
 i 

Abstract 
 

 
1. Western Red Cedar (Thuja plicata) has been planted in the UK, some stands 

are now at an appropriate age for felling.  WRC is highly valued for its 

excellent natural durability, quality and other properties. Supplies from 

primary or ‘old growth’ forests in its native range in North America are now 

severely limited due to over harvesting from heavy industrial forestry. 

2. This MSc research project looked at two angles of growing WRC in UK; 

firstly, by analyzing the natural durability of the UK wood by experimentation.  

Secondly, a Life Cycle Analysis of Western Red Cedar grown in the UK 

established the extent of any environmental effects that forestry processes and 

manufacturing processes may have.  This was based on the production of 

cladding from the WRC timber. 

3. Four fungi were used in a decay study; Coriolus versicolor, Gloeophyllum 

trabeum, both used as official test fungi in accordance with BS EN 350-1:1994 

standards. Also, Coviophora puteana and Pleurotus ostreatus. 

4. The conclusions of this test were that the UK grown WRC was classified as 

‘very durable’ according to BS EN 350-1:1994 standards, the same as Import 

WRC.  Also that there is no significant difference between inner and outer 

wood of the home grown WRC.  However, the WRC was significantly more 

durable than the reference species. 

5. The life cycle analysis part of the project looked at the growing, felling and 

sawmilling process and its environmental impacts.  Also assessed were the 

various end use life cycles, to find a viable system for lowering environmental 

impacts of disposal and preferably see out the cost of cladding production, 

from growth.  It was found that the growing and thinning part of the life cycle 

was potentially the most environmentally damaging. 

6. The end of life disposal was considered an unnecessary use of energies, unless 

the end use yielded some kind of energy return. 

7. For the project to be expanded other systems around the country could be 

analysed also other species of timber could be tested for durability. 
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1.0 Project introduction 

�

1.1 Aim 

�

This MSc research project will comprise experiments with fungal cultures to establish 

the natural resistance to fungal decay of UK grown Western Red Cedar timber 

(WRC), both heartwood and sapwood will be analysed.  A Life Cycle Analysis (LCA) 

will assess the environmental impact of its growth and use. 

 

1.2 Introduction 

�

The Western Red Cedar is native to the west-coast of N. America where it is highly 

valued for its excellent natural durability, quality and other properties. Supplies from 

primary or ‘old growth’ forests are now severely limited due to over harvesting from 

heavy industrial forestry.  While some regenerated or ‘second growth’ material is 

available from North America, this is not considered to be of the same high standard 

as the ‘old growth’ original.  WRC has been planted in the UK for over 100 years, 

though serious forestry plantations of the tree have only appeared more recently, some 

stands are now at an appropriate age for felling. This material could provide a source 

of sustainable, high-quality and naturally durable timber of high value.  WRC is 

known as a naturally durable wood and because of this it needs no artificial 

preservatives or treatments to protect it during a life outdoors.  Also, as it is grown in 

plantations across the UK it is likely to produce a very impressive environmental 

profile on analysis.  Due to the nature of its local growth there may be lower transport 

costs and a lower need to import the same type of timber.  Also, the lack of 

preservative chemicals during its life mean that it is eco-friendly and easier to dispose 

of at the end of its life. 

 

This MSc research project aims to look at Western Red Cedar grown in the United 

Kingdom from two angles; firstly, by analyzing the natural durability of the UK wood 

by experimentation.  This involves the use of typical wood decay fungi in laboratory 

based decay tests on small samples of UK grown Western Red Cedar.  The results 

from this study will be used to additionally evidence the decay rating for UK grown 
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WRC based on European Standards.  This will be compared with previously 

established ratings for 1st growth Western Red Cedar imported from the west-coast of 

North America and for other, native UK, soft wood and hard wood species. Any 

conclusions from this project may be made available for the construction sector to 

establish and enhance usage capabilities of this durable soft wood species. 

 

Secondly, a Life Cycle Analysis of Western Red Cedar grown in the UK will 

establish the extent of any environmental effects that forestry processes and 

manufacturing processes may have.  This will be based on research and analysis of 

the forestry practices on the Duchy of Cornwall estate and the production of cladding 

from the WRC timber.  Final disposal of cladding will produce some varying results 

to the WRC life cycle and may be key to the environmental viability of the timber 

over all.   

�
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2.0 Literature review 

 

2.1 Species description 

 

Western Red Cedar (WRC)(Thuja plicata) is an evergreen conifer tree species which 

grows, in its native range, mainly in western Canada and the North West coast of the 

United States of America.  The main supply region is the coastal forest region of 

British Columbia.  WRC naturally grows in mixed forests with other species, such as 

Douglas fir (Pseudotsuga menziestii), Pacific Coast Hemlock (Tsuga heterophylla and 

Abies amabilis), Balsam fir (Abies balsamea)  and Sitka Spruce (Picea sitchensis).  T. 

Plicata is from the family ‘Cupressaceae’, which has around 20 genera with more 

than 100 species of evergreen trees and shrubs.  Among these are Cypresses and 

Junipers, found world wide.  Reaching heights of between 50 to 60 meters tall in its 

native region, though less when grown in the UK, around 40 meters, WRC has 

distinctive stringy bark, which has a grey- purple colour and can be torn off  into long 

strips.  The foliage has been described as having a glossy, dark green colour above, 

with a paler green with whitish streaks on the underside, also a fruity scent, much like 

a pineapple.   Scale like, stalk less and hairless leaves are paired in four ranks, are 

oval and blunt.  Bearing these leaves are reddish brown shoots which form flattened 

sprays of foliage.  The distinctive habit of this tree is irregular or conical, with the 

lower branches curving down and the leading shoot upright.  The trunk spreads out at 

the base and there are a number of woody cones, normally between 1 and 1.5 cm, 

which are bent back along the horizontal and upwardly curving branches (Sutton, 

1994).  Western red cedar retains its lower limbs except when in densely crowded 

stands (USDA Forest Service, 2005).  Coombes, (1992) describes the foliage as 

flattened aromatic sprays, and the cones as ovoid upright cones, 1.2 cm long with a 

yellow green colour which then ripens to brown.  The flowers open in separate 

clusters at the ends of the shoots in spring, males have red- black flowers which open 

to yellow and the females yellow green.  Pictured below (figure 1), Western Red 

Cedar plantation on the Stourhead Estate, Wiltshire. 



 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Fig 1. An image of a Western Red Cedar plantation. 

 

Found growing in low to mid elevations on the coast and the wet belt of the interior of 

North America, it prefers cool, mild, moist locations and can grow in shaded areas 

with lots of nutrients.  Though tolerant of dry acid conditions (Domtar.com, 2005), 

the tree grows best in moist to wet soils with plenty of nutrients.  The tree has various 

reported life spans, ranging from 800 to 1000 years, even 1500 years, though it is 

understood that this species is a long lived one.  Trunk diameter at breast height can 

reach between 200 and 600 cm on these specimens.  Western Red Cedar roots are 

extensive, tap roots are poorly defined or nonexistent, but fine roots develop a 

profuse, dense network. Root systems tend to be shallower and less extensive on wet 

soils than on deep, moderately dry soils. When a thick top layer is present, many 

Western Red Cedar roots lie in the top layer rather than in the underlying soil (USDA 

Forest Service, 2005).  In much of its native range the Western Red Cedar is the 

natural climax species and it is shade tolerant, though responds to an increase in light, 

for example if the over storey is removed.  Early height growth is slow, except on 

favourable sites, though later volume growth on good sites can reach up to yield class 

24 (Lee, 2005, Pers. com.). 
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2.2 Regeneration 

 

WRC trees usually start to produce seeds at the age of between 20 or 30 years old, 

though open grown specimens will produce seed crops at ages as early as 10 years.  

The reproductive cycle in WRC lasts around 16 months, though the times of year that 

each point occurs, depends on the location in relation to the local climate.  Cones, 

maturing at the end of this cycle, typically hold seeds of around three to six in 

number, which means that seeds are small, 203,000 to 592,000 seeds per pound 

(448,000-1,305/Kg). The seeds are dispersed primarily by wind; however, the seeds 

have small wings and are not carried more than 400 feet (122 m) from the parent tree 

(USDA, 2005).  Seed stock may remain viable if stored dry for up to seven years.  

Germination is best on a mineral soil with a heavily shaded seed bed, though partially 

shaded seedlings show the best growth.  Heavily shaded seedlings can fail due to poor 

root penetration.  In its native range, drought and high soil temperatures damage 

seedlings grown on full sunlight, while predation from birds, insects, action by fungi 

and smothering from fallen leaves of nearby deciduous shrubs, all contribute to the 

low mortality of WRC seedlings.  Having said this, WRC seedlings can be very 

tolerant to root flooding and respond well to removal of competition.  Of all conifers 

in the northern Rocky Mountains, western Red Cedar and western hemlock seedlings 

grow the slowest. Annual height growth of WRC seedlings is highly variable, from 

less than 0.39 inches (1 cm) in dense stands to over 7.5 inches (19 cm) in thinned 

stands (USDA, 2005).  In dense stands of forest, WRC tends to regenerate 

vegetatively, through living branches touching moist soil and rooting, to fallen trees, 

which root at other points along the trunk.   

 

2.3 Reproductive cycle  

 

The Western Red Cedar reproductive cycle lasts approximately 16 months and can 

vary by way of times of year in which certain triggers set off the processes.  This is 

because the climate changes between coastal and interior regions, affect the range of 

the WRC. For trees in the middle of the coastal distribution on Vancouver Island, 

pollen and seed cones develop in early June. Pollen forms in late February or early 
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March of the second season. Pollination occurs within 1 to 2 weeks usually in March 

but may begin as early as mid-February in mild coastal areas or as late as early April 

at higher elevations, pollination in March is most common. Fertilization occurs in late 

May and cones mature in October. West of the Cascade Range, cones are usually 

mature within five months, but in northern Idaho it takes 3 months. Major seed fall 

occurs during October and November in both the interior and coastal range, though 

dry warm weather can cause earlier seed release. Some seeds may be retained in the 

cones and gradually shed throughout the winter. Where moisture and temperature 

conditions are favourable, germination can occur  at times of year as variable as 

autumn, winter, or spring, though along the coast region, seeds generally germinate in 

either autumn or spring (USDA, 2005).  

 

 

2.4 Timber 

Traditional uses for the timber  of  WRC are wide ranging and, for the native 

Americans of the Pacific north west of America, this tree was regarded as the ‘tree of 

life‘.  Uses included, dugout canoes, some up to 20 m long, Totem poles, timber for 

long houses and roof shingles.  The bark was used for weaving in to baskets, mats, 

rope and clothing.  The other common names for this tree can include some which tell 

of its usage; Shinglewood, Canoe Cedar, Giant Red Cedar, Pacific Red Cedar, Great 

western Arborvitae.  Modern uses of the WRC acknowledge the timbers natural 

durability, its light weight, high structural stability and, yet, low density.  This makes 

it ideal for the construction of houses, where, outdoors, the wood is resistant to fungi 

and insect attack, indoors, the wood is good looking, with a characteristic odor.  It has 

acoustic properties, meaning that the wood can adsorb and dissipate sound energy, 

quietening rooms.  The low density and the presence of air spaces in the wood, also 

makes the timber an excellent insulator of heat. 

 

 

 

2.5 Wood formation 

 

Wood is the xylem cylinder inside the bark of tree stems, that, in certain, not all tree 

species, consists of an outer, light coloured ‘sapwood’ and an inner, usually darker 
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coloured, ‘heartwood’ (Scheffer, 1966).  Most wood substance contains fibres that 

provide structural support for the crown above and also those that conduct water in 

the sapwood.  There are also cells in the sapwood that provide a certain storage 

facility for the tree, holding starch, soluble sugars, proteins and acids for the tree.  

These parenchyma cells carry on playing this role for the tree throughout the life of 

the sapwood, until they are depleted of their nutrients by the tree’s demands or the 

sapwood is turned to heartwood.  Heartwood, a central core of cells no longer in use 

as a conductive or storage medium, is different from sapwood in many ways.  The 

transformation of sapwood to heartwood is accompanied by necrosis of the xylem 

parenchyma cells (Shigo and Hillis, 1973), storage cells which have made it to the end 

of sapwood life.  Other differences from sapwood include; a lower moisture content, 

as there is no conduction of water to the rest of the tree, lower Nitrogen and a higher 

pH than in sapwood.  In addition to this, probably the biggest change is the formation 

of non-structural material, extractives, which accumulate in amounts, sometimes 

exceeding 30% of total wood volume.  This, in turn, increases the density, durability, 

darkens colour and changes many other properties of this part of the wood (Shigo and 

Hillis, 1973).   

