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Abstract  

Stem growth, biomass partitioning and wood properties vary between genotypes, so information 

on how these traits interact with each other and are influenced by environment conditions is 

required. To this end, above and below ground growth, morphology and wood properties of a 

selection of elite juvenile Sitka spruce (Picea sitchensis (Bong.) Carr.) clones grown in Ireland 

were investigated in this study.   

The effects of intra- and inter-clonal competition were assessed for up to three years after 

planting in a field trial containing ramets (i.e. an independent individual of a clone produced by 

tissue cultures) planted in multi-clone (mixed) and mono-clonal (pure) plots. Stem height, 

diameter and biomass partitioning were found to be significant reduced for some clones when 

planted in mixed plots than in pure plots. Height and diameter results were more heterogeneous 

and competition was more asymmetrical in mixed than in pure plots. Plot type significantly 

increased fine root surface area in mixed plots and fine root length in pure plots for two fine root 

diameter classes for some clones. However, intra- or inter-clonal competition did not result in any 

significant changes in specific root length, specific root area, root:shoot ratio or root chemical 

composition.  

Increased height growth in the most vigorous clone was associated with significantly 

thinner cell walls and wider tracheids than the less vigorous clones, reducing mean wood density 

and other indicators of wood quality. The width of the early- and latewood band in each annual 

ring was a more important determinant of juvenile wood quality than the characteristics of the 

cells within each band. Radial tracheid width was significantly and positively correlated with ring 

width and stem height but was negatively correlated with wood density. Wood properties differed 

greatly between clones, suggesting that there is potential to improve juvenile wood properties 

through selective breeding while achieving modest gains in height. 
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The results of this study demonstrated that competition-induced morphological changes 

did not occur either above or below ground for the majority of the studied Sitka spruce clones, 

but greater size heterogeneity was observed for clones planted in mixed plots than in pure stands. 

Additionally, the most vigorous clones had less-desirable wood properties than the less vigorous 

clones, which would reduce their wood quality.  
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1. Introduction 

Sitka spruce (Picea sitchensis (Bong.) Carr.) is the most important tree species in Irish forestry 

and its wood is suitable for a variety of end uses. Most genetically improved Sitka spruce, i.e. 

trees which have been selected and breed for specific traits, derived from tissues cultures are 

planted as individual plantlets. However, the effect of planting type, also referred to as 

deployment type, is not well understood (Sharma 2008a). Clones can deployed in two principle 

types, as pure (monoclonal) blocks or mixed (many clones) stands. Thus, it is essential to 

determine if some clones are more plastic in their response to competitive pressures than others, 

and whether the majority grow better in mixtures or monoclonal stands. Currently clones are 

deployed in mixtures because it is perceived to be a safer option (e.g. Libby 1988), but there is 

little information to guide forest managers in relation to this issue.  

Environmental variation due to differences in how trees growth and allocation their 

biomass can alter source-sink interactions. Trees may alter their biomass partitioning to maximise 

growth rates and to exploit limited site resources (Gedroc et al. 1996; Gregorius and Kleinschmit 

1999). Crown size, i.e. area and spread, and structure, i.e. branch number, dimensions and angle, 

are largely influenced by local competition and competitive pressure depends on the size of 

neighbouring trees and their distance from each other. Crown architecture, i.e. positioning of 

crown components, has been observed to change under competitive pressure (Lintunen and 

Kaitaniemi 2010). Evaluating traits such as crown size and structure and their relationships with 

other variables provides information on how spatially and genetically diverse stands develop over 

time. However, Sitka spruce’s long, narrow crown structure with high specific leaf area may 

make it less susceptible to competition than other species that have higher light requirements 

(Mason et al. 2004). Above and below ground traits are often strongly correlated, so it is 

important to determine if competition alters these relationships in order to identify clones with 
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complimentary traits so that appropriate mixtures can be developed and to determine how clones 

compete with each other for resources (Westoby and Wright 2006). 

Unlike above ground competition, below ground competition is usually size symmetrical 

(Schwinning and Weiner 1998). In the presence of competitor roots, trees may produce thinner 

and longer roots to acquire nutrients and water and expand their roots to exploit soil resources 

(Eissenstat 1992). Roots play an essential role in tree growth, but due to their labour-intensive 

nature, varied sampling techniques and classification criteria used, they are the least studied area 

of terrestrial ecosystems. Although there is generally little known about root competition in 

comparison to above ground competition, root responses are thought to be species specific. In 

particular, fine root length and surface area data may provide important information as to how 

roots respond to competition, given that these roots are believed to play a key role in nutrient 

uptake and in exploiting the surrounding soil (Beyer et al. 2013).  

As mentioned above, improved Sitka spruce trees may be deployed as clones, derived 

from improved material that has displayed high vigour in field trials. However, a negative 

relationship has been found between vigour and wood quality in Sitka spruce (Cameron et al. 

2005; Lee 1999). There is little information as to how genetic factors might affect wood quality, 

especially juvenile wood , i.e. first nine to 15 annual rings from pith to bark, quality in the clonal 

material used in the Irish tree improvement programme. The combination of more vigorous 

clones, combined with shorter rotation lengths, may lead to a reduction in wood quality (Mitchell 

and Denne 1997). However, selecting clones that have superior juvenile wood quality, e.g. wood 

containing tracheids that have a lower microfibril angle and higher wood density, or have an 

earlier transition from juvenile to mature wood, may help offset some of these reductions in 

quality (Zobel and Van Buijtenen 1989). Most studies to date have focused on assessing physical 

and mechanical properties, such as wood density or microfibril angle, while only a few have 
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assessed anatomical cell features such as tracheid dimensions or tracheid wall thickness. Thus, 

additional research is required to address how increased vigour can affect wood properties.  

The aim of this study was to determine if intra- and inter-clonal competition in Sitka 

spruce: (1) influenced fine root morphology (Chapter 3), (2) affected stem growth, biomass 

partitioning and relationships between above and below ground variables (Chapter 3 and 4). 

Furthermore, the study aimed to: (3) provide baseline information on intra- and inter-annual 

variation between elite Sitka spruce clones in juvenile wood properties and to determine if tree 

vigour affected this variation (Chapter 5). 
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2. Literature review 

The methodology of tree breeding and its practical application, in particular improving valuable 

traits such as wood properties, are reviewed. The benefits and challenges of clonal forestry are 

described, with a particular reference to propagation techniques and competitive effects arising 

from deployment type. 

2.1.  Sitka spruce background 

The first scientific recording of Sitka spruce (Picea sitchensis (Bong.) Carr.) was by the Scottish 

naturalist Archibald Menzies in Puget Sound, Washington State in 1787 (Peterson et al. 1997). In 

1831, the first Sitka spruce seeds were brought to Britain by David Douglas, under the auspices 

of the Horticultural Society of London. Originally classified in the Pinus genus as Pinus 

menziesii, it wasn’t until 1944 that the more appropriate scientific classification of Picea was 

ascribed to it, changing its scientific name to Picea sitchensis. 

2.1.1. Sitka spruce range 

Sitka spruce is native to a narrow coastal strip stretching along the Pacific northwest coast of 

North America from latitude 61° N in southcentral Alaska to 39° N  in northern California (Fig. 

2.1; Peterson et al. 1997). Its north to south range is approximately 2,900 km long and 400 km 

wide with the highest growth rate occurring between 52°N and 54°N. Sitka spruce is associated 

with western hemlock (Tsuga heterophylla (Raf.) Sarg.) throughout its range and together they 

form some of the most productive stands in North America.  

Typically found growing at low elevations ≤ 500 m, it occurs on a range of soil types, 

growing best on deep, well-drained soils with pH ranging from 4.0 to 5.7. Similar to most spruce 

species, a relatively high soil moisture content and annual precipitation are required to ensure 

good seed germination and growth. Within its natural range Sitka spruce forms hybrids with 
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white spruce (Picea glauca (Moench) Voss.) (Little 1953). Outside its natural range hybridisation 

with other species has also been reported, including: Picea sitchensis × Picea engelmanii (Parry 

x Engelm) (Johnson 1939), Picea sitchensis × Picea omorika (Panč.) (Johnson 1939), Picea 

sitchensis × Picea excels (L.) (Langner 1952) and Picea sitchensis × Picea jezoensis (Carr.) 

(Karlberg 1961). It is classed a relatively shade tolerant species throughout its natural range 

(Peterson et al. 1997).  

 

Figure 2.1. Natural distribution of Sitka spruce in North America (Alexander Karnstedt) 

2.2. Sitka spruce selection for improvement 

Although Sitka spruce is of commercial interest in North America, its vulnerability to white pine 

weevil (Pissodes strobi (W. D. Peck)) makes it unsuitable for use as a main plantation species 

outside Haida Gwaii (formerly Queen Charlotte Islands; QCI) (King et al. 2004). Thus, the main 

emphasis of North American breeding efforts has been focused on developing weevil resistance. 

However, in countries where it has been introduced as a timber crop, improvement programmes 

have been initiated to increase productivity.   
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Tree improvement is typically performed on the basis of selecting for trees with superior 

characteristics of desirable traits such as increased vigour or stem straightness. Traditionally there 

has been an over emphasis on selecting for vigour, which may limit the variability and restrict 

future selection for additional traits in breeding populations, particularly if asexual material is 

used (Wu et al. 2008). Sitka spruce has one of the highest growth rates of any forest species in 

Europe. However, a number of negative correlations have been observed between vigour and 

other traits, particularly wood density (Lee 1999). Increased growth rates, by selecting more 

vigorous individuals, has increased the relative proportion of lower strength and undesirable 

juvenile wood, defined as the first 9 to 15 annual increments of wood from pith to bark, in 

harvested timber, which has reduced economic returns (Mitchell and Denne 1997). Additionally, 

selecting for increased vigour in conifers has been associated with increased compression wood 

content (Walker 1993). 

2.2.1. Provenance selection 

Genetic variability is the foundation of the breeding, selection and improvement process and 

occurs at three levels of variation; species, provenance and individual tree, respectively. 

Appropriate provenance selection has been suggested as the most crucial element of a tree 

improvement programme. Differences in growth rates (Thompson et al. 2005), frost hardiness 

(Cannell et al. 1985), weevil resistance (King et al. 2004), wood density (Treacy et al. 2000), 

microfibril angle and cellulose crystallites (Vainio et al. 2002) have been found between Sitka 

spruce provenances.  

 Yeh and El-Kassaby (1980) in their assessment of the genetic variability in Sitka spruce 

using enzyme markers found that this species was not strongly geographically differentiated in its 

genetic variability and that localised population displayed large genetic variability (92%), while 

they observed low inter-population diversity. Due to this low inter-population diversity, it should 
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be possible to sample a very large percentage of Sitka spruces’ genetic variation by selecting a 

high number of individual trees from within any population. Thus, identifying the most suitable 

provenance and selecting the most productive individuals or populations could prove to be the 

most efficienent strategy for creating a breeding population in a specific country or location. 

Inter-population crosses between elite individuals in orchards may not produce heterotic progeny; 

by ensuring that a high sampling intensity has been carried out initially, genetic variation should 

be large enough to permit improvement over several generations.  

2.2.2. Phenotypic selection  

Once the best provenance(s) has been identified, the breeding cycle begins with the mass 

phenotypic selection of plus trees, i.e. trees showing superior characteristics, from wild 

populations or plantations (Fig. 2.2). These elite individuals form the basis of a programme of 

recurrent genetic testing and selecting, i.e. reselection generation after generation, to produce a 

population of unique individuals possessing increased frequency of desirable traits, i.e. 

genetically improved (Thompson 2013).  

Generally, environmental conditions, tree age and spacing are more uniform in 

plantations, allowing clearer separation of genotypic and environmental influences from 

phenotypic variation, and increasing selection efficiency (Lantz 2008). Once superior trees are 

chosen, seed or graft material is harvested for use in progeny trials. 
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Figure 2.2. Tree improvement cycle (Neale and Kremer 2011). 

2.2.3. Sitka spruce in Ireland  

Sitka spruce was first planted in Europe in 1831, and in Ireland in 1835 (Farrelly et al. 2009). 

Originally planted as an ornamental tree, it was initially confined to marginal or sub-marginal 

agricultural lands. Commercial planting began in 1920’s and by 1977 it became the most widely 

planted tree species in Ireland, occupying 45% of the total forest area (Farrelly et al. 2009; 

Fitzpatrick 1966). Its dominance as the primary Irish forestry species continues until the present 

day and it now accounts for approximately 52% of forested land in Ireland.  



9 
 

Commercial quantities of seed were first imported from Oregon and Washington 

(Flecther 1992). The preferred seed source later changed to Haida Gwaii due to geographical and 

climatic similarities with Ireland (Thompson et al. 2005). Irish forest policies since the 1950’s 

have favoured Sitka spruce due to its suitability for a wide range of sites and its vigorous growth. 

Between 1930 and 1970, the origins of Sitka spuce planted in Ireland were 45% QCI, 36% 

Washington, 14% Irish Sitka spruce seed and 5% unknown (Pfeifer 1983). The lack of obvious 

provenancial differences between QCI and other provenances, combined with the predictable 

growth ceasation of QCI and the wide availability of QCI seed, ensured it remained the prefered 

provenance until the early 1980’s (Thompson et al. 2005).  

The area planted under Sitka spruce has continued to expand as better quality land 

became available. Sitka spruce is now planted over a wide range of sites and soil types. Although 

the economic planting limit ranges between 300 – 500 m nationally, it is planted at elevations up 

to a maximum of 650 m (Farrelly et al. 2009). However, productivity declines when planted 

above 400 m and large reductions have been recorded for trees planted at over 500 m. Yields in 

excess of 27 m
3
 ha

-1
 have been observed on better quality sites, such as free draining grey-brown 

podzolics. Its adaptability to a wide range of sites and high growth rate has increased the appeal 

of Sitka spruce as a commerical forest species.  

2.2.4. Irish Sitka spruce provenance selection 

A series of Sitka spruce provenance trials were established in 1960 throughout Britain and 

Ireland using commercial seed from 10 provenances, ranging from Alaska to Oregon, to identify 

the most suitable provenance(s) for growing in Ireland (Thompson, et al. 2005). Additional field 

trials were established at nine representative planting sites in 1975 under the auspices of the 

International Union of Forest Research Organisations (IUFRO) and contained seed from 67 

different sources, spanning the species entire natural range.  



10 
 

Washington provenances showed superior growth in both trial series and became the provenance 

of choice for wide-scale planting in Ireland (Pfeifer 1983; Thompson 2013). However, Ireland’s 

oceanic climate is strongly influenced by the presence of the Gulf stream, which crucially, was 

ignored during the early provenance selection process. 

In 1984, a Forest and Wildlife Service committee, taking a conservative approach to 

national planting policy, recommended a 50:50 mixture of QCI:Washington, regardless of the 

IUFRO trial results and conclusions (Thompson et al. 2005). This recommendation has persisted 

until relatively recently. A 1997/98 survey found that 79% of Sitka spruce in the Irish forest 

estate were QCI, 20% Washington and 1% Oregon. However, results from more recent Irish 

Sitka spruce provenance trials agreed with the original recommendations and again suggested 

Washington provenance as the most suitable for widespread planting in Ireland. More southern 

provenances also showed potential, e.g. Oregon, and may be suitable in areas in the south and 

extreme south-west but increased susceptibility to autumn frost damage may limit their planting 

elsewhere (Farrelly et al. 2009). The potential for using more southern material in Ireland may 

increase in the future due to the impact of predicted climatic change.  

In 2005, Coillte, the Irish semi-state forestry company, was planting 64:36 

Washington/Oregon:QCI provenance material with a goal of increasing the planting ratio to 

85:15 Washington/Oregon:QCI (Thompson et al. 2005). However, QCI remains the provenance 

of choice by the private sector with up to 80% of private land planted with this provenance, 

which results in potential decreases of approximately of one yield class (2m
3
 ha

-1
 yr 

-1
).  

2.2.5. Irish Sitka spruce improvement programme 

The Irish Sitka spruce improvement programme began in the early 1970’s with the objective of 

improving productivity (Thompson 2013). Plus-trees, trees displaying superior phenotypical 

characteristics, were selected from 25 – 35 year old stands with higher than average yield classes 
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throughout Ireland. Although 747 plus trees were selected for evaluation in progeny trials, only 

505 trees were tested due to technical limitations. A series of 13 progeny trials, in two to four 

locations nationally, were established using seed produced from these plus trees. 

After six field seasons (9 years-old from seed), assessments were made and progeny with 

height increases of 15%, compared to a Washington control, were included in the next stage of 

the programme. In total 86 plus trees were re-selected based on height growth, this was further 

reduced to 41 trees after wood density was considered. These 41 parents displaying superior 

genetic traits, with no loss in wood density, form the basis of the current Irish Sitka spruce tree 

improvement programme (Thompson 2013). 

2.3. Sitka spruce breeding and improvement 

Sitka spruce is regarded as a prolific seed producer, with yields of approximately 14.5 kg/ha
-1 

in 

old growth stands (Peterson et al. 1997). However, it does not bear cones until about 20 years of 

age from seed, although individual trees may yield cones before this age (Thompson 2013). Good 

seed production can be sporadic, occurring at intervals ranging from between three to eight years 

in Ireland. For this reason, cone induction treatments are often applied in an effort to increase 

seed production in seed orchards. Cone development can be stimulated through temperature, 

water and hormone manipulation. However, large variation in cone development has been 

observed among mature Sitka spruce individuals. 

To produce seed in sufficient quantities to be commercially viable, seed orchards are 

required. Seed orchards are established inside polyhouses/ greenhouses or outside using either 

material derived from improved seed or clones (Lantz 2008). Clonal orchards are the most 

common seed orchard type, usually established with grafted material as it is more cost effective 

and reduces the length of time required for cone production to commence compared to seed 
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grown trees. Sexually mature grafted Sitka spruce ramets begin to produce large quantities of 

seed after 10 years (Thompson 2013). 

Pollination in orchards can be open-pollinated or controlled pollinated. Open pollination 

produces half-sib progeny (female parent known, males unknown), providing very modest 

increases in traits of interest at low cost with low level of expertise required. However, in outdoor 

orchards pollen contamination, i.e. the occurrence of non-orchard pollen, can greatly diminish 

gains and improvement efforts. Estimates of up to 79% contamination have been reported in 

Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) seed orchards in the US (Adams et al. 1997). 

Thus, there is a need to restrict pollen contamination through spatial isolation, intensive pollen 

management techniques e.g. supplemental mass pollination, controlled pollination or using 

indoor orchards to increase genetic gains. Control-pollinated provides larger gains, but is more 

expensive and requires greater expertise. 

Indoor (greenhouse) orchards have several advantages over outdoor orchards, such as 

increased control over pollination, ease of culturing and ability to control temperatures to 

encourage flowering and increase seed yields (Lantz 2008). The ability to accurately control 

crosses is essential to increase genetic gains and large increases in genetic gains have been 

achieved through controlled pollination. For example, 17% increases in stem volume in first 

generation rouged, i.e. removal of less productive progeny, slash pine (Pinus elliottii Englem.) 

orchards have been reported (Squillace 1989). In second generation loblolly pine (Pinus taeda L.) 

orchards, 25% increased volume than unimproved trees have been reported, rising to 35% in the 

third generation, and 45% in the fourth generation (Zobel and Talbert 1984). Although indoor 

orchards can result in greater genetic gains, their costs per unit gain or time is higher than outdoor 

orchards and the seed quantity produced is limited by the smaller orchard size resulting in a 

narrower genetic base but a higher selection differential.  
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2.3.1. Early selection  

Tree breeding is constrained by the late expression of traits of interest. Therefore, a compromise 

between selection age and risk is required (Magnussen and Yanchuk 1993). The ideal selection 

age for traits of interest (e.g. stem growth, volume) is at harvest age but this is both excessively 

time consuming and expensive to carry out. To speed up the selection process and increase 

efficiency, tree breeders select traits which display strong correlations at juvenile and mature 

stages, increasing selection intensity and genetic gains per unit time. Early selection is possible 

for traits such as vigour, volume production and wood properties in both seedling and clonal 

material (Dean and Stonecypher 2006). Conducting measurements on a range of phenotypic 

traits, such as height and diameter, can provide reliable information about the potential 

performance of mature Sitka spruce as early as the first three years of growth (Gill 1987). 

Additionally, as early selection speeds up the selection process it offers the prospect of 

two independent selection stages, at juvenility and maturity (Cotterill 1981). The accuracy of 

early selection can be further improved by: having adequate information on tested individuals, 

linking selection criteria to breeding objective traits, establishing additive mature-juvenile genetic 

correlations and their heritability and by establishing well replicated genetic tests (Dean and 

Stonecypher 2006). However, there are several confounding factors which need to be considered 

by breeders in order to accurately predict future gains.  

2.3.2. Progeny tests 

Genetic variation between individuals produced from the same cross can be as large as between 

different provenances (Thompson 2013). Therefore, a tree's offspring needs to be tested to 

examine the genetic value and variation from a parent tree as well as to gauge productivity. To 

ensure that all the micro-variation across a site is sampled, a sufficient number of experimental 

replications need to be included in a field trial with approximately 20-30 progeny/ramets per 
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parent tree/clone required to determine families/clones performance (Yanchuk 2003). The lack of 

genetic variation between individual ramets of a clone allows clonal trials to test for genotype × 

environment interactions by planting ramets in contrasting plot types and to compare their 

performance.   

Competitive interactions arising from genotype × environment interactions should be 

included in trials as these could increase the predicative ability of early selection (Jansson et al. 

1998). For example, DeBell and Harrington (1997) found that juvenile Populus clones that 

performed well initially, were not the best performers over an extended period of time. 

Furthermore, the type of competition may result in growth rates differences between clones. 

Sharma (2008) found that inter-genotypic competition increased both within- and between-clone 

variability in tree size of Pinus raditata clones. Some clones were more productive in pure plots 

than in clonal mixtures. Thus, as environmental conditions of a stand change over time, including 

conditions which mimic the competitive environment ramets may encounter, might increase 

selection accuracy and improve juvenile and mature correlations (Jansson et al. 2005).  

The success of an improvement programme can only be quantified when improved 

material is deployed to a forest site. An important aspect of tree breeding is producing and 

propagating seed or clones from superior material in large enough quantities for commercial use 

(Thompson 2013).  

2.4. Clonal forestry 

Clonal forestry can be defined as forests established using highly productive asexually 

propagated material. Clonal forestry offers the ability to select individuals based on their inherent 

genetic traits or ideotypes, choosing or excluding specific clones to create a desired stand 

environment. This can vary from pure stands, using one genotype, to mixed stands, composed of 

an unlimited number of different genotypes. Asexual propagation has several benefits than 
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conventional tree breeding techniques, including the ability to rapidly and consistently produce 

superior clone lines over time; increased capture and transfer of genetic gains; increased 

possibility to select superior genotypes, identify “correlation breakers”, i.e. clones which exhibit 

simultaneous improvement in growth and wood density, two traits which are usually negatively 

correlated, and to manage genetic diversity and crop uniformity in plantation forestry (Carson 

1986; Park 2002). Additionally, asexual propagation techniques do not result in the loss of 

additive and non-additive genetic components and can increase genetic gains by eliminating 

breeding inefficiencies, such as pollen contamination or genetic variance (Bozzano et al. 2006). 

Cloning can be achieved by two principal methods, macro-propagation such as grafting or rooted 

cuttings, or micro-propagation using tissue cultures such as somatic embryogenesis (SE) or 

organogenesis (Packham et al. 1992). Propagation methods are limited by various factors, but the 

stage of development is crucial. Although stem grafting is possible during all stages of tree 

growth, cuttings and micro-propagation are more successful in juvenile material, while SE is 

restricted to mature or immature embryos (Allan et al. 2003).  

Asexual propagation can be used to rapidly and reliably produce clonal material for large-

scale multiplication of elite clones (de Assis et al. 2004). The development and implementation 

of breeding strategies and reproductive techniques for reproducing genetically superior forest 

trees has progressed successfully over the past decades (Park 2002; Park and Klimaszewska 

2003). It has now reached a stage where the large-scale reproduction of genetically identical elite 

trees is possible, although some limitations remain.  

Until relatively recently, clonal forestry was practiced almost exclusively with 

broadleaves, specifically Eucalyptus, Populus and Salix. However, recent advances in 

propagation techniques, specifically SE, have now meant that conifers are now widely produced 

using these techniques.  
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2.4.1. Grafting  

Grafting is a vegetative propagation technique which has been in use for millennia; its use has 

been recorded in China since 1000 B.C.E (Allan et al 2003). Grafting is mostly used to establish 

seed orchards or clone banks, which preserve elite material and for crossing selected individuals. 

Grafting is done by joining a shoot (scion) of a selected tree with a root (stock or root stock) from 

a tree of different genetic origin. Success rates vary by species, from 49% in Sitka spruce to 72% 

in Scots pine and 94% to 97% in European larch and Japanese larch respectively.  

2.4.2. Rooted cuttings 

The success of using cuttings to establish clones varies by species, population and clone. In 

general, conifer species are more difficult to clone using cuttings than most angiosperm species 

and numerous factors can influence root development (von Aderkas and Bonga 2000). Conifer 

meristem loses its regenerative potential and ability for vegetative growth as a tree matures 

(Greenwood 1995). Month of harvest can also influence rooting ability in Sitka spruce; branch 

tips collected in January and February show greater rooting ability than cuttings collected from 

October to December (Copes 1987). Furthermore, sampling location can also affect rooting 

success with branches from the highest whorls, and hence the youngest material, having greater 

rooting ability in Sitka spruce. Thus, consideration must be given to cutting location and age of 

material to ensure successful propagation (de Assis et al. 2004).   

2.4.3. Somatic embryogenesis 

Somatic embryogenesis (SE) represents the most advanced artificial reproductive method 

available. SE is an asexual propagation technique which uses tissue cultures to create (in theory) 

an infinite number of genetically identical copies of elite trees to be produced from a single 

immature seed (Fig. 2.3). SE is comprised of five separate developmental stages; initiation, 
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multiplication, maturation, germination  of  mature  somatic embryos, and early growth ex vitrum 

(Park and Klimaszewska 2003).   

Current developments in SE techniques, including advances in the mechanisation process, 

mean that this may become a viable alternative to conventional seed-orchard techniques in the 

near future. However, there remain some technical and management issues with SE propagation. 

The success of SE reproduction and culture proliferation can be influenced by: tissue cultural 

media (Park 2002), genotype of donor tree (Aronen et al. 2008); zygotic embryo developmental 

stage (Park 2002), proliferation techniques (Aronen et al. 2008) and maturation techniques 

(Aronen et al. 2008).  

 

Figure 2.3. Typical somatic embryogenesis process (http://www.biology.gatech.edu/). 

A wide range of species from multiple genera can be mass propagated using SE (Park and 

Klimaszewska 2003). This propagation technique offers the greatest possibility to increase forest 

productivity through mass production of genetically uniform trees (Park 2002). Additionally, 

clones produced via SE can be stored until after field trials have been completed and individuals 
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demonstrating greatest potential can be multiplied quickly and deployed in the field. 

