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ABSTRACT 

Hygroscopicity changes were observed in red maple blocks subjected to brown rot, white rot, and 
soft rot. Brown rot reduced hygroscopicity, soft rot increased hygroscopicity, and white rot showed 
no change in hygroscopicity. The effect of these changes on weight loss tests when using moisture- 
conditioned block weights is a slight overestimation of weight loss for brown rot, a slight underesti- 
mation for soft rot, and no apparent change for white rot. When comparing changes in hygroscopicity 
prior to oven-drying with those observed after oven-drying, there were no differences for white rot 
and soft rot, while for brown rot, the reduction in hygroscopicity was enhanced by oven-drying. 
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INTRODUCTION 

The most common method for assessing 
wood decay is the weight loss test. Weight loss 
is used to measure natural durability (ASTM 
1981), fungal decay capability and decay 
rates, preservative effectiveness, and as an in- 
dex for related strength loss. The basic test 
[((weight before-weight after)/weight be- 
fore)*100%] (Cartwright and Findlay 1946), is 
confounded by several variables: wood den- 
sity (Butcher and Nilsson 1982) (Nilsson and 
Daniel 1992), weight of fungal hyphae (Jones 
and Worrall 1995), and hygroscopicity (Cowl- 
ing 1961 ; Zabel and Morrell 1992). Either de- 
cay potential (% weight loss.origina1 density) 
(Butcher and Nilsson 1982) or decay suscep- 
tibility ((weight before-weight after)/original 
volume) better compare woods of varying 
densities, such as for comparing wood species 
for natural durability. The weight of fungal 

hyphae was shown to cause an underestimate 
of the actual mass of wood substance lost 
(Jones and Worrall 1995). Hyphal mass ac- 
counted for varying amounts of the total 
weight loss depending on decay type and 
wood type. 

The moisture-holding capacity of wood 
changes with decay (Cowling 1961). For 
weight loss methods using blocks conditioned 
to specified relative humidity (RH) conditions 
prior to and after decay (as opposed to oven- 
drying), such as ASTM D-2017, changes in 
hygroscopicity may cause different results 
than those obtained with blocks oven-dried 
prior to and after decay (Zabel and Morrell 
1992). The magnitude of such differences has 
not been determined. 

Different capacities to adsorb moisture are 
the result of unequal losses of, or changes in 
accessibility to, hygroscopic and hydrophobic 
cell-wall components during decay (Cowling 
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1961). Cell-wall components in order of de- 
creasing hygroscopicity are hernicelluloses, 
cellulose, and lignin (Christensen and Kelsey 
1959). Hygroscopicity of holocellulose in 
wood is influenced by its components; amor- 
phous cellulose is responsible for much of the 
moisture adsorption while crystalline cellulose 
is much less hygroscopic (Cowling 1961). 
Cowling (1961) indicated that for sweetgum 
sapwood, brown rot decreased hygroscopicity 
beginning at low weight losses, while white 
rot caused an increased hygroscopicity only at 
high (>40%) weight loss. When weighing 
blocks in a conditioned state (as opposed to 
oven-dry), the amount of conditioned weight 
composed of the moisture lost or gained due 
to the relative loss or gain of a particular com- 
ponent may result in a higher or lower weight 
loss determination than the actual amount of 
cell-wall component lost. This effect is prob- 
ably not critical for simultaneous white rot be- 
low about 40% weight loss, based on the re- 
sults of Cowling (1961), but may be critical 
at higher weight losses. For brown rot the de- 
crease in moisture-holding capacity could re- 
sult in significant overestimation of weight 
loss. Changes in hygroscopicity for soft rot 
have not been studied. 

Objectives of this study were to examine the 
effects of changes in hygroscopicity on weight 
loss determinations and to evaluate the mag- 
nitude of those effects. This study compared 
the hygroscopicity of brown-rotted, white-rot- 
ted, and soft-rotted wood both prior to and af- 
ter oven-drying. The use of moisture-condi- 
tioned block weights to determine weight loss 
was evaluated in comparison to using oven- 
dry block weights. 

