood property averaging the lower and upper 

measures weighted by their areas. The whole-tree phenotypes were then estimated as the average 

value of all bole sections weighted by their volumes. Pearson’s correlation (r) of all pairwise 

combinations of variables at the whole-tree level were calculated, and t-tests with n-2 degrees of 

freedom for their significance. 

The precision of reduced sets of sampling positions to predict the whole-tree phenotype – 

referred to as reliability in the remainder of this manuscript – was investigated by comparing 

simple linear regression models with positions taken singly, in pairwise and three-way 

combinations. For pairwise and three-way combinations, the predictor was the mean value of the 

corresponding positions. The reliability was assessed using both the model R2 and the non-

parametric Spearman’s rank correlation coefficient (ρ). The effect of indirect measurements was 

explored considering the NIR DBD predictions at each position. Similarly, as described above for 

the direct measurements of DBD, the reliability and ρ between combinations of positions were 

calculated and compared with the whole-tree value. 

All statistical analyses were done using the R software environment version 3.6.2 (R core 

Team, 2020). 
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3.3 Results 

3.3.1 Within-tree Level Wood Properties 

The average commercial height was 17.88 m, and the volumetric proportions of each bole 

section are presented in Table 3.1 and Figure 3.2. The descriptive statistics at the position level are 

shown in Appendix A4. The box plots express the longitudinal variation at the population level. 

For each trait, the variation was fairly constant across positions, with similar coefficients of 

variation. 

 

Table 3.1. Average tree bole sections volumes and their proportion of the total volume. 

Position Section 
Diameter (cm) 

Length (m) 
Volume 

(m3) 

% Total 

Volume 

Cumulative 

Volume Lower Upper 

0% - 1.3 m 1 20.9 18.2 1.30 0.0396 15.5% 15.5% 

1.3 m - 25% 2 18.2 15.9 3.17 0.0738 28.9% 44.4% 

25% - 50% 3 15.9 13.1 4.47 0.0749 29.4% 73.8% 

50% - 75% 4 13.1 9.9 4.47 0.0474 18.6% 92.4% 

75% - 100% 5 9.9 4.5 4.47 0.0194 7.6% 100% 

 

 

Figure 3.2. Graphical representation of volumetric proportion of the average tree bole sections. 

 

To assess within-tree longitudinal patterns of variation, the positions must be considered 

as a group of measurements taken on the same specimen. The slope of a simple linear regression 

model, fitted with the positions as regressors of the wood property along the bole, reflects the tree’s 

linear longitudinal pattern of variation. The Slope100 descriptive statistics for all traits are 

presented in Table 3.2. For DBD, the average tree showed a decreasing density with -68.2 kg m-3 

difference from bottom to top. All trees showed a decreasing trend for DBD, although at varying 

44.4% 29.4% 18.6% 7.6%

0% 25% 50% 75% 100%
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rates. The trees with the minimum and maximum slope100 values of DBD are presented in Figure 

3.3(a). Similar patterns were found for CBD, LIG, and INS. The screened kraft pulp yield (KPY) 

had slope100 with the opposite pattern, with a mean of 3.25%, varying from -0.22% to 8.06%, 

showing that all trees have an increasing trend with varying positive slope100 values. The traits 

GLU, XYL, MAN, and SOL have positive means, but with slope100 ranging from negative to 

positive values, indicating signal reversions when comparing different trees. The trees with the 

minimum and maximum slope100 values of GLU are presented in Figure 3.3(b). For αCEL, ARA, 

GAL, RHA, and S/G, the signal reversion was also present, but with the average tree showing no 

longitudinal variation with slope100 mean equals zero. For all traits, the Slope100 was normally 

distributed with Shapiro-Wilk’s normality test p-values > 0.05. 

 

Table 3.2. Slope100 descriptive statistics for diameter (DIA), disc basic density (DBD), chips 

basic density (CBD), screened kraft pulp yield (KPY), alpha cellulose (αCEL), glucose (GLU), 

arabinose (ARA), galactose (GAL), rhamnose (RHA), xylose (XYL), mannose (MAN), total 

lignin (LIG), insoluble lignin (INS), acid-soluble lignin (SOL) and syringyl-guaiacyl ratio (S/G). 

Variable N Mean Min Max Range SD Skew Kurtosis SWp 
1 

DIA 40 -14.9* -20.1* -9.7* 10.5 2.5 -0.18 -0.85 0.69 

DBD 40 -68.2*  -133.7* -10.0 ns 123.8 31.5 -0.03 -0.98 0.68 

CBD 40 -59.1* -149.4* 15.7* 165.1 37.1 -0.55 -0.04 0.30 

KPY 40 3.25* -0.22 ns 8.06* 8.28 2.00 0.49 -0.70 0.13 

αCEL 40 0.03 ns -10.83* 9.47* 20.30 3.89 -0.32 0.48 0.47 

GLU 40 1.34* -8.29* 9.33* 17.62 3.47 -0.37 0.20 0.77 

ARA 40 -0.02 ns -0.20* 0.17* 0.37 0.07 -0.23 0.29 0.53 

GAL 40 0.01 ns -0.47* 0.30* 0.77 0.17 -0.73 0.26 0.09 

RHA 40 -0.05* -0.21* 0.19* 0.40 0.08 0.40 0.31 0.75 

XYL 40 1.08* -1.40* 4.19* 5.58 1.40 0.31 -0.37 0.42 

MAN 40 0.55* -0.64* 1.63* 2.27 0.53 0.19 -0.45 0.39 

LIG 40 -3.82* -7.26* 0.70* 7.96 1.83 0.08 -0.52 0.91 

INS 40 -4.20* -8.00* -0.52 ns 7.48 1.84 -0.13 -0.88 0.44 

SOL 40 0.36* -0.29* 1.25* 1.55 0.37 0.44 -0.15 0.41 

S/G 40 0.02 ns -0.27* 0.18* 0.45 0.10 -0.63 0.26 0.19 
1 Shapiro-Wilk normality test p-value, with null hypothesis H0 = data are normally distributed. 

* significant at 0.05; ns not-significant. 
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(a)                                                                        (b) 

Figure 3.3. Longitudinal pattern of variation of the trees with the minimum and maximum 

Slope100 for disc basic density (a) and glucose content (b). 

 

3.3.2 Whole-tree Level Wood Properties 

The whole-tree level statistics for all traits are presented in Table 3.3. For the growth traits, 

the mean total height was 21.3 m, and the mean diameter at breast height was 18.2 cm. The mean 

total tree volume was 0.257 m3. The basic density mean values were 481.7 kg m-3 for disc basic 

density, 467.3 kg m-3 for chips basic density, and 474.8 kg m-3 for composite chips basic density. 

As expected, the range for basic density was wide, of the order of 157.5 kg m-3. The mean screened 

kraft pulp yield was 53.8%, the same value was observed for the composite KPY, both with a 7% 

range. The mean alpha cellulose content was 44.4%, with an 8.4% range. The two major 

carbohydrates were glucose, with mean 50.4% and 5.6% range, and xylose, with mean 13.8% and 

2.4% range. The contents of the minor carbohydrates mannose, galactose, arabinose, and rhamnose 

were 1.31%, 0.62%, 0.26%, and 0.23%, respectively. Mean total lignin was 29.35%, with a range 

of 4.4%, whereas insoluble lignin was 27%, and acid-soluble lignin was 2.35%. The mean lignin 

monomers syringil-guaiacyl ratio was 1.67, with a range of 0.3. 
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Table 3.3. Descriptive statistics of commercial height (HTcom), diameter at breast height (DBH), 

tree volume (VOL), and whole-tree level disc basic density (DBD), chips basic density (CBD), 

composite chips basic density (CBDc), screened kraft pulp yield (KPY), composite screened kraft 

pulp yield (KPYc), alpha cellulose (αCEL), glucose (GLU), arabinose (ARA), galactose (GAL), 

rhamnose (RHA), xylose (XYL), mannose (MAN), total lignin (LIG), insoluble lignin (INS), acid-

soluble lignin (SOL) and syringyl-guaiacyl ratio (S/G). 

Variable Units N Mean SD CV Median Min Max Range SE 

HTcom m 40 21.3 0.9 0.04 21.2 17.4 22.9 5.5 0.14 

DBH cm 40 18.2 2.2 0.12 18.0 13.5 22.5 9.0 0.34 

VOL m3 40 0.257 0.055 0.21 0.250 0.141 0.390 0.249 0.01 

DBD kg m-3 40 481.7 34.4 0.07 485.6 400.9 558.4 157.5 5.44 

CBD kg m-3 40 467.3 31.3 0.07 470.5 392.7 534.3 141.6 4.95 

CBDc kg m-3 37 474.8 31.6 0.07 479.4 398.6 528.6 130.0 5.19 

KPY % 40 53.8 1.6 0.03 54.0 49.7 56.8 7.1 0.25 

KPYc % 39 53.8 1.5 0.03 53.8 49.4 56.4 7.0 0.25 

αCEL % 40 44.4 1.7 0.04 44.3 40.1 48.5 8.4 0.27 

GLU % 40 50.4 1.6 0.03 50.5 47.5 53.1 5.6 0.25 

ARA % 40 0.26 0.06 0.23 0.30 0.10 0.30 0.20 0.01 

GAL % 40 0.62 0.11 0.18 0.60 0.40 0.90 0.50 0.02 

RHA % 40 0.23 0.05 0.24 0.20 0.10 0.30 0.20 0.01 

XYL % 40 13.8 0.5 0.03 13.8 12.6 15.0 2.4 0.08 

MAN % 40 1.31 0.29 0.22 1.30 0.80 2.20 1.40 0.05 

LIG % 40 29.4 1.0 0.03 29.4 27.4 31.8 4.4 0.16 

INS % 40 27.0 1.0 0.04 27.1 25.3 29.4 4.1 0.16 

SOL % 40 2.35 0.18 0.08 2.40 1.90 2.80 0.90 0.03 

S/G ratio 40 1.67 0.08 0.05 1.70 1.50 1.80 0.30 0.01 

 

The Pearson’s correlation matrix is presented in Appendix A5, with elements below 

diagonal corresponding to the correlations at the whole-tree level. For wood density, very high 

positive relationships (> 0.9) were apparent between disc basic density, chips basic density, and 

the composite CBD, indicating that regardless of the measurement method, similar estimates were 

obtained at the whole-tree level. Similarly, the KPY and the KPYc have a 0.93 correlation, 

showing strong evidence that the chips composite may be a resource-wise sampling strategy, 
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especially for expensive phenotyping traits, such as pulp yield. Wood basic density was positively 

correlated with pulp yield, alpha cellulose, arabinose, galactose, and rhamnose; and negatively 

correlated with mannose and soluble lignin. Alpha cellulose content was strongly associated with 

glucose (0.70), and both traits negatively correlated with lignin content (-0.48 and -0.60, 

respectively). Regarding correlations among carbohydrates, arabinose, galactose, and rhamnose 

were positively correlated among themselves. Galactose was related to density, to all other sugars, 

and lignin. Xylose was not associated with any other trait than galactose. 

The correlation between total lignin and insoluble lignin was 97%, demonstrating that the insoluble 

lignin is the major component driving the complete lignin response. Total lignin was negatively 

associated with glucose, alpha cellulose, and pulp yield, showing consistency among the data, with 

the antagonistic relationship expected between lignin and pulp yield-related traits. The lignin 

monomer ratio (syringil-guaiacyl) was significantly correlated only with the carbohydrate 

mannose. 

3.3.2.1 Whole-tree Properties Prediction 

The results of the bole positions reductionist analyses for whole-tree property prediction 

are presented in Table 3.4 for the selected traits KPY, DBD, GLU, XYL, and INS. 

In general, when comparing single positions, samples at breast height and 25% were the 

most reliable to predict the whole-tree value. However, pairwise and three-way combinations of 

positions increased the correlations. For KPY, the position 25% alone showed reliability of 0.94, 

and rank correlations of 0.97 to predict whole-tree values, with marginal gains when adding more 

positions. For DBD, the 1.3 m and 25% alone showed R2 ≈ 0.84, and when their mean value was 

used, it increased to 0.95. For the carbohydrates and insoluble lignin content, single sampling 

positions had less power to predict whole-tree properties. For glucose, 1.3 m was the best single 
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position with R2 = 0.69. When the mean value of 1.3 m and 25% was used, it increased to 0.87, 

with ρ = 0.93. Adding the 50% as a 3rd position practically yielded a perfect correlation with the 

whole-tree value. For xylose, an important component of hemicellulose, a single sampling at 25% 

commercial height could moderately predict whole-tree with R^2 = 0.67. The mean value of 1.3 m 

and 25% was 0.77. Insoluble lignin showed a similar trend, and the 25% position alone had R2 = 

0.76 and ρ = 0.84. For higher precision, the mean value of 1.3 m and 25% could raise the R2  to 

0.89. 

 

Table 3.4. Reliabilities of simple linear regression models with different sets of positions to predict 

whole-tree level properties for screened kraft pulp yield (KPY), disc basic density (DBD), glucose 

(GLU), xylose (XYL) and insoluble lignin (INS). 

Pos. Linear model 
KPY DBD GLU XYL INS 

𝑅2 𝜌 𝑅2 𝜌 𝑅2 𝜌 𝑅2 𝜌 𝑅2 𝜌 

All y ~ 0+1.3+25+50+75+100 1 1 1 1 1 1 1 1 1 1 

A
lo

n
e 

y ~ 0 0.79 0.88 0.67 0.82 0.29 0.56 0.38 0.56 0.56 0.75 

y ~ 1.3   0.84 0.91 0.69 0.86 0.30 0.55 0.62 0.71 

y ~ 25 0.94 0.97 0.85 0.91 0.65 0.80 0.67 0.82 0.76 0.84 

y ~ 50 0.80 0.88 0.79 0.85 0.59 0.75 0.36 0.62 0.54 0.73 

y ~ 75 0.61 0.77 0.76 0.86 0.33 0.53 0.15 0.32 0.40 0.66 

y ~ 100   0.30 0.39       

P
ai

rw
is

e
 

y ~ mean(0 ; 1.3)   0.85 0.92 0.60 0.85 0.48 0.67 0.71 0.81 

y ~ mean(0 ; 25) 0.96 0.97 0.92 0.95 0.68 0.82 0.71 0.81 0.81 0.88 

y ~ mean(0 ; 50) 0.96 0.98 0.85 0.89 0.65 0.81 0.63 0.74 0.80 0.89 

y ~ mean(1.3 ; 25)   0.95 0.97 0.87 0.93 0.77 0.86 0.89 0.93 

y ~ mean(1.3 ; 50)   0.94 0.96 0.90 0.94 0.69 0.84 0.86 0.91 

y ~ mean(25 ; 50) 0.94 0.96 0.94 0.96 0.83 0.88 0.75 0.84 0.83 0.88 

T
h

re
e-

w
ay

 y ~ mean(0 ; 1.3 ; 25)   0.95 0.97 0.80 0.93 0.77 0.87 0.87 0.92 

y ~ mean(0 ; 1.3 ; 50)   0.93 0.96 0.81 0.92 0.74 0.85 0.88 0.92 

y ~ mean(0 ; 25 ; 50) 1.00 1.00 0.96 0.98 0.87 0.93 0.84 0.87 0.91 0.94 

y ~ mean(1.3 ; 25; 50)   0.99 0.99 0.98 0.99 0.96 0.98 0.98 0.98 
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From a practical point of view, the positions that could eventually be sampled in standing 

trees are 0% of HTcom, 1.3 m height (breast height position), and 25% of HTcom, even though 

the sampling at 25% of HTcom may require some additional effort. The reliability comparisons of 

different possible practical sampling strategies with standing trees are presented in Figure 3.4. For 

DBD, the reliability of sampling at breast height position alone was above 0.8 and marginally 

improved with more positions sampled. For the other traits, adding the 25% of HTcom 

significantly improved the correlations, indicating its importance to have higher precision in 

predicting whole-tree properties. With any further positions being considered, no substantial 

improvement was observed. 

 

 

Figure 3.4. Bar plot with reliabilities of different practical standing tree sampling strategies. The 

position presented represents 0% of HTcom, 1.3 m (breast height position), and 25% of HTcom. 

 

3.3.2.2 Whole-tree Properties Prediction with NIR Models 

To examine the effect of indirect NIR measurements on whole-tree property prediction, a 

NIR prediction model was calibrated for disc basic density. The best model proved to be one where 

a Savitzky–Golay mathematical smoothing function was applied with a window size of seven 
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points (SG7) and 12 factors, resulting in a calibration R2
c = 0.82, and the highest leave-one-out 

(LOO) cross-validation R2
cv = 0.75. The root mean standard error of prediction was RMSEPcv = 

22.3. This model was thereafter used for the DBD predictions with results presented at Table 3.5. 

 

Table 3.5. Reliabilities of simple linear regression models with different sets of positions obtained 

by the NIR model (DBDnir) to predict whole-tree level disc basic density. 