Furthermore, cryopreservation allows elite clones to be consistently reproduced over time, 

satisfying specific management objectives or future-market criteria (Aronen et al. 2008). 

However, the expense of clonal propagation is one of the main obstacles restricting the wide 

utilisation of clonal trees (Pulkkinen 2002).  

One method to minimise costs, and which has been adopted in the UK and Ireland, is to 

establish hedge orchards of SE produced trees; from these hedge plants cuttings are collected, 

spreading the cost of SE produced clones over many individuals. Approximately 500 rooted  

cuttings can be taken from one donor plant over its productive life time, thus making SE a more 

cost effective and attractive propagation technique (John and Mason 1987). Although rooted 

cuttings are 1.5 times more expensive than seed produced trees, height and root collar diameter of 

two-year old root cuttings are similar to three-year-old seed grown material.  

The ability to deliver a cost effective handling, storage and delivery system to bring 

propagules from the lab to a nursery or forest site is essential to the viability of SE to compete 

with the very low cost of producing trees using conventional methods. However, alternative 

methods of mass producing clones, such as synthetic seed technology, have not yet been fully 

optimised to increase the efficiency of deployment, so these cannot compete with the currently 

used cheaper traditional methods (Park 2002).  

2.4.3.1. Soma-clonal variation 

Soma-clonal variation refers to the genetic variation which occurs among plants which have been 

produced from any method of cell culture (Ostry and Ward 2003). Soma-clonal variation can 

result in individuals from the same seed or donor plant expressing differences in genetic or 

phenotypic traits such as disease resistance, and growth rates and can be temporary or permanent. 

This uncontrolled and spontaneously occurring variation can present serious problems when 
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using tissue culture methods. This variation may not result in extreme changes and could improve 

clonal growth compared to the original donor plant. The reasons for these differences are 

unknown but it is thought that soma-clonal variation may be present in the tissues prior to 

culturing or may be induced by the tissue culture method. Explant source and culture method 

may influence variant plant recovery, but the ability to select soma-clonal variation among 

individual ramets is difficult.  

2.4.4. Synthetic seed 

Synthetic seeds are somatic embryos or any meristematic tissue artificially encapsulated in a 

hydrogel, such as calcium alginate, which enables trees to grow under in vitro or in vivo 

conditions and facilitate storage with no lost in future viability (Sahoo et al. 2012). Synthetic 

seeds remove intermediate stages of embling, i.e.  production, allowing emblings to be directly 

planted into substrate or soil, decreasing labour cost and may be an alternative propagation and 

deployment method to conventional seed forestry in the near future. However, synthetic seeds 

lack dormancy and stress tolerance, which could limit storage and viability. Additionally, 

improper maturation and asynchronous development of somatic embryos restrict their wide-scale 

use. 

The lack of a testa and endosperm make somatic embryos vulnerable to desiccation and 

nutrient starvation. Embryos can be protected by encasing them in a nutrient rich coating which 

also provides the sustenance required for embryos to develop into self-sustaining fully grown 

trees (Asmah et al. 2013). Synthetic seeds have been developed for a variety of species. The 

successful conversion of embryos to plants has been restricted to in vitro or growth chamber 

conditions for most species. However, artificial seeds, as a method of deploying somatic 

embryos, have been used for some hardwood and softwood species for a number of years and 
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successful (73.3 to 100%) field planting and conversion of artificial seeds to tree “seedlings” 

have been recorded among Acacia hybrids. 

2.5. Deployment type 

Although deployment type is important in conventional forestry, the higher genetic variability 

between individuals produced by sexual propagation mean that it is not as critical as with clonal 

forestry. There are two main deployment types used in clonal forestry, mixed and pure plots (i.e. 

intra- or interspecific competitive environments). Deployment type influences the environment in 

a stand and hence growth and competitive interactions between different genotypes (Sharma et 

al. 2008b). Thus, deployment type can alter competitive interactions among ramets, removing 

some of the frequently cited benefits of clonal forestry (e.g. uniformity of size and growth). 

Although some studies have focused on conifer species (e.g. Staudhammer et al. 2009, Sharma 

2008b), the majority of experiments conducted on the effect of deployment type to date have 

concentrated on broadleaved species, in particular Poplus and Salix spp. and other short rotation-

woody crops (e.g. Benbrahim et al. 2000; Dawson and McCracken 1995; DeBell and Harrington 

1993).   

There is a considerable amount of conflicting information concerning how deployment 

type affects growth and yield of various tree species (e.g. Adams et al. 1973; Benbrahim et al. 

2000; Foster et al. 1998). Certain mixtures of clones or planting specific combinations (i.e. mixed 

mosaics of clonal blocks or monoclonal plots) could result in postitive, negative or neutral effects 

on productivity and influence the competitive environment and competitive pressures of clones 

within a stand (Adams et al. 1973; Sharma 2008; Staudhammer et al. 2009).  
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2.5.1. Competitive pressure 

Competitive pressure refers to the extent which the growing space of an individual is used by 

others, while competitive ability of an individual refers to its capability to acquire resources 

while excluding others from using the same resources within that space. Competition is usually 

restricted to nearest neighbours; therefore the requirement to deploy large numbers of clones to limit 

interactions may not be required or practical (Isik et al. 2005). Before canopy closure, individuals 

compete primarily for nutrients and soil moisture, but once canopy closure is initiated 

competition for light increases. Sharma (2008a) described three important components of 

competition: the influence of competitors; distance between competitors and the micro-

environment. Competition can be manipulated in numerous ways by altering these components, 

such as by increasing or decreasing spacing or varying genetic diversity, and could increase, 

reduce or have no impact on growth.  

Diversity at the gene level is an important driver in individual and community-level 

processes and can influence stand productivity (Boyden et al. 2008). Boyden et al. (2008) found 

that as genetic diversity increased a corresponding reduction in competition between Eucalyptus 

trees occurred. Trees that are similar in their resource demands and phenology will compete 

directly with each other, while trees that have a different phenology may be under less pressure. 

Furthermore, phenotypic variation can determine a tree’s ability to grow and compete effectively 

with its neighbours, altering stand dynamics by manipulating traits which limit competitive 

interactions among close neighbours.  

2.5.2. Competition-induced plasticity  

Phenotypic plasticity enables plants to adjust their morphology in response to different 

environmental conditions (Gregorius and Kleinschmit 1999). Clonal plasticity can be determined 

by quantifying trait morphology and competition-induced morphology. Above and below ground 
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traits are often strongly correlated, and to consider traits in isolation may ignore adaptive 

responses to specific growth stresses and competitive conditions (Westoby and Wright 2006).  

Resource limitations are assumed to influence biomass partitioning in plants, affecting 

growth rates (Gedroc et al. 1996). Staudhammer et al. 2009 reported several family differences in 

mixed plots compared to pure plots and many significant and persistent deployment × family 

interactions for breast height stem diameter and stem height among other traits differences. DeBell 

and Harrington (1997) did not find productivity differences between Populus clones according to 

deployment type but stem height was more uniform in pure plots than in mixed. Trees acquire 

resources from the environment and the more-competitive genotypes are more successful in 

exploiting growing space and resources.  

Increased competition reduces resource availability and alters biomass partitioning, 

increasing or decreasing biomass partitioning to above or below ground components (Gedroc et 

al. 1996). For example, Acer and Pinus species respond to increased soil resource availability by 

decreasing the relative proportion of biomass partitioned to root mass and partitioning more biomass 

to above ground growth (Canham et al. 1996). Similarly, decreased availability of above ground 

resources can increase biomass partitioning to shoot growth as trees try to optimise uptake of the 

most limiting elements.  

Above ground trait variation and biomass partitioning have been explored in many studies 

(e.g. Cannell et al. 1983; Chmura et al. 2007). Related neighbours occupy similar niches, 

requiring trees to have high degrees of plasticity to minimise intra-genotypic competition 

(Elferjani et al. 2014; Forrester et al. 2006). While many studies have analysed above ground 

responses to competition, only a limited number of studies have reported on corresponding below 

ground trait variability (Al Afas et al. 2008).  
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2.6. Biomass partitioning   

Biomass partitioning refers to how a tree distributes biomass to its components as a function of 

source–sink interactions. Tree traits and environmental conditions influence biomass partitioning to 

components to maximise carbon gain but may change under competitive pressure and during stand 

development (Grulke and Retzlaff 2001). There is a paucity of information in relation to intra- 

and inter-specific competition effects on tree biomass partitioning, growth and wood quality 

responses in conifer clonal material. Previous studies conducted on clonal material have shown 

biomass partitioning affects growth efficiency. Cannell et al. (1983) found significant variation 

among Sitka spruce and lodgepole pine (Pinus contorta Dougl.) clones in stem wood biomass 

partitioning compared to foliage biomass, suggesting increased stem growth efficiency of some 

clones over others.  

Niche overlap and competition may be reduced by selecting clones with divergent 

resource acquisition and biomass partitioning strategies, while increasing resource-use efficiency 

and nutrient acquisition (Mason et al. 2012). Biomass production may also be determined by leaf 

area and crown structure. Chmura et al. (2007) found significant variation in height, diameter and 

biomass partitioning between full-sibling families (i.e. where both parents are known) of loblolly 

pine (Pinus taeda L.); these differences were related to crown structure, with tree growth being 

strongly correlated to foliage area.  Differences in phenology and biomass partitioning can also 

influence vigour. DeBell et al (1996) observed that hybrid Populus clones which differed in 

biomass partitioning also differed in growth rate with one clone producing nearly 75% more 

biomass than the other and partitioning less biomass to branch wood. These differences were 

attributed to greater sylleptic branching, i.e. branches which emerge without dormancy and 

without complete bud formation, and a longer and later growth period.  
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2.6.1. Ideotype concept  

Quantitative trait differences and their plasticity in response to environmental pressures provides 

information about competitive ability (Clair and Adams 1991). Quantitative traits (e.g. crown 

area) form the basis of what Donald (1968) termed plant ideotypes. Tree ideotypes have been 

proposed for inclusion in some tree breeding programmes (Dickmann 1985). Ideotype breeding is 

a breeding methodology which modifies individual phenological or physiological features to 

create model plants for specific objectives, e.g. narrow crowns to allow denser spacing under a 

no-thinning management regime (Donald and Hamblin 1976). Tree ideotypes are model plants, 

including three important types: “crop”, “competition” and “isolation”. In monoclonal stands, the 

less aggressive “crop” ideotypes make more efficient use of resources and have greater yields per 

unit area with more uniform individual tree growth (Cannell 1978). However, when deployed in 

mixed stands, they will be quickly outcompeted due to their weaker competitive ability (Donald 

and Hamblin 1976).  

In mixed stands, “competition” ideotypes out-compete their less competitive neighbours 

in height growth and intercept more light, resulting in stand structural changes due to crown size 

differentiation. Although the biomass production of the more competitive trees is assumed to be 

high, the increased mortality rate due to suppression will result in lower mean stand productivity 

unless silvicultural intervention mitigates the effect of competition. Furthermore, “crop” 

ideotypes can be grown at higher densities than “competitive” ideotypes and have been reported 

to partition more biomass to stem wood (Pöykkö and Pulkkinen 1990). Additionally, a third 

ideotype may be classed as phenotypically “plastic”, adjusting its growth and physiology 

depending on competitive environment (Cannell 1978; Donald and Hamblin 1976). However, 

some species or populations, which have a limited distribution or genetic variation, may not have 

enough trait variation and may be unable to alter their competitive strategy or biomass 

partitioning in response to increased competition. 
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Crown volume and width show moderate degrees of heritability in loblolly (Pinus taeda 

L.) and slash pines (Pinus elliottii Engelm. var. elliottii ) indicating that it may be possible to 

breed for these traits (Staudhammer et al. 2009). Thus, trees which have narrow crowns could 

potentially be deployed at closer spacing than is conventionally used, increasing stand 

productivity and potentially producing more stem biomass per unit area. Studies which evaluate 

how biomass partitioning and crown structure change with intra- and inter-genotypic interactions 

provide could help predict clonal responses when deployed and ensure that clones with 

complementary growth characteristics are planted together to increase productivity  (Adams et al. 

1973). 

2.6.2. Crown architecture 

Crown shape is important for light interception and hence growth and survival. Prior to canopy 

closure, trees compete for nutrients and water but decreases in light availability with canopy 

closure shift competition aboveground. A reduction in the ratio of red to far red (R:FR) 

wavelengths which trees intercept signals that canopy closure is imminent and trees adjust their 

biomass partitioning to maximise stem and crown growth before shading occurs (Aphalo and 

Ballaré 1995). Crown architecture is an important morphological trait which has been shown to 

change under competitive pressure (Lintunen and Kaitaniemi 2010). Narrower crowns utilise 

growing space more efficiently and suppressed trees are likely to preferentially partition biomass 

to needles and fine roots (Poorter et al. 2012).  

Preferentially partitioning biomass to stem height growth rather than crown expansion 

would reduce a tree’s sensitivity to competition (Gerendiain et al. 2008). Branching habit in Sitka 

spruce has been shown to be strongly correlated with stem wood growth efficiency (Cannell et al. 

1983). Increased branch number enables greater crown development and facilitates tree growth 

by varying leaf area or angle, important in the effective capturing of light and photosynthesis 
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(Chmura et al. 2007). Furthermore, leaf distribution and leaf area within a crown have been 

observed to be more important for light interception than crown shape in Sitka spruce (Wang et 

al. 1991).  

 In young trees, stem volume is proportional to crown volume, thus a compromise between 

shoot elongation and crown development must be achieved in order to obtain sufficient foliage 

growth and light interception without reducing height growth (Assmann 1970). Chmura et al. 

(2007) found that crown structure was related to above ground biomass accumulation in Pinus 

species. Thus, competitive interaction between trees may alter crown shape and could reduce 

efficient light interception, negatively impacting productivity. Therefore, by identifying clones 

with contrasting crown characteristics above ground competition may be reduced, increasing 

stem and biomass production (Chmura et al. 2007).  

Leaf morphology may also be altered in response to changes in certain environmental 

conditions. Curt et al. (2005) reported that Fagus seedlings modified their leaf morphology and 

increased their specific leaf area in response to changes in the light environment, presumably to 

reduce self-shading and increase light interception. Large total leaf area and individual leaf size 

are associated with high yields in Poplus clones (Monclus et al. 2005). Rate of leaf expansion 

also determines the size of leaves; rapid growth rates result in smaller, thinner and fewer leaves 

with higher water-use efficiency, which could be an important trait in drier environments. 

2.7. Fine root development  

Until relatively recently roots were analysed as one broad group, ignoring their physiological 

functions, particularly in relation to the finest roots. Root systems are composed of a hierarchical 

network of different root sizes, which can be divided into coarse roots and fine roots. While 

coarse roots are persistent organs which provide structural support, storage and water and nutrient 

transport, fine roots, defined as all roots ≤ 2 mm in diameter, are the main areas of nutrient and 
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water absorption (Pregitzer 2002). The highly complex branching system allows variable spatial 

distribution, allowing roots to more fully exploit soil resources. However, root density tends to 

decrease with increased nutrient availability, while root vertical distribution can be influenced by 

soil type and water table depth (Sainju and Good 1993).  

Although fine roots comprise only a small fraction, 3-7%, of total biomass they acquire a 

disproportionate share of the net carbon assimilated annually, approximately 50%  (Knight et al. 

1994). Fine roots are particularly important for trees lacking an abundance of root hairs, such as 

members of Picea (Gordon and Jackson 2000). Species of this genus depend more on fine root 

absorption capacity for resource acquisition and the finest roots are essential for establishing 

mycorrhizal associations (Helmisaari et al. 2000). Fine root diameter is an important criterion in 

determining root uptake potential and mycorrhizal colonization (Guo et al. 2008). However, the 

majority of fine root biomass is located in the richer humus and upper mineral layers, allowing 

finer dimeter roots to maximise their resource acquisition (Jagodzinski et al. 2016).  

2.7.1. Below ground competition  

Below ground competition interactions affect the over-all performance of individuals, community 

stability and species coexistence (Lei et al. 2012). Plant competition can be size symmetric 

(Casper and Jackson 1997) or asymmetric (Lei et al. 2012) and can be as intense below ground as 

aboveground, with trees altering their root biomass partitioning and morphology to compete with 

close neighbours. Variation in fine root length and root surface area may help explain how 

different genotypes acquire resources and occupy soil volume. Species can also display root 

morphological adaptations in their functional traits and architecture (Bolte and Villanueva 2006). 

Increased root length results in greater root surface area and greater root tip number, increasing 

the capacity to acquire resources regardless of the proportion expressed as percentage of total 

biomass. 
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Root density decreases with soil depth and tends to accumulate where organic carbon and 

nutrients are concentrated (Sainju and Good 1993). Thus, individuals or species need 

mechanisms to avoid competing with neighbours, or if they compete, they need to develop more 

efficient ways of acquiring resources (Hajek et al. 2014). Niche partitioning, i.e. spatial or 

temporal separation, reduces competition and can increase species diversity without reducing 

productivity through competition. However, below ground responses to fine root competition and 

the competition strategies employed by most species are unknown. Previous studies have 

attempted to determine if mixtures of two or more species have higher below ground productivity 

than monocultures or seedling mixtures, however results have been conflicting.  

Increased genetic diversity between individuals could result in greater mean biomass 

productivity through facilitation or niche differentiation (Brassard et al. 2011). However,  

Meinen et al. (2009) found no increases in fine root biomass between single species and mixtures 

of broadleaf stands. Therefore, productivity may depend on divergent root and/or biomass 

partitioning traits which enable trees to occupy greater soil space and facilitate complementary 

soil resource exploitation without impacting on the growth of others ( Meinen et al. 2009). Hajek 

et al. (2014) found that fine root plasticity resulting from intra- and inter- specific competition do 

not contribute to superior below ground competitive ability, as physiological and mycorrhizal 

fungal associations could be as important. 

The general inaccessibility and methodological difficulties in extracting and studying fine 

roots have limited the amount of work which has been conducted on them (Al Afas et al. 2008). 

Additionally, the arbitrary division into diameter classes, the most common being > 2 mm for 

coarse roots and < 2 mm for fine roots, complicates the results from different studies and ignores 

differences in root function.  
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2.7.1.1. Quantifying root traits 

Root sampling is prone to greater sampling error than aboveground sampling, due to the 

complexity of root growth and root sample retrieval. There is no single, reliable methodological 

approach for assessing different root types. Roots have highly heterogeneous spatial distribution 

which is known to be an important obstacle to accurately quantifying fine-root biomass. This 

spatially heterogeneous distribution also increases the uncertainty of fine root growth and 

morphology (Koteen and Baldocchi 2013).  

Methods such as core/auger sampling may underestimate root measurements. Therefore, 

by enlarging the sampling volume and extracting soil monoliths, the subsequent biases generated 

using standard auger-sampling methods are reduced or eliminated. Additionally, soil monolith 

sampling allows for the variability of coarse-root distribution to be accounted for, which augers 

cannot satisfy completely. Although the applied monolith methodology is more labour intensive 

than augering or other methods, it enables below ground interactions to be determined more 

precisely, but depending on monolith size, sampling intensity may have to be reduced due to 

financial or time limitations.  

Previous studies have shown that a high sampling intensity of auger cores is required to 

“achieve 10% precision in the 0–10 cm horizon and around one third of that for the 10–50 cm 

and 50–100 cm horizons” (Levillain et al. 2011). Levillain et al. (2011) found no significant 

differences between auger-core and monolith methods but stated that the auger-core method was 

not suitable for assessing coarse-root biomass. Furthermore, Ping et al. (2010) found that soil 

augers significantly underestimated total root biomass in temperate grasslands in comparison 

with either small monoliths (0.25 m
2

 ) or large monolith method (1 m
2

 ). However, Nissen et al. 

(2008) recorded a good agreement between the two methods in their study of soybean root 

biomass, as did Jose et al. (2001) in their study on a temperate alley cropping system. 
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Although soil monolith sampling is more time consuming, it provides more accurate 

results for estimating whole tree biomass, root biomass values and derived equations. To 

accurately quantify root systems, root distribution and phenology must be considered and large 

cores or well replicated monoliths are preferable study methods (Koteen and Baldocchi 2013). 

The monolith method is widely used in forestry research and has been shown to provide more 

accurate and reliable results than auger cores. For example, Millikin and Bledsoe (1999) found 

that the root mass density of blue oak (Quercus douglasii) was at least 50% higher using 

monolith sampling than results obtained using the core method. 

2.8. Juvenile wood properties   

In fast growing short rotation conifers, a large proportion of a trees stem is composed of juvenile 

wood. The juvenile wood zone varies by species and can be influenced by environmental factors 

(Ni Dhubhain et al. 2006). The gradual changes in wood properties, as a tree matures, make it 

difficult to accurately define the demarcation line between juvenile and mature wood (Zobel and 

Sprague 1998). Additionally, as different wood properties mature independent of each other, this 

further increases the difficulty in defining the boundary between juvenile and mature wood. To 

overcome this, density values are typically used to indicate when trees have begun to produce 

mature wood. Mature wood typically has higher density than juvenile wood and the stage at 

which this transition is most obvious is generally defined as the boundary between juvenile and 

mature wood. 

Juvenile wood forms a cylindrical column around the pith and is on average denser than 

mature wood in Sitka spruce. However, juvenile wood has several traits, e.g. dimensional 

instability, and properties, e.g. thinner cell walls, which are considered inferior to mature wood 

and greatly diminish its quality and applicability for a range of products, particularly solid wood 

products (Treacy et al. 2000; Zobel and Sprague 1998). Thus, the objective of increasing growth 
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rates with a corresponding reduction in rotation length may inadvertently lead to a reduction in 

the quality of Sitka spruce wood through a proportional increase in juvenile wood. 

The inability to select concurrently for increased growth and better wood properties is 

well known for mature Sitka spruce trees (Lee 1999). This is particularly true for wood density, 

which is significantly reduced with increased height growth rates. To date however, little 

attention has been given to improving juvenile wood quality in Sitka spruce, regardless of its link 

to mature-wood. 

2.8.1. Trait selection 

Increased growth rates through the selection of more vigorous trees has always been a primary 

component of tree improvement programmes. Although selection for increased growth directly 

impacts wood quality, the inclusion of other wood quality traits was largely neglected until 

relatively recently. The first breeding programmes to include traits other than growth rate began 

in the 1990’s and included wood density in radiata pine breeding programmes (Wu et al. 2008). 

Wood traits were excluded from breeding programmes for several reasons. The young age and 

small size of breeding populations limited the analysis of wood traits. Additionally, the high cost 

and lack of pressure from timber consumers and industry meant that lower grade timber was 

acceptable for structural timber until recently. However, the increased supply of timber coming 

from shorter rotation plantations containing highly vigorous trees and proportionally more 

juvenile wood, has increased demands for higher quality timber. The development of tools which 

can rapidly and accurately assess wood properties in standing trees has facilitated the inclusion of 

traits such as modulus of elasticity (MOE) into breeding programmes (Kennedy et al. 2013) 

2.8.2. Wood density  

Wood quality is determined primarily by density and microfibril angle (MFA).  MFA refers to 

the angle between the orientation of cellulose microfibrils in the secondary cell wall of fibres and 
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tracheids and the long axis of cell Barnett and Bonham 2004. These two attributes determine 

strength and stiffness respectively (Treacy et al. 2000). The chemical and physical properties of 

wood and its suitability for a specific purpose determine wood quality (Briggs and Smith 1986). 

Wood density is a highly heritable characteristic and it varies greatly between provenances 

(Treacy et al. 2000). Density also varies within and among annual rings; earlywood has thinner 

cells with larger diameters, corresponding to lower wood density, while the converse is true of 

latewood which has higher density (Lee 1999). Spruce species have a characteristic growth 

pattern across its stem, producing high density wood close to the pith followed by a rapid decline 

in wood density (Panshin and Zeeuw 1980). This variation in wood density is typically used to 

separate juvenile wood from mature wood in Picea (Mitchell and Denne 1997). 

  

Figure 2.4. Stem juvenile mature wood distribution. (Jozsa and Middleton, 1994) 
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The variation in pith to bark wood density is partially influenced by cambial age. The first 

nine to 15 rings are generally referred to as juvenile wood. Although density influences strength 

and stiffness, timber utilisation also depends on additional factors such as knot size and 

frequency and proportion of juvenile wood (Kliger et al. 1995). Density can also determine the 

performance of sawn timber as well as pulp yield and its characteristics. Tracheid dimensions 

also influence wood density, with shorter and smaller diameter tracheids increasing the 

proportion of cell walls per unit volume of wood, increasing density (Kennedy 1995). However, 

density does not indicate the anatomy of cells or their strength. Although increased density is 

desired, thicker tracheid cell walls can hold more water and can undergo more dimensional 

changes, prolonging drying time, thus increasing processing costs.  

Furthermore, chemical composition and the presence of extractives can all influence 

density (Treacy et al. 2000). Density varies longitudinally in Sitka spruce, decreasing with height 

(Harvald and Olesen 1987). Although density is the most commonly measured wood quality 

criterion, it has been found to be a poor indicator of wood stiffness, thus other wood quality 

attributes should be included in a breeding programme (Cave and Walker 1994).  

Slight changes in density may result in large changes in structural performance, so wood 

quality evaluations should also consider other properties to provide more reliable results (Zhang 

et al. 1997). Because of the strong linear relationship between microfibril angle (MFA) and wood 

stiffness, several authors (Cave and Walker 1994; Treacy et al. 2000) suggest a more efficient 

strategy for improving wood quality would be to select trees based on MFA rather than density.  

2.8.3. Microfibril characteristics 

Microfibrils are the structural components within cell walls of tracheids, the main cell type found 

in conifer wood, and are composed of cellulose chain molecules surrounded by low molecular 

weight hemicelluloses (Tsoumis 1991). Tracheid cell walls contain a primary wall and a 
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secondary wall. The secondary wall is comprised of three layers, S1, S2 and S3, with the S2 layer 

being the thickest and having the most significant effect on cell structural properties. The term 

microfibril angle (MFA) relates to the deviation of the cellulose microfibrils to the axis of the cell 

wall. The MFA of the cell wall in the S2 layer is one of the principal factors influencing the 

mechanical properties of wood, including wood strength and shrinkage anisotropy, i.e. 

directionally dependent (Donaldson 1996).  

 Donaldson (1993) found that MFA significantly affected paper properties with smaller 

MFA’s being associated with higher tensile strength in paper, while larger microfibril angles 

increased stretch and tear resistance. Cave and Walker (1994) found that the MFA in the S2 layer 

of the tracheid cell wall was the only wood characteristic that altered wood stiffness. 

