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SUMMARY 

Biological and chemical changes were evaluated in freshly sawn amabilis fir and western 
hemlock lumber (hem-fir) over 10 weeks of outside storage. Both wood species commonly 
contained brownstain microscopically in heartwood and sapwood. Microorganisms were often 
found in discoloured samples, but brownstain could not be linked to the presence of 
microorganisms. QuaUtative H P L C analysis was employed on methanol extracted hem-fir 
segments over time, but this approach provided no indication about potential precursors to 
hemlock brovmstain. However, the H P L C method developed produced a reliable separation and 
identification of nine wood constituents in hem-fir lumber and can be used for future quantitative 
analysis. The factors producing macroscopic brownstain were not understood, but a high 
moisture content appeared to be essential to transport precursors of hemlock brownstain to the 
wood surface. 
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1.0 OBJECTIVE 

To monitor biological and chemical changes in freshly cut western hemlock and amabilis fir 
lumber over time. 

1.1 O V E R A L L PROJECT OBJECTIVE 

To understand the cause(s) of hemlock brownstain and propose means for its control. 

2.0 INTRODUCTION 

A range of brownstain discolourations is found in western hemlock (Tsuga heterophylla (Raf.) 
Sarg.) and amabilis fir (Abies amabilis (Dougl.) Forbes) lumber. These discolourations commonly 
referred to as hemlock brovmstain have caused substantial economic losses to the Canadian wood 
industry since their early reports (Eades, 1943; Englerth and Hansborough, 1945; Barton, 1962; 
Evans and Halvorson, 1962). Moreover, a negative impact on the reputation of Canadian hem-
fir lumber has recently developed in important overseas markets which have threatened to stop 
importation of Canadian hem-fir lumber (Blake, 1992). A detailed study has been initiated to 
elucidate the cause(s) of "hemlock brownstain." 

Several investigations were conducted in the 1960s and 1970s to understand the chemistry and 
biology of hemlock brownstain. Barton and Gardner (1966) and Barton (1968; 1973a) have been 
provided some information on the potential of western hemlock extractives to produce 
discolourations, but polymerization of catechin has strongly been implicated in the production of 
hemlock brownstain. In addition these authors have generally described the distribution and 
seasonal changes of phenolic compounds present in western hemlock. Hrutfiord and co-workers 
(1985) investigated brightness loss of western hemlock chips during storage and suggested that 
catechin could be a precursor to hemlock brovmstain. 

Involvement of bacteria in hemlock brownstain has also been suggested but has not been proven 
(Evans and Halvorson, 1962; Whittaker, 1962; Barton and Smith, 1971). In contrast, production 
of brownstain has been demonstrated strongly in hemlock lumber inoculated with strains of 
Ophiostoma piceae (Miinch) H . & P. Syd. but the mode of action has not been elucidated (Smith 
and Spence, 1987). 

Hemlock brownstain does not instantaneously disfigure the surface of freshly sawn hem-fir 
lumber in contrast to the discolourations seen on freshly cut Alnus sp. or Liquidambar sp. 
(Bailey, 1911; Hrutfiord and Luthi, 1981). Within hours of being sawn these latter wood species 
develop discolourations under favourable conditions Of temperature and humidity. Formation of 
hemlock brownstain often requires days or several weeks under favourable conditions, and it is 
generally believed that wood moisture (free water) transports brownstain precursors to the wood 
surface producing discolourations under atmospheric oxidation. There is an indication that high 
wood moisture content and warm temperatures encourage hemlock brownstain (Evans and 
Halvorson, 1962; Blake, 1992). 



However, the irregular appearance of brownstain in hem-fir lumber may also suggest that a 
predisposition of hem-fir trees to discolourations plays a role in hemlock brownstain. For 
instance the presence of wetwood often found in trees of western hemlock and amabilis fir 
(Ward and Zeikus, 1980) has been indicated to contain higher contents of phenolics than normal 
wood (Schroeder and Kozlik, 1972; Bauch et a l , 1975). 

The purpose of this study was to a) monitor chemical and biological changes in fireshly sawn 
western hemlock and amabilis fir lumber over time and b) Unk these changes to hemlock 
brownstain. 

3.0 STAFF 

B. Kreber Ph.D. Student, Treated Wood Department 
C. R. Daniels Wood Chemistry Technologist 
B. Byrne Wood Protection Scientist, Treated Wood Department 
R.S. Smith Manager, Treated Wood Department 

4.0 MATERIAL AND METHODS 

4.1 WOOD USED 

Freshly sawn western hemlock and amabilis fir lumber (2x4 inch) which was not antisapstain 
treated was supplied by Albemi Pacific Division, MacMillan Bloedel Ltd., Port Albemi, B.C. 
Thirty boards (3 feet long) were selected which exhibited brownstained endgrain to degree. 
Brown discolourations were also observed on the surfaces of some hem-fir boards. Because 
discolouration does not occur in every hem-fir board it was believed that boards with brown end 
stain would demonstrate that this material was more susceptible to hemlock brownstain. 

4.2 SAMPLING P R O C E D U R E 

A segment approximately two inches long was removed from the discoloured endgrain of selected 
hem-fir boards and discarded. Two 0.5 inch samples were then cut from the same end of the 
board and used for biological and chemical evaluations as outlined (Figure 1). Boards were 
randomly bulk piled outside and covered with polyethylene sheet on August 20, 1992. Two 
additional 0.5 inch samples were removed again from each hem-fir board after 4 weeks and 10 
weeks as described. At the end of this study heartwood and sapwood was differentiated on 
sections cut from each hem-fir board using Barton's reagent (1973b). 

4.3 MOISTURE CONTENT 

Moisture content (MC) of boards was determined gravimetrically from 0.5 inch segments taken 
after 0, 4 and 10 weeks of storage. Dry weight was obtained by oven-drying at 103 «*C. 



