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Observations of Moisture Distribution in Fraxinus 

mandshurica var. japonica Maxim. and Kalopanax 

pictus Nakai with Soft X -ray Photography.· 
By 

Yuzou SANO·· and Kazumi FUKAZAWA·· 

ikXij\ljt:i!:tJH: J: .Q ~1- ~ ~ (Fraxinus mandshurica var. japonica Maxim.), 

/" I) ~ I) (Kalopanax pictus NAKAI) (7)*%%:;fpC7)WI.~. 

Abstract 

The authors investigated the moisture distribution of Fraxinus mandshurica var. 
japonica and Kalopanax pictus. In F. mandshurica var. japonica, the heartwood contained 
more moisture than the sapwood. The re-wetting in the heartwood was limited at the 
inner layer of the sapwood-heartwood boundary. The moisture distribution in the heart­
wood differed between trees, and even within a tree. In K. Pictus, the moisture content 
steadily decreased from the outermost area inward, without an abrupt change near the 
border of the heartwood. In both species, areas around dead branches, knots and wounds 
had considerably higher moisture levels. Each species has been grouped into different 
types from a point of view of their moisture content distribution in past works, but these 
species also share a common characteristic in their moisture distribution. 

Key words: moisture distribution, moisture content, wetwood, soft X-ray photography, 
angiosperm species. 

1. Introduction 

Moisture distribution in a tree trunk varies with the species, especially among angio­
sperm species. In gymnosperm and many angiosperm species, dehydration occurs during 
the transformation of sapwood to heartwood. On the other hand, re-wetting occurs with 
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the tranformation in some angiosperm species. In these species, the moisture content 
increases sharply at the sapwood-heartwood boundary (SMITH and GOEBLE 1952, BENIC 
1957, GIBBS 1958, YAZAWA 1964, YAZAWA and ISHIDA 1965a, b, STEWART 1967, HILLIS 1987). 

Although moisture content sharply increases in the heartwood at the sapwood-heart­
wood boundary in some angiosperm species, it is unclear whether the re-wetting complete­
ly corresponds with the heartwood transition or not, because these findings were obtained 
only from the measurement of wood blocks having radial width. On the other hand, it is 
also unclear whether the dehydration occurs corrsponding with the heartwood transition or 
not in angiosperm species having dry heartwood, as is the case with gymnosperm species. 

Soft X -ray photography can be used to show the moisture distribution of wood (ISHIDA 
et al. 1967). The method has the advantage that the moisture localization at the tissue 
level can be ascertained by enlarging the photographs. Recently, LEE (1988), KON (1985) 
reported significant findings about wetwood distribution in Poplus maximowizii and some 
other species growing in Hokkaido, respectively, using soft X-ray photography. It is 
expected that the problem described above will be resolved and the pattern of moisture 
localization, which is hardly known yet, will be clarified. 

Fraxinus mandshurica var. japonica has heartwood containing more moisture than the 
sapwood (YAZA W A and ISHIDA 1965a, b). On the other hand, Kalopanax pictus has heart­
wood containing less moisture than the sapwood (Y AZA W A 1964). These species have 
different patterns of moisture content distribution although both species are ring porous 
wood. Thus, the authors examined the moisture distribution of these two species mainly 
with soft X-ray photography. Not only the typical radial distribution in trunks without 
defects, but also the areas around branches, knots, wounds and other defects, were 
examined. 

2. Materials and Methods 

Two Fraxinus mandshurica var. japonica trees and two Kalopanax pictus trees, grown 
in the Nakagawa Experiment Forest of Hokkaido University, were felled on December 12, 
1988 and January 11, 1989, respectively. Each sample tree, except for tree No.4, had been 
bored with an increment borer during the last growing season for an other purpose. 
Heights and diameter of the sample trees are shown in Table. 

Immediately after felling, each tree was cut into logs having one meter lengths, and the 
cutting surfaces were coated with vaseline. After freezing the logs, disks of about 3mm 
in thickness were serially obtained at 20 to 30cm intervals with a disc saw. In addition, 
some transverse or longitudinal sections of about 3mm in thickness, that included living 
and dead branches, knots or other defects, were also obtained from the sample trees. The 

Table Sample trees used in this study 

Sample trees Height D.B.H. Notes 

Fraxinus No.1 10.5m gem 
mandshurica Planted in 1954. 
var. japonica No.2 10 m gem 

Kalopanax No.3 11 m 1gem 

pictus Both trees had about 60 annual rings at the butt. 
No.4 8.5m 11em 
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green disks and sections were placed on film covered with a sheet, and irradiated at 18kV 
and 5mA for 210 seconds. The dried disks were also irradiated in the same manner. 

