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canal formation in resistant genotypes, and deposited eggs have a worse prognosis 

(Robert & Bohlmann, 2010). Weevils that emerge from resistant genotypes are smaller, 

show greater wear to their mandibles, and metabolise greater amounts of resinous 

compounds (Whitehill et al., 2019). Analysis of the underlying changes of transcription in 

these genotypes shows resistant genotypes have an extremely rapid upregulation of 

resistance-associated transcripts (Whitehill et al., 2021) while the constituent expression 

of metabolites for the likes of lignin, cellulose and hemicellulose precursors is 

respectively higher in resistant genotypes (Whitehill et al., 2023). 

 

Seed production challenges to Sitka production 

 Seed generation is an obstacle for Sitka forestry even for non-breeding 

populations as mature Sitka generally only flowers of its own volition every few years, 

with any climatic impact on this occurring on a scale on a scale of hundreds of kilometres 

(Broome et al., 2007). Natural aberrations to this behaviour can be found, such as 

through stress induced by prolonged heat exposure, drought, (Philipson, 1983) or 

exposure to pests, the latter of which can be mimicked through techniques such as 

girdling or application of Gibberellin (Philipson, 1985). In breeding for specific genotypes 

and alleles e.g., seed orchards, full-sibling crosses or somatic embryogenesis, these 

genotypes can themselves be a barrier to their own proliferation. Asynchronicity of date 

of flowering within seed orchards may contribute to the stratification of an open-

pollinated system such that certain combinations of genotypes may comprise the 

majority of those produced (El-Kassaby, 1995). Conversely the capacity of Sitka pollen 

to disperse over large distances (Elleouet & Aiken, 2019) can allow for crosses with non-

breeding genotypes in seed orchards. Both the parental identity in open-pollen systems 

(Chaisurisri et al., 1992) and the specific combinations in full-sibling crosses (Samuel et 

al., 1972) have been implicated in the successful germination of resultant progeny, and 

for progeny from both of these breeding methods it has been suggested (albeit lacking 

sufficient data for modelling) that the success with which they can be subject to the 

phases of inducing somatic embryogenesis is in part due to their parental genotypes 

(Fenning et al., 2017). 
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Sitka Spruce breeding programs 

 Physiologically Sitka contrasts greatly with other spruce in its growing speed, an 

individual being much taller than most other spruce (Harris, 1990). Within the north-

western European breeding programs traits such as height, DBH, wood strength and tree 

form have been the subject of much quantitative analysis regarding the extent and 

nature of their genetic components, to further capitalise on the economic benefits of 

planting Sitka.  

 

 Breeding programs such as those in Denmark, Ireland and the United Kingdom 

(Lee et al., 2013), as well as trials carried out in cooperation with IUFRO preceding the 

establishment of such programs (Fletcher, 1976) stand out as particularly prominent 

sources of these data. Early trials examining a broad sample of provenances such 

Alaskan and British Colombian genotypes (Falkenhegen, 1977) as well as more southerly 

regions like Washington and Oregon (Birot & Christophe, 1983) reaffirm the presence of 

a heritable additive genetic component to height in Sitka seedlings and juveniles, but 

also indicate a positive genetic correlation with less desirable traits like late bud set and 

minor branch prevalence (Birot & Christophe, 1983). Current breeding programs are 

thought to be composed genotypes of mostly (but not exclusively) QCI, Washington and 

a mixed of these two regions in the UK, Ireland, and Denmark respectively (Lee et al., 

2013). 

 

Sitka breeding program of the United Kingdom 

 Interest in categorising Sitka in the United Kingdom precedes a formal breeding 

program (Samuel et al., 1972), and within such trials a mostly additive control of vigour 

and from characteristics was observed, with slight evidence of some dominant and 

epistatic control. The goals of the breeding program were initially such that Sitka 

genotypes were to be gathered which displayed form and vigour characteristics that 

were quantifiably better than otherwise unmanaged Sitka (Faulkner, 1987), with 

pragmatism guiding the decision to pursue open-pollinated breeding regimes. Initial 

breeding program trials set out to also include analysis of wood quality, as well as enable 

the establishment of sub-lines to the vigour- and form-related traits (Lee, 1999; Lee 

2001).  