4.4 ASSESSMENT OF BROWN STAIN D U R I N G STORAGE OR A F T E R H E A T I N G 

End grain of hem-fir lumber was visually evaluated to determine the extent of brownstain during 
storage. At the end of each (0, 4,10 weeks) storage period each of the hem-fir segments (0.5 
inch) was heated (103 "C) to induce brown discolourations. Heating of hem-fir samples has been 
used to produce brown end stain and to identify boards susceptible to brown discolourations 
(Ellis, 1992; Smith, 1992). In this study oven-dried (103»C) hem-fir segments taken for moisture 
determinations were also used to evaluate brown end stain. The extent of brown end stain upon 
heating was graded as heavy (+ +), moderate (-I-) and no end stain (-). 

4.5 M E A S U R E M E N T OF pH 

The pH-values of 30 different hem-fir boards were determined at two (0, 4 weeks) time periods. 
Small samples were removed from heated (103 "»C) segments and wood meal (1 g) was prepared 
from these samples using a Wiley mill (40 mesh). Distilled water (20ml) was added to each 
sample which was then placed in a desiccator and held under vacuum for 30 minutes. The pH-
value was recorded with a Metrohm SM Titrino (Metrohm Ltd., Herisau, Schwitzerland) while 
stirring the sample. 

4.6 MICROSCOPIC EXAMINATIONS 

Small wood cubes were cut from 0.5 inch sections sampled (Figure 1) after 0, 4 and 10 weeks 
and stored in glass vials in a refrigerator (4 'C) until use. Thin sections (15 /im) were cut with a 
sliding microtome (American Optical Company, Buffalo, N.Y.) and mounted in lactophenol. Five 
rays were randomly selected to evaluate percentage of brownstain chromophores (% BS) and to 
record the presence of fungi and/or bacteria. A total of 50 ray cells (10 ray cells per ray) was 
examined. The presence of fungi and/or bacteria was also observed in tracheids. Phase 
microscopy was conducted using a photomicroscope (Zeiss microscope, Germany). 

4.7 WOOD E X T R A C T I O N 

A 0.5 inch section removed from each of the 30 different hem-fir boards after 0, 4, and 10 weeks 
of storage was sliced into small (2 mm thick) chips. These chips were placed in a glass jar (16 
oz.) into which approximately 250 ml of methanol was added. The jars were stored in a 
refrigerator (4''C) for 18 hours prior to extraction of the chips in an ultrasonic bath (Ultra sonic 
cleaner. Cole Palmer Instrument Company, Chigaco, 111) for 4 hours at room temperature. Each 
methanol extract was stored in a freezer prior to concentration in a rotary-evaporator at 
approximately 25 "C . The concentrates were then redissolved in 20 ml of methanol and stored in 
glass vials in a freezer. 

4.8 T R E A T M E N T OF WOOD E X T R A C T WTTH D M B A N D P A R E A G E N T 

Wood extract, collected from 30 different hem-fir boards which had been stored 4 and 10 weeks, 
was spotted on filter paper (Whatman #1) and each spot was reacted with a drop of 1% 
dimethoxybenzaldehyde reagent (DMB). This reagent has been reported to react specifically 
with flavan-3ols (e.g., catechin, epicatechin) and polymeric condensed tannins (Halloin, 1982; 



Mace and Howell, 1974; Kreber, 1993). The colour intensity of the reddish reaction product was 
rated as strong (++), moderate (+) or no reaction (-) after approximately 1.5 hours. 

A small amount (1 ml) of extract harvested after 4 and 10 weeks was transferred into a glass vial 
and treated with a mixture of n-butanol and concentrated hydrochloric acid (5:1). This solution 
(hereafter referred to as the PA reagent) has been reported to cleave interflavonoid bonds in 
proanthocyanidins and condensed tannins with subsequent oxidation to yield reddish, purple 
coloured anthocyanidins (Hemingway, 1989; Yazaki and Hillis, 1977). A drop of the P A reagent 
was added to each extract and the vial was then shaken for a short time. After a short (five 
minutes) incubation time the colour intensity of the anthocyanidin produced was visually rated 
using the grading system previously described. 

4.9 H P L C ANALYSIS OF WOOD E X T R A C T 

4.9.1 Equipment and Chemicals 

The H P L C equipment consisted of an SP 8700 X R ternary gradient pump, column oven, SP 4200 
integrator (Spectra Physics, San Jose, California), model 728 autosampler (Alcott 
Chromatography, Norcross, Georgia) and a model 783 U V detector (Kratos, Ramsey, New 
Jersey). Chromatographic separations were performed using a 4.6 mm x 250 mm stainless steel 
column packed with 5 n Spherisorb ODS 1. Acetonitrile B D H U V grade and acetic acid Baker 
H P L C grade were used. Water was prepared in house using a Millipore Milli Q Plus water 
purification system. Catechin and epicatechin were obtained fi-om Sigma (St. Louis, Mo.). Alpha 
and beta conidendrin were obtained (Crown Zellerbach, Camas, Washington, 1970). 
Coniferylaldehyde and dihydroconiferyl alcohol were synthesized from ferrulic acid. Liovil, 
matairesinol and hydroxymatairesinol were isolated from western hemlock sapwood extracts. 

4.9.2 Chromatographic Conditions 

Gradient elution, 10% acetonitrile (containing 0.5% acetic acid)/90% water to 20% acetonitrile 
(0.5% acetic acid)/70% water at 30 min. to 40% acetonitrile (0.5% acetic acid) / 60% water at 60 
min., was used to separate the nine model compounds (Figure 2). A flow rate of 1.0 ml/min. and 
a, column temperature of 50°C were maintained during the separation. A 10 jil injection of the 
nine compound mkture, containing approximately 0.25 - 0.5 ng of each component, was injected 
on the column and the effluent monitored at a wavelength of 280 nm. 

5.0 RESULTS AND DISCUSSION 

5.1 G E N E R A L OBSERVATIONS 

Three boards out of 30 hem-fir boards selected in this study were amabilis fir as verified by 
microscopical identification. Hem-fir lumber is sold as a species group mixture in which western 
hemlock represents the dominant species but the amabilis fir content can vary from 0-100%. 
Boards selected in this study were tested for sapwood, heartwood or both heartwood and 
sapwood using Barton's reagent (1973b). Heartwood/sapwood separation using Barton's reagent 
was inconclusive in some cases. This demonstrated that compounds which react with Barton's 



reagent were present in variable amounts in hem-fir wood. Cross-sectional variations in such 
compounds appear to obscure the heartwood/sapwood boundary and thus leading to an 
inconclusive heartwood /sapwood separation. 