At the time of the sectioning of the disks described above, wood disks and pieces that 
were 1cm thick, were taken from the neighbouring xylem of the disks and the sections of 
about 3mm in thickness. The samples were cut into small pieces of a reasonable size: the 
sapwood and heartwood were each divided into three pieces. The pieces were weighed 
immediately after the cutting and oven dried at 105·C for 24 hours. Then, the moisture 
content as a percentage of oven dry weight (MCd) was determined. 

Moisture content of dense wood will become lower than that of light wood even in the 
case that both wood contains same amount of water and have same volume, if the moisture 
content is expressed as a percentage of the dry weight (CHALK and BIGG 1956). Thus, 
moisture content as a percentage of saturated water (MCs) was also determined about 
wood sections, in which the density was quite variable such as those from areas around 
knots. After the weighing of green wood, the wood pieces were saturated with water in 
a deccicator using a vacuum pump to achieve a constant weight. Then, the surface water 
was blotted off, the samples were re-weighed and MCs was determined. 

3. Results 

3.1 Moisture distribution in F. mandshurica var. japonica 

As a rule, heartwood contained more moisture than sapwood. MCd of the sapwood 
ranged from 35 to 55% and that of the heartwood was from 55 to 110%. Fig. 1 shows the 
moisture content distribution in the trunk of tree No.1, from the butt to a 1.25 meter 
height. As a rule, the moisture content of heartwood is higher than that of sapwood. The 
pattern of moisture content distribution near the butt, in which heartwood did not develop, 
is invariable at approximately 50% as MCd. 

The appearance of moisture distribution in the heartwood wa:s variable among the tree 
heights. Figs. 2-5 show the moisture distributions at 0.7, 1.2, 1.8 and 2.5 meter heights, 
respectively. At 0.7 meter height, the soft X-ray absorbance of the green heartwood was 
uniformly high, signifying that the heartwood become wet evenly (Fig. 2). However, the 
heartwood partly became wet at higher levels and the ratio of the wetwood reduced with 
the increase of the tree height (Figs. 3-5). At 2.5 meter height, only the outer heartwood 
and the areas around internal cracks became wet (Fig. 5). 

The re-wetting in the heartwood did not always correspond with the color change 
from the sapwood to heartwood, and was limited to a few annual rings inner layer from the 
sapwood-heartwood boundary in many cases. This is evident near the butt at which the 
heartwood did not so develop (Figs. 6, 7). Fig. 6 shows a transverse view of the moisture 
distribution at 45cm height of the trunk of tree No.1. The re-wetting is limited to inner 
layer from the sapwood-heartwood boundary in the areas pointed out by arrows. Fig. 7 
shows the longitudinal view of the moisture distribution below the transverse section 
shown in Fig. 6. The re-wetting is notable only in the upper area of the heartwood shown 
in the photograph and is not found in the lower part of the heartwood. This feature was 
also observed at higher parts of the trunk (Fig. 8). Fig. 8 shows an enlarged view of a part 
of Fig. 2. The weteood development is limited to one or two annual rings inner layer from 
the sapwood-heartwood boudary. 

At the junction of a living branch, the moisture distribution shows the same pattern as 
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Fig.l Moisture content of tree No.2 (Fraxinus mandshurica). Area 
shown by screen expresses heartwood region. In this tree, 
heartwood was not formed in portion below D.4m height. 
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that in tree trunks without branches (Fig. 9). However, areas around dead branches, knots 
and wounds, became quite wet (Figs. 10, 11). Fig. 10 shows a longitudinal section including 
knots at about 6m height of tree No.2. Areas around knots become wetter than the 
neighbouring area. Fig. 11 shows a transverse section including a bore hole made with an 
increment borer. The layer along the bore hole become wetter than the neighbouring 
areas. 

Wetwood existed even in the sapwood below the level of about 0.7m height (Figs. 2,8, 
12-14). The wetwood developed with the decrease of the tree heights. Wetwood form· 
ation in sapwood was observed only in tree No. I, and not in tree No.2. 

3.2 Moisture distribution in K. pictus 
In most cases, the heartwood contained less moisture than the sapwood. MCd of 

sapwood blocks sampled ranged from 60 to 120% and that of the heartwood was from 40 
to 110%. 