Furthermore, Donaldson (1993) reported MFA was highest in the first five to ten growth rings 

from the pith to bark in Pinus radiata. Cave and Walker (1994) observed decreases in MFA from 

earlywood to the latewood cells. Microfibril angles have also been found to vary among growth 

rings and with tree height. Donaldson (1992) found that MFA decreased with height for the first 

7 m but subsequently increased above 18 m in Pinus radiata. Vainio et al. (2002) observed large 

variation in MFA in Sitka spruce, indicating the potential to improve this trait. Furthermore, Cave 

and Walker (1994) suggested that wood quality could be improved by selecting trees with low 

MFA in their juvenile wood. Thus, considering the influence MFA has on wood properties, tree 

breeders are becoming increasingly interested in MFA as a selection trait (Cave and Walker 

1994). 
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Figure 2.5. Wood and fibril orientation in mature and  juvenile (Jozsa and Middleton, 1994) 

2.8.4. Tracheid dimensions  

Vigorous trees may have different carbon partitioning patterns to those of less vigorous trees, 

resulting in tracheids with larger diameters and thinner cell walls. Similar to other softwoods, the 

wood of Sitka spruce is composed mostly (approximately 90%) of tracheids (Moore 2011). 

Although dead at maturity, the thick and highly lignified cell walls conduct water and nutrients 

and provide structural support. Trachieds consist of a primary and secondary cell wall and a 

middle lamella. The lamella, although not considered part of the cell wall, contains the 

intercellular material which binds neighbouring cells together. Within an annual ring, tracheid 

length increases with height reaching a maximum length at approximately 1/3 of the stem, 

decreasing thereafter.  

Tracheid length has been also shown to increase in a characteristic pattern from pith 

outwards. Brazier (1967) found that tracheid length more than doubled, from 1.3 mm near the 

pith to approximately 3 mm at ring 36 in Sitka spruce. Although shorter lengths are related to 

higher MFAs, they have not been found to reduce timber strength or stiffness, but can affect pulp 

and paper quality. A minimum tracheid length of 2 mm is recommended for the production of 

Kraft pulp (Walker 1993). Tracheid dimensions in Sitka spruce depend on their location within 

each annual ring and within a tree, typically 1 – 3 mm long with radial widths of 20 – 45 µm 
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(Brazier 1967). In comparison, broadleaved species have shorter and narrower tracheid 

dimensions ranging from 1.1 – 1.2 mm in length with widths of 10 – 14 µm; these shorter and 

narrower tracheids result in denser wood containing less lignin (Roberts 1996). 

2.8.5. Modulus of Elasticity 

The modulus of elasticity (MOE) describes the stiffness of a piece of wood. MOE is defined as 

the ratio of tensile stress to tensile strain and is determined by tracheid properties, i.e. microfibril 

angle, tracheid dimensions, cell wall thickness and fibre coarseness. Both softwood and 

hardwood timber are anisotropic and their behaviour differs according to their dimensions. Due 

to this anisotropic nature, measurements of wood properties can vary when taken in different 

locations (i.e. longitudinally, radially and tangentially). Therefore, wood strength. i.e. the 

resistance to breakage or failure, is typically assessed in the longitudinal orientation. Similar to 

other wood properties, wood stiffness, i.e. its flexibility and ability to bend without breaking, in 

Picea species increases from pith to bark (Koponen et al. 2005) and has been found to increase 

with height (Kliger et al. 1995). The radial point within a tree and the type of wood can also 

influence the strength and stiffness of wood. Kliger et al. (1988) found an increase of 47% in the 

bending strength and 30% in MOE in timber studs produced from outer wood compared with 

core wood in Norway spruce. 
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3. Above and below ground biomass partitioning and fine root 

morphology in juvenile Sitka spruce clones in monoclonal and polyclonal 

mixtures 
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Abstract: Six juvenile Sitka spruce (Picea sitchensis (Bong.) Carr.) clones were grown in 

monoclonal (pure) and polyclonal mixtures (mixed) in a replicated field experiment to assess 

clonal effects on above and below ground growth, biomass partitioning and fine root 

morphology. Shoot height and root collar diameter were measured twice annually and after the 

second year 48 clones were destructively harvested. Fine roots were divided into 10 diameter 

classes, for each of which morphological characteristics were calculated from digitized images. 

Deployment type significantly increased fine root surface area in mixed plots and fine root length 

in pure plots for two fine root diameter classes for some clones. Significant inter-clonal variation 

for many above and below ground parameters was also observed. The two most productive 

clones, in terms of height and diameter growth, differed significantly in biomass partitioning, 

suggesting that variation between Sitka spruce clones in biomass partitioning may have 

implications for stand productivity and uniformity.  
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3.1. Introduction 

Trees are able to sense competition from neighbours through changes in the ratio of red to far red 

(R : FR) wavelengths and adjust their biomass partitioning to maximise growth before shading 

occurs (Aphalo and Ballaré 1995). Although a wide variety of changes have been observed above 

ground, little is known about associated changes in below ground structures. The majority of 

studies which assessed below ground responses to competition typically used trees grown from 

seed, making it difficult to separate genetic effects from environmental effects (Brassard et al. 

2011; Domisch et al. 2015; Forrester et al. 2006; Litton et al. 2003). Using clonal material, rather 

than seedlings, enables the effects of genetic variability to be distinguished more readily from 

phenotypic plasticity (Aspelmeier and Leuschner 2006).  

Related neighbours occupy similar niches and root systems may demonstrate high degrees of 

plasticity by increasing root density, length or depth to reduce intra-genotypic competitive 

interactions (Elferjani et al. 2014; Forrester et al. 2006; Jagodzinski et al. 2016). Morphological 

and physiological differences have been found between clones. For example, Pregitzer et al. 

(1990) observed clonal variation in fine root development as well as root carbohydrate and 

nitrogen dynamics in Populus. Additionally, Nguyen et al. (1990) recorded clonal differences in 

the non-structural carbohydrates of roots of two Populus clones, which corresponded to 

phenological differences. 

Variation in tree density can also affect growth and biomass partitioning (Jagodzinski and 

Oleksyn 2009b; Litton et al. 2003). Hyatt et al. (1998) found that increased density resulted in 

higher ratios of stem to leaf biomass in Abutilon theophrasti. Changes to below ground biomass 

partitioning in juvenile coniferous forests have also been observed and are strongly influenced by 

stand density with increases in root biomass corresponding to increases in stand density (Litton et 

al. 2003). Additionally, above and below ground traits may be correlated. Hyatt et al. (1998) 

observed that total root biomass and shoot biomass were highly correlated in A. theophrasti. 
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However, fine root length was only related with above ground biomass in small sub-canopy 

plants in crowded populations and these plants did not alter their partitioning strategy in response 

to above ground competition. In contrast, Al Afas et al. (2008) did not observe significant 

correlations between fine root traits and above ground biomass in Populus clones, but found 

significant differences among clones for fine root biomass. 

Roots play an essential role in tree growth, however as most root study methods are crude and 

labour-intensive, roots are the least studied area of terrestrial ecosystems (Domisch 2015). Fine 

roots are vital for resource acquisition and carbon dynamics; thus determining competition-

induced morphological changes in fine roots is important since it may affect a tree’s ability to 

compete effectively with its neighbours. Additionally, fine root length and surface area 

measurements provide information as to how roots acquire resources and occupy the surrounding 

soil (Fitter 2002). Although information on fine root distribution, growth and seasonal dynamics 

(Bonicel et al. 1987; Nguyen et al. 1990; Zadworny et al. 2015) are available for some tree 

species, to the authors’ knowledge no studies have been conducted that specifically examined 

fine root morphology resulting from inter- and intra-clonal competitive interactions in tree 

clones. Furthermore, information on fine roots are not only lacking for the Picea genus, but for 

conifers as a whole. 

The objectives of this study were to determine if intra- and inter-clonal competition: (1) 

altered the relationships between above and below ground variables, (2) influenced fine root 

morphology, biomass partitioning and stem growth within and between clones. 

3.2. Materials and methods  

3.2.1. Plant material 

An experiment with six genetically improved one-year old clones of Sitka spruce (Picea 

sitchensis (Bong.) Carr.) was established at the National Tree Improvement Centre, Kilmacurra, 
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Co. Wicklow, Ireland (52° 93' N, 6° 14' E, 133 m a.s.l.) in April 2013. According to 30 year 

average meteorological observations from the on-site weather station (Met Éireann) the mean 

annual temperature is 9.9 °C with a mean annual precipitation of 1178 mm.  

Trees used in this experiment displayed superior height growth and were produced from full-

sibling crosses from the Irish tree improvement programme (Table 3.1) and were propagated 

using somatic embryogenesis (Thompson 2013). Several weeks after the early-stage somatic 

embryo structures were evident, plants were transferred into individual plugs with a peat pearlite 

(2:1) mixture containing 250 g L
-1

 fertilizer (Osmocote
®
, Everris International B.V.) and 5 g L

-1 

insecticide (suSCon Green, Crop Care Australasia Proprietary Ltd.). The plants were transferred 

to a high humidity greenhouse to acclimatise for approximately a month and were then moved to 

poly-tunnels prior to being planted.  

Table 3.1. Clones planted in the experiment and the crosses from which they were derived. 

Clone Number        Cross 

1 230 × 519 

2 377 × 574 

3 583 × 519 

4 574 × 519 

5   27 × 306 

6 377 × 519 

 

3.2.2. Experimental design 

The experiment was established in spring 2013. The soil was uniform throughout and was 

classified as a sandy loam with approximately 7.3% clay, 14.1% silt, 78.6% sand and 9.2% 

organic matter. Prior to establishment, the site was ploughed to a depth of approximately 13 cm 

and treated with glyphosate (Roundup, Monsanto) at a rate of 5 L ha
1
. The experiment was 

designed with two factors, deployment type and clone, replicated in four blocks. There were two 

deployment types, single-tree monoclonal plots (pure) and multi-clone mixtures (mixed), with six 

clones per plot. Each block contained seven plots: one mixed plot contained all clones and one 
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pure plot of each of the six clones. In mixed plots, a random assortment of clones was planted 

around the perimeter of each plot to reduce any edge effects, while in each monoclonal plot, 

ramets of the same clone as the measured clone were used to create a buffer. Pure plots contained 

20 ramets, while mixed plots contained 40 ramets. All data collected in this study were derived 

from the central ramets of each plot. All ramets were hand planted in April 2013 at a distance of 

0.3 m between rows and within rows. 

3.2.3. Observations and measurements 

3.2.3.1.  Above ground parameters 

Shoot height and root collar diameter were measured twice annually in both 2013 and 2014. 

Interception of photosynthetically active radiation (PAR) was calculated by measuring PAR 

above the crown and at ground level using a Line Quantum Sensor (model LI-191 Li-Cor, 

Lincoln, NE, USA). Measurements were made in the centre row of each plot at the end of each 

growing season (October). Percentage PAR interception was calculated by dividing PAR levels 

at ground level by the corresponding PAR level above the canopy. 

In November 2014, after two growing seasons, one ramet per clone and plot was selected 

for destructive sampling. If the selected ramet was defective (e.g. multiple leaders), or had been 

replaced due to mortality, the nearest defect-free ramet was randomly selected instead. Specific 

leaf area (SLA, cm
2 

g
–1

) was assessed by removing needles from a 5 cm mid-section of a north-

orientated branch from the topmost whorl and needle area was measured with a portable leaf area 

meter (LI-3000, Li-Cor, Lincoln, NE, USA). Ramets were then cut at the base and separated into 

foliage, branches and stem. Each component was dried at 75 °C for at least 48 h to a constant 

weight (PW 124, Adam Equipment, South Africa).  
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3.2.3.2.  Below ground parameters 

A soil monolith measuring 0.30 × 0.30 × 0.25 m
3
 was excavated from the base of each ramet and 

processed immediately. Soil monoliths were placed in individual plastic bags containing water 

for 24 h to loosen soil particles, after which they were carefully hand washed to remove moss, 

soil and stone particles. The roots were kept moist in plastic bags, stored at 1 to 2 °C, and then 

dispatched to the Institute of Dendrology, Polish Academy of Sciences, Kórnik, Poland.  

Individual root samples were separated into fine (≤ 2 mm) and coarse roots (> 2 mm) and 

further dissected to facilitate scanning. Fine roots were then placed on transparent perspex plates 

and digitized at 300 dpi and measured using image analysis software (WinRHIZO Pro 2013d, 

Régent Instruments Inc., Quebec, Canada) in conjunction with a professional flatbed scanner 

(Epson Expression XL 1000, Epson, Suwa, NGN, Japan) to determine total fine root length (m), 

surface area (SA, m
2
) and number of root tips per diameter class for 10 root diameter classes 

ranging from 0 to 2 mm in 0.2 mm increments (0 – 0.2, 0.2 – 0.4, …, 1.8 – 2 mm). Coarse roots 

(> 2 mm) were excluded from any morphological analysis, but were included in total root weight 

calculation and derived root ratio equations. 

Once root scanning was complete, all roots were oven-dried at 75 °C for at least 48 h to a 

constant weight and then weighed. Plant material was ground using a Mikro-Feinmühle-Culatti 

mill (IKA Labortechnik Staufen, Germany). Carbon (C) and nitrogen (N) content were then 

determined using a CHNS-O 4010 Elemental Combustion System (Costech Instruments, 

Italy/USA), and the same technique as described by Jagodziński et al. (2012). 

Specific fine root length (SFRL; m g
–1 

of fine root dry mass), specific fine root surface 

area (SFRA; m
2 

g
–1 

of fine root dry mass), root tip density (tips m
–1

) and specific root tip density 

(tip number per unit of fine root dry mass, SRT; tips g
–1

) were also calculated from the results of 

digitised data and fine root biomass (Jagodziński and Kałucka 2010; Jagodziński and Kałucka 

2011). SRL and SRA represented carbon investment per unit of fine roots and provided 
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information on resource partitioning strategies (Bauhus and Messier 1999; Bolte and Villanueva 

2006).  

3.2.4. Data analysis 

GLM (General linear model) was used in SAS 9.3 (2011, SAS Institute Inc., Cary, NC, USA) to 

determine if above and below ground growth responses differed between clones, deployment 

type or clone by deployment interactions. When no significant interaction was detected, a 

separate ANOVA was performed to test for differences between clones. Where there were no 

significant effects of deployment type, data for both deployment types were pooled for each 

clone. Where significant effects occurred, Student-Newman-Keuls (SNK) post-hoc tests were 

used to determine which means were significantly different at P ≤ 0.05. Linear contrasts were 

used to compare above and below ground traits for clones in mixed and pure clonal plots.  

Additional analyses were conducted using linear and logistic regression to determine the 

relationships between a variety of morphological measurements. Regression lines were compared 

using ANCOVA in SAS 9.3 (2011, SAS Institute Inc., Cary, NC, USA) to assess if deployment 

type significantly altered the relationships between variables.    

3.3. Results 

To facilitate presentation, clones were numbered 1 to 6 (i.e. tallest to shortest), based on their 

height measurements in December 2014.  

3.3.1. Growth and biomass partitioning 

Much larger increases in height increment, between 4 to 7 times higher, were observed between 

2013 and 2014 for all clones than over the previous year (Fig. 3.1a). Clone 1 had significantly 

greater height increment in 2014 than all others, except clone 2 (Table 3.2). Additionally, root 
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collar diameter increment differed significantly between clones at the end of 2013 and 2014 (Fig. 

3.1b).  

Mean annual root collar diameter increment ranged from 1.75 to 2.56 mm at the end of 

2013. Clone 3 had significantly smaller root collar diameter in 2013 than all other clones. 

Diameter growth increased greatly during 2014 and in some cases, it more than doubled in 

comparison to 2013. Clone 2 had a significantly larger diameter than all other clones at the end of 

2014.  

 

Figure 3.1. Mean (a) stem height increment, (b) root collar diameter increment at end of first (2013) and 

second (2014) growing season. Means sharing the same letters are not significantly different (P ≤ 0.05). 

Values shown are the pooled means for both deployment types (n = 8) for each clone ± S.E.
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Table 3.2. Total stem height (cm) and root collar diameter (mm) in Nov. 2014, total fine root length (m), fine root surface area (FRSA; m
2
), specific fine root 

length (SFRL; m g
-1

), specific fine root surface area (SFRA; m
2
g

-1
), mean root diameter (mm) and carbon content (%) for all clones in Dec. 2014. Values shown 

are means ± S.E. Means sharing the same letters are not significantly different (P ≤ 0.05). Values were pooled as no significant effect of deployment type was 

observed (P ≤ 0.05). n = 8.  

Clone Height (cm) 

Diameter at base 

(mm)   Root length (m)  FRSA (m
2
)          SFRL (m g

-1
) SFRA (m

2
 g

-1
) 

Fine root  

diameter 

(mm) 

Fine root tip 

number 

C. content 

(%) 

1 64.6 ± 4.3a 8.3 ± 0.4b   86.53 ± 6.60ab 14.86 ± 0.96ab 14.3 ± 0.6a 1.9 ± 0.1a 0.55 ± 0.02a 2864 ± 252a 48.78 ± 0.37ab 

2 57.0 ± 3.2ab 8.4 ± 0.3b 116.07 ± 13.22a 14.91 ± 1.88ab 12.6 ± 1.2a 1.9 ± 0.2a 0.45 ± 0.02b 2445 ± 125ab 49.07 ± 0.34ab 

3 55.4 ± 3.6ab    10.5 ± 0.5a  114.13 ± 6.89a   19.05 ± 1.36a 11.5 ± 0.6a 1.9 ± 0.1a 0.47 ± 0.03b 1947 ± 198bc 47.92 ± 0.33b 

4 55.0 ± 2.5ab 9.4 ± 0.4b   99.84 ± 8.75ab 13.54 ± 1.13ab 15.9 ± 2.1a 2.2 ± 0.3a 0.45 ± 0.01b 2598 ± 372ab 49.64 ± 0.28a 

5 54.9 ± 2.8ab 8.3 ± 0.3b   71.12 ± 10.39b   10.44 ± 1.54b 12.0 ± 1.1a 1.8 ± 0.2a 0.47 ± 0.01b  1509 ± 261c 48.39 ± 0.4ab 

6 50.6 ± 1.7b 9.3 ± 0.3b   99.84 ± 5.33ab 15.18 ± 0.82ab 14.0 ± 0.7a 2.1 ± 0.1a 0.49 ± 0.01b 2715 ± 141ab 48.42 ± 0.29ab 
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Biomass partitioning did not differ significantly between pure and mixed plots for any 

clone in 2014. Total biomass for all clones ranged between 37 to 50 g. However, significant 

differences occurred between several clones in above and below ground biomass. The largest 

percentage of biomass for most clones was partitioned to roots (28 to 34%), then foliage (25 to 

32%), stems (21 to 28%) and the lowest amount to branches (12 to 18%). These differences in 

biomass partitioning resulted in changes to crown architecture and significantly lower PAR 

interception for clone 3 than clone 4 at the end of 2014 (Fig. 3.2).  

 

Figure 3.2. Mean PAR interception in October 2014 for all clones ± S.E. Means sharing the same letters 

are not significantly different (P ≤ 0.05). n = 4. 

Significant differences in the percentage of biomass partitioning to branch, foliage and 

stem tissues were observed between several clones. The largest difference (24%) occurred 

between clone 4 and 1 in stem biomass (Table 3.3; Fig. 3.3a). Clone 1 and 2 partitioned more 

root biomass to fine roots while clone 4 produced a root system consisting of more coarse roots 

(Fig. 3.3b). Fine root biomass represented the greatest proportion of root biomass for most 
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clones. Total fine root biomass ranged from 14 – 19%, while coarse root biomass ranged from 11 

– 16% of total biomass. 

Table 3.3. ANOVA summary for sources of variation and significance level of P-values for diameter and 

height increments and final height and diameter, biomass partitioning (%), fine root carbon content, fine 

root diameter, fine root surface area (FRSA), fine root length (FRL), fine root tip number  and specific 

leaf area (SLA). NS = > 0.05, * = < 0.05 and ** = < 0.01. 

  P-value  

Source of variation Deployment (D) Clone (C) D × C 

Stem growth    

1. Height increment 2013 NS NS NS 

2. Height increment 2014 NS ** NS 
3. Final height Nov. 2014 NS * NS 

4. Diameter increment 2013 NS ** NS 
5. Diameter increment 2014 NS * NS 

6. Final diameter Nov. 2014 NS ** NS 
Biomass partitioning   NS 

1. Branch (%) NS ** NS 
2. Stem (%) NS * NS 

3. Foliage (%) NS ** NS 
4. Total root (%) NS * NS 

5. Coarse root (%) NS * NS 
6. Fine root (%) NS * NS 

Fine root traits NS * NS 
1. FRSA (m

2
) NS * NS 

        2.   FRSA (0.2 – 0.4 mm) * * * 
        3.   FRL (m) NS ** NS 

        4.   FRL (1.8 – 2.0 mm) * ** * 
        5.   Fine root diameter (mm) NS ** NS 

        6.   Fine root carbon (%) NS * NS 
        7.   Fine root tip number NS ** NS 

        8.   SLA (cm
2
 g

-1
) NS * * 
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Figure 3.3. Biomass partitioned to (a) all tree components and (b) fine and coarse root mass in October 

2014 for all clones. Means sharing the same letters within a section, e.g. roots, are not significantly 

different (P ≤ 0.05). Two samples for each clone were collected per block in each deployment type. 

Values shown are the pooled means for both deployment types for each clone ± S.E. n = 8.  
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3.3.2 Fine root production and effect of deployment   

Differences were observed in fine root surface area and fine root length with clones 2 and 3 

differing significantly from all other clones (Table 3.2). Clone 2 and 3 both had significantly 

greater fine root length than clone 5. Clone 3 had significantly greater fine root surface area than 

clone 5. Clone 2 and 3 had 60 and 63% more fine root length respectively than clone 5. 

Additionally, root surface area in ramets of clone 3 was 49% greater than in those from clone 2.  

Fine root surface area (Table 3.4) and length (Table 3.5) in 2014 was mainly composed of 

finest roots. Approximately 75 to 85% of fine root length occurred in roots of diameters < 0.6 

mm for all clones. Clone 1, which had the highest fine root biomass, had significantly lower fine 

root length than most clones in the smallest diameter class (< 0.2 mm). Differences were also 

observed between clone 6 and clone 5, these clones differed in most fine root diameter classes as 

well as mean root length. 

Deployment type significantly influenced specific leaf area (SLA) and fine root surface 

area and length. Clone 4 had significantly lower SLA in pure plots than in mixed plots (Fig. 

3.4a). Mean fine root length in diameter class 10 (1.8 to 2 mm, Fig. 3.4b) was significantly 

greater in pure plots for clone 6. Mean fine root surface area significantly increased in mixed 

plots for root diameter class 2 (0.2 to 0.4 mm, Fig. 3.4c) in clone 3 and 6. Fine root surface area 

in the mixed plots of these clones was 40-41% greater than in the pure plots. 
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Table 3.4. Total fine root surface area (m
2
) for fine roots in diameter classes from 0 - 2 mm, increasing in 0.2 mm increments. Values shown are means ± S.E. 

Values were pooled across deployment type as no significant effect of deployment was observed (P ≤ 0.05). Means sharing the same letters are not significantly 

different (P ≤ 0.05). n = 8. Significant interactions between clone and deployment type occurred for roots of diameter 0.2 – 0.4 mm and are shown in Fig. 3.4b. 

                                                                                            Root Surface Area (m
2
) 

         

Clone 

 
                                                                                    Root Diameter Classes in mm 

      0 - 0.2 0.2 – 0.4   0.4 - 0.6   0.6 - 0.8    0.8 - 1.0   1.0 - 1.2    1.2 - 1.4    1.4 - 1.6    1.6 - 1.8   1.8 - 2.0 ∑ 

1 1.09 ± 0.1a 2.33 ± 0.2b 2.34 ± 0.1a 1.71 ± 0.1a 1.49 ± 0.1a 1.11 ± 0.1a 0.75 ± 0.1a 0.63 ± 0.1a 0.39 ± 0.1a 0.23 ± 0.1a    12.07 ± 0.1 

2 1.76 ± 0.1a 3.53 ± 0.2a 2.98 ± 0.1a 1.80 ± 0.2a 1.37 ± 0.2ab 0.98 ± 0.1ab 0.64 ± 0.1ab 0.50 ± 0.1ab 0.32 ± 0.1ab 0.19 ± 0.1ab    14.07 ± 1.2 

3 1.86 ± 0.3a 3.29 ± 0.3a 2.41 ± 0.3a 1.35 ± 0.2ab 1.02 ± 0.1bc 0.75 ± 0.1bc 0.53 ± 0.1abc 0.45 ± 0.1ab 0.31 ± 0.1ab 0.19 ± 0.1ab      18.6 ± 0.2 

4 1.86 ± 0.2a 3.11 ± 0.4a 2.40 ± 0.2a 1.32 ± 0.1ab 0.93 ± 0.1bc 0.63 ± 0.1c 0.43 ± 0.1bc 0.33 ± 0.1b 0.22 ± 0.1b 0.12 ± 0.2bc      11.3 ± 0.1 

5 1.01 ± 0.2b 2.32 ± 0.4b 2.04 ± 0.3a 1.15 ± 0.1b 0.82 ± 0.1c 0.56 ± 0.1c 0.37 ± 0.1c 0.30 ± 0.1b 0.18 ± 0.1b 0.09 ± 0.1c      8.85 ± 0.1 

6 1.37 ± 0.1ab 2.70 ± 0.3ab 2.80 ± 0.2a 1.85 ± 0.2a 1.34 ± 0.1ab 0.96 ± 0.1ab 0.64 ± 0.1ab 0.48 ± 0.1ab 0.32 ± 0.1ab 0.20 ± 0.1ab    12.65 ± 0.1 

 

Table 3.5. Total fine root length (m) for fine roots in diameter classes from 0 - 1.8 mm, increasing in 0.2 mm increments. Values shown are means ±S.E. Values 

were pooled across deployment type as no significant effect of deployment was observed (P ≤ 0.05). Means sharing the same letters are not significantly different 

(P ≤ 0.05). n = 8. Significant interactions between clone and deployment type occurred for roots of diameter 1.8 – 0.2 mm and are shown in Fig. 3.4c.   

