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SUMMARY 

The natural wood appearance of many species can be affected by a variety of undesirable "non-
microbial" discolourations, which reduce the value of wood products. In contrast to sapstain, 
caused by fungi, prevention of these discolourations has rarely been demonstrated in practice. 

Discolourations of hem-fir have become an economically important problem with the move 
towards increased kiln-drying of the wood species mixture and added-value products in which 
discolourations are less tolerable. A literature review was done to survey both general 
information on "non-microbial" discolourations and more specifically information on 
discolourations of western hemlock and amabilis fir. 

Although discolouration of hem-fir lumber has been a puzzle for many years, knowledge of its 
cause(s) is rudimentary. Most research into hem-fir discolourations has been conducted on only 
a few wood samples. Although polymerization of wood extractives has been proposed as the 
probable cause, involvement by bacteria and fungi are also suggested in the literature. Other 
factors involved in discolourations of other wood species, such as factors inherent in the living 
tree, season of tree felling, post mortem changes and log age and storage, are reviewed. 

The nature of specific wood extractive chemicals and the significance of other contributory 
factors need to be understood before preventive treatments can be devised to maintain the 
natural colour in hem-fir products. Research recommendations include microscopic and 
histochemical techniques. 
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1.0 BACKGROUND 

1.1 OBJECTIVE 

In this review current knowledge of the causes of discolourations occurring in western hemlock 
(Tsuga heterophylla (Raf.) Sarg.) and amabilis fir (Abks amabilis (Dougl.) Forbes) will be 
summarized. Several factors potentially contributing to colour formation in hem-fir products will 
also be addressed. Examples of discolourations found in other wood species will be provided to 
illustrate the significance of such factors. 

1.2 INTRODUCTION 

Wood discolourations have been known problems to worldwide lumber producers and customers 
for many years, and have caused large economic losses to the wood industry (Hubert, 1926; 
Scheffer and Lindgren, 1940; Scheffer, 1973). Discolourations can be divided roughly into 
microbial ("biological") and non-microbial ("chemical") discolourations, based on their causes. 

The most obvious form of microbial discolouration is sapstain. Hartig first recognized the nature 
of staining in sapwood in 1878 and attributed it to a fungus called Xenodochus ligniperda. 

Further pioneering research, conducted by Miinch (1907) and Lagerberg et al. (1927), 
subsequently noted the ability of several fungal species to discolour unseasoned sapwood. 

To counteract sapstain, chemical protection of unseasoned lumber has been employed sioce the 
early 1900s. The first commercial anti-sapstain fungicides used sodium carbonate and 
bicarbonate and/or mercuryl chloride, but protection of unseasoned sapwood was not very 
satisfactory (Scheffer and Lindgren, 1940). With the development of chlorinated phenols in the 
1930s protection of unseasoned lumber from microbial stain became more reliable. 

Early work on microbial stain, its characteristics and its prevention has been comprehensively 
summarized by Scheffer and Lindgren (1940). Further studies, by Findlay (1959), Liese and 
Schmid (1961, 1964), Schmid and Uese (1%5) and Zink and Fengel (1988,1989,1990) have all 
significantly contributed to an understanding of biological discolourations and their prevention. 

In contrast, non-microbial wood discolourations are considerably less well understood, despite 
been widely known in hardwoods (e.g., alder, maple, oak) and in softwoods (e.g., pine, hemlock). 
The lack of knowledge about non-fungal staining reflects the fact that these wood discolourations 
have long been considered to be less important because of their generally superficial nature. 
Thus colour disfigurations were commonly planed off and the natural wood appearance could be 
restored. 

However, advanced sawing technology such as thin-kerf sawing, which produces a dimension 
rather than oversized product, has renewed interest in non-microbial discolourations. 
Furthermore, product specifications from overseas buyers, for instance an increasing demand for 
kiln dried lumber and a preference for light coloured woods, has led to increasing concern about 
non-microbial wood discolouration. 

Unfortunately, non-microbial wood discolourations are difficult to understand because 
information from literature is often generalized in nature. These types of stain commonly 



develop as wood dries and involve the formation of coloured polymers, the structure of which is 
not clearly understood. Structural and chemical constituents of the particular wood species and 
uncertain factors (e.g., temperature, humidity, microbial infestation) have to be understood to 
determine the cause(s) of non-microbial discolourations in a wood species. 