METHODS 

Blocks (25 mm (radial) X 10 mm (tangen- 
tial) X 5 rnm (longitudinal)) of red maple 
(Acer rubrum L.), either all heartwood or all 
sapwood, were previously decayed by two 
methods: agar-block with sapwood feeder strip 
supports or agar-block with plastic mesh sup- 
ports (Anagnost and Smith 1997). The soft-rot 

fungus, Chaetomium globosum Kunze (P-591 
C. J. K. Wang, SUNY-ESF), the brown-rot 
fungus, Oligoporus placentus (Fr.) Gilbn. & 
Ryvarden (ED-19 Wang, SUNY-ESF), and the 
white-rot fungus Trametes versicolor (L.:Fr.) 
Pilht (P-7 1, Wang, SUNY-ESF) were provided 
by C. J. K. Wang at the State University of 
New York College of Environmental Science 
and Forestry (SUNY-ESF), Syracuse, New 
York. The cultures were grown for two weeks 
on 2% malt extract agar before inoculum plugs 
were placed in chambers. Eight blocks were 
exposed per treatment. Blocks were decayed 
for 2, 4, 6, 8, 12, and 16 weeks. 

Conditioned weight losses instead of oven- 
dry weight losses were utilized. Original block 
weights and post-decay block weights were 
obtained at 12% EMC (equilibrium moisture 
content) condition (35°C 65% RH), in order 
to determine any changes in hygroscopicity 
prior to oven-drying. The blocks were then 
oven-dried (24 h; 105" C) and weighed. To 
determine the effects of the different decay 
types on hygroscopicity after oven-drying, 
blocks were conditioned stepwise to three rel- 
ative humidity conditions, 40%, 68%, and 
80% in conditioning cabinets and weighed 
upon equilibration (typically 10 to 14 days). 
Throughout the test, reference blocks were 
kept in the conditioning cabinets and weighed 
frequently to monitor RH conditions. Weights 
of reference blocks varied ?0.2%. Because 
pre-decay oven-dry weights were not avail- 
able, and to compare weight losses of condi- 
tioned blocks to estimated oven-dry weight 
losses, estimated oven-dry weight losses were 
calculated by estimating original oven-dry 
weights with the following formula: 

post-decay 
oven dry weight 

weight loss (%) = 
pre-decay 12% (1) 

EMC \eight/(l + 0.1 153) 

where the original oven-dry weight was es- 
timated as pre-decay 12% EMC weight / (1 
+ 0.1 153), and the mean moisture content 
of the control blocks at 12% EMC was 
11.53%. Weight losses of the test blocks 
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were adjusted for the control block weight 
loss. 

A means separation test, the small sample 
t-test, was applied, and 95% confidence in- 
tervals were determined to test significant 
differences in moisture-holding capacity. 

RESULTS 

Brown-rotted heartwood and sapwood 
showed significant decreases in hygroscopicity 
following oven-drying that were increasingly 
apparent at higher relative humidity conditions 
(Figs. 1 and 2).l White-rotted blocks showed 
no significant change in hygroscopicity after 
oven-drying (Figs. 1 and 2) regardless of 
wood type. Soft-rotted blocks showed a slight, 
significant increase in hygroscopicity (Figs. 1 
and 2). Changes in hygroscopicity were simi- 
lar for sapwood and heartwood, which corre- 
sponds to the similar low decay resistance ob- 
served for red maple by Anagnost and Smith 
(1997). All moisture-conditioned weight 
losses were significantly different from control 
(non-decayed) block weight losses (Anagnost 
and Smith 1997). 

' For Figures 1 and 2, the letters above the bars indicate 
significant differences in the means of eight replicate test 
blocks using the small sample t-test. Ninety-five percent 
confidence intervals were calculated as x lr to,, where to,, 
= 2.365 (standard deviation)ld8. 

FIG. I. Hygroscopicity after oven-drying of brown rot, 
white rot, and soft rot of maple sapwood (a and c) and 
heartwood (b) in feeder strip cultures. a. At similar weight 
losses (brown rot, 12.5%; white rot, 12.8%; and soft rot, 
10.5%) with exposure times of 8 weeks, 6 weeks, and 16 
weeks, respectively, brown rot showed significant reduc- 
tions in hygroscopicity. White rot showed no change in 
hygroscopicity, while soft rot showed a significant in- 
crease in hygroscopicity. b. Hygroscopicity of brown rot, 
white rot, and soft rot of maple heartwood at similar 
weight losses (5.2%. 5.8%, and 6.8%, respectively) at 12 
weeks' exposure. Brown rot showed a significant reduc- 
tion in hygroscopicity. c. Hygroscopicity of brown rot and 
white rot at higher, similar weight losses than in Fig. 1 
(24.5% and 24.3%). Time of exposure was 16 weeks for 

a. Sapwood - moderate weight losses 
16 1 1 

Relative Humidity (%) 

-CONTROLS BROWN ROT 0 WHITE ROT SOFT ROT 

b. Heartwood - moderate weight losses 

40 68 80 

Relative Humidity (%) 

=CONTROLS BROWN ROT 0 WHITE ROT [81 SOFT ROT 

c. Sapwood - higher weight losses 

40 68 80 

Relative Humidity (%) 