5.2 OBSERVATIONS O N BROWN E N D STAIN OF H E M - H R L U M B E R 

In general, development of brown end stain in hem-fir lumber during outside storage, or upon 
heating of sampled segments, was recorded in the sapwood or at the sapwood/heartwood 
boundary as indicated by Barton's reagent (1973). TTiis observation agreed with reports fi-om 
earlier literature (Evans and Halvorson, 1962; Barton and Gardner, 1966). 

Heated (103'C) sections removed at the beginning (0 weeks) of the storage period produced a 
dark, brown discolouration in several specimens while other samples were much less discoloured 
or did not change their colour (Table 1). It was believed that these darkly discoloured specimens 
indicated boards which were highly susceptible to brownstain. This assumption was partially 
confirmed during the following 4 week storage period when end grain of some of these 
"susceptible boards" started turning brown within a few days or darkened considerably over time. 
Other pieces initially demonstrated as being considerably conducive to discolouration produced 
only slight brown discolouration on the end grain or produced no brownstain during storage (4 
weeks). In some instances heating (103 °C) of these slight or non-stained samples removed after 
4 weeks produced brown end stain (Table 2). Most of the segments indicated no discolouration 
at the initial evaluation (Table 1) producing no brown end stain during 4 weeks of storage or 
upon heating (Table 2). 

During the second (6 weeks) storage period end stain discolouration was observed only in one or 
two cases. Heating of sections (after 10 weeks) also produced stain in fewer boards and the 
intensity of the discolouration was generally less (Table 3). 

Grenerally, much lower ambient temperature and sporadic precipitation recorded during the 
second storage time may have contributed to a decrease in endgrain discolouration. Water 
movement was most likely reduced and thus a smaller amount of precursors to discolourations 
were transported to the wood surface. 

5.3 MOISTURE CONTENT OF H E M - H R L U M B E R D U R I N G S T O R A G E 

The moisture content (MC) of hem-fir boards generally decreased over a 10 week storage period; 
overall the M C ranged fi-om 25% to 85% (Table 3). Generally, segments taken from boards with 
a higher moisture content also developed more brownstain during storage (10 weeks) or upon 
heating (Table 1), but exceptions were noticed. For instance, board #13 showed an initial M C of 
131% and its end grain turned brown within several days of outside storage, leading to a very 
dark brown stain after 4 weeks. Thus it was believed that this particular board was highly 
susceptible to brownstain. However, no discolouration was observed after 10 weeks although its 
overall moisture content was above fibre saturation point (Table 3). This was surprising, for 
example, when compared to board #1 which demonstrated a dark discoloured region after 10 
weeks although the M C and microbial infestation appeared similar to sample #13. 



Table 1 
Initial Evaluation of Western Hemlock and Amabilis Fir Segments 

# Species Region* M C (%) Endstain*" B S ( % ) ' Infested*" 

1 hemlock HW/SW 104 + + 2 F 

2 hemlock HW/SW 58 + 26 -

3 hemlock SW 98 + + 66 B 

4 hemlock HW/SW 55 + 55 -

5 amabilis HW/SW 115 + 14 B 

6 hemlock ND« 107 + + 4 B 

7 hemlock N D 34 - 0 -

8 hemlock SW 58 - 10 F 

9 hemlock HW/SW 76 + + 28 -

10 hemlock HW/SW 81 + + 20 B 

11 hemlock HW/SW 59 - 78 F 

12 hemlock SW 60 - 36 -

13 hemlock SW 131 + + 0 -

14 hemlock HW/SW 47 - 62 

15 hemlock H W 31 - 56 F 

16 hemlock H W 27 - 86 -

17 hemlock HW/SW 32 - 58 F 

18 hemlock SW 45 + 10 F 

19 hemlock HW/SW 80 - 30 -

20 amabilis N D 115 • + 30 -

21 amabilis HW/SW 136 + + 2 -

22 hemlock HW/SW 110 - 20 

23 hemlock SW 58 - 56 -

24 hemlock N D 44 - 88 -

25 hemlock SW 93 + + 2 -

26 hemlock H W 58 - 40 F 

27 hemlock H W 86 18 -

28 hemlock H W 40 - 32 - • 

29 hemlock H W 32 - . 76 -

30 hemlock H W 32 - 38 -

a as indicated by Barton's reagent b = brown stain disfiguring the end grain of a segment 
HW = heartwood c = calculated by viewing 50 ray cell for evidence of brownstain 
SW = sapwood d = F - fungi; B - bacteria 
ND = indeterminate 



Table 2 

Evaluation of Western Hemlock and Amabilis Fir Segments After 
Four Weeks of Outside Storage 

Species Region M C (%) Endstain BS (%) Infested 

1 hemlock HW/SW 52 + + 36 B 
2 hemlock HW/SW 30 - 64 F 
3 hemlock SW 62 + 76 F 
4 hemlock HW/SW , 30 + 86 F 
5 amabilis HW/SW 54 + 54 -
6 hemlock ND 80 + + 50 F 
7 hemlock ND 20 - 28 F 
8 hemlock SW 37 - 44 F 
9 hemlock HW/SW 37 + 42 F 

10 hemlock HW/SW 54 + 70 B/F 
11 hemlock HW/SW 28 - 66 F 
12 hemlock SW 39 + 50 B 
13 hemlock SW 70 + + 4 B/F 
14 hemlock HW/SW 22 + 38 B/F 
15 hemlock H W 19 - 58 -
16 hemlock HW 20 - 90 -

17 hemlock HW/SW 21 - 88 F 
18 hemlock SW 24 72 B/F 
19 hemlock HW/SW 44 + + 62 B/F 
20 amabilis ND 52 + + 12 -