 

The change from sapwood to heartwood is initiated by internal, tree based, processes, 

rather than outside stimuli (Shigo and Hillis, 1973).  Once this process starts, it will 

carry on so that the number of sapwood rings remains, more or less, constant 

throughout the life of the tree.  There is, invariably, a transition zone, also called a 

white or intermediate zone.  This is a ring around the heartwood, which is normally 

about a centimeter wide, though can be larger, depending on the tree species.  This 

zone is paler in colour, very different from the sap wood and heartwood either side, 

the moisture content can be lower than that of the heartwood and the zone will contain 

chemicals connected with transition to heartwood (Shigo and Hillis, 1973).  There is 

some direct evidence that there is increased metabolic activity in the heartwood 

periphery, mainly occurring in the dormant period of tree growth, in the form of 

increased respiration and changes in chemical activity.  This abrupt transition reveals 

the existence of an active situation and it is generally considered that this change is a 

DNA- coded aging effect (Shigo and Hillis, 1973).   
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We already know that there is a colour difference between sapwood and heartwood, 

the wide range of colours seen in heartwood is largely due to extractives, the laying 

down of these secondary compounds in the heartwood is partly genetically controlled.  

Levels may vary between specimens of the same age and species because of this, 

though a fast growth rate can lower the amount formed, so can the soil type, these in 

turn affect the colour of the wood.  Extractives differ in there action, whether toxic or 

repellent to wood destroying organisms and vary in their potency too.  This said 

though, even mildly toxic compounds, if present in sufficient quantities, can bring the 

desired durability.  Heartwoods have been found to contain a variety of secondary 

compounds and their composition has been shown to be specific to family, genus and 

also species, each individual cocktail can be as unique as to allow identification of the 

tree just by analysis of compounds.  This in itself is evidence of tree species each, 

individually, coping with and protecting themselves from microbial and insect attack 

throughout the period of evolution (Shigo and Hillis, 1973).   

 

Harju, et. al. (2001), states that two explanations can be given for the traditional 

experience that heartwood is more durable than sapwood.  Firstly, the concentration 

of extractives is higher than in sapwood, as explained above, secondly, the structural 

and chemical properties of heartwood make it less permeable to water.  Resin 

accumulates in cells and the resin canals are blocked off with tylosoids.  These and 

other factors combine to prevent water movement in the tissues.  They state that resin 

acids provide resistance against decomposition as a result of their hydrophobic 

properties, not their general toxicity.   

 

2.6 Wood as a food source 

 

There are many organisms in the natural world which feed off the various properties 

of wood; various fungi, bacteria, insects, crustacea and molluscs, see the unique make 

up of wood and its benefits to us merely as food.  It is these organisms that break 

wood down when it is in the natural environments, such as on the forest floor, 

recycling nutrients in to the system, however, this is not helpful when the timber is 

being used by us.  This report concentrates on the effect that fungi have on the wood, 

so the information that follows concerns this. 

 



 9 

Firstly, the organisms concerned in the break down of the wood cannot use wood as a 

food source unless there are the correct conditions of temperature, water content, and 

oxygen.  Also, the wood must not be naturally durable, the susceptibility of the wood 

to bio deterioration is related to chemical composition (Morris, 1998).   The chemicals 

in wood possess different characteristics, as they hold different roles within the wood 

structure.  On a structural level one of the major components, also the one which 

provides most of the woods strength, is Lignocellulose, which is a very strong 

combination of cellulose, with a long chain of sugar units held in lignin, which is also 

very strong.  Only a small number of organisms can break this down and fungi are 

some of the culprits.  Also important in the wood structure is Lignin, as mentioned 

previously, this is also very strong, as it is a three dimensional resin of interlinked 

phenolic units.  This is even harder to break down and, therefore, even fewer 

organisms can digest it.  Other chemical compounds are much more easily degraded, 

starches, sugars, lipids and proteins can be broken down by more organisms and so, 

the parts of the wood where these are more in abundance, mainly the sapwood, will be 

degraded much more quickly.   

 

Those components that are not so prevalent may be obtained from the outside 

environment.  Nitrogen, for example, is of short supply in woody tissue and so the 

fungi that inhabit wood are very efficient in their use and recycling of this important 

nutrient (Morris, 1998).  Other nutrients, of minor importance, such as iron, which is 

needed for the decay process, may be obtained from the soil, or building materials that 

are in contact with the wood.  Water is a key element in fungal activity and must  be 

present for wood decay to occur (Morris, 1998).  The content of water in wood is 

measured as a percentage of the weight at oven drying, so the amount of wet weight 

that was water after the wood has been dried can be measured very accurately.  

Typically, the sapwood of a standing tree, the part that conducts water, will be the 

wettest, this can contain 150% - 200% moisture content (mc), heartwood is normally 

drier and contains only 30% - 40%.  There are tree species which have a wetter heart 

wood, such as some of the firs, which can be up to 80% mc.  Fungi have the ability to 

transport water, through their structure, explained below, from outside the wood, as 

with the micronutrients mentioned above.  Some species of fungi can do this over dry 

areas too, using specially evolved and tightly woven mycelium.  Harmon and Sexton 

(1995), suggested that the maximum moisture content of a decaying sapwood 
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increased as decay progressed and density declined, during their study of decaying 

logs, of various species of tree, on a woodland floor, over a period of around eight 

years.  In heart wood, the pattern was more complex and is dependant on whether the 

wood is decay resistant or not.  Their study, which included Thuja plicata, showed 

that the mc was constant over the time period allowed for the experiment.  This, 

however, could be due to the short time span not allowing the decay to have reached 

the heartwood zone in sufficient quantity to be useful to the study.   

 

2.7 Fungi 

 

Filamentous fungi are a group of organisms which feed on organic matter and grow 

by extension of tubular cells, which are called ‘hyphea‘, this is a form of growth, 

similar to that of the roots of plants and the overall result are called ‘mycelium‘ 

(Morris, 1998).  The various wood rotting fungi can be divided into moulds, stains, 

soft rot fungi and wood rotting basidiomycetes.  It is the latter which will be dealt 

with in this project.  Basidiomycetes are the fungi that cause the most damage to 

wood in buildings and are the fungi that produce large fruiting bodies, very visibly, on 

the surface.  These highly destructive forms are separated in to brown and white rot 

fungi, which are terms related to the colour change they cause in their host wood.  

White rot fungi mostly attack hardwood species and can degrade both lignin and 

cellulose, leaving the wood pale in colour, hence the name ’white rot’.  Hardwoods 

generally contain less lignin than softwoods and the type of lignin is more easily 

degraded.   Brown rot fungus is the type that is more likely to attack softwoods and 

degrade cellulose, the lignin is modified but not broken down.  Brown rot fungi are 

the most economically important agent in the decomposition of wooden structures in 

the temperate climates (Morris, 1998).   

 

2.8 The properties of Western Red Cedar 

 

Western Red Cedar is a highly durable timber and, in tests, it was found that WRC 

timber was very resistant to a variety of Basidiomycete decay organisms.  It was, 

therefore, classified in the category of ‘most resistant’, which means that it has been 

estimated to last more than twenty years above ground (Roberts, 2003).  The main 

reason for the outstanding durability is the specific cocktail of extractives within 
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WRC, some of which come from the group known as ‘Tropolones’,  or ‘Thujaplicins’ 

which work to inhibit fungal growth (Roberts, 2003).  The efficiency of these 

chemicals against fungal attack has been proven by Haluk, et. Al. (2000), where 

biosynthesis of Tropolones from cell cultures of Thuja plicata were used for wood 

impregnation.  During experiments, performed with the treated wood, the Tropolones 

proved to be an effective fungicide when used in this way as a wood preservative.  

The way in which the tree lays these Tropolones down has been found to follow a 

general pattern of increasing from the pith to the most recently formed heartwood and 

then decreasing in the sapwood.  Maximum levels of extractives attained by old 

growth trees were much higher than that reached by second growth trees.  Therefore, 

extractive content in heart wood seems to be related to tree age (Nault, 1988).  In 

experimentation, Harju, et. al. (2001), found that Western Red Cedar decay resistance 

was variable in wood near the pith.  In this experiment it was found that the highest 

mass losses were in those samples with very low Tropolone levels, while the samples 

with higher amounts of Tropolones had a lower, less variable degree of mass loss, 

overall.   

 

 

As mentioned above, extractive levels can be variable, according to DNA, this is the 

same in WRC populations.  Thujaplicin levels can vary within species, though, more 

readily, this can be due to the silvicultural practices used to grow the species.  There is 

concern, as it has been found that secondary growth WRC plantings are producing 

timber with lower amounts of extractives than the original primary, or old growth 

forest trees (Nault, 1988).  This is because the second growth Cedar is faster growing, 

due to modern forestry practices, and therefore can be harvested at a younger age.  

This is good economic sense, though the timber harvested contains, lower Thujaplicin 

levels, thus, lowering durability.  Debell, et al (1999), found that the lower Tropolone 

levels near the pith were largely a juvenile effect, associated with wood formed near 

the crown.  It was stated that this could have implications for the choice of 

silvicultural systems, to allow for more durable wood to become available by 

maximising extractives laid down.   

 

2.9 History of Western Red Cedar in Britain 
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Discovered by Archibald Menzies, a royal plant collector, in 1795, the WRC was not 

introduced to Britain until 1853, from Oregon, by William Lobb.  At this time seed 

stock was used for ornamental specimens and forestry use was limited, mainly due to 

the difficulty of raising seedlings in the nursery.  Fungal attacks by Didymascella 

thujina can wipe out seed beds completely, however, WRC can also be propagated 

vegetatively and once the cutting has taken root the fungus may not affect the trees.  

Along with the mature tree’s resistance to this fungus is also the benefit of the ability 

to select good healthy stock to take the cuttings from (Matthews, 1983).  In Britain, 

WRC planted on lowland sites fairs very well and , as discussed earlier, can cope with 

even poor Rendzina soils.  Compared with other species of exotic origin which are 

grown in Britain, WRC grows faster at pole stage than Sitka spruce and, when 

compared with Douglas fir, WRC is also faster in growth.   

 

WRC has good quality timber, as discussed in previous sections, but also is resistant 

to drought crack, which is an asset in Britain’s changing climate.  The stem of this 

species grows straight, which makes for good timber, though the growth of older 

specimens is mostly tied in with the formation of buttresses at the base of the trunk.  

The WRC doesn’t suffer much insect damage, which is another forestry bonus, 

although there are fungi, such as Fomes annosus,  which can damage WRC crops.  It 

has been said that WRC is hardy to winter cold in Germany and would be grown 

readily by foresters, were it not for the site requirements.  Matthews (1983), states that 

he believes the WRC will be a tree of minor importance for forestry because of this.   

Tsouvalis (2000) shows WRC as slightly more able to cope with a British climate by 

stating that WRC, among other exotic coniferous forestry species, mentioned 

previously, has the capability to cope with the rainfall of north Britain and that WRC 

flourishes in the heavy rainfall of Scotland, where much of the Forestry Commissions 

plantation forestry is located. Matthews (1983) states that WRC is only moderately 

durable and Douglas fir (Pseudotsuga menziesii) would be the preferred species.  This 

conflicts with the studies of Roberts (2003), which state that WRC timber, grown in 

the UK has a durability classification of ‘very durable‘, which is the same as the 

samples of timber taken from the native Canadian wood tested at the same time.  This 

is not only better than that durability class given by Matthews but the best class of 

durability one can give a timber.  As it is, WRC grows best in the fertile lowland sites 

of the South and West of Britain.  Climate in these regions provides ideal growing 
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conditions and the WRC can be expected to exceed the slower growth of the native 

American original.  However, the growth rings, as a result of this faster growth, are 

further apart in the UK timber, this creates lower density and, therefore, weaker wood. 

Although this has no apparent effect on durability, it may have an influence on the 

usage of the UK timber.   