The complexity of non microbial staining is reflected in confusing terminology wherein it is also 
termed chemical or oxidative stain. A classification was recently proposed for microbial and non-
microbial wood discolouration (Bauch, 1986). While fungal staining can be easily recognized, a 
full understanding of the causes of other discolourations is required to use Bauch's classification. 
Furthermore, a thorough knowledge of the discolouration is essential to develop protective 
means to maintain the natural appearance of the species. 

1.3 ECONOMIC IMPORTANCE OF WESTERN H E M L O C K A N D AMABILIS FIR 

Western hemlock and amabilis fir have only relatively recently been recognized as a high value 
product of the British Columbia wood industry (COFI, 1983). Historically, these species have 
had minor end uses, for instance the production of tannin from hemlock in the 19th century 
(Hergert, 1989). At that time the booming leather industry demanded large quantities of tannin 
and bark of hemlock, eastern hemlock in particular, was a major source of tannin. Interestingly 
the logs were often left in the woods (until 1900-1910) since there was a lack of technology to 
convert them into lumber. Competition from other wood species, for instance Chestnut 
(Castanea sp.) or Quebracho (Schinopsis sp.), led to an decline in hemlock tannin production. 
However, research on uses for western hemlock bark, a byproduct of pulp and sawmill processes, 
was intensively conducted at the Rayonier Canada laboratory, and several commercial bark 
extract products were subsequently produced from western hemlock in the 1950s and 1960s 
(Hergert, 1989). 

Today commodity lumber production in British Columbia (B.C.) is economically very important, 
worth approximately $6.5 billion annually of which about $5 billion is exported (Goudie, 1992). 
Western hemlock and amabilis fir are coastal whitewoods and sold as "hem-fir". About 0.5 
million board feet of shop and better grade hem-fir, worth approximately $800 million, are 
marketed annually and this is thus a high value product of the B.C. wood industry. Hem-fir 
lumber is successfully marketed to Europe and Japan where it is widely used for windows, doors, 
mouldings and other millwork. Hem-fir lumber is highly regarded for its wood quality, for 
instance fine grain, strength, ease of working (CFIBC, 1983). Both species (western hemlock and 
amabilis fir) present in Canadian hem-fir display an overall similar, whitish or tan, appearance, 
with only a slight difference between heartwood and sapwood. Wood of the two species can only 
be separated for certain through light microscopic examinations. Unfortunately, the bright, 
whitish, colour of hem-fir is particular prone to darker (brown, black) disfigurations and 
downgrade from "shop and better" to lower grades can result in an approximate 30% loss in 
value. While sapstain fungi can be controlled in hem-fir lumber (Byrne and Smith, 1991), brown 
discolourations of uncertain origin have increasingly been reported over the last years. 
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3.0 INVESTIGATIONS OF HEM-FIR DISCOLOURATIONS 

3.1 PAST R E S E A R C H 

First reports of brown discolourations in clear hemlock were given by Eades (1932). Concerns 
were highlighted during the World War II years as a result of the search for suitable candidates 
for airplane manufacture (Eades, 1943; Englerth and Hansborough, 1945). Western hemlock was 
investigated for this application, but discolourations found in the wood led to speculation that 
indicates incipient decay or mechanical weakness was present. The authors concluded that 
discolourations did not indicate wood degradation or sapstain fungi, and no significant reduction 
in strength properties resulted. 

Serious scientific work on brown stain in hemlock was initiated in 1960 when mill operators firom 
the Pacific coast of North America, from Oregon to B.C., reported high incidence of brown 
discolourations (Evans and Halvorson, 1962). A light or dark brown stain was found to develop 
during both air and kiln drying, but it affected the wood surface only, penetrating to a depth of 
0.5 mm. In addition discolouration was noticed most often in lumber from the sapwood-
heartwood boundary region and was most apparent on the end or edge grain of affected lumber. 
Bacterial infestation in stained hemlock sapwood suggested a possible relationship between 
bacteria and brown stain development. Further bacteriological studies revealed that discoloured 
hemlock contained sap constituents which could be oxidized to coloured polymers. The authors 
then speculated that the oxidation involved a bacterial phenoloxidase, which triggered 
polymerization of leucoanthocyanidins carried to the wood surface under favourable drying 
conditions. It was also assumed that brown stain was caused by atmospheric oxidation. Chemical 
screening trials demonstrated that thiourea, an antioxidant, prevented surface browning. 