21 amabilis HW/SW 78 + 16 B/F 
22 hemlock HW/SW 54 - 8 -

23 hemlock SW 32 - 44 -
24 hemlock ND 24 - 66 F 
25 hemlock SW 40 + + 12 F 
26 hemlock HW 27 - 68 -
27 hemlock HW 58 - 52 F 
28 hemlock HW 22 - 78 -
29 hemlock HW 21 - 80 F 
30 hemlock HW 19 - 68 -



Samples with a relatively low initial moisture content (about 30%) did not develop surface 
brownstain during storage or upon being heating. Barton's reagent (1976) indicated that these 
boards contained heartwood only. However, all heartwood boards indicated brownstain 
chromophores in their parenchyma cells as verified by microscopical examination. Heartwood 
has not been reported to produce hemlock brownstain although wet heartwood (wetwood), which 
often occurs in trees of amabilis fir and western hemlock, has been suggested as predisposing 
hem-fir trees to discolourations (Bauch et al. 1975; Ward and Zeikus, 1980). Wetwood was not 
indicated in heartwood boards evaluated in this study as demonstrated by their M C . Two 
heartwood specimens #26 and #27) shov̂ dng a M C of 58% and 86%, but external brownstain 
was not recorded. This observation suggested that although free water was believed to transport 
potential precursors to the wood surface, other, unknown, factors seemed to control the extent of 
external brownstain discolourations. However, there is evidence fi-om this study that precursors 
to hemlock brownstain were present in normal heartwood and were capable of producing 
microscopical brownstain. 

Brown discolourations occurring in Abies sp. and Picea sp. lumber were linked to high moisture 
content of logs from which boards were produced (Lubbers and GroB, 1992). The authors 
noticed that brovmstain of lumber was considerably reduced when produced from logs stored for 
1 month and thus these logs then showed a lower MC. It appears reasonable to assume that 
movement of brownstain precursors to the wood surface was ultimately prevented around fibre 
saturation. Fluid movement between adjacent tracheids takes place through bordered pits 
(Panshin and De Zeeuw, 1980). Aspiration of bordered pits and furthermore encrustation of the 
pit membrane has been demonstrated in western hemlock following heartwood formation (Kozlik 
et a l , 1972; Gray et a l , 1983). This observation may have explained the presence of hemlock 
brownstain in heartwood as observed only on a microscopical level in this study. 

While pit aspiration was thought to impair fluid movement through wood the amount of oxygen 
increased within the wood substrate. Oxygen has been shown to play a role in brown stain 
discolouration occurring in European oak wood (Charrier et a l , 1992). Atmospheric oxidation 
potentially modified the molecular weight of wood constituents and decreased their mobility. 
Thus surface discolourations were reduced in hem-fir lumber. 

5.4 pH OF H E M - H R WOOD 

No difference in the mean pH was recorded between samples showing macroscopic brownstain 
and samples demonstrating microscopic discolouration only. A mean pH of 5.1 was recorded at 
the initial evaluation (0 storage time), but a slight increase in the mean pH (pH 5.5) was 
measured after 4 weeks. However, these values still agreed with reported p H values of amabilis 
fir and western hemlock wood in the literature (McNamara et al. 1970; Springer, 1983; Fengel 
and Wegener, 1984). 

A shift in pH from 5.5 to 7.5 was reported in reddish, brown discoloured lumber of Ilomba 
(Pycnanthus angolensis Exell.) and was traced to the presence of bacteria which were believed to 
trigger chemical reactions of some wood extractives (Starck et a l , 1984; Yazaki et a l , 1985; 
Bauch et a l , 1985). Predisposition of living trees to discolourations has also been linked to the 
pH being altered by bacterial infestation (Schink and Ward, 1984; Schmidt, 1986; Schmidt and 
Mehringer, 1989). Although bacteria (Evans and Halvorson, 1962; Whittaker, 1962; Barton and 
Smith, 1971) and fungi (Smith and Spence, 1987) have been implicated in the production of 
hemlock brownstain and microorganisms were also recorded in this study, there is no indication 



Table 3 

Evaluation of Western Hemlock and Amabilis Fir Segments 
After Ten Weeks of Outside Storage 

# Species Region M C (%) Endstain BS (%) Infested 

1 hemlock HW/SW 38 (64)» + + 44 F 
2 hemlock HW/SW 27 (33) - 48 F 
3 hemlock SW 39 (59) + 86 F 
4 hemlock HW/SW 16(41) - 78 F 
5 amabilis HW/SW 34 (74) + + 46 B 
6 hemlock N D 39 (56) + 80 B/F 
7 hemlock N D 28(35) - 4 _ 

8 hemlock SW 27 (32) - 62 _ 

9 hemlock HW/SW 41 (57) + 56 B/F 
10 hemlock HW/SW 36 (53) - 46 B/F 
11 hemlock HW/SW 29 (34) - 68 F 
12 hemlock SW 34 (36) - 30 _ 

13 hemlock SW 41 (66) - 38 F 
14 hemlock Hw/SW 22 (34) - 52 
15 hemlock H W 30 (31) + 72 _ 

16 hemlock H W 26 (30) - 68 _ 

17 hemlock HW/SW 24 (29) _ 80 
18 hemlock SW 24 (35) - 14 _ 

19 hemlock HW/SW 31 (39) - 54 B/F 
20 amabilis N D 48(85) + + 34 B 
21 amabilis HW/SW 38 (65) - 50 B/F 
22 hemlock HW/SW 45 (76) + 20 F 
23 hemlock SW 27 (37) - 54 F 
24 hemlock N D 27 (32) - 66 F 
25 hemlock SW 30 (41) - 46 F 
26 hemlock H W 24 (31) - . 58 F 
27 hemlock H W 40 (61) - 36 F 
28 hemlock H W 23 (31) - 66 _ 

29 hemlock H W 29(25) 80 
30 hemlock H W 29 (26) - 54 _ 

a - moisture content measured approximately one inch from the end of a hem-fir board 



that a significant change in pH occuned as a result of microbial infestation. Unfortunately, 
samples used for pH measurements contained internal brownstain and also indicated microbial 
infestation to a certain extent. Therefore, the lack of unstained and non-infested material may 
have provided invalid information regarding the significance of pH in brownstain discolouration. 
It is also possible that heating of samples used for pH determination caused pH changes. High 
temperature have been shown to considerably increase the free acid content in freshly felled 
birch wood (Packmann, 1960). While discolourations have been correlated to the p H of beech 
{Fagus sylvatica L.) sap (Schmidt and Mehringer, 1989), the pH of an ovendried substrate may 
not have corresponded to external hemlock brownstain in this study. 