 

 Wood quality seems to have persisted as one of if not the focal point of Sitka 

breeding in the UK, though examination of this trait is complicated by a lack of definitive 

quantification of it. Early analysis shows a negative relationship between density 
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Introduction 

Tree improvement refers to the myriads of strategies available to intensify the 

prevalence of traits such as tree growth rate, biomass accumulation or wood density in 

comparison to the expected value of that trait with no external inputs (Namkoong et al., 

2012). Virtually all improvement methods are grounded in a degree of genetic 

manipulation, whether it be provenance selection (Callaham, 1963), clonal propagation 

(Wu, 2019), seed orchards comprised of plus trees (Randy & Lipow, 2002) or breeding in 

pursuit of multi-generational gain (White et al., 2007). Reduction in genetic diversity is a 

facet of all improvement methods, and ensuring variation persists in a given population 

has long been recognised as a necessary undertaking in implementing tree improvement 

(Kitzmiller, 1990). Within the 20th century, theory regarding tree breeding has emerged 

and rapidly developed, producing a common framework for achieving improvement has 

emerged to evaluate the potential for improvement (White, 1987). Plus tree selection for 

breeding in particular has readily produced gain for a broad range of species but is 

somewhat sensitive to the discontinuity between genotype and phenotype, especially in 

the cases of individuals (Cornelius, 1994).  

 

 Sitka spruce (Picea Sitchensis (Bong.) Carr.) is a conifer species endogenous to 

coastal regions along the Pacific North-West and is of interest for commercial forestry 

within this region as well as in the north-west of Europe, wherein yields are reliably high 

even on poorer and exposed sites (Mason & Perks, 2011). Improvement efforts have 

been more prevalent in the latter region due to the elevated risk of pest damage in 

comparison to other viable species in the former, and improvement has not progressed 

beyond identification of pest-resistant genotypes (King et al., 2004). Sitka is thought to 

be represented in at least one stand in the Netherlands, Germany and Norway, is 

present in Sweden, France and albeit as minor species with no improvement beyond 

provenance trials and is prevalent in Denmark, Ireland and the UK which each have 

implemented a breeding program (Pâques, 2005; Mason & Perks, 2011).  

 

 The genetic differences between populations of Sitka primarily relate to its 

response to seasonal changes; Populations from higher latitudes cease growing earlier 

than those from more southerly regions under identical environmental conditions 

(Burley, 1966; Holliday et al., 2010). Provenance trials have indicated seeds sourced 

from Washington as the most suitable for Irish climatic and environmental conditions, 

with some southern regions being suited for Oregon provenances (Thompson, 2007). 

Reflecting this, most of the individuals chosen for the tree-breeding program are thought 

to be of Washington origin, with a small subset of Haida Gwaii (HG) and possibly Oregon 
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 For the coefficients of variation of individual sources of variations (Table 2.5 A & 

Table 2.5 B), environmental variation correlates closely with phenotypic variation, only 

dropping a few percent below the latter in the most contrasting sites. The amount of 

variation stemming from genetic sources is much more conserved across all sites, 

though with some notable exceptions already noted for having more apparent 

phenotypic variation. Genetic variation for DBH is overall slightly less than for height but 

conversely a smaller overall degree of phenotypic, and therefore environmental, 

variation is observed. Environmental and genetic variation, in relation to one another are 

seen to be present at a ratio that ranges from slightly greater than 3:1 down to almost 

1:1 across the sites. A loose pattern of association can be seen between this ratio and 

the site phenotypic mean; Sites with a ratio closer to 1:1 tend towards having a higher 

phenotype mean. 
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of the exponential relationship between diameter and volume, and within ISSTIP DBH 

and height seem to display a suitably strong genetic correlation to enable redundant 

selection for one trait by selecting for the other. 