About the same time research was intensively conducted at the Vancouver Forest Products 
Laboratory to elucidate the chemistry and biology of this problem (Barton, 1%2; Whittaker, 
1962). Bacterial infestation was found in some apparently healthy hemlock trees and in felled 
logs, but bacteria were increasingly counted in brown stained logs. However, experiments to link 
the presence of bacteria to the production of the brown discolouration were inconclusive. Barton 
did much work on the extractive chemistry of amabilis fir and western hemlock. Among other 
phenolic compounds the presence of water-soluble phenolics such as catechin, epicatechin and 
leucoanthocyanidin which are known to polymerize under certain circumstances (Haslam, 1989) 
were identified in sapwood extracts. Reproducing a brown stain in expressed hemlock juice,-
Barton concluded from chromatographic examination that leucoanthocyanidin is probably not 
involved in brown stain formation in hemlock. Attempts were made to chemically inhibit brown 
stain formation with pH modifiers, chelating or reducing agents, and it was reported that pH 
reducing components showed potential to moderate discolouration. 



Cross-sectional distributions and seasonal changes of catechin, epicatechin and 
leucoanthocyanidin, compounds suspected of playing a role in brown stain development, were 
demonstrated in hemlock sapwood extractives (Barton and Gardner, 1966). Subsequent work 
employing synthetic catechin produced a brown stain on a papergram when reacted with juice 
expressed from hemlock sapwood, but only a slight discolouration developed with synthetic 
leucoanthocyanidin. The authors suggested interaction of an enzyme system with catechin, both 
constituents of sound hemlock sapwood, and subsequent oxidation, as wood dries, produces a 
brown polymer at the wood surface. However, contribution of additional compounds, for 
instance, epicatechin or leucocanthocyanidin, to the final colour was not excluded. Inhibition of 
brown stain formation by chemical means failed in field trials although chemicals evaluated had 
shown promising results under laboratory conditions. 

Several serious cases of an intense black, brown surface discolouration found in kiln dried 
amabilis fir initiated chemical and anatomical research (Barton and Smith, 1971). Microscopic 
work on discoloured specimens demonstrated the presence of high concentrations of dark-brown 
extractives in parenchyma cells and bacterial infestation in longitudinal tracheids. While cell wall 
degradation of parenchyma cells and longitudinal tracheids was not significant, pit breakdown was 
observed. Stained sections further revealed a change in fluorescence when compared with 
unstained sections suggesting lignin degradation. Chemical analysis indicated that 3,3'-dimethoxy-
4,4'-dihydroxystilbene (DDS) was responsible for the deep-brown colour of kiln-stain in amabilis 
fir. It was further hypothesized that bacterial degradation of lignin might have produced DDS. 

Chemical treatments, with 8 different compounds, did not prevent brown discolourations on hem-
fir stored outside over the winter (Swan, 1984). However, it was verified that brown stain was 
not confined to hemlock but also developed in amabilis fir. Thus a species separation did not 
seem to be useful. The author concluded that basic research studying the biological and chemical 
aspects of brown stain was needed before a solution to this problem could be found. 

3.2 M O R E R E C E N T R E S E A R C H 

A recently reported discolouration on exported hemlock lumber appeared as grey streaks along 
the wood surface (Smith and Spence, 1987). Although macroscopically the discolouration did not 
resemble the traditional brown stain in hem-fir lumber, microscopic examination showed brown 
globular deposits within the ray parenchyma cells in brown stained hem-fir. Additionally, fungal 
hyphae within the rays were observed. Isolation of the fungus, which interestingly showed non-
pigmented hyphae, identified Ophiostoma piceae (Munch) H . & P. Syd. and Sporothrix sp., a 
possible asexual stage of Ophiostoma. Subsequent laboratory inoculations of wood with these 
fungi resulted in a brovm discolouration. The authors suggested that oxidative activity of fungi 
growing within the rays caused polymerization of catechin, abundantly present in hemlock 
sapwood, and thus produced a grey or brown disfiguration in hemlock export lumber. 

Other hem-fir samples sent to Forintek from European customers also displayed a grey or brown 
disfiguration as previously described by Smith and Spence, and "oil-like", brown, globular deposits 
were microscopically demonstrated in ray parenchyma and to a less extent in tracheids (Byrne 
and Smith, 1991). Unfortunately, studies on the presence of fungi were not conducted but 
preliminary bacterial investigations showed presence of bacteria in the pits of some samples 
(Byrne, 1992). These grey discolourations of hem-fir microscopically resembled grey stain found 
in oak (Clark, 1957; Forsyth, 1988), but in trials sodium bisulphite, which can control grey oak 
stain, did not prevent colour formations in hem-fir (Byrne and Smith, 1991). 