 

2.10 The Forestry Commission and their use of the Western Red Cedar 

 

At the start of the 1900’s, British forestry was suffering and only 5% of the country 

was under tree cover.  The pressures of the first world war lowered the country’s 

ability to sustain itself and we felt the strain as a result of our dependency on foreign 

timber imports.  In 1919, as part of the post war reconstruction, the government set up 

the Forestry Commission, a government funded board of commissioners answerable 

to parliament.  The mission was to create forests that could meet the nation’s needs in 

future emergencies and reduce our reliance on foreign timber imports from elsewhere 

in the empire (Pringle, 1994).  The successes of the commission since its beginning 

are many, including the afforestation of the uplands of Scotland, the successful use of 

scientific forestry and exotic species to markedly increase the production of home 

grown timber and the rise of tree cover in Britain to around 12%.  Although the use of 

conifer species is often frowned upon, these days, in favour of the use of native broad 

leaved species, the WRC has a place in British forestry.  Before 1950, there were only 

158 ha of privately owned WRC plantation in the UK and 148 ha in Forestry 

Commission ownership.  The 1980 census showed 3,000 ha of WRC on FC land, with 

2,280 ha on British soil.  On top of this, there was also the private ownership figure of 

2,320 ha, which was nearly all in England (Lee, Pers. Com.).  The current areas of 

Western Red Cedar listed below, in table 1, are taken from the National Inventory of 

Woodland and Trees (2005) 

  
     
 FC Ownership  Other 

Scotland  9 ha 29 ha  

England 2,104 ha 938 ha  

Wales  197 ha 418 ha  

Table 1, list of WRC planting areas in the UK. 
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As can be seen from the above table, FC ownership exceeds that of private ownership.  

Also, from the above table, it can be seen that most of the WRC is located in England, 

this is most probably because of the favourable climate,  WRC seems to attain its 

maximum growth when planted around the south west of England (Lee, Pers. Com.).  

However, when these figures are compared with the overall total of coniferous forest 

cover in Great Britain of 1,306,052 ha,  the total area of all woodland types in the UK 

is 2,665,125 ha (Forestry Commission, 2003), this makes our Western Red Cedar 

figures seem very insignificant. 

 

2.11 Assessing timber natural durability 

 

The principles of testing and assessing the natural durability of wood has been 

formalised by a set of British Standards and also European standards.  This means that 

the experimentation process has been unified into a set of procedures which everyone 

should follow.   During this procedure the test wood specimen is compared with the 

reference specimen, a timber species set by the afore mentioned standards.  Also, as 

well as this, the classification systems, for natural wood durability against fungi, 

insects, termites and  marine organisms, have been given an official scale, to be used 

by scientists and especially industry, when choosing the correct timber for the job.   

 

The durability test that is performed in this report is for natural durability of wood 

against fungal attack.  There are both laboratory and field tests which have been laid 

out in the European standards, field tests are preferable, though in this instance a lab 

based test is carried out, the results of which will be used for the durability 

classification in the light of there being no field data available.  The lab based test is 

structured by EN 113:1997, European standard for the testing of preservative treated 

woods.  However, treated wood is obviously replaced by the chosen naturally durable 

species, as specified in BS EN 350-1:1994 .  The standards dictate that the reference 

species should be Scots Pine (Pinus sylvestris) sap wood, when testing soft woods and 

Beech (Fagus sylvatica) when testing hard woods.  The standards also state the 

species of fungi to test with.  As we are testing both hard and soft woods, we will be 

using both of them, these are; Gloeophyllum trabeum, Serpula lachrymals and Poria 
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placenta, for soft woods and for hard woods, the following fungi are to be used; 

Coriolus versicolor, Gloeophyllum trabeum and Serpula lachrymals.   

 

 

2.12 Classes of natural durability 

 

The test is carried out with the aim of finding the average mass loss if each test 

specimen and comparing this with the average mass loss of the reference specimen.  

The classification is based on the species of fungus causing the greatest average mass 

loss to the test wood.   The percentage lost gives the class of durability, as shown in 

table 2, below.  Percentages of mass loss range from 0-0.15 lost, very durable, to 0.90 

or greater, not durable.   

 

 

Durability 

class 

Description 

1 Very durable 

2 Durable 

3 Moderately durable 

4 Slightly durable 

5 Not durable 

Table 2, list  of durability classes. 
 

2.13 The Life Cycle Assessment 

 

Life cycle assessment, also called Life Cycle Analysis, is an integrated approach to 

assessing the environmental impact that a product or process has on the environment, 

not just in the immediate or short term, but this systematic approach has the ability to 

follow the product throughout its life, to the end disposal.  Life cycle analysis (LCA), 

describes all flows to and from nature which concern the product or process involved.  

Used mainly in industry to meet government and customer requirements and concerns 

about the effects that the production and products have on the environment, LCA 
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allows businesses to monitor improvements in their environmental management 

systems, required by BS and ISO 14000 series (PRE, 2005).   

 

There are two main steps in an LCA; firstly, one must describe the emissions that will 

occur during processes or use of the subject, also which raw materials are used during 

the life of a product. This is usually referred to as the inventory step and includes the 

use of extensive interviews, literature reviews, qualified estimates and other research 

to cover processes step by step, including fuel use, and energy.  The inventory stage 

covers the production phase, distribution, use and the final disposal.  The essential 

principle behind the method is that all life cycle stages are assessed together, and all 

potential environmental impacts are considered within the framework (Hillier and 

Murphey, 2000).  The next phase is the assessment of what the impacts of these 

emissions and raw material depletions are. This is referred to as the impact assessment 

step, this is the more objective result of the LCA study (PRE, 2005).  

 

The LCA process has been adapted for use in assessing the environmental impact of 

forestry and the use of forest products in construction.  The LCA process was not 

designed for this specific purpose, instead concentration was on the industry’s impact 

on the environment, though the LCA can be very successfully used in its new field.  

The LCA has been used to assess the effect of wood preservative treatments on non-

durable timbers, also, now, the use of durable timbers and their effect on the 

environment.  The results of the LCA are many and can include the effects that the 

product or process has on, among others; global warming, ecotoxicity, human 

toxicity, acidification and eutrophication.   These can be graphically presented to aid 

managers and planners in the future running and management decisions concerned in 

the production processes. 
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3.0 Materials and methods 

 

3.1 Obtaining the samples of British Western Red Cedar 

 

Previously, Roberts (2003) used samples taken from the plantations grown at the 

Stour head (Western) Estate, near Stourton, in Wiltshire.  It is required that at least 

three different tree specimens are used for the samples, by BS EN 350-1 : 1994, 

though the current project sampled more than was required, to improve accuracy of 

the tests.  The samples for this report were taken from the saw mill near Wadebridge, 

in Cornwall in late June 2005 from large wooden blocks cut from cants, all from 

different WRC trees.  A ’Cant’ is a log which has had the saw run along four sides to 

take the bark layer off and square the edges.  A cant is, therefore, a long square post, 

mostly of heartwood as a result.  Samples were chosen that possessed a full cross 

section of rings, from the pith, the tree’s core, or the central growth rings, outwards to 

the transition zone and, if we could, we found blocks that also possessed a good few 

sapwood rings.  This meant that when it came to cutting the blocks up in to smaller 

sections, it would be easier to differentiate where the outer heartwood was located.  

All samples were approximately 40-45 years old when they were felled in a plantation 

nearby. The reasonably square blocks were cut by chainsaw to take two of the corners 

off the block, making it flatter in cross section.  This would make it easier to cut with 

the saw back at Silwood workshops.  All off cuts were kept and labeled accordingly.  

Also acquired, was a plank of locally grown Sessile Oak heartwood (Quercus 

petraea),  The Oak wood will be used to test the WRC against a native species of 

durable timber, as Scots Pine, the reference wood in the experiment, is native but not 

durable. 

 

Back at the Silwood workshop a powered band saw was used to cut the relevant 

samples in to the relevant inner and outer heartwoods, the sapwood was also cut and 

the oak.  All sections were kept separate from each other and labeled.  Each section 
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was then cut into the smaller test blocks, which measured 5 x10 x 30mm.  Care was 

taken to cut the samples so that the grain of the wood, the growth rings, were 

orientated vertically, as viewed with the test block lying flat.  With this vertical grain, 

the probability of obtaining a more even distribution of early and late wood was 

higher, therefore, making the test more viable.  If the distribution of early wood was 

higher in a test block, this would mean that the wood may degrade at a faster rate, as 

early wood is of lower density and, in WRC, lower durability.  The opposite is true if 

the distribution of late wood were skewed.  So this orientation of the grain allows for 

the even distribution of growth rings that is required for an even and fair test.  This is 

not necessarily the case for the imported WRC, as the growth rings in the native wood 

are closer together, therefore, there is more likelihood of acquiring a good range of 

rings.  The difference with the UK WRC is that the timber grows at a faster rate, 

meaning that growth rings are spaced further apart.  If orientated wrongly, a test block 

may only possess one part of a ring, or a season of growth.   

 

All test blocks, once cut, were taken to a room with heating and individually labeled, 

depending on how many blocks of each sample tree were required.  Labeled blocks, 

also any spares or left over pieces, were laid out on a bench to air dry for five days.  

After the first day, all blocks were turned over, to assist in the drying process.  After 

drying, the test blocks were kept in number order and carefully placed on to trays for 

transportation to south Kensington, and the labs at the college there.  Each wood test 

block was weighed to the nearest milligram and that measurement listed alongside the 

corresponding sample number.  These figures will be used to assess mass loss at the 

end of the experiment.  It was at this point that other species of wood were added to 

the list to be tested.  Two separate samples of imported, Native American Western 

Red Cedar, were added, also Silver Birch, Betula pendula, as a native, non-durable 

species of hardwood.  Another reference species was added to the list, for the test 

hardwoods that were also added, Beech, Fagus sylvatica, was added as a native 

hardwood, in accordance with BS EN 350-1 : 1994.  The test blocks were packed 

carefully into Petri dishes and then in to a box so that the entire box could be 

irradiated with beta radiation for twelve hours.  The blocks were packed in to the Petri 

dishes in such a way as to have all blocks needed for one type of fungi in one dish.  

This organisation allows for ease of inoculation of test blocks and lower probability of 

cross contamination.  Also sterilised in the same box, were bags full of plastic mesh, 
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this is to separate the test blocks from the fungal culture, initially, creating a few 

millimeters if air space, therefore more realism.  Below, table 3, shows sample codes 

for each tree. 

 

 

 

Wood source Short name Code 
UK Grown WRC tree 1 A Outer Ao 
UK Grown WRC tree 1 A Inner Ai 
UK Grown WRC tree 2 B Outer Bo 
UK Grown WRC tree 2 B Inner Bi 
UK Grown WRC tree 3 C Outer Co 
UK Grown WRC tree 3 C Inner Ci 
UK Grown WRC tree 4 D Outer Do 
UK Grown WRC tree 4 D Inner Di 
UK Grown WRC tree 5 E Outer Eo 
UK Grown WRC tree 5 E Inner Ei 
Native American grown WRC Board 
2 WRC Import TD 
Native American grown WRC Board 
2 WRC Import TE 
UK Grown WRC sapwood WRC sap H 
UK Grown Scots Pine sap wood Pine Cont. P 
UK Grown Oak Heart wood Oak G 
UK Grown Beech Heartwood Beech FS FS 
UK Grown Birch  Birch BP BP 

Table 3,  wood groups and their codes to be used in the experiment. 

 

3.2 Fungal inoculation 

Fungal cultures of brown and white rot fungi, already prepared on Petri dishes, of the 

following fungi species were used.   

 

�  Coriolus versicolor (white rot fungi, in accordance with BS EN 350-1:1994 .) 

�  Gloeophyllum trabeum (brown rot, in accordance with BS EN 350-1:1994 .) 

�  Coviophora puteana (brown rot, common name ‘ Wet rot’) 

�  Pleurotus ostreatus (white rot, common name ‘Oyster mushroom‘ ) 

 

Both white and brown rot fungi were used, two of which are those mentioned in the 

BS EN regulations, which covers the fungi used to test hard and soft woods. 
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3.3 Obtaining the predicted dry weight of samples 

 

A proportion of the test blocks from each set were kept aside for oven drying, this is 

to obtain an idea of dry mass of the overall samples.  These blocks were dried in an 

oven  for 24 hours at a temperature of  105 degrees C, taken out and weighed again.  

The decrease in moisture, therefore weight, can then be used to calculate the predicted 

dry weight of the blocks used in the experiment, using the following formulae.  The 

correction factor, used to calculate the predicted dry weights can be seen displayed in 

the appendix 1.  Below the displayed formulae is table 4, which holds the average 

initial wet weights, initial oven dried weights and % mc of the oven dried blocks. 