CONTROLS BROWN ROT 0 WHITE ROT 

brown rot and 8 weeks for white rot. Only brown rot 
showed any significant difference in hygroscopicity. 
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a. Sapwood in plastic mesh cultures 
16 I 

Relative Humidity (%) 

CONTROLS BROWN ROT 0 WHITE ROT SOFT ROT 

b. Heartwood in plastic mesh cultures 
16 I 

40 68 80 

Relative Humidity (%) 

CONTROLS BROWN ROT 0 WHITE ROT IX] SOFT ROT 

FIG. 2. Hygroscopicity differences for maple sapwood 
(a) and heartwood (b) decayed in plastic mesh cultures. a. 
Hygroscopicity of brown rot, white rot, and soft rot of 
maple sapwood at 16 weeks. At similar weight losses 
(brown rot, 10.8%; white rot, 8.7%; and soft rot, 8.8%) 
soft rot showed significant increases in hygroscopicity at 
65% and 80% RH. Brown rot showed significant decreas- 
es in hygroscopicity at all RH's. White rot showed no 
change in hygroscopicity. b. Hygroscopicity of brown rot, 
white rot, and soft rot of maple heartwood at similar 
weight losses (8.1%, 7.1%, and 7.9%. respectively) at 6, 
12, and 16 weeks, respectively. Soft rot and white rot 
showed no change, while brown rot showed a significant 
decrease in hygroscopicity. 

Prior to oven-drying, the hygroscopicity of 
blocks subjected to brown rot decreased only 
slightly (Fig. 3a). After oven-drying, however, 
the reduction in hygroscopicity from brown 
rot was of greater magnitude beginning at 
about 5% weight loss (Fig. 3a). White-rotted 
blocks showed no significant changes in hy- 
groscopicity before or after oven-drying at up 
to 44% weight loss (Fig 3b). Soft-rotted sap- 
wood blocks from feeder strip cultures showed 
similar increases in hygroscopicity both prior 
to and after oven-drying for weight losses 
greater than 10% (Fig. 3c). 

For brown rot at low weight losses, condi- 
tioned weight losses were greater than esti- 
mated oven-dry weight losses (Fig. 4a). These 
differences, however, were not great. For ex- 
ample, at 16% oven-dry weight loss, the con- 
ditioned weight loss is 4% greater or 16.6%. 
At 10% oven-dry weight loss, the conditioned 
weight loss is 8% greater or 10.8%. 

For white rot, below 10% weight loss, con- 
ditioned weight losses were slightly lower 
than oven-dry weight losses (Fig. 4b). For in- 
stance, at 7% oven-dry weight loss, the con- 
ditioned weight loss was 10% less or 6.5%. At 
higher weight losses, differences were less. At 
42% oven-dry weight, the conditioned weight 
was 1% less or 41.5%. 

Soft rot showed a trend similar to white rot 
at lower (<lo%) weight loss (Fig. 4c). At 
10% oven-dry weight loss, the conditioned 
weight loss is 4% less or 9.6%, while at 7% 
oven-dry weight loss, the conditioned weight 
loss is 5% less or 6.6%. 

DISCUSSION 

Wood hygroscopicity is influenced by the 
moisture-holding capacity of its three major 
components: cellulose, hemicelluloses, and 
lignin. Reductions in hygroscopicity are most 
likely caused by greater removal of arnor- 
phous cellulose and hemicelluloses relative to 
lignin and crystalline cellulose. The trends ob- 
served here after oven-drying are similar to 
those observed by Cowling (1961) on ground 
wood meal after drying. The rapid reduction 
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a. Brown rot 

WEIGHT LOSS (%) 

c. Soft rot 

b. White rot 
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in hygroscopicity at early stages of brown rot 
reflects a rapid consumption of amorphous 
cellulose (Cowling 1961). 

Weight loss determinations using moisture- 
conditioned weights instead of oven-dry 
weights are influenced by the changes in hy- 
groscopicity caused by decay. The effects of 
decay on hygroscopicity prior to oven-drying 
are of concern when using weight loss meth- 
ods that use conditioned weights (Zabel and 
Morrell 1992). Cowling (1961) studied the ef- 
fects of decay on hygroscopicity after oven- 
drying. These effects prior to oven-drying 
have not been widely investigated. 