Further samples returned from a French customer showed a different discolouration presumably 
developing when hem-fir is kiln dried (Byrne and Smith, 1991). Preliminary studies indicated a 
light red/brown stain, occurring just under the wood surface. This discolouration was 
concentrated in earlywood giving a striped wood appearance which led to the term "zebra stain". 

During investigation of very severe cases of almost black discoloured samples iron and/or 
manganese were detected using X-ray spectroscopy. The intensity of this black colour was 
correlated with the amount of these elements. Dilute phosphoric acid removed the black 
component and the metal ions, leaving behind the brown component of the discolouration. The 
origin or source of these metals in stained samples remained unknown. Microbial investigations 
were unfortunately not conducted, although these elements are known to play a role in the 
metabolism of some microorganisms (e.g., Fe and Mn are involved in enzymatic reactions). 
However, biogeochemical studies have also indicated that western hemlock trees can accumulate 
high contents of copper and zinc (Warren and Howatson, 1947) and iron and manganese 
(Warren and et al., 1952). Furthermore these elements varied between different parts of the 
same tree and appeared related to the age of the tree as well as with soil type and climate. High 
accumulation of manganese was also recently demonstrated in the xylem of western hemlock 
needles (Ballard, 1992). 

In other attempts to find suitable chemical treatments to prevent brown stain in hem-fir 
numerous agents have been evaluated (Byrne and Smith, 1991). The chemicals tested included 
pH reducers, chelating/sequestering agents and reducing agents, but only a quaternary 
ammonium compound (didecyldimethylammonium chloride) controlled brown stain in small (30 
cm long) size test specimens under laboratory drying conditions. Although the mode of action of 
this chemical was not understood this compound is a good bactericide. However, field test using 
commodit)' hem-fir lumber gave disappointing results and it was hypothesized that the quantity of 
extractives moving (longitudinally), as wood dries, through the end grain to the surface, might 
have exceeded the potential of the quaternary ammonium compound to inhibit brown stain 
formation. 

Recently a sample of amabilis fir showing brown stain resulting from "kiln-burn" was investigated 
for causal agents (Sutcliffe and Miller, 1991), A conversion of DDS to a highly coloured 
compound was demonstrated, but it was hypothesized that other polyphenols could contribute to 
the discolourations. In addition high amounts of calcium indicated by E D A X were observed on 
the surface of the stained specimen, but manganese or iron, previously found in stained hem-fir 
boards, (Byrne and Smith, 1991) were not present. 

3.3 ACCESSORY COMPOUNDS OF WESTERN H E M L O C K 

Undoubtedly a thorough knowledge of the composition of wood extractives is required to fully 
understand the cause of brown discolouration in hem-fir products. Many accessory ertractive 
compounds of western hemlock have been isolated and identified over the past years. The 
significance of these extractives as potential colour precursors will be discussed in this section, 
providing examples from pulp and paper research. 

In the Pacific Northwest large quantities of sawmill residues used in producing pulp are subject 
to discolourations during storage (Springer, 1983). Thus large losses in wood brightness occur 
and in some instances pulp cannot be bleached to satisfactory levels (Springer, 1983). Western 
hemlock is widely used for production of pulp, but a variety of phenolic compounds give rise to 



undesirable chromophores (Barton, 1973). Therefore considerably research has been conducted 
to elucidate compounds responsible for loss in wood brightness of chips or pulp during storage, 
and to search for ways of prevention. 

Extracts from western hemlock developed a red-brown colour upon treatment with mineral acids, 
preferably in the presence of alcohol (Pigman et a l , 1953). Proanthocyanidins (flavan-3, 4-diols) 
appeared to function as colour precursors. These compounds could be either water-soluble or 
water-insoluble in sapwood, but heartwood contained largely the insoluble type. The richest 
source of water-soluble flavan-3, 4-diols, however, was the inner bark (including cambium). 
Purified phlobatannins (red-coloured, water-insoluble reaction products of tannin extract treated 
with mineral acid) were also suggested to be rich in flavan-3, 4-diols. 

Research on the chemical composition of tannins and polyphenols from conifer woods and bark 
has demonstrated that monomeric catechin and leucoanthocyanidin were commonly present in 
sapwood and cambium in all (including western hemlock) but absent in heartwood (Hergert, 
1960) . In place of these compounds polymeric proanthocyanidins (flavan-3,4-diol type) were 
shown to be present in the heartwood. The author further noted that species with intensely 
coloured heartwood (e.g., Douglas-fir) also exhibited high amounts of flavan-3,4-diols in the 
sapwood, but species with light coloured heartwood displayed low flavan-3,4-diol contents. 
Polymeric tannins in hemlock, however, were suggested to be built fi-om compounds such as 
catechin, epichatechin, gallocatechin, epigallochatechin and leucoanthocyanidin. 