Dehydration did not suddenly occur with the transition from sapwood to heartwood, 
but rather gradually occured. Fig. 15 shows the moisture content distribution of tree No. 
3. In general, the moisture content gradually decreased from the outermost layer to the 
innermost layers although this tendency displayed some partial irregularities. Fig. 16 
shows a transverse view of a section without branches and other defects. The dehydration 
occurs from the outermost layer inward in a trunk independently of the distinction between 
sapwood and heartwood, developing from earlywood to latewood in an annual ring, as a 
rule. However, local re-wetting occured here and there independently of the distinction 
between sapwood and heartwood. At the junction of a living branch, the pattern of 
moisture distribution was the same as that of areas of the trunk without branches, namely 
dehydration steadily advanced from the outermost layer inward. 

Wetwood was found in areas around dead branches, knots, wounds and other defects. 
Fig. 17 shows the moisture distribution of a transeverse section having a dead branch and 
Figs. 18, 19 show those of longitudinal ones above and below the dead branch shown in Fig. 
17, respectively. Wetwood is formed around the rotted dead branch and developes in both 
areas above and below the dead branch. Figs. 20, 21 show the moisture content distri· 
bution of the layers adjoining the wood sections shown in Figs. 18, 19, respectively. MCs 
in the outer heartwood is higher than that of the sapwood transversely and increases as the 
area of the dead branch is approached longitudinaly, although the same tendency is not 
necessarily observed for MCd. 

Wetwood was also found in areas around wounds. Fig. 22 shows a transverse section 
including a bore hole made with an increment borer. The section become wholly saturated 
in contrast to the section without wounds shown in Fig. 16. Earlywood vessels are filled 
with water in the layer along the bore hole. The opposite side of the figure shows the 
same pattern as the area without wounds and dead branches shown in Fig. 16. The water 
accumulation in the side having the bore is also noticed in Fig. 15, namely MCd in the side 
including bores became significantly higher than in the opposite side. 
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Fig.20 Moisture content distribution in an area above a dead branch in 
tree No.4 (Kalopanax pictus). 
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Fig.21 Moisture content distribution in an area blow a dead branch in 
tree No.4 (Kalopanax pictus). 

4. Discussion 

The result obtained in this study that the heartwood moisture content is higher than 
that of the sapwood in F. mandshurica var. japonica, agreed with that reported by Y AZAW A 
and ISHIDA (1965a, b). However, the moisture contents were inconstant in the heartwood. 
In addition, it was shown that the moisture distribution in heartwood varied between the 
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trees, and the amount of moisture itself decreased with the increase in the tree heights 
within the sample trees examined in this study. Y AZAWA and ISHIDA (1965a) mentioned 
that there was a tendency for the values of the moisture content to decrease with increases 
in tree heights in some trees, and attributed the cause to the increase in specific gravity 
with the increases in the tree heights. 

In K. pictus, the average moisture content of heartwood is lower than that of sapwood, 
as was reported by Y AZA W A (1964). It was also shown that dehydration did not occur in 
conjunction with the heartwood transition, but steadily occured from the outermost layer 
to inward as a rule, which is different from the process in gymnosperm species. But the 
tendency is not always constant: local wet xylem existed here and there. 

In K. pictus, wetwood was formed around knots, dead branches and wounds without 
exception. In F. mandshurica, areas around knots and wounds became wetter than the 
neighbouring areas without exception. ETHERIDGE and MORIN (1962), KABURAGI (1973) and 
BAUCH et al. (1975) suggested an association between wetwood formation and branches, 
knots in Abies species. Water accumulation around dead branches and knots may be a 
common phenomena in many tree species although the association has not been examined 
in other species. 

Wetwood around dead branches, knots and wounds appeared to develop longitudinaly 
rahter than transversely. Wetwood may develops longitudinaly as described by Shigo 
(1986) although WARRAL and PARMETER (1982), and ISHII and FUKAZAWA (1987) suggested 
that wetwood developed radialy in the trunk by osmotic potential in Abies species. And 
inconstancies in moisture distribution, which were observed even in areas apparently 
without dead branches and knots, can possibly be ascribed to the existence of many knots 
in the trunk. Namely, the wet xylem possibly developed longitudinaly associated with the 
existence of knots or wounds. The existence of dead branches, knots and wounds, is 
certainly a factor in wetwood formation. 

Wetwood was found to develop in areas both of above and below the junction of a dead 
branch. SHIGa (1985) reported that there was little or no local conduction between trunk 
and branch xylem at the upper part of the junction from an experiment with dye move­
ment, and so it is suggested that the accumulated water in areas above the junction of a 
dead branch is not from an external source. In addition, wetwood was formed in areas 
around bores which was occluded with vaseline immediately after the boring. Thus, it is 
suggested that the accumulated water in areas around bores is also not from an external 
source. 