 

X = average % moisture content of block = Wet weight - dry weight    x100 

      Dry weight 

    

   Correction factor = 100 / (100 + X) 

 

Predicted dry weight = correction x  weight of block after 24 hours at 105 degrees C 

 

 

Wood 
Ave.Wet 
wt. mg 

O.D.weight 
mg 

Ave.% 
mc 

A Outer 549.5 488.5 12.5 
A Inner 514.6667 463.1667 11.1 
B Outer 414.3333 375.5 10.3 
B Inner 397.3333 355.3333 11.8 
C Outer 506.3333 455.3333 11.2 
C Inner 520.6667 466.3333 11.6 
D Outer 481 430.3333 11.9 
D Inner 482 432.3333 11.5 
E Outer 543.5 489.6667 10.9 
E Inner 481.6667 431.6667 11.6 
WRC 
Import 492.5 458.6667 7.4 
WRC 
sap 485.4 436.2 11.3 
Pine 
Cont. 769.6667 714.3333 7.8 
Oak 1055.667 944 11.8 
Beech 1050.167 964.3333 8.9 
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FS 
Birch 
BP 1015.833 952 6.7 

Table 4, Average wet and dry weights (in Milligrams) and 

 % moisture contents of the preliminary blocks, 

 before drying and after drying at 105 deg. C. 

 

 

 

3.4 Test block inoculation 

 

Inoculation of wood blocks with fungi was performed on a ‘Laminar flow bench’ 

situated at the South Kensington labs.  This creates a flow of sterile, fungal spore free 

air, to work in, lowering the risk of contamination from outside bodies.  Large tongs, 

sterilised with Ethanol and then flamed were used to place test blocks, in sets of two, 

on to the fungal cultures.  Blocks from the same tree and part of the tree, thus, from 

the same identification code, were placed in pairs on the Petri dish, on top of the 

mesh.  The fungi were cultured in the centre of the Petri dish, which was based in 

malt agar, so blocks were placed either side of this, near the edges of the dish.  The 

test blocks were arranged in their sterilisation packages as such as to facilitate ease 

and accuracy of inoculation, also to ensure that equal numbers of blocks were 

inoculated by the different fungi.   

 

Once all the test blocks had been placed onto fungal cultures, the cultures were then 

moved to an incubator and kept at a constant temperature of 22 degrees C, following 

the guidelines stated in BS EN 113 : 1997.  These conditions were kept for six weeks 

and the fungi were monitored closely during this time.   

 

3.5 The collection of results 

 

All cultures were removed from the incubator and all test blocks taken from the Petri 

dishes.  Any residual fungal mycelium was cleaned from the outside of the blocks 

using a scraper and they were then all weighed, to obtain the final wet weight.  These 

blocks were then collectively dried at 105 degrees C for 24 hours, held in glass Petri 

dishes.  At the end of the 24 hour period the blocks were each weighed, to obtain the 
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final dry weight.    Having obtained the relevant weights post experiment, it was then 

possible to calculate the mass loss, by subtracting the latest figures from the predicted 

dry weight, calculated earlier.  As well as this, the dry weight was calculated for the 

post experiment blocks.  All these calculations were performed on ‘Microsoft Excel’, 

a computer spreadsheet. 

 

% moisture content = Wet weight - final oven dried (OD) weight x100 

    Final OD weight 

 

% Mass loss = Calculated initial OD weight - Final OD weight  x100 

    Calc. Initial OD weight 

 

Following guidelines BS EN 350 - 1 : 1994, an X - factor test was performed for the 

test blocks to attain the durability class, as follows. 

 

 X =   Average mass loss of test code 

  Ave. mass loss of reference  

 

This test was performed on each tree specimen, on both inner and outer samples.  The 

collective results were rounded together to give an over all picture of durability.   

 

3.5 Statistical calculations 

 

All statistical calculations were produced on R (version 2.0.1), along with the box and 

whisker graphs.  The whiskers (error bars) show the inter-quartile range of the 

sample.  The use of box and whisker plots allows the display of positive and negative 

numbers.  There was a problem as the sample wood blocks were placed in pairs in the 

same Petri dish, although from the same tree and part of the tree, possessing a 

consecutive number to its partner, this is called pseudoreplication.  To deal with this 

one must either place each wood block in a separate Petri dish, a problem for logistics 

and storage, or adjust the calculations before performing statistical analysis.  Each 

pairs figures had to be added together and then divided by 2, these averages of the two 

numbers were then logged on a separate table, and the calculations done using these 

figures. Replications for each treatment are now n=3, not the original n=6. Further 
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adjustments needed to be made to the percentage figures, as percentages only run 

from 0-100, this doesn’t allow figures to be any more, or less than this.  So, all 

percentages were decimalized, to create a figure which was more akin to use for 

statistical purposes.  So all these figures were converted using the Arcsine function of 

the Microsoft Excel package.   Statistical calculations could be carried out from this 

point (full table of converted data available in appendix 2).  Factorial analysis of 

variance (Anova) was used to allow the analysis of interactions between explanatory 

variables. 
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4.0 Results 

 

4.1 Observations made of the results 

 

Coriolus versicolor was one of the fungal species which was specified by BS EN 350-

1:1994 to be used in the official durability tests.  Coriolus versicolor (CV) grew with 

a thick and surprisingly solid mycelium, which covered the agar jelly on all dished 

inoculated with it.  The growth of mycelium tended to stay within the dish, though the 

lid was firmly held shut by the strength of the fungal fibres.  The fibres themselves 

grew closely together, meaning that the body could be cut or broken easily.  The 

strength of the growth was such as to make pulling apart or squashing quite difficult 

with average finger pressure.  On some species the fungal attack spurred a resistance 

in the wood which was strong enough to leach extractives, these were very visible as 

very dark brown staining of the wood and sometimes the surrounding area.  Though 

this occurred, the fungal growth still mostly covered the blocks.  Oak and Native 

WRC are the only ones that visibly leaked extractives, though the pine and sapwood 

samples seem to have hindered the growth of fungus, as they were only lightly 

covered, they are both very spongy and wet compared with the other samples.  The 

picture below, figure 2, show how the extractives are leached from native American 

WRC and native Oak.  The next picture, figure 3, shows the remarkable resistance of 

Birch to this fungus, there is no growth on the wood at all.  Pine is also slightly 

resistant and is visible, though obviously being attacked. 
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Fig 2, Imported, native American, WRC and Native, UK grown, Oak.  Picture 

shows leaching extractives. 

 

 

Fig 3, Scots Pine and Birch samples, showing fungal growth. 
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Gloeophyllum trabeum (GT) seemed to grow in a loose web like manner and has 

yellow/brown mycelium.  Growth on dishes with anything but WRC was strong and, 

on occasion, exceeded the dish, forming a crust like growth pattern around the edge of 

the dish.  All the test blocks were inundated with attack, though the growth seemed to 

be more superficial, this fungus could be scraped off more easily and could be cleaned 

away with a finger nail.  This is another BS EN 350-1:1994 fungus and both the UK 

grown and imported WRC seem to have stunted its growth on the dish and evaded 

attack.  This can be seen in the picture below, figure 4, which shows the UK grown 

WRC and the Beech. 

 

Fig 4, Dishes containing UK grown WRC and Beech, notice lack of fungal growth 

in the WRC. 

 

Coviophora puteana (CP) didn’t grow prolifically on any of the samples.  On the 

reference species, the fungus grew in a very weak fibre, though on Beech, the growth 

was minimal on the blocks, however stronger on the agar.  In this instance the blocks 

had leached extractives, although not as dark as that of the Oak or WRC, it managed 

to stave off the fungal attack.  This can be seen in the image below, figure 5, along 

with a picture of a UK grown WRC specimen, which has been attacked and shows 
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weak but definite growth of mycelium. The picture below that, figure 6, is of the 

Imported Native American WRC, which was adept at inhibiting fungal mycelium 

with invisible extractives, and the not so adept UK grown WRC, which has a (weak) 

attack of CP. 

 

 

Fig 5, CP growth on UK WRC and the resistance to attack from Beech. 
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Fig 6, Imported American WRC, with inhibited fungal growth and UK WRC 

showing attack. 

 

Pleurotus ostreatus (PO) was a very invasive and aggressive species of fungus, so 

aggressive, in fact, that the mycelium invaded the entire box of Petri dishes, this can 

be seen in the picture below, figure 7.  The PO fungus was also the strongest smelling 

of them all.  The growth of fibres is loose but strong, they can hold the blocks in place 

firmly and it takes a twist of the wrist to remove them.  Both the Imported and UK 

grown WRC were able to resist the attack from PO, the Imported WRC extractives 

are darker, though they are both effective and can be seen in the picture below, figure 

8.  When looking at the picture, notice how the mycelium have been stained by their 

contact with extractives and have ceased growth in that area.  Oak also leached 

extractives with this fungus. 
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Fig 7, PO growth inside the box. 

 

 

Fig 8, Resistance to PO in both Imported and UK grown WRC. 
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4.2 Presentation of results 

 

 

4.2.1 ANOVA calculation Tables 

The results displayed are in the form of analysis of variance (ANOVA) tables, which 

show the degrees of freedom for each calculation and signal any significant results by 

the positioning of stars next to the Pr(>F) value.  Summed data was used, to simplify 

calculations and keep only the necessary, as there are many samples and I believe that 

it is not necessary to complete calculations for all sample groups.  Instead, efforts 

were kept to finding significant differences overall and at looking for interactions 

between the component parts; fungus type, wood type, Differences between inner and 

outer wood, linked with final weight, final Moisture content and percentage of mass 

lost between sample groups.   

 

 
The table below (table 5) shows that there is a significant difference in the final 

moisture contents of the tested wood samples (F=34.469, df=15, P<0.001).  This 

calculation includes all 4 fungi and all wood sample groups together.  The categorical 

explanatory variables in the first column are the grouped wood samples, grouped 

fungus and also the interaction between wood and fungus.  The table also shows how 

fungus type produces varied mc results also(F=267.234, df=3, P<0.001)  The wood 

and fungus interaction row of the table shows significant relationship too (F=27.640, 

df=45, P<0.001).  The wood mc depends on the type of fungi associated with it. 

 
                   Df       Sum Sq    Mean Sq   F value      Pr(>F)     
wood             15    0.95463     0.06364    34.469   < 2.2e-16 *** 
fungus            3     1.48023     0.49341    267.234 < 2.2e-16 *** 
wood:fungus 45   2.29652    0.05103     27.640   < 2.2e-16 *** 
Residuals    128    0.23633   0.00185    
---                    
Signif. codes:  0 `***' 0.001 `**' 0.01 `*' 0.05 `.' 0.1 ` ' 1  
 
Table 5, ANOVA calculating M.C. with fungus and wood interactions, after arcsine 
calculations 
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The next table (table 6) shows how significantly different the samples were in their 

mass loss, a calculation taken from the difference between the start, predicted oven 

dried weight, to the final oven dried weight, then turned into a percentage.  At the end 

of the experiment there is an obvious difference between grouped wood samples 

(F=25.5736, df15, P<0.001).  Again, the fungus types produced different results 

between them (F=28.9539, df=3, P<0.001).  Also, the interactions between wood and 

fungus type are also significantly strong (F=4.9856, df=45, P<0.001) 

 
                   Df       Sum Sq  Mean Sq   F value    Pr(>F)     
wood             15    0.83009  0.05534  25.5736  < 2.2e-16 *** 
fungus            3     0.18796  0.06265  28.9539    2.342e-14 *** 
wood:fungus  45   0.48548  0.01079   4.9856     4.627e-13 *** 
Residuals      128   0.27698  0.00216                       
--- 
Signif. codes:  0 `***' 0.001 `**' 0.01 `*' 0.05 `.' 0.1 ` ' 1 
 
Table 6, ANOVA calculating Percentage Mass loss (as a decimal) with fungus and 
wood interactions, after arcsine calculations 
 
The table below (table 7) is specifically to find the difference in mass loss between 

the inner and the outer samples of UK grown WRC, therefore all other reference 

species have been omitted from the calculations.  There is no significant difference 

between the inner and outer samples, though the fungus type has a significant bearing 

on the mass lost in the collective samples (F=7.0182, df=3, P,0.001).  The wood and 

fungus interaction is less, though is still significant (F=2.0436, df=27, P<0.01) 

without the reference wood species, as can be seen in the third row.  The response of 

the wood to the fungus is less than when the reference species were included.  

 
 
                       Df     Sum Sq    Mean Sq    F value    Pr(>F)     
wood               9      0.029938  0.003326  1.2632     0.2699047     
fungus            3        0.055442  0.018481  7.0182     0.0003000 *** 
wood:fungus 27      0.145295   0.005381  2.0436     0.0075536 **  
Residuals       80      0.210661  0.002633                       
--- 
Signif. codes:  0 `***' 0.001 `**' 0.01 `*' 0.05 `.' 0.1 ` ' 1 
Table 7, ANOVA table to determine the difference between percentage mass loss in 
inner and outer wood in the UK WRC alone. 
 