Cambium and sapwood of western hemlock were examined for the presence of low molecular-
weight constituents as potential intermediates in lignin formation (Goldschmid and Hergert, 
1961) . Cambium and sapwood contained alicyclic acids, lignans and glycosides of lignan-like 
compounds, sugars and catechin, epicatechin and leucoanthocyanidin, but depsides of cinnamic 
acid derivatives were present in cambium only. 

Phenolic extracts of western hemlock possibly involved in brovm discolouration of hemlock 
lumber and low brightness of hemlock pulp were reviewed (Barton, 1968). Involvement of 
flavonoid-type phenolic extractives such as catechin and leucoanthocyanidin, well known 
precursors of highly coloured tannins, and polymeric phenols, were strongly suggested. Lignans 
such as coniferin, hydroxymatairesinol or matairesinol were thought not to contribute to colour 
formation. Lignans, colourless or pale lemon-coloured substances, lack vicinal hydroxyl groups 
and their stable ring system was believed to preclude coloured oxidation by-products. 
Guaicylglycerol, a simple phenolic compound, was suggested to form colour precursors under 
acid or alkaline conditions, but the relatively small amount present precluded its significant 
participation. A glycoside of a recently detected lignin dimer (phenyl coumaran), in which the 
sugar moiety is attached through an alcoholic linkage was also suggested as contributing to 
coloured products in pulp and lumber. 

Another lignan, liovil, was identified after its isolation from western hemlock sapwood (Barton, 
1970). In addition the structure of a recently detected new lignin dimer in western hemlock was 
determined. The significance of these compounds in colour disfiguration was described. 

The chemical composition of the extractives and their effect on optical properties of western 
hemlock pulp were investigated by performing three treatments: a sequestering 
(ethylenediaminetetracetic acid - EDTA) treatment, ethanol-benzene extraction and acetone-
water extraction (Policin et al., 1%9). Brightness of pulp was improved by E D T A treatment and 
removal of copper and manganese cations, previously reported to be present in relatively high 



amounts in western hemlock groundwood (Wayman et a l , 1969), was suggested as one possible 
explanation for this observation. Ethanol-benzene did not improve the colour of pulp. However, 
extraction with acetone-water removed polyphenols and low molecular weight phenolic 
compounds, and improved pulp brightness. 

A following study examined the heat stability (105°C for 18 hours) of three (EDTA, ethanol-
benzene, acetone-water) extractions from western hemlock groundwood and also some model 
compounds absorbed onto cotton sheets (Policin and Rapson, 1971). Acetoncrwater extracts of 
western hemlock sapwood developed a yellow-brown colour, presumably by air oxidation, soon 
after evaporation of the solvent. Investigating the contribution of model compounds to the 
discolouration evidenced the importance of the flavan-3ols such as catechin. Heat treatment 
experiments with d-catechin produced a brown colour, but addition of unsaturated fat to d-
catechin substantially intensified the discolouration. The discolouration was even more intense 
when d-catechin was heated in the presence of water. The authors concluded that oxidation of 
d-catechin occurred at elevated temperatures, forming simple and complex quinoid structures. It 
was further suggested that peroxi-radicals were involved in the oxidation of d-catechin in the 
presence of unsaturated fats and water producing an increase in discolouration. While formation 
of free radicals is known to increase in the presence of some metallic (e.g., copper, manganese) 
cations it was concluded that removal of these cations by E D T A treatment prevented heat 
discolourations of groundwood, pulp. 

Changes in western hemlock wood extractives^during refming and reduction of chromophore 
production during and after refining by chemical applications have been studied (Barton, 1973). 
During refining, high temperatures (exceeding 80°C) were recommended to modify flavonoid and 
lignan materials as well as lignin precursors and lignin. Several chemical additives such as acids, 
reducing agents and oxidizing agents improved brightness in western hemlock mechanical pulp. 

Chemical agents for maintaining the brightness of stored western hemlock wood chips have been 
evaluated in a laboratory trial (Springer, 1983). Dilute (2%) aqueous solutions of sodium 
bisulphite enhanced and maintained the brightness of chips during 12 weeks storage. Bisulphite 
ions, effective biocides and enzyme inhibitors, were demonstrated to oxidize in solution to 
bisulphite ions causing a large decrease in pH; liquors squeezed from western hemlock sapwood 
dropped from 5.4 to 2.6. . 