5.5 MICROSCOPIC OBSERVATIONS ON THIN WOOD SECTIONS 

An attempt was made to correlate the percentage of brownstain in ray parenchyma cells with the 
presence of microorganisms, but several difficulties were encountered. A clear resolution of ray 
parenchyma cells was often impaired by the presence of brownstained chromophores and/or 
other small, granular particles. It was therefore not possible clearly to observe bacteria in ray 
parenchyma cells and similarly fungi were often seen only with great difficulty. Although sections 
were cut at a thickness of 12 to 15 Mm and examined with a phase microscope, transmission 
electron microscopy would be required to correlate more accurately brownstain discolouration to 
the presence of microorganisms (Nilsson, 1992). 

5.5.1 Examinations of Brownstain Chromophores 

Generally, brovmstain was found in most samples independent of wood species, heartwood and 
sapwood and time of examination. Patterns of brownstain agreed with recent observations 
(Kreber, 1993). It was interesting to notice that even at the initial examination (0 storage time) 
brownstain was already recorded in ray parenchyma cells to various degrees in all but six samples 
(Table. 1). Samples with no brownstain chromophores showed colourless globules instead and 
these individual globules were observed to aggregate in certain regions of ray cells (Figure 3) 
forming larger globules. It was also noticed that colourless globules could be stained with 
lactophenol aniline blue (Figure 3). 

The percentage of brownstain was increasingly observed after 4 weeks but appeared to be more 
variable after 10 weeks (Table 2, 3). However, the high frequent recording of brown 
chromophores even in freshly sawn lumber was surprising and indicated that production of 
brovmstain chromophores may have either been started during storage of the logs from which 
boards used in this study were produced, or soon after sawing of hem-fir lumber. To the best of 
our knowledge freshly sawn hem-fir boards employed in this study were stored approximately 10 
days prior to shipping to this laboratory. However, no information was available on the history 
of the logs used to produce the hem-fir lumber employed in the current study. 

The presence of brownstain discolourations in heartwood was not expected and has not been 
previously reported. As mentioned earlier, based on M C measurements, there was no indication 
that discoloured heartwood samples contained wetwood. Wetwood has been shovm to contain a 
much higher content of phenolics than normal heartwood (Schroeder and Kozlik, 1972; Bauch et 
a l , 1975; Ward and Zeikus, 1980). 

The mobility of potential brownstain precursors was indicated in this study and confirmed by 



recent observations (Kreber, 1993). Structures were observed showing an appendage which most 
likely originated from the cavity of a simple pit (Figure 4). Thus colour precursors appeared to 
become moulded in a simple pit, then immobilized and subsequently solidified. The loss of 
mobility of precursors appeared to occur prior to the production of brown chromophores. The 
conditions under which colourless globules changed into brown chromophores remained 
undetermined. 

5.5.2 Observations on Microorganism/Brownstain Relationship 

Microbial infestation was recorded at the very beginning in one-third of all hem-fir boards 
(Table 1). These values appeared to be high but agreed with results from past research (Smith, 
1992). It was not surprising that microbial infestation increased with storage time since boards 
were not antisapstain treated. Fungi were observed more often than bacteria during the 10 week 
storage period, but the presence of bacteria was also more difficult to identify. Generally, 
bacteria were observed in the lumen and in bordered pits of tracheids but could not be detected 
in ray parenchyma cells. 

Fungi in tracheids and ray parenchyma cells were often difficult to detect. However, a yellow-
browTi discolouration was noticeably associated with the hyphae in ray parenchyma cells (Figure 
5). Although in most cases hyphae were very thin, hyaline and sometiines "hidden" by a yellow-
brown stain the association of fungus with thds stain was consistently observed. With storage this 
particular fungus/brownstain relationship was found more often in ray parenchyma cells and the 
intensity of the stain increased. 

Isolates of O. piceae have been reported to cause brownstain under laboratory conditions (Smith 
and Spence, 1987). In a recent study (Kreber, 1993) fungi were frequently recorded in 
discoloured hem-fir samples. A yellow discolouration disfiguring oak heartwood has ako been 
linked to the presence of a mould (Bauch et aL, 1991). Based on microscopic observations there 
was some indication that fungi were able to induce brownstain in hem-fir lumber. There was no 
evidence, due to the limitations described, that bacteria produced brownstain in hem-fir lumber 
although the link has been suggested in past research (Evans and Halvorson, 1962; Whittaker, 
1962; Barton and Smith, 1971). The frequent occurrence of brownstain in ray parenchyma cells 
of fi-eshly sawn lumber which was apparently free of microorganisms may have indicated 
involvement of other unknown factors. Although microbial infestation of the living tree may have 
predisposed wood to hemlock brownstain, as shown in similar studies (Wong and Preece, 1978; 
Schink and Ward, 1984), speculation on this matter was beyond the scope of the current 
investigation. 

5.6 W O O D E X T R A C T T R E A T E D WITH D M B A N D P A R E A G E N T 

Filter papers treated individually with 30 extracts harvested fi-om 30 different boards which had 
been stored for 4 weeks produced a positive D M B reaction in most cases (Table 4). The 
intensity of the reaction to D M B varied considerably among extracts indicating different 
quantities of catechin type compounds. It was also noticed that extracts sampled fi-om heartwood 
(indicated by Barton's reagent (1973)) did not react with D M B under these experimental 
conditions. The D M B reaction which was repeated with extracts harvested after 10 weeks gave a 
positive reaction wdth only a few samples (Table 4). Furthermore the D M B reaction to wood 
extract was considerably less intense suggesting that catechin type compounds were present in 
much lower amounts. Again heartwood extract produced no reaction to D M B , agreeing with 



results obtained after 4 weeks. 