In contrast to the non-existence of mass loss variation, moisture content (table 8), 

calculated between inner and outer wood of UK WRC alone shows a very significant 
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result (F=27.3536, df=9, P<0.001).  The wood samples do vary considerably from 

each other when mc is taken as a percentage of mass.  Also significant is the variation 

in fungus action (F=480.5979, df=3, P<0.001), it would seem that some fungi 

promote a wetter wood than others.  The wood to fungus interaction is very obviously 

a close one, with yet another significant link (F=9.6995, df=27, P<0.001). 

  

   Df    Sum Sq   Mean Sq   F value      Pr(>F)     
wood          9      0.41661   0.04629    27.3536     < 2.2e-16 *** 
fungus        3      2.43992   0.81331   480.5979    < 2.2e-16 *** 
wood:fungus  27    0.44318   0.01641     9.6995        9.688e-16 *** 
Residuals    80    0.13538   0.00169                        
--- 
Signif. codes:  0 `***' 0.001 `**' 0.01 `*' 0.05 `.' 0.1 ` ' 1 
Table 8, ANOVA table to determine the difference between mc in the inner and 
outer wood of UK WRC alone. 
 

 

4.2.2 Graphical illustration of results 

 

 

In the graph below (figure 9), percentage mass loss is plotted against wood type for all 

four fungi.  Mass loss is expressed as a decimal figure, though still shows the 

proportion of mass lost from the test group over the experiment.  It can be seen that 

there is a slight difference between means of inner and outer wood samples of the UK 

grown WRC, samples A-E.  As mentioned earlier, the ANOVA tables showed this as 

an insignificant difference (table 7).  The samples A-E show a larger difference in 

their ranges, although it seems that the outer wood has a smaller range of results, i.e. 

their weights were closer to a mean, they seem, also, to have the furthest outliers.  

From the graph it is evident that the reference species reacted more to the fungus, 

especially Beech and Birch.  Note how WRC sapwood, which was expected to lose 

weight, loses less than the pine control wood.  It is surprising that Beech and Birch 

have lost so much percentage of their mass.  I can only comment on the phenomena of 

samples actually having gained weight over the experiment, this can be seen on many 

of the inner samples of UK WRC, though if only looking at the means of these plots, 

one can see that overall weight has remained. 

 

Table 9 below can be used as a key to the x axis of the charts; 
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Short name 
A Outer 
A Inner 
B Outer 
B Inner 
C Outer 
C Inner 
D Outer 
D Inner 
E Outer 
E Inner 
WRC Import 
WRC sap 
Pine Cont. 
Oak 
Beech FS 
Birch BP 

Table 9, Key table for x axis on graphs 
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Fig 9, Percentage mass loss of the grouped samples, expressed as a decimal figure 

 

 

 

The next graph (figure 10) illustrates the moisture content as a decimal figure and 

from this it is easy to see that the results are varied.  It is interesting to see that the mc 

of Oak was so high, in fact it is the largest figure, though with one of the smallest 

ranges.  There is a very visible difference between the mc figures of the inner and 

outer samples of UK WRC, this can be seen very easily by looking at the means.  The 

Imported WRC samples seem to have not faired very well here, compared with the 

majority of the home grown WRC outer wood samples.  However, the Import WRC is 
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better than the inner wood of the UK WRC, some of which seems worse off than the 

reference Beech, Birch and Pine control. 

 

Figure 10, The final moisture content of the various types of test wood. 
 

Looking at the interaction graph below (figure11) one can see how fungus type and 

wood interact when Moisture content is plotted.  One can clearly see that, for the UK 

grown WRC, Coriolus versicolor was the most influential to the wood mc overall, 

though Pleurotus ostreatus peaked past this, as it did for all the UK WRC inner 

samples.  Gloeophyllum trabeum and Coviophora puteana were less influential, 

though still peaked on the inner UK grown samples.  CV seems to be slightly more 

uniform about the mc of inner and outer samples, in this case it seems to be the tree 
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specifically which determines the mc level.  The Imported WRC doesn’t look any 

better at controlling its mc than some of the home grown WRC.  WRC sapwood is 

noticeable by its high GT (the highest) and increased CP.   The real difference can be 

seen when the reference species are looked at.  These cause the fungi to create a more 

uniform mc in the wood over all the strains.  In Oak, for instance, the moisture 

contents of the samples exposed to PO, CV and GT practically converge on one point 

on the graph, obvious uniformity. 

 

Fig 11, Interaction plot between wood and fungus with moisture content plotted in 
decimal figures. 
 

The final graph (figure12) shows how percentage mass loss looks when plotted with a 

fungus and wood interaction.  In general, the WRC from the UK seems to have held 
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off attack better than the reference material.  There are only a few large peaks, the 

largest one is CP on B inner.  Smaller peaks can also be seen on the inner samples of 

UK WRC when looking at the CV plot, the others don’t seem to be dependant on 

inner wood to thrive.  The imported WRC has caused the fungi to converge at a point 

just above zero, meaning that it, along with Oak, were the best out of all samples at 

holding their weight.  Pine, Beech and Birch lost more because of CV, CP and GT 

than the other samples, Birch and Beech suffered the most from GT. 

 

Fig 12, Interaction plot showing mass loss plotted with an interaction between fungi 
and wood. 
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4.2.3 Timber durability assessment 

 

Following guidelines BS EN 350 - 1 : 1994, an X - factor test was performed for the 

test blocks to attain the durability class. This test was performed on each tree 

specimen, inner and outer samples.  The collective results may be rounded together to 

give an over all picture of durability.  Table 10, below, gives the average percentage 

weight lost from each of the grouped blocks for each fungus type.  The pine control 

has its own column for reference and the durability, according to BS EN 350 - 1:1994, 

is listed here. 

 

Wood Fungus 
Ave % 
loss 

Pine 
cont. X factor Durability 

Coviophora 
puteana      
A Outer CP 0.612095 14.10957 0.043382 Very Durable 
A Inner CP 3.456086 14.10957 0.244946 Durable 
B Outer CP 0.931538 14.10957 0.066022 Very Durable 
B Inner CP 21.63149 14.10957 1.533108 Not Durable 
C Outer CP 3.91383 14.10957 0.277388 Durable 
C Inner CP 2.674515 14.10957 0.189553 Durable 
D Outer CP -2.75043 14.10957 -0.19493 ----------- 
D Inner CP 3.747879 14.10957 0.265627 Durable 
E Outer CP 1.270451 14.10957 0.090042 Very Durable 
E Inner CP 1.068401 14.10957 0.075722 Very Durable 
WRC Import CP 0.207398 14.10957 0.014699 Very Durable 
WRC sap CP 14.10957 14.10957 1 Not Durable 
Pine Cont. CP 14.10957 14.10957 1 Reference 
Oak CP 1.303498 14.10957 0.092384 Very Durable 
Beech FS CP 19.1585 14.10957 1.357837 Not Durable 
Birch BP CP 30.51374 14.10957 2.162627 Not Durable 
Coriolus 
versicolor      
A Outer CV -0.07873 8.483628 -0.00928 ------------ 
A Inner CV 5.891407 8.483628 0.694444 Slightly Durable 
B Outer CV 2.611844 8.483628 0.307869 Moderately Durable 
B Inner CV 5.391537 8.483628 0.635522 Slightly Durable 
C Outer CV 1.019121 8.483628 0.120128 Very Durable 
C Inner CV 8.445884 8.483628 0.995551 Not Durable 
D Outer CV 1.218761 8.483628 0.14366 Very Durable 
D Inner CV 4.796026 8.483628 0.565327 Moderately Durable 
E Outer CV 0.67722 8.483628 0.079827 Very Durable 
E Inner CV 3.166906 8.483628 0.373296 Moderately Durable 
WRC Import CV 1.188143 8.483628 0.140051 Very Durable 
WRC sap CV 8.483628 8.483628 1 Not Durable 
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Pine Cont. CV 8.483628 8.483628 1 Reference 
Oak CV 2.103532 8.483628 0.247952 Durable 
Beech FS CV 37.92812 8.483628 4.470742 Not Durable 
Birch BP CV 11.60011 8.483628 1.367352 Not Durable 
Gloeophyllum 
trabeum      
A Outer GT 0.064073 0.570317 0.112346 Very Durable 
A Inner GT 0.715161 0.570317 1.253971 Not Durable 
B Outer GT -3.90266 0.570317 -6.84296 --------------- 
B Inner GT -0.98263 0.570317 -1.72296 ------------------- 
C Outer GT -0.19322 0.570317 -0.3388 --------------------- 
C Inner GT -0.31185 0.570317 -0.54681 ------------------- 
D Outer GT 5.92619 0.570317 10.39104 Not Durable 
D Inner GT 0.347948 0.570317 0.610095 Moderately Durable 
E Outer GT 2.413729 0.570317 4.232258 Not Durable 
E Inner GT 0.202066 0.570317 0.354305 Moderately Durable 
WRC Import GT 0.398737 0.570317 0.699151 Slightly Durable 
WRC sap GT 0.570317 0.570317 1 Not Durable 
Pine Cont. GT 0.570317 0.570317 1 Reference 
Oak GT 1.118531 0.570317 1.961244 Not Durable 
Beech FS GT 18.98481 0.570317 33.28816 Not Durable 
Birch BP GT 24.91113 0.570317 43.67945 Not Durable 
Pleurotus 
ostreatus      
A Outer PO -0.43038 1.869186 -0.23025 ---------------------- 
A Inner PO -1.81368 1.869186 -0.97031 ---------------------- 
B Outer PO 1.51577 1.869186 0.810925 Slightly Durable 
B Inner PO -3.87015 1.869186 -2.0705 ---------------------- 
C Outer PO -2.90465 1.869186 -1.55397 -------------------- 
C Inner PO -2.54627 1.869186 -1.36223 ------------------ 
D Outer PO 0.530647 1.869186 0.283892 Durable 
D Inner PO -3.1581 1.869186 -1.68956 ------------------ 
E Outer PO 1.013137 1.869186 0.54202 Moderately Durable 
E Inner PO -3.39137 1.869186 -1.81436 ------------------- 
WRC Import PO -0.01154 1.869186 -0.00618 ----------------- 
WRC sap PO 1.869186 1.869186 1 Not Durable 
Pine Cont. PO 1.869186 1.869186 1 Reference 
Oak PO 2.032011 1.869186 1.08711 Not Durable 
Beech FS PO 8.711006 1.869186 4.660321 Not Durable 
Birch BP PO 5.822311 1.869186 3.114892 Not Durable 

 

Table 10, durability assessment table, showing average % weight loss, pine control 

weight, X factor figure and durability class. 
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5.0 Discussion 

 

From the outset it is clear, just from looking at the results of this test, that there is a 

marked difference between all species of tree.  It was expected that the pine reference 

species would decay during the test, this is the reason that it is used as a comparison 

for the others to be marked on.  However, it is known that Scots Pine (Pinus 

sylvestris) is a non durable species and it was thought that the project could benefit 

from the addition of some durable, and some quick growing native species.  It had 

been assessed that UK grown Western Red Cedar was very durable (Roberts, 2003), 

so another homegrown, but native, equivalent wood species, Oak, was chosen to run 

the test along side it.  It has long been known that Oak is Britain’s durable wood, so it 

was wondered whether UK grown Western Red Cedar (WRC) would be a match for 

it.  The draw back with Oak, though, is that it is relatively slow growing and if it were 

to be a fair comparison of British species over Exotics then another, faster growing 

durable species would need to be chosen also.  Beech (Fagus sylvatica) is a faster 

growing species than Oak, though it is not as durable, it was thought that it may 

compete with WRC grown in this country.  Among the durable heartwoods, was a test 

of homegrown WRC sapwood, this was to test the wood alone, without the extractive 

content of the heartwood.  Finally, a non-durable heartwood was introduced into the 

test, that of Birch (Betula pendula).  This was to show the difference between our 

durable and non-durable fast growing species of deciduous wood. 

 

As the test began it was evident that there were massive differences between Native 

American WRC boards that were obtained and the UK grown WRC.  Firstly, the 

weights were very different from each other, the American boards were lighter by far, 

and this could be felt just by picking them up.  Having lifted the home grown boards, 

they were much heavier.  Other differences were also found between the two 

varieties.  On picking up the American version, one can feel how the wood can be a 

very effective insulator of buildings, as the heat from the hand is retained and the 
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wood feels warm to the touch, more so than in the home grown variety.  The 

American wood is darker, the slower growth and climate allowing the extractives to 

be laid down more densely than in the British climate.    Finally, also the reason for 

much of the above difference, the annual growth rings are closer together in the 

American WRC planks than in the much faster growing British version, which visibly 

had a large and fairly coarse grain.   