Loss of brightness in mechanical pulp as a function of storage time of western hemlock chips was 
correlated with a decline in concentration of d-catechin monomers (Hrutfiord et aL, 1985). It 
was hypothesized that oxidation of d-catechin produced a brown polymer, which was retained in 
the wood fibres of freshly chipped western hemlock. 

4.0 FACTORS POSSIBLY CONTRIBUTING TO DISCOLOURATIONS IN HEM-FIR 

Although this paper has summarized the most significant research on discolourations in hem-fir it 
is useful to speculate on factors which may play a role in these colour formations. Examples will 
be given from research on similar discolourations found in other wood species. However, it must 
be kept in mind that it is difficult to generalize about wood discolourations. 



4.1 FACTORS INHERENT IN LIVING TREES 

The occurrence of discolourations in living trees has been recognized for many years (Sachs et 
aL, 1966; Bauch and Baas, 1984; Shortle, 1984). It is possible that conditions leading to 
discolouration of felled logs and wood products may have already been initiated in the living tree. 
The following examples illustrate links between the living tree and the discolouration which may 
have originated in the living tree. 

Discolourations in living trees have been shown to arise from wounding, for instance broken 
branches, pruning, severe logging damage (Shigo and Hills, 1973; Phelps and McGinnes Jr, 1984) 
and/or dying branches (von Aufisess, 1984). Minor wounds may produce slight colour changes 
due to the formation of chemical protection barriers. However, severe wounding can lead to 
interactions between microorganisms (sapstainers, decay fungi) and living cells producing intense 
colour disfigurations in the living tree (Shigo and Hills, 1973). 

Discolourations have also been found in living trees attacked by insects, for instance larvae 
causing black streaks in western hemlock (Englerth and Hansbrough, 1945) or by the symbiotic 
fungi of ambrosia beetles which cause localized sapstain (Funk, 1965). In a recent study 
discolourations induced by larvae of Semanotus japonicus Lacordaire were demonstrated in living 
trees of Cryptomeria japonica D.Don. (Yamada et aL, 1987). In this study cation (K, Mg) 
accumulation appeared to explain an increase in pH observed over a five year time period. 
Although microorganisms (bacteria and non-hymenomycetes) were found in the discoloured 
areas, cation concentration, but not composition of the microflora, has been proposed to explain 
the advance in discolouration. Thus a shift in pH may have triggered polyphenolic reactions of 
accessory compounds. Interestingly, trees of western hemlock have been demonstrated to 
accumulate certain metals for instance manganese (Warren et aL, 1952; Ballard, 1992) or copper 
(Warren and Howatson, 1947; Wayman et aL, 1969). 

It is noteworthy that western hemlock trees are often infected by Dwarf Mistletoe which is known 
to secrete certain chemicals into the wood (Byrne, 1992). There may also exist a correlation 
between this type of infection and the accumulation of metals observed in western hemlock trees. 
It is possible that Dwarf Mistletoe infection predisposes hem-fir trees to subsequent wood 
discolourations as described. 

While microbial (fungi, insects) infestation has been shown to cause discolourations in living trees 
the role of bacteria, which inhabit trees, also requires consideration. Bacterial populations have 
been demonstrated to occur in apparently healthy trees (Whittaker, 1962; Schmidt and 
Mehringer, 1989), in trees with disease symptoms (Schmidt, 1985) and have also been associated 
with wetwood formation, for example in Populus sp. (Scott, 1984; van der Kamp et aL, 1979; 
Sachs et aL, 1974). Wetwood was shown to occur in black cottonwood (Populus trichocarpa 

Torrey and Gray) only two years old; bacteria possibly entering via the roots, lenticels or minute 
wounds were strongly suggested as causing wetwood formation in this species (van der Kamp, 
1992). Bacterial participation in wetwood formation in softwoods has also been proposed 
(Bauch et al, 1975). However, the presence of bacteria in living trees has been linked to the p H 
of the wood, and polymerization of phenolic compounds, producing discolourations, has been 
shown to take place (Schink and Ward, 1984; Schmidt, 1986; Schmidt and Mehringer, 1989). 
Bacterial infestation has also been suspected of predisposing hem-fir trees to discolouration of 
lumber produced from them (Whittaker, 1%2). 