 

 Estimates for improvement are highly situational, as all estimates of gain are 

made with respect to the context in which those measurements arose (Table 2.6). Gain 

is therefore lower when selection permits a larger number of individuals, and is also 

depressed in the context of sites where the observed genetic variance is also low. 

Related to this, the highest estimates for improvement are seen as a result of selection 

of a lower number of individuals at sites with larger amounts of families tested. 

 

 Regardless of selection methodology, both the testing of larger number of 

families and the selection at greater stringency will result in a greater degree of realised 

improvement, but this entails greater resources. The narrowing of scope of the breeding 

program from testing 1000 individuals down to 458 suggests that this was desired but 

ultimately unviable during the course of the progeny trials, but this leaves the breeding 

program in the position of either lowering the threshold of desired improvement or 

creating a smaller breeding population. Nonetheless, viable breeding programs are 

thought to be able to provide improvement with a small number of individuals while 

avoiding excessive homozygosity.  
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Conclusions 

 The Irish can ultimately be seen as successful in its aims, though with room for 

improvement in its implementation. A lack of data from multiple time points along the 

progression of the trials limits the ability for a more multifaceted analysis. Shortcomings 

such as this, however, can be understood as lack of resources to match the ambition of 

the program.  

 

 Experimental design of the program was sound and has stood to allow for this 

reanalysis, though a lack of centralisation of the data or a sense that all data should be 

preserved hindered some aspects of reanalysis. A lack of a standard control presents a 

problem in creating a universal selection across all series, but sites which lend 

themselves towards large phenotypic variance are a greater hindrance to determining 

candidates for selection.  
 
 The composition of the program, at least with respect to the families whose origin 

is known, is at odds with what is known to be ideal for Irish climatic conditions but given 

that candidates were taken from forest stands within Ireland, it is understandable that 

the composition of the trials would reflect the preferences and policy surrounding Sitka 

spruce origins at the time of the trials. 

 

 Selection methodology is the biggest downfall of the original breeding program, 

which has been addressed in the reanalysis of the original data, as well as through the 

incorporation of associated and contemporary data into new analyses. Lessons from the 

breeding program can be taken and applied to any future endeavours in Sitka spruce 

improvement in Ireland. 
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Chapter 3  
 

Genetic Correlation across Age and Environment in a 
Breeding Population of Irish Sika Spruce and its 

Implications for Early Selection 
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 3 4 6 9 11 27 32 35 39 
CGY0481 0.0019  0.0118       
MCM0181 0.0040  0.0030      0.1029 
PET0181 0.0030  0.0064       
SLR0681 0.0008  0.025       
CGY0581 0.0052  0.0352       
MCM0281 0.0083  0.0060 0.0031     0.0487 
SLR0781 0.0005  0.0048       
AGM1585 0.1018  0.0278     0.4166  
DLG0985 0.0032  0.0142       
SKT0585 0.0070  0.0306       
ADG0688   0.0262       
CGY0688   0.0169  0.0326  0.0879   
CCA0788   0.0306       
ADH0788   0.0104       
CGY0788   0.0312    0.0000   
CCA0888   0.0245       
ADH0888   0.0205       
CGY0888   0.0203       
CCA0988   0.077    0.9455   
ADH1249   0.0298       
ADH1489   0.0684       
ADH1389   0.0326       
BTE2293   0.0911 0.1840  0.1178    
RMR1093  0.0088 0.0190   0.0243    
BTR2393   0.058 0.0939  0.2007    
RMR1193  0.006 0.0171   0.8063    
BTR2493   0.1239 0.2850      
RMR1093   0.0158 0.0403   0.0000    
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 6 9 11 12 15 16 17 19 20 21 23 24 27 31 32 35 39 
CGY0481      0.80