 

In preparation for the beginning of the experiment, wood blocks were numbered and 

samples of them were oven dried to attain the average moisture content.  From this a 

correction factor was obtained to allow predicted dry weights of the blocks overall, 

calculated from the starting, wet weights, of the individual blocks.  Overall mc of UK 

WRC were relatively uniform at around 10-12 %, this is a good figure and acceptable 

for a timber used in construction, the limit being not much more than this.  The low 

moisture was achieved by cutting the blocks in to samples first, then drying them as 

small samples.  This is a change from Roberts (2003), who commented that the blocks 

were not uniform in their moisture contents at the start of the experiment, as the logs 

were dried as large pieces of wood and then cut, meaning that there were still damp 

patches at the core of the log.  The current experiment’s uniformity aided the current 

project in producing a more viable result.  The imported WRC was of a lower mc, 

around 7%, also the pine samples were the same.  Oak samples were wetter, around 

11 % then the Beech and Birch drier, akin to the Pine and imported WRC.  This 

intriguing fact could be due to the conditions that they had been stored in.  The home 

grown WRC and Oak had been obtained in the field, dried for a week and then tested, 

whereas the Pine, imported WRC, Beech and Birch had been stored in the laboratory 

at South Kensington.  Conditions here could be drier, either that or the length of time 

in storage, which was longer than the field acquired samples, may have played a 

factor.  Most importantly, though, all of the samples were within the standard levels 

of mc before the tests began.  The mc of wood is a vitally important factor and 

determines whether or not timber will suffer attack by fungi during its service.  As 

mentioned earlier, water is a key element in fungal activity and must be present for 

wood decay to occur.  If the water is not present in the wood then it may be obtained 

from sources nearby, being transported along the fungal hyphea (Morris, 1998). 
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Whilst obtaining the final wet weights of the blocks at the end of the experiment, 

observations could be made about the action of each fungus and its reaction to each 

wood type.  All the fungal types grew well on the agar, which is no surprise, as not 

only were they forced to grow along it from their initial location in the centre of the 

dish to reach the wood blocks at the edge of the dish, but agar is a source of food and 

water for many organisms in scientific experiments.  It was noticed that some fungi 

grew better than others with certain types of wood.  Coriolus versicolor (CV), for 

instance, grew well on all plates and covered the agar layer at the bottom all the time.  

Even when the fungus did not take to the wood, such as on Birch, the agar layer was 

covered underneath with a thick, white mycelium.  There was thick growth on most of 

the blocks, though Pine seemed to be slightly resistant to the fungal advances.  The 

growth of CV on pine seemed weaker than on the other species, this is surprising for 

non durable species, though upon harvest it did feel spongier.  This could be because 

of the Pine resin, which holds some extractive chemicals, some of which could be like 

the afore mentioned repellant toxins, though if this is the case, they are not very 

effective as the blocks were still covered.  More likely, is the fact that CV, as it is a 

white rot, is not able to break down the lignin held in the Pine as well, as it is held in 

conifers in a higher amount than in hard woods (Morris).  Even more surprising is the 

lack of growth on Birch.  The plate was covered, though the wood was untouched by 

mycelium.  Resin inside the wood must be the cause, holding toxins unsuitable for 

fungal growth.  On wood blocks where growth was greatest, such as Oak and WRC, 

the mycelium in contact with the wood and the wood itself was stained to a dark 

brown with extractives.  These, on occasion, leaked out to droplets which found 

themselves on the Petri dish lid and soaked the wood block. 

 

Gloeophyllum trabeum (GT) plates were different and some wood showed repellant 

chemicals in their make up.  The fungus seemed to grow in a weaker style than CV, 

more of a loose web like structure of mycelium, though this is not necessarily the 

cause of its failure to grow on wood.  Many of the reference species, Beech included, 

were inundated with mycelium and did not seem to resist the advance.  This happened 

to all but WRC, which managed to suppress the growth of mycelium to such an extent 

that it was confined to a narrow strip of agar in between the two wood samples.  

Coviophora puteana (CP) plates grew, though not as impressively as the previous 

two.  All but the imported WRC were affected by this fungus.  Even if growth on 
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wood blocks was weak, the agar growth was in existence and normally covered the 

plate floor.  In Beech the fungus promoted a mass of extractives to soak and stain the 

wood a darker colour.  In imported WRC the reaction of the fungus to the chemicals 

in the wood was such as to restrict growth along the plate floor in some instances, 

though certainly resist growth on said sample.  Extractives stained any mycelium 

which came close to the block, here the invisible barrier could be seen.  Finally, 

Pleurotus ostreatus (PO), as mentioned earlier, was a very invasive and aggressive 

species of fungus.  Although the imported WRC proved the best by not allowing 

growth on its wood, it is here that one can see the UK grown WRC extractives stain 

the invading mycelium with an edge of dark brown.  Resistance to this fungus extends 

to repellant qualities in the wood chemistry, some mycelial growth is hindered. 

 

This time, all of the wood was weighed to obtain a wet weight and it was clear that all 

blocks had gained weight.  On oven drying, this weight could be put down to an 

increase in moisture content in the wood blocks.  Fungal growth has been achieved by 

utilizing the moisture in the agar jelly, upon inoculation, and continued upon the dry 

wood by transporting water from the jelly to the required location in the wood through 

mycelium fibres.  It can be assumed from this that all fungi had an equal opportunity 

to decay each block as far as moisture availability is concerned.  There was, though, 

an intriguing phenomenon, which appeared evident after the blocks had been dried.  

Some of the blocks had gained weight, that is increased in weight from the predicted 

oven dried weight, over the course of the experiment, to the final oven dried weight.  

There are a few possible explanations for this.  Firstly, all of the wood blocks were 

weighed individually, to obtain the wet starting weight.  However, from here, only 

small samples of blocks were taken for oven drying, to obtain a dry mass weight.  

These weights were then used to calculate a correction factor for the other, wet blocks 

to receive a predicted dry weight, through mathematics alone.  This was preferred 

over oven drying all the blocks collectively, the heat of the oven at 105 deg. C over 24 

hours would have changed the chemistry in the wood samples, lowering natural 

durability.  For this reason, the samples that were taken for oven drying before the 

experiment were not used in the fungal inoculation part of the experiment.   

 

There are problems that could have arisen from this method.  One of the possibilities 

could be that not all of the blocks were the same weight, as there were natural floors 
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in the timber, some may have been heavier.  Also, the proportion of blocks taken for 

the initial oven dried weight was small; only 6 blocks at the most, this may not have 

been a viable sample of the whole group.  Thus, both of these could cause errors in 

the final calculations.  Also, the end oven drying of the blocks may not have been 

long enough, the blocks were very wet when they had completed the test, 105 deg. C 

for 24 hours, may not have been long enough for the blocks to completely dry out, 

therefore, some of the blocks could still have been wet, if only slightly.  This 

possibility is compounded by the fact that Roberts, (2003) held the blocks for 48 

hours at 50 deg. C and the 48 hours at a temperature of 105 deg. C, measuring weights 

every 24 hours as the process of drying was in progress.  Roberts, (2003) suffered a 

similar problem during her experiments with WRC, where some of the blocks had 

gained weight after the experiment, though the blocks were dried at 50 deg. C, this did 

not dry them enough, this is where the anomaly was noticed.  The blocks were dried 

at a higher temperature, as planned, at 105 deg. C and this seemed to dry them, as a 

net weight loss was observed in these blocks from this point.  This information brings 

a conclusion that, if Roberts had dried her blocks at 105 deg c for 48 hours and, over 

all, detected a net weight loss, perhaps, 24 hours at 105 deg. C in the current 

experiment was not long enough to detect an accurate result.   

 

Finally, there are, however, more positive explanations for the increase in weight over 

the experiment period.   The fungal mycelium grows not only on the surface of the 

wood but inside the wood structure.  Although the fungi were cleaned away from the 

surface of the blocks, though a residue may remain.  Also the growth could not be 

cleaned from the internal structure of the blocks.  Internal growth may have increased 

the mass of the blocks.  The weight is then dependent on whether the mass lost from 

the block exceeds that gained from the addition of the fungal mycelium.   

 

When looking at the percentage mass loss chart (Figure 9) of the grouped samples in 

the results section it is firstly noticeable that the inner and outer blocks of the UK 

WRC are different.  This, though, is the amount that the samples differ from the 

mean, when looking at the means, one can clearly see that the samples don’t differ 

from each other much at all.  A closer look at the ANOVA table for inner and outer 

wood difference, earlier on in the results section (table 7), shows that they indeed are 

not significantly different from each other.  However, mass loss, over all the samples, 
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does differ between blocks, when reference species are involved.  This can be seen in 

the highly significant ANOVA table (table 6) and visually represented on the afore 

mentioned graph.  This shows that WRC lost less weight over the course of the 

experiment than the reference species.  Only Oak samples matched WRC in this, Oak 

acting in a similar way to the outer samples of UK WRC, not only in mean weight 

loss but in possessing sample variation close to that mean.  The wide variation of the 

inner samples of UK WRC could be due to minor changes in extractive levels, as the 

samples were taken from the first few rings from the pith. There could be some 

samples close to, or including the pith, as this is a subjective estimate and there could 

be human error in deciding where the pith actually ends.  From the pith, the next 

growth of rings starts to possess some levels of extractives, these increase in potency 

as one reaches further towards the edge.  So, this variation could contribute to the 

weight loss sample variation.  Harju et. al. (2001), found a similar response, in that 

extractive levels are variable in wood near the pith.  It was found that the highest mass 

losses were in those samples with very low Tropolone levels, while the samples with 

higher amounts of Tropolones had a lower, less variable degree of mass loss, overall.  

This said about heart wood, it is nice to see that WRC sap wood has a lower mass loss 

than the pine control, and that even the moderately durable faster growing hard wood, 

Beech has a higher mass loss than all of these.  Birch was higher than pine, which was 

surprising, as it was expected that a hard wood would have a slightly higher durability 

to the pine, which is a non-durable soft wood.   

 

Moisture content is a different story, when looking at the ANOVA tables (table 5) it is 

clear that the samples differ over all and also across the inner and outer samples of 

UK WRC (table 8).  It is easily seen upon looking at the graph (figure 10) that there is 

a marked difference between the inner and outer UK WRC samples.   It is quite 

evident that the inner samples contained more moisture at the end of the experiment 

than the outer samples.  Although the means of the inner and outer samples differ 

from each other, there is still a definite pattern between them.  Samples vary from the 

mean in each of the wood types, though there is no real pattern to be seen between the 

UK WRC samples.  The inner or outer samples do not vary, visibly, any more or less, 

as with the mass loss graph, only the higher samples are higher, and visa versa.  As 

mentioned earlier on, moisture increases as the wood decays and mass is lost.  This 

was found by Harmon and Sexton (1995), who suggested that the maximum moisture 
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content of a decaying sapwood increased as decay progressed and density declined.  

In heart wood, the pattern was more complex and is dependant on whether the wood 

is decay resistant or not.  This is not that helpful, as it is known that the heartwood of 

WRC is durable.  It is also known, though, that the samples are of both inner and 

outer heartwood.  As mentioned earlier, there is a difference in durability between 

these two locations in the heartwood.  The way in which the tree lays these 

Tropolones down has been found to follow a general pattern of increasing from the 

pith to the most recently formed heartwood and then decreasing in the sapwood. 

Therefore, extractive content in heart wood seems to be related to tree age (Nault, 

1988).  This gives a better explanation as to why inner and outer wood mc differs.  It 

does not, however, explain why the WRC sap wood, which should be more durable, 

has a higher mc than that of the pine control, which should be less durable.  This, 

instead, could be due to wood density, the pore space through which water may enter, 

WRC sapwood was more porous.  The Oak moisture content is higher than both of 

these and it is of a higher density, so this argument has to stop here.  Harju, et. al. 

(2001), holds a more worthy argument, stating that two explanations can be given.  

Firstly, the concentration of extractives is higher than in sapwood, secondly, the 

structural and chemical properties of heartwood make it less permeable to water.  

Resin accumulates in cells and the resin canals are blocked off with tylosoids.  These 

and other factors combine to prevent water movement in the tissues.  It is stated that 

resin acids provide resistance against decomposition as a result of their hydrophobic 

properties, not their general toxicity.  If this is true, WRC outer wood resins could 

hold more hydrophobic properties than the reference species, especially Oak.  Also, 

the Pine heartwood could be more durable than the WRC sapwood. 