Positions Linear model 
DBD DBDNIR RANKINGS 

𝑅2 𝜌 𝑅2 𝜌 DBDWT       DBD1.3      NIR1.3 

All y ~ 0+1.3+25+50+75+100 1 1 0.94 0.95  

A
lo

n
e 

y ~ 0 0.67 0.82 0.52 0.69  

y ~ 1.3 0.84 0.91 0.72 0.80  

y ~ 25 0.85 0.91 0.66 0.82  

y ~ 50 0.79 0.85 0.76 0.86  

y ~ 75 0.76 0.86 0.65 0.77 

 

y ~ 100 0.30 0.39 0.20 0.26  

P
ai

rw
is

e
 

y ~ mean(0 ; 1.3) 0.85 0.92 0.71 0.79  

y ~ mean(0 ; 25) 0.92 0.95 0.73 0.84  

y ~ mean(0 ; 50) 0.85 0.89 0.75 0.83  

y ~ mean(1.3 ; 25) 0.95 0.97 0.83 0.88  

y ~ mean(1.3 ; 50) 0.94 0.96 0.89 0.92  

y ~ mean(25 ; 50) 0.94 0.96 0.84 0.90  

T
h

re
e-

w
ay

 y ~ mean(0 ; 1.3 ; 25) 0.95 0.97 0.81 0.86  

y ~ mean(0 ; 1.3 ; 50) 0.93 0.96 0.82 0.87  

y ~ mean(0 ; 25 ; 50) 0.96 0.98 0.83 0.89  

y ~ mean(1.3 ; 25 ; 50) 0.99 0.99 0.91 0.94  

 

The reliabilities with the NIR predictions were lower than direct measurements, and the 

maximum efficacy obtained with all positions was R2= 0.94. At the breast height position (1.3 m), 

the effect of the indirect measurement on the whole-tree prediction was a 0.12 reduction in the 

reliability and a 0.11 reduction in the Spearman’s rank correlation. With the mean value of pairs 

of positions, the best combination was 1.3 m and 50%, generating an R2= 0.89 and ρ = 0.92, 
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followed by 1.3 m and 25% which resulted in R2 = 0.83 and ρ = 0.88. Reliability and ranking 

correlation above 0.90 were only obtained with the mean value of the three-way combination of 

positions 1.3 m, 25%, and 50%. The rankings obtained at whole-tree level (DBDWT), breast height 

with direct measurements (DBD1.3), and breast height with NIR predictions (NIR1.3) are presented 

in Table 3.5. 

3.4 Discussion 

Despite the extensive use of A. crassicarpa in tropical forestry, information about the 

magnitude and variation of its wood properties and pulping traits is limited. In this study, a 

comprehensive set of wood and pulping properties estimates provided for a thorough investigation 

of a collection of wood properties. We destructively sampled 40 trees at multiple positions to assess 

the longitudinal patterns of variation in traits and to determine whole-tree property estimates. At 

the population level, basic density and lignin content showed a decreasing pattern along the bole 

from bottom to top, in contrast with carbohydrates, pulp yield, and S/G ratio which showed a more 

stable longitudinal pattern. However, at the individual tree level, we verified a range of 

longitudinal patterns following a normal distribution for all traits, estimated by the Slope100 

statistic. For basic density and insoluble lignin, the slope100 varied only with negative values, 

indicating that, at the population mean and for all individual trees, there is a decreasing trend from 

the base to the top of the bole for these traits. This result is consistent with the longitudinal variation 

pattern for basic density reported for A. mangium (Chowdhury 2005) and contrary to Eucalyptus 

nitens (Kube and Raymond 2002), which showed an increasing longitudinal pattern for basic 

density. For kraft screened pulp yield, all individual tree slope100 values were larger than zero, 

indicating a consistent increasing longitudinal pattern. For the carbohydrates and S/G ratio, 
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slope100 varied from negative to positive values, even though the population mean longitudinal 

variation suggests a stable pattern with similar values across positions. 

At the whole tree level, A. crassicarpa can be described as a tree species with medium-

high wood density (DBD = 481 kg m-3), high pulp yield (KPY = 0.538) and medium lignin content 

(LIG = 0.294). The basic density and lignin values found in this study are consistent with the 

results reported for the species by Laurila 1995 and Shukor et al. 1998. When comparing with 

other important acacia species, A. crassicarpa (AC) showed higher basic density than A. mangium 

(AM), similar basic density to A. mangium x A. auriculiformis hybrid (AMxAA), and lower basic 

density than A. auriculiformis (AA) (Moya and Muñoz 2010, Rafeadah and Rahim 2007, Jusoh et 

al. 2014, Yahya et al. 2010); the pulp yield was higher than AM (Griffin at al. 2014); the alpha 

cellulose was similar to AM and AMxAA, and significantly higher than AA (Yahya et al. 2010); 

lignin values were lower than AM, AA, and AMxAA reported by Yahya et al. 2010 , but similar 

to AMxAA reported by Rafaedah et al. 2007. Comparing AC with eucalypts, comparable values 

in lignin and cellulose contents were found for urograndis hybrids at similar age (Nickolas et al. 

2020, Del-Río et al. 2005), and kraft pulp yield in the same ranges reported for E. globulus 

(Borralho et al. 1993, Nickolas et al. 2020, Stackpole et al. 2011, Del-Río et al. 2005) at ages 

ranging from 10-16 years and higher wood density. Regarding the S/G ratio, the low mean with a 

narrow range (1.5 – 1.8) found for AC in our study is somewhat different from typical S/G ranges 

reported for eucalyptus species and hybrids (Del-Río et al. 2005, Ohra-aho et al. 2013, Lima et al. 

2019). 

The phenotypic correlations among wood quality traits found in this study are, in general, 

similar to results reported for other woody species (Nickolas et al. 2020, Stackpole et al. 2011, 

Lima et al. 2019, Li et al. 2020). Kraft pulp yield was correlated with alpha cellulose, glucose, and 
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galactose, and negatively correlated with insoluble lignin. The S/G ratio was only significantly 

correlated with mannose, a minor carbohydrate, indicating that for the AC germplasm studied, S/G 

ratio did not greatly influence the pulp yield or its related traits. Basic density was positively 

correlated with pulp yield, alpha cellulose, arabinose, galactose, rhamnose, and mannose, showing 

its interdependency with cellulose contents in the xylem cell wall. This significant positive basic 

density correlation with pulp yield is not typically seen in eucalypts, with no correlation or lower 

values reported (Nickolas et al. 2020, Stackpole et al. 2011, Lima et al. 2019). 

The reliability to predict the whole-tree property varied for different traits. For kraft pulp 

yield, the single position sampling at 25% was very reliable and should be preferred for direct 

measurement sampling. At the basal positions, less reliable estimates were found, but still with 

high ranking correlations with the whole-tree value. For basic density, sampling at breast height 

was the best single position and could explain 84% of the whole-tree variation, with a 0.91 rank 

correlation. For glucose and insoluble lignin, the two chemical traits with the largest impact on 

pulp yield, the reliability of single positions was lower than for wood density. For xylose, the 

second most abundant hemicellulose component, the single positions reliabilities were even lower. 

These results resemble reports for E. globulus and E. nitens, with reliabilities of breast height 

sampling for basic density of 0.82 and 0.89, respectively, higher than 0.60 found for cellulose 

content (Raymond and Muneri 2001, Kube and Raymond 2002). In hybrid poplars, Schimleck et 

al. 2005 found reliability of 0.65 for increment core cellulose content at breast height. For all traits, 

with two data points collected along the bole, the reliabilities were improved. The line traced with 

two estimates obtained at different positions in the bole allows for a crude sense of the individual 

tree level longitudinal variation pattern, and a more reliable estimate of the whole-tree property 

can be established. Looking for a practical multi-position sampling strategy, we evaluated the 
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reliabilities of mean values of combinations of positions because it allows predicting the whole-

tree value without a statistical model by simply averaging the values obtained at each position 

considered. With the mean of 1.3 m (breast height) and 25%, the reliabilities were significantly 

improved, with ranking correlations above 0.90. The addition of subsequent positions marginally 

increased the statistics. 

Several indirect measurement methods were developed for a range of physical, mechanical, 

and chemical wood properties in a collection of woody species (Schimleck et al. 2019). Regardless 

of the method, its efficiency depends on the correlation between predictions and the actual 

phenotype, typically expressed by the regression model R2. We have chosen NIR models for disc 

basic density to quantify the effect of indirect measurements in whole-tree wood properties 

prediction because we have selected trees to maximize the DBD range, and it has the largest data 

set comprised of 240 direct measurements/NIR spectra data pairs, thus, satisfying two important 

requirements for calibrating good NIR models, sample size and variability for the trait (Meder et 

al. 2010, Schimleck 2008, Downes et al. 1997). Working with AM, Karlinasari et al. 2014 

generated NIR models for α-cellulose and hemicelluloses with good calibration R2 ≈ 0.80, different 

of lignin and extractives content with poor quality and lower R2 of 0.41 and 0.54, respectively. 

Hodge et al. 2018 developed global NIR models for five eucalyptus species and found higher 

cross-validation R2 for lignin-related traits, with lignin, insoluble lignin, and syringyl–guaiacyl 

ratio R2 of 0.95, 0.96, and 0.86, respectively. The global models for sugar content were slightly 

inferior, with R2
cv of 0.74 for glucose, 0.89 for xylose, and from 0.72 to 0.91 for the minor sugars.  

In our study, the selected disc basic density NIR model had calibration R2 of 0.82 and 

cross-validation R2
cv of 0.75, values in the typical range of good NIR models reported for wood 

properties. The predictions with this model slightly reduced the reliability for all sampling 
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positions scenarios. In our disc basic density case, starting with reliable breast height sampling, 

the precision of the indirect measurement did not greatly affect the overall whole-tree estimate. 

From a practical point, with the 0.80 ranking correlation obtained with NIR sampling at breast 

height, tree breeders would still efficiently select the best-ranked genotypes. If the purpose of the 

phenotyping requires even more precise estimates of the individual whole-tree level, then multiple 

positions sampling may be necessary. The mean value of the positions 1.3 m (breast height) and 

25%, still executable in standing trees, could predict the whole-tree value with higher reliability 

and ranking correlation. For a near-perfect prediction, three-position sampling with NIR at 

positions 1.3 m, 25%, and 50% showed reliability and ranking correlation above 0.90, at the 

expense of felling the tree for the measurements. Generally, the overall precision was proportional 

to the product of the reliability of the positions set considered, and the Pearson correlation between 

the NIR prediction and the actual phenotype, i.e., the square root of the indirect method model R2. 

Aiming for high accuracy whole-tree phenotyping, the two statistics must be considered. Sampling 

a tree with a precise indirect method in a single position with low reliability will inaccurately 

predict the whole-tree property; similarly, sampling a tree in a single position with high reliability 

using an imprecise indirect method will also provide inaccurate predictions of the whole-tree 

property. 

3.5 Conclusion 

The wood and pulping properties estimates obtained in the present study, with second-

generation A. crassicarpa trees, show that the species has wood suitable for efficient pulp 

production, with lignin contents, carbohydrates contents, and kraft pulp yields in the range of the 

hardwoods commercially planted around the world. The within-tree longitudinal pattern of 

variation was described as a normally distributed numerical trait – the “Slope100”, and for basic 
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density and insoluble lignin content, showed a consistent decreasing trend from base to top of the 

bole. In contrast, for the carbohydrates, soluble lignin, and S/G ratio, no consistent pattern was 

observed. The reliability of sets of positions taken singly or combined to predict the whole-tree 

phenotype varied along with the different traits, and for pulp yield, basic density, glucose content, 

and lignin content reliable ground-level direct measurement sampling was found, with very high 

ranking correlations. With a NIR prediction model of basic density with observed cross-validation 

R2
cv = 0.75, a 0.12 reduction in the reliability of breast height sampling was verified, but still with 

a 0.80 Spearman ranking correlation, which could efficiently rank the trees for selection in a 

breeding program. Multiple position sampling can be performed together with indirect 

measurements to achieve a near-perfect whole-tree property estimate. A strategy of sampling 

standing trees at breast height and 25% of the commercial height, and using the mean value of 

those positions will be a high degree of accuracy for individual whole-tree level phenotyping. 
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CHAPTER 4 

Genetic Control of Quantitative Traits in an Acacia crassicarpa Multi-Environment 

Progeny Trial  

4.1 Introduction 

Acacia crassicarpa A.Cunn. ex Benth. is an important tree species in Southeast Asia 

(Nambiar and Harwood 2014; Harwood and Nambiar 2014) and a valuable option for tropical 

industrial forestry (Turnbull et al. 1998; Midgley and Turnbull 2003) with plantations supported 

by advancements in silviculture (Mendham and White 2019), genetic improvement (Harwood et 

al. 2015), and molecular biology (Nirsatmanto and Sunarti 2019, McKinnon et al. 2018). The 

species is naturally distributed in tropical North-eastern Australia and New Guinea island, and 

provenance testing of wild collections in the 1990s showed the potential to select for good bole 

form, vigorous growth on poorly drained acidic soils, and resistance to pests and diseases. It is an 

important component of the wood supply of large integrated pulp and paper industries (Nambiar 

et al. 2018). The main breeding objectives are to improve the wood production per area unit and 

the wood quality to optimize the pulping process (Martins et al. 2020). 

A. crassicarpa flowers are hermaphrodites with strictly protogynous flowers. Although 

technically feasible, controlled pollination of acacias is difficult, and the percentage of flowers that 

develop into pods is typically less than 5%. In the breeding program of April Asia, even with 

recommended methods such as “inflorescence pollination” (Griffin et al. 2010), a huge effort is 

required to produce more than a few crosses yearly. Therefore, controlled pollination is not 

practical for advancing breeding populations which require hundreds of crosses for each breeding 

cycle. Breeding populations have been bred by open pollination. Typically, progeny trials are 

established, and family and within-family selections are made to convert them into “seedling seed 



   

85 

 

orchards” (SSO). After thinning and a subsequent general flowering, the open-pollinated seed is 

collected from the best trees of the better-performing families to establish second-generation 

progeny trials. Clonal breeding orchard (CBO) establishment, which brings together elite 

selections captured by marcotting or grafting, is also practiced to increase selection intensity and 

genetic gain over that achievable from SSOs (Harwood et al. 2015).  

In principle, clonal forestry should deliver the greatest genetic gain at any stage of a 

breeding program by deploying both additive and non-additive gain (Zobel 1993). It requires mass-

production of juvenile propagules of selected trees as implemented for Eucalyptus (Rezende et al. 

2014). For A. crassicarpa, vegetative propagation is cost-effective, but is possible only with 

juvenile ortets. With current vegetative propagation techniques, by the time phenotypes can be 

measured for assessment of genetic value, the selected tree can only be propagated by grafting. 

Family forestry can be defined as the commercial deployment of half-sib (open-pollinated) or full-

sib (control-pollinated) family blocks. Family forestry can be done using either seedlings or 

vegetative propagules, such as rooted cuttings. In Indonesia, family forestry using vegetative 

propagules (sometimes called clonal family forestry) has been successfully employed with acacia 

(Wong and Yuliarto 2014). Selected female parents tested using progeny in open-pollination 

families will produce a limited amount of improved seeds in seed orchards. This seed can be sown 

and vegetatively propagated to bulk-up nursery hedges supporting the deployment of cuttings. The 

main limitation of this strategy with open-pollination families is that selection is based only on 

female additive effects. Still, it has been widely used due to the inefficiency of controlled crossing. 

The advantage of full-sib family deployment over open-pollinated family deployment is 

significant. The full parental control and potential capture of gain from specific combining ability 
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can capitalize on the full-sib family genetic value, delivering larger genetic gains and higher 

uniformity (White et al. 2007). 

The successful application of molecular markers to perform parentage analysis using 

different genotyping platforms, statistical methods, and software has been reported for several 

animal and plant species (Jones and Ardren 2003; Jones et al. 2010). For A. crassicarpa, using 

molecular markers to reconstruct pedigrees could be of great value in determining full-sib families 

and managing kinship in breeding populations. With full-sib family models, breeders can better 

model the genetics of complex quantitative traits and their association with phenotypic variation. 

Quantitative genetics researchers are often interested in partitioning observed phenotypic variance 

into causal genetic and environmental components. Typically, this involves the use of linear mixed 

models that can handle unbalanced data and complex experimental designs to deal with a high 

level of field heterogeneity due to differences in soil type, fertility, water holding capacity, etc., 

and a high number of genetic treatments (Isik et al. 2017), common to tree breeding trials with 

large tree plot sizes. 

Considering the biological constraints of the species, the objectives of this study were to 

1) To use pedigree reconstruction to identify full-sib families of A. crassicarpa and establish a 

large full-sib family progeny trial to determine the genetic control of important traits; 2) To 

estimate additive and specific combining ability effects; 3) To determine the genetic correlations 

among important economic traits. 