32 
           

MCM0181 0.05
745 

   0.00
00 

    0.71
78 

   0.62
3 

  1.46
21 PET0181      0.33

4 
           

SLR0181     0.41
15 

            
CGY0581      0.66

59 
           

MCM0281 0.08
086 

0.07
98 

  0.12
49 

    0.16
89 

   0.43
11 

  0.00
00 AGM1585                0.00

00 
 

SKT0585      0.34
55 

           
ADG0688   0.15

09 
 0.45

39 
   0.39

56 
  1.59

53 
     

CGY0688   0.13
77 

           0.87
41 

  
ADH0788    0.37

36 
0.67
66 

   0.29
12 

  0.51
44 

     
CGY0788               0.56

07 
  

ADH0888    0.22
61 

0.39
33 

   0.69
86 

  1.38
03 

     
CGY0888               1.44

63 
  

ADH1249    0.50
11 

0.98
69 

  1.09
67 

  1.72
9 

      
CGY1189     1.35

5 
            

ADH1489    0.58
98 

1.66
56 

  1.75
44 

  3.09
26 

      
CGY1289     2.98

89 
            

ADH1389 0.03
14 

  0.26
01 

0.39
89 

  0.56
03 

  1.20
78 

      
CGY1389     1.43

12 
            

BTE2293       2.66
43 

 2.97
01 

   1.55
66 

    
RMR1093             0.00

00 
    

BTR2393       1.63
31 

 1.97
71 

   1.55
66 

    
RMR1193             2.56     
BTR2493       3.45

03 
 3.76

58 
        

RMR1093             1.75
91 

    
Table 2.2 A & B: Genetic variance for height (A - Top) and DBH (B- Bottom) as recorded across the ISSTIP at various ages. 
Estimates of the component of genetic variance are taken from the linear mixed modelling of the phenotypic data. Values in bold 
represent measures of genetic variance for which the genetic coefficient is significant when modelled in a linear mixed model. Units for 
Height are meters, units for DBH are centimetres.
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Heritability of DBH is lesser but more consistent across time than height 

 Family heritability in general displays a greater range of potential of values for 

height than it does for DBH (Table 3.3 A & B), but in the context of more insignificance 

among models for height than DBH. Conversely, heritability of height at a given site 

across various ages is seemingly more internally consistent than for DBH. Among both of 

the phenotypes, however, sites that are of the same general location (those which share 

the word portion of their unique identifier in Table 3.1) broadly do not appear to share 

patterns of heritability with one another. Though limited by a larger prevalence of 

measurements being taken from repeated measurements of chronologically later series, 

proportion of heritability is seemingly unaffected by the series from which the 

phenotypes underpinning it are drawn from. 
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 3 4 6 9 11 27 32 35 39 
CGY0481 0.1638  0.1907       
MCM0181   0.0536      0.1619 
PET0181 0.371  0.1486       
SLR0681 0.0855         
CGY0581 0.461  0.5004       
MCM0281   0.134 0.025     0.0734 
SLR0781 0.1064         
AGM1585   0.3902     0.288  
DLG0985   0.339       
SKT0585   0.3482       
ADG0688   0.25       
CGY0688     0.1625  0.1195   
CCA0788   0.4257       
ADH0788   0.0915       
CGY0788          
CCA0888   0.3262       
ADH0888   0.1607       
CGY0888       0.3388   
CCA0988   0.336       
ADH1249   0.436       
ADH1489          
ADH1389   0.7348       
BTE2293    0.466  0.1715    
RMR1093  0.1516 0.6334   0.0134    
BTR2393    0.2343  0.2598    
RMR1193  0.1917 0.5146   0.2750    
BTR2493   0.1632 0.4633      
RMR1093   0.5154 0.2835       
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 6 9 11 12 15 16 17 19 20 21 23 24 27 31 32 35 39 
CGY0481      0.272            
MCM0181 0.149