4.2 F E L L I N G SEASON 

In temperate and in boreal zones trees undergo seasonal changes, which are most obvious in 
deciduous wood species because of defoliation in fall. Metabolism of trees is reduced during the 
cold (winter) season and this is reflected in a decrease in water uptake and sap flow. These 
seasonal changes also influence the composition of certain accessory compounds in living trees. 

Accessory compounds possibly involved in discolourations of hem-fir lumber were also shown to 
undergo seasonal changes in living western hemlock trees (Barton, 1966). For instance maximum 
catechin values were detected in April, May and June, declining to lower but still significant 
levels July - October. The author, however, was unable to correlate high catechin levels to colour 
formation in hem-fir because the history of the wood samples investigated was rarely known. 

Peroxidase activity triggering discolouration in Kiri wood (Paulownia tomentosa Steud.) was 
demonstrated to occur in September and October at levels 12 fold those of June or November 
(Ota et aL, 1991). The authors then suggested that harvesting Kiri trees should be avoided during 
this time period. 

4.3 POST M O R T E M FACTORS 

The significance of postmortem changes to discolourations in the sap of trees upon exposure to 
air has been noticed in hard and softwoods (Bailey, 1911). For instance freshly cxxi Alnus sp. or 
Liquidambar sp. have been known to develop discolourations within hours after sawing under 
favourable conditions of temperature and humidity. 

In a recent study an orange coloured polymer termed oregonin was identified developing in Alnus 

sp. after sawing (Hrutfiord and Luthi, 1981). The authors demonstrated that phenoloxidases 
reacting with accessory organic compounds after oxygen penetrated the wood tissue produced the 
observed colour formations in alders. 

A similar reaction causing discolourations in freshly sawn Kiri wood has been shown (Ota et ah, 
1991). Disruption of spatial separation of enzymes (peroxidases) and a wood extractive (caffeic 
acid) caused by the sawing action was suggested as producing the colour reaction. 

4.4 L O G A G E 

Log age (time elapsed from stump to saw) has been suspected as one important factor affecting 
the formation of discolourations (Evans, 1932). The significance of this assumption was 
underscored in a survey on brown discolourations in sugar pine developing during kiln-drying 
(Herman, 1937). Subsequent research on sugar pine indicated that nine month old sugar pine 
logs discoloured three times as much as fresh ones, but fresh material still produced some stain 
degrade (Rasmussen, 1940). It was speculated that higher oxygen tensions or higher levels of 
insect damage could cause the observed "log age effect' in pine species (Stutz, 1959). 

Brown colour degradations longitudinally penetrating into maple (Acerpseudoplatanus L ) logs 
and intensifying with time have been reported (Koltzenburg, 1975). The author showed that 
these discolourations can appear without microbial interaction but at a given ratio of oxygen, 
temperature and wood moisture. However, bacterial action was demonstrated to produce similar 



brown discolouration in the same wood species (2^mermann, 1974). 

In a very detailed study (Bauch et a l , 1985; Starck et aL, 1984; Yazaki et aL, 1985) a reddish-
brown discolouration found on the end grain of freshly cut logs or on the surface of freshly cut 
lumber of Ilomba (Pycnanthus angolensis Excell) was traced to the presence of bacteria. The 
authors suggested that some bacterial strains, for instance Pseudomonas fragt, can alter the pH of 
the wood from about 5.5 to 7.5 thereby triggering chemical reactions of some accessory 
compounds. Stabilization of the pH of the wood surface with formic acid was reported to inhibit 
discolourations (Bauch, 1986). In addition, (+)-catechin and (-)-epicatechin were suggested as 
possible contributors to colour formation. 

Log age has been mentioned as one possible factor in discolouration of wood products. However, 
it should be emphasized that changes within logs, for instance changes in wood moisture content 
and wood temperature, and chemical changes of accessory compounds, are more likely to be 
responsible for colour formation. The role of microbial populations interacting with certain wood 
extractives must also be considered in producing undesirable discolourations. In this context, 
however, it is interesting to mention that an aging process has traditionally been used on Kiri logs 
to prevent a discolouration which develops when lumber is immediately sawn from fresh-cut logs 
[Ota et al, 1989]. Thus Kiri logs are exposed to the weathering action for 6-9 months followed by 
an outdoor exposure of the sawn boards for another two years to enhance the appearance. 