4.2 Material and Methods 

4.2.1 Germplasm and Field Trials 

The APRIL Asia breeding program in Riau province, Sumatra, Indonesia, collected 

twenty-four open-pollination families from elite clonal seed orchards. The open-pollination 
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families were sown and sampled at the nursery for parentage determination with a proprietary 

panel of 42 SNP markers developed from an internal genome sequencing effort to provide a high-

throughput and cost-effective genotyping platform capable of accurately assigning A. crassicarpa 

genotypes. SNP markers were selected based on minor allele frequency (MAF), broad distribution 

across the genome, including representation of each of the 13 chromosomes, and uniqueness of 

sequence surrounding the SNP. Orion Biosains (Puchong, Malaysia) designed, optimized, and 

performed assays utilizing the LGC Array Tape genotyping platform. 

The paternity was determined by exclusion, calculating the proportion of matching alleles 

between the male candidate and offspring in each open-pollination family with a known female 

genotype. There were 18 genotypes in the elite orchards, all considered candidate male parents. 

The parent-offspring combination with the highest average concordance across markers above 0.8 

was assigned. This way, 93 putative full-sib families were organized in the nursery with varying 

numbers of individuals. The full-sib families with enough seedlings passing the nursery quality 

control were included in genetic trials established on three representative Histosol environments 

(E) in Riau province, Sumatra, Indonesia, being: E1) 80 families in Pelalawan location with hemic 

peat soil; E2) 93 families in Merenti location with sapric peat soil; E3) 69 families in Pelalawan 

with sapric peat soil. The trial design was a resolvable alpha-lattice with five replicates and 8, 11, 

and 9 incomplete blocks within replicate on E1, E2, and E3, respectively. Plots were 16 tree blocks 

composed of four rows and four trees per row, with a spacing of 2 m between trees within a row 

and 3 m between rows. Families were assigned to plots within incomplete blocks following the 

alpha-lattice design generated and optimized by the software CycDesign (Whitaker et al. 2001). 

The phenotypic assessments of diameter at breast height (DBH) measured in centimeters, 

tree height (HT) measured in meters, and the binomial survival scores (SUR) were performed at 
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12, 18, 24, 30, and 36 months of age. A scoring system comprising six levels was used to assess 

tree straightness (STR) at 36 months, with STR=1 representing a very crooked tree and STR=6 

representing a perfectly straight tree. To increase the phenotyping quality, the traits DBH, HT, 

SUR, and STR were independently measured twice at age 36m, and the phenotype was the average 

value of the two assessments. At the same age, resistograph measurements with an IML-RESI 

PD400 device were performed to predict wood basic density (BD), expressed as the dry mass in 

kilograms over wet volume in cubic meters (kg m-3). Individual under-bark tree volume (VOL), 

expressed in m3, was calculated with the DBH and HT measurements. Both basic density and 

individual tree volume predictions were obtained with statistical models developed and validated 

for A. crassicarpa and routinely used by the company. The mean annual increment (MAI), 

measured in cubic meters of wood per hectare per year (m3 ha-1 year-1), was calculated for 

individual trees by adjusting tree volume for the plot mean survival. For each plot, dead trees were 

treated as missing values, and live trees had their volume penalized by the plot’s survival. For 

example, for each live tree in a given plot with survival 0.75, 𝑀𝐴𝐼 =

𝑉𝑜𝑙𝑢𝑚𝑒 ∗ (10,000/𝑠𝑝𝑎𝑐𝑖𝑛𝑔) ∗ 𝑃𝑙𝑜𝑡 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙

𝐴𝑔𝑒
 =  

𝑉𝑜𝑙𝑢𝑚𝑒 ∗ 1666.6 ∗ 0.75

3
. The MAI Ton (MAIT), measured in 

metric tons of wood per hectare per year (ton ha-1 year-1), was calculated as 𝑀𝐴𝐼𝑇 = 𝑀𝐴𝐼 ∗
𝐵𝐷

1000
. 

4.2.2 SNP Genotyping and Parentage Reconstruction 

At 12 months, 16,899 live trees were sampled for DNA extraction and SNP genotyping 

with a mid-density panel of 700 SNP markers. The panel was developed using a multiplexed PCR 

amplicon/sequencing-based approach (AmpSeq). The panel validation consisted of 16 dried leaf 

samples. For each sample, DNA was extracted in three technical replicates performed by Orion 

Genomics (St. Louis, MO) using a proprietary extraction protocol optimized for AmpSeq 

robustness. Each extraction was then genotyped by the AmpSeq method three independent times. 
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Seedlings were sampled from known mothers and assigned to candidate fathers using the 

paternity analysis of the software CERVUS version 3.0.7 (Marshall et al. 1998; Kalinowski et al. 

2007). The company had previously genotyped all its clonal breeding orchards, and a collection of 

800 genotypes determined from this campaign were considered candidate fathers. The simulation 

of paternity analysis, utilized by the software to estimate the resolving power of the markers given 

their allele frequencies and to estimate critical values of the log-likelihood statistics, was 

performed with the following parameters: 10,000 individuals; 800 candidate parents; 0.95 

proportion of sampled parents; 0.01 proportion of mistyped loci; and the option to test for self-

fertilization. All other parameters of the paternity analysis followed the software default. Offspring 

assigned to a candidate father, given the known mother, with a trio confidence level equal to or 

above 99% were considered for downstream analysis. 

4.2.3 Quantitative Genetic Analysis 

Initially, an exploratory analysis was performed for all traits at all ages to assess the 

population’s phenotypic variability. Next, at 36 months, single-environment mixed models (Model 

1) were fit for all traits to assess the genetic variances in each environment separately. 

𝒚𝒊𝒋𝒌 =  𝝁 + 𝑻𝒊 + 𝑭𝒋 + 𝑩(𝑹)𝑘 + 𝒆𝒊𝒋𝒌 (Model 1) 

𝑦𝑖𝑗𝑘 = phenotype measured in the 𝑖𝑡ℎ tree of family 𝑗 in the incomplete block 𝑘 nested within 

replication.  𝑦𝑖𝑗𝑘 ~ 𝑁 [𝐸(𝑦), 𝜎𝑦
2]; 

𝜇 = intercept; 

𝑇𝑖  = random effect of the individual tree. 𝑇𝑖  ~ 𝑁 (0, 𝜎𝑡𝑟𝑒𝑒
2 ). 

𝐹𝑗  = random effect of full-sib family. 𝐹𝑗  ~ 𝑁 (0, 𝜎𝑓𝑎𝑚
2 ). 

𝐵(𝑅)𝑘 = random effect of block 𝑘 nested within replication. 𝐵𝑘 ~ 𝑁 (0, 𝜎𝐵
2). 

𝑒𝑖𝑗𝑘 = residual effect of observation 𝑦𝑖𝑗𝑘 ~ 𝑁 (0, 𝜎𝑒
2). 
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The binary response variable survival was modeled here and in all downstream analyses 

with Generalized Linear Mixed Models (GLMM) with a logit link function, assuming underlying 

residuals to have a standard logistic distribution with variance π2/3 (Rodriguez 2003). The narrow-

sense heritability (ℎ𝑎
2) and the reliability of dominance effects (ℎ𝑑

2) were calculated as: 

ℎ𝑎
2 =

𝜎𝐴
2

𝜎𝑝ℎ𝑒𝑛𝑜𝑡𝑦𝑝𝑖𝑐
2 =

𝜎𝑡𝑟𝑒𝑒
2

𝜎𝑡𝑟𝑒𝑒
2 + 𝜎𝑓𝑎𝑚

2 + 𝜎𝑒
2 (Equation 1) 

ℎ𝑑
2 =

𝜎𝐷
2

𝜎𝑝ℎ𝑒𝑛𝑜𝑡𝑦𝑝𝑖𝑐
2 =

4 ∗ 𝜎𝑓𝑎𝑚
2

𝜎𝑡𝑟𝑒𝑒
2 + 𝜎𝑓𝑎𝑚

2 + 𝜎𝑒
2 (Equation 2) 

The multi-environment trial analysis was performed following model 2. 

𝒚𝒔𝒊𝒋𝒌 =  𝝁 + 𝑬𝒔 + 𝑻𝒊 + 𝑬𝑻𝒔𝒊 + 𝑭𝒋 + 𝑬𝑭𝒔𝒋 + 𝑩(𝑬)𝒔𝒌 + 𝒆𝒔𝒊𝒋𝒌 (Model 2) 

𝑦𝑠𝑖𝑗𝑘 = phenotype measured in the 𝑖𝑡ℎ tree of family 𝑗 in the incomplete block 𝑘 at environment 𝑠. 

𝑦𝑠𝑖𝑗𝑘~ 𝑁 [𝐸(𝑦), 𝜎𝑦
2]; 

𝜇 = intercept; 

𝐸𝑠  = fixed effect of environment 𝑠. 

𝑇𝑖  = random effect of the individual tree. 𝑇𝑖  ~ 𝑁 (0, 𝜎𝑡𝑟𝑒𝑒
2 ). 

𝐸𝑇𝑠𝑖 = random interaction between tree 𝑖 and environment 𝑠. 𝐸𝑇𝑠𝑖 ~ 𝑁 (0, 𝜎𝐸.𝑡𝑟𝑒𝑒
2 );  

𝐹𝑗  = random effect of full-sib family 𝑗. 𝐹𝑗  ~ 𝑁 (0, 𝜎𝑓𝑎𝑚
2 ). 

𝐸𝐹𝑠𝑗  = random interaction between family 𝑗 and environment 𝑠. 𝐸𝐹𝑠𝑗  ~ 𝑁 (0, 𝜎𝐸.𝑓𝑎𝑚
2 );  

𝐵(𝐸)𝑠𝑘 = random effect of block 𝑘 nested within environment 𝑠. 𝐵𝑘 ~ 𝑁 (0, 𝜎𝐵
2). 

𝑒𝑠𝑖𝑗𝑘 = residual effect of observation 𝑦𝑠𝑖𝑗𝑘 ~ 𝑁 (0, 𝜎𝑒
2); 

 

From model 2 variance components, the following genetic parameters were obtained: 

Additive genetic variance: 𝜎𝐴
2 = 𝜎𝑡𝑟𝑒𝑒

2  (Equation  3  ) 

Dominance genetic variance: 𝜎𝐷
2 = 4 ∗ 𝜎𝑓𝑎𝑚

2  (Equation  4  ) 

Additive by environment interaction variance: 𝜎𝐸.𝐴
2 =  𝜎𝐸.𝑡𝑟𝑒𝑒

2  (Equation  5  ) 
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Dominance by environment interaction variance: 𝜎𝐸.𝐷
2 = 4 ∗ 𝜎𝐸.𝑓𝑎𝑚

2  (Equation  6  ) 

Residual variance: 𝜎𝑒
2 (Equation  7  ) 

Individual phenotypic variance: 𝜎𝑃
2 = 𝜎𝐴

2 + 𝜎𝐸.𝐴
2 + 𝜎𝑓𝑎𝑚

2 + 𝜎𝐸.𝑓𝑎𝑚
2 + 𝜎𝑒

2 (Equation  8  ) 

Narrow-sense heritability: ℎ𝑎
2 =

𝜎𝐴
2

𝜎𝑃
2 

(Equation  9  ) 

Reliability of dominance effects: ℎ𝑑
2 =

𝜎𝐷
2

𝜎𝑃
2 

(Equation  10) 

Type B genetic correlation of additive effects: 𝑟𝑏𝐴 =
𝜎𝐴

2

𝜎𝐴
2+𝜎𝐸.𝐴

2  
(Equation  11) 

Type B genetic correlation of dominance effects: 𝑟𝑏𝐷 =
𝜎𝐷

2

𝜎𝐷
2 +𝜎𝐸.𝐷

2  
(Equation  12) 

Next, bivariate mixed models of all 2-way combinations of traits were performed to 

estimate genetic correlations following model 3. The models were fit without the GxE term 

because including genotype-by-environment interaction terms caused singularities in the average 

information matrix. 

𝒚𝒕𝒔𝒊𝒋𝒌 =  𝝁𝒕 + 𝑬𝒕𝒔 + 𝑻𝒕𝒊 + 𝑭𝒕𝒋 + 𝑩(𝑬)𝒕𝒔𝒌 + 𝒆𝒕𝒔𝒊𝒋𝒌 (Model 3) 

𝑦𝑡𝑠𝑖𝑗𝑘 = phenotype of trait 𝑡 measured in the 𝑖𝑡ℎ tree of family 𝑗 in the incomplete block 𝑘 at 

environment 𝑠.  𝑦𝑡𝑠𝑖𝑗𝑘~ 𝑁 [𝐸(𝑦), 𝜎𝑦
2]. 

𝜇𝑡 = intercept for trait 𝑡. 

𝐸𝑡𝑠  = fixed effect of environment 𝑠 for trait 𝑡. 

𝑇𝑡𝑖  = random effect of individual tree 𝑖 for trait 𝑡. 𝑇𝑡𝑖 ~ 𝑁 [0, 𝜎𝐴
2(𝑇)𝑡]. 

𝐹𝑡𝑗  = random effect of full-sib family 𝑗 for trait 𝑡. 𝐹𝑡𝑗  ~ 𝑁 [0, 𝜎𝑓𝑎𝑚
2 (𝑇)𝑡]. 

𝐵(𝐸)𝑡𝑠𝑘 = random effect of block 𝑘 nested within environment 𝑠 for trait 𝑡. 𝐵𝑘 ~ 𝑁 [0, 𝜎𝐵
2(𝑇)𝑡]. 

𝑒𝑡𝑠𝑖𝑗𝑘 = residual effect of observation 𝑦𝑡𝑠𝑖𝑗𝑘 ~ 𝑁 [0, 𝜎𝑒
2(𝑇)𝑡]; 

 

For all random effects, i.e., individual tree effects, family effects, incomplete block effects, 

and the residual, a general unstructured variance-covariance structure (Gilmour et al. 2014) was 

fit for random effect within trait. The genetic correlations between traits was estimated by 
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𝑟𝐺 =
𝜎𝑅12

2

√𝜎𝑅1

2 𝜎𝑅2

2

 
(Equation 13) 

where 𝜎𝑅1

2 is the variance of random genetic effect for trait one, 𝜎𝑅2

2  the variance of random effect 

for trait two, and 𝜎𝑅12

2  is the covariance between traits.  

The variance structure for the individual tree effect for all models is a product of the 

variance component explained by the tree effect and numerator relationship matrix A derived from 

the pedigree. Confidence intervals of estimates presented were calculated as ± 𝑡 𝑆𝐸, with 𝑡 = 1.96 

representing the student-t’ probability for a large number of degrees of freedom at 95% confidence 

level and SE the standard error. All statistical analyses were performed with customized scripts in 

the software R version 4.1.1 (R Core Team 2021) with the package ASReml-R version 4 (Butler 

et al. 2017) to fit mixed models. 

4.3 Results 

4.3.1 Pedigree Reconstruction and Family Structure 

The estimated genotyping reproducibility was above 99% among AmpSeq genotyping 

rounds per DNA extraction (intra-DNA) and independent DNA extractions of the same sample 

(inter-DNA). The overall call rate was 94.8%, and the accuracy of genotype calls was 99.5%. 

The parentage analysis identified 19,344 individuals to 136 breeding parents. Thirty-two 

thousand five hundred seven (32,507) parental assignments were found to be the 18 ESO parents, 

and 2,562 assignments were to 118 external male parents (Figure 4.1). The average number of 

progeny per ESO breeding parent was 1,806, with a minimum of 165 and a maximum of 3612. 

The average for external male parents was 22, with a minimum of one and a maximum of 240. 
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Figure 4.1. Distribution of parental assignments over 136 breeding parents. Elite seed orchard 

(ESO) male parents (blue) account for 93% of parental assignments. External male parents 

(orange) account for 7%. 

 

With a half-diallel structure ignoring selfings and reciprocal crosses, 15,649 full-siblings 

were assigned to 623 full-sib families, with 84% assigned to 105 full-sib families between two of 

the 18 ESO parents, with an average family size of 126 with range 1-857. The remaining 16% 

were assigned to 518 full-sib families between an ESO female and external pollen contamination, 

with an average family size of 4.7 with a range of 1-80 (Figure 4.2). 

 

Figure 4.2. Distribution of 15,649 individuals over 623 full-sib families. Families from elite seed 

orchard (ESO) parents (blue) account for 84% of the individuals. Families with an external male 

parent (orange) account for 16%. 
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4.3.2 Quantitative Genetic Analysis 

The graphical exploratory analysis for growth traits is presented in Figure 4.3. The 

complete exploratory analysis results are presented in Appendix A6. 

 

 

Figure 4.3. Phenotypic exploratory analysis by age and environment for DBH, HT, VOL, SUR, 

and MAI. The line shows the evolution of the phenotypic means over time. 



   

95 

 

The summary of the single-environment individual mixed models (model 1) fitted for all 

traits at 36 months is presented in Table 4.1. 

 

Table 4.1. Variance components for random effects of Model 1 single-environment genetic 

analysis. The narrow-sense heritability (h2
a) and reliability of dominance effects (h2

d) were 

obtained by equations 1 and 2. 