  Clone 

 Total Root Length (m) 

Root Diameter Classes in mm 
 

 0 - 0.2 0.2 - 0.4     0.4 - 0.6    0.6 - 0.8    0.8 - 1.0    1.0 - 1.2    1.2 - 1.4    1.4 - 1.6   1.6 - 1.8     1.8 – 2.0 ∑ 

1 23.60 ± 2.6b 24.19 ± 2.2a 14.86 ± 1.0ab 7.60 ± 0.6ab 5.28 ± 0.4a 3.21 ± 0.2a 1.84 ± 0.2a 1.34 ± 0.1a 0.73 ± 0.1a 0.39 ± 0.1a 83.04 ± 7.5 

2 37.99 ± 2.5a 36.86 ± 2.1a 19.03 ± 1.3ab 8.04 ± 0.8ab 4.84 ± 0.6ab 2.83 ± 0.3ab 1.57 ± 0.2ab 1.07 ± 0.1ab 0.60 ± 0.1ab 0.31 ± 0.1a 113.17 ± 11.1 
3 40.09 ± 5.9a 34.61 ± 4.4a 15.46 ± 1.8ab 6.04 ± 0.7b 3.62 ± 0.5bc 2.16 ± 0.3bc 1.30 ± 0.2abc 0.96 ± 0.1ab 0.57 ± 0.1ab 0.31 ± 0.1a 105.11 ± 14.1 

4 36.12 ± 3.5a 31.61 ± 4.0a 15.31 ± 1.8ab 5.98 ± 0.6b 3.30 ± 0.4c 1.80 ± 0.2c 1.05 ± 0.1bc 0.69 ± 0.1b 0.40 ± 0.1b 0.19 ± 0.1b 96.47 ± 10.7 

5 21.86 ± 3.3b 24.07 ± 3.7a 13.07 ± 1.9b 5.15 ± 0.7b 2.93 ± 0.4c 1.63 ± 0.3c 0.92 ± 0.2c 0.64 ± 0.1b 0.33 ± 0.1b 0.15 ± 0.1b 70.75 ± 10.7 
6 39.01 ± 4.4a 31.98 ± 1.9a 20.78 ± 2.1a 9.46 ± 1.4a 5.09 ± 0.4ab 2.98 ± 0.3ab 1.66 ± 0.2ab 1.07 ± 0.1ab 0.62 ± 0.1ab 0.36 ± 0.1a 113.01 ± 8.05 
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Figure 3.4. Mean (a) specific leaf area, (b) fine root length in diameter class 10 and (c) fine root surface 

area in diameter class 2. Values shown are means for each clone in either deployment type ± S.E. An 

asterisk denotes significant differences between deployment type (P ≤ 0.05). n = 4. 
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3.3.3. Relationships between above and below ground traits 

Highly significant (P < 0.0001) positive relationships were observed for PAR interception and 

root morphological traits (Fig. 3.5). Logarithmic regressions fit the relationships between PAR 

interception and root traits for all clones better than linear regressions. For some clones, e.g. 

clone 2, greater PAR interception was not associated with an increase in root length or surface 

area. The results suggest that PAR interception may be a useful non-destructive and less labour-

intensive measurement to predict fine root growth responses.  

Highly significant positive relationships (P < 0.001) were found between all fine root 

morphological variables and fine root mass and diameter at base in pure plots (Fig. 3.6). 

Additionally, relationships between variables were weaker for clones deployed in mixed than 

pure plots. However, only the relationship between stem diameter at base and fine root mass was 

significantly reduced in mixed plots (P = 0.02; Fig. 3.6d).  
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Figure 3.5. Relationships between PAR interception and a) fine root length, b) fine root surface area, and 

c) fine root tip number. Values shown are the plot mean values for clones in pure and mixed plots. Each 

data point represents one block. *** P < 0.0001 
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Figure 3.6. (a) Fine root tip number and fine root mass, (b) fine root length and fine root mass, (c) above 

ground woody biomass and fine root length and (d) diameter at base and fine root length relationships 

between six different clones planted in two deployment type. Different symbols indicate different 

deployment type. Lines represent regressions through all data points for each deployment type, solid lines 

show pure plot and dashed line show mixed plot regressions. *P < 0.01; **P < 0.001. Each data point 

represents one tree. n = 48. 

3.4. Discussion  

3.4.1. Sampling methodology 

The spatially heterogeneous distribution of roots complicates the interpretation of root 

morphological responses to genetic and environmental factors (Koteen and Baldocchi 2013). 

Thus, root sampling methods must account for such distribution as it affects sampling accuracy 

(Pregitzer 2002). Furthermore, cores have been deemed an inappropriate method for estimating 

coarse-root biomass (Levillain et al. 2011). The close spacing used in this experiment meant it 
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would have been extremely difficult to distinguish roots belonging to different clones if cores 

were used.  

Therefore, by enlarging the sampling volume and extracting soil monoliths, the subsequent 

biases, which would have been generated if standard auger-sampling methods were used, were 

minimised. However, given the young age of material used and the short duration of the 

experiment the extrapolation of these findings to older trees is limited. Additionally, relatively 

few clones were studied and therefore results may not apply to all other clones.  

3.4.2. Biomass partitioning strategy and competitive ability 

Trade-offs in biomass partitioning to stem, foliage, branch and different root types among clones 

resulted in a straightforward compromise in their abilities to compete for different resources. The 

most productive clones, with respect to height growth (clone 1) and root collar diameter growth 

(clone 2), differed significantly in biomass partitioning. Although both clones partitioned similar 

amounts of biomass to fine roots (18 and 16%, respectively), partitioning to all other components 

differed significantly. These divergent strategies suggest that a high degree of variation can occur 

between Sitka spruce clones and contrasting biomass partitioning strategies between clones have 

also been reported in previous studies. Stovall et al. (2013) observed significant clonal 

differences in biomass partitioning between 10 Pinus taeda clones and suggested that such 

differences may provide an opportunity to develop clone-specific silvicultural applications. 

Optimum biomass partitioning strategies depend on stand conditions and resource 

limitations and can change with stand development as resource limitations and depletion can 

restrict growth. Furthermore, increasing biomass partitioning to one component could affect 

growth, reducing a tree’s ability to compete for resources in other areas. Prior to canopy closure, 

if abundant soil resources are available, competition for light is not very strong, thus more 

biomass is likely to be partitioned to needle and crown biomass than to roots or other tissues 
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(Jagodzinski and Oleksyn 2009a). After canopy closure, increased competition for light among 

individuals will result in higher partitioning to stem biomass, increasing stem length, but once 

neighbours become suppressed biomass is preferentially partitioned to needles and fine roots 

(Jagodzinski and Oleksyn 2009b). Furthermore, crown architecture may be a more important 

factor in above ground competition than tree productivity (Grams et al. 2002).  

Although deployment did not significantly change biomass partitioning, differences in 

biomass partitioning were observed between clones in all components. Previous studies have 

found large variation in biomass partitioning among families (Matthews et al. 1975) and clones 

(Van Buijtenen 1978) which did not differ significantly in height. Cannell (1983) found high 

levels of inheritance for crown traits in Sitka spruce, demonstrating that it could be possible to 

select for increased biomass partitioning to stem wood without negatively affecting growth. 

Furthermore, selecting for higher harvest index (i.e. higher stem biomass production as a 

proportion of total biomass) could decrease crown sizes, reducing competition interactions 

among individuals and enabling more trees to be planted per unit area. 

The biomass partitioning strategy observed in clone 1 (i.e. concentrating biomass on root 

and stem growth) might be the “best” strategy in a monoculture competitive environment 

(Dybzinski et al. 2011). Although this strategy may not optimise individual growth rate, it may 

increase resource use efficiency and increase the ability to compete with unrelated neighbours, 

suggesting that some clones may perform better in mixed plots than in pure plots. Strategically 

partitioning biomass to roots and stem biomass, particularly fine roots, would increase both 

above and below ground resource acquisition ability. This would enable increased nutrient uptake 

without compromising above ground competitive ability while also gaining a height advantage 

over close neighbours, creating conditions in which no other competitor would be able to acquire 

resources (e.g. soil resources, light) more efficiently. Conversely, clones that produced narrower 

crowns could utilise growing space more efficiently. Preferentially partitioning biomass to height 
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growth over crown expansion could reduce sensitivity to competition and therefore might result 

in higher unit area productivity for ramets planted at a high density (Gerendiain et al. 2008). 

3.4.3. Fine root classification and competition induced morphology  

The arbitrary division of roots into fine and coarse categories ignores the differences in 

physiological function between different root sizes (Zadworny et al. 2015; Pregitzer 2002). 

Different root classes accomplish different functions and influence a tree’s resource foraging 

strategy (Gordon and Jackson 2000; Zadworny et al. 2015). Fine root structure has been shown to 

change in response to competition. Trees that produce thinner, longer roots can absorb more 

nutrients and water and occupy a greater soil area than trees with the opposite characteristics, but 

these roots may have shorter lifespans than coarser roots (Eissenstat 1992). These finer roots 

represent a tree’s main absorbing surface area and are particularly important for trees lacking an 

abundance of root hairs, such as Picea.  

The division of fine roots into 10 separate diameter categories provided the opportunity for 

detailed analysis of root morphology. The very high percentage of roots < 0.4 mm observed in 

the studied clones emphasises the need to divide fine roots into separate categories. Specifically, 

75 to 85% of Sitka spruce fine roots in this study had diameters < 0.6 mm and approximately 

66% were < 0.4 mm. These results demonstrate that fine root systems of Sitka spruce clones are 

mostly comprised of very fine roots (< 1 mm).  

In the current study, fine root length and surface area showed the greatest plasticity of all 

measured root parameters in response to deployment. Competition for limited soil resources 

could reduce productivity and result in morphological adaptations and alter fine root distribution 

(Beyer et al. 2013). Specific root length and surface area increased in beech (Fagus sylvatica L.) 

when grown in mixture with Norway spruce (Picea abies (L.) Karst.), while spruce roots were 

unaffected by the presence of beech (Bolte and Villanueva 2006). For specific clones, length 
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significantly increased in pure plots and surface area in mixed plots for fine roots between 0.2 – 

0.4 mm and 1.8 – 2 mm diameter, respectively. These increases, particularly for the very fine 

roots (< 1 mm) which influence resource uptake capacity, show that competitive interactions can 

significantly alter root morphology. Such plasticity may be expected in response to above ground 

changes in the light regime as trees adjust their root architecture to maximise growth and nutrient 

uptake (Aphalo and Ballaré 1995).  

Intra- or inter-clonal competition did not result in any significant changes in SFRL, SFRA, 

root:shoot ratio or root chemical composition. Previous studies have also demonstrated 

insensitivity of fine roots to competition (Beyer et al. 2013; Hajek et al. 2014; Hyatt et al. 1998). 

Thus, deployment would have limited effects on fine root morphology and morphological 

adaptations to competition may not be a general process, but could instead depend on species, 

mixture, age of individuals or site conditions. Sitka spruce is a moderately shade tolerant climax 

or subclimax species (Peterson et al. 1997). Unlike earlier successional species which 

demonstrate plastic response to environmental changes, Sitka spruce may respond slower to 

competition and prioritise morphological changes over changes in biomass partitioning. These 

findings also indicate that shoot:root ratio is not influenced by environmental conditions and 

above and below ground changes can occur independently of each other.  

3.4.4. Competitive influences on above and below ground relationships 

Environmental factors play an important role in altering growth and biomass partitioning 

(Jagodziński et al. 2014). Trees adjust their morphology in response to competition or resource 

availability (Schwinning and Weiner 1998). When competition or planting density is low, tree 

growth is symmetrical; however increased competition, primarily for light, causes competition to 

become asymmetrical (Jagodzinski and Oleksyn 2009a). Tree competitiveness is dependent on 

the relationship between resource acquisition and biomass investment. A tree’s competitive 
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ability may be improved by partitioning proportionally more biomass above ground as root mass 

apparently does not confer a proportionate advantage in below ground competition (Hyatt et al. 

1998).  

Including above and below ground competition complicates the relationships between 

competitors as above ground competition is typically size asymmetrical, while below ground 

competition is usually symmetrical (Schwinning and Weiner 1998). However, it is uncertain 

whether similar changes also occur below ground in response to competition. Previous studies 

observed linear relationships between above and below ground biomass for older trees at stand 

level (Vanninen et al. 1996). In the current study, there was evidence that deployment type 

altered the relationships between fine root traits and shoot growth. There was a significant 

positive relationship between stem diameter and root length in pure plots, but root length was 

found to be independent of stem diameter in mixed plots. This suggests that below ground growth 

was not as suppressed as above ground in mixtures. Furthermore, all other relationships were 

found to be stronger in pure plots, suggesting that intra-genotypic competition is more 

symmetrical than inter-genotypic competition.  

The relationships observed between root tip number and fine root mass indicated that 

increased fine root length corresponds with increased root branching potential and soil volume 

exploration. This suggests that a root system’s ability to acquire resources does not depend on its 

size relative to other plant components, but rather to its absolute size (Dybzinski et al. 2011). 

Thus, fine root growth represents an important trade-off between biomass partitioning and 

resource acquisition (Wu et al. 2004).  

Although only one relationship between above and below ground variables was 

significantly altered by competition, all relationships were stronger and more significant in pure 

plots than in mixed plots. The lack of more significant alterations to the relationships between the 

two different competitive environments suggests that growth followed a fixed trajectory and fine 
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root traits and biomass partitioning were generally insensitive to competition. Such relationships 

may change significantly over time, as competition increases, which may have important 

consequences for the growth and survival of less competitive clones. 

It is assumed that shading increases biomass partitioning to stem at the expense of fine roots 

(Curt et al. 2005; Jagodzinski and Oleksyn 2009b). Fine root biomass was found to have a 

stronger relationship than coarse root biomass with total above ground woody biomass. This 

suggests that fine roots are a stronger sink for photosynthate, likely due to their ephemeral nature 

and high turnover rates, than coarser roots. Greater fine roots length results in greater root surface 

area and an increased capacity to acquire resources regardless of proportion expressed as 

percentage of total biomass (Dybzinski et al. 2011). Therefore, assessing root systems based on 

biomass alone would not account for proportions of coarse and fine roots and number of lateral 

roots and may underestimate root absorption capacity (Gautam et al. 2003).  

Strong relationships were found between PAR interception and several root traits, 

suggesting that measuring PAR interception could be a useful non-destructive and less labour-

intensive method to determine fine root length and surface area. However, the presence of some 

extreme values in this study suggests that this method may be prone to error, so additional studies 

are required to validate these findings. 

3.5. Conclusions 

The results of the current experiment demonstrate that the relationships between several root 

traits and above ground traits are size-symmetric and can be altered by competitive environment. 

Specifically, relationships between several variables were stronger and more significant in pure 

plots than in mixed plots, which may have important consequences for the growth and survival of 

less competitive clones when deployed in mixtures. Additionally, significant differences in above 

and below ground partitioning were observed between clones, which may have implications for 
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future stand structure and clonal contributions to stand productivity. Thus, projected gains for 

specific elite clones may be over- or underestimated if planted in mixtures. 

Root morphology was significantly altered in two fine root classes suggesting that some 

clones may have a greater ability than others to adapt to increased competition. These results 

emphasise the need to assess root morphology based on a fine root classification system, rather 

than assessing roots as one large functional group. Evaluating structural and morphological 

attributes of fine roots and how they relate to resource acquisition would provide more detailed 

information as to how ramets grow and compete with each other. 
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4. Effect of deployment on stem growth, biomass partitioning and crown 

characteristics of juvenile Sitka spruce clones 
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Abstract: Competitive interactions in clonal forestry are not well understood and this needs to be 

addressed to develop better deployment strategies. One-year-old ramets representing eight Sitka 

spruce (Picea sitchensis (Bong.) Carr.) clones were grown in monoclonal (pure) and multi clonal 

mixtures (mixed) in a field experiment to assess the effects of genetic effects on shoot growth, 

above and below ground biomass partitioning and crown characteristics for up to three years after 

planting. Shoot elongation was measured throughout the growing season, while diameter was 

measured twice annually in May and December. After the first and second year, crown silhouette 

area was estimated from digitised images for one ramet per plot after which the ramets were 

destructively harvested. Greater reductions in tree height, stem diameter and biomass partitioning 

were observed in mixed plots than pure plots. There was significantly greater height and diameter 

heterogeneity and more asymmetry in distribution in the ramets growing in the mixed than in the 

pure plots. The results of this study demonstrate that deployment type may significantly alter the 

growth of clones planted in mixtures, but for most clones deployment type will not significantly 

reduce their growth. 

Keywords: Biomass partitioning; clones; deployment; productivity; Picea sitchensis. 
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4.1. Introduction 

Sitka spruce (Picea sitchensis (Bong.) Carr.) is an economically important forest species in the 

Pacific Northwest of North America and is the main commercial forest species throughout 

Britain and Ireland (Joyce and O’Carroll 2002). In north America, the main emphasis of breeding 

efforts has been focused on developing resistance to the white pine weevil (Pissodes strobi (W. 

D. Peck)) (King et al. 2004). However, in countries where Sitka spruce has been introduced, 

improvement programmes have been initiated mostly to increase productivity (Gill 1987). Recent 

advances in alternative propagation techniques, such as somatic embryogenesis (SE), allow wide-

scale use of specific clones which may further improve Sitka spruce productivity than 

conventional tree breeding and propagation techniques (Park 2002).  

Clonal forestry offers the ability to select individuals based on their inherent genetic traits 

or ideotype, choosing or excluding specific clones to create a desired stand environment (Park 

2002). However, there remain some technical and management difficulties and uncertainties with 

the deployment of clonal trees, limiting the benefits of clonal forestry. The central question 

concerning clonal forestry is how deployment type affects tree performance. Clones may be 

deployed in two main deployment types, i.e. multi-clonal mixtures (mixed) or monoclonal (pure) 

plots (Gould et al. 2011; Sharma et al. 2008). Previous studies have described the advantages of 

both deployment types (DeBell and Harrington 1993; Libby 1987).  

Clonal tests typically focus on identifying superior individuals using single-tree plots with 

little regard for the potential effect of competition (Gould et al. 2011). However, deployment 

type and genetic differences between neighbours influence the competitive environment and 

differing biomass partitioning strategies and phenology could affect stand productivity. For 

example, the shoots of clones that break bud later and undergo shoot growth over a short period 

could be at a competitive disadvantage in mixed clonal stands (Michael et al. 1988) 
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The competition process within a stand can be seperated into environmental and genetic 

effects (Foster et al. 1998). Environmental effects of competition can be increased through higher 

planting density, encouraging a rapid onset of competition, providing insights into how 

individuals perform under competitive pressures. Genetic diversity is an important driver in 

individual and community-level processes and can influence stand productivity (Lankau and 

Strauss 2007). Thus, by manipulating the genetic composition of a stand, by planting single 

clones or a variety of clones, the effect of inter- and intra-clonal competition can be determined 

and the effect of increasing or decreasing genetic diversity on stand productivity can be 

evaluated. Increased genetic diversity decreases competition for the same resources, increasing 

site and stand productivity (Boyden et al. 2008). Clones may demonstrate divergent resource 

acquisition and biomass partitioning strategies which may reduce niche overlap and competition 

when planted in mixtures which could increase resource-use and site-utilisation efficiency 

(Mason et al. 2012). However, when neighbouring plants are closely related or from the same 

clone competition may be reduced due to kin selection, i.e.  altruistic behaviour toward close 

relatives, resulting in significantly lower production than in a stand composed of different 

genotypes (Boyden et al. 2008; Lepik et al. 2012).  

An understanding of how competition affects performance between related and unrelated 

clones is essential to ensure clones which display superior traits of interest, e.g. height growth, 

are identified and appropriate clonal mixtures are devised and others are avoided (Staudhammer 

et al. 2009). Certain mixtures of clones or specific planting combinations (i.e. mixed mosaics of 

clonal blocks or row plots) could result in postitive, negative or neutral effects on productivity 

(Adams et al. 1973). To date, the effect of deployment on clonal performance of conifer and 

broadleaf species remains poorly understood and consistent relationships between productivity 

and deployment have not been found between either clones (Sharma et al 2008a) or related 

seedlings (Gould et al. 2011). Previous studies have focused primarily on short rotation species, 
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particularly Populus and Salix spp and in general contradicting results have been reported. Zhou 

et al. (1998) observed increased productivity in monoclonal plots of Chinese fir (Cunninghamia 

lanceolata (Lamb.) Hook.) than mixed plots, while Sharma et al. (2008) found no difference in 

productivity in relation to deployment in radiata pine (Pinus radiate D. Don). In contrast, a study 

using half siblings of Douglas fir (Pseudotsuga menziesii (Mirb.) Franco.) observed, on average, 

increased productivity in mixed in comparison to pure deployments (Clair and Adams 1991). 

Williams et al. (1983) examined families of loblolly pine (Pinus taeda L.) and found greater 

height growth and stem volume in pure deployment plots than in mixed plots.  

To the authors’ knowledge, no information exists regarding the impact of contrasting 

deployment types on productivity of different Sitka spruce clones. This study was established as 

a closely spaced experiment using eight juvenile Sitka sprue clones in mixed and pure blocks to 

determine if growth, above and below ground biomass partitioning and crown morphology were 

influenced by deployment.  

4.2. Materials and methods 

4.2.1. Plant material 

An experiment with eight elite (numbered 1 to 8) one-year-old clones of Sitka spruce was 

established at the National Tree Improvement Centre, Kilmacurra, Co. Wicklow, Ireland (52° 93' 

N, 6° 14' E, 133 m asl.) in April 2013. Long-term meteorological observations from the on-site 

weather station (Met Éireann) show that the mean annual temperature is 9.9 °C with mean annual 

precipitation of 1178 mm. All eight clones are used in the Irish tree improvement programme and 

have displayed superior height growth in field trials. Clones were propagated using somatic 

embryogenesis (Thompson 2013). Four of the eight clones planted in this experiment were 

derived from the same cross, i.e. from siblings, and another four were propagated from seeds of 

different full-sibling crosses (Table 4.1). Several weeks after early-stage somatic embryo 
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structures were evident, plants were transferred into individual plugs with a peat:pearlite mixture 

(2:1) containing 250 g L
1

 fertilizer (Osmocote
®
, Everris International B.V) and 5 g L

−1 

insecticide (suSCon Green, Crop Care Australais Proprietary Ltd.). The trees were transferred to 

a high humidity greenhouse in March to acclimatise for approximately a month and were then 

moved to polytunnels for approximately two weeks prior to planting. 

Table 4.1. The number assigned to each Sitka spruce clone planted in the experiment, numbered 1 - 8. 

Four clones (1, 3, 5, 8) had common parents, another clone (clone 7) shared a parent with these four 

clones. While two other clones were related. The remaining two clones were unrelated to any other clones 

in this experiment. Clones were propagated using somatic embryogenesis with seeds from controlled 

crosses of elite parents used in the Irish tree improvement programme.  

Clone Number Cross 

1, 3, 5, 8  230 × 519 

2   377 × 574 

4   286 × 542 

6     27 × 306 

7   377 × 519 

4.2.2. Experimental design 

The experiment was established in April 2013. The experimental site had been previously used 

for nursery beds. The soil was uniform and was classified as a sandy loam with approximately 

7.3% clay, 14.1% silt, 78.6% sand and 9.2% organic matter. Prior to establishment, the site was 

ploughed to a depth of approximately 13 cm and treated with glyphosate (Roundup, Monsanto) at 

a rate of 5 L ha
1

. The experiment was designed with two factors, deployment type and clone, 

replicated in five blocks. Each block contained a total of 20 one-year-old ramets per clone 

planted in ten 50 × 40 cm plots: two mixed plots and eight pure plots for each clone. Only the 

inner four ramets were sampled.  

In mixed plots, a random assortment of clones was planted around the perimeter of each 

plot to reduce any edge effects, while in each pure plot, the same clone as the measurement clone 

was used to create a buffer. All blocks were hand planted at 0.1 m between rows and within rows. 

Only defect-free ramets within ± 1 S.D of the overall population mean were selected; the 
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population mean was calculated from the height of approximately 2,000 ramets of clones 1 to 8 

that were available for inclusion in the study, of which 1,320 ramets were used. 

4.2.3. Observations and measurements 

Over three growing seasons (2013, 2014 and 2015), shoot height was measured monthly and 

diameter at the base was measured twice annually on the central four ramets in each plot. In 

January 2014 and 2015, one randomly selected ramet per deployment type for each clone was 

destructively sampled (n = 5). Ramets were cut at the base and a soil monolith measuring 0.20 × 

0.20 × 0.20 m
 
was excavated from the base of each ramet. Soil monoliths were placed in 

individual plastic bags containing water for 24 h to loosen soil particles. Roots were then 

carefully hand washed to remove moss, soil and stone particles. Roots were then dried at 80 °C 

for 48 h and weighed (Adam Equipment model PW 124, Adam Equipment, South Africa).   

Crown silhouette area (CSA) was then calculated for each destructively harvested ramet 

by photographing each ramet twice at right angles perpendicular to the stem (north – south and 

east – west orientation) with an object of known size included in each photograph against a white 

background using a Nikon D70s SLR (Nikon Inc., Melville, New York). To enhance contrast 

between trees and background, exposure values (eV) were set at –1.0 eV (Stovall et al. 2013). 

Photographs were then analysed using ImageJ (ImageJ, U. S. National Institutes of Health, 

Bethesda, Maryland, USA).  

Photographs were converted from JPEG to binary images and the background removed, 

leaving only the stem, crown and the object of known size. Crown area was calculated by 

comparing with the object of known area included in each photograph. Values from the two 

photographs per ramet were averaged giving CSA in units of m
2
.  

Branch numbers (≥ 1.5 cm in length) were counted and ramets were separated into 

foliage, branches and stem. Needle length, width and thickness of five randomly selected needles 
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removed from the mid-section of a north orientated branch in the top whorl of each ramet were 

measured using a digital callipers. Each component was then dried as previously described for 

the roots. 

4.2.4. Data analysis 

To determine if initial height and diameter influenced final height and diameter an analysis of 

covariance (ANCOVA) procedure was used in SAS 9.3 (2011, SAS Institute Inc., Cary, NC, 

USA) using initial values as covariates and final values as dependant variables.  

A GLM (General linear model) procedure was used to determine the effect of 

deployment, clone and deployment × clone interactions on relative height and diameter growth 

during each growing season. When significant effects were detected, linear contrasts were used to 

compare differences between clones in mixed and pure plots at P ≤ 0.05. Where there were no 

significant effects of deployment, data for both deployment types were pooled for each clone. 

Student-Newman-Keuls (SNK) post-hoc tests were used to determine which means were 

significantly different at P ≤ 0.05.  

Further analyses were conducted using linear regression to test a variety of morphological 

measurements to determine relationships between crown and stem traits. An additional 

ANCOVA procedure was used to determine if deployment significantly affected relationships 

between crown and stem traits. 

4.3. Results 

4.3.1. Impact of clone and deployment 

The effects of deployment, clone and their interactions on growth responses differed significantly 

at various stages throughout the experimental period. In general, most significant differences 
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occurred between clones, with fewer differences being found between deployment types. 

Additionally, there was a significant interaction of clone × deployment for some variables.  

4.3.2. Absolute height and diameter  

In May 2013, mean clone height varied from 18.9 cm to 23.0 cm in pure plots and from 17.7 cm 

to 21.8 cm in mixed plots and significant differences were observed between clones (Table. 4.2; 

4.3). Stem height was significantly affected by deployment in October 2014, with ramets being 

significantly shorter in mixed plots than in pure plots. Additionally, in October 2014, the mean 

height of ramets of clone 5 was significantly lower in mixed plots than in pure plots. A similar 

trend was evident for ramets of this clone in 2015. In August 2015, the ramets grown in pure 

plots had significantly greater height than mixed plots.  