1 
   0.132      0.129

4 
   0.154

8 
  

PET0181      0.129            
SLR0181                  
CGY0581      0.217

1 
           

MCM0281 0.295 0.201   0.057      0.077
5 

   0.073
29 

  
AGM1585                 0.278 
SKT0585      0.189

2 
           

ADG0688   0.147
8 

 0.201
6 

   0.122
5 

   0.238
8 

  0.235
5 

 
CGY0688   0.193

7 
              

ADH0788    0.280
8 

0.281
5 

   0.214
9 

   0.181
5 

  0.100
3 

 
CGY0788                  
ADH0888     0.462

2 
   0.202

1 
   0.236

4 
  0.134  

CGY0888    0.245
1 

             
ADH1249     0.346

7 
  0.254

5 
   0.219

3 
     

CGY1189     0.164
1 

            
ADH1489    0.353

8 
0.360
2 

  0.334
7 

   0.376
5 

     
CGY1289     0.446

5 
            

ADH1389    0.373
6 

0.229
6 

  0.243
2 

   0.280
4 

     
CGY1389     0.340

8 
            

BTE2293    0.190
9 

  0.496
2 

  0.454
3 

   0.218
8 

   
RMR1093              0.269

3 
   

BTR2393       0.294
1 

  0.305    0.314
2 

   
RMR1193              0.276

3 
   

BTR2493       0.417
7 

  0.384
7 

       
RMR1093              0.174

3 
   

Table 3.3 A & B: Heritability of height (A - Top) and DBH (B- Bottom) across multiple sites and ages of the ISSTIP.  
Estimates of heritability as calculated using the described equation, which itself is calculated using estimates of variance generated by the 
linear mixed modelling of the phenotypic data.
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Early selection of DBH is more consistent and effective than for height 

 Fewer analyses of early selection efficiency than for genetic correlation can be 

evaluated due to the need for reliable estimates of heritability at both ages under 

examination. Across both traits, efficiency of early selection for a given age can 

frequently be seen to be less efficient than direct selection, but only marginally. The 

instances of more efficient early selection display no overall pattern with respect to 

either the interval between two measurements or the ages being correlated, however 

they can be seen to occur more at certain sites. Significant covariance relating to the 

estimations of selection efficiency can also be seen to be more prevalent at certain 

experimental sites, though are generally more prevalent when age gaps are smaller. 

Significant covariance is generally observed across similar sites (as determined by name) 

if observed at one, while estimations of more efficient early selection tend to be specific 

to the sites at which they are prevalent. Co-occurrence of these two facets is therefore 

confined to a small number of sites which, with respect to the ages examined and the 

intervals between them, occupy a range of roughly a decade in the middle of the 

expected rotation length. 

 

 Despite the number of available estimates of genetic correlation for height (Figure 

3.1 A), a much smaller number of estimates of early selection are actually calculable 

(Figure 3.3 A). Despite most instances of genetic correlation estimates for DBH allowing 

for a corresponding estimate of early selection, only 4 sites have estimates for both 

traits of interest. Both a greater degree of efficiency in employing early selection, as well 

as a larger proportion of efficiencies that whose genetic correlation is informed by 

significant covariance, are observed for DBH than for height. 
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Figure 3.5 A & B: Genetic correlation of phenotypic data across age and trait 
using either (A) all associated data or (B) only sets of measurements 
originating from a shared source in each experimental site. Genotypic correlations 
are positioned along the upper diagonal, while their respective phenotypic correlations 
are found below. Each cell represents a correlation between two trait/age combinations 
indicated by its x- and y- label. Estimates of a correlation are accompanied by its 
standard interval in brackets, with the colour and saturation intensity of a cell reflecting 
the strength and direction of a correlation. Asterisks denote the correlations for which 
the corresponding estimated genetic variances and related covariance terms were found 
to be significant in their respective models. 
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Potential explanations for this are that it may be feature of these traits; Genetic 

variances at late-stage rotation for the individual sites are estimated as being significant 

must more frequently for DBH than for height (Table 3.2 A & B), and heritabilities of the 

traits are mostly equivalent but slightly higher for DBH (Table 3.3 A & B). Despite this, 

evidence from other conifer species suggest genetic correlation of height to width across 

the same set of ages tend to be quite similar (Johnson et al., 1997; Xie & Yanchuk, 

2002; Lai et al., 2014).  