R
a
n

d
o
m

 E
ff

ec
ts

 
 

Env Effect STR SUR HT DBH VOL MAI BD MAIT 

E1  0.01 0.20 0.29 0 0 15.0 115.3 3.4 

E2 Block 0.04 0.10 0.06 0 0 3.6 23.6 0.6 

E3  0 0.07 0.09 0.10 0.02 6.8 33.3 1.2 

E1  0.05 0.34 2.18 2.16 0.85 192.9 667.9 42.4 

E2 Tree 0.37 0.53 1.11 1.61 0.37 90.7 533.4 19.4 

E3  0.04 0.40 1.75 2.43 0.79 168.4 513.8 37.8 

E1  0 0.06 0.22 0.13 0.03 22.0 2.2 4.3 

E2 SCA 0.02 0.08 0.06 0.09 0.02 6.4 19.3 1.2 

E3  0 0.07 0.02 0.10 0.01 13.1 0.0 2.6 

E1  0.22 π2/3 8.92 9.22 2.83 505.8 657.4 110.8 

E2 Residual 0.77 π2/3 4.36 5.74 1.47 311.7 723.8 73.6 

E3  0.25 π2/3 5.52 7.55 2.05 386.8 791.5 88.4 

E1  0.20 0.09 0.19 0.19 0.23 0.27 0.50 0.27 

E2 h2
a 0.32 0.14 0.20 0.22 0.20 0.22 0.42 0.21 

E3  0.13 0.11 0.24 0.24 0.28 0.30 0.39 0.29 

E1  0.02 0.06 0.08 0.05 0.04 0.12 0.01 0.11 

E2 h2
d 0.08 0.08 0.05 0.05 0.04 0.06 0.06 0.05 

E3  0.02 0.07 0.01 0.04 0.02 0.09 0.00 0.08 

 

The magnitude of incomplete block effects compared to genetic and residual effects 

suggests a homogeneous environment. Furthermore, there were no great discrepancies over 

estimates of genetic variance components and parameters, encouraging a joint analysis of the trial 

series. The genetic parameters of the multi-environment trial analysis obtained from model 2 are 

presented in Table 4.2. 
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Table 4.2. Genetic parameters with 95% confidence intervals of the multi-environment analysis 

(Model 2) variance components. 

 STR SUR HT DBH VOL MAI BD MAIT 

𝛔𝐀
𝟐  

0.22  
+-0.09 

0.34  
+-0.12 

1.18  

+-0.60 
2.05 

+-0.98 
0.56 

+-0.26 
103.0 
+-46.1 

585.4 
+-180.3 

23.3 
+-10.7 

𝛔𝐃
𝟐  

0.00  
+-0.02 

0.08  
+-0.13 

0.16  
+-0.21 

0.38 
+-0.26 

0.08  
+-0.06 

26.1 
+-20.8 

16.21 
+-24.73 

5.93 
 +-4.50 

𝛔𝐄.𝐀
𝟐  

0.02 
+-0.01 

0.04  
+-0.05 

0.24 
+-0.18 

0.15 
+-0.13 

0.07  
+-0.05 

15.3 
+-12.6 

17.23 
+-15.61 

3.26 
 +-2.70 

𝛔𝐄.𝐃
𝟐  

0.04 
 +-0.02 

0.19 
 +-0.15 

0.25 
 +-0.25 

0.06 
 +-0.20 

0.02 
 +-0.06 

32.3 
 +-20.6 

13.23 
+-30.04 

5.50 
+-4.18 

𝛔𝐁
𝟐  

0.02 
 +-0.01 

0.13 
 +-0.04 

0.14 
 +-0.05 

0.02 
 +-0.03 

0.01 
 +-0.01 

7.91  
+-3.12 

53.30  
+-15.31 

1.63 
+-0.67 

𝛔𝐞
𝟐 

0.43 
+-0.05 

3.29  
6.19  

+-0.37 
7.21  

+-0.57 
2.05  

+-0.15 
405.8  
+-27.7 

704.4 
 +-100.5 

92.2 
+-6.44 

𝛔𝐏
𝟐 

0.67 
+-0.04 

3.74  
+-0.12 

7.71  
+-0.32 

9.52 
 +-0.48 

2.71  
+-0.13 

538.7 
 +-24.0 

1314.4 
+-86.45 

121.5  
+-5.54 

𝐡𝐀
𝟐  

0.32  
+-0.11 

0.09  
+-0.03 

0.15  
+-0.07 

0.22 
 +-0.09 

0.21  
+-0.09 

0.19 
 +-0.08 

0.45  
+-0.11 

0.19 
+-0.08 

𝐡𝐃
𝟐  

0.01 
 +-0.03 

0.02  
+-0.03 

0.02  
+-0.03 

0.04 
 +-0.03 

0.03 
 +-0.02 

0.05  
+-0.04 

0.01  
+-0.02 

0.05  
+-0.04 

𝐫𝐛𝐀 
0.92 

 +-0.07 
0.88  

+-0.12 
0.83 

 +-0.14 
0.93 

+-0.07 
0.89 

+-0.09 
0.87 

+-0.11 
0.97  

+-0.03 
0.88  

+-0.11 

𝐫𝐛𝐃 
0.10  

+-0.42 
0.31  

+-0.43 
0.40  

+-0.46 
0.86  

+-0.43 
0.82 

 +-0.54 
0.45 

 +-0.29 
0.55 

 +-0.82 
0.52 

 +-0.31 

 

Straightness, survival, tree height, and basic density were genetically controlled by additive 

effects. Their dominance reliabilities’ confidence intervals contained zero exposing the uncertainty 

about significant dominance effects. On the other hand, DBH was predominantly additively 

controlled with smaller but significant dominance in its phenotypic expression. Consequently, 

VOL and MAI showed a similar genetic control with small but significant dominance effects 

driven by DBH, an explanatory variable of VOL and MAI calculations. The additive genetic 

correlations across sites were above 𝑟𝑏𝐴 = 0.83 for all traits. The correlation for dominance effects 

was above 𝑟𝑏𝐷 = 0.82 for DBH and VOL and slightly lower around 𝑟𝑏𝐷 = 0.5, for MAI and MAIT. 
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The trait-trait genetic correlation matrix obtained with model 3 is presented in Figure 4.4. 

 

  
   Additive 

  
  
  
  
  
  
  
  
  
  
  
  
 D

o
m

in
an

ce
 

STR 
-0.22 ns 

+-.29 
0.08 ns 
+-.31 

-0.08 ns 
+-0.29 

-0.04 ns 
+-.029 

-0.04 ns 
+-.029 

-0.09 ns 
+-.024 

-0.03 ns 
+-.29 

0.22 ns 
+-.45 

SUR 
-0.10 ns 

+-.33 
-0.17 ns 

+-.31 
-0.18 ns 

+-.31 
0.74 
+-.14 

-0.10 ns 
+-.27 

0.70 
+-.16 

-0.03 ns 
+-.47 

0.49 
+-.41 

HT 
0.90 
+-.08 

0.95 
+-.04 

0.83 
+-.10 

0.57 
+-.20 

0.88 
+-.08 

0.25 ns 
+-.43 

0.25 ns 
+-.43 

0.64 
+.25 

DBH 
0.99 
+-.02 

0.86 
+-.08 

0.57 
+-.18 

0.88 
+-.08 

0.09 ns 
+-.47 

0.30 ns 
+-.45 

0.85 
+-.14 

0.90 
+-.08 

VOL 
0.88 
+-.06 

0.57 
+-.18 

0.89 
+-.06 

0.06 ns 
+-.41 

0.80 
+-.27 

0.76 
+-.18 

0.51 
+-.25 

0.57 
+-.24 

MAI 
0.39 
+-.22 

0.99 
+-.00 

-0.06 ns 
+-.57 

0.46 ns 
+-.51 

0.24 ns 
+-.51 

0.44 
+-.41 

0.29 ns 
+-.49 

0.15 ns 
+-.45 

BD 
0.51 
+-.20 

0.02 ns 
+-.43 

0.80 
+-.27 

0.74 
+-.20 

0.48 
+-.27 

0.55 
+-.25 

0.99 
+- .00 

0.13 ns 
+-.47 

MAIT 

 

Figure 4.4. Matrix of genetic correlations with 95% confidence intervals. Additive correlations 

are on the upper diagonal, and dominance correlations are on the lower-diagonal cells. 

 

Additive correlations were, in general, more precise than dominance correlations. 

Straightness was not correlated with any other trait. Survival was only correlated with MAI. For 

the growth traits DBH, HT, and VOL, very high positive additive genetic correlations were verified 

among themselves, and they were moderately correlated with BD with a coefficient 𝑟𝐺 = 0.57. For 

the index MAI, high additive correlations were verified with growth traits and survival, even 

though they were not correlated between themselves. 
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4.4 Discussion 

The genotyping validation results were excellent in terms of call rate and accuracy. 

Furthermore, the number of SNP (700) allowed for setting a threshold for parentage assignment at 

a 99% confidence level, providing a high-quality validated pedigree for the genetic analysis. 

Most of the full-sib progeny was derived from elite seed orchard parents, the primary 

founders selected for the breeding population, and the target for backward selection and full-sib 

family deployment. Overall for full-sib families, on the female side, we ensured that all seedlings 

were derived from a single mother correcting for 0.5% maternal pedigree errors found. On the 

male side, it increased the proportion of full siblings between orchard parents to 93%, contrasting 

with the approximate 32% pollen contamination found in the orchard where the original open-

pollination families were harvested (Chapter 2). Even for the 7% seedlings with an external male 

parent, it was ensured that it is a half-sib on the maternal side. This pattern was expected because 

the full-sib families were organized in the nursery to enrich the multi-environment trial plots with 

full siblings. 

The rationale behind the trial design was to assess full siblings in a growing/competitive 

condition similar to commercial plantations, where families are deployed with individuals within 

the family competing with their siblings. The square plot was thought to represent this scenario by 

providing phenotypes that reflect the growth under an intra-family competitive environment. 

Competition effects can influence the phenotypic performance of trees. Even though no studies 

deal with this aspect with A. crassicarpa plantations, their influence on the phenotype was shown 

for a similar industrial forestry model with Eucalyptus (Martins et al. 2014, Rezende et al. 2019). 

 With parentage resolved, we could establish a trial series with a full-sib family structure 

never tested before for the species, with the capability to estimate additive and dominance effects 
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involved in the phenotypic expression of breeding parents, individual trees, and families. At three 

years of age, the exploratory analysis of phenotypes showed rapid and linear volumetric growth in 

contrast to a decrease in survival. However, MAI was not influenced by the drop in survival with 

age development and was stable after 18 months. This pattern suggests that as stocking decreases, 

live trees could compensate for the loss by increasing their volume, exhibiting resilience to sustain 

growth per hectare with an average of 28% stocking loss as verified at three years of age. 

This apparent resilience of A. crassicarpa is more evident in environment 1. The stocking 

loss was the most prominent at this site, with an average survival of 66%. On the other hand, the 

tree volume was larger, resulting in an MAI on the average of the other two sites with higher 

stockings. At three years of age and starting with a planting density of one tree per 6 m2
, MAI is 

stable and hasn’t decreased up to 36 months. 

4.4.1 Quantitative Genetic Analysis 

Single-site quantitative genetic analysis at age three showed adequate phenotypic variation 

levels amenable for selection for all traits. The objective of the single-site analysis was to check 

the data quality and evaluate the variance components before performing a multi-environment trial 

analysis. The results encouraged a joint analysis without larger concerns about the heterogeneity 

of variances. Survival showed a weak genetic signal, with a statistically significant narrow-sense 

heritability of h2
a = 0.09. Basic density was additively controlled with a heritability of h2

a = 0.45. 

Estimates around h2
a = 0.20 were found for growth traits, and for straightness, h2

a = 0.32. The 

MET analysis narrow-sense heritability estimates were typical of tree species planted 

commercially worldwide reported by Hanchor et al. 2016 studying A. crassicarpa at 12-13 years 

and other studies with A. mangium (Hai et al. 2015), loblolly pine (Walker et al. 2021) and 

Eucalyptus (Tan et al. 2017). 
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The reliability of dominance estimates around h2
d

 = 0.04 and 0.05 were significant for DBH 

and MAI, respectively. For these traits, the ratio of  dominance to the total genetic variance (
hd

2

ha
2+hd

2) 

were 0.15 and 0.20, respectively, showing their primarily additive control. Still, dominance can be 

important for family selection. If positive specific combining ability effects are captured into the 

family mean with clonal family forestry or individual clonal selection, yield could increase its 

value beyond the average breeding value of the parents. Similar estimates of the relative 

importance of dominance effects were reported by Gwaze et al. 2002 with linear models for Pinus 

taeda L. However, dominance effects were small compared to hybrid Eucalyptus (Resende et al. 

2017, Tan et al. 2018, Lima et al. 2019), where it has a much larger importance for the phenotypic 

expression of growth traits. To my knowledge, no other studies have estimated dominance effects 

for A. crassicarpa, and a direct comparison was not possible. 

The type B additive genetic correlation (𝑟𝑏𝐴) for all traits was very high, indicating a small 

effect of genotype by environment interaction among the sites studied. In this scenario, selecting 

generally adaptable germplasm with the best overall performance across sites is recommended. 

The bivariate models estimated the genetic correlation between traits without the additive 

and dominance genotype-by-environment interaction terms. Singularities in the average 

information matrix made obtaining a solution to the mixed model equations impossible when these 

terms were included in the model. However, the type B genetic correlation of additive effects was 

high, and the importance of dominance and dominance-by-environment effects was secondary to 

the genetic control for all traits. Thus, the results are valid for examining the genetic correlation 

between traits in the population studied, revealing some interesting patterns from a breeding 

perspective. Straightness was not genetically correlated with other traits and had a high narrow-

sense heritability h2
a = 0.32. There are excellent opportunities for selection and improvement, with 
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straighter trees preventing wood losses during debarking and optimizing harvesting and log 

stacking during wood transportation. Similarly, there was a very low correlation between growth 

traits with survival. As expected, high correlations between growth traits and MAI were verified. 

Basic density was positively correlated with growth traits, with a surprising additive 

genetic correlation of 𝑟𝐺 = 0.57 with HT, DBH, and VOL. This pattern is different from almost 

all reports for other tree species. For the hybrid Eucalyptus grandis x E. urophylla (urograndis), 

no significant genetic correlation between growth and wood density has been found (Lima et al. 

2019). For the hard pines (e.g., Pinus taeda, P. radiata, P.elliottii, P. sylvestris), Zobel and Buitjen 

(1989) have listed 59 references about the relationship between growth rate and wood density. Of 

these, 35 showed no relationship, 9 showed only a small correlation, and 11 showed a negative 

relationship between growth and density. Zobel and Jett (1995) listed 38 more studies and 

separated the effect of growth rate on wood density into four categories: a) Most of the conifers 

with dense wood show little or no meaningful relationship; b) A negative relationship between 

growth and density has been reported in several genera such as spruce (Picea spp.) and fir (Abies 

spp.); c) Contradictory reports on Douglas Fir (Pseudotsuga menziesii); d) Contradictory reports 

about the relationship between growth rate and wood properties in the hardwoods. Usually, the 

diffuse-porous hardwoods (i.e., Populus, Eucalyptus) show little or no relationship (Saranpää 

2003). Further wood technology studies are necessary to help explain the biological reasons for 

the positive correlation reported between density and tree volume. In the current study with A. 

crassicarpa, the positive additive genetic correlation between MAI and density contributed to a 

genetic correlation of 𝑟𝐺 = 0.99 between MAI and MAIton, indicating that wood production on a 

mass basis can be efficiently improved indirectly by selecting for higher growth and survival. 
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4.5 Conclusion 

Parentage analysis using an informative SNP panel was used to reconstruct pedigree and 

allow the use of a full-sib family model to estimate additive and dominance effects and genetic 

correlations across sites and among important traits. The genetic control of all traits assessed in 

this study was primarily additive. In this scenario, the simple recurrent selection is recommended 

as a breeding strategy targeting genetic gains at individual and family levels, with recombination 

of forward selections for generation advancing and backward selection of parental combinations 

of the best full-sib families to produce seed for deployment via family forestry. Small but 

significant dominance effects for DBH and MAI can be explored, looking forward to the positive 

specific combining ability effects and heterosis that can increase the genetic value of families and, 

ultimately, the volume of wood produced. 

The additive Type B genetic correlation across sites was very high for all traits. 

Consequently, the genotype-by-environment interaction will likely have a minor influence on the 

genotypic performance. A single breeding population can be developed with the potential to 

provide genotypes and families with broad adaptation and stability over the environmental range 

represented by the sites studied. 