Stem diameter of the ramets in pure plots ranged from 2.6 mm to 3.3 mm and from 2.5 to 

3.6 mm in mixed plots in May 2013 (Table 4.3). The ramets of clone 2 had a significantly wider 

stem diameter than clone 1, 5 and 8 in May 2013. The ramets of clone 6 also had a significantly 

larger stem diameter than in those of clone 8 also in May 2013. Clone 2 grew rapidly in 2014 

with the result that it had a significantly larger stem diameter than clones 1, 4, 5 and 8 by 

December that year.  
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Table 4.2. ANOVA summary for sources of variation and level of significant differences in 2013, 2014 

and 2015. NS = > 0.05, * = < 0.05, ** = < 0.01 and *** = < 0.001. 

  

 Source of variation Clone (C) Deployment (D)   C × D 

Year – 2013 
   

1. Absolute stem height, May ** NS NS 

2. Absolute stem diameter, May *** NS NS 

3. Height co-efficient of variation (CV) NS * NS 

4. Relative stem height, July * NS NS 

5. Relative stem height, mid-July * NS NS 

6. Relative stem height, August ** NS NS 

7. Relative stem height, September NS * NS 

8. Relative stem diameter, December NS ** NS 

9. Foliage biomass ** ** *** 

10. Branch biomass *** *** *** 

11. Stem biomass ** ** *** 

12. Total biomass * NS *** 

Year – 2014    

1. Absolute stem height, October *** * ** 

2. Absolute stem diameter, December * NS NS 

3. Diameter CV NS * NS 

4. Relative stem height, May   *** NS NS 

5. Relative stem height, mid-May   *** *** NS 

6. Relative stem height, June   ** *** NS 

7. Relative stem height, mid-June   ** *** NS 

8. Relative stem height, July   NS ** NS 

9. Relative stem height, mid-July NS * NS 

10. Branch biomass * NS NS 

11. Total biomass  * NS NS 

Year – 2015    

1. Absolute stem height, August *** NS ** 

2. Height CV NS * NS 

3. Absolute stem diameter, May * NS * 

4. Diameter CV NS * NS 

5. Relative stem height, June NS NS * 
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Table 4.3. Stem height (May 2013, October 2014 and August 2015) and diameter at base (May 2013, December 2014, May 2015) for eight juvenile Sitka spruce 

clones planted in pure and mixed plots over three years. Data shown are mean values and corresponding coefficient of variation (CV) in parenthesis. Values 

showing the same letter are not statistically significant (P ≤ 0.05). n = 5.  

Clone Deployment Diameter ʼ13 Height ʼ13 Diameter ʼ14  Height ʼ14 Diameter ʼ15 Height ʼ15 

  May  December May  May  October August 

1 Pure 3.0  19.9 4.3 32.1ab (15a) 6.1ab (15a) 56.5a (15a) 

 
Mixed 2.7  20.8 4.3 30.9abc (13a) 5.9b (18a) 55.3ab (19a) 

 
Mean 2.8bc (13a) 20.4ab (15a) 4.2b (13a) 

 
  2 Pure 3.3  20.4 4.9 33.6a (7a) 6.5ab (9a) 57.2a (9a) 

 
Mixed 3.6  20.1 5.4 30.5abc (11a) 7.1a (12a) 51.6abc (13a) 

 
Mean 3.4a (11a) 20.3ab (15a) 5.2a (17a) 

 
 

 
3 Pure 3.2  20.6 4.8 33.8a (11a) 6.4ab (9a) 55.0ab (9a) 

 
Mixed 3.0  18.8 4.5 30.7abc (11a) 6.4ab (9a) 50.9abc (9a) 

 
Mean 3.10abc (18a) 19.7ab (16a) 4.7ab (18a) 

 
 

 
4 Pure 3.2  20.8 4.1 32.9abc (9a) 5.8b (11a) 47.1bc (11a) 

 
Mixed 2.8  20.6 4.1 30.1abc (15a) 6.3ab (18a) 49.8abc (18a) 

 
Mean 3.0abc (16a) 20.7ab (19a) 4.1b (17a) 

 
 

 
5 Pure 2.6  21.1 4.5  31.9ab (17a) 6.9 9a (10a) 51.8ab (16a) 

 
Mixed 2.8  18.8 3.7 27.5c (16a) 5.9b (11a) 43.8c (18a) 

 
Mean 2.7bc (16a) 19.9ab (17a) 4.1b (20a) 

 
 

 
6 Pure 3.3  23.0 4.7 31.9ab (9a) 6.3ab (6a) 47.9bc (7a) 

 
Mixed 3.0  21.8 4.2 29.1bc (11a) 6.0ab (12a) 49.8abc (16a) 

 
Mean 3.2ab (13a) 22.4a (16a) 4.5ab (15a) 

 
 

 
7 Pure 3.1  19.1 4.2 28.9bc (10a) 5.9b (7a) 43.1c (7a) 

 
Mixed 2.8  17.6 4.5 28.2bc (15a) 6.4ab (16a) 50.2abc (16a) 

 
Mean 3.0abc (12a) 18.4b (15a) 4.4ab (18a) 

 
 

 
8 Pure 2.6  18.9 4.6 27.2c (11a) 5.7b (11a) 49.6abc (12a) 

 
Mixed 2.5  17.7 3.9 25.5c (12a) 5.8b (11a) 45.2bc (11a) 

  Mean 2.6c (13a) 18.3b (16a) 4.0b (13a) 
 

 
 

Mean Pure 3.0a (15a) 20.5a (15b) 4.5a (14b) 31.6a (11a) 6.2a (10b) 51.7a (11b) 

Mean Mixed 2.9a (14a) 19.5a (17a) 4.3a (18a) 29.1b (12a) 6.2a (14a) 49.2b (14a) 
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Ramets of clone 5 had significantly wider diameters in pure plots relative to mixed plots 

in May 2015. Initial height and diameter did not significantly influence final height and diameter 

among ramets of the same clone planted in either deployment type. Overall variation in height 

and diameter differed significantly between deployment types. In pure plots, the height 

coefficient of variation (CV) was significantly less in May 2013 and again in August 2015 than in 

mixed plots. Diameter CV was significantly lower in pure plots in December 14 and May 15 that 

in the mixed plots at this time. 

4.3.3. Relative height and diameter  

The majority of height growth in both deployment types occurred between May and June in both 

years, 29% to 44% in 2013 and 17% to 38% in 2014 and height growth had ceased by October 

(Fig. 4.1a and b). Ramets deployed in mixed plots had significantly lower relative height than the 

same ramets in pure plots in September 2013 and from mid-May to August 2014. Several clones 

differed in relative height in July and August 2013 with the ramets of the most productive clones, 

clone 1, 2 and 3, having significantly greater relative height that the least productive clone, clone 

8. The ramets of clone 1 also had significantly greater relative height than those of clone 5 in 

August 2013. The ramets of clone 3 had significantly greater relative height than those of clone 2 

from mid-May to mid-June 2014. Clone 4 had significantly greater relative height than clone 2 in 

mid-May 2014 only. In June 2015, the ramets of clones 5 and 8 had significantly greater relative 

height in pure plots than in mixed plots. 

Between 39% and 51% of diameter growth occurred in the first growing season for all 

clones (Fig. 4.2a and b). In December 2013, relative diameter was significantly higher in ramets 

grown in pure plots that in the mixed plots, but the difference had disappeared by the end of 

2014.  
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Figure 4.1. Stem height relative to final height over the three years (2013, 2014, 2015) of the experiment for eight juvenile clones of Sitka spruce in (a) pure and 

(b) multi-clonal mixtures. Letters above dates indicate statistically significant (P ≤ 0.05) differences between clones (C), deployment type (D) and clone × 

deployment type (C × D). 
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Figure 4.2. Stem diameter at base relative to final stem diameter at base over the three years (2013, 2014, 2015)  of the experiment for eight juvenile Sitka spruce 

clones in (a) pure and (b) multi-clonal mixtures. A statistically significant (P ≤ 0.05) difference between deployment type (D) occurred in December 2013.  
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4.3.3. Biomass distribution  

In January 2014, foliage biomass for individual ramets ranged from 1.7 g to 5.07 g (22% to 

60%), branch biomass ranged from 0.1 g to 0.8 g (2% to 12%), stem biomass ranged from 0.5 g 

to 2.9 g (10% to 35%) and root biomass ranged from 0.6 g to 3.8 g (7% to 39%) in ramets grown 

in pure plots (Table 4.4). In mixed plots at this time, foliage biomass ranged from 1.1 g to 6.7 g 

(29% to 50%), branch biomass ranged from 0.2 g to 0.9 g (5% to 11%), stem biomass from 0.6 g 

to 3.5 g (17% to 26%) and root biomass 1.1 g to 3.2 g (25% to 41%) in ramets growing in the 

mixed plots.  

No significant differences in root biomass (mean 2.65 g ± 0.39) were observed between 

clones or deployment in 2013. All above ground components for ramets of clone 2 were 

significantly greater in pure plots than in mixed plots in 2013. The ramets of clone 2 which were 

growing in pure plots produced approximately 33% more biomass for all above ground 

components than ramets of the same clone growing in mixed plots. Additionally, significant 

differences in branch biomass, stem biomass and total biomass were observed between clone 2 in 

pure plots and several other clones in either deployment type in 2013. 

Although differences between pure and mixed plots remained for clone 2, deployment 

type was not significantly different in 2015. In January 2015, the ramets of clone 2 had 

significantly greater total biomass, included above and below ground biomass, than all other 

clones. In general, the ramets of all clones partitioned the lowest percentage of biomass to 

branches in both years with those of clones 7 and 8 partitioning significantly less biomass to 

branch growth in 2014 than clone 2. No significant differences were observed in mean or 

proportional values for foliage (3.92 g ± 0.58; 26% to 35%), stem (3.53 g ± 0.59; 22% to 31%) or 

root (4.05 g ± 0.64; 25% to 37%) biomass in 2014.  
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Table 4.4. Biomass partitioning of eight juvenile Sitka spruce clones in pure and mixed plots. Total 

biomass includes root biomass. Ramets were destructively sampled in January 2014 and 2015. Data 

shown are mean values ± 1 S.E. Means showing the same letter are not statistically significant (P ≤ 0.05). 

2015 data was pooled as ramets did not differ by deployment type. n = 5 (2014), n = 10 (2015). 

Biomass Partitioning 

 
Year Clone Deployment    Foliage (g)    Branch (g)    Stem (g) Total Biomass (g) 

Jan. 2014 1 Pure 1.84 ± 0.3abc 0.38 ± 0.1abc 1.21 ± 0.2abc 5.67 ± 0.6b 
  Mixed 2.19 ± 0.5abc 0.42 ± 0.1abc 1.35 ± 0.2abc 6.23 ± 0.6b 

 2 Pure 4.07 ± 0.8a 0.91 ± 0.2a 2.17 ± 0.4a 9.85 ± 1.4a 

  Mixed 1.46 ± 0.2bc 0.26 ± 0.1c 0.82 ± 0.1c 4.37 ± 0.8b 
 3 Pure 1.49 ± 0.2bc 0.43 ± 0.1ab 1.23 ± 0.1abc 5.52 ± 0.3b 

  Mixed 2.92 ± 0.3abc 0.44 ± 0.1abc 1.74 ± 0.3ab   7.32 ± 0.7ab 

 4 Pure 1.35 ± 0.1c 0.28 ± 0.04bc 0.98 ± 0.1bc 4.52 ± 0.3b 

  Mixed 1.76 ± 0.3abc 0.30 ± 0.1bc 0.99 ± 0.1bc 5.08 ± 0.4b 
 5 Pure 2.36 ± 0.6abc 0.32 ± 0.1bc 1.11 ± 0.1abc 5.24 ± 0.8b 

  Mixed 2.13 ± 0.2abc 0.31 ± 0.1bc 1.40 ± 0.1abc 5.58 ± 0.4b 

 6 Pure 3.38 ± 0.5ab 0.79 ± 0.1ab 1.78 ± 0.3ab   7.51 ± 0.8ab 
  Mixed 1.85 ± 0.2abc 0.34 ± 0.1abc 1.02 ± 0.2abc 5.56 ± 0.3b 

 7 Pure 1.67 ± 0.3bc 0.33 ± 0.1bc 0.95 ± 0.1bc 4.62 ± 0.4b 

  Mixed 2.37 ± 0.4abc 0.40 ± 0.1abc 1.31 ± 0.3abc 5.93 ± 0.8b 
 8 Pure 2.07 ± 0.2abc 0.46 ± 0.1ab 1.60 ± 0.2ab 6.01 ± 0.7b 

  Mixed 1.69 ± 0.2abc 0.30 ± 0.1bc 1.15 ± 0.1abc 4.64 ± 0.3b 

 

Biomass Partitioning 
 

Year  Clone Branch (g) Total Biomass (g) 

Jan. 2015 1 1.23 ± 0.2ab 12.89 ± 1.5b 

 2         1.88 ± 0.3a 17.26 ± 1.0a 

 3 1.27 ± 0.3ab 12.98 ± 1.4b 

 4 1.33 ± 0.3ab 12.24 ± 0.6b 

 5 1.71 ± 0.4ab 11.77 ± 2.0b 

 6 1.50 ± 0.3ab 12.83 ± 1.6b 

 7         1.11 ± 0.3b 11.22 ± 1.9b 

 8         1.16 ± 0.3b 12.08 ± 1.7b 

 

4.3.4. Relationships between height growth, biomass and crown morphology 

Several relationships between crown traits were highly significant (P < 0.001). Deployment type 

significantly reduced regression coefficients (P < 0.001; Fig. 4.3) and the strength of 

relationships between total biomass and between crown silhouette area (CSA) and branch number 

and CSA declined by up to 30%.  
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Figure 4.3. Relationship between (a) branch biomass and stem biomass, (b) total biomass and crown 

silhouette area (CSA) and (c) branch number and CSA for all Sitka spruce ramets planted in pure and 

clonal mixtures in January 2015. Different symbols indicate different deployment type. Lines represent 

linear regressions for each deployment type; solid lines = pure plots, dashed lines = mixed plots. ** = P < 

0.01; ***= P < 0.001. Each point represents a ramet. 
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Highly significant positive relationships were observed for total height and 2014 height 

increment (Fig. 4.4a), shoot biomass and stem biomass (Fig. 4.4b), foliage biomass and branch 

biomass (Fig. 4.4c) and shoot biomass and CSA (Fig. 4.4d). Height increment in 2014 accounted 

for a large proportion of tree height. The significant positive linear relationship observed between 

foliage biomass and branch biomass, indicated that more foliage biomass is produced by ramets 

with larger and heavier branches (Fig. 4.4c). Shoot biomass had a significant positive linear 

relationship with CSA (Fig. 4.4d).  

 

Figure 4.4. Relationship between (a) shoot height increment in 2014 and total stem height in 2014, (b) 

shoot and stem biomass, (c) foliage and branch biomass and (d) shoot biomass and crown silhouette area 

for eight Sitka spruce ramets in January 2015. Different symbols indicate different clones. Lines represent 

linear regressions, *** = P < 0.001. Each point represents a ramet. 
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4.4. Discussion  

4.4.1. Influence of deployment on stem growth  

A key concern in clonal forestry is the potential effects of deployment method on tree 

performance. The close spacing used in this experiment intended to accelerate competition 

between ramets, encouraging faster phenotypic expression and enabling morphological responses 

to intra- and inter-clonal competitive pressures to be determined earlier, similar to the approach 

used in other studies (e.g. Campbell and Wilson 1973; Cannell et al. 1983; Gould et al. 2011). At 

the end of the experiment, the height and diameter of the ramets of clone 5 were significantly 

reduced in mixed plots than in pure plots. Additionally, ramets of clones growing in mixed plots 

had significantly lower mean height than those in pure plots. These results suggest that the 

performance of some clones could be reduced when grown in mixtures, which might result in a 

reduction of mean stand productivity. These results partially agree with other longer-term studies 

on conifers and broadleaves (e.g. Benbrahim et al. 2000; Sharma et al. 2008), which found that 

deployment type did not affect overall growth or productivity, but individual clonal performance 

differed with deployment type. 

Increased size heterogeneity in mixed plots could be attributed to increased growth of the 

more productive clones at the expense of the slower growing clones. Higher coefficients of 

variation for diameter and stem height was observed for ramets growing in mixed plots than 

ramets in pure plots, similar to the findings of other studies (e.g. DeBell and Harrington 1997). 

Perhaps all ramets of a clone are equally competitive in pure plots, while in mixed plots the more 

competitive clones will dominate.  

Clones that grew fastest and closed canopy soonest might have an advantage in mixed 

stands, further increasing their ability to dominate their neighbours. Sharma et al. (2007) 

demonstrated that clones of Pinus radiata that had slow initial growth rates after planting were at 
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a competitive disadvantage once competition became intense. Height growth ceased earlier in 

several clones and one clone had significantly reduced stem height for ramets growing in mixed 

plots than in pure plots. Forest managers can influence site productivity by mixing clones which 

have different temporal resource demands (Lindgren 1993), thus reducing inter-tree competition 

and increasing overall stand productivity.    

Changes in inter-annual growth patterns have been observed for many tree species during 

stand development, increasing the uncertainty of applying results from juvenile trees to mature 

stands (Adams et al. 2008). However, very young trees have shown similar growth responses to 

mature trees in previous studies of Sitka spruce and Douglas fir (Campbell and Wilson 1973; Gill 

1987). Furthermore, a decrease in spacing, causing a corresponding increase in competitive 

interactions, did not alter the growth response of seedlings in comparison to mature trees of 

Douglas fir (Campbell and Wilson 1973). Thus, by increasing planting density and accelerating 

the competition process, it may be possible to predict growth and competitive responses at an 

earlier age without compromising selection accuracy. 

The results of this study demonstrate the importance of considering competitive 

conditions when devising clonal mixtures. Ignoring such interactions and growth responses could 

result in inappropriate mixtures, which may decrease stand productivity, depending on 

deployment type, site and genetic composition. Thus, productivity gains may be over-estimated 

for some clones by excluding competitive interactions during the screening and subsequent 

planting process. Considering the limited duration, age and number of clones used in this study, it 

is plausible that without silvicultural intervention the significant variation in growth rates that 

occurred between clones would further increase stand heterogeneity over time in a stand 

composed of a mixture of clones than in a monoclonal stand. 
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4.4.2. Crown architecture and biomass partitioning  

Crown shape or structure can dictate a tree’s competitive ability (Alves and Santos 2002). 

Asymmetric competition for light can impact stand structural dynamics, dictating competitive 

interactions between trees of different sizes (Umeki 1997). Trees grown in uniformly aged stands 

will, over time, separate into several crown classes depending on crown size and architecture. 

The ramets of clone 2 partitioned more biomass to above ground components and had more total, 

above and below ground, biomass in pure plots than mixed in January 2014. Most clones in the 

current experiment had similar crown characteristics and biomass partitioning strategies in 

January 2015; however, the ramets of clone 2 had significantly greater branch biomass, and total, 

above and below ground, biomass and CSA than those of several other clones. The linear 

relationship observed between above ground traits demonstrates that clone, which produce more 

shoot biomass, would also have larger crown area, increasing their ability to acquire above 

ground resources over time. 

Competition between individuals in mixed plots was more asymmetrical than in pure 

plots (Fig. 4.3), which could ultimately reduce stand composition and productivity (Alves and 

Santos 2002). This suggests that increased inter-clonal competition may be due to differences in 

growth, biomass partitioning and phenology between clones (Jonsson and Óskarsson 2007; 

Michael et al. 1988). However, an individual’s height and/or its biomass partitioning strategy was 

more important in determining its growth in mixed than in pure plots.  

Genetic and environmental variation play a critical role in shaping crown architecture, 

influencing growth rates and biomass partitioning. The young age of the material, short duration 

of this experiment and low number of clones included may limit any extrapolation of these 

findings to older trees. Thus, more in-depth studies are required to assess deployment effects 

using older material at several sites through the full planting range of Sitka spruce to determine if 

differences remain over time.  
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4.5. Conclusions 

Deployment type resulted in different competitive pressures affecting growth and biomass 

partitioning. Although changes in biomass partitioning due to deployment were short-lived and 

were not detected in 2014, a significant reduction in absolute stem height and diameter occurred 

for the ramets of one clone in 2015 in mixed plots in comparison with pure plots. Additionally, 

competition increased variation in tree growth both within and between clones. Deployment 

significantly altered relationships between crown variables, and competition was more 

asymmetric in mixed relative to pure plots. Thus, predicted gains in productivity may not be 

realised for certain clones when deployed in mixtures if competitive interactions are not 

considered. It is plausible that without silvicultural intervention the significant variation observed 

between growth rates would further increase stand heterogeneity in mixed clonal stands over 

time, negatively affecting stand uniformity and productivity. 
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5. Inter- and intra-annual wood property variation in juvenile wood 

between six Sitka spruce clones 
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Abstract: Increased growth rates have reduced rotation lengths, increasing the proportion of 

juvenile wood relative to mature wood, which may negatively affect mechanical performance of 

sawn timber. However, there is limited information available on the potential impact of breeding 

for vigour on juvenile wood in Sitka spruce (Picea sitchensis (Bong.) Carr.). In this study, the 

relationship between vigour (based on total height) and wood properties was investigated in six-

year old Sitka spruce clones grown in two replicated field trials in Ireland. Six clones were 

evaluated, two clones from each of three vigour (high, intermediate and low) classes. Discs were 

cut from the base of one ramet per replication for each clone to assess wood quality attributes. 

Radial tracheid width was significantly and positively correlated with ring width and height, and 

was negatively correlated with density. The wood of the most vigorous clone had significantly 

larger ring width with thinner cell walls and wider tracheids than all clones in the two other 

vigour classes, resulting in lower mean wood density. Latewood properties for all wood attributes 

measured differed significantly between the two sites. Wood property differences resulted 

primarily from variation in the proportions of early- and latewood in each annual ring. 

Additionally, the width of early- and latewood bands in each ring was found to be a more 

important determinant of juvenile wood quality than the characteristics of the cells within each 

band. Wood properties differed greatly between clones, suggesting that there is potential to 

improve juvenile wood properties through selective breeding. 

Key-words: Clonal forestry, selective breeding, Picea sitchensis, productivity, wood properties, 

stem height. 
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5.1. Introduction  

Sitka spruce (Picea sitchensis (Bong.) Carr.) is the dominant forestry species in Ireland 

accounting for approximately 52.4% of forested land or 334,560 hectares (Forest Service 2012). 

A Sitka spruce improvement programme was initiated in Ireland in the early 1970’s to improve 

the productivity of this species (Thompson 2013). The objective of any tree improvement 

programme is to exploit genetic variability within a population to improve traits of economic 

value by maximising genetic gains over a short time period. However, the combination of faster 

growth rates of elite material, economic factors and constraints on rotation length have increased 

the relative proportion of juvenile wood (first nine annual rings) harvested from forest 

plantations, which may negatively influence wood properties (Mitchell and Denne 1997).  

Juvenile wood varies between genotypes, indicating the potential to select for wood 

property traits at an early age (Lee et al. 2002; Lenz et al. 2013). Furthermore, important wood 

properties, such as wood density and tracheid morphology, show moderate to high degree of 

inheritance (Zobel and van Buijtenen 1989). Zobel and Sprague (2012) suggested that the 

presence of juvenile wood is a critical determinant in the quality of solid wood products. 

However, if selection of trees with juvenile wood characteristics more similar to mature wood is 

possible, e.g. lower microfibril angle (MFA) and higher density, as well as an earlier transition 

from juvenile to mature wood, then rotation length could be reduced with less adverse effects on 

wood quality (Zobel and Van Buijtenen 1989).  

Traditionally, wood density has been the main attribute assessed due to its influence on 

most wood properties and ease of measurement (Apiolaza 2009). For construction uses, wood 

stiffness (modulus of elasticity; MOE) is of major importance and it is related not only to wood 

density, but also to MFA. Therefore, wood density alone is not a reliable indicator of MOE so 

additional wood properties need to be assessed (McLean 2008). Furthermore, focusing too much 

on selecting for one trait may restrict the ability to select for other traits in the future by 
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narrowing the genetic base in the breeding population (Wu et al. 2008). The inclusion of tracheid 

properties, such as tracheid wall thickness and radial tracheid width, into a breeding strategy may 

enable breeders to consider other potential end-uses of timber rather than structural products 

alone. 

Alternative vegetative propagation, such as somatic embryogenesis (SE) and cuttings, 

offer pathways for increasing genetic gains by enabling improved material to be rapidly bulked 

up for deployment (Cyr and Klimaszewska 2002). SE, in conjunction with cryopreservation, can 

reproduce the same genotypes consistently over time resulting in more predictable growth and 

wood properties. Furthermore, selecting clones with increased juvenile wood density and a faster 

transition to mature wood, offers the potential to increase timber strength than other approaches 

which focus on selecting for absolute density of mature wood (Lee 1999). However, selecting for 

high timber stiffness could potentially increase wood strength and timber utilisation (Cave and 

Walker 1994) 

To date, Sitka spruce improvement has focused mainly on selection for vigour with only 

cursory attention being paid to wood properties. To increase timber utilisation for a broad range 

of products, the annual variation of mechanical and physical properties must be determined as 

increased timber yields alone may not meet industry’s needs (Zobel and Van Buijtenen 1989). To 

assess internal wood properties, indirect screening methods are used. These methods are 

restricted by their penetrative depth, typically limited to the outer few millimetres (e.g. pilodyn) 

or centimetres (e.g. acoustic wave) of the stem. Therefore, direct measurement methods provide 

more accurate results, particularly when assessing trees that contain high proportions of juvenile 

wood (McLean 2008). However, direct methods may be more costly to carry out as large 

numbers of trees must be screened. Clonal material has less genetic variation than seedling 

material, therefore reducing the number of trees needed to be screened, while increasing breeding 

efficiencies and decreasing screening costs (Park 2002). 
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Typically wood properties of Sitka spruce have been assessed in older material (Lee 

1999; Livingston et al. 2004; Moore et al. 2008; Moore et al. 2009; Treacy et al. 2000), but to the 

authors’ knowledge little information is available on intra- and inter-annual variation in the 

juvenile wood of Sitka spruce clones. Juvenile wood is becoming an increasingly important 

component in harvested wood; acquiring such information is critical when developing new clonal 

varieties for deployment. Therefore, it is important that research efforts be directed towards 

improving the quality of juvenile wood, regardless of the link with mature wood. Additionally, it 

is essential to determine how selecting highly vigorous trees affects wood properties.  

In the above context, the objectives of this study were to: (1) provide baseline information 

on intra- and inter-annual variation in juvenile wood properties; and (2) assess wood property 

variation between Sitka spruce clones displaying significant variation in height growth rates. 