4.5 L O G S T O R A G E 

Time delay between felling of logs and processing into kiln-dried lumber increases the risk of 
potential discolourations (including sapstaining) in most wood species. Unfortunately it is not 
feasible to totally avoid delays and thus logs are commonly stored from several months to 1.5 
years before saving. In most cases short term storage of logs is in dry decks but for longer 
periods sprinkling or ponding are employed. Microbial (sapstainers, decay fungi) infestation can 
be controlled for long periods by keeping wood in water saturated condition. However, logs 
stored in ponds or sprinkled are known to develop high bacterial populations (Smith, 1975). 
Bacteria may cause changes in wood permeability (Unligil, 1972; Johnson, 1979) due to 
decomposition of pit structures (liese and Karnop, 1968; Greaves, 1969). Several species of the 
genus Bacillus sp. (Ellwood and Ecklund, 1959) and Pseudomonas sp. (Grosu et aL, 1973) were 
present in ponded logs. Discolourations of lumber sawn from sprinkled hardwood and softwood 
logs have been attributed to the presence of bacteria (Lane and Scheffer, 1960; Hedley and 
Meder, 1992). 

Water storage/ponding of logs was also reported to influence discolourations in beech (Hoster, 
1974) and to promote and accelerate the development of grey discolourations in red oak (Forsyth 
and Amburgey, 1992). It was also reported that once boards were stained slightly grey the colour 
disfiguration more rapidly progressed into a darker and more widespread discolouration. The 
effectiveness of sodium bisulphite in preventing discolouration in oak lumber sawn from fresh-cut 
logs (Forsyth and Amburgey, 1992) decreased dramatically with increasing storage time of logs 
from which lumber was sawn (Forsyth and Amburgey, 1992). 

Water storage or floating of logs has been suggested as a means to redistribute accessory 
compounds (flavonoids) from the phloem of unpeeled spruce logs into the xylem (Adler, 1951). 
Hem-fir logs are often floated to mill yards. Interestingly it has been claimed that western 
hemlock trees felled and immediately salt water floated to the mills produced less discolouration 



than fresh water floated logs (Barton, 1962). 

4.6 S T O R A G E OF L U M B E R 

Improper storage of unseasoned lumber such as stacking in close piles decreases air drying rates 
significantly. Close piling is the common practice for exported lumber but this may also create 
conditions favouring colour formation of polyphenols. 

Storage of lumber in bulk piles was demonstrated to influence brown discolourations in sugar 
pine lumber (Stout, 1950). The author showed that pine lumber stacked in bulk piles between 
sawing and stickering for more than 5 days developed severe discolourations (Stout, 1950). 
These observations were also confirmed for closed piled, white pine lumber (Czech, 1966). 

In a recent study (Hansen, 1988) green and red discolourations developing on the surface of 
freshly sawn Samba (Triplochiton scleroxylon) boards was investigated. The colour formation was 
found in (antisapstain) treated and untreated boards but was most noticeable in the centre of 
stacks. The presence of a bacterium Pseudomonas aeruginosa was suggested and it may have 
produced the discolourations. The author proposed a faster drying of the wood and addition of a 
bactericide to prevent discolourations in this white wood species. 

A bright yellow discolouration was noticed in heartwood of green oak lumber when stored under 
insufficient ventilation, particularly when stickers (less than 15 mm thick) did not provide 
sufficient spacing (Bauch et a l , 1991). A mold iungus PaecUomyces variotii Bain, was suggested 
as causing the colour formation of hydroljrzable tannins. The same (yellow) discolouration was 
also found in kiln dried oak. P. variotti, however, was shown to tolerate acidic substrates as well 
as high (50° C) temperatures, conditions which are prevalent during the first stage of kiln drying. 
The authors concluded that growth of the P. variotii was probably not inhibited during the initial 
stage of kiln drying thus explaining yellow discolourations found during drying. 

5.0 RECOMMENDATIONS FOR RESEARCH 

Preliminary microscopic studies which have now been performed on a wide range of dried, 
discoloured hem-fir wood indicate the frequent presence of fungi and/or bacteria (Kreber, 1992). 
These observations, however, need to be confirmed on green hem-fir wood. The following 
investigations should be conducted to determine the significance of some factors as contributors 
to hem-fir discolourations: 

1) Phase contrast and scanning electron microscopy (SEM) to determine presence of 
microorganisms in green hem-fir over time and the correlation of microorganisms with the 
appearance of brown stain. 

2) The presence of metals in stained and unstained hem-fir using S E M - E D A X . 

3) Histochemical techniques to determine changes in cell contents within the wood substrate 
concurrent with colour formations. 
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