The pattern of genetic correlations among traits simultaneously favors the genetic progress 

for all traits. Straightness and survival were independent of growth traits, and tree volume was 

correlated with the basic density and mean annual increment. Thus, trees with the highest possible 

volume and straightness scores should be the target for individual tree selection, advancing the 

breeding population and promoting genetic gains simultaneously for all traits.  
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CHAPTER 5 

Applied genomics to overcome biological constraints and elucidate quantitative genetic 

architecture: A case study in Acacia crassicarpa for accelerating gains in wood production 

 

5.1 Introduction 

Tree breeding programs are usually based on recurrent selection methods and individual 

tree selection among and within families for recombination and generation advancement (Zobel 

and Talbert 1984). In principle, at any stage of a breeding program, clonal forestry should deliver 

the greatest genetic gain into commercial production through the capture of both additive and non-

additive gain, potentially including hybrid vigor (Isik et al. 2017, Holland et al. 2003, Wu 2018). 

Clonal forestry requires the ability to mass-produce juvenile propagules of selected trees, as is 

commonly implemented for hybrid Eucalyptus, the world-class benchmark for forest productivity 

(Zobel 1993, Rezende et al. 2014). Hybrid eucalypt breeding programs often adopt recurrent 

selection with multispecies synthetic populations as a breeding strategy (Assis and Resende, 2011), 

as this approach arguably provides cost-effective production of new elite clones and higher speed 

of generation advancement (Kerr et al. 2004). The strategy is based on a relatively small effective 

population size of elite parents crossed in diallel mating designs. Furthermore, it has been shown 

by deterministic simulations (Grattapaglia and Resende, 2011) and empirical reports (Resende et 

al., 2012, Resende et al., 2017) that there is immediate potential for the application of operational 

genomic selection (GS) in the framework of such small, fast-moving specialized breeding 

populations. 

Some tree species, however, present challenges due to reproductive biology and 

amenability of vegetative propagation that can effectively limit cloning capacity and/or the 
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efficiency of controlled pollination. Although technically feasible, controlled pollination of acacias 

is difficult, and the percentage of flowers that develop into pods is typically less than 5%. In the 

breeding program of April Asia, even with recommended methods such as “inflorescence 

pollination” (Griffin et al. 2010), a huge effort is required to produce more than a few crosses per 

year. Therefore, controlled pollination is not practical for advancing breeding populations which 

require hundreds of crosses for each breeding cycle. For acacia, breeding populations have 

typically been developed using open pollination (OP) (Harwood et al. 2015). Vegetative 

propagation is cost-effective but is possible only with juvenile ortets, leading to the employment 

of family forestry in Indonesia (Griffin 2014, Wong and Yuliarto 2014). Due to the inefficiency 

of controlled pollinations, OP seed is collected from selected parent trees based on progeny 

performance. The OP seed is sown and vegetatively propagated to bulk-up nursery hedges 

supporting the deployment of rooted cuttings. The main limitation of this strategy is that selection 

is based only on female additive effects. Developing methods to produce and test full-sib families 

could deliver larger genetic gains and uniformity captured and deployed by full-sib family forestry. 

The advantages of full-sibling genetic models over open-pollinated models are significant (White 

et al. 2007). 

The past decades have seen considerable progress in forest tree genomics research, and 

cost-effective genotyping platforms of single nucleotide polymorphism markers (SNP) are now 

available for many mainstream plantation forest trees (Grattapaglia 2022). A variety of tools and 

methods have been successfully employed in applied forest tree improvement programs (Whetten 

et al. 2023), for example, marker-assisted selection for resistance to fusiform rust disease in 

loblolly pine (Cumbie et al. 2020, Lauer and Isik 2021), genetic quality control of planting stock 

(White et al. 2014), parentage reconstruction (El-Kassaby and Lstibůrek 2009, Klápště et al. 2017) 
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and genomic prediction of genetic values (Lima et al. 2019, Ratcliffe et al. 2017, Durán et al. 

2017, Tan et al. 2017). A valuable use of parentage reconstruction is to allow full pedigree 

determination of open-pollinated seed lots. It may be the only way full parental control can be 

applied to estimate genetic parameters for species where controlled crossing is inefficient or 

impossible. Additionally, mid-density panels utilized for parentage reconstruction can serve as an 

imputation panel allowing large-scale utilization of high-density genotyping with significant cost 

reduction (Whalen et al. 2020). Several published forest tree studies show that utilizing genomic 

information to inform selection decisions in a breeding program matches or surpasses the 

performance of phenotypic selection for growth and wood properties traits (Grattapaglia 2022). 

Genomic selection can increase genetic gain per unit of time, for example, by allowing a very early 

selection of non-phenotyped seedlings in the nursery while simultaneously increasing selection 

intensity (i) and the accuracy of breeding values compared to pedigree models (Muñoz et al. 2014). 

Furthermore, realized relationship matrices constructed from genome-wide SNP markers 

can accurately measure relatedness (Hayes et al. 2009), capturing the deviation from the expected 

value due to the Mendelian sampling of alleles during sexual recombination. Within-family 

genomic selection is feasible, allowing the breeder to explore the genetic variance present within 

a full-sib family ( ½ of additive variance + ¾ of dominance variance) (Falconer and MacKay 1996) 

and deliver additional genetic gains beyond family mean selection (Lynch and Walsh 1998). This 

strategy would be useful with tree species with difficult vegetative propagation, as demonstrated 

for loblolly pine, with accurate within-family genomic selection (Walker et al. 2021). In addition, 

upon the breakthrough development of techniques for mass-scale production of juvenile 

propagules, superior individual genotypes can be sourced with genomic selection, maximizing the 

genetic gain obtained per breeding generation with clonal forestry. 
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The success of a genomic selection program is determined by several factors that can be 

divided into two main groups (Grattapaglia 2017). The first group comprises the four key factors 

from population and quantitative genetics theory that affect the accuracy of genomic prediction: 

(1) the effective size of the population (Ne); (2) the composition and size of the training population; 

(3) the trait heritability; and (4) the genetic architecture of the target trait. The influence of these 

factors on the success of genomic prediction was extensively examined, initially in simulation 

studies (Grattapaglia and Resende 2011) and later empirically, as reviewed by Isik 2022 and 

Lebedev et al. 2020. The level of relatedness between the training population and the candidates 

for selection is the main factor impacting its success. The closer the genetic relationships, the 

higher the predictive ability. The second group of factors deals with aspects that define costs and 

resource allocation in the breeding program, and among these are (1) the quality of the 

phenotyping; (2) multi-environment testing for estimating GxE interaction; and (3) the genotyping 

system, especially regarding data quality and cost (Grattapaglia 2022). 

This study evaluated how genomic solutions can improve selection and increase the genetic 

gains in an A. crassicarpa breeding program. The genotyped population with 9,973 offspring from 

28 breeding parents consists of large families with hundreds of progeny, which makes inferences 

applicable to different selection targets. The study objectives included (1) comparing models with 

and without genomic relationships to evaluate their impact on fit and precision of breeding value 

predictions, (2) quantifying the predictive ability of genomic selection for individual trees, 

breeding parents, families, and progeny within-family with varying levels of relatedness between 

the training and validation populations, and (3) determining the response to within-family genomic 

selection and quantify potential additional gains that can be captured and deployed via family 

forestry. 
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5.2 Material and Methods 

5.2.1 Germplasm and Phenotyping 

The APRIL Asia breeding program collected twenty-four open-pollinated families from 

elite clonal seed orchards. Eighty-four thousand seedlings from the open-pollinated families were 

initially sampled at the nursery for paternal determination with a low-density panel of 42 SNP 

markers. The paternity was determined by exclusion, calculating the proportion of matching alleles 

between the male candidate and offspring in each open-pollinated family derived from a known 

female genotype. There were 18 genotypes in the orchard, all considered candidate male parents. 

The parent-offspring combination with the highest average concordance across SNP above 0.8 was 

assigned. Nineteen thousand three hundred sixty siblings were organized into full-sib families in 

the nursery with varying numbers of individuals per family. 

The full-sib families with enough seedlings passing the nursery quality control were 

included in genetic trials established on three representative Histosol environments (E) in Riau 

province, Sumatra, Indonesia, being E1) 80 families in Pelalawan location with hemic peat soil; 

E2) 93 families in Merenti location with sapric peat soil; E3) 69 families in Pelalawan with sapric 

peat soil. The trial design was a resolvable alpha-lattice with five replicates and 8, 11, and 9 

incomplete blocks within replicate on E1, E2, and E3, respectively. Plots were 16 tree blocks 

composed of four rows and four trees per row, with a spacing of 2 m between trees within a row 

and 3 m between rows. Families were assigned to incomplete blocks following the alpha-lattice 

design generated and optimized by the software CycDesign (Whitaker et al. 2001). 

At 36 months of age, phenotypes were measured: diameter at breast height (DBH), in 

centimeters; tree height (HT), in meters; and straightness (STR), with a scoring system comprising 

six levels with STR=1 representing a very crooked tree and STR=6 representing a perfectly straight 
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tree. These traits were independently measured twice to improve the phenotyping quality, and the 

final phenotypic value was the average of the two assessments. At the same age, resistograph 

measurements with an IML-RESI PD400 device were performed to predict wood basic density 

(BD), expressed as the dry mass in kilograms over wet volume in cubic meters (kg m-3). Individual 

under-bark tree volume (VOL), expressed in dm3, was calculated with the DBH and HT 

measurements. Both wood basic density and individual tree volume predictions were obtained with 

statistical models developed and validated for A. crassicarpa and routinely used by the company. 

5.2.2 SNP genotyping 

A custom SNP microarray was designed by Orion Genomics (St. Louis, MO, USA) for the 

proprietary A. crassicarpa genome utilizing the Thermo Fisher (Affymetrix) Axiom myDesign 

GW platform. A set of 610,000 markers was selected for high performance on the Axiom platform. 

SNPs were prioritized based on the uniqueness of the surrounding sequence, even physical 

distribution across the genome, and minor allele frequency (MAF). 

All 16,899 live trees in the three field trials at age 12 months were sampled for DNA 

extraction and SNP genotyping with a panel of 700 SNP markers. The set of markers is a subset 

of the HD panel. The mid-density panel was developed by Orion Genomics using a multiplexed 

PCR amplicon/sequencing-based approach. 

The low-density panel with 42 SNP markers was developed to provide a high-throughput 

and cost-effective genotyping platform capable of accurately assigning A. crassicarpa genotypes. 

SNP markers were selected based on minor allele frequency (MAF) and broad distribution across 

the genome. Orion Biosains (Puchong, Malaysia) designed, optimized, and performed assays 

utilizing the LGC Array Tape genotyping platform. 
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5.2.3 SNP imputation 

The parentage of trial-established trees was validated with mid-density genotyping. 

Seedlings were sampled from known mothers and assigned to candidate fathers using the paternity 

analysis of the software CERVUS version 3.0.7 (Marshall et al. 1998; Kalinowski et al. 2007). 

The company has previously genotyped all its clonal breeding orchards, and a collection of 800 

genotypes determined from this campaign were considered candidate fathers. The simulation of 

paternity analysis, utilized by the software to estimate the resolving power of the markers given 

their allele frequencies and to estimate critical values of the log-likelihood statistics, was 

performed with the following parameters: 10,000 individuals; 800 candidate parents; 0.95 

proportion of sampled parents; 0.01 proportion of mistyped loci; and the option to test for self-

fertilization. All other parameters of the paternity analysis followed the software default. Offspring 

assigned to a candidate father, given the known mother, with a trio confidence level equal to or 

above 99% were considered for downstream analysis. 

With the pedigree update, breeding parents were ranked by their number of offspring, and 

28 parents along with 328 progeny were selected for HD genotyping with the axiom array. The 

parents were genotyped in duplicate and had at least seven progeny with HD data. An analysis 

pipeline was developed by Orion Genomics to systematically test parental phasing and imputation 

of 267,000 high-performing SNP markers for a selection of 9,973 individuals derived from the 28 

breeding parents and previously genotyped with the mid-density panel. The pipeline consists of a 

set of interlinked R (R Core Team 2021) scripts for pre-processing and conversion of data and 

parsing these to the software packages AlphaSimR (Gaynor et al. 2020), AlphaPhase (Hickey et 

al. 2011), AlphaImpute 2 (Whalen and Hickey 2020) and AlphaFamImpute (Whalen et al. 2020). 
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After these programs completed the main analysis, additional pipeline scripts evaluated and 

summarized results. 

5.2.4 Construction of the genomic relationship matrix 

Initially, out of the 267,000 imputed SNP, redundant markers with a correlation r = 1 were 

removed, resulting in 152,892 non-redundant SNP markers. A realized genomic relationship 

matrix (G) was generated with the method proposed by VanRaden (2008) that is scaled to the 

numerator relationship matrix A, according to equation 1. 

𝐺 =
(𝑀 − 𝑃)(𝑀 − 𝑃)′

2 ∑ 𝑝𝑖(1 − 𝑝𝑖)
 (Equation 1) 

M is a matrix of individuals by SNP markers, and P is a matrix that contains twice the MAF 

for each locus. Dimensions of M and P are 10,001 by 152,892. The G matrix was aligned based 

on information on the expected relationships in the numerator relationship matrix (A) obtained 

from the validated pedigree. The G matrix generation and alignment were performed in R with the 

package ASRgenomics (Gezan et al. 2022). 

5.2.5 Linear Mixed Models 

For the genomic analysis, phenotypes were adjusted for environment and blocks with 

solutions obtained with Model 1. 

𝒚𝒔𝒊𝒋 =  𝝁 + 𝑬𝒔 + 𝑻𝒊 + 𝑩(𝑬)𝒋 + 𝒆𝒔𝒊𝒋 (Model 1) 

where  𝑦𝑠𝑖𝑗 = phenotype measured in the 𝑖𝑡ℎ tree in the incomplete block 𝑗 at environment 𝑠.  

                       𝑦𝑠𝑖𝑗  ~ 𝑁 [𝐸(𝑦), 𝜎𝑦
2]; 

𝜇 = intercept; 

𝐸𝑠  = fixed effect of environment 𝑠. 

𝑇𝑖  = random effect of individual tree 𝑖. 𝑇𝑖 ~ 𝑁 (0, 𝜎𝑡𝑟𝑒𝑒
2 ). 

𝐵(𝐸)𝑗 = random effect of incomplete block 𝑗 nested in environment 𝑠. 𝐵𝑗 ~ 𝑁 (0, 𝜎𝐵
2). 

𝑒𝑠𝑖𝑗 = residual effect of observation 𝑦𝑠𝑖𝑗. 𝑒𝑠𝑖𝑗 ~ 𝑁 (0, 𝜎𝑒
2). 
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The adjusted phenotypes (𝒚𝒊
∗), corrected for fixed effect of environment and random effect 

of block were obtained following 𝒚𝒊
∗ = 𝝁 + �̂�𝒊 + �̂�𝒔𝒊𝒋. With that, linear mixed models with 

different variance-covariance structures for individual trees were fitted. Model 2 (A-BLUP) had a 

numerator relationship matrix A, constructed with the SNP-validated pedigree to model the genetic 

variance and covariance among individual trees. 

𝒚𝒊
∗ =  𝝁 + 𝑻𝒊 + 𝒆𝒊 (Model 2) 

where          𝑦𝑖
∗ = adjusted phenotype measured in the 𝑖𝑡ℎ tree. 𝑦𝑖 ~ 𝑁 [𝐸(𝑦), 𝜎𝑦

2]; 

𝜇 = intercept; 

𝑇𝑖  = random effect of individual tree 𝑖. 𝑇𝑖 ~ 𝑁 (0, 𝜎𝑡𝑟𝑒𝑒
2 ). 

𝑒𝑖 = residual effect of observation 𝑦𝑖
∗. 𝑒𝑖 ~ 𝑁 (0, 𝜎𝑒

2). 

Model 3 (G-BLUP model) is an alternative to model 2, with the same specification but 

employing the realized genomic relationship matrix G to model individual covariances and the 

genetic variance. 

Genetic parameters were calculated from variance components estimated by restricted 

maximum likelihood (REML), and BLUP of genetic entries were obtained with R utilizing the 

package “ASReml-R 4” (Butler et al. 2017). The narrow-sense heritability (ℎ𝑎
2) of model 2 and the 

genomic heritability (ℎ𝐺
2) of model 3 were calculated following ℎ2 =

𝜎𝑡𝑟𝑒𝑒
2

𝜎𝑡𝑟𝑒𝑒
2 +𝜎𝑒

2. BLUP's accuracy (𝑟), 

which estimates the correlation between true and predicted genetic value, has been recommended 

as an appropriate measure to compare A-BLUP and G-BLUP models (Putz et al. 2018). It was 

calculated using the prediction error variance (PEV) and the genetic variance component from the 

model (Gilmour et al. 2014) according to equation 2. 

𝑟 = √1 −
𝑃𝐸𝑉

(1 + 𝐹)𝜎𝑡𝑟𝑒𝑒
2 = √1 −

𝑃𝐸𝑉

𝜎𝑡𝑟𝑒𝑒
2  (Equation 2) 

where F is the coefficient of inbreeding, assumed to be 0 for all individuals in this study. 
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5.2.6 Genomic Prediction Validation 

A leave-one-environment-out validation scheme was performed with varying model 

training and validation set composition. There were three trials in this study. So, there were three 

independent combinations of trials to train a model with two of them and validate with the third 

independent trial. In each scenario, phenotypes of one environment were masked, and genomic 

estimated breeding values (GEBV) were predicted with a G-BLUP model that still contained all 

individuals in the G matrix. 