Brown-rotted blocks showed only a slight 
reduction in hygroscopicity prior to oven-dry- 

, ing. This contradicts the greater reductions ob- 
served in brown-rotted blocks after oven-dry- 
ing here and by Cowling (1961 ). This also 
contradicts the rapid removal of amorphous 
cellulose at early stages described by Cowling 
(1961) to explain reductions in hygroscopicity. 
It is unclear why similar decreases in hygro- 
scopicity both prior to and after oven-drying 
were not observed. Winandy and Morrell 
(1993) noted a reduction in some hernicellu- 
loses with little change in the glucan compo- 
nent at low weight losses from brown rot. 
However, if their results are corrected for total 
weight loss, a considerable amount of glucose 
was removed, the source of which was either 
cellulose, hemicellulose, or both. Cellulose 
crystallinity remains intact at early stages of 
decay by brown-rot fungi, based on X-ray dif- 
fraction analysis (Cowling 196 1). I-Iowever, at 
early stages, there is also a marked reduction 
in the degree of polymerization of cellulose 
with a 50% reduction at 4% weight loss 
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FIG. 3. Hygroscopicity both before (moisture-condi- 
tioned) and after oven-drying for brown rot (a), white rot 
(b) and soft rot (c). The letters next to each point indicate 
significant differences in the means of eight replicate test 
blocks using the small sample t-test. Ninety-five percent 
confidence intervals were calculated as x + 1,025 where 
t . 0 2 ~  = 2.365 (standard deviation)ld8. a. Brown rot 
caused reductions in hygroscopicity that were more ap- 

0 6 10 15 20 25 30 35 40 45 

WEIGHT LOSS (%) 
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parent at higher relative humidity condirions. Note that 
the hygroscopicity of the moisture-conditioned blocks 
changed only slightly with increasing wcighl loss. b. For 
white rot, no significant changes in hygroscopicity were 
observed either before or after oven-drying. c. For soft 
rot, increases in hygroscopicity were ohyerved at 16 
weeks; 10% weight loss. These changes were similar both 
before and after oven-drying. 
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E a. Brown rot 

ii OVEN DRY WEIGHT LOSS (%) 

F b. White rot 

ii OVEN DRY WEIGHT LOSS (%) 

tS 
U )  

c. Soft rot 
9 20, I I I 

0 OVEN DRY WEIGHT LOSS (%) 

(Cowling 1961). This, along with the loss of 
hemicelluloses (Winandy and Morrell 1993), 
is believed to be the cause of the rapid strength 
losses observed at early stages of brown rot. 
Brown rot is thought to involve very small 
degrading agents, which are smaller than en- 
zymes and are capable of infiltrating the cell 
wall and causing rapid depolymerization of 
cellulose (Flournoy et al. 1991; Srebotnik and 
Messner 1991). The relatively small change in 
hygroscopicity prior to oven-drying in brown- 
rotted wood may be the result of the formation 
of minute pores in amorphous and crystalline 
cellulose, which results in an increase of sorp- 
tion sites. This phenomenon, balanced by loss 
of amorphous cellulose and hemicelluloses, 
may cause a net hygroscopicity change of near 
zero. Upon oven-drying, however, bonding 
occurs in these sites of early decay, with the 
remaining intact carbohydrates forming hydro- 
gen bonds. When moisture is reintroduced, 
these sites that previously adsorbed water are 
unavailable. 

For soft rot, the observed increase in hy- 
groscopicity was probably due to the increase 
in surface area as a result of cavity formation. 
Many of these sites would be available both 
prior to and after oven-drying. Chemical anal- 
ysis of blocks exposed to soft rot fungi have 
shown removal of all cell-wall components to 
varying degrees (Eslyn et al. 1975; Worrall et 
al. 1997), but the greatest reductions generally 
occur in cellulose. This would indicate that 
soft rot is localized at the sites of cavity for- 
mation and the remaining wall remains rela- 
tively unattacked. 

FIG. 4. Comparison of weight loss determinations. 
The conditioned weight loss is expressed as a percentage 
of oven-dry weight loss. Note that the x axis varies. a. 
Brown rot above 5% weight loss shows a 0 to 7% differ- 
ence between conditioned and oven-dry weight loss de- 
terminations, with conditioned weight losses greater than 
oven-dry. b. White rot from 5 to 10% weight loss shows 
a 0 to 10% difference. c. Soft rot from 5 to 10.8% weight 
loss shows 0 to 5% difference, with conditioned weight 
losses being less than oven-dry. 
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Trametes versicolor, a simultaneous white- 
rot fungus, has been shown to remove all cell- 
wall components at a somewhat equal rate 
compared to brown rot (Kirk and Highley 
1973). The net change of zero in hygroscopic- 
ity indicates equal removal of wood compo- 
nents, at least at the weight losses observed in 
this study (maximum 44%). 