Heartwood extract from western hemlock has been reported to differ qualitatively and 
quantitatively from sapwood extract (Goldschmid and Hergert, 1960; Barton and Gardner, 1966). 
It is possible that catechin and epicatechin which have been demonstrated to be very sensitive to 
the D M B reagent (Mace and Howell, 1974; Kreber, 1993) were present in quantities below the 
detection levels of the D M B reagent. Catechin and epicatechin have been observed in sapwood 
and to a lesser extend in heartwood (Barton and Gardner, 1966). Although no quantitative 
analysis was conducted in this study, qualitative H P L C analysis indicated the presence of catechin 
and epicatechin in heartwood extract. It is also possible that heartwood was less permeable and 
thus less extractable due to blockage of pit membrane as indicated in past studies (Kozlik et a l , 
1972; Gray et aL, 1983). 

A decrease in reactivity to D M B of methanol extract harvested after 10 weeks may have been a 
result of pit aspiration impairing methanol extraction and/or polymerization of 
catechin/epicatechin type units, as a result of storage time. However, it is also possible that 
compounds produced from catechin type units lost their reactivity to the D M B reagent for some 
other reason(s). 

In most cases extract harvested from 30 different hem-fir boards after 4 weeks gave an intense 
red coloured reaction product when treated with the PA reagent. A less intense reaction was 
recorded to the P A reagent with extract harvested after 10 weeks (Table 4). There was some 
indication that heartwood extract harvested reacted less intensely to the P A reagent (Table 4) 
suggesting a lower yield of methanol soluble proanthocyanidins and their polymers. 

It is interesting to notice that proanthocyanidins and their polymers (condensed tannins) were 
observed in most of the harvested methanol wood extract. Potential precursors to hemlock 
brownstain have not yet been identified. The frequent occurrence of proanthocyanidins found in 
hem-fir extract in this study suggested their involvement in hem-fir discolourations as was 
indicated in past studies (Barton, 1973; Hrutfiord et aL, 1985) and in a recent study (Kreber 
1993b). 

5.7 H P L C ANALYSIS 

Generally, H P L C analysis of methanol wood extract harvested at different (0, 4,10 weeks) time 
periods demonstrated the vast variety of phenolic compounds present in wood of western 
hemlock and amabilis fir. In many cases 40 or more different phenolics were present in a extract 
and it is most likely that this number could be increased considerably by refining wood extraction 
and H P L C procedures. 

Several compounds which have been isolated from western hemlock in past investigations 
(Barton 1962; 1963; 1966; 1%7; 1970; Barton and Gardner, 1966) were found frequently in 
extracts investigated in this study (Figure 2). The presence of these known phenolics varied 
considerably between extracts, probably reflecting between-tree and crOss-sectional variations. 
Cross-sectional variations of naturally occurring phenolic constituents of western hemlock have 
been reported (Barton and Gardner, 1966) and were also observed in this study. For instance 
heartwood samples contained a higher content of alfa-conidendrin than sapwood sections as 
indicated by Barton's reagent (1973b). 

Qualitative H P L C analysis of methanol wood extracts harvested over time (0, 4,10 weeks) 
demonstrated a very distinct peak which corresponded to hydroxymatairesinol. In fact 



Table 4 

Treatment of Wood Extract Harvested From Western Hemlock 
and Amabilis Fir Segments After 4 and 10 Weeks With "DMB" 

and "PA" Reagent 
# Species Region D M B (4w) D M B (lOw) P A (4w) P A (lOw) 

1 hemlock HW/SW + + + 
2 hemlock HW/SW - - + 
3 hemlock SW + _ + . . . 

4 hemlock HW/SW - - + ND* 
5 amabilis HW/SW • - • + + 
6 hemlock N D + _ + 
7 hemlock N D + + + + + + + 
8 hemlock SW + + + 
9 hemlock HW/SW + + • + + 

10 hemlock HW/SW + + + + 
11 hemlock HW/SW + - + + 
12 hemlock SW + + + + 
13 hemlock SW + • + + + 
14 hemlock HW/SW + + + + + + 
15 hemlock H W - • 

16 hemlock H W - _ 

17 hemlock HW/SW - _ + + 
18 hemlock SW + + + + + 
19 hemlock HW/SW + - + + 
20 amabilis N D - + 
21 amabilis HW/SW + + + 
22 hemlock HW/SW + - + + 
23 hemlock SW + _ + 
24 hemlock N D - _ + + 
25 hemlock SW + + + 
26 hemlock H W - + 
27 hemlock H W - + 
28 hemlock H W • - _ + 
29 hemlock H W _ + 
30 hemlock H W - _ + + 

a = sample was not treated with the "PA" reagent. 



hydroxymatairesinol appeared to be the dominant compound in most of the methanol extracts of 
hem-fir independent of storage time. In most instances hydroxymatairesinol represented at least 
30% of the amount of all compounds detected. Variations in the hydroxymatairesinol content 
were observed between samples but there was no indication that these gradients were related to 
the heartwood/sapwood status of a sample. Hydroxymatairesinol has been described as occurring 
primarily in the heartwood of western hemlock (Barton, 1973a)Catechin and to a lesser extent 
epicatechin were almost always found in wood extracts of hem-fir. However, both extractives 
were present in small amounts independent of time of analysis. Brownstain chromophores have 
been believed to be built fi-om catechin units (Barton, 1968). The amount of monomeric 
catechin has been shown to decrease in western hemlock chips over time and has been correlated 
to loss in brightness (Hrutfiord et a l , 1985). In the current study brownstain was microscopically 
present in each of the hem-fir segments subjected to H P L C analysis and thus may have 
contributed to low yields in catechin and epicatechin. Quantitative H P L C analysis was not 
performed in the current study and therefore the role of catechin and/or epicatechin to 
browTiStain discolourations was beyond its scope. 