The predictive ability (PA) was calculated as the Pearson correlation between the GEBV 

of the masked individuals in each scenario and their corresponding BLUP obtained with Model 3, 

fitted with all phenotypes. Predictive abilities were obtained for three different selection targets in 

each validation scenario: (1) for individual tree selection, calculating a single PAind by the 

correlation between the vector of GEBV and model 3 BLUP for all individuals; (2) for family 

mean selection, calculating a single PAfam by the correlation between the vector of family mean 

predictions (
𝐵𝑉𝑃1+𝐵𝑉𝑃2

2
) obtained with parental GEBV and BLUP from model 3; (3) for individual 

selection within family, calculating a PAw.fam for each family in the testing set of each scenario 

by the correlation of the vectors of GEBV and model 3 BLUP for the individuals within each 

family separately. 

5.2.7 Within-family genomic selection performance 

The predicted response to within-family genomic selection (𝑅𝐺𝑆𝑤) was evaluated for the 

top five ranked families with at least 40 individuals for the trait volume (VOL) in each validation 

scenario, according to equation 3. 

𝑅𝐺𝑆𝑤(%) = (
𝐺𝐸𝐵𝑉̅̅ ̅̅ ̅̅ ̅̅

10% − 𝐺𝐸𝐵𝑉̅̅ ̅̅ ̅̅ ̅̅

𝐺𝐸𝐵𝑉̅̅ ̅̅ ̅̅ ̅̅
) 𝑥 0.833 𝑥 100 (Equation 3) 
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where 𝐺𝐸𝐵𝑉̅̅ ̅̅ ̅̅ ̅̅
10% is the average GEBV of the top 10% of progeny selected within a family, and 

𝐺𝐸𝐵𝑉̅̅ ̅̅ ̅̅ ̅̅  is the average GEBV of the whole family. 𝑅𝐺𝑆𝑤 is equivalent to response to selection as 

defined in Bernardo (2020) because the GEBV predicts the genetic gain due to the shrinkage 

properties of the REML/BLUP methodology. 

Within-family genomic selection can be practiced in A. crassicarpa at the seedling stage 

with leaf sampling followed by DNA extraction, SNP genotyping, GEBV predictions, and bulk-

up of selected individuals to achieve nursery requirements for deployment at scale. This process 

could take a year longer than setting nursery hedges directly from seedlings without using genomic 

selection. To account for this extra time, we adjusted 𝑅𝐺𝑆𝑤 by a factor of 0.833, which corresponds 

to the ratio between a breeding cycle of 5 years with the additional year, i.e., 5/6 = 0.833. 

5.3 Results 

5.3.1 Population structure 

With imputed high-density genotyping and parentage reconstruction, the family structure 

in the population was updated. Including a larger set of known candidate male parents resulted in 

the assignment of small full-sib families of female orchard trees with pollen contaminants. The 

overall number of families increased. The validated family connectivity across the three test 

environments is presented in Figure 5.1. The diallel crossing matrix is presented in Appendix A7. 

There were 16 orchard parents in the population. In addition, there were 12 external genotypes that 

contributed as pollen contaminants had sufficient offspring that allowed parental phasing and 

imputation and were included in the genomic studies. 
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Figure 5.1. Venn diagram showing the family connectivity between environments (E). 

 

5.3.2 Genomic data  

The graphical representation of the realized relationship matrix G is presented in Figure 

5.2. The diallel with 9,973 progeny trees derived from 28 breeding parents comprises large full-

sib and half-sib blocks, with several breeding parents with over a thousand individual progeny. 

 

Figure 5.2. G-matrix heatmap. Off-diagonal values show full-sib blocks in dark orange along the 

diagonal and larger half-sib blocks in lighter orange spread across the matrix. 
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As expected, realized relationship coefficients exposed the deviation from expected values 

between unrelated (0), half-sibs (0.25), full-sibs (0.5), and selfings (1.0) due to mendelian sampling 

of alleles. The 10,001 diagonal values were centered at 1.0 with a range of 0.88-1.23, with low 

levels of inbreeding corroborating an outcrossed segregation pattern in the population (Figure 5.3). 

 

Figure 5.3. Distribution of the diagonal coefficients of the G matrix. 

 

The distribution of the 50,005,000 off-diagonal elements shows the relationships among 

individuals with peaks in the expected values of unrelated, half-sibs, and full-sibs (Figure 5.4). 

 

  

Figure 5.4. Distribution of the off-diagonal coefficients of the G matrix. 
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5.3.3 Genomic model performance 

The performances of the mixed models are presented in table 5.1. There was considerable 

phenotypic variation for tree volume, with a coefficient of variation (CV) of 0.49. Smaller 

phenotypic variations were seen for basic density and straightness, with a CV of 0.08 and 0.25, 

respectively. The G-BLUP model outperformed the A-BLUP model for all traits, with heritability 

estimates with smaller standard deviations and significantly higher prediction accuracy (𝑟) of 

individual trees across traits. 

 

Table 5.1. Models’ performance for VOL, BD, and STR. Estimated variances (σ2) and heritability 

(h2) are presented with their standard deviation. Accuracy (𝑟) of predictions is presented with its 

mean and range. 

Attribute VOL BD STR 

Phenotype (y*)    

     Mean 105.6 421.6 3.11 

     Standard deviation 51.6 35.2 0.76 

     Coefficient of variation 0.49 0.08 0.25 

    

A-BLUP    

     σ2
tree 585.6 ± 180.6 613.6 ± 178.7 0.155 ± 0.049 

     σ2
e 2056. ± 96.41 681.2 ± 90.53 0.471 ± 0.026 

     h2
a 0.222 ± 0.061 0.474 ± 0.105 0.248 ± 0.068 

     Parental 𝑟 0.92 (0.77-0.98) 0.95 (0.88-0.98) 0.92 (0.78-0.98) 

     Individual 𝑟 0.72 (0.68-0.72) 0.78 (0.65-0.79) 0.72 (0.62-0.78) 

    

G-BLUP    

     σ2
tree 763.9 ± 66.41 334.0 ± 28.47 0.102 ± 0.011 

     σ2
e 1996. ± 29.94 843.2 ± 12.77 0.502 ± 0.007 

     h2
G 0.277 ± 0.018 0.284 ± 0.018 0.169 ± 0.016 

     Parental 𝑟 0.90 (0.78-0.95) 0.91 (0.78-0.95) 0.87 (0.68-0.95) 

     Individual 𝑟 0.88 (0.77-0.92) 0.89 (0.78-0.93) 0.85 (0.71-0.91) 
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Not surprisingly, the most successful reproductive breeding parents are orchard parents, 

not pollen contaminants. Orchard parents had many individuals in the progeny trial driving their 

prediction accuracy with the G-BLUP model above 0.9 (Figure 5.5). 

 

 Figure 5.5. BLUP accuracies of the 28 breeding parents for individual tree volume (VOL), wood 

basic density (BD), and straightness (STR). Orchard parents are presented in full circles, and 

pollen-contaminant parents in empty circles. 

 

Regarding individual trees, the average accuracy of additive values obtained with the A-

BLUP model was around 0.7. With the G-BLUP model, higher accuracies were found, with an 

increase of almost 0.2, resulting in an average of around 0.9. The better modeling of genetic 

relationships among individuals improved individual accuracies to a level as precise as found for 

parental genotypes (Figure 5.6). 
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Figure 5.6. Distributions of prediction accuracy (𝑟) of individual and parental trees with the A-

BLUP and G-BLUP models for VOL, BD, and STR. The y-axis (frequency of individuals) was 

omitted. 

 

5.3.4 Genomic selection validation 

The results of genomic selection validation are presented in table 5.2.  
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Table 5.2. Predictive abilities (PA) of validation scenarios for VOL, BD, and STR. Variance (σ2) 

and heritability (h2) estimates are presented with their standard deviation. 

Validation scenario VOL BD STR 

Environment 1 out    

     σ2
tree 592.0 ± 59.80 296.5 ± 29.61 0.128 ± 0.015 

     σ2
e 1707. ± 31.01 862.16 ± 15.84 0.618 ± 0.011 

     h2
G 0.258 ± 0.020 0.256 ± 0.020 0.172 ± 0.018 

     PAind 0.953 0.972 0.978 

     PA𝑓𝑎𝑚 0.961 0.980 0.981 

     PA̅̅̅̅
𝑤.𝑓𝑎𝑚 0.851 0.863 0.910 

    

Environment 2 out    

     σ2
tree 984.7 ± 99.85 360.1 ± 35.64 0.045 ± 0.006 

     σ2
e 2322. ± 46.09 838.1 ± 16.63 0.248 ± 0.005 

     h2
G 0.298 ± 0.022 0.301 ± 0.022 0.153 ± 0.018 

     PAind 0.966 0.971 0.836 

     PA𝑓𝑎𝑚 0.968 0.991 0.911 

     PA̅̅̅̅
𝑤.𝑓𝑎𝑚 0.883 0.847 0.690 

    

Environment 3 out    

     σ2
tree 713.2 ± 70.03 343.6 ± 32.29 0.137 ± 0.016 

     σ2
e 1983. ± 35.95 825.3 ± 15.19 0.592 ± 0.011 

     h2
G 0.265 ± 0.020 0.294 ± 0.021 0.188 ± 0.018 

     PAind 0.971 0.981 0.964 

     PA𝑓𝑎𝑚 0.991 0.996 0.992 

     PA̅̅̅̅
𝑤.𝑓𝑎𝑚 0.920 0.890 0.907 

    

Average PAind 0.964 0.975 0.919 

Average PA𝑓𝑎𝑚 0.973 0.989 0.961 

Average PA̅̅̅̅
𝑤.𝑓𝑎𝑚 0.885 0.867 0.836 

 

The rationale behind the leave-one-site-out validation was that by masking an entire trial, 

we would simulate the prediction of an independent testing set, with phenotypes reflecting the 

performance of trees grown in a different environment than the training population. The results 

show high, consistent PA across scenarios above 0.90 for individuals and family means. 

The distributions of within-family predictive abilities (PA𝑤.𝑓𝑎𝑚) in each scenario for the 

trait VOL are presented in Figure 5.7. High predictive abilities for full-sib families of orchard 
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parents were verified, even for small families, regardless of presence or absence in the training 

population. Conversely, small families of male parents with low accuracy (contaminants) exhibited 

lower PA𝑤.𝑓𝑎𝑚. 

Figure 5.7. Distribution of PA𝑤.𝑓𝑎𝑚 over family size for the trait VOL. Full-sib families of orchard 

parents are presented in full circles and external male parents in empty circles. Families present in 

both training/validation are colored in blue, and those only present in the validation set in orange. 
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5.3.5 Predicted response to genomic selection 

Even though the construction of indices for the optimal selection of multiple traits at once 

is a relevant aspect of a breeding strategy for wood production (White and Hodge 1989), it is not 

in the scope of this study. The focus here is on the results of individual selection on tree volume. 

The response to within-family genomic selection (𝑅𝐺𝑆𝑤) for volume is presented in Table 5.3, 

with the indirect responses on BD and STR also present. 

 

Table 5.3. Predicted response to genomic selection within family (𝑅𝐺𝑆𝑤) for tree volume (VOL) 

for the five top-ranked families in each validation scenario. The indirect responses to the volume 

selection on basic density (BD) and straightness (STR) are also presented. 

Validation 

Scenario 

Family 

Rank 
Family Size 

VOL   BD   STR 

GEBV GEBV10% RGSw   RGSw   RGSw 

E1 

1 42 140.1 160.6 12.2%   1.0%   0.8% 

2 45 135.4 162.2 16.5%   3.3%   4.1% 

3 60 135.1 159.6 15.1%   2.3%   -2.3% 

4 55 130.4 160.0 18.9%   2.0%   -0.8% 

5 68 129.7 157.3 17.7%   1.7%   3.4% 

Mean   54 134.1 159.9 16.1%   2.1%   1.0% 

E2 

1 69 145.1 171.1 14.9%   2.3%   0.8% 

2 82 140.0 175.3 21.0%   1.6%   -1.6% 

3 68 139.8 176.5 21.9%   2.5%   1.6% 

4 63 136.8 167.9 18.9%   3.3%   1.9% 

5 74 136.3 172.5 22.1%   3.1%   1.4% 

Mean   71 139.6 172.7 19.8%   2.5%   0.8% 

E3 

1 73 141.4 171.9 18.0%   3.5%   0.6% 

2 65 135.8 168.7 20.2%   2.5%   -2.0% 

3 54 132.3 160.8 18.0%   3.3%   -2.2% 

4 77 130.3 160.7 19.4%   2.0%   1.5% 

5 57 120.3 147.9 19.1%   2.4%   -0.3% 

Mean   65 132.0 162.0 18.9%   2.7%   -0.5% 

Grand Mean   63 135.3 164.9 18.3%   2.4%   0.5% 
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Within-family genomic selection, practiced with an intensity of 10%, delivered additional 

gains of 18.3% for volume, on average. Consistent positive gains were verified in all validation 

scenarios. The family with the lowest additional gain was the top family in scenario 1, with an 

𝑅𝐺𝑆𝑤 = 12.2%. Conversely, the family with the highest additional gain was the fifth-ranked family 

in scenario 2, with a 𝑅𝐺𝑆𝑤 = 22.1%. Basic density responded positively and consistently to the 

selection for volume in all scenarios, with an average gain of 2.4%. Straightness was independent 

of the selection for volume, with varying small positive and negative gains across families and 

validation scenarios, with an average 0.5% gain. 

5.4 Discussion 

This study assessed the potential of genomic resources to improve progeny testing and 

selection in a population of A. crassicarpa tested in a multi-environmental trial. Like several 

Acacia sp., it is insect-pollinated, with reproductive biology that makes controlled crossing 

difficult. Breeding was based on testing open-pollinated families to identify seed parents with 

desirable progeny phenotypes. Vegetative propagation is cost-effective but is possible only with 

juvenile ortets. The deployment region consists of hundreds of thousands of hectares of relatively 

uniform climate and soil conditions, so the ability to identify elite germplasm during the juvenile 

stage would allow the deployment over large areas. Identifying parents of progeny in open-

pollinated families would permit the establishment of full-sibling genetic trials to estimate additive 

and non-additive effects and specific and general combining abilities. Given these advantages, the 

strategic use of genomic tools for marker discovery can push forward breeding efforts accelerating 

genetic gains in wood productivity. 

The first step in this process was to develop a proprietary chromosome-scale genome 

assembly, followed by a diversity survey to identify SNP variants and estimate allele frequencies 
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(results not shown). Following that, three genotyping panels were synthesized. A high-throughput 

and cost-effective low-density genotyping platform, capable of accurately determining A. 

crassicarpa genotypes and with the capability of paternity assignments; a mid-density panel for 

imputation and full parentage reconstruction; and a higher-density panel containing hundreds of 

thousands of SNPs for constructing high-resolution genetic maps and realized genomic 

relationship matrices. 

An elite seed orchard with 18 high-ranked genotypes provided a large set of open-

pollinated families from where a population of 84,315 seedlings was genotyped with the low-

density SNP panel in the nursery. It allowed paternity assignments for about two-thirds of the 

progeny and identified 93 putative full-sib families with enough size to establish a multi-

environmental replicated field trial. This number of crosses is more than half of the combinations 

possible in a half-diallel mating design. The diallel was obtained in one year, including flowering, 

open-pollination, pod harvesting, seed processing and germination, leaf sampling, parentage 

determination, full-sib family reconstruction and trial establishment. Using molecular markers 

allowed trial testing of a large collection of full-sib families for the first time for the species. 

All progeny established in the trials were further genotyped with the mid-density panel for 

imputation of the high-density genotypes, allowing the construction of realized relationship 

matrices. The superiority of genomic-based models over pedigree-based models has been reported 

for growth traits in several tree species. The first advantage of molecular markers is to allow full-

parental control revealing paternal coancestry in open-pollinated populations. Its direct impact on 

the model fit was reported for growth traits in white spruce and eucalypts studies with open-

pollinated populations (Ratcliffe et al. 2017, Klápště et al. 2018). Another aspect that contributed 

to better model fit when using genomic relationships over pedigree-based relationships was the 
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inclusion of non-additive effects. Genomic models accounting for dominance effects performed 

better for growth traits in scots pine (Calleja-Rodriguez et al. 2020), loblolly pine (Walker et al. 