 

Taking a look at the interaction graph between wood type and fungus (figure 11), with 

moisture content plotted as a decimal figure, it can be seen that there is a pattern in the 

UK WRC where moisture content of outer wood on all fungi, apart from Coriolus 

versicolor, is low.  Levels of moisture for inner and outer wood are lower anyway on 

Gloeophyllum trabeum and Coviophora puteana fungi, especially when compared 

with the reference species.  With the exception of the B samples inner wood, mass 

loss is low on all WRC on all fungi when compared with the reference species.  Over 

all, though, the imported WRC has more stability on the mass loss graph, showing 

that it performed in the same way for all the fungi.  The moisture interaction graph 
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shows that the import WRC matches the inner wood of the UK WRC.  It is unsure 

where the samples of imported WRC were taken from in the tree, though its 

durability, as it is a slower growing and darker specimen, should be better than that of 

the home grown variety at resisting moisture, if chemistry inside the wood is the 

cause, according to Harju, et. al. (2001).  If resisting moisture were key to durability, 

the outer wood of the homegrown WRC is more durable than the import as it has an 

overall lower mc, certainly lower than its own inner wood.  If there could be a method 

of obtaining more wood from the homegrown variety of the outer woods quality then 

Britain could rival the import timbers qualities of durability through more of the UK 

log.   

 

5.1 Durability 

 

BS EN 350-1:1994 emphasises that durability should be based on performance of 

wood on the fungi which causes the greatest loss in mass.  In this case, Coriolus 

versicolor is the most vicious of the four, yielding the most mass loss of the woods 

collectively.  WRC import has the same durability as the outer wood of UK grown 

WRC, though sample B is lower and sample A was a weight gain, or anomaly.  In this 

case the durability, if taken as a collective result for CV, for the outer wood of the 

home grown WRC and the imported WRC are the same.  This means that the viability 

of UK grown WRC as a local, durable timber resource, which is fast growing and 

suited to the British climate is more certain as far as this project is concerned.  In fact, 

as far as this project is concerned, the homegrown timber is a much better option for 

those who require a moisture repellant species too.  The UK grown Western Red 

Cedar has more attributes than many native forestry species, if grown in larger 

quantities, the need for imports would be less.  Current forestry policy, though, is 

hailing the return of the native species, as a more natural, wildlife friendly forest 

management is undertaken.  The current usage of the WRC in British forestry is low 

and it may take another vast shift in policy to increase its use.  Not through forestry 

needs and wants, though, but the local economy may be the influential character.  As 

environmental concerns rise, the desire to buy locally, from smaller producers, may 

rise too.  This may stem from the same thinking as buying in to organic farming, 

which have the image of using less chemicals and using a more sustainable system.  
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So, buyers may see the reason to buy timbers which require little, or no, chemical 

treatments, woods which are naturally durable, and above all locally produced. 

 

 

 

 

 

 

6.0 The Life Cycle Analysis of UK grown Western Red Cedar 

 

The idea of LCA was outlined earlier in the report and it was discussed that LCA can 

be a very useful tool in the management of environmentally aware industries and can 

play a key role in the environmental impact assessment of products and processes.  It 

was also discussed that the LCA process has been adapted for the forest industry.  For 

this project the computer program ‘Sima Pro’ version 6.0 has been used.  This is a 

comprehensive LCA program, produced by a Dutch firm ‘P.R.E. Consultants’, who 

specialise in creating environmental profile and assessment packages, for use in 

industry.  The original version of Sima pro was produced in 1990 and this updated 

version has many detailed databases, comprising all manner of production inputs and 

processes, including fuel used, transport type and size, raw materials and even 

disposal.  Along with this extensive inventory database, there are also a variety of 

different impact assessments to choose from (PRE, 2005).  All data are graphically 

presented at the final result, which makes interpretation simpler and the results more 

understandable. 
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6.1 The LCA research 

 

Based near Wadebridge, in Cornwall, the sawmill, where we obtained the wood 

samples for the durability study, is run by Tino Rawnsley.  His company, ‘Rawnsley 

Woodland Products‘, uses timber from the nearby Duchy of Cornwall Estate, where 

there are around 40 - 50 small woodlands, run by the Duchy’s  own foresters.  The 

area covers around 2000 acres, of this, around ¾ is conifer and only 5 % of this is 

WRC (Richards pers. Com.).  In this particular study, we have been concentrating on 

the Western Red Cedar he works, which, at the particular time that we visited, was 

obtained from a woodland in Callington, near to the sawmill, around 25 miles away.  

It is this which we shall be concentrating on, the details used for the study will be 

based on this.   

 

The woodland is around 1 ½  acres and was planted with WRC, the planting was by 

hand, so was any weeding which took place.  There was however a small amount of 

Glyphosate herbicide which was applied to the area around the base of the planted 

tree, to reduce competition during the early stages of growth.  Planting is shifting to 

natural regeneration and a continuous cover forestry system (at time of writing), 

where there is variation of height and ages within the stand is ideal for the trees to 

repopulate themselves through seed fall (Richards, Pers. Com, 2005).  In this case, 

however, the crop was clear felled at 45 years old and the crop shifted over to 

Douglas fir.  This was because of a problem on site with Butt Rot, therefore, all the 

crop had to be felled and replaced with a more resistant species of tree.  During the 

growing process there were problems with Rhododendron and Laurel, which are 

invasive, but can be weeded by hand as their locations are patchy.  On occasion a crop 

may need to be gapped up, meaning that the crop, at its early stages, may have failed 
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in certain patches.  If the losses are no more than 5/10% then this may be acceptable.  

Often, other species may grow in the gaps, such as Birch (Betula sp.), or other natives, 

this adds to the diversity of the wood and therefore, the environmental benefit.  There 

may be natural regeneration in these gaps also, this can be left, as the variety in 

heights may also be a benefit to the forestry system.  If the losses are too great, 

though, then restocking these areas, by planting, may occur, again, by hand (Richards, 

Pers.Com, 2005).  Planting required no cultivation or fertilisers, indeed, there was 

little other input until the thinning phase .  During thinning, for which the estate used 

a crown thinning regime, the weaker trees are removed to allow the stronger, more 

‘usable’ trees to grow on with less competition for light, space and nutrients.  The 

term ‘usable’ is aimed at the foresters need for tall, straight timber.  In this particular 

wood, though this was not always the case, thinned wood was extracted, after felling 

by the traditional method of chainsaw, by forwarder and then the saw logs were 

transported by 20 tonne lorry to the saw mill 25 miles away.  The 20 tonne truck, 

however, could only carry around 16 tonnes of WRC, as the natural taper of the trunk 

meant that fewer logs could be carried.  Of the thinned wood, around 50 % of it was 

cut to saw logs and the other 50% was turned in to pulp wood.  On harvest ,which as 

it was stated earlier was by clear fell method, around 60% was turned into saw logs 

and 20% was turned in to pole logs, smaller than saw logs, though still useful.  The 

other 20 % could then be turned in to pulp wood and fencing materials, which would 

be cut on site (Richards, Pers. Com, 2005).  This is a good return and is higher than 

the normal ratios for saw logs, although the trees were harvested at an older, more 

mature 45 years old, the norm would be around 30 years old.  During this time, 

various repairs may be needed on the access rides, this would simply be performed by 

a digger, to repair any holes made in the infrastructure by the forwarder, or 

transportation using the available mud (Richards, pers. Com).   

 

Once at the saw mill, the logs were cut in to cants and the finished product from these 

cants.  The residual wood, off cuts from the cants were used for firewood and were 

sold locally,  there was also a small measure of bark which was recovered, and around 

30%-40% could be recovered from these.  In this case this project is looking at the 

processes involved in the production of cladding boards, which measure 1” x 6”, 

though can be 1”x8” and measure the length of the log they are cut from, around 2 m.  

In cross section, they taper from ¾” to 1/8” (Rawnsley, Pers.com., 2005).  The cutting 
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process from cant to board creates a measure of saw dust, around 20-25 Kilos per log, 

in this case it was given to a local farmer, thought it could be sold also.  The cutting 

process uses up fuel for the mobile band saw and water, to lubricate the saw, though 

in the case of WRC, water is not needed.  Overall there is a 60% recovery to the 

finished product (Rawnsley, Pers.com., 2005).  Once cut, the boards were dried using 

an ingenious ’Solar Kiln’. This allows the sun’s energy to heat air, which is then 

pumped into a chamber holding the wood.  The process takes approximately 6 weeks.  

Once the process is completed, the boards can be transported to their destination, 

where they would be fixed into position and start their service life.  This involved 

transport and banding to strap the boards together and keep them in place whilst being 

delivered.   For this investigation we are using a specific building which was used to 

exhibit WRC shingles, on a showground, nearby to the saw mill.  The distance from 

the mill is 3.5 miles, the area in meters squared of cladding needed for the average 

house is about 100 m3 (Rawnsley, pers. Com. 2005). 

 

Once the service life of the cladding has ended, the decision then is as to the disposal 

of the wood after use.  There are various options, whether recycling, in to another use, 

dumping in a municipal dump, burning in a municipal incinerator or a very good idea 

of burning as biomass, for conversion into electricity.  The latter, though, requires the 

use of a chipper, to cut the wood planks in to smaller chips, around an inch across, for 

ease of burning.   
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6.2 LCA Method 

 

The aim of the LCA was to provide information about the environmental impacts of 

growing, felling and transforming WRC grown in the UK, in to cladding.  The 

analysis of life cycles of the cladding included various potential outcomes, end use as 

biomass for electricity generation, also recycling as timber for another use.   

Information gathered from various sources, discussed in the previous section, ‘LCA 

research’, was entered in to the Sima Pro computer program and likely outcomes were 

displayed as flow charts and graphs. 

 

Various processes were broken down to their component parts, such as felling, where 

chain sawing, extraction and transport are separate matters.  Also analysed was the 

wastage likely to be produced at each point.  The thinning stage of forestry, for 

instance, can produce small wood, which is not used for cladding.  Growing stage 

chemicals were added in to the system from the computer database, known processes 

which create them and known pollutants were calculated automatically from these, 

pre researched, processes.  Graphs were produced to show the proportion of 

environmental impact that each process plays compared with the others in the system.  

Flow charts were constructed to show the processes in logical order as they would 

appear in the production system, each process broken down to show their inputs. 
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6.3 LCA results 

 

 

 

 

Fig 13, Flow chart for growing WRC 

and thinning. 

 

This flow chart (figure 13) shows the 

growth inputs and thinning inputs on 

the growing 1kg of WRC from 

planting to the point where the tree is 

mature standing timber. The flow 

runs from bottom to top. Notice the 

thick line from petrol, on the lower 

left side, which follows the chain 

sawing and felling operations route.  

This denotes the large input of petrol 

to the thinning input as a whole.  

There is an element of pesticide 

application, through the medium of 

Glyphosate, a herbicide, which is 

used for the control of weeds around 

the sapling trees at the earl stage, this 

has a thin line, showing that its 

impact on the environment is low 
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overall.  The longest line is of the log transportation lorry, this has the process of 

manufacture of the machine attached to it.  The tractor, on the top left side is for 

extraction of cut logs from the forest, this also has a small impact in the system 

overall.   

 

 

The graph below (figure 14) is a description of the growing and thinning process 

explained above.  The bars are a characterisation of the importance of each input to 

environmental damage and show % of each component stage in that pollutants 

catagory.  Note how important felling operations are in the scheme of things.  

Glyphosate looks more damaging in this graph, compared with the above flow 

diagram.   

 

Fig 14, Impact assessment for growing and thinning WRC 

 

Below is a flow chart (figure 15) of the complete growing, felling and sawmilling 

process for WRC, up to delivery to the cladding buyer.  Notice, again, the petrol 

inputs for chain sawing and felling operations.  Added to this is the saw milling 

procedure, which has a high petrol input too.  The bar charts to the side of the boxes 

show the importance of that process in the negative environmental effects of the entire 

process.  Following the central, thick black petrol line, one can see the boxes 

connected are the most damaging, for instance, chain sawing, felling and the growing 

of WRC itself.   
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Fig 15, Flow chart, complete growing, felling and sawmilling process. 