A phenylcoumaran was also indicated in extracts of hem-fir lumber in the current study, besides 
model compounds listed (Figure 2). Barton (1967) has provided some evidence that 
phenylcoumaran can occur as an aglycone or as a glucoside in western hemlock sapwood and he 
has tentatively determined the structure of the aglycone; he also indicated that these compounds 
are susceptible to further polymerization and could contribute to coloured products (Barton, 

6.0 CONCLUSIONS 

The common occurrence of condensed tannins recorded microscopically in both sapwood and 
heartwood indicated that precursors to hemlock brownstain were present independent of the 
cross-sectional region evaluated. The factors responsible for macroscopic, brown discolouration 
produced were not fully understood but moisture content was believed to influence the extent of 
colour disfigurations. 

H P L C analysis demonstrated the presence of large amounts of phenolics in hem-fir wood of 
which several were identified. Quantitative analysis of hem-fir wood extractives is needed to 
identify potential precursors of hemlock brownstain, but heartwood, sapwood and transition 
zones should be analyzed separately. 

The role of the potential of biological and chemical parameters to contribute to hemlock 
brownstain provided inconclusive information when monitored over time. This outcome was 
believed to be caused by the fact that material used in this study already showed brown 
discolourations on a microscopic level. 

More research is required to understand the cause(s) of hemlock brownstain. However, potential 
causal agents cannot be identified for certain when precise information about the history of 
freshly felled logs and their processing into lumber is unknown. 



7.0 REFERENCES 

Bailey, R.W. 1911. Oxidizing enzymes and their relation to "sap stain" in lumber. Botanical 
Gazett, vol.50. No. 26:142-147. 

Barton, G . M . 1962. Brown stain on hemlock lumber. Progress Rep. No. l . Canada Dept. of 
Forestry. Forest Products Laboratory, Vancouver, B.C. Proj. No. V-132-2. 7p. 

Barton, G . M . 1963. Conidendrin in floccosoids of western hemlocL For. Prod. J. 13(7):304. 

Barton, G .M. 1966. The presence of guaiacyl glycerol in western hemlock {Tsuga heterophylla 

(Raf.) Sarg.) sapwood. Bi-monthly Research Notes 22(4):6. 

Barton, G .M. 1967. The presence of a new phenylcoumaran in western hemlock (Tsuga 

heterophylla (Rat) Sarg.) sapwood. Bi-monthly Research Notes 23(3):21. 

Barton, G .M. 1968. Significance of western hemlock extractives in pulping and lumber. For. Prod. 
J. 18(5):76-80. 

Barton, G .M. 1970. New polyoxyphenols from western hemlock sapwood. Wood and Fibre 2:144-
150. 

Barton, G . M . 1973 a. The significance of western hemlock phenolic extractives m groundwood 
pulping. Tappi 56(5):115-118. 

Barton, G .M. 1973 b. Chemical colour tests for Canadian woods. Can. For. Ind. 93(2):57-60,62. 

Barton, G .M. and J.A.F. Gardner. 1962. The occurrence of matairesinol in mountain hemlock 
(Tsuga mertensiana), western hemlock (Tsuga heterophylla) and Balsam (Abies amabilis). 

J. of Org. Chem. 27:322. 

Barton, G . M . and J.A.F. Gardner. 1966. Brown stain formation and the phenolic extractives of 
western hemlock (Tsuga heterophylla (Raf) Sarg.). Canada Dept. of Forestiy Publ. No. 
1147. 20p. 

Barton, G . M and R.S. Smith. 1971. Brown stain in kiln-dried/lZ)ies amabilis lumber. Canada 
Dept. of Fisheries and Forestry Bi-Monthly Research Notes, Vol.27(3), May-June. 21-23. 

Bauch, J., W. HoU and R. Endeward. 1975. Some aspects of wetwood formation in fir. 
Holzforschung 29(6):198-205. 

Bauch, J., H . v.Hundt, G. Weifimann, W. Lange and H . Kubel. 1991. On the causes of yellow 
discolourations of oak heartwood (Quercus Sect. Robur) during drying. Holzforschung 
45(2):79-85. 

Bauch, J., O. Schmidt, Y . Yazaki and M . Starck. 1985. Significance of bacteria in the 
discolourations of Ilomba wood (Pycnanthus angolensis Exell). Holzforschung 39:249-252. 

Blake, D. 1992. Personal communication with B. Kreber. 



Charrier, B., J.P. Haluk and G. Janin. 1992. Prevention of brown discolouration in European 
oakwood occurring during kiln drying by vacuum process: Colourimetric comparative 
study with a traditional process. Holz als Roh und Werkstoff 52:433-437. 

Eades, H.W. 1943. Investigation of brown streak in western hemlock used for aircraft purposes. 
Canada Dept. of Mines and Resources, Project No. V-56. Ottawa. 5p. 

EUis, S. 1992. Personal communication with B. Kreber. 

Englerth, G.H. and J.R. Hansborough. 1945. The significance of the discolourations in aircraft 
lumber: noble fir and western hemlock. U S D A Forest Pathol. Spec. Release 24. For. 
Prod. Lab., Madison, WI. lOp. 

Evans, R.S. and H.N. Halvorson. 1962. Cause and control of brown stain in western hemlock. 
For. Prod. J. 12(8):367-373. 

Fengel, D and G. Wegener. 1984. Wood: chemistry, ultrastructure, reactions. Walter de Gniyter. 
Berlin, Germany. 613p. 

Goldschmid, O. and H.L. Hergert. 1960. Examination of western hemlock legnin precursors. 
Tappi 44(12):858-870. 

Gray, R.L., R.G. Rickey and H.L. Hergert. 1983. The influence of sapwood-heartwood conversion 
of bordered pit tori in western hemlock on bisulfite pulping. Wood and Fibre 15:251-262. 

Halloin, J .M. 1982. Localization and changes in catechin and tannins during development and 
ripening of cottonseed. New Phytol. 90:651-657. 