5.2. Materials and Methods  

5.2.1. Field material 

Clonal field trials were established at Kilmacurra (KMC), Co. Wicklow (52.93'N, 006° 14'; 133m 

elevation) and Cappoquin (CQN), Co. Waterford (52.10'N, 007° 15; 24 m elevation), Ireland in 

spring 2010. Long-term meteorological data (1981 to 2010) showed that mean annual 

temperature and annual precipitation were 9.9 ºC and 1981 mm for KMC and 10.2 ºC and 1711 

mm for CQN, respectively (Met Eireann, Ireland). The 30-year mean values showed that October 

is the wettest month at both KMC and CQN with 118 and 161 mm of rain, respectively. During 

the same period temperatures reached a mean daily maximum for both KMC and CQN in July of 

15.7 ºC and 16.8 ºC, respectively. 

All trees used were emblings derived from genetically improved full-sib crosses used in 

the Irish tree improvement programme and were propagated as described by Thompson (2013). 
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The two-year old containerised ramets of the same 57 clones were manually planted at both sites, 

but three additional clones were planted at CQN.  

Both experiments were established on high productivity sites; KMC has a sandy loam soil 

and was previously used as a nursery, while CQN has a brown podzolic soil and had previously 

been used as pasture. The trials were established as completely randomised designs with four 

replicates (blocks) per site. Square plots were planted with the emblings at 1 × 1.5 m spacing in 

KMC and line plots were planted at 2 × 2 m spacing in CQN. The sites were fenced to exclude 

rabbits. 

5.2.2. Clonal selection  

The height of all ramets at both sites was measured in 2013 and 2015. Clones were assigned to 

one of three vigour (high, intermediate and low) classes based on their mean height (pooled 

across both sites) in January 2013. Two clones from each vigour class were randomly selected for 

wood property analysis in this study. In total four ramets, one from each block for each clone and 

site, were destructively harvested in January 2015 (2 × 3 × 2 × 4 = 48 trees in total). 

5.2.3. Sampling observations and measurements 

5.2.3.1. Leader growth and needle characteristics  

In January 2015, the previous year’s leader growth (2014), mean needle density of 2014 leader 

(i.e. needle number per unit length of leader), needle length and specific leaf area (SLA, cm
2 

g
-1

) 

were measured for all ramets of the six selected clones. Needle density was determined by 

counting the number of needles from the proximal (needle-bearing part, above the 2013 bud 

scars) and distal 5 cm (excluding the bud) of the 2014 leader. SLA was measured by removing 

one north-orientated branch from the uppermost distal whorl of each clone. Needles were 

removed from a 5 cm mid-section of the branch and their area was measured using a Li-Cor 3000 
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leaf area meter (Li-Cor, Lincoln, NE, USA) and then weighed (Adam Equipment model PW 124, 

Adam Equipment, South Africa).  

5.2.3.2. Sampling and sample preparation 

Discs were cut at approximately 15 cm above ground level from four ramets of each clone at both 

KMC and CQN in January 2015. The northern orientation was marked on the bark of each disc 

prior to cutting. Once discs were cut they were brought immediately to University College 

Dublin, Ireland. Discs were stored at –20 °C to prevent drying and/or mould growth until mid-

February 2015 when they were dispatched to Innventia AB research Institute, Stockholm, 

Sweden where the wood property attributes were assessed using Silvican (Evans 1994; 2006). 

These measurements were performed on 2 mm thick sample strips extending from pith to bark. 

To reduce formation of cracks on drying, each disc was cut radially, from bark to pith using a 

circular saw, in the direction from the northern side of the disc, after which the disc was dried at 

room temperature (Lundqvist et al. 2007). Following this, a high-precision twin-bladed saw was 

used to produce the radial strips for analysis with Silviscan; the strip measured 2 mm in thickness 

(transverse tangential direction) and 7 mm in height (longitudinal direction). The upper sides of 

the strips were then polished to allow imaging of the tracheid cross-sections. The samples were 

soaked in acetone for 5 h to remove extractives from the wood. Subsequently, the samples were 

air-dried in a controlled atmosphere of 23 ºC and 43% relative humidity (RH) to a moisture 

content of about 8%, after which the length, width, height and weight of each sample was 

measured and the gravimetric average wood density was calculated.  

5.2.4. Tracheid and wood property measurements 

SilviScan makes use of three different measurement principles: image analysis of cell cross-

sections, X-ray transmission for density and X-ray diffraction for orientations in wood (Evans 

1994). These are applied by scanning the sample strip from pith to bark on three separate 
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measurement instruments, coordinated via a server. First, cross-sectional images of tracheids 

were scanned with a video microscope and the radial and tangential tracheid widths were 

determined, expressed as averages for consecutive radial intervals of 25 μm. From these images, 

the fibre width in radial direction was measured for all cells contained within the sample strip for 

each annual ring. The radial dimensions of all cells in each annual ring were also determined, 

after which the samples were scanned on the two X-ray units. The information about the ring 

angles was then used to rotate the sample, to align the latewood band of each ring in parallel to 

the X-ray beam, thus making it possible to obtain the most precise information about ring 

interfaces and within-ring variations in cell properties.  

Wood density was measured using X-ray transmission with the same radial resolution as 

above. Ring widths and density were used to estimate tracheid cell wall thickness (Scallan and 

Green 1974). Density variations were used to identify interfaces between annual rings, as well as 

proportions of early-, transition-, and latewood using a relative method (Lundqvist et al. 2007). 

Traditionally, the annual ring has been divided into the two parts, earlywood and latewood (Mork 

1928). The wide-diameter, thin-walled earlywood tracheids are produced during the spring and 

summer and the narrow-diameter, thicker-walled tracheids are produced in the late summer and 

autumn, but there is often a transition zone between these two bands containing tracheids that 

have intermediate characteristics. In this study, each ring was divided into three wood types: 

earlywood (EW), transitionwood (TW) and latewood (LW). EW was defined in this study as the 

part within an annual ring where wood density was < 20% of the range from minimum to 

maximum density. LW was defined as wood with density > 80% of the range, while TW was 

classified as everything between these two extremes (Lundqvist et al. 2007).  

Microfibril angle (MFA) was measured using a focused X-ray beam which interacted 

with the wood samples (Evans 1999). The resulting diffraction patterns obtained from the 

reflections from the 002 planes of cellulose allowed radial variation of MFA to be estimated at a 
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resolution of 0.2 mm (Fig. 5.1; Lundqvist et al. 2007). Wood stiffness (MOE) was derived from 

wood density and diffractogram information, following the method described by Evans (2006). 

Ring-level averages were calculated for wood density and tracheid properties: coarseness (mass 

per unit length), cell wall thickness, radial tracheid widths and MFA, as well as the average 

measurement for each band (EW, TW and LW) within each annual ring.  

The outermost ring along the radius was excluded from the analysis as it is sometimes 

incomplete or damaged during sampling. Furthermore, the image analysis routines used to 

measure radial tracheid width are based on the assumption that tracheids are rectangular and 

approximately organised in parallel cell files. This is generally a sound approximation, except for 

cells closest to the pith. The thin LW bands in these sections are highly curved, meaning that it is 

not possible to record LW data. For these reasons, the central 2 mm radial portion of each disc 

was excluded (annual rings 1 and 2). Therefore, only annual rings 3 to 5 were included in the 

analysis, with most attention focused on the wood in ring 4. 

 

Figure 5.1. X-ray diffraction pattern and corresponding microfibril angle (MFA). MFA is calculated from 

the length of the intense diffraction arcs. Lenz, 2011.  

5.2.5. Data analysis  

A repeated measures ANOVA was used to test the effect of time (annual ring; cambial age) and 

differences between sites, clones and site × clone effects on wood properties. No significant site 

effects were observed for EW and TW, so the data for the two sites were pooled. However, some 

significant site effects were observed for LW, so these are presented separately. When clones 
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differed significantly, Student–Newman–Keuls (SNK) post-hoc tests were used to determine 

which means were significantly different at P ≤ 0.05. All data was analysed using SAS 9.3 (SAS, 

SAS Institute Inc., Cary, NC, USA). 

5.3. Results  

To facilitate presentation, the clones were numbered 1 to 6 (i.e. tallest to shortest), based on their 

height measurements in January 2013.  

5.3.1. Stem height, diameter and needle traits  

Clonal ranking remained unchanged from 2013 to 2015, with the ramets of clone 1 having 

significantly greater leader growth in 2014 than all other clones. The ramets of clone 2 also had 

significantly greater leader growth than ramets of clones 3 and 5 (Table 5.1). The ramets of clone 

1 had significantly lower needle density than clone 2, 3 and 5. Significant variation between 

clones in needle morphology was observed with the ramets of clone 4 having significantly longer 

needles than all others. Additionally, specific leaf area (SLA) differed significantly between 

clone 3 and 4, with the ramets of clone 4 having approximately one third greater specific leaf area 

than clone 3.  

Table 5.1. Leader length (2014), mean needle density (*per 5 cm mid-section of branch) in 2014 leader, 

needle length and SLA (specific leaf area) for 2014 foliage for all assessed clones. Values shown are 

means ± 1 S.E pooled across the two sites (site effects not significant). Means sharing the same letter did 

not differ significantly (P ≤ 0.05). n = 8. 

Clone  Leader growth ʼ14 (cm) Needle density* Needle length (mm) SLA (cm
2
 g

−1
) 

1 87 ± 4.11a 64 ± 4.05b 14.91 ± 0.77b 7.50 ± 0.39ab 
2 68 ± 8.18b 85 ± 5.32a 13.64 ± 0.47b 7.86 ± 0.31ab 

3 50 ± 3.00c 86 ± 6.19a 14.29 ± 0.79b 6.86 ± 0.46b 

4 56 ± 2.27bc   76 ± 3.69ab 18.51 ± 1.02a 9.06 ± 0.50a 
5 42 ± 4.89c 86 ± 5.87a 15.31 ± 0.62b 8.27 ± 0.43ab 

6 56 ± 7.63bc   71 ± 4.75ab 15.65 ± 1.14b 7.84 ± 0.27ab 
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5.3.2. Wood Properties   

5.3.2.1.     Clonal variation in ring composition  

For the reasons described above, the analysis focused on rings 3 – 5 from pith to bark. In these 

rings, significant differences were found between clones in mean annual ring width and the width 

of the different wood types (early-, transition- and latewood). However, differences in TW were 

only observed for ring 3. The width of ring 3 was significantly greater in ramets of clones 1 and 2 

than those of clone 5.  

The largest differences in EW growth characteristics occurred in ring 4, where 

approximately 35% of the mean annual width in the ramets of clone 1 was composed of EW and 

its width was significantly greater than in all other clones (Table 5.2. Fig. 5.2). The two fastest 

growing clones had the highest proportion of EW. Mean TW for the ramets of all clones ranged 

from 51 to 68% of the annual ring width in ring 4. Significant differences in LW production were 

also found between clone 1 and clone 3 in ring 4, with the ramets of the former clone producing 

approximately 2.6 time more LW then clone 1. Mean ring width was significantly greater in the 

ramets of clone 1 than those of clones 4, 5 and 6 in rings 4 and 5.  
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Table 5.2. ANOVA summary for sources of variation and significance of P-values for mean ring width, 

ring density, mean radial tracheid width and cell wall thickness with each of their corresponding values 

for early, transition, and late wood respectively in ring 4. NS = > 0.05, * = < 0.05 and ** = < 0.01. 

              P-value 
 Source of variation Site (S) Clone (C)  

Mean ring width  NS **  

1.   Earlywood ring width  NS **  

2.   Transitionwood ring width  NS NS  

3.   Latewood ring width  NS *  

Mean density  NS **  

1.   Earlywood density NS **  

2.   Transitionwood density NS NS  

3.   Latewood density * NS  

Mean radial tracheid width NS **  

1.   Earlywood radial tracheid width NS **  

2.   Transitionwood radial tracheid width NS *  

3.   Latewood radial tracheid width ** *  

Mean cell wall thickness NS **  

1.   Earlywood cell wall thickness NS *  

2.   Transitionwood cell wall thickness NS NS  

3.   Latewood cell wall thickness ** NS  

 
Figure 5.2.  Mean ring width for all clones for annual rings 3 – 5 and (inset) width of EW, TW and LW in 

ring 4. Values shown are means pooled across the two sites (site effects not significant). Means sharing 

the same letter did not differ significantly (P ≤ 0.05). Letters above each bar denote significant differences 

in mean ring width pooled across the three wood types (P ≤ 0.05). n = 8.   
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5.3.2.2. Clonal variation in wood density 

Mean annual wood density was highest in ring 3, ranging from 597 - 762 kg m
-3 

for all clones 

(Fig. 5.3). Wood density decreased in ring 4 by up to 23% in comparison with ring 3. Mean wood 

density in ring 4 ranged from 539 to 679 kg m
-3

 (Fig. 5.3, inset).  

In ring 4, LW density varied little between clones, ranging from 778 kg m
-3

 to 829 kg m
-3

, 

and mean wood density ranged from 539 to 679 kg m
-3

. EW densities were between 33 to 45% 

less dense than the LW. The ramets of clone 2 had significantly lower EW density than clone 4 

and 5 and significantly lower mean density than those of clone 4. The ramets of clone 1 had 

significantly lower mean wood density than those of all other (less vigorous) clones. Ramets had 

significantly denser LW in CQN (827.7 kg m
-3

) than in KMC (785.3 kg m
-3

).  

  

Figure 5.3. Mean density for all clones for annual rings 3 – 5 and (inset) EW, TW, LW and mean density 

for all clones in ring 4. Values shown are means ± 1 S.E pooled across the two sites for EW and TW (site 

effects not significant). Values for LW varied by site and are shown separately. Means sharing the same 

letter did not differ significantly (P ≤ 0.05). n = 8. 
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In ring 5, wood density decreased by approximately 10% for most clones in comparison 

to ring 4, but small non-significant increases were observed in ramets of clones 1 and 5. The 

ramets of clones 4 and 5 had significantly denser EW and TW than those of clone 2 in ring 5. 

Additionally, ramets of clone 5 had significantly higher mean wood density than those of clone 1.   

5.3.2.3.    Clonal variation in tracheid diameter and tracheid wall thickness 

Radial tracheid width increased from ring 3 to 4 in most clones, and also from ring 4 to 5, but to a 

lesser degree, but there was a slight decrease in clone 1(Fig. 5.4). Significant differences in EW, 

TW and mean radial tracheid width were recorded in ring 4 (Fig. 5.4, inset). The ramets of clone 

1 had significantly wider mean radial tracheid width than those of clone 3, 4, 5 and 6 in ring 4. 

These narrower tracheid widths occurred primarily in EW and TW where tracheid diameters 

were approximately 10% narrower than in clone 1 and 2. Tracheid widths were significantly 

wider in ramets gown in CQN (20.7 µm) than KMC (19.2 µm). 

Mean tracheid cell wall thickness varied between wood types and across the annual rings. 

The largest and most significant differences occurred between clones in EW. Tracheid wall width 

was thinnest in the EW, ranging from approximately 1.6 µm to 3.5 µm, while in LW tracheids 

walls ranged from 2.5 to 4.7 µm in the. Tracheid wall thickness decreased from ring 3 to 5 for all 

clones, but it slightly increased from ring 4 to 5 in the ramets of the two tallest clones (Fig. 5.5). 

In ring 4, the production of thinner tracheid cell walls in the EW in the ramets of clone 1 resulted 

in this clone having significantly thinner mean tracheid cell walls than those of clones 3, 4, 5 and 

6 (Fig. 5.5, inset). Tracheid wall thickness was up to 80% thicker in the LW than the EW. Ramets 

had significantly thicker tracheid cell walls in the LW in CQN (2.86 µm) than in KMC (2.71 µm) 
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Figure 5.4. Mean radial tracheid width for all clones for rings 3 – 5 and (inset) EW, TW, LW and mean 

radial tracheid width in ring 4. Values shown are means ± 1 S.E pooled across the two sites for EW and 

TW (site effects not significant). Values for LW varied by site and are shown separately. Means sharing 

the same letter did not differ significantly (P ≤ 0.05). n = 8. 

 

Figure 5.5. Mean cell wall thickness for all clones for rings 3 – 5 and (inset) EW, TW, LW and mean cell 

wall thickness for all clones in ring 4. Values shown are means ± 1 S.E pooled across the two sites for EW 

and TW (site effects not significant). Values for LW varied by site and are shown separately. Means 

sharing the same letter did not differ significantly (P ≤ 0.05). n = 8.     
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5.3.2.4. Relationships between measured wood traits 

A highly significant positive polynomial relationship was observed between MFA and MOE 

(Fig. 5.6). Highly significant positive relationships were also found between ring width and radial 

tracheid width (Fig. 5.7a) and between tree height and radial tracheid width (Fig. 5.7b). The 

relationships between MFA and wood density (R
2
 = 0.33) and MOE and stem height (R

2
 = -0.22) 

were weak. No significant differences were observed between clones in either MFA or MOE. 

  

Figure 5.6. Relationship between MOE and MFA in ring 4 for all ramets of each clone on both sites. 

Curve represent a polynomial regression. **P < 0.001.  n = 48. 
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Figure 5.7. Relationship between (a) ring width and radial tracheid width and (b) height and radial 

tracheid width in ring 4 for all clones on both sites. Each line represent linear regressions through all data 

points. Symbols represent each individual clone. **P < 0.001.  n = 48. 

5.4. Discussion 

5.4.1. Clonal variation in growth rates and wood density 

A selection of improved clones differing in stem height growth rates were chosen to determine 

the potential impact of vigour on juvenile wood properties in clonal material of Sitka spruce. 

Wood density is, to a major extent, a function of the cross-sectional dimensions of its cells. It 

increases as radial tracheid width declines and tracheid wall thickness increases and as the 

proportion of LW increases. Significant differences in intra-annual density between the most 

vigorous and least vigorous clones were mostly due to the larger width of low-density EW band 

and the narrower width of high-density LW band in each ring. This growth pattern may be 

undesirable, depending on the wood’s intended end use, as there is evidence that timber 

containing a high proportion of EW has lower mechanical strength properties, which would result 

in lower quality, less valuable timber (Saranpää 2009).  

Clone 4, in the medium vigour class, had the highest mean density, indicating that it may 

be possible to improve both growth and quality by excluding the most vigorous clones. Fast-

growing families had significantly less LW than slower growing families and unimproved control 
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trees in previous studies of Sitka spruce (Cameron et al. 2005; Livingston et al. 2004). Including 

wood quality traits in breeding programmes requires estimates of genetic variance and 

covariance. Although wood density is a composition of several traits, high heritability estimates 

have been observed in several conifer species for tracheid wall diameter and radial width 

(Rozenberg and Cahalan 1997; Zobel and Jett 1995). Heritability estimates for LW density and 

its proportion in 10-year-old Norway spruce trees were higher than for overall density (Hylen 

1997). Additionally, very high heritability estimates have been reported for mean density in 

juvenile wood of Norway spruce (0.85) and Sitka spruce (0.96) for density in rings 6 and 9, 

respectively (Hylen 1997; Lee et al. 2002). Similarly, EW density has been found to be under 

strong genetic control in Pinus pinaster (Gaspar et al. 2008).  

The results of the studies cited above indicate that wood quality traits are under strong 

genetic control. Therefore, consideration should be given to including several wood quality traits, 

such as proportion of EW and LW, as selection criteria rather than focusing on mean density 

alone as a way of improving wood quality in Sitka spruce. However, selecting for increased 

density without a corresponding increase in the mechanical properties of timber, by including e.g. 

MFA, may be of limited benefit (Donaldson 1995). 

5.4.2. Tracheid properties 

Reports of the relationships between annual ring width and tracheid dimensions have been 

conflicting in Norway spruce (Bergqvist et al. 2000; Brix and Mitchell 1980; Denne 1973). 

Radial tracheid width was significantly and positively correlated with ring width (Fig. 5.6a) and 

stem height (Fig. 5.6b), indicating that increased diameter and height growth may result in wider 

tracheid diameters.  

The fastest growing clones had significantly larger tracheid width (Fig. 5.3) and thinner 

tracheid cell walls (Fig. 5.4) than all clones in the other growth classes. These results are in 
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agreement with previous studies of Norway spruce, which found that faster stem growth was 

associated with a decrease in mean fibre length and cell wall thickness but increased mean fibre 

diameter (Mäkinen, et al. 2002). In contrast, Denne (1973) found no difference in cell wall 

thickness between Sitka spruce trees which differed in vigour. Increased vigour is associated with 

increased MFA in juvenile wood, previous studies (e.g. Cameron et al. 2005) have observed that 

faster growing Sitka spruce progeny had higher MFA in their juvenile wood. Although clones 

differed in stem growth, no significant difference in MFA were observed between clones in 

agreement with  Park et al. (2012). 

The presence of significant site effects for LW tracheid properties might complicate testing 

and selection of trees for inclusion in an improvement programme and it is likely that predicted 

genetic gains might be less accurate due to the presence of significant site effects. Clones are 

more sensitive to different environmental conditions than seed material as there is less variation 

due to genetic effects and can therefore be useful for evaluating genotypic stability. To increase 

the accuracy of clonal performance, site conditions also need to be considered in a breeding 

programme and clonal trials should be established on a wide range of representative sites to 

determine the magnitude of site effects on LW characteristics. Thus, the optimal selection criteria 

for clones for wide scale planting would be to select clones with high growth rates with no 

decrease in wood quality and are stable across a range of environmental and edaphic conditions. 

However, only six clones were included in this study so genetic differences may be over-

estimated while the variance may be under-estimated, especially in comparison to material 

derived from seed (i.e. families). Therefore, these results are only applicable to juvenile Sitka 

spruce clonal material and may not represent the full range of Sitka spruce clones available; 

rather they only indicate the potential to improve wood quality based on the presence of genetic 

variation in tracheid properties.  

 



 

109 
 

5.5. Conclusions 

The larger proportion of juvenile wood in improved material presents tree breeders with the 

challenge of maintaining wood quality while increasing productivity. Lower wood density in 

faster growing clones was associated with increased radial tracheid width and decreased cell wall 

thickness. These differences were primarily due to greater differences in the proportions of EW 

than LW. Therefore, selecting for higher earlywood and latewood density and a lower proportion 

of earlywood with more latewood, rather than mean density, could be an effective method of 

improving juvenile wood density in Sitka spruce. However, the presence of significant site 

effects could complicate testing and selection of clones with desirable wood properties. Although 

undesirable genetic relationships between tracheid properties and vigour were found, the large 

range of values observed and the high degree of heritability for most wood properties, indicates 

the potential to improve wood quality through selective breeding of specific clones.  
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6. General Discussion 

The aim of this study was to evaluate vigour, competitive responses by deploying clones in pure 

or mixed clone plots, biomass partitioning, crown traits and juvenile wood properties of elite 

juvenile Sitka spruce (Picea sitchensis (Bong.) Carr.) clones in Ireland. In addition to the 

discussion of these aspects, some general conclusions, study limitations and future research 

suggestions are also presented.  

6.1. Root morphology  

Environmental conditions can impact biomass partitioning to roots and root system development 

while the presence of competitor roots can reduce root growth and development (Al Afas et al. 

2008; Aphalo and Ballaré 1995). Unlike above ground competition, below ground competition is 

usually not size dependant (Schwinning and Weiner 1998). For specific clones, significant 

increases in length in pure plots and surface area in mixed plots were found for fine roots 

between 0.2 – 0.4 mm and 1.8 – 2 mm diameter, respectively (Chapter 3). Approximately 75 to 

85% of Sitka spruce fine roots were < 0.6 mm in diameter, demonstrating that fine root systems 

of juvenile Sitka spruce clones are mostly comprised of very fine roots (< 1 mm). These results 

suggest that fine roots (usually defined as < 2 mm) need to be subdivided into separate smaller 

classes to provide more meaningful information on the effects of genetic, environmental and 

other factors on tree growth responses (Chapter 3). Furthermore, arbitrarily dividing roots into 

fine and coarse diameter classes ignores fundamental differences in physiological functions and 

their influence on tree resource foraging strategies.  

 Vanninen et al. (1996) found linear relationships between above and below ground 

biomass in mature stands of Scots pine (Pinus sylvestris L.). Significant positive relationships 

occurred between clones in stem diameter and root length in pure plots, but root length was 

independent of stem diameter in mixed plots, suggesting that below ground growth was not as 
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suppressed in mixtures as was the case for above ground growth (Chapter 3). Furthermore, a 

strong correlation between fine root biomass and total above ground woody biomass indicated 

that fine roots were a stronger sink for photosynthate carbon than coarse roots (Chapter 3). 

6.2. Crown architecture  

Canopy competition influences forest community structure and crown architecture has been 

shown to change under competitive pressure (Lintunen and Kaitaniemi 2010; Oliver and Larson 

1990). Sitka spruce trees tend to have long and narrow crowns with thin branches and high 

specific leaf area (Cannell et al. 1983). Narrower crowns utilise growing space more efficiently 

than trees with broader crowns and trees are likely to preferentially partition biomass to leaf and 

root biomass over stem biomass as stand density increases (Zhang et al. 2015). However, higher 

needle density or SLA may not result in higher growth rates (Chapter 5). A high degree of 

variation was found between clones in crown traits and significant differences occurred between 

clones in stem and foliage biomass, suggesting that there is an opportunity to select for increased 

stem wood efficiency and narrower crowns with less branch biomass, although branch number 

may not decrease (Chapter 3 and 4).  

Crown measurements provide information on how spatially and genetically diverse stands 

develop over time (Thorpe et al. 2010). Large variation in the response to competition was 

observed among individuals having different crown sizes, thus assessing crown growth and 

morphology might help predict how trees respond to competition (Chapter 4). Crown size and 

biomass partitioning to stem components varied significantly between the two tallest of eight 

clones. The tallest clone had significantly less biomass in all crown components and significantly 

greater stem biomass, while the second tallest clone had the reverse biomass partitioning strategy 

(Chapter 3). Furthermore, significant inter-clonal differences were observed in crown silhouette 
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area (CSA) suggesting that increased inter-clonal competition may be due to differences in 

biomass partitioning and crown area (Chapter 4). 

Crown traits display a high degree of heritability and trees that partition more biomass to 

stem wood rather than crown tissue are less sensitive to competition (Gerendiain et al. 2008; 

Gould et al. 2011). Highly significant linear relationships were found between stem biomass and 

branch biomass and increased CSA was associated with more branches and greater total biomass. 

However, deployment type altered relationships between crown traits (Chapter 4). 

6.3. Stand dynamics and biomass partitioning 

Changes to light quality and quantity can alter how plants partition their biomass. However, 

competition for light is more likely to result in morphological changes to leaves or roots than to 

changes in biomass partitioning (Curt et al. 2005). In a study carried out in the French Massif 

Central, shaded beech (Fagus sylvatica L.) trees were observed to have a three-fold reduction in 

biomass, with shoot and root development being particularly affected, than those grown in full 

sunlight. Although a significant reduction in PAR interception was found for two clones in this 

study, these differences did not alter biomass partitioning in any above ground components, but 

specific leaf area was reduced in mixed than in pure plots for one clone (Chapter 3).  