It is noteworthy that wetwood formation or significant water accumulation occured in 
areas around dead branches, knots and other wounds in both species. Each species has 
been grouped into different types from the point of view of the differences in moisture 
content distribution (YAZAWA 1964), but both species also have a common characteristic in 
moisture distribution. There may be uniformity, being common in tree species, in the 
varieties of moisture distribution found among tree species. 

Acknowledgement 

We are greatly indebted to the menbers of the Nakagawa Experiment Forest of 
Hokkaido University, especially Dr. Y. AKIBAYASHI and Dr. S. NATSUME for providing 
facilities for collecting samples. We thank Dr. J. OHT ANI and Dr. K. T AKABE for their 



376 Research Bulletins of the College Experiment Forests Vol. 47, No.2 

valuable suggestions during the course of the present study. We also thank Mr. K. 
T AKADA for his technical suggestion. 

-'l'1-?'" Of:. , /~ I) :¥" I) W~C7)Jj(%%;(p, c < I: -'( C7)fflj PJf89~thl':",)~' -r, .:E c l -rfkX~~fR. 
I: J: I) ~«t.: 0 

-'l'1-?'" Of:. -r-li, ~f*89 I: liW~C7):tl!L..I::jl11j c LH!~~f* I':'L,MC7)}jiJ{illM J: I) t J,iilli. -('1> -:,1':0 

itt -:J -r, -'( C7)~Jj($5};(Pii 8~lJ!l:a-¥. T Q 0 'L,M-r-C7) J,iilli.Mff~ (Jj(f;t ~4t) C7)r,tiJ{ I) Ii illMiJ' 

~ 'L,Ml: iJ' It-r C7)*!-@.1~8t c mEh.-3if( l-r~' t.: iJf, ff~5}B9l: Ii -'(C7)~-@.C7):JtWffU I) t ~if.~ 
J7'JflIgC7)ff~5}l: c c· * -:J -r~' t.: 0 'L'*!J7'J Ii -5£ l -r:l:5]-I: J,iilli.l: 7j.- -:J -r~' Q b It-r'Ii 7j.- <, -'( C7) 

Jj(%;fX~li$1.iLl:J: -:J-r:;k~ < ~thl-r~'t.:o 
/~ I) :¥" I) -r-li, ~*89l:ill'L,*!C7)!R5}l:~f*7j.- <, 7}$iJ' ~ ~$A... c TTt.d:"')tl-r~~ 

l.:lI!Z:1l!kT Q c~, -5 fIj{[tIJiJ{~$') ~tlt.:o -'(C7)~Jj($5};(PliV~lJ!l:a- ¥.T Qo ~1t1tli, -1f.~J7'J-r' 

li1f.*!;lp ~ HlMA... C TTu>fIj{[tIJiJ{~$') ~ tlt.:o 

jjlijWft c t I:, :ftili, Mi, 11*C7) mJillff~l: c < l:*5}iJ<'~rp l -r~' t.:o c < I:," I) :¥" I) -r­

Ii -'( tl ~ ?;:,\':i:C7)ff:t£l: J: I) ~*897j.-Jj(5}5};(P/'~;1- /'iJ{:;k ~ < :tJl. 7j.- btl -r~' t::.o 

References 

BAUCH,].; HOLL, W.; ENDEWARD,R: Some aspects of wetwood formation in fir, Holzjorschung, 29, 198 

-205 (1975). 

BENIC, R: Investigations on the proportion, and some physical properties, of the sapwood and heartwood 

of Fraxinus angustiloria, Forestry A bstrnct , 18(3), 400-401 (1957). 

CHALK, L,; BIGG, ].M.: The distribution of moisture in the living stem in sitka spruce and douglas fir, 

Forestry, 29, 5-21 (1956). 

EHTERIDGE, D,E.; MORIN, L.A.: Wetwood formation in balsamfir, Can.]. Bot., 40, 1335-1345 (1962). 

GIBBS, RD.: Patterns in the seasonal water content of trees, in "The physiology of forest trees", 

THIMANN, K. V. ed., The Ronald Press, 1958, p.43-69 

HILLIS, W.E.: "Heartwood and Tree Exudates", Springer Verlag, 1987, p.33, 76-82. 

ISHIDA, S.; OHTANI, J.; KUROSAWA, K.; IMAGAWA, H.: A study on the inner structure of wood by the 

Ultra-soft X-ray, Res. Bull. Exp. For. Hokkaido Univ., 25 (1), 35-60 (1962). 

ISHII, T.; FuKAZAWA, K.: Sap constituents and pit closures connected with water penetration in the 

wetwood of Abies sacharinensis MASTERS, Res. Bull. Exp. For. Hokkaido Univ., 44(4),1277-1305 

(1987), 

KABURAGI, J.: On the moisture content of green Todo-Fir trunks (Abies sacharinensis), especially in 

relation to their wetwood, Bull. Exp. For. Tokyo Univ. Agric. Technol., 10, 96-107, (1973). 