2021), and hybrid eucalypts (Tan et al. 2018). In this study, however, the pedigree was validated 

with a mid-density panel setting an elevated threshold of 99% confidence for paternity assignment, 

leaving little room for improvements in model fit by revealing hidden relationships in the open-

pollinated family. In addition, non-significant dominance effects were reported for tree height, 

straightness, and basic density in our population, minimizing the importance of dominance in the 

genetic control of growth traits for the species (chapter 4). Simulations have indicated that 

including nonadditive effects in the model only improves prediction ability when they are 

prominent (Denis and Bouvet, 2013; de Almeida Filho et al. 2016). Empirical studies supported 

this finding for growth traits in eucalypts (Bouvet et al. 2016, Resende et al. 2017) and loblolly 

pine (Muñoz et al. 2014; de Almeida Filho et al. 2016), showing that despite the documented 

importance of dominance, adding it or epistatic effects did not improve genomic prediction. 

Variance component and genetic parameter estimates were variable when comparing 

models with and without genomic information, suggesting different proportions of phenotypic 

variance attributed to genetic effects for A-BLUP and G-BLUP models. For tree volume, the 

heritability of the genomic model h2
G = 0.28 was larger than the pedigree model h2

a = 0.22. The 

opposite was verified for basic density and straightness, with larger estimates for the ABLUP 

model. However, regardless of the magnitude fluctuation of the heritability estimates, their 

standard deviation was consistently smaller with the G-BLUP models, with at least a 3-fold 

reduction compared with the A-BLUP models, providing strong evidence that the inclusion of 

genomic information yielded more accurate heritability estimates. The forest research literature 

shows an inconsistent pattern of heritability estimates comparing pedigree models with genomic 
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models. Studies reported stable heritability estimates between A-BLUP and G-BLUP models 

(Ukrainetz and Mansfield 2020, Walker et al. 2021), while other studies reported less stable 

variance component estimates (Muñoz et al. 2014). Some studies with open-pollinated populations 

observed changes in additive genetic variance with genomic information (Gamal El-Dien et al. 

2016). Additive and nonadditive variance can be confounded for certain population structures, 

with reduced additive variance estimates when genomic additive and dominance relationships are 

included in the model (Nazarian and Gezan 2016, Cappa et al. 2019). 

Several previous studies also reported more precise breeding value predictions when 

including genomic relationships for breeding populations of forest trees (Muñoz et al. 2014, 

Ratcliffe et al. 2017, Cappa et al. 2017, Cappa et al. 2019, Jurcic et al. 2021), livestock (Legarra 

et al. 2014), and aquaculture (Vallejo et al. 2017, Yoshida et al. 2019). Traditionally, in forest 

trees, increased accuracy of genetic values can be achieved for parental genotypes with many 

offspring and individual genotypes that have been clonally replicated (Isik et al. 2005). The use of 

genomic relationships produces a similar result for unreplicated individual genotypes. The unit of 

replication is no longer the individual, but rather alleles and haplotypes shared among individuals 

(Walker et al. 2021). In this study’s additive genomic model framework, genomic relationships 

consistently improved model fit beyond pedigree-based models for all traits evaluated. Given the 

size and structure of the genotyped population, most of the gain in accuracy arises from the dense 

identity-by-state based realized relationship matrix explaining the Mendelian sampling term, 

improving model fit by modeling relationships among individuals precisely (de los Campos et al. 

2013). With the G-BLUP model, the accuracy of predictions of individual genotypes was nearly 

identical to those of parental genotypes, with estimates around 𝑟 = 0.9. This excellent accuracy 

facilitates accurate selection among individuals, families, and within families. 
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Another potential advantage of genomic selection is the opportunity to reduce the breeding 

cycle through early selection. In forest trees, it is common to make selections around one-half of 

the commercial rotation age (Osorio et al. 2003). Genomic selection could identify next-generation 

breeding parents with high genetic value during the juvenile phase, selecting as early as three 

months in the nursery. Genomic selection can also provide additional genetic gain in deployment 

populations. Typically, seed orchards have a useful production life of many years. So knowledge 

about the genetic value of parents in the orchard can be exploited for multiple rotations with a 

family deployment strategy that should increase the yield and quality of the wood harvested from 

plantations within 5 to 10 years. With the within-family genomic selection, the genetic gain of 

family forestry can be increased by capturing the genetic variance within the family. To achieve 

these objectives and accelerate the rate of genetic gain in breeding populations and commercial 

germplasm, the efficacy of genomic selection must be high. The predictive ability results of the 

genomic models tested in this study were very satisfactory, with PAs above 0.9 for individual 

selection and family mean selection for all traits.  

For within-family selection, families derived from parents with lower breeding value 

accuracies showed lower within-family PA. Conversely, full-sib families of elite seed orchard 

parents, each with thousands of progeny and very high breeding values accuracies, resulted in 

within-family PA above 0.8, regardless of the family size and if the family was present or not in 

the model training set. Given our study population structure and marker density, 100 progeny per 

parent and 50 individuals per family seems adequate to achieve high predictive abilities for all 

selection targets. Finally, for tree volume, the average response to within-family genomic selection 

practiced at 10% selection intensity on the top five ranked families in each validation scenario was 

18%. This additional gain delivered by the within-family genomic selection was obtained for the 
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top five ranked families, with an average gain over the population mean of 28% already. It is gain 

over gain, maximizing the performance of family forestry in one generation. 

5.5 Conclusion 

Integrating genomic solutions into the breeding program of A. crassicarpa, a tree species 

with biological limitations to produce controlled crosses and vegetative propagation, allowed full 

parental control and the construction of genomic models with excellent breeding value prediction 

ability. Genomic models enable the selection of superior individual genotypes and families at a 

very early age, providing genetically improved trees in a juvenile state that can be vegetatively 

propagated for deployment over large areas. The genotyped population size of ten thousand 

individuals and the marker density with more than one hundred fifty-two thousand non-redundant 

SNP markers were the drivers of high genomic predictive ability in this population derived from 

28 founders. There was considerable phenotypic variation in the population that could be explored 

with accurate genomic models that outperformed pedigree-based models for all traits based on 

their average reliability of individual tree predictions. The accurate individual tree selection 

resulted in valuable gains for all units of selection: individual trees for generation advancement or 

within-family genomic selection for deployment with family forestry. The predicted response to 

selection on the top-ranked full-sib families in the population showed the potential of within-

family genomic selection to maximize the genetic gains achieved within a generation, doubling 

the gain compared to the deployment based on family means.  
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CONCLUSION 

Parentage analysis using SNP markers successfully characterized a reproductive season of 

a breeding orchard of A. crassicarpa. The species has a generalist entomophilous pollination 

syndrome with a mating dynamic favoring a rich male composition of open-pollination families. 

In general, most families showed many male parents without a dominant one. On average, the 

male that produced the most progeny in a given family had a 23% contribution. If seed orchard 

managers and breeders target orchard designs that provide optimal mating, open pollination should 

result in good admixture minimizing preferential mating. Our study showed a low selfing rate of 

0.3%, corroborating an outcrossed breeding system for the species. From an applied tree breeding 

perspective, the parentage reconstruction efficiently generated many full-sib families, allowing 

progeny testing and overcoming the controlled pollination limitation to produce the crosses. 

The wood and pulping properties estimates obtained in the present study showed the 

suitability of the species’ wood for efficient pulp production, with lignin contents, carbohydrates 

contents, and kraft pulp yields in the range of the hardwoods commercially planted around the 

world. The within-tree longitudinal pattern of variation showed a consistent decreasing trend from 

base to top of the bole for basic density and insoluble lignin. In contrast, no consistent pattern was 

observed for the carbohydrates, soluble lignin, and S/G ratio. The reliability of sets of positions 

taken singly or combined to predict the whole-tree phenotype varied along with the different traits. 

For pulp yield, basic density, glucose content, and lignin content, reliable ground-level direct 

measurement sampling was found, with very high correlations. With a NIR prediction model of 

basic density with observed cross-validation R2
cv = 0.75, a 0.12 reduction in the reliability of breast 

height sampling was verified, but still with a 0.80 Spearman ranking correlation, which could 

efficiently rank the trees for selection in a breeding program. 
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The genetic control of all traits assessed in this study was mainly additive. In this scenario, 

the simple recurrent selection is recommended as a breeding strategy targeting genetic gains at 

individual and family levels, with recombination of forward selections for generation advancing 

and backward selection of parental combinations of the best full-sib families to produce seed for 

deployment via family forestry. Small but significant dominance effects for DBH and MAI can be 

explored, looking forward to the positive specific combining ability effects and heterosis that can 

increase the genetic value of families and, ultimately, the volume of wood produced. Furthermore, 

the additive Type B genetic correlation across sites was very high for all traits. Consequently, the 

genotype-by-environment interaction will likely have a minor influence on the genotypic 

performance. A single breeding population can be developed with the potential to provide 

genotypes and families with broad adaptation and stability over the environmental range 

represented by the sites studied. 

The pattern of genetic correlations among traits simultaneously favors the genetic progress 

for all traits. Straightness and survival were independent of growth traits, and tree volume was 

correlated with the mean annual increment and wood basic density. Thus, trees with the highest 

possible volume and straightness scores should be the target for individual tree selection, 

advancing the breeding population and promoting genetic gains simultaneously for all traits. 

Integrating genomic solutions into the breeding program of Acacia crassicarpa, a tree 

species with biological limitations to produce controlled crosses and vegetative propagation, made 

possible full parental control and the construction of genomic models with excellent breeding value 

prediction ability. Genomic models enable the selection of superior individual genotypes and 

families at a very early age, providing genetically improved trees in a juvenile state that can be 

vegetatively propagated for deployment over large areas. The genotyped population size of ten 
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thousand individuals and the marker density with more than one hundred fifty-two thousand SNP 

markers were the drivers of high genomic predictive ability in this population derived from 28 

founders. There was considerable phenotypic variation in the population that could be explored 

with accurate genomic models that outperformed pedigree-based models for all traits based on 

their average reliability of individual tree predictions. The accurate individual tree selection 

resulted in valuable gains for all units of selection: individual trees for generation advancement or 

within-family genomic selection for deployment with family forestry. The predicted response to 

selection on the top-ranked full-sib families in the population showed the potential of within-

family genomic selection to maximize the genetic gains achieved within a generation, doubling 

the gain compared to the deployment based on family means.  
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Appendix A1. Summary of the SNP panel validation. 

Sample Set Samples 
Assay 

Replicates 

SNP Call 

Rate 

Call 

Accuracy Total Called Concordant 

Orchard trees 77 3 9,702 9,575 9,445 98.7% 98.6% 

Seedlings 96 4 16,128 15,834 15,772 98.2% 99.6% 

Total 173  25,830 25,409 25,217 98.4% 99.2% 

 

Appendix A2. Allele frequency analysis of the 42 SNP markers used for parentage analysis. N: 

number of individuals genotyped; MAF: minor allele frequency; HO: observed heterozygosity; HE: 

expected heterozygosity; PIC: Polymorphic information content; NE-1P: Average non-exclusion 

probability (NEP) for one candidate parent; NE-2P: Average NEP for one candidate parent given 

the genotype of a known parent of the opposite sex; NE-PP: Average NEP for a candidate parent 

pair; NE-I: Average NEP for the identity of two unrelated individuals; NE-SI: Average NEP for 

the identity of two siblings. 

Locus N MAF HO HE PIC NE-1P NE-2P NE-PP NE-I NE-SI 

SNP01 82273 0.433 0.504 0.491 0.371 0.879 0.815 0.722 0.380 0.599 

SNP02 81088 0.485 0.566 0.500 0.375 0.875 0.813 0.719 0.375 0.594 

SNP03 80816 0.421 0.507 0.487 0.369 0.881 0.816 0.723 0.382 0.602 

SNP04 79763 0.483 0.523 0.499 0.375 0.875 0.813 0.719 0.375 0.594 

SNP05 80218 0.396 0.511 0.478 0.364 0.886 0.818 0.726 0.386 0.607 

SNP06 81215 0.484 0.614 0.499 0.375 0.875 0.813 0.719 0.375 0.594 

SNP07 83295 0.452 0.511 0.495 0.373 0.877 0.814 0.720 0.377 0.597 

SNP08 81423 0.461 0.469 0.497 0.373 0.877 0.813 0.720 0.377 0.596 

SNP09 80182 0.326 0.476 0.439 0.343 0.904 0.829 0.738 0.411 0.633 

SNP10 82465 0.387 0.465 0.474 0.362 0.887 0.819 0.727 0.389 0.610 

SNP11 82478 0.380 0.510 0.471 0.360 0.889 0.820 0.728 0.391 0.612 

SNP12 80444 0.353 0.488 0.457 0.352 0.896 0.824 0.733 0.400 0.622 

SNP13 81562 0.422 0.506 0.488 0.369 0.881 0.816 0.723 0.381 0.602 

SNP14 83244 0.406 0.485 0.482 0.366 0.884 0.817 0.724 0.384 0.605 
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Locus N MAF HO HE PIC NE-1P NE-2P NE-PP NE-I NE-SI 

SNP15 80509 0.431 0.515 0.491 0.370 0.880 0.815 0.722 0.380 0.600 

SNP16 82648 0.473 0.525 0.499 0.374 0.876 0.813 0.719 0.376 0.595 

SNP17 82518 0.500 0.594 0.500 0.375 0.875 0.813 0.719 0.375 0.594 

SNP18 79341 0.457 0.536 0.496 0.373 0.877 0.813 0.720 0.377 0.596 

SNP19 77935 0.394 0.484 0.478 0.364 0.886 0.818 0.726 0.387 0.608 

SNP20 82878 0.301 0.435 0.421 0.332 0.911 0.834 0.745 0.424 0.645 

SNP21 82938 0.485 0.567 0.500 0.375 0.875 0.813 0.719 0.375 0.594 

SNP22 82069 0.458 0.498 0.497 0.373 0.877 0.813 0.720 0.377 0.596 

SNP23 83064 0.497 0.518 0.500 0.375 0.875 0.813 0.719 0.375 0.594 

SNP24 80607 0.319 0.435 0.434 0.340 0.906 0.830 0.740 0.414 0.637 

SNP25 83201 0.455 0.523 0.496 0.373 0.877 0.814 0.720 0.377 0.596 

SNP26 82425 0.496 0.539 0.500 0.375 0.875 0.813 0.719 0.375 0.594 

SNP27 83148 0.461 0.516 0.497 0.373 0.877 0.813 0.720 0.377 0.596 

SNP28 83238 0.481 0.531 0.499 0.375 0.875 0.813 0.719 0.375 0.594 

SNP29 82802 0.339 0.459 0.448 0.348 0.899 0.826 0.735 0.405 0.627 

SNP30 82722 0.469 0.521 0.498 0.374 0.876 0.813 0.719 0.376 0.595 

SNP31 83125 0.419 0.533 0.487 0.368 0.882 0.816 0.723 0.382 0.602 

SNP32 82603 0.496 0.529 0.500 0.375 0.875 0.813 0.719 0.375 0.594 

SNP33 82523 0.439 0.519 0.493 0.371 0.879 0.814 0.721 0.379 0.598 

SNP34 83419 0.355 0.474 0.458 0.353 0.895 0.823 0.732 0.399 0.621 

SNP35 83078 0.434 0.528 0.491 0.371 0.879 0.815 0.721 0.379 0.599 

SNP36 83062 0.344 0.479 0.451 0.349 0.898 0.825 0.734 0.403 0.625 

SNP37 82766 0.490 0.533 0.500 0.375 0.875 0.813 0.719 0.375 0.594 

SNP38 83404 0.286 0.386 0.409 0.325 0.916 0.837 0.749 0.433 0.654 

SNP39 82674 0.357 0.526 0.459 0.354 0.895 0.823 0.732 0.398 0.620 

SNP40 82593 0.472 0.528 0.498 0.374 0.876 0.813 0.719 0.376 0.595 

SNP41 83205 0.400 0.490 0.480 0.365 0.885 0.818 0.725 0.386 0.606 

SNP42 83223 0.439 0.499 0.493 0.371 0.879 0.814 0.721 0.379 0.598 

Mean 82100 0.425 0.508 0.482 0.365 0.884 0.817 0.725 0.386 0.606 
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Appendix A3. The pedigree reconstruction revealed the full diallel of the 18 breeding parents 

present in the ESO. Female parents are in rows, and male parents are in columns. Diagonal cells 

show the number of self-pollinated progeny per parent. 