Asymmetric competition for light dictates competitive interactions between trees of 

different sizes within plant populations and can have large consequences for stand structural 

dynamics (Umeki 1997). Biomass which is allocated to roots, particularly fine roots, and stem 

growth could enable ramets to compete more efficiently by increasing both above and below 

ground resource acquisition ability (Chapter 3). Furthermore, clones that had the fastest height 

growth rates and closed canopy soonest might have an advantage in mixed stands, further 

increasing their ability to dominate their neighbours (Chapter 4). 
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Significant differences between several clones in absolute and relative above and below 

ground biomass partitioning were observed, with one clone having lower absolute biomass 

during the first year in all above ground components in mixed plots than in pure plots (Chapter 

4). Deployment type significantly altered relationships between above and below ground traits in 

mixed plots. Competition was more uneven in pure plots than in mixed, demonstrating that the 

type of competition which ramets grow in can influence stand development and may explain how 

individual ramets partition their biomass. This resulted in competitive clones growing faster and 

could, over time, dominate others in mixed plots, which could ultimately affect stand 

composition and overall productivity (Chapters 3 and 4). Thus, such interactions should be 

included in a breeding programme to increase selection accuracy and gauge performance under 

conditions which clones are likely to encounter when deployed.  

Clonal mixtures may be required to comply with legal obligations in some countries or to 

address biological concerns, as it is assumed mixtures are more productive and resilient than the 

same clones would be if deployed in pure plots (Ahuja and Libby 1993). However, the results of 

this study showed the opposite may occur and tree size could be more variable in mixed plots, 

affecting the contribution of individual trees to mean stand productivity (Chapter 4). To 

compensate for the lower performance of some clones in mixtures, specific clones could be 

planted in combination with better performing clones to offset the predicted productivity losses 

or clones could be deployed in small mosaics of mono-clonal blocks. The choice of clone should 

not depend solely on vigour, instead additional traits such as biomass partitioning should be 

included to reduce niche overlap and competition while increasing resource-use and site-

utilisation efficiency (Mason et al. 2012).  

 

 

 



 

116 
 

6.4. Influence of deployment type on growth  

There have only been a limited number of studies on the effect of deployment type on the growth 

responses of clonal material. Some of these results have been contradictory (Sharma et al. 

2008a). Although relatively few juvenile clones were studied for a short duration in this study, 

relative and absolute height and diameter growth were significantly lower in mixed plots than in 

pure plots during several stages of growth in this study (Chapter 4). These results are similar to 

the findings of some other longer-term studies of conifer and broadleaved species (Benbrahim et 

al. 2000; Sharma et al. 2008b), which revealed that deployment type did not affect overall growth 

or productivity, but individual clonal performance differed with deployment type. These results 

demonstrate the importance of considering competitive conditions when devising clonal mixtures 

(Chapter 3 and 4). Ignoring such interactions and growth responses could result in inappropriate 

mixtures, which may decrease stand productivity (Adams et al. 2008).  

6.5. Effects of vigour on wood properties 

Wood density is determined by the cross-sectional dimensions of its cells and is influenced by the 

proportion of earlywood to latewood. Sitka spruce produces a relatively consistent proportion of 

latewood annually (Brazier 1970); therefore, increased earlywood growth would reduce mean 

density. The ramets of the fastest growing clone had significantly greater amounts of earlywood 

and significantly less latewood than the two slowest growing clones (Chapter 5). Thus, selecting 

for increased vigour may reduce gains in wood density due to an increase in the amount of lower 

density earlywood, which combined with proportionally less latewood, would lead to 

significantly lower mean annual ring density. In contrast, juvenile wood properties in Sitka 

spruce were unaffected by tree growth rates in some studies (e.g. Cameron et al. 2005). Clones 

that displayed moderate height growth, i.e. clone 4, had the highest mean density demonstrating 

that gains in growth and density may be achievable with modest gains in growth.  
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To increase growth rate and wood properties, the trait of interest must display at least 

moderate levels of heritability and the improvement should not be negatively correlated with 

vigour. High heritability estimates have been observed for latewood density and its proportion in 

Norway spruce and Sitka spruce (Hylen 1997; Lee et al. 2002). Similarly, earlywood density has 

been found to be under strong genetic control in Pinus pinaster (Gaspar et al. 2008). Therefore, 

improvements in density through the selection of clones with lower proportions of earlywood and 

higher proportions of latewood could potentially be a more efficient strategy for improving 

overall wood density and stiffness in Sitka spruce. Wood formation is influenced by several 

factors including environment, genetics and age (Zobel and Van Bujitenen 1989). Although no 

significant site differences were observed between clones in the proportion of earlywood or 

latewood, significant differences between sites were recorded for tracheid width, tracheid cell 

wall thickness and latewood density (Chapter 5). This could make it more difficult to predict 

gains in wood quality in response to breeding.   

 Microfibril angle (MFA) may increase (e.g. Cameron et al. 2005) or remain unchanged 

(Park et al. 2012) in faster growing individuals than in the slower growing ones. Although no 

significant differences in MFA were observed between clones in this study, the large variation 

found indicates the potential to select concurrently for increased vigour and low MFA (Chapter 

5). This would reduce the negative effects often associated with juvenile wood, while also 

reducing the gradient between juvenile and mature wood, resulting in stronger and more stable 

timber (Barnett and Bonham 2004; Lindstrom et al. 2005).  

The highly significant relationship observed between MFA and wood stiffness (MOE) is 

in agreement with the results of earlier studies of mature seed grown Sitka spruce trees (e.g. 

Treacy, et al. 2000), demonstrating that MFA could be used to determine wood strength and 

elasticity properties. Additionally, positive linear relationships between ring width and stem 

growth were consistently observed for all clones (Chapter 5).  
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6.6. Conclusions 

This study demonstrated the importance of considering competitive interactions and the 

competitive ability of individual clones when devising clonal mixtures. Although significant 

differences occurred in two fine root diameter classes, the lack of additional morphological 

responses indicated that competition-induced root morphological changes may not be the rule in 

Sitka spruce. However, the presence of significant alterations in fine root morphology indicates 

that some clones may have a greater ability to adapt to increased competition. These results 

provide evidence to support the view that assessing root development and morphology should be 

assessed on a functional classification basis, rather than an arbitrarily defined one. This approach 

would enable comparisons between different root studies and account for functional differences, 

which may occur in roots of different diameters, which to date, have been largely ignored. 

To optimise growth efficiency, clonal selection should be based on traits other than vigour 

and wood density. Clonal mixtures that maximise stand growth rates should be developed, traits 

that allow clones to compete synergistically, rather than competitively, should be quantified and 

included in deployment programmes. Ignoring such interactions and growth responses could 

affect tree uniformity and structural dynamics, increasing mortality and reducing crop 

productivity. Furthermore, considering competitive interaction and their effect on growth would 

increase the accuracy of projected gains in productivity. 

Wood property characteristics differed greatly between clones, indicating the potential to 

improve wood quality through selective breeding. Selecting clones that have modest height 

growth rates, rather than selecting the most vigorous clones, might be a better strategy enabling 

gains in productivity to be achieved without sacrificing timber quality and negatively affecting 

stand structure. Additionally, selecting components of density and their proportions, rather than 

mean density, could be a more effective method to improve juvenile wood density in Sitka 

spruce. 
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6.7. Suggestions for future research 

Genetic and environmental variation (i.e. deployment type) play a critical role in shaping crown 

architecture, influencing growth rates and biomass partitioning. Thus, more in-depth studies are 

required to determine how these characteristics and their relationships influence tree growth 

mechanisms. Evaluating structural and morphological attributes of fine roots and how they relate 

to resource acquisition would provide more detailed information as to how ramets grow and 

compete with each other.  

The results describing the effects of above  and below ground growth responses were 

derived from measurements of juvenile Sitka spruce clones established at one site (Kilmacurra), 

so the growth responses may not be similar on other sites or if older ramets had been included. 

The recommended next step would be to assess deployment effects of older material at several 

sites throughout the full planting range of Sitka spruce in Ireland. It would also be preferable to 

include unimproved clones as checks or controls in future studies, but none were available for 

inclusion in this study.  

Wood property characteristics were assessed in clonal material during their juvenile 

growth phase on only two sites (Kilmacurra and Cappoquin), thus it would be interesting to 

determine if wood property differences persisted until maturity. Finally, the number of clones in 

all experiments was very limited, so including more clones, particularly unrelated ones, might 

provide more information on the true diversity among clones used in the Irish breeding 

programme.  

Molecular markers, i.e. molecular genetic markers and biochemical markers, could 

replace traditional forest measurements, e.g. height or diameter, as an aid to tree breeding in the 

near future but the high costs of screening large breeding populations may currently restrict their 

use. Molecular markers are an attractive alternative as they potentially remove confounding 

factors, such as the effects of environmental conditions, and are less affected by tree age and 
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developmental stage. Although they may underestimate traits which are subject to evolutionary 

pressure, they have several potential applications in tree improvement programmes. 

Genetically modified (GM) tree improvement is achieved through the insertion of novel 

genes into the plant cell nuclear genome or by deoxyribonucleic acid (DNA) manipulation of 

existing genes within a plant. GM trees with improved traits of interest have been used 

commercially in China since 2002, where approximately 1.4 million aBacillus thuringiensis (Bt 

cryIA(a)) producing (insecticide) poplars trees have been deployed. Genetically modifying Sitka 

spruce to include this trait would enable it to resist weevil attacks which could, theoretically, 

increase its commercial planting range in North America. GM trees with reduced lignin content 

have also been developed, increasing the efficiency of pulp production and reducing costs 

associated with fibre preparation. However, reduced lignin content may compromise the 

structural integrity of trees and make them more susceptible to pests and diseases. Furthermore, 

the lack of knowledge about molecular control of traits of interest limits the applicability of GM 

technology. The negative public perception towards GM trees and reports of uncontrolled 

interbreeding with native tree populations may further restrict their use (Sedjo 2005). 

 

 

 

 

 

 

 

 

 

 

 

 



 

121 
 

 

 

 

References 

 Adams, J.P., Land, S.B., Belli, K.L. and Matney, T.G. 2008. Comparison of 17-year realized plot 

volume gains with selection for early traits for loblolly pine (Pinus taeda l.). Forest 

Ecology and Management, 255 (5), 1781-1788. 

Adams, W., Roberds, J. and Zobel, B. 1973. Intergenotypic interactions among families of 

loblolly pine (Pinus taeda l.). Theoretical and Applied Genetics, 43 (7), 319-322. 

Adams, W.T., Hipkins, V.D., Burczyk, J. and Randall, W.K. 1997. Pollen contamination trends 

in a maturing Douglas fir seed orchard. Canadian Journal of Forest Research,  27 (1), 

131-134. 

Ahuja, M.R. and Libby, W.J. 1993. Clonal forestry-I: Genetics and Biotechnology. Springer-

Verlag. 

Al Afas, N., Marron, N., Zavalloni, C. and Ceulemans, R. 2008. Growth and production of a 

short-rotation coppice culture of poplar—iv: Fine root characteristics of five poplar 

clones. Biomass and Bioenergy, 32 (6), 494-502. 

Allan, J., Samuel, S., Lee, S. and Allan, J. 2003. The technology of clonal forestry of conifers. 

Forestry Commision UK, 7-8. 

Alves, L.F. and Santos, F.A. 2002. Tree allometry and crown shape of four tree species in 

Atlantic rain forest, Southeast Brazil. Journal of Tropical Ecology, 18 (02), 245-260. 

Aphalo, P. and Ballaré, C. 1995. On the importance of information-acquiring systems in plant-

plant interactions. Functional Ecology, 9 (1), 5-14. 

Apiolaza, L.A. 2009. Very early selection for solid wood quality: Screening for early winners. 

Annals of Forest Science, 66 (6), 1-10. 

Aronen, T., Pehkonen, T., Malabadi, R. and Ryynänen, L. 2008. Somatic embryogenesis of Scots 

pine–advances in pine tissue culture at METLA. Working Paper Finnish Forest 

Rescources Institute, 114, 68-71. 

Asmah, H.N., Hasnida, H.N., Zaimah, N.N., Noraliza, A. and Salmi, N.N. 2013. Synthetic seed 

technology for encapsulation and regrowth of in vitro-derived Acacia hyrid shoot and 

axillary buds. African Journal of Biotechnology, 10 (40), 7820-7824. 

Aspelmeier, S. and Leuschner, Ch. 2006. Genotypic variation in drought response of silver birch 

(Betula pendula roth): Leaf and root morphology and carbon partitioning. Trees, 20 (1), 

42-52. 

Assmann, E. 1970. Principles of forest yield study: Pergamon Press, Oxford. 

Barnett, J.R. and Bonham, V.A. 2004. Cellulose microfibril angle in the cell wall of wood fibres. 

Biology Reviews, 79 (2), 461-472. 

Bauhus J. and Messier C. 1999. Soil exploitation strategies of fine roots in different tree species 

of the southern boreal forest of eastern Canada. Canadian Journal of Forest Research 29, 

2, 260-273 

Benbrahim, M., Gavaland, A. and Gauvin, J. 2000. Growth and yield of mixed polyclonal stands 

of populus in short-rotation coppice. Scandinavian Journal of Forest Research,  15 (6), 

605-610. 

Beyer, F., Hertel, D. and Leuschner, Ch. 2013. Fine root morphological and functional traits in 

Fagus sylvatica and Fraxinus excelsior saplings as dependent on species, root order and 

competition. Plant and Soil, 373 (1-2), 143-156. 



 

122 
 

Bolte, A. and Villanueva, I. 2006. Interspecific competition impacts on the morphology and 

distribution of fine roots in European beech (Fagus sylvatica l.) and Norway spruce 

(Picea abies (l.) Karst.). European Journal of Forest Research, 125 (1), 15-26. 

Bonicel, A., Haddad, G. and Gagnaire, J. 1987. Seasonal variations of starch and major soluble 

sugars in the different organs of young poplars. Plant Physiology and Biochemistry 

(France). 

Boyden, S., Binkley, D. and Stape, J. 2008. Competition among Eucalyptus trees depends on 

genetic variation and resource supply. Ecology, 89 (10), 2850-2859. 

Bozzano, M., Rusanen, M., Rotach, P. and Koskela, J. 2006. Euforgen noble hardwoods network, 

report of the sixth (9–11 June 2002, alter do chão, Portugal) and seventh meetings (22-24 

April 2004, Arezzo Italy). International plant genetic resources institute, Rome, Italy. Isbn 

13: 978-92-9043-682-9 isbn 10: 92-9043-682-4 ipgri via dei tre denari 472/a 00057 

maccarese Rome, Italy international plant genetic resources institute.  

Brassard, B.W., Chen, H.Y., Bergeron, Y. and Pare, D. 2011. Differences in fine root 

productivity between mixed‐and single‐species stands. Functional Ecology, 25 (1), 238-

246. 

Brazier, J.D.  1967 Timber  improvement   I. A  study  of the variation   in  wood  characteristics   

in  young  Sitka spruce.   Forestry  40,  117-128. 

Brazier, J.D. 1970. Timber improvement ii. The effect of vigour on young-growth Sitka spruce. 

Forestry, 43 (2), 135-150. 

Briggs, D. and Smith, W. 1986. Effects of silvicultural practices on wood properties of conifers: 

A review. Douglas fir: stand management for the future. University of Washington Press, 

Seattle, WA, 108-117. 

Cameron, A. 2002. Importance of early selective thinning in the development of long‐term stand 

stability and improved log quality: A review. Forestry, 75 (1), 25-35. 

Cameron, A.D., Lee, S.J., Livingston, A.K. and Petty, J.A. 2005. Influence of selective breeding 

on the development of juvenile wood in Sitka spruce. Canadian Journal of Forest 

Research, 35 (12), 2951-2960. 

Campbell, R.K. and Wilson, B.C. 1973. Spacing-genotype interaction in Douglas fir. Silvae 

Genetica, 22, 15-20. 

Canham, C., Berkowitz, A., Kelly, V., Lovett, G., Ollinger, S. and Schnurr, J. 1996. Biomass 

allocation and multiple resource limitation in tree seedlings. Canadian Journal of Forest 

Research, 26 (9), 1521-1530. 

Cannell, M.G.R., Sheppard, L.J., Ford, E.D., Wilson, R.H.F. 1983. Clonal differences in dry 

matter distribution, wood specific gravity and foliage "efficiency" in Picea sitchensis and 

Pinus contorta. Silvae Genetica, 32, 195-202.  

Cannell, M.G.R., Sheppard, L.J., Smith, R.I. and Murray, M.B. 1985. Autumn frost damage on 

young Picea sitchensis 2. Shoot frost hardening, and the probability of frost damage in 

Scotland. Forestry, 58 (2), 145-166. 

Carson, M. 1986. Advantages of clonal forestry for Pinus radiata - real or imagined. New 

Zealand Journal of Forest Research, 16 (3), 403-415. 

Casper, B.B. and Jackson, R.B. 1997. Plant competition underground. Annual Review of Ecology 

and Systematics, 28, 545-570. 

Cave, I. and Walker, J. 1994. Stiffness of wood in fast-grown plantation softwoods: The 

influence of microfibril angle. Journal of Forest Products,  44 (5), 43. 

Chen Z.Q., García, M.R., Karlsson B., Lundqvist S.O., Olsson L., Wu H.X. 2014. Inheritance of 

growth and solid wood quality traits in a large Norway spruce population tested at two 

locations in southern Sweden. Tree Genetics and Genomes, 10 (5), 1291-1303 



 

123 
 

Chmura, D.J., Rahman, M.S. and Tjoelker, M.G. 2007. Crown structure and biomass allocation 

patterns modulate aboveground productivity in young loblolly pine and slash pine. Forest 

Ecology and Management, 243 (2), 219-230. 

Clair, J.S. and Adams, W. 1991. Relative family performance and variance structure of open-

pollinated Douglas-fir seedlings grown in three competitive environments. Theoretical 

and Applied Genetics, 81 (4), 541-550. 

Copes, D. 1987. Rooting Sitka spruce from southeast Alaska. PNW-RN research note-US 

Department of Agriculture, Forest Service, Pacific Northwest Research Station (USA). 

Cotterill, P. 1981. Optimising two-stage independent culling selection in tree and animal 

breeding. Theoretical and Applied Genetics, 59 (2), 67-72. 

Curt, T., Coll, L., Prévosto, B., Balandier, P. and Kunstler, G. 2005. Plasticity in growth, biomass 

allocation and root morphology in beech seedlings as induced by irradiance and 

herbaceous competition. Annals of Forest Science, 62 (1), 51-60. 

Cyr, D.R. and Klimaszewska, K. 2002. Conifer somatic embryogenesis: II. Applications. 

Dendrobiology, 48, 41 - 49. 

Dawson, W. and McCracken, A. 1995. The performance of polyclonal stands in short rotation 

coppice willow for energy production. Biomass and Bioenergy, 8 (1), 1-5. 

de Assis, T.F., Fett-Neto, A.G. and Alfenas, A.C. 2004. Current techniques and prospects for the 

clonal propagation of hardwoods with emphasis on Eucalyptus. Plantation forest 

biotechnology for the 21st century. Research Signpost, Trivandrum, India, 303-333. 

Dean, C. and Stonecypher, R. 2006. Early selection of Douglas-fir across south central coastal 

Oregon, USA. Silvae Genetica, 55 (3), 135-140. 

DeBell, D. and Harrington, C.A. 1993. Deploying genotypes in short-rotation plantations: 

Mixtures and pure cultures of clones and species. The Forestry Chronicle, 69 (6), 705-

713. 

DeBell D.S., Clendenen G.W., Harrington C.A., Zasada J.C. 1996. Tree growth and stand 

development in short-rotation Populus plantings: 7-year results for two clones at three 

spacings. Biomass and Bioenergy, 11 (4), 253-269.  

DeBell, D.S. and Harrington, C.A. 1997. Productivity of Populus in monoclonal and polyclonal 

blocks at three spacings. Canadian Journal of Forest Research, 27 (7), 978-985. 

Denne, M.P. 1973. Tracheid dimensions in relation to shoot vigour in Picea. Forestry, 46 (2), 

117–124. 

Denne, M.P. 1979. Wood structure and production within the trunk and branches of Picea 

sitchensis in relation to canopy formation. Canadian Journal of Forest Research, 9 (3), 

406-427. 

Dickmann, D. 1985. The ideotype concept applied to forest trees. In Attributes of trees as crop 

plants. M.G.R. Cannell, and Jackson, J.E. and (eds.). (eds.), Institute of Terrestrial 

Ecology, Huntington, England, pp. 89-101. 

Domisch, T., Finér, L., Dawud, S.M., Vesterdal, L. and Raulund-Rasmussen, K. 2015. Does 

species richness affect fine root biomass and production in young forest plantations? 

Oecologia, 177 (2), 581-594. 

Donald, C.M., 1968. The breeding of crop ideotype. Euphytica, 17, 385-403. 

Donald, C.M. and Hamblin, J. 1976. The biological yield and harvest index of cereals as 

agronomic and plant breeding criteria. Advances in Agronomy. 

Donaldson, L. 1992. Within-and between-tree variation in microfibril angle in Pinus radiata. 

New Zealand Journal of Forestry Science, 22 (1), 77-86. 

Donaldson, L. 1993. Variation in microfibril angle among three genetic groups of Pinus radiata 

trees. New Zealand Journal of Forestry Science, 23 (1), 90-100. 

Donaldson, L. 1996. Effect of physiological age and site on microfibril angle in Pinus radiata. 

Iawa Journal, 17 (4), 421-429. 



 

124 
 

Donaldson, L.A. and R.D. Burdon. (1995). Clonal variation and repeatability of microfibril angle 

in Pinus radiata. New Zealand Journal of Forestry Science, 25 (2),164-174. 

Dybzinski, R., Farrior, C., Wolf, A., Reich, P.B. and Pacala, S.W. 2011. Evolutionarily stable 

strategy carbon allocation to foliage, wood, and fine roots in trees competing for light and 

nitrogen: An analytically tractable, individual-based model and quantitative comparisons 

to data. The American Naturalist, 177 (2), 153-166. 

Eissenstat, D.M. 1992. Costs and benefits of constructing roots of small diameter. Journal of 

Plant Nutrition, 15 (6-7), 763-782. 

Elferjani, R., DesRochers, A. and Tremblay, F. 2014. Effects of mixing clones on hybrid poplar 

productivity, photosynthesis and root development in northeastern Canadian plantations. 

Forest Ecology and Management, 327, 157-166. 

Evans, R. 1994. Rapid measurement of the transverse dimensions of tracheids in radial wood 

sections from Pinus radiata. Holzforschung, 48 (2), 168-172. 

Evans, R. 1999. A variance approach to the x-ray diffractometric estimation of microfibril angle 

in wood. Appita, 52 (4), 283-289. 

Evans, R. 2006. Wood stiffness by x-ray diffractometry. In Characterization of the cellulosic cell 

wall. D.D. Stokke and L.H. Groom (eds.), pp. 138-146. 

Farrelly, N., Ní Dhubháin, A., Nieuwenhuis, M. and Grant, J. 2009. The distribution and 

productivity of Sitka spruce (Picea sitchensis) in Ireland in relation to site, soil and 

climatic factors. Irish Forestry, 66 (1-2), 51-73. 

Fitter, A.H. 2002. Characteristics and function of root systems. In: Waisel, y, eshel a, kafkafi, u 

(eds) plant roots: The hidden half. Dekker. 

Fitzpatrick, H.M. 1966. The forests of Ireland. Society of Irish Foresters, Bray, Co Wicklow, 

Ireland. 

Flecther, A.M. 1992. Breeding improved Sitka spruce. Super Sitka for the 90`s.  103, 11 - 24. 

Forrester, D.I., Bauhus, J. and Cowie, A.L. 2006 Carbon allocation in a mixed-species plantation 

of Eucalyptus globulus and Acacia mearnsii. Forest Ecology and Management, 233 (2), 

275-284. 

Forest Service, 2007. National Forest Inventory Republic of Ireland - Results. Department of 

Agriculture Fisheries and Food, Johnstown Castle Estate, Wexford, Ireland. 

Foster, G.S., Rousseau, R. and Nance, W. 1998. Eastern cottonwood clonal mixing study: 

Intergenotypic competition effects. Forest Ecology and Management, 112 (1), 9-22. 

Gaspar, M.J., Louzada, J.L.P.C., Silva, M.E., Aguiar, A., and Almeida M.H., 2008. Age trends in 

genetic parameters of wood density components in 46 half-sibling families of Pinus 

pinaster Ait. Canadian Journal of Forest Research, 38, 1470–1477. 

Gautam, M.K., Chang, S.X., Mead, D.J., Clinton, P.W. and Roberts, E.H. 2004. First order lateral 

root characteristics reflect the competitiveness of radiata pine genotypes in agroforestry 

systems. Mason, E.G. and Perley, C.J. (eds.). Australasian Forestry - A Strategic Vision. 

Proceedings of the Joint Australia and New Zealand Institute of Forestry Conference. 27 

April - 1 May. Queenstown, New Zealand, p.p. 379-387. 

Gedroc, J., McConnaughay, K. and Coleman, J. 1996. Plasticity in root/shoot partitioning: 

Optimal, ontogenetic, or both? Functional Ecology, 10, 44-50. 

Gerendiain, A.Z., Peltola, H., Pulkkinen, P., Ikonen, V. and Jaatinen, R. 2008. Differences in 

growth and wood properties between narrow and normal crowned types of Norway spruce 

grown at narrow spacing in southern Finland. Silva Fennica, 42 (3), 423. 

Gill, J.G.S. 1987. Juvenile-mature correlations and trends in genetic variances in Sitka spruce in 

Britain. Silvae Genetica, 36,(5-6), 189-194. 

Gordon, W.S. and Jackson, R.B. 2000. Nutrient concentrations in fine roots. Ecology, 81 (1), 

275-280. 



 

125 
 

Gould, P.J., Clair, J.B.S. and Anderson, P.D. 2011. Performance of full-sib families of Douglas 

fir in pure-family and mixed-family deployments. Forest Ecology and Management,  262 

(8), 1417-1425. 

Grams, T. E. E., Kozovits, A. R.,Winkler, J. B., Sommerkorn, M.,Blaschke, H., Häberle, K.-H., 

et al.(2002). Quantifying competitiveness in woody plants. Plant Biology 4, 153-158. 

Greenwood, M. 1995. Juvenility and maturation in conifers: Current concepts. Tree Physiology, 

15 (7-8), 433-438. 

Gregorius, H. and Kleinschmit, J. 1999. The environmental dichotomy of adaptation and the role 

of genetic diversity. Silvae Genetica, 48, 193-198. 