KON, M.; FUKAZAWA, K.: Observation of moisture distribution of green wood with ultra-soft X ray 

(japanese), Proc. Hokkaido Branch Japan Wood Research Society, 17, 41-44 (1985). 

LEE, K.: Crystals and their growth in the wood of Poplus maximowiczii, Res. Bull. Exp. For. Hokkaido 

Univ., 45(3), 717-788 (1988). 



Moisture Distribution with Soft X -ray Photography Observations (SANO' FUKAZA W A) 377 

SHlGO, A.L.: How to branches are attached to trunks, Can. ]. Bot., 63, 1931-1401 (1985). 

SHlGO, A.L.: "A New Tree Biology", Durhum, 1986, p.324-339. 

SMITH, W.R.; GoEBLE, N.B.: The moisture content of green hickory, J. Forestry, 50, 616-618 (1952). 

STEWART, C.M.: Moisture content of living trees, Nature, 214(8), 138-140 (1967). 

YAZAWA, K.; ISHIDA, S.: On the wet-heartwood of some broad-leaved trees grown in Japan I., Mokuzai 

Gakkaishi, 11(3), 71-76 (1965a). 

YAZAWA, K.; ISHIDA, S.: On the wet-heartwood of some broad-leaved trees grown in Japan II.,]. of 

Faculty of Agriculture Hokkaido Univ., 54, 123-136 (1965b). 

YAZAWA, K.: Moisture content distribution in a tree stem (Japanese), Hopporingyo, 187,1-6 (1964). 



378 Research Bulletins of the College Experiment Forests Vol. 47, No.2 

Explanation of Figures 

Note; Photographs without scale bar have the size of the original. 

Figures 2 to 14. Fraxinus mandshurica var. japonica. 

Figs. 2-5. Cross sections of tree No.1. a (dry wood) and b (green wood) - soft X -ray 
photographs, c- optical photograph corresponding to photos a and b. Fig. 2- O.7m 
heights, Fig. 3- I.2m, Fig. 4- I.Sm, Fig. 5- 2.5m. 

Fig. 6. A cross section placed at 0.45m heights of tree No.2. a (dry wood) and b (green 
wood) - soft X-ray photographs, c - optical photograph. Arrows show areas in 
which the wetwood development is limited to inner layer from the sapwood­
heartwood boundary. 

Fig. 7. A longitudinal section in the area below the cross section shown in Fig. 6. a (dry 
wood) and b (green wood) - soft X -ray photographs, c - optical photograph. 

Arrows show fine splits. 
Fig. S. An enlarged view of a part of Fig. 2. a (green wood) - soft X -ray photograph, b 

- optical photograph. 
Fig. 9. A longitudinal section at the junction of a living branch, placed at about 6m heights 

of tree No.1. a (dry wood) and b (green wood) - soft X-ray photographs, c -
optical photograph. Arrows show fine splits. 

Fig. 10. A longitudinal section placed at about 4.6m heights of tree No.2. a (dry wood) and 
b (green wood) - soft X -ray photographs, c - optical photograph. Areas around 
knots become wetter than the neighbouring areas. 

Fig.H. A cross section in the area including bore made with an increment borer of tree No. 
2. a (dry wood) and b (green wood) - soft X -ray photographs, c - optical photo­

graph. 
Figs. 12-14. Cross sections of tree No.1. a (dry wood) and b (green wood) - soft X-ray 

photographs, c - optical photograph. Fig. 12- O.5m heights, Fig. 13- O.3m, Fig. 14-

O.2m. 
Figures 16 to 19, 22. Kalopanax pictus_ 

Fig. 16. An enlarged cross section placed at O.Sm heights of tree No.3. a (dry wood) and 
b (green wood) - soft X -ray photographs, c - optical photograph. 

Fig. 17. A cross section in the area around a dead branch placed at 6.Sm heights of tree No. 
4. a (dry wood) and b (green wood) - soft X-ray photographs, c - optical photo­
graph. Arrow shows a layer in which the annual ring width is very narrow. 

Figs. 1S, 19. Longitudinal sections placed above (IS) and below (19) the cross section shown in 
Fig. 17. a (dry wood) and b (green wood) - soft X-ray photographs, c - optical 
photograph. 

Fig. 22. A cross section in the area including bore made with increment borer. a (dry 
wood) and b (green wood) - soft X -ray photographs, c - optical photograph. 
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