Hemingway, R.W. 1989. Reactions at the interflavonoid bond of proanthocyanidins. p. 265-283. 
IN: R.W. Hemingway and J J . Karchesy. Chemistry and Significance of condensed tannins. 
Plenum Press, New York, N.Y. 553p. 

Hrutfiord, B.F. and R. Luthi. 1981. Chemistry of oregonin. IN: Chemistry and morphology of 
wood and wood components. Int. Symp. on Wood and Pulping Chemistry, Stockholm. 
Vol. 1:95-96. 

Hrutfiord, B.F., R. Luthi and K F . Hanover. 1985. Colour formation in western hemlock. J. of 
Wood Chem. and Tech. 5(4):451-460. 

Kozlik, C.J., R.L. Krahmer and R.T. Lin. 1972. Drying and other related properties of western 
hemlock sinker heartwood. Wood and Fibre 4(2):99-lll. 

Kreber, B. 1993a. Phase 2. Microscopic examination of discoloured hem-fir wood. Forintek 
Canada Report, l i p . 

Kreber, B. 1993b. Phase 3. Evaluation of the potential of hem-fir wood extractives as colour 
precursors to "hemlock brownstain." Forintek Canada Report. 

Lubbers, P. and M . GroB. 1992. Entwicklung der Holzqualitat beregneter Fichten/Tannen nach 
der Auslagerung. Holzzentralblatt 118(132):2133,2136,2138. 



Mace, M.E. and C R . Howell. 1974. Histochemistry and identification of condensed tannin 
precursors in roots of cotton seedlings. Can. J. Bot. 52:2423-2426. 

McNamara, W.S., C E . Sullivan and J.C. Higgins. 1970. pH measurements on northeastern woods. 
Wood Science 3(1 ):48-51. 

Nilsson, T. 1992. Personal communication with B. Kreber. 

Packmann, D.F. 1960. The acidity of wood. Holzforschung 14(6):178-183. 

Schink, B. and J.C. Ward. 1984. Microaerobic and anaerobic bacterial activities involved in 
formation of wetwood and discoloured vvood. l A W A Bull. Vol . 5(2):105-109. 

Schmidt, O. 1986. Investigation on the influnce of wood inhabiting bacteria on the p H value in 
trees. Eur. J. For. Path. 16:181-189. 

Schmidt, O. and H . Mehringer. 1989. Bakterien im Stammholz von Buchen aus 
Waldschadensgebieten und Uire Bedeutung fiir Holzverfarbungen. Holz als Roh und 
Werkstoff 47:285-290. 

Schroeder, H.A. and C J . Kozlik. 1972. The characterization of wetwood in western hemlock. 
Wood Science and Tech. 6:85-94. 

Smith, R.S. 1992. Personal observations (unpublished). 

Smith, R.S. and R.J. Spence. 1987. Fungal involvement in hem-fir oxidative brown stain. Report. 
Forintek Canada Corp. Vancouver, B.C. Project No. 1743K207. 51p. 

Springer, E.L. 1983. Evaluation of chemical treatments of maintaining brightness of stored wood 
chips. Tappi J. 66(2):93-96. 

Starck, M . , J. Bauch and M . H . Simatupang. 1984. Characteristics of normal and discoloured wood 
of Ilomba {Pycnanthus angolensis Exell). Wood Sci. and Techn. 18:243-253. 

Ward, J.C. and J.G. Zeikus. 1980. Bacteriological, chemical and physical properties of wetwood in 
living trees, p. 135-165. IN: J. Bauch. Natural variations of wood properties. Mittg. der 
Bundesforschungsanstalt fiir Forst- und Holzwirtschaft 131. Hamburg-Reinbeck, Germany. 

Whittaker, E.I. 1%2. Brown stain on hemlock lumber. Progress Rept. No. 2: The significance of 
bacterial infection. Canada Dept. of Forestry, Forest Products Laboratory. Vancouver, 
B.C. Proj. Rept. V-132-2 lOp. 

Wong, W . C and T.F. Preece. 1978. Erwinia salicis in cricket bat willows: phenolic constituents in 
healthy and diseased wood. Phys. Plant Pathol. 12:349-357. 

Yazaki, Y . and W.E. Hillis. 1977. Polyphenolic Extractives in Pinus radiata bark. Holzforschung 

Yazaki, Y. , J. Bauch and R. Endeward. 1985. Extractive components responsible for the 
discolourations of Ilomba wood {Pycnanthus angolensis Exell). Holz als Roh und 
Werkstoff 43:359-363. 





Fresh-cut end 

Stored outside 
for 4 weeks 

3*Hem*firlumberi 

Stored for 
another 6 weeks 

Two 0.5" segments 
removed for 
initial evaluation 

Two 0.5" segments 
removed after 4 weeks 

Two 0.5" segments 
removed after 10 weeks 

2" discarded 

Microorganisms 
%BS 
Extraction 

Microorganisms 
%BS 
Extraction 

Microorganisms 
%BS 
Extraction 

MC 
Endstain 
pH 

MC 
Endstain 
pH 

MC 
Endstain 

Figure 1 Row chart showing sampling procedure of hem-fir boards to evaluate 
biological/chemical parameters over time. 



1 3 7 8 8 

2 

6 6 

L| 
1—' r 

i J 

I 1 — 1 I 

v. 
1 I I I I I 1 1 

0 10 20 30 40 SO 60 
Ttma (mln) 

Figure 2 Model compounds from hemlock wood. (1) catechin; (2) epicatechin; (3) 
dihydro-coniferyl alcohol; (4) liovil; (5) coniferyl aldehyde; (6) 
hydroxymatairesinol; (7) beta conidendrin; (8) alpha conidendrin; (9) 
matairesinol 

Figure 3 Tsuga heterophylla. Radial section (250x), colourless globules in ray 
parenchyma cells. 



Figure 4 Tsuga heterophylla. Radial section (250x), unidentified structure stained 
with lactophenol aniline blue showing an appendage as recorded in ray 
parenchyma cells. 

Figure 5 Tsuga heterophylla. Radial section (250x), hyphae of in yellow-brown 
stained parenchyma cell. 