F/M P01 P02 P03 P04 P05 P06 P07 P08 P09 P10 P11 P12 P13 P14 P15 P16 P17 P18 Total 

P01 3 137 19  10  234 9  2 12 2 6 39 1 14 64 28 580 

P02 256 48 991 4 852 23 1864 951 10 541 368 532 255 401 61 426 631 34 8248 

P03 128 239   125 118 484 30 2 46 54 36 15 79 10 114 140 62 1682 

P04                   0 

P05 131 531 310 4 72 539 1885 520 4 469 274 790 33 47 28 309 77 129 6152 

P06 3 26 279 5 577 164 1479 346 1 470 154 62 77 21 92 626 6 8 4396 

P07 138 1643 255 1 461 321 11 150 6 59 406 90 86 6 7 404 38 166 4248 

P08                   0 

P09                   0 

P10 169 550 269 2 535 2391 555 866 2 20 1283 67 149 67 29 5 14 220 7193 

P11 127 333 329  412 689 422 362 1 643 2 75 71 51 10 706 48 175 4456 

P12 29 416 280 1 614 335 418 596 1 392 75 4 22 23 5 2 51 39 3303 

P13 13 231 8 1  12 42   4 2 5    6 1 3 328 

P14 23 229 43  6 37 2 4  10 18 11 4 2 2 16 52 16 475 

P15                   0 

P16 222 678 1801 2 602 3522 1263 448 17 14 391 34 150 32 46 42 147 750 10161 

P17 171 306 121  94 62 206 14  5 41 12 16 116 3 48 2 59 1276 

P18 149 57 249 5 173 23 1366 36 5 68 259 54 248 73 49 1494 79 53 4440 

Total 1562 5424 4954 25 4533 8236 10231 4332 49 2743 3339 1774 1132 957 343 4212 1350 1742 56938 
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Appendix A4. Descriptive statistics number of observations (N), mean, standard deviation (SD), 

coefficient of variation (CV) and box plots of the 40 trees selected for the destructive sampling by 

position for diameter, disc basic density (DBD), chips basic density (CBD), screened kraft pulp 

yield (KPY), alpha cellulose (αCEL), glucose (GLU), arabinose (ARA), galactose (GAL), 

rhamnose (RHA), xylose (XYL), mannose (MAN), total lignin (LIG), insoluble lignin (INS), acid-

soluble lignin (SOL) and syringyl-guaiacyl ratio (S/G). 

Variable Pos N Mean SD CV Mean longitudinal variation 

Diameter 

0 40 20.9 2.8 13.5 

 

1.3 40 18.2 2.2 11.8 

25 40 15.9 1.7 10.8 

50 40 13.1 1.3 10.0 

75 40 9.9 1.1 11.4 

100 40 4.5 0.3 5.6 

DBD 

0 40 527.9 31.5 6.0 

 

1.3 40 499.8 39.8 8.0 

25 40 475.0 43.8 9.2 

50 40 466.6 36.6 7.8 

75 40 462.8 32.2 7.0 

100 40 445.1 32.8 7.4 

CBD 

0 40 498.4 32.9 6.6 

 

1.3 0 477.9 
 

 

25 40 457.4 31.6 6.9 

50 40 449.7 36.0 8.0 

75 40 451.8 36.4 8.1 

100 0 
  

 

KPY 

0 40 52.4 1.8 3.4 

 

1.3 0 53.3 
 

 

25 40 54.3 1.8 3.4 

50 40 54.6 1.6 2.9 

75 40 54.9 1.6 2.9 

 
100 0 
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Variable Pos N Mean SD CV Mean longitudinal variation 

αCEL 

0 40 44.0 3.0 6.8 

 

1.3 40 44.1 3.5 8.0 

25 40 44.9 2.2 4.8 

50 40 44.0 1.8 4.0 

75 40 44.2 1.7 3.9 

GLU 

0 40 49.5 2.5 5.0 

 

1.3 40 50.0 2.4 4.9 

25 40 50.6 1.7 3.4 

50 40 50.7 2.0 4.0 

75 40 50.6 1.8 3.5 

ARA 

0 40 0.29 0.04 12.8 

 

1.3 40 0.26 0.05 18.0 

25 40 0.24 0.06 23.0 

50 40 0.25 0.05 19.4 

75 40 0.27 0.06 23.7 

GAL 

0 40 0.63 0.14 22.1 

 

1.3 40 0.60 0.15 24.8 

25 40 0.61 0.12 20.1 

50 40 0.62 0.11 18.2 

75 40 0.62 0.10 16.0 

RHA 

0 40 0.26 0.06 22.5 

 

1.3 40 0.24 0.06 25.6 

25 40 0.23 0.07 28.9 

50 40 0.22 0.05 21.6 

75 40 0.21 0.06 30.1 
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Variable Pos N Mean SD CV Mean longitudinal variation 

XYL 

0 40 13.8 0.9 6.4 
 

1.3 40 13.5 0.8 6.0 

25 40 13.6 0.8 5.8 

50 40 14.0 0.7 5.1 

75 40 14.5 0.6 4.5 

MAN 

0 40 1.16 0.37 32.2 

 

1.3 40 1.16 0.38 32.8 

25 40 1.31 0.32 24.1 

50 40 1.42 0.37 26.5 

75 40 1.56 0.40 25.8 

LIG 

0 40 30.7 1.6 5.1 

 

1.3 40 30.4 1.5 5.0 

25 40 29.2 1.1 3.7 

50 40 28.5 1.2 4.1 

75 40 27.9 0.8 3.0 

INS 

0 40 28.6 1.5 5.2 

 

1.3 40 28.1 1.5 5.2 

25 40 26.8 1.2 4.5 

50 40 26.1 1.2 4.5 

75 40 25.3 0.8 3.3 

SOL 

0 40 2.18 0.26 12.1 

 

1.3 40 2.34 0.30 12.6 

25 40 2.35 0.22 9.5 

50 40 2.38 0.25 10.4 

75 40 2.53 0.28 10.9 

S/G 

0 40 1.61 0.09 5.5 

 

1.3 40 1.65 0.09 5.4 

25 40 1.67 0.08 5.1 

50 40 1.65 0.09 5.7 

75 40 1.64 0.07 4.5 
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Appendix A5. Whole-tree level phenotypic correlation matrix between the wood property traits disc basic density (DBD), chips basic 

density (CBD), composite chips basic density (CBDc), screened kraft pulp yield (KPY), composite screened kraft pulp yield (KPYc), 

alpha cellulose (αCEL), glucose (GLU), arabinose (ARA), galactose (GAL), rhamnose (RHA), xylose (XYL), mannose (MAN), total 

lignin (LIG), insoluble lignin (INS), acid-soluble lignin (SOL) and syringyl-guaiacyl ratio (S/G). 

 DBD CBD CBDc KPY KPYc αCEL GLU ARA GAL RHA XYL MAN LIG INS SOL 

CBD 0.92**   
             

CBDc 0.91** 0.96**   
            

KPY 0.52** 0.43** 0.36*   
           

KPYc 0.47** 0.36* 0.30 0.93**   
          

αCEL 0.44** 0.35* 0.29 0.36* 0.35*   
         

GLU 0.28 0.18 0.10 0.49** 0.48** 0.70**   
        

ARA 0.47** 0.45** 0.42** 0.08 0.07 0.30 0.09   
       

GAL 0.59** 0.49** 0.44** 0.43** 0.37* 0.44** 0.37* 0.68**   
      

RHA 0.50** 0.47** 0.42** 0.16 0.13 0.40* 0.16 0.88** 0.68**   
     

XYL -0.10 -0.17 -0.12 -0.21 -0.17 0.02 0.06 -0.30 -0.37* -0.27   
    

MAN -0.37* -0.49** -0.40* -0.24 -0.11 0.02 0.13 -0.17 -0.31* -0.02 0.24   
   

LIG -0.21 -0.09 -0.10 -0.46** -0.49** -0.48** -0.60** -0.02 -0.43** -0.15 0.10 -0.15   
  

INS -0.20 -0.09 -0.07 -0.47** -0.50** -0.41** -0.55** 0.06 -0.35* -0.08 0.08 -0.12 0.97**   
 

SOL -0.41** -0.30 -0.40* -0.20 -0.20 -0.28 -0.24 -0.39* -0.58** -0.35* 0.05 -0.03 0.31 0.13   

S/G 0.16 0.17 0.09 0.18 0.06 -0.05 -0.09 0.03 0.11 -0.01 0.13 -0.44** -0.10 -0.14 0.18 
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Appendix A6. Exploratory analysis of phenotypic data for the traits survival (SUR), straightness 

(STR), tree height (HT), diameter at breast height (DBH), tree volume (VOL), mean annual 

increment (MAI), basic density (BD) and ton mean annual increment (MAIT) at ages 12, 18, 24, 

30 and 36 months of age. 

Variable Environment n mean sd median min max range 

sur.12 E1 6400 0.92 0.28 1 0 1 1 
sur.12 E2 7440 0.86 0.34 1 0 1 1 
sur.12 E3 5520 0.92 0.27 1 0 1 1 

sur.18 E1 6400 0.89 0.31 1 0 1 1 
sur.18 E2 7440 0.86 0.35 1 0 1 1 
sur.18 E3 5520 0.89 0.31 1 0 1 1 

sur.24 E1 6400 0.86 0.34 1 0 1 1 
sur.24 E2 7440 0.82 0.38 1 0 1 1 
sur.24 E3 5520 0.85 0.35 1 0 1 1 

sur.30 E1 6400 0.82 0.38 1 0 1 1 
sur.30 E2 7440 0.80 0.40 1 0 1 1 
sur.30 E3 5520 0.81 0.39 1 0 1 1 

sur.36 E1 6400 0.66 0.47 1 0 1 1 
sur.36 E2 7440 0.77 0.42 1 0 1 1 
sur.36 E3 5520 0.73 0.45 1 0 1 1 

str.36 E1 4244 3.1 0.5 3.0 2.0 5.0 3.0 
str.36 E2 5719 3.8 1.1 4.0 1.0 6.0 5.0 
str.36 E3 3951 3.2 0.5 3.0 1.0 6.0 5.0 

ht.12 E1 5872 7.8 0.8 8.0 1.0 9.6 8.6 
ht.12 E2 6431 6.3 0.5 6.4 3.6 7.5 3.9 
ht.12 E3 5081 7.9 0.9 8.0 1.9 10.9 9.0 

ht.18 E1 5709 11.0 1.1 11.1 4.4 13.7 9.3 
ht.18 E2 6407 10.6 1.0 10.6 3.5 13.0 9.5 
ht.18 E3 4937 10.9 1.1 11.0 3.5 19.9 16.4 

ht.24 E1 5533 12.4 2.4 12.8 3.2 16.9 13.7 
ht.24 E2 6109 12.6 2.3 12.5 2.8 18.0 15.2 
ht.24 E3 4707 12.9 2.3 13.5 1.8 16.7 14.9 

ht.30 E1 5275 14.1 2.6 14.4 2.6 20.3 17.7 
ht.30 E2 5969 14.5 2.1 14.8 4.8 21.5 16.7 
ht.30 E3 4491 14.5 2.3 15.1 3.6 18.8 15.2 

ht.36 E1 4244 15.9 3.4 15.9 2.8 23.9 21.1 
ht.36 E2 5751 15.9 2.4 15.8 4.8 22.6 17.8 
ht.36 E3 4016 16.3 2.7 16.5 3.4 22.5 19.1 

dbh.12 E1 5937 7.9 1.4 8.0 1.8 11.7 9.9 
dbh.12 E2 6434 7.4 1.2 7.5 2.2 11.9 9.7 
dbh.12 E3 5077 7.6 1.3 7.8 0.8 11.8 11.0 

dbh.18 E1 5523 10.2 1.6 10.4 2.8 15.5 12.7 
dbh.18 E2 6405 9.6 1.6 9.8 1.6 15.2 13.6 
dbh.18 E3 4927 9.8 1.7 10.0 2.8 21.6 18.8 
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Variable Environment n mean sd median min max range 
dbh.24 E1 5533 10.8 2.6 11.0 1.3 18.3 17.0 
dbh.24 E2 6109 10.2 2.3 10.3 2.5 18.0 15.5 
dbh.24 E3 4707 10.5 2.4 10.7 1.8 17.6 15.8 

dbh.30 E1 5275 12.1 2.9 12.1 3.0 21.5 18.5 
dbh.30 E2 5969 11.4 2.5 11.2 3.0 21.3 18.3 
dbh.30 E3 4491 11.7 2.7 11.6 3.0 20.6 17.6 

dbh.36 E1 4244 13.4 3.4 13.1 3.5 23.8 20.3 
dbh.36 E2 5751 12.2 2.7 11.9 3.3 23.4 20.1 
dbh.36 E3 4016 13.0 3.1 12.7 4.0 25.5 21.5 

vol.12 E1 5839 0.018 0.006 0.019 0.001 0.040 0.039 
vol.12 E2 6430 0.013 0.004 0.013 0.001 0.033 0.032 
vol.12 E3 5077 0.017 0.006 0.018 0.000 0.040 0.040 

vol.18 E1 5395 0.041 0.012 0.041 0.002 0.097 0.094 
vol.18 E2 6401 0.035 0.011 0.035 0.001 0.083 0.082 
vol.18 E3 4927 0.037 0.012 0.038 0.002 0.110 0.108 

vol.24 E1 5533 0.054 0.027 0.052 0.001 0.157 0.156 
vol.24 E2 6109 0.049 0.024 0.045 0.002 0.157 0.156 
vol.24 E3 4707 0.053 0.025 0.052 0.001 0.145 0.145 

vol.30 E1 5275 0.075 0.040 0.069 0.002 0.246 0.244 
vol.30 E2 5969 0.068 0.032 0.063 0.003 0.250 0.247 
vol.30 E3 4491 0.072 0.035 0.068 0.003 0.213 0.210 

vol.36 E1 4244 0.104 0.061 0.089 0.002 0.348 0.346 
vol.36 E2 5751 0.085 0.043 0.076 0.004 0.333 0.329 
vol.36 E3 4016 0.100 0.053 0.088 0.005 0.361 0.357 

mai.12 E1 5839 28.3 9.6 28.7 1.2 63.4 62.2 
mai.12 E2 6430 19.3 6.6 19.2 1.2 54.8 53.6 
mai.12 E3 5077 27.1 9.4 27.3 0.2 67.2 67 

mai.18 E1 5395 41.3 12.8 40.9 2.4 93.5 91.1 
mai.18 E2 6401 34.8 12.0 34.6 0.8 86.2 85.4 
mai.18 E3 4927 37.9 13.0 37.6 1.6 94.6 93 

mai.24 E1 5533 39.5 20.6 37.6 0.6 117.1 116.5 
mai.24 E2 6109 34.6 17.8 31.7 1.6 123 121.4 
mai.24 E3 4707 38.5 18.8 37.2 0.5 106.7 106.2 

mai.30 E1 5275 42.4 23.2 38.3 0.9 153.7 152.8 
mai.30 E2 5969 37.7 18.9 34.4 1.5 146.7 145.2 
mai.30 E3 4491 40.3 20.4 37.2 1.7 142.3 140.6 

mai.36 E1 4244 42.0 27.4 34.9 0.8 167.7 166.9 
mai.36 E2 5751 38.2 20.7 33.6 1.7 173.3 171.6 
mai.36 E3 4016 42.3 24.1 36.3 1.3 158.7 157.4 

bd.36 E1 4242 422.5 37.0 422.3 302.0 556.4 254.4 
bd.36 E2 5542 427.7 35.4 426.1 300.8 561.1 260.3 
bd.36 E3 3968 429.3 36.6 429.1 315.6 569.1 253.5 

maiT.36 E1 4242 18.3 12.8 14.8 0.3 79.3 79.0 
maiT.36 E2 5542 16.6 9.9 14.3 0.6 79.7 79.1 
maiT.36 E3 3968 18.7 11.4 15.6 0.5 73.8 73.3 
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Appendix A7. Diallel structure of the population. Orchard parents are presented in blue and pollen contaminants are presented in green. 

  P01 P02 P03 P05 P06 P07 P08 P09 P10 P11 P12 P13 P14 P16 P17 P18 X Sum Total 

P01                                 0 509 

P02 69 1                             70 2096 

P03 54 182                             236 1619 

P05 8 200 96                           304 1657 

P06   8 172 163                         343 1653 

P07 127 611 214 206 153 1                     1312 2402 

P08   134   122 210 40                     506 1060 

P09                                 0 86 

P10 44 137 134 146 232 159 126                   978 1471 

P11 25 44 196 144 115 195 160   113               992 1366 

P12   120 116 190 72 134 109   112 37             890 955 

P13   45     7 46     44 1 9           152 260 

P14 17 186 64 17   1     29 25             339 435 

P16 80 131 197 129 268 206 121 4 6 159   11 7       1319 1688 

P17 34 128 119 53 131 106       13 12 1 59 93     749 850 

P18 51 4 67 75   175 38 82 143 89 28 96 20 116 55   1039 1095 

P101                             25 12 37 37 

P102   1 2 1   1       2 2     6   10 25 25 

P103   25 1 10 2 3     1 1 1   1 8 2   55 55 

P104   1     26 1       10       2   1 41 41 

P105   4   12 9       8 1 3   1 10 6 8 62 62 

P106   1   8 16 3     2 3 1   1 30 1 4 70 70 

P107   9 1 4 7       2   1     7     31 31 

P108   19 3 10 19 1     6 12 2   5 8 4   89 89 

P109   8   15 11 5     10   5   1 21   1 77 77 

P110   16   43 18 11     13 15     1 51 3 16 187 187 

P111   6 1 3 7 1               13 5 4 40 40 

P112   5   2 7 1     4 6 1     4     30 30 

Y Sum 509 2026 1383 1353 1310 1090 554 86 493 374 65 108 96 369 101 56 9973 19946 

 