Grulke, N. and Retzlaff, W. 2001. Changes in physiological attributes of ponderosa pine from 

seedling to mature tree. Tree Physiology, 21 (5), 275-286. 

Guo, X., Wei, X., Chang, W., Liu, Y. and Wang, Z. 2008. Anatomical traits associated with 

absorption and mycorrhizal colonization are linked to root branch order in twenty‐three 

Chinese temperate tree species. New Phytologist, 180 (3), 673-683. 

Hajek, P., Hertel, D. and Leuschner, C. 2014. Root order-and root age-dependent response of two 

poplar species to below-ground competition. Plant and soil, 377 (1-2), 337-355. 

Harvald, C. and Olesen, P.O. 1987. The variation of the basic density within the juvenile wood of 

Sitka spruce (Picea sitchensis). Scandinavian Journal of Forest Research, 2 (1-4), 525-

537. 

Helmisaari, H.-S., Lehto, T. and Makkonen, K. 2000. Fine roots and soil properties. In: Forest 

condition in a changing environment, Springer, pp. 203-217. 

Hyatt, L.A., Cahill, J.F. and Casper, B.B. 1998. Above-ground competition does not alter 

biomass allocated to roots in Abutilon theophrasti. New Phytologist, 140, 231-238. 

Hylen, G. 1997. Genetic variation of wood density and its relationship with growth traits in 

young Norway spruce. Silvae Genetica, 46 (1), 55. 

Isik, F., Goldfarb, B., LeBude, A., Li, B. and McKeand, S. 2005. Predicted genetic gains and 

testing efficiency from two loblolly pine clonal trials. Canadian Journal of Forest 

Research, 35 (7), 1754-1766. 

JJagodzinski, A.M. and Kałucka, I. 2010. Fine roots biomass and morphology in a 

chronosequence of young Pinus sylvestris stands growing on a reclaimed lignite mine 

spoil heap. Dendrobiology, 64, 19-30. 

Jagodzinski, A.M. and Kalucka, I. 2011. Fine root biomass and morphology in an age-sequence 

of post-agricultural Pinus sylvestris L. stands. Dendrobiology 66, 71-84. 

Jagodziński A.M., Kałucka I., Horodecki P., Oleksyn J. 2014. Aboveground biomass allocation 

and accumulation in a chronosequence of young Pinus sylvestris stands growing on a 

lignite mine spoil heap. Dendrobiology 72, 139-150. 

Jagodzinski, A.M., Jarosiewicz, G., Karolewski, P. and Oleksyn, J. 2012. Carbon concentration in 

the biomass of common species of understory shrubs. Sylwan, 156 (9), 650-662. 

Jagodzinski A.M., Oleksyn J. 2009a. Ecological consequences of silviculture at variable stand 

densities. I. Stand growth and development. Sylwan, 153 (2), 75-85. 

Jagodzinski A.M., Oleksyn J. 2009b. Ecological consequences of silviculture at variable stand 

densities. II. Biomass production and allocation, nutrient retention. Sylwan, 153 (3), 147-

157. 

Jagodzinski A.M., Ziolkowski J., Warnkowska A., Prais H. 2016. Tree age effects on fine root 

biomass and morphology over chronosequences of Fagus sylvatica, Quercus robur and 

Alnus glutinosa stands. PLoS One 11(2), e0148668.  

Jansson, G., Jonsson, A. and Eriksson, G. 1998. Efficiency of early testing in Pinus sylvestris l. 

Grown under two different spacings in growth chamber. Silvae Genetica, 47 (5), 298-306. 



 

126 
 

Jansson, G., Jonsson, A. and Eriksson, G. 2005. Use of trait combinations for evaluating 

juvenile–mature relationships in Picea abies (l.). Tree Genetics and Genomes, 1 (1), 21-

30. 

John, A. and Mason, B. 1987. Vegetative propagation of Sitka spruce. Proceedings of the Royal 

Society of Edinburgh. Section B. Biological Sciences, 93 (1-2), 197-203. 

Johnson, L.P.V. 1939 A descriptive list of natural and artificial interspecific hybrids in north 

American forest-tree genera. Canadian Journal of Research, 17 (12), 411-444. 

Jonsson, T.H. and Óskarsson, Ú. 2007. Shoot growth strategy of 29 Black Cottonwood (Populus 

trichocarpa) clones. Icelandic Journal of Agricultural Science, 20, 25-36. 

Jose, S., Gillespie, A., Seifert, J. and Pope, P. 2001. Comparison of minirhizotron and soil core 

methods for quantifying root biomass in a temperate alley cropping system. Agroforestry 

Systems,  52 (2), 161-168. 

Jozsa L.A., Middleton G.R., A discussion of wood quality attributes and their practical 

implications, Forintek Canada Corp., Special Public. No. SP-34, Vancouver, B.C., 1994, 

42 p. 

Joyce P.M., O’Carroll N. 2002. Sitka spruce in Ireland. COFORD, Dublin, Ireland. 

Karlberg, S. 1961. Development and yield of Douglas fir (Pseudotsuga taxifolia (Poir.) Britt.) 

and sitka spruce (Picea sitchensis (Bong.) Carr.) in southern Scandinavia and on the 

pacific coast. The  Royal  School  of  Forestry  Stockholm, Sweden  34, 1 - 141. 

Kennedy, R. 1995. Coniferous wood quality in the future: Concerns and strategies. Wood Science 

and Technology, 29 (5), 321-338. 

Kennedy S.G., Cameron A.D., Lee S.J. (2013). Genetic relationships between wood quality traits 

and diameter growth of juvenile core wood in Sitka spruce. Canadian Journal of Forest 

Research. 43, 1 – 6.  

King, J.N., Alfaro, R.I. and Cartwright, C. 2004. Genetic resistance of Sitka spruce (Picea 

sitchensis) populations to the white pine weevil (Pissodes strobi): Distribution of 

resistance. Forestry, 77 (4), 269-278. 

Kliger, I., Perstorper, M., Johansson, G. and Pellicane, P. 1995 Quality of timber products from 

Norway spruce. Wood Science and Technology, 29 (6), 397-410. 

Kliger, I.R., Perstorper, M. and Johansson, G. 1988. Bending properties of Norway spruce 

timber. Comparison between fast-and slow-grown stands and influence of radial position 

of sawn timber. Annals of Forest Sciences, 55, pp. 349-358. 

Knight, D.H., Vose, J.M., Baldwin, V.C., Ewel, K.C., Grodzinska, K. and Grodzinska, K. 1994. 

Contrasting patterns in pine forest ecosystems. Ecological Bulletins, 9-19. 

Koponen, T., Karppinen, T., Hæggström, E., Saranpää, P. and Serimaa, R. 2005. The stiffness 

modulus in Norway spruce as a function of year ring. Holzforschung, 59 (4), 451-455. 

Koteen, L.E. and Baldocchi, D.D. 2013 A randomization method for efficiently and accurately 

processing fine roots, and separating them from debris, in the laboratory. Plant and Soil, 

363 (1-2), 383-398. 

Langner, W. 1952 Die forschungsstätte für forstgenetik und forstpflanzenzüchtung in 

sohmalenbeck. Zeitung fuer Wefltforst. 11, 11-18. 

Lankau, R.A. and Strauss, S.Y. 2007. Mutual feedbacks maintain both genetic and species 

diversity in a plant community. Science. 317 (5844), 1561-1563. 

Lantz, C.W. 2008. Genetic improvement of forest trees. In: Woody plant seed manual. 

Agriculture handbook, USDA Forest Service. , pp. 39-56. 

Lee, S.J. 1999. Improving the timber quality of Sitka spruce through selection and breeding. 

Forestry. 72 (2), 123-146. 

Lee, S.J., Woolliams, J., Samuel, C.J.A. and Malcolm, D.C. 2002. A study of population 

variation and inheritance in Sitka spruce. Silvae Genetica, 51 (2-3), 55-64. 



 

127 
 

Lei, P., Scherer-Lorenzen, M. and Bauhus, J. 2012. Below ground facilitation and competition in 

young tree species mixtures. Forest Ecology and Management, 265, 191-200. 

Lenz, P., Auty, D., Achim, A., Beaulieu, J. and Mackay, J. 2013. Genetic improvement of White 

spruce mechanical wood traits—early screening by means of acoustic velocity. Forests, 4 

(3), 575-594. 

Lepik, A., Abakumova, M., Zobel, K. and Semchenko, M. 2012. Kin recognition is density-

dependent and uncommon among temperate grassland plants. Functional Ecology,  26 (5), 

1214-1220. 

Levillain, J., M'Bou, A.T., Deleporte, P., Saint-André, L. and Jourdan, C. 2011. Is the simple 

auger coring method reliable for below ground standing biomass estimation in Eucalyptus 

forest plantations? Annals of Botany, 108 (1), 221-230. 

Libby, W.J. 1987 Testing for clonal forestry. Annals of Forest Science,  13 (1/2), 61-76. 

Libby WJ (1988) Testing and deployment of brave new plantings. In: Ahuja MR (ed) Somatic 

Cell Genetics of Woody Plants, pp 201-209. Kluwer Academic Publishers, Dordrecht, 

The Netherlands 

Lindgren, D. 1993. The population biology of clonal deployment. In: Clonal forestry I. Genetics 

and biotechnology.L.W.e. Ahuja MR (ed.), Springer, pp. 34-49. 

Lindström, H. 1997. Fiber length, tracheid diameter, and latewood percentage in Norway spruce: 

Development from pith outwards. Wood Fiber Science,  29 (1), 21-34. 

Lindstrom, H., Evans, R. and Reale, M. 2005. Implications of selecting tree clones with high 

modulus of elasticity. New Zealand Journal of Forest Science, 35 (1), 50. 

Lintunen, A. and Kaitaniemi, P. 2010. Responses of crown architecture in Betula pendula to 

competition are dependent on the species of neighbouring trees. Trees, 24 (3), 411-424. 

Little, E.L. 1953. Check list of native and naturalized trees of the United States (including 

Alaska). In: Agriculture handbook 41, USDA Forest Service, Washington DC, pp. 472. 

Litton, C.M., Ryan, M.G., Tinker, D.B. and Knight, D.H. 2003. Below ground and aboveground 

biomass in young postfire lodgepole pine forests of contrasting tree density. Canadian 

Journal of Forest Research, 33 (2), 351-363. 

Liu, G., Freschet, G.T., Pan, X., Cornelissen, J.H., Li, Y. and Dong, M. 2010. Coordinated 

variation in leaf and root traits across multiple spatial scales in Chinese semi‐arid and arid 

ecosystems. New Phytologist, 188 (2), 543-553. 

Livingston, A.K., Cameron, A.D., Petty, J.A. and Lee, S.L. 2004 Effect of growth rate on wood 

properties of genetically improved Sitka spruce. Forestry, 77 (4), 325-334. 

Lundqvist, S.O., Hansson, Å. and Olsson, L. 2007. Silviscan measurements on maritime pine. 

Stfi-packforsk. report. 

Macdonald, E. and Hubert, J. 2002. A review of the effects of silviculture on timber quality of 

Sitka spruce. Forestry, 75 (2), 107-138. 

Magnussen, S. and Yanchuk, A. 1993. Selection age and risk: Finding the compromise. Silvae 

Genetica, 42, 25-25. 

Mäkinen, H., Saranpää, P. and Linder, S. 2002. Effect of growth rate on fibre characteristics in 

Norway spruce (Picea abies (L.) Karst.). Holzforschung, 56 (5), 449-460. 

Mason, N.W., Richardson, S.J., Peltzer, D.A., de Bello, F., Wardle, D.A. and Allen, R.B. 2012. 

Changes in coexistence mechanisms along a long-term soil chronosequence revealed by 

functional trait diversity. Journal of Ecology, 100 (3), 678-689. 

Mason W.L., Edwards C., Hale S.E. 2004. Survival and early seedling growth of conifers with 

different shade tolerance in a Sitka spruce spacing trial and relationship to understorey 

light climate. Silva Fennica, 38(4), 357-370 

Matthews, J.A., Feret, P.P., Madgwick, H.A.I., Bramlett, D.L. 1975. Genetic control of dry 

matter distribution in twenty half-sib families of Virginia pine. In: Proceedings of the 13th 



 

128 
 

Southern Forest Tree Improvment Conference, Raleigh, N.C. Southern Forest Tree 

Improvement Committee, Sponsored Publication No. 34, 234-241. 

McLean, J.P. 2008. Wood properties of four genotypes of Sitka spruce, PhD Thesis, Department 

of Analytical and Environmental Chemistry, University of Glasgow. 

Meinen, C., Hertel, D. and Leuschner, C. 2009. Biomass and morphology of fine roots in 

temperate broad-leaved forests differing in tree species diversity: Is there evidence of 

below ground overyielding? Oecologia, 161 (1), 99-111. 

Michael, D.A., Isebrands, J.G., Dickmann, D.I. and Nelson, N.D. 1988. Growth and development 

during the establishment year of two Populus clones with contrasting morphology and 

phenology. Tree physiology,  4 (2), 139-152. 

Millikin, C.S. and Bledsoe, C.S. 1999. Biomass and distribution of fine and coarse roots from 

blue oak (Quercus douglasii) trees in the northern Sierra Nevada foothills of California. 

Plant and Soil, 214 (1-2), 27-38. 

Mitchell, M.D. and Denne, M.P. 1997. Variation in density of Picea sitchensis in relation to 

within-tree trends in tracheid diameter and wall thickness. Forestry, 70 (1), 47-60. 

Monclus, R., Dreyer, E., Delmotte, F.M., Villar, M., Delay, D., Boudouresque, E. et al. 2005. 

Productivity, leaf traits and carbon isotope discrimination in 29 Populus deltoides× P. 

nigra clones. New Phytologist, 167 (1), 53-62. 

Moore, J. 2011. Wood properties and uses of Sitka spruce in Britain. Forestry Commission. 

Moore, J., Lyon, A.J., Ridley-Ellis, D. and Gardiner, B.A. 2008. Properties of UK-grown Sitka 

spruce: Extent and sources of variation. Engineered Wood Products Association. 

Moore, J.R., Lyon, A.J., Searles, G.J. and Vihermaa, L.E. 2009. The effects of site and stand 

factors on the tree and wood quality of Sitka spruce growing in the United Kingdom. Silva 

Fennetica, 43 (3), 383-396. 

Mork, E. 1928. Die qualität des fichtenholzes unter besonderer rücksichtnahme auf schleif-und 

papierholz. Der Papier-Fabrikant, 26 (48), 741-747. 

Neale, D.B. and Kremer, A. 2011. Forest tree genomics: Growing resources and applications. 

Nature Reviews Genetics, 12 (2), 111-122. 

Nguyen, P.V., Dickmann, D.I., Pregitzer, K.S. and Hendrick, R. 1990. Late-season changes in 

allocation of starch and sugar to shoots, coarse roots, and fine roots in two hybrid poplar 

clones. Tree physiology, 7 (1-2-3-4), 95-105. 

Ni Dhubhain, A., Magnerb, D. and Nieuwenhuisa, M. 2006 Juvenile wood in Irish grown Sitka 

spruce and the impact of rotation length. Irish Forestry, 26. 

Nissen, T., Rodriguez, V. and Wander, M. 2008. Sampling soybean roots: A comparison of 

excavation and coring methods. Communications in Soil Science and Plant Analysis,  39 

(11-12), 1875-1883. 

Oliver, C.D. and Larson, B.C. 1990. Forest stand dynamics. McGraw-Hill, Inc. 

Ostry, M. and Ward, K. 2003. Field performance of populus expressing somaclonal variation in 

resistance to Septoria musiva. Plant Science,  164 (1), 1-8. 

Packham, J., Harding, D. and Hilton, G. 1992. Functional ecology of woodlands and forests. 

Springer Science and Business Media. 

Panshin, A.J. and Zeeuw, C.D. 1980. Textbook of wood technology. McGraw-Hill Book Co. 

Park, Y.S. 2002. Implementation of conifer somatic embryogenesis in clonal forestry: Technical 

requirements and deployment considerations. Annals of Forest Science, 59 (5-6), 651-656. 

Park, Y.S. and Klimaszewska, K. 2003. Achievements and challenges in conifer somatic 

embryogenesis for clonal forestry. Pages 300– 301. In:  Proc.  XXII  World Forestry 

Congress B - Forests for the planet, 21–28 Sept. 2003, Quebec City,  QC.  

Park, Y.S., Weng, Y. and Mansfield, S.D. 2012. Genetic effects on wood quality traits of 

plantation-grown White spruce (Picea glauca) and their relationships with growth. Tree 

Genetics and Genomes, 8 (2), 303-311. 



 

129 
 

Peterson, E.B., Peterson, N.M., Weetman, G.F. and Martin, P.J. 1997. Ecology and management 

of Sitka spruce, emphasizing its natural range in British Columbia. Vancouver, British 

Columbia, Canada, UBC Press  

Pfeifer, A.R. 1983. Internal report. Review of Sitka spruce seed sources. Forest and Wildlife 

Service, Bray Co. Wicklow, Ireland. 

Ping, X., Zhou, G., Zhuang, Q., Wang, Y., Zuo, W., Shi, G. et al. 2010. Effects of sample size 

and position from monolith and core methods on the estimation of total root biomass in a 

temperate grassland ecosystem in inner Mongolia. Geoderma, 155 (3), 262-268. 

Poorter, H., Niklas, K.J., Reich, P.B., Oleksyn, J., Poot, P. and Mommer, L. 2012. Biomass 

allocation to leaves, stems and roots: Meta‐analyses of interspecific variation and 

environmental control. New Phytologist, 193 (1), 30-50. 

Pöykkö, V.T. and Pulkkinen, P.O. 1990. Characteristics of normal-crowned and Pendula spruce 

(Picea abies (L.) Karst.) examined with reference to the definition of a crop tree ideotype. 

Tree Physiology, 7 (1-2-3-4), 201-207. 

Pregitzer, K.S. 2002. Fine roots of trees–a new perspective. New Phytologist, 154 (2), 267-270. 

Pregitzer, K.S., Dickmann, D.I., Hendrick, R. and Nguyen, P.V. 1990. Whole-tree carbon and 

nitrogen partitioning in young hybrid poplars. Tree Physiology, 7 (1-2-3-4), 79-93. 

Pretzsch, H. and Dieler, J. 2012. Evidence of variant intra-and interspecific scaling of tree crown 

structure and relevance for allometric theory. Oecologia, 169 (3), 637-649. 

Roberts, J. 1996. The chemistry of paper. Royal Society of chemistry. 

Rozenberg, P.H., and Cahalan, C.H. 1997. Spruce and wood quality: genetic aspects (a review). 

Silvae Genetica. 46, 270–279.  

Sahoo, S.L., Rout, J. and Kanungo, S. 2012. Plant tissue culture: Totipotency to transgenic. In: 

Plant tissue to transgenic H.P. Sharma (ed.), Agrobios (India), Jodhpur. 

Sainju, U. and Good, R. 1993. Vertical root distribution in relation to soil properties in New 

Jersey pinelands forests. Plant and Soil, 150 (1), 87-97. 

Saranpää, P. 2009. Wood density and growth. In: Wood quality and its biological basis. J. Barnett 

and G. Jeronimidis (eds.), John Wiley and Sons. 

Scallan, A.M. and Green, H.V. 1974. A technique for determining the transverse dimensions of 

the fibres in wood [softwoods, hardwoods]. Wood Fiber Science,  5 (4). 

Schwinning, S. and Weiner, J. 1998. Mechanisms determining the degree of size asymmetry in 

competition among plants. Oecologia, 113 (4), 447-455. 

Sedjo R. 2005. Will developing countries be the early adopters of genetically engineered forests? 

AgBioForum 8(4), 205-212 . 

Sharma, R.K., Mason, E.G. and Sorensson, C. 2007. Impact of planting stock quality on initial 

growth and survival of radiata pine clones and modelling initial growth and survival. New 

Zealand Journal of Forest Science,  52 (1), 14. 

Sharma, R.K., Mason, E.G. and Sorensson, C.T. 2008a. Clonal screening plot type can impact 

growth predictions of clones deployed monoclonally. New Zealand Journal of Forestry  

53 (1), 7. 

Sharma, R.K., Mason, E.G. and Sorensson, C.T. 2008b. Productivity of radiata pine (Pinus 

radiata d. Don.) clones in monoclonal and clonal mixture plots at age 12 years. Forest 

Ecology and Management  255 (1), 140-148. 

South, D.B. and Mason, W.L. 1993. Influence of differences in planting stock size on early height 

growth of Sitka spruce. Forestry, 66 (1), 83-96. 

Squillace, A.E. Tree improvement accomplishments in the South, pp. 26-30. In: Proceedings of 

the 20th Southern Tree Improvement Conference, June 26 - 30, Charleston, South 

Carolina.  



 

130 
 

Staudhammer, C., Jokela, E. and Martin, T. 2009. Competition dynamics in pure-versus mixed-

family stands of loblolly and slash pine in the southeastern United States. Canadian 

Journal of Forest Research, 39 (2), 396-409. 

Stovall, J.P., Fox, T.R. and Seiler, J.R. 2013. Short-term changes in biomass partitioning of two 

full-sib clones of Pinus taeda L. Under differing fertilizer regimes over 4 months. Trees, 

26 (3), 951-961. 

Stovall, J.P., Fox, T.R. and Seiler, J.R. 2013. Allometry varies among 6-year-old Pinus taeda (L.) 

clones in the virginia piedmont. Forest Science,  59 (1), 50-62. 

Thompson, D. 2013 Development of improved Sitka spruce for Ireland. Irish Forestry, 70, 104 - 

118. 

Thompson, D., Lally, M. and Pfeifer, A. 2005. Washington, Oregon or Queen Charlotte Islands? 

Which is the best provenance of Sitka spruce (Picea sitchensis) for Ireland. Irish Forestry, 

62, 19-34. 

Thorpe, H.C., Astrup, R., Trowbridge, A. and Coates, K.D. 2010. Competition and tree crowns: 

A neighborhood analysis of three boreal tree species. Forest Ecology and Management, 

259 (8), 1586-1596. 

Treacy, M., Evertsen, J. and Ni Dhubhain, A. 2000. The mechanical and physical wood 

properties of a range of Sitka spruce provenances. Coford. 

Tsoumis, G. 1991. Science and technology of wood. Structure, properties, utilization. Van 

Nostrand Reinhold. 

Umeki, K. 1997. Effect of crown asymmetry on size–structure dynamics of plant populations. 

Annals of Botany, 79 (6), 631-641. 

Vainio, U., Andersson, S., Serimaa, R., Paakkari, T., Saranpää, P., Treacy, M. et al. 2002. 

Variation of microfibril angle between four provenances of Sitka spruce (Picea sitchensis 

[Bong.] Carr.). Plant Biology, 4 (1), 27-33. 

Van Buijtenen, J.P. 1978. Genetic differences in dry matter distribution between stems, branches 

and foliage in loblolly and slash pine. Pp. 235-41 in Hollis, C. A., Squillace, A.E. (Ed.) 

Proceedings of the Fifth North American Forest Biology Workshop, March 13-15 1978. 

Vanninen, P., Ylitalo, H., Sievänen, R. and Mäkelä, A. 1996. Effects of age and site quality on 

the distribution of biomass in Scots pine (Pinus sylvestris L.). Trees  10 (4), 231-238. 

Wang, Y., Jarvis, P. and Taylor, C. 1991. PAR absorption and its relation to above-ground dry 

matter production of Sitka spruce. Journal of Applied Ecology, 547-560. 

Walker, J.F.C. 1993. Primary Wood Processing: Principles and Practice. Chapman and Hall, 

London, UK. 

Weng, Y.H., Tosh, K.J. and Fullarton, M.S. 2011. Effects of height-growth selection on wood 

density in black spruce in New Brunswick, Canada. Forestry Chronicles, 87 (1), 116-121. 

Williams, C.G., Bridgewater, F.E. and Lambeth, C.C.: Performance of single family versus 

mixed family plantation blocks of loblolly pine. In: Proceddings of 17
th

 Southern Forest 

Tree Improvement Conference, Athens, GA. pp. 194–202 (1983). 

Wu, H.X., Eldridge, K.G., Matheson, A.C., Powell, M.B., McRae, T.A., Butcher, T.B. 2007. 

Achievements in forest tree improvement in Australia and New Zealand 8. Successful 

introduction and breeding of radiata pine in Australia. Australian Forestry  70 (4), 215-

225. 

Wu, H.X., Ivković, M., Gapare, W.J., Baltunis, B.S., Powell, M.B. and McRae, T.A. 2008. 

Breeding for wood quality and profit in radiata pine: A review of genetic parameters. New 

Zealand Journal of Forestry Science, 38 (1). 

Wu, R., Grissom, J.E., McKeand, S.E. and O'Malley, D.M. 2004. Phenotypic plasticity of fine 

root growth increases plant productivity in pine seedlings. BMC ecology, 4 (1), 14. 

Yanchuk, A.D. 2003. Techniques in forest tree breeding. Forests and Forest Plants, 3. 



 

131 
 

Yeh, F.C. and El-Kassaby, Y.A. 1980. Enzyme variation in natural populations of Sitka spruce 

(Picea sitchensis). 1. Genetic variation patterns among trees from 10 IUFRO provenances. 

Canadian Journal of Forest Research, 10 (3), 415-422. 

Zhang, H., Wang, K., Xu, X., Song, T., Xu, Y. and Zeng, F. 2015. Biogeographical patterns of 

biomass allocation in leaves, stems, and roots in China’s forests. Scientific reports,  5. 

Zhang, S.Y. 1997. Wood quality: Its definition, impact, and implications for value-added timber 

management and end uses. Part I: Its definition and impact. In Timber Management 

Toward Wood Quality and End-Product Value. S.Y. Zhang, R. Gosselin and G. Chauret 

(eds.). Proc. CTIA/IUFRO International Wood Quality Workshop, August 18-22, 1997. 

Quebec City, Canada. p. I/17-39 

Zhou, T., Zhou, J. and Shelbourne, C. 1998. Clonal selection, propagation, and maintenance of 

juvenility of Chinese fir, and afforestation with monoclonal blocks. New Zealand Journal 

of Forestry Science, 28 (3), 275-292. 

Zobel, B.J., and Jett, J.B. 1995. Genetics of wood production. Springer-Verlag, Berlin. 

Zobel, B.J. and Sprague, J.R. 1989. Juvenile wood in forest trees. Springer Science and Business 

Media. 

Zobel, B.J. and Talbert, J. 1984. Applied tree improvement. John Willeys and Sons. New York, 

505. 

Zobel, B.J. and Van Buijtenen, J.P. 1989. Wood variation-its causes and control. Springer 

Verlag:Berlin 363, 439-440. 

Zadworny M., McCormack M.L., Rawlik K., Jagodzinski A.M. 2015. Seasonal variation in 

chemistry, but not morphology, in roots of Quercus robur growing in different soil types. 

Tree Physiology 35 (6), 644-652. 

 

 