 

Below is the complete process in graphical form (figure 16).  Notice how growing and 

thinning contributes most  of the negative environmental effects.   Felling operations 

seem to act as the second worst, in yellow.  It is interesting how the saw mill act in 

depletion of abiotic and ozone factors.  It is also rather striking how growing and 

thinning has the most space in the terrestrial ecotoxicity column.  This sort of 

percentage graph fails to emphasise the importance of effects on a section of the 

environment.  The next graph does just this.  By normalizing the same graph (figure 

17), for the entire process, one may be able to judge the effect of processes on a 

particular section of the environment, rather than just a percentage figure of which 

procedure is the most damaging.   
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Fig 16, Impact assessment for complete growing, felling and sawmilling process. 

 

 

 

Fig 17, Normalised impact assessment for complete growing, felling and sawmilling 

process. 

 

Below, the Life Cycle Analysis flow chart (figure 18), shows the complete process, as 

above, with the added final disposal, in this case, a conversion of the cladding boards 

to wood chips.   This life cycle has no energy return, so expels a lot of energy, mostly 

petrol, in its systems.  Notice the thick black ‘petrol’ line, running through the middle 
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of the chart.  Notice, also, how little the saw mill affects the system, compared with 

the forestry activities.   
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Fig 18, Life cycle flow chart showing processes from growing to cladding and final 

end disposal (in this case recycled to wood chips). 

Below is the same LCA in graphical form (figure 19).  The graph has been normalized 

to show the importance of the life processes in each environmental category.  It is 

evident from a study of the graph that marine aquatic ecotoxicology is affected much 

more than the other categories.  Looking back at the first graphs, of growing and 

thinning, one may see that it was the application of Glyphosate in the growing stage, 

also thinning, the use of petrol, mainly, which may have caused this peak.   

 

Fig 19, LCA with final outcome as wood chips. 

 

 

It is in the next graph (figure 20) that a slight difference may be noticed.  Over all, the 

flow chart looks the same as the previous wood chip flow did, although this LCA is 

for the same cladding, the outcome is that it has been incinerated for energy 

production.  The incineration process has some negative effect on the environment, 

which may just be made out as a fine green line under the red of the timber 

manufacture.  The graph below this (figure 21) is of the same processes and the same 

outcome, though the net effect of incineration is higher. 
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Fig 20, LCA with final outcome as incineration for energy. 

 

 

 

Fig 21, LCA with final outcome as incineration for high energy. 

 

The final LCA graph (figure 22) is of the life cycle where the end disposal is to the 

rubbish dump, as municipal solid waste.  Notice how energy expenditure is lower 

with this method, as there is no need for incinerators or expelled fumes.  Wood 

chipping also expels lots of energy, with little return.  There is no eutrophication, or 

abiotic depletion with this method of disposal, global warming is lower also the 

columns for photochemical oxidation and acidification are lower.  However, human 

toxicity and fresh water aquatic ecotoxicity are higher. 
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Fig 22, LCA with final outcome as wood for landfill dumping. 

 

The next flow chart is in colour (figure 23), so that the return may be seen, in green.  

It is a full life cycle analysis where the end disposal is of energy recovery, with a high 

return.  The energy expenditure is marked in red.  Note the green line has a certain 

thickness to it.  This shows the energy recovery from incinerating the timber at the 

end of its life, therefore, there is not as much need to use non-renewable resources to 

provide the same energy, this leads to a return. 
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Fig 23, Flow chart showing the LCA with incineration for energy recovery at the 

end. 
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The following graph (figure 24) shows the net energy expenditure and return of this 

LCA.  All fossil fuel use has been grouped together as one column in the graph.  

Notice the return on incineration, shown as a green negative expenditure 

 

Fig 24, Energy Consumption graph for LCA with incineration and high energy 

return. 
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6.4 Discussion 

 

At the end of the life cycling, it is evident that UK grown Western Red Cedar has 

many inputs which are environmentally damaging and occur throughout the process, 

from growing to cladding.  Unlike Roberts (2003), who found that transportation and 

road maintenance were the most environmentally damaging processes of WRC 

cladding production on the Stourhead estate, this assessment has found other main 

causes of environmental pollution.  Whether it was the continuous cover forestry 

system of the Stourhead estate, or the fact that road maintenance played a larger part 

in the forest policy is not for certain.  What is known, though, is that the forestry 

processes in the Duchy of Cornwall estate were much more damaging than the 

transportation of the cut logs, the sawmilling or even the incineration at the end of 

life.   

 

As was observed in the results section of the LCA, Petrol usage is a heavy 

environmental burden throughout the forestry system.  Growing and thinning, 

especially, shows a massive use of petrol for the thinning process.  The estate uses a 

crown thinning regime (Richards, Pers. Com.) which after the first twenty years 

growth of the saplings, starts to thin the weaker trees every five years.  This involves a 

large usage of chain sawing, which uses two stroke petrol, oil and lubricating oil.  The 

trees which have been cut need to be forwarded to the road side, out of the woodland, 

these logs are then transported to various locations, though in this report, the viable 

saw logs are taken to the saw mill for conversion to cladding.  Here the transport 

energy expenditure is slightly more than during the felling procedure, though this is 

only due to the frequency of thinning operations.  The impact assessment graph for 

growing and thinning (figure 14) showed the importance of the felling process 

(thinning) in environmental impact, secondly the glyphosate applications, which were 

based on spraying over three years of growth as a sapling WRC.  Transportation, 

forwarding out of the forest, is only a minor concern compared with the other inputs.  
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This can be seen when looking at the flow chart (figure 13), as by the side of the 

transport boxes is a very low and insignificant bar level, compared to the high bar 

level for chain sawing, etc. 

 

The forestry system of Roberts (2003) is a continuous cover system, which allows for 

harvests of saw logs at regular intervals and holds its place instead of thinning.  

Harvests of mature trees yield higher quality logs, which can be used for cladding, 

whereas thinnings, as in the Duchy of Cornwall estate yield lower grade timber as 

well as saw logs at about a 50:50 ratio (Hurle, pers. Com).  The lower grade timber is 

not used at the saw mill and the saw logs at early thinnings may not be either as they 

may be too small, though this project has hypothesised that they do.  The inputs early 

on in the forestry system this project has analysed does not yield good returns in 

energy or outcome until final felling, whereas thinning for continuous cover systems 

is counted as final felling.   

 

The concept of input values outweighing output is further compounded by observing 

the full growing, felling and sawmilling process.  Thinning, as seen on the full process 

graph (figure 16), has a much more damaging percentage of environmental impact 

than that of felling procedures.  The sawmilling process, though, is quite low in 

impact, although a lot of fuel is used, the conversion from saw log to cladding seems 

to be relatively painless.  It is intriguing that Roberts (2003) found that transport was 

the main environmental factor, when the distance traveled to mill is further in this 

case.  A difference in forestry practices may explain the difference in LCA out comes, 

and may be equalized when the Duchy eventually turn WRC plantings in to 

continuous cover forestry. 

 

Not only are the forestry practices a high environmental burden in the entire system, 

so is the end disposal of cladding.  The life cycles showing the end use all show a 

high level of pollution.  The wood chipping end result possesses much impact as the 

cladding needs to be turned in to chips and also transported, with no energy recovery.  

The chips would be used in a form of recycling, not bringing a returning benefit to the 

environment directly, though their recycling may lower the need for chipping of 

newly cut timber, though this would only be chipped anyway (Richards, Pers. Com.). 

The dumping of wood in land fill facilities seems to create fewer pollutants overall, 
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though there is an increase in some categories.  If it is energy that is to be saved, 

rather than pollution which is to be curbed, then surely the advocation of energy 

recovery should be followed.  Incineration allows this recovery, by creating a net 

return in heat or electricity, using the wood as biomass.  As can be seen when looking 

at the energy return flow chart (figure 23) that just under half of the energy required to 

produce the cladding is returned to the system, shown as green on the right hand side.  

The utilization of this system could offset the damage caused to produce the cladding, 

therefore creating a more viable environmental system. 

 

So finally, after analysis of growing, forestry and production systems it can be 

concluded that WRC grown in the UK, although a forestry system, therefore a natural 

system, used many processes which can harm the environment.  These may be 

mitigated by conversion of forestry practices to a more conscientious system, such as 

continuous cover and by continuing the distribution to local buyers.  Energy costs 

may be returned, to some extent, by processes such as incineration, although, unless 

energy returns are markable, the energy expended and pollutants caused by other end 

use methods, such as chipping, may be of more environmental harm than good.   
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7.0 Project conclusions 

 

Four fungi were used to test natural durability of UK grown Western Red Cedar in 

this study; Coriolus versicolor, Gloeophyllum trabeum, both used as official test fungi 

in accordance with BS EN 350-1:1994 standards. Also, Coviophora puteana and 

Pleurotus ostreatus were used in addition to these.  Basidiomycete fungi were chosen 

as they are the most damaging form and after Roberts (2003) suggestions, both white 

and brown rot fungi were used in this durability test.  The tests ran over six weeks and 

involved five different trees of WRC grown in the UK.  These were separated in to 

inner and outer samples. A comparison was made with this species and WRC samples 

grown in Canada, these were also tested in the same way. Scots Pine (Pinus sylvestris) 

was used as a reference species, also in accordance with BS EN standards.  Other 

species of UK grown tree were used to compare with WRC, a native durable species, 

Oak (Quercus petraea), was tested, along with Beech (Fagus sylvatica) and Birch 

(Betula pendula).  The conclusions of this test were that the UK grown WRC was 

classified as ‘very durable’ according to BS EN 350-1:1994 standards, which 

emphasises that durability should be based on performance of wood on the fungi 

which causes the greatest loss in mass.  In this case, Coriolus versicolor is the most 

vicious of the four, yielding the most mass loss of the timber collectively.  WRC 

import has the same durability as the outer wood of UK grown WRC.   

 

Statistical calculations show that, by mass lost during the experiment, there is no 

significant difference between inner and outer wood of the home grown WRC.  

However, the WRC was significantly more durable than the reference species, though 

Oak was very similar in durability as far as weight loss was concerned.  There was a 

difference in quality of timber between the Oak and UK grown WRC which is faster 

growing, therefore has larger growth rings and is less dense.  However, it was thought 

that if methods could be established to increase the amount of Heartwood laid down 
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by the tree, as in Roberts (2003), then quality of timber may begin to rival that of the 

hardwoods of Britain, as the durability already does. 

 

The life cycle analysis part of the project aimed to look at the growing, felling and 

sawmilling process and its environmental impacts.  Also to assess the various end use 

life cycles, to find a viable system for lowering environmental impacts of disposal and 

preferably see out the cost of cladding production, from growth.  It was found that the 

growing and thinning part of the life cycle was potentially the most environmentally 

damaging, this emphasis mainly on the thinning side of forestry operations.  It was 

found that felling, as an individual process, was less damaging than the thinning 

procedures, so clear fell forestry was shunned in discussion for continuous cover 

forestry, as per Roberts (2003).  This system allowed the felling of mature trees more 

regularly as opposed to thinning, which yields more inferior tree harvests.  It was 

thought that energies put in to thinning would be better placed in a well established 

continuous cover forestry system.   

 

The end of life disposal was considered an unnecessary use of energies, unless the end 

use yielded some kind of energy return.  The pollution and, therefore, environmental 

damage caused by wood chipping, may be more detrimental to the environment than 

merely dumping the finished cladding in a land fill.  The incineration of cladding at 

end of life may be of benefit if energy returns from electricity generation or heat are 

high. 

 

Durability has been proven of the UK grown WRC, though there is scope for the 

project to be expanded.  Analysis of a continuous forestry system at the Duchy of 

Cornwall estate could be an option, also other systems around the country.  Other 

species of timber could be tested for durability along the same lines as this project.  

Further projects may find that closer, preferably first-hand, experience of the forestry 

and sawmilling process may be beneficial to the research phase of the LCA, therefore, 

yielding more accurate and insightful results.   
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Appendices 

 

Appendix 1 Excel Data table  

 
cor. 
Factor SD 

A Outer 0.8892 0.009 
A Inner 0.9001 0.0063 
B Outer 0.9064 0.0054 
B Inner 0.8947 0.0053 
C Outer 0.8992 0.0032 
C Inner 0.8957 0.0057 
D Outer 0.8938 0.82 
D Inner 0.8971 0.0068 
E Outer 0.9016 0.0065 
E Inner 0.8964 0.0058 
WRC 
Import 0.9309 0.0069 
WRC 
sap 0.8987 0.0089 
Pine 
Cont. 0.9281 0.001 
Oak 0.8942 0.0015 
Beech 
FS 0.9184 0.0046 
Birch 
BP 0.9374 0.0036 

 

Appendix 2, abbreviated table of raw data. 

 

 

 
 