 

 Data availability and frequency of replication may also have impacted estimates, 

given instances such as significant juvenile-mature correlations for height at age 35 in 

aggregate despite the absence of such in isolation (Figure 3.5 A & B), and that early DBH 

values tend to come from mid-stage growth whereas those of height are quite juvenile 

(Table 3.1). The exception to this trend within the available data, height at age 27, was 

taken from sites at which thinning was never carried out. While this supports the idea 

that intervention and loss of individuals trees may have affect the results presented, its 

is ultimately a result that iself is representative of a small number of sites and could be 

also viewed as lacking sufficent replication. 

 

Efficient selections require a complientary breeding program framework to be utilised 

effectively 

 Calculations of efficiency as presented are made without consideration of time.It 

could be conceived that early selection efficiency need not be better than or even 

equivalent to selection at maturity, but rather need only be such that multiple rounds of 

early selection generate an equivalent response to one round of selection at maturity. 

This, however, carries the risk of a greater reduction in genetic diversity from more 

rounds of selection on the same population, which may negatively impact viability of the 

final genotypes as a breeding population. 

 

 Under the assumptions of strong genetic correlation between early- and late-

stage rotation, conventional breeding methods that would otherwise require waiting for 

maturity have the clear potential to be accelerated.This principle may also extend to 

more contemporary methods that model using marker or genomic data in lieu of whole 

genotypes. Genomic selection as a methodology can enable multiple rounds of breeding 

using a single phenotype, but decay in model accuracy is expected as the genetic 

composition of the population shifts and thus the explanations of variance hold less true 

(Ratcliffe et al., 2015; Jannink, 2010). While correction of models through updating 

phenotype data is one solution (Pszczola & Callus, 2016), more frequent cycling of 
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phenotypic data could be achieved with smaller generation times under the assumption 

of a shared genetic control of the trait in question at the ages of phenotypic and actual 

maturity, though some model accuracy would invariably occur from a genetic correlation 

of less than 1. 
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Chapter 4  
 
Factors Affecting the Accuracy of Genomic Selection 
in a Half-Sibling Population of Sitka Spruce 
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Chapter 5  
 
Accuracy and Efficiency of Genomic- and Additive-
Based Relationships in Predicting for Breeding Values 
in an Irish Sitka Spruce Breeding Population 
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genotyped, these crosses can be assessed in terms of their relationship-based kinship to 

one another, as well as to the progeny trial data in much the same why these phenotypic 

data are associated to their known parent of origin.  

 

 Phenotypic recordings taken from the full-sibling experiment represent an 

opportunity to investigate aspects of the breeding within the ISSTIP which thus far could 

not be carried out with half-siblings alone. Crosses involving multiple parents as well as 

reciprocal crosses of two genotypes allow for assessment of the assumptions of parental 

contribution additive heritability. The crosses themselves and their estimated kinship 

with the breeding program genotypes enables the assessment of pedigree-based 

modelling for predicting breeding values among the ISSTIP. Finally, the existence of 

information regarding genotype and pedigree amongst these data allows for the 

comparison of the efficacy of each of these modelling methods, the potential to use the 

two in tandem, and the efficacy of each of these methods as the driver of the breeding 

program. Furthermore, a set of full-sibling data with multiple instances of a given 

genotype used as a parent allows for the examination of general and specific combining 

abilities (i.e., the additive and dominant components of inheritance) as well as assess 

the degree of their prevalence compared to additive variation alone. 
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Chapter 6  
 
General Discussion, Conclusions, & Future Directions 
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