Certain weight loss decay determination 
methods, such as ASTM D-2017, use condi- 
tioned weights rather than oven-dry weights. 
This study indicates that unbalanced removal 
of cell-wall components results in lower or 
higher than actual weight losses when using 
conditioned weights. For brown rot, higher 
weight losses were obtained using conditioned 
weight loss rather than oven-dry weight loss 
because post-decay weights were slightly low- 
er relative to pre-decay weights due to a de- 
crease in hygroscopicity; however, the mag- 
nitudes of these differences are small. If the 
reductions in hygroscopicity evident following 
oven-drying had been apparent prior to oven- 
drying, the magnitudes of the differences in 
weight loss would have been much greater. 

CONCLUSIONS 

Weight loss methods using moisture-condi- 
tioned blocks instead of oven-dry blocks are 
influenced by changes in hygroscopicity. 
Though these changes are slight, they should 
be taken into account when performing critical 
measurements such as chemical analysis. For 
brown rot, weight loss was slightly overesti- 
mated, for white rot no difference was ob- 
served, while for soft rot, weight losses were 
slightly underestimated using the moisture- 
conditioned method. Brown-rot hygroscopici- 
ty prior to oven-drying changes only slightly, 
while it is reduced significantly after oven- 
drying. This may reflect a change in the po- 
rosity of crystalline cellulose at low weight 
losses. 

REFERENCES 

AMERICAN SOCIETY FOR TESTING AND MATERIALS (ASTM). 
1981. Accelerated laboratory test of natural decay re- 
sistance of woods. Standard D-2017. ASTM Book of 
Standards Section 4, Philadelphia. PA. 

ANAGNOST, S. E., AND W. B. SMITH. 1997. Comparative 
decay of red maple heartwood and sapwood. Wood Fi- 
ber Sci. 29(2): 189-1 94. 

BUTCHER, J., AND T. NILSSON. 1982. Influence of variable 
lignin content amongst hardwoods on soft-rot suscep- 
tibility and performance of CCA preservatives. The In- 
ternational Research Group on Wood Preservation Doc- 
ument No. IRGMIPII 151, Stockholm, Sweden. 

CARTWRIGHT, K. ST. G., AND l? K. FINDLAY. 1946. Decay 
of timber and its prevention. His Majesty's Stationary 
Office, London, UK. 

CHRISTENSEN. G. M., AND K. E. KELSEY. 1959. The sorp- 
tion of water vapor by the constituents o f  wood. Holz 
Roh Werkst. 17(5): 189-202. 

COWLING, E. B. 1961. Comparative bioche~nistry of the 
decay of sweetgum sapwood by whitc-rot and brown- 
rot fungi. USDA Forest Serv. Tech. Bull. No. 1258, 
Madison, WI. 79 pp. 

ESLYN, W. E:., T. K. KIRK, A N D  M. J. E~IZLAND. 1975. 
Changes in the chemical compostition ol wood caused 
by six soft-rot fungi. Phytopathology 65:473-476. 

FLOURNOY, D. S., T. K. KIRK, AND T. L. HICHLEY. 1991. 
Wood decay by brown rot fungi: Changes in pore struc- 
ture and cell wall volume. Holzforschung 45(5):383- 
388. 

JONES, H. L., AND J. J. WORRALL. 1995. Fungal biomass 
in decayed wood. Mycologia 87(4):459-,466. 

KIRK, T. K., AND T. L. HIGHLEY. 1973. Quantitative 
changes in structural components of conifer woods dur- 
ing decay by white- and brown-rot fungi. Phytopathol- 
ogy 63: 1338-1342. 

NILSSON, T., AND G. DANIEL. 1992. On the use of % 
weight loss as a measure for expressing results of lab- 
oratory decay experiments. The International Research 
Group on Wood Preservation Document No. IRGMIPI 
2394-92, Stockholm, Sweden. 

SREBOTNIK, E., AND K. MESSNER. 199 1. Irnmunoelectron 
microscopical study of the porosity ol' brown-rot de- 
graded pine wood. Holzforschung 45(2 ):~~5-101. 

WINDANDY, J. E., AND J. J. MORRELL. 1903. Relationship 
between incipient decay, strength, and chemical com- 
position of Douglas-fir heartwood. Wood Fiber Sci. 
25(3):278-288. 

WORRALL, J. J., S. E. ANAGNOST, AND R. A. ZABEL. 1997. 
Comparison of wood decay among diverw lignicolous 
fungi. Mycologia 89(2):(in press). 

ZABEL, R. A,, AND J. J. MORRELL. 1992. Wood microbi- 
ology. Academic Press, Inc., San Diego, CA. 476 pp